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[MPUMEHEHHME TEXHOJIOT'MU TOHKUX ITJIEHOK
N HAHOCTPYKTYPHUPOBAHHbBIX MATEPHUAJIOB
[TPU N3T'OTOBJIEHWHA TEIUVIOHAI'PYXXEHHBIX ITEHATHBIX [UTAT

Tlokazana ueﬂecoo6pa3nocmb NPpUMEHEHUA
mexHolocuu NMOHKUX NJ1€eHOK HA HAYA/IbHblX
amanax u3ecomoeJjleHUusl menjioHacpyHceH-
HblLX nevdaniHsvlx njiant co 6CnpoOeHHbIMU
pesucmopamu 6 nepexodﬂbzx omeepcmusix.

[Iupokoe pacripocTpaneHue U3ENNUN PATHUOIIIEKTPO-
HUKH, TI€ UMEIOT MECTO TIOBBIIIIEHHBIC JIOKATBEHBIC FITH
pacmpeelieHHbIE 10 BCEH IUIOMIAAN TeIUIOBBIC HATPY3KH
[1], a Tak>ke pOCT CTENEHU HHTETPAllUU THOPUAHBIX HH-
TErpaJIbHBIX CXEM, BBI3BIBAIOIIHMN 000CTpeHHE MpodIie-
MBI TETUIO0TBOA [2], CTAaBUT 33/1a4y YIYUIICHHUS TETLIO-
OT/Ia4M TIeYaTHBIX IUIAT. DTa IIpo0ieMa Jarie BCero BCTpe-
YaeTcs B CBETOAMOJHON TEXHUKE, CHJIOBOH M aBTOMO-
OWMITLHOM 3JIEKTPOHKKE, UCTOUHUKAX TTUTAHHS.

TpanuuuonHoe perieHue NpoOieMbl, OMUCAHHOE B
[1], TpeOyeT mpuMeHEHHUS CTIENUATBHBIX TETIONPOBOJIS-
[IMX COCTABOB, KOTOPHIE HAHOCST HA METAJUIMYECKOE OC-
HOBaHHE WITH SIIPO ITe9aTHOH u1atel. OHU 001anaroT 60-
Jiee BBICOKOH TeruronpoBogHOCThIO (1—5 B1/(MK)), uem
creknorexkcTonut (0,3 Bt/(mM'K)). Pemienne, npennoxeH-
Hoe B [2], ocHOBaHHOE Ha ()OPMHUPOBAHUHU aHOHBIX OK-
CHJIHBIX IIJICHOK Ha aJTFOMUHHMEBBIX CIIaBax, OoJee Tex-
HONMOTUYHO. OJHAKO 00pa3ylomecs CIOU OKCHIHBIX
IUICHOK aJIOMHHHUA, 00J1a/1asi BBICOKMMHU JIUAJIEKTpHYE-
CKUMH XapaKTEPUCTHKAMH, HUMEIOT, K COXKaJICHUIO, He-
BBICOKYIO TeIuionpoBogHocTh (31,5 B1/(M°K)).

M3BecTHA TEXHOIOTUS M3TOTOBIICHNUS IIEYAaTHOM II1a-
ThI C TEIJIOOTBOIOM, IIPH KOTOPOI HAa OCHOBaHHE Ievar-
HOI MJIaThI, BBIIOJHEHHOE U3 aTFOMUHHEBOH TJIACTHHBI,
OCaXKJIAIOT N3OJISIIIUOHHBIN CIION M3 OKCUHUTPH/IA ATIO-
MUHHS U TOKOMPOBOISIINI CIION, HAHOCAT (DOTOMACKY,
TabBAHUYECKU YBEIMYUBAIOT TOIIIHMHY TOKOIIPOBOIS-
IIETO CJI0sI, yAAIAIOT (poToMacKy U quddepeHnnantbsHbIM
TpaBjeHrueM (GOPMHUPYIOT NMPOBOISIINANA PUCYHOK [3].
OnHaKo HET HUKAKUX CBEACHUI O BO3MOXKHOCTH IOJY-
YEeHUS TIEYaTHBIX TUIAT C METALTH3HPOBAHHBEIMU OTBEp-
CTHSIMH U O BO3MOYKHOCTH TOJTy4€HHsI BCTPOSHHBIX pe-
3HCTOPOB ITPY TAKOM TEXHOJIOTHH.

Pa3paboTaHn Taxke crocod U3rOTOBICHHS ITEYaTHBIX
ILIAT CO BCTPOEHHBIMU PE3UCTOPAMHU, IPH KOTOPOM B ITe-
YaTHBIX TUIATaX, BBIMOJHEHHBIX 13 MaTepuaia FR4-ML,
(OPMHPYIOT OTBEPCTHS, KOTOPHIC 3AMTOIHSOT PE3UCTHB-
HOH TacTOM, Mpru4eM 3Ta macta oopas3yer KOHTAKT C IIPo-
BOJALIMMHU CJIOAMHU TiedaTHOM maTsl [4]. HenocraTtok
crocoba — B IJIOXOM TEIJIONPOBOJHOCTH MaTepuaa

FR4-ML u neperpese pe3ucTopoB, HAXOAALIUXCS B 3aM-
KHYTOM 00BEMeE.

ABTopamu Oblila TOCTABJICHA 3a/1a4a CO3/IaHUS TeX-
HOJIOTMU U3TOTOBJICHHSI IICYATHBIX TIAT CO BCTPOCHHBI-
MH PE3HCTOpPaMH, KOTOpas IMO3BOJIIIA OBl YBEIHUUTD
MOIITHOCTH TEIUIOBOTO PACCESHUS PE3UCTOPOB, a TAKKE
VAYYIIATH OTBO TEIUIA OT AIEMEHTOB, MOHTHPYEMBIX Ha
MeYaTHOM TIaTe, IPU YMEHBIIICHUH e Ta0apUTHBIX pa3-
MEpOB.

s peuienus 3aga4u ObUTH UCIIOJIB30BaHbI PE3YIlb-
TaThI KCCIICIOBAHUN U pabOT IO TEXHOJIOTHH TTOTyYCHUS
HaHOCTPYKTYPHPOBAHHBIX MaTEPHAIOB B BHJIE TOHKUX
IeHOK [5, 6]. K Takum MaTepuanaM OTHOCUTCS HUTPUL
AJFOMHHUS, KOTOPBIH MPHUBIIEKACT BHUMaHKUE pa3padoT-
YHKOB M TEXHOJOTOB B O0JACTH CO3/IaHUSI MUKPOIJICK-
TPOHHOM ammapaTypbl Onarogapsi COYETaHUIO TaKUX
CBOWCTB, KaK OOJBIIOE YyIEIbHOE CONPOTHBICHHE
(R=10"* Om-cm [7]), BBICOKAsS TEILIONPOBOIHOCTD
(A=319 B1/(Mm*K) [8]) 1 pagnannoHHast CTOUKOCTb.

Haubounbiiee mpuMeHeHNe TUIEHKH HUTPHUIA ATFOMU-
HUS TIOJYYHIIM B HACTOSIIEE BpeMs B Ka4eCTBE 3allUT-
HBIX, H30JHPYIOMUX U Oy()EPHBIX CIIOEB B THOPUIHBIX I
MOTYTIPOBOJHUKOBEIX MHTETPATHHBIX MHKPOCXEMaX.
MHOTOCTIOIHBIEC TETIIOOTBOISIINE MOUTOKKH, COCTOS-
[IMe U3 JUAJICKTPUYECKUX CIOEB HUTPHJIA ATFOMUHHUS,
HAHECEHHBIX HAa METaJUINYECKYI0 OCHOBY, B IIMPOKOM
JiMarna3oHe TemMrepaTyp no 3pGpeKkTHBHOCTH TEIII00TBOIa
TIPEBOCXOJIAT MOIIOKKH CO CIIOSIMU OKCHIa Oepriniwst [6].
[ToaTomy B HacTosIeH padoTe ObLIIO HCIIOIB30BAHO Me-
TaJUIMIECKOC OCHOBAHUE C M3OJIIMOHHBIM CIOCM W3
HUTPHJIA ATFOMHHNS. BCTpoeHHBIEe pe3ucTopbl ObLTH pa3-
MEIICHBI B OTBEPCTHUSIX, HA CTEHKH KOTOPBIX OBLIT TAK¥kKe
HaHECEeH CJION HUTPUIa aTIOMUHUS, @ TOKOIIPOBOASIINHA
CIIOW OCaKIaJICS Ha TOPIIBI BCTPOCHHBIX PE3UCTOPOB [9].

[IpenmaraeMyro KOMIUIEKCHYIO TEXHOJIOTHIO MOYKHO
pas3zienuTh Ha ABa 3Tamna. Ha mepBoM sTame mpuMEHSIOT
TOHKOITJICHOYHYIO TEXHOJIOTHIO C YACTUYHBIM UCTIONB30-
BaHUEM TOJICTOIJICHOYHOM TEXHOJIOTUU IIpU (HOPMHUPO-
BaHHUU PE3UCTOPOB B OTBEepCTHUsX (pHC. 1).

W3 nmucToB MeTaa ¢ BBICOKOH TEIDIOMPOBOIHOCTBIO,
HanpuMep crutaBa amomuaus Mapku J{16AT nnu mean
Mapku M1, Ha onepauun I Hape3aroT 3aroToBKH [ HyX-
HOTO pazMepa. B cOOTBETCTBUU ¢ 4epTEKOM IUIATHI HA
onepanmu 11 B 3aroToBKax cBepIsiT MOHTaKHBIE OTBEP-
cTHsi 2 ¥ OTBepCTHs 3 1O BCTPOSHHBIE PE3UCTOPHI. 3a-
TeM Ha oneparuy [11 Ha MOBepXHOCTH 3aTOTOBKH C IIPO-
CBEPIICHHBIMHU OTBEPCTHSIMHU OCAKIACTCS CIIOW HUTPHUIA
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‘ JIucter Menu
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4

IR

111

Puc. 1. DTan ToHKoILIE-
HOYHOM TEXHOJIOI'UU

l
+
;

AITFOMUHHS 4 TONIIMHON 5—8 MKM METOJIOM PEaKTUBHO-
ro BU-MaraeTpoHHOTO pacIblIeHus HA yCTAaHOBKE BaKy-
yMHOTro HamnbuieHus Y PM3.297.014.

[TockonbKy CJ10M HATpHIA aTFOMHHUS 00J1a1aeT BbI-
COKHMH JIUAJIEKTPUYECKUMH CBOMCTBAMU U BBICOKOH TETI-
JIOTIPOBOIHOCTBIO, ATO MO3BOJISIET 3(P(HEKTUBHO OTBOAUTD
TEIUIO OT PE3UCTOPA B METAJUIMIECKOE OCHOBAHHUE.

OtBepcTUe 3, CTEHKU KOTOPOTO OKPBITHI CJI0E€M HUT-
pua adrOMUHUS, 3a0THSIIOT HU3KOTEMIIEpaTypHOH pe-
3UCTUBHOU MacToil 5. @opMupyeTcs pe3uctop, Conpo-
THBJIEHUE KOTOPOTO, COTIIacHO [4], BBIUUCISIETCS IO

hopmyne
R = 4Hp/(nD?),

rae H — TommuHa METaUIM4eCcKOro OCHOBAHWS,
0 — yIeTbHOE CONPOTHBICHHE PE3UCTUBHOM MACTHI;
D — nuametp oTBepCTHSL.

Tlon6opoM TONMIMHBI METATLIMYECKOTO OCHOBAHMS, ANa-
MeTpa OTBEPCTHUS U YIEIbHOTO CONPOTUBIIEHUS pe3ucC-
THUBHOM MacThl MOKHO B IIMPOKUX NpeeIax U3MEHITh
3HA4YEHHE CONPOTUBIICHUSI.

YpoBeHb TEMI00TAaYH PE3UCTOPa, CHOPMHUPOBAHHO-
ro B OTBEPCTHSIX OCHOBAHUS U3 CTEKJIOTEKCTOIUTA Map-
ku FR-4, kak onricano B [4], OyneT 0O4eHb HU3KUM, T. K.
k03(h(HUIUEHT TeruTonepenaun cTeknorekcronura FR-4
coctasiser 0,3 Br/(mK) [1]. B To xe Bpems y HuTpraa
aMOMHUHUSA OH paBeH 319, y menu — 384, a 'y anmoMuHu
— 209 Bt/(MmK) [10, c. 469]. [ToaTOMY pE3UCTOPHI, BBI-
MIOJIHEHHBIE B OTBEPCTHAX OCHOBAHMS U3 METAJIA, MOTYT
paccenBaTh OOJBIIYIO MOIIHOCTB, CO3/1aBasi BHICOKYIO
TEIJIOHATPY>KEHHOCTh I1€YaTHOM IUIATHL.

s mocnemyromero (popMHpPOBaHUS TOKOTIPOBOIS-
IIEr0 PHCYHKA Ha IIOBEPXHOCTh IIEYATHOH IIJIaThI, HA CTCH-
KM MOHTQ)KHBIX OTBEPCTHH 2 M Ha TOPLBI pe3nucTopa J
OCAXKAAIOT IJICHKY MU 6 Ha yCTaHOBKE BAaKyyMHOI'O
HanbpUICHIS. Meab Ha TOpIax pe3ucTopoB 00eCeYnBacT
Ha/ICKHBII KOHTAKT PE3UCTOPa U POBOAALIETO PUCYHKA
cxeMbl. TonmuHa MJIEHKA COCTaBIsIeT 3—5 MKM. YBe-
JTMYEHHE TOJIIUHBI TOKOTIPOBOJISIIETO CIIOS TPOUCXOTUT
3a CYET IaJbBAaHUYECKOI0 HAapalMBAaHUs, BBIIIOIHIEMO-
TO Ha BTOPOM 3Tarle.

otV
i

Puc. 2. IlepBslii BapuanT

TPaJULUOHHON TEXHO-

JIOTUM U3TOTOBJIEHUS
[EeYaTHBIX I1J1aT

Bropoii aTan, xapakTepHbli 4715 TpaAULUOHHOMN TEX-
HOJIOTMHY N3TOTOBJICHHS [T€YATHBIX TJIAT, MOXKET OBITh pe-
aJM30BaH B JIBYX BapHaHTax.

[TepBblit BapuaHT (CM. pHC. 2) IpeanoaraeT cieay-
roriee: Ha orepanuu VI ¢ momonipio hotopesucra 7 Ha-
HOCAT 3allUTHBIA pUCYHOK. IIpon3BOIAT rampBaHuye-
CKO€ Hapal[iBaHUE TOKOPOBOISIIETO ciosi § Ha oriepa-
un VII no Tpebyemoii Tommuas! (25—30 mxm). Hano-
CSAIT 3aLUTHBIN CJIOM MeTayuope3ucta 9 Ha onepanuu VIII.
ViaisroT 3alUTHBIA PUCYHOK 7 M IPOU3BOASAT TpaBiie-
HIE TOKOIIPOBOJISIIIETO CIIOSI C TIPOOETBEHBIX MECT Ha OTTe-
paruu [X.

[To BTOpOMY BapuaHTy BTOPOTO 3Tara TEXHOJIOTHUH
(cm. pue. 3) Ha onepanuu X MPOU3BOIAT TajJbBaHUYE-
CKOE HapallMBaHKUE TOKOTIPOBOIALIETO c10s & 10 TpeOy-
eMoil TommuHbl (25—30 MKM) IO BCEi TOBEPXHOCTH
IUIaThl U B MOHTAXHBIX U NEPEXOAHbIX 0TBepCcTUAX. Ha
onepanuu XI HAaHOCAT 3aMUTHBIA PUCYHOK Ha TOKOTIPO-
BOJISIIMH CJION B MECTaX MIPOBOIHUKOB I MOHTAKHBIX U
NIEPEXOJHBIX OTBEPCTUI. BpITpaBIuBatoT TOKOIPOBOAAILINIA
CJIOH ¢ IPOOEIIBHBIX MECT U YAAJISIOT 3AIUTHBINA PUCYHOK
Ha oreparmn  XII. Hanocst 3anmrHyro macky /0 mon
naiiky Ha onepanyu XII1. Ha koHTakTHBIE TUTOITAIKH Ha-
HOCAT (UHUIITHOE TIOKpbITHE /] Ha orteparyn XIV.

Puc. 3. Bropoii BapuanT

TPaJULIMOHHON TEXHO-

JJOTUHU HU3TOTOBJICHHUSA
MeYaTHBIX TUIAT
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[TpoOHy¥O MapTHio TIIAT U3TOTOBUIIM HA 0a30BOM (TH-
MTOBOM) TEXHOJIOTMYECKOM 000PY/TOBaHUHM JIsI TPOU3BO/I-
CTBa JIBYCTOPOHHHX Ie4aTHBIX T1aT. Kpome Toro, Obutn
HCTIOJIb30BaHbI JIBE YCTAHOBKH BaKyyMHOI'O HaIlbUICHHS
YPM3.297.014 nns peanuzanuu onepanuii 11l u V u
YCTaHOBKA JO3UPOBAHHOM MOAAYU PE3UCTUBHOMN MMACTHI
Jutst orieparyu V.

Jlns sxenepuMenTa OblTa BRIOpaHa IiaTa ¢ OCHOBA-
HUEM U3 MeJIU TONIUHOHN 2,0 MM ¢ MOHTa)KHBIMH OTBEP-
ctusiMu tuameTpoM 0,8 MM 1 OTBEPCTUSAMHU MOJI pe3UC-
topel guamerpoM 0,4 M. Kilacc ToyHOCTH medaTHBIX
TIJ1aT COOTBETCTBOBAM 3 1 4 Kitaccy, pa3Mep Iuiat He mpe-
Boiman 130x130 mm.

[Noce 3arpy3ku riaThl B yCTaHOBKY HAITbLIICHUS TIPO-
W3BOJIMJIM OCAXKACHUE CIIOSI HUTPUIA aTFOMHHUS TOJILH-
HOW 5—8 MKM Ha BCIO TIOBEPXHOCTH IUIAThl U CTEHKH
otBepcTus. ToNIMHY U3MEPSIIH B IPOLIECCE HAIIBUICHHS
YaCTOTHBIM METO/IOM.

3arnoyHeHNUe OTBEPCTUM PE3UCTUBHOMN IACTOM ITPOU3-
Boqmin Ha ycraHoBke «TPACCA-4304». TpeOyemsrit
JIMara3oH COMPOTUBIICHUI Pe3UCTOPOB 0OeCIeUrnBaICs
HEOOXOJMMBIM TMaMETPOM OTBEPCTHUS U 3HAYECHUEM Y/IETb-
HOT'O CONPOTHUBIIEHUS PE3UCTUBHOM nacThl. Tak, npu 1u-
ametpe otBepcTrsi 0,4 MM U yACITEHOM COMPOTUBICHUH
pe3ucTuBHOM nacthl 25 OM-MM, 3Hau€HHUE COIIPOTHUBIIE-
HUSI pe3ucTopa OyIeT COCTaBIATh

R = 4Hp/(mD?) = 4-2-25/(3,14-0,4%) = 400 Om.

HaneceHue TOKOIPOBOAAIIET0 METHOTO CII0S TOMIIH-
HOM 3—5 MKM TIpOM3BOJIMIIM HA TOH kKE YCTAHOBKE Ba-
KyYMHOTI'O HallbUIEHHS], @ KOHTPOJIb TOJIIIMHBI OCYIIECTB-
JISUIM TAKXKe B IIPOLIECCE HAIBIJIEHUS YaCTOTHBIM METO-
nom. Jlaee matsl 00pabaThIBaIN 10 BTOPOMY BapHaHTy
TEXHOJIOTUH JIO MOTYYEHUs TOTOBBIX H3/ICNUI.

*kk

[IpoBeneHHbIE SKCTIEPUMEHTHI TI0 U3TOTOBJICHHIO TIe-
YaTHBIX IJIAT I10 HOBOI71 TCXHOJIOTHUU ITOKaA3aJIu1 HCO6XO)II/I-
MOCTb €€ JajbHelIIeld 0TpabOTKN U COBEPIICHCTBOBA-
Hud. [Ipeiaraemast TEXHOJIOTHSA, IO MHEHUIO CTICLIMAIIU-
CTOB, 32 CUCT UCIOJIB30BAHUS B KAU€CTBE JAMIJICKTPHUKA
MaTepurasa ¢ peKOpHON TETIIONPOBOIHOCTHIO TIO3BOJISI-
€T B MOJHOW Mepe peain30BaTh MPEUMYIIECTBA MeyaT-
HBIX IJIAT C MCTAJIJIMYCCKUM OCHOBAHHUCM :

— TOBBICUTH TEIUIOHATPY>KEHHOCTh TIaThl B 3—4
pasa;

— pa3MeCcTUTh BCTPOCHHBIE PE3UCTOPHI B OTBEPCTH-
SIX TIJIAThI, HE YXY/IIasi YCIOBHsI OTBEACHHSI paccenBae-
MO} MOIIIHOCTH;

— B 3—4 pasa cOKpaTUTh IUIOMIA/h, 3AHUMAEMYIO
pe3ucTopamu;

— YMEHBIIIUTh OTKJIIOHEHUE COMPOTHBIIEHUS OT HO-
MuHaiabHOrO 3HaueHus ¢ 30 10 5—10% U UCKIIOUUTH
HEOOXOAMMOCTB JIA3EPHOM MOJATOHKH 32 CYeT Ooee Tod-
HOT'O U3TOTOBJICHHS BCTPOCHHBIX PE3UCTOPOB;

— CHU3UTh OOIIYI0 TPYIOEMKOCTh COOPOYHO-MOH-
Ta)XHBIX PaboT He MeHee 4eM Ha 10—15%.
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TEPMOBAKYYMHLBIE UCIIBITAHUA CUCTEMbBI
SJIEKTPOCHABXEHUSA HAHOCITYTHUKA HTVYY «KITW»

Hcnvimanus nokaszanu, umo npu 8o30eli-
cmeuu axkmopos, UMUMupyrowux KoCMu-
yeckoe NpoCMpancmeo, Cucmema 31eKmpo-
cHaboicenus HAHOCNYmHuKa pabomaem 6
WMAamHoOM pedcume.

CoBpeMEHHBIN YPOBEHb Pa3BUTHs HAYKU B 3HAYU-
TeNbHOI Mepe JOCTUTHYT Ojarojpapst HHTEHCUBHOMY
OCBOEHHIO KOCMOCA U UCIIOJIb30BAHUIO PE3YIbTaTOB KOC-
MHUYECKHMX HCCIeN0BaHMUU. JIsl u3ydyeHus psja Hayd-
HO-T€XHHUYECKHX POOIEM JaCTO IPUMEHSIOTCS pa3HO-
00pa3HbIe KOCMUYECKHUE allapaTsl 1 000pyaoBaHUE, TIO-
3BOJIAIOIINE IPOBOIUTH HAyUHbIC HAOMIOCHNS U HKCIIE-
PUMEHTBI B PA3JIHUHBIX CETMEHTAX KOCMUYECKOTO MPo-
CTpaHCTBa. B HacTosIIee BpeMst HCIIONb30BaHUE HAHO-
crrytankoB (HC), macca kotopbix He nipeBbitnaet 10 kr,
paccmaTpuBaeTcs Kak Hambolee MepcleKTHBHOE Ha-
IPaBJICHNUE U3YUCHUS OKPYXKAIOIIEH Cpebl U I100ab-
HOT'O MOHUTOPHUHTA 3eMJIH.

IIpenmymectsom HC sBasiercst ux HebounbIIas cTo-
HUMOCTb, Macca ¥ TabapuThl, BO3MOKHOCTb IIPOBEICHUS
CEpUH SKCIEPUMEHTOB O UCCIIEJOBAHUIO OJJHOBPEMEH-
HO MTOBEPXHOCTH M aTMoc(epsl 3eMiH, BO MHOTHX Mec-
Tax U 3a KOpOTKoe Bpems. HaHOCTyTHUKH MOXKHO Co-

IMoncucrema 00pabOTKU JAHHBIX
ITojxcucTema 3JICKTPOTUTAHUS \

BiioK akKyMyJIsITOpOB
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ConHeunast 6atapest .
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Coromanens (5 mrT.)

37aTh B CXKaTble CPOKU HEOOJIBLIMMH KOJIJIEKTUBAMH, B
TOM YHncye cTynendecknmu |1, 2].

OpHoit u3 ocHoBHbIX nojcucreM HC saBnsercs cuc-
Tema eKTpocHadkeHus. Hacrosimas padoTa mocesiime-
Ha MCIIBITAaHUAM TaKOH cUCTeMBl, pa3paboTaHHOM 1 H3ro-
toBiieHHOH B HTYY «KIIM» B cocTaBe aKCTIepIMEHTAITb-
HOT'O MaKeTa YHUBEPCUTETCKOIO HAHOCITYTHHKa [3] mpu
BO3/ICHCTBUY Ha Hee PA3IMIHBIX (PAKTOPOB, CBOMCTBEH-
HBIX KOCMHYECKOMY ITPOCTPAHCTBY.

OnHUM 13 OCHOBHBIX (DaKTOPOB, OTIPEIEIIMIOIINX Ha-
JEKHOCTh M JOJITOBEYHOCTh KOCMUYECKOTO arapara,
SIBJITIOTCSI TEMITEpaTypPHBIE YCIOBHS paOOTHI €T0 amnmapa-
Typbl. CoBpeMeHHast 60pTOBas HIICKTPOHHAS allliapaTypa
HUMeeT OrpaHUICHHBIN PabOYHid TeMIIepaTypHBIN JHara-
30H. OTKJIOHEHHE TeMIIepaTyphl OT JOMYCTUMBIX IIpeJie-
JIOB Ha HECKOJIBKO I'PaJyCOB MOYKET NIPUBECTH K yBEJIU-
YEHHUIO YaCTOThI OTKa30B, U3MEHEHHIO AIEKTPHUUYECKUX Xa-
PaKTepUCTHUK anmaparypbl, CHXKEHHUIO €€ pecypca U pas-
JHYHBIM (DYHKITHOHATEHBIM HAPYIIICHHSIM.

Lempro MpOBEIEHHBIX B HACTOAIICH paboTe HCCIIeI0-
BaHUH SABIISIIOCH TOATBEPKICHNUE HA/IEKHOCTH CUCTEMBI
anekrpocHadxenust HC.

HanocnytHuk (puc. 1) cocrout u3 nmojacucrem odpa-
OOTKHU IaHHBIX, OPUEHTALIUH U CTAOMIIM3AIIUH, HABUTAIIUH,
TENEMETPHH, JIEKTPOCHAOKEHUS, TIPHEMOIIePEIAIOIICH

depma

Puc. 1. CxeMa TeXHOJOTHYECKOTO
4JIeHeHHs] ¥ OTO HAHOCIYTHHUKA
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[TOICHCTEMBI, MEKCUCTEMHON KaOEIbHOM CETH U DJIEMEH-
TOB KOHCTPYKIIUH ((hepMBI U YCTAHOBOYHOI IIJTUTHI).

Kouctpykiust HC obecrieunBaeT MEXaHHUECKOE CO-
einHeHre OOPTOBOI! anmapaTypbl U BCEX 3JIEMEHTOB CITyT-
HHUKa B €IMHOE [IEJI0e, MOHTaX KaOembHOH ceTH, 3ade-
KOBKY ¥ (DPHIKCAITMIO KOHIIOB HA BPEMS TPAaHCIIOPTHPOB-
KH, BBIBOJIa CITyTHHKA Ha OPOUTY M MPUBEICHHS €TO B
pabouee cocTosHIE Ha OpOHTE.

HaHocmyTHHK COCTOUT U3 (hepMbL, IPHOOPHBIX MaHe-
JIei, coTomaHeNel, 3IEMeHTOB KPEIUICHUS K aJlanTepy
HOCHUTEJS, JIEMEHTOB MOHTaxa. Depma mpeacTaBisieT
co00i eMHYI0 CBAPHYIO KOHCTPYKIIHIO C TabapuTamMu
116x116x110 MM 1 COCTOMT M3 KBaJpaTHOH (pesepo-
BaHHOM yCTaHOBOYHOM IUTHI pazMepoM 140x140x6 mm,
BEpXHEH OKaHTOBKH, a TAK)Ke CHJIOBBIX TIONIEPEUHBIX dJIe-
MEHTOB.

s sHEproobecieueHus, 00ecredeHIsT HeOOXOINMO-
T'O TETUTOBOTO PEKUMA U PaTualioOHHOHN 3alUTHI arla-
parypsl, pazmeleHHoi BHyTpu kopiyca HC, k oTKpbI-
TBIM TPaHsIM (hepMbI KPETIATCS IISITh COTHEUHBIX OaTapei,
KapKac KOTOPBIX U CIY)KUT 3aIUTHBIM 9KpaHoM. B koH-
CTPYKLUH COTHEYHBIX OaTapell IPUMEHSIOTCSI KpeMHHe-
BbIe (poTompeobdpaszosatenu ¢ KI1J] 17,2...17,5%, Tak-
xe n3rorosyieHHble B HTYY «KIIN».

CoTomnaHensHBIH KapKac COTHEUHBIX OaTapeil mpe-
CTaBJIACT COOOW TPEXCIOWHYIO MTaHEeb ¢ 00JerYeHHBIM
AITIOMHUHHEBBIM COTOBBIM 3aII0IHUTENEM, IByMs yIyIeTuia-
CTHKOBBIMH OOLTHBKAMU U MIPUKICCHHOHN THAICKTpUYIC-
CKOU TTOJTMUMHUIHON TUIEHKON. B KauecTBe 3aI10THUTENS
HCTIONB3YIOT «COTBI BEICOTON 10 MM U3 ()OJIBTH TOJIIH-
Hoit 0,023 MM. MOHOCIIOIHBIE YITIEIIACTHKOBBIC OOIIMBKH
BBITIOJIHSIFOTCSI U3 YITIEPOAHON KOHCTPYKIIMOHHOI JICHTBI.
VIIeNnbHBIN BEC TAKOTO Kapkaca He npepbimaet 0,82 kr/m?.

Ha kaxoM coTomaHenbHOM KapKace KPEeTsTCs MIeCTh
(hoTO3MEKTpHUYECKHX TIPeoOpazoBaTeei.

OCHOBHBIMH TEXHHUYECKUMH MIPOOIEMaMU TPH pas-
paboTtke cuctembl aekTpocHabxkerus (CIC) ABIATUCH
0TOOp MaKCHMAaJbHOW MOITHOCTH OT CONTHEYHBIX Oara-
peit, 3apsiiKa aKKyMYJSITOPHBIX OaTapeil 1 KOHTPOJIb Ha-
TMIPSKCHUA Ha KaXKIOM UX DJICMEHTE, YPAaBHOBCIIMBAHUEC
3apsiia 3JIEMEHTOB aKKyMYJISITOPHBIX Oarapei, pe3epBu-
POBaHHE UX DIIEMEHTOB U (POPMHUPOBAHHE CTAOMIH3HPO-
BaHHBIX BBIXOJHBIX HampspkeHuid. Ha pue. 2 mpeacras-
JICHA CTPYKTYPHAsI CXeMa CHCTEMBbI JJICKTPOCHA0KEHHUS.
[TpuBeeM OCHOBHBIC IICKTPOTEXHIUECKHE TapaMeTPhI
COC, uMeroniei MmaTh COTHEYHBIX OaTapen.

* [TapameTpsl COTHEUHBIX OaTapei:

or 0 1o 3,5 B;

ot 0 mo 700 MA;
ot 16,2 no 18,4%:;

— BBIXOJIHOE HaTpsKEHUE
— BBIXOJTHOU TOK
— KI1/J

» O0111as1 BEIXOAHAS

MOIIIHOCTb CUCTEMBbI 1o 20 Br;
* EMKOCTB aKKyMYJISITOPHBIX
Oarapeii 12 Bt/4;

* KI1J] mpeoOpa3zoBaTeabHOM

JacTu He meHee 90%.

COC nmeeT 4 kaHalIa BBIXOJHOTO HaNpshkeHus (+5 B,
-5 B, 2x3,3 B) u 1 kanan i muTaHMUs 4aCOB PEaIbHOTO
Bpemend (3,3 B);

Oco0eHHOCTH Pa3pabOTaHHOM CHCTEMBI JIEKTPOCHA0-
JKCHUS:

— HaJM4Me CHCTEMBI HHINBHTyaTLHOTO KOHTPOJLS 3a-
psifia 3J€MEHTOB aKKyMYJISITOPHOM OaTaper U CUCTEMBI
TOpsIUEro pe3epBUPOBAHUS;

CosrHeUHast > Cucrema 5
Oartapest 3amycka |
1 -
IToBbIIIarOII M AKKyMyJisi- dopmupoBarenb
HIKPOTHO- TopHast Ga- JIBYXITOJIIPHOT'O
HMITYJICHBIN tapest (AKB) HanpsKCHUS
npeobpaszoBaTelb L
(LIAIT) I B
Hanpsoxenue, b0k BBIXOJHBIX
pesepmposa nommkaom >3 B
Hamnpsixenue, ¥ GamaHca HIAII
ToK 3apsina AKb 33B =P
lQ |
[Mutanne MK
MukpokoHTpoILIep Vipasnenue =¥

(MK)

[Jannsie na II1
-

'

IIpuem curnana

Puc. 2. CrpykrypHas cxema IOJACHCTEMBI AJIEKTPOCHAOKEHHS
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— ofecrniedyeHne pekuMa MaKCUMaJIBHOTO 0TOOpa
MOIITHOCTH OT COJIHEUHOU Oarapen u pexknuMa SKOHOMHUH
SHEPrUX PH MAJIOM SHEPTONOTPEOICHUN APYTUX CUCTEM;

— BO3MOKHOCTh MOHHTOPHHI'a HAIIPSKCHUS U TOKA
COJIHEUHOH M aKKyMYJISITOPHO# OaTrapeit i TeMIrepaTyphl
OCHOBHBIX y3JIOB;

— BCTPOCHHAA 3a1uTa OT IPEBBINICHUSA TOKA U TCP-
MO3AIIUTA.

J171s1 TenIIOBaKy yMHBIX UCTIBITAHUH MaorabapuTHBIX
pUOOPOB, y3II0B KOCMUYECKUX aIIapaToB U HAHOCITYT-
HHUKOB HCITOTb30BAIIN IKCIICPUMEHTAIEHYIO MOICITHPY-
I0IIYI0 TepMoBaKyyMHYI0 yctanoBky TBK-0,12 [4],
MIPEJICTABIISIONIYI0 COOON eMHBIA KOMIUIEKC CPENICTB
00opy/noBaHHs, KOTOPBI 0OecreunBaeT BOCIPOU3Bee-
HHUE OCHOBHBIX YCJIOBUN KOCMHUYECKOIO IPOCTPAHCTBA.

Mogenupyromias yCTaHOBKA ITO3BOJISIET MOACPIKH-
BaTh BEICOKHIT BakyyM (He Xyxke 107 MM pT. CT.), IoT-
HOCTh «COJIHEYHOTO» u3nydeHust o 1400 Br/M2, HU3-
Kyto Temreparypy (1o 100 K), TpeGyemyto cTeneHs yep-
HOTBI TPOCTPAHCTBA.

OOumii BUI U CTPYKTYPHASI CXeMa MOICTHPYIOIICH
ycranoBku TBK-0,12 npencrasnens! Ha puc. 3.

BakyymHuas kamepa / COCTOHUT U3 TIOTbEMHON YacTH
IITHHIPUICCKON (GOPMBI B BHJE KOJIIAaKa M MAaCCUBHO-
ro ocHoBaHMs-(DIIAHIIA, 3aKPETICHHOI'O0 Ha KapKace |
IIPUCOEAMHEHHOIO K OTKAYHOI HAaCOCHOHM cucTeMe J.
Hunmuaapuueckas 4acTh kamepsl auamerpoM 0,5 M u
BeICOTOH 0,6 M IIepeMentaeTcst IIepIeH INKYISIPHO ILI0C-
KOCTH OCHOBAHUS, UYTO 00ECIIeunBacT ynoOCTBO MOHTA-
»ka HC 2 Bo BHyTpeHHEeM 00beMe kamepsl. [IpenenbHoe
JaBieHNE B paboueM 00beMe KaMephl BO BpeMs IIPOBe-
JIeHUs PKCIepUMeHTa cocTabiseT 5-107° MM pr. cT. u
obecrieynBaeTCsS HACOCHOW CHCTEMOM, COCTOSIICH W3
IBYX (OpBaKyyMHBIX HACOCOB U MapOMACIISTHOTO AU(-
(y3uonHoro Hacoca Tura H-2T-3 co ckopocThio OTKay-
ku 1,5 M¥/c. lng 3amuthl OT HoMajgaHus BO3BPATHBIX

IIOTOKOB Macja M3 HacOCOB HCIIOJIb3YeTCs JIOBYILKA,
oxXJIaXKaaeMas JKUJAKUM a30TOM.

Kpuorennas cucrema 3 yCTaHOBKH MOJICIMPYET I1OJI-
HO€ TOIVIONICHNE LWIMHIPUYECKUM 3aMKHYTBIM 00be-
MOM BHEILIHHMX U BHYTPEHHHUX TEIUIOBBIX M3JIy4YEeHUH 3a
CYET IIOBEPXHOCTEH, UMEIOIINX BBICOKYIO CTEIIEHb Yep-
HOTBI M OXJTAXKIAEMBIX JI0 TEMIIEPATyPhI JKUIKOTO a30Ta.
OHa npeacTaBisieT co0oii pa30opHYI0 KOHCTPYKIUIO U3
BEPXHEro, HIKHETO M OOKOBOTO DKPAHOB, Pa3MEIeH-
HBIX BHYTPU BaKYyMHOM KamMephbl U OJTHOCTHIO OKpYKa-
IOLIHUX UCIBITYEMbIH 00beKT. Ha ThUTbHBIX HOBEPXHOCTIX
BEPXHET0 U HIKHET0 9KPaHOB, U3TOTOBJICHHBIX U3 CIIaBa
AIFOMHHUS, 3aKPETIICHBI 230 TOTPOBO/IBI B BUIE TPOTOY-
HBIX MEJIHBIX TPyO4aThIX 3MEEBHKOB.

Nmurarop conneunoro uznyuenus (MCH) 6 npen-
CTaBJIACT COOOM ONTHYECKYIO CUCTEMY, BOCIIPOU3BOIS-
LIyI0 B paboueil 30He KaMepbl JTyYHCThIH MOTOK, KOTO-
PBIii TTO CTIEKTPaTBHBIM XapaKTepUCTHKAM OJM30K K 3a-
aTMOoc(hEepHOMY COJTHEYHOMY TOTOKY.

Wmwnratop msnyuenus 3emau (MA3) 4 npencrasiser
co00li MIOCKUN HarpeBaTellb, K KOTOPOMY KpPEIUTCS
ocnoBanue HC. Ucnonp3ys 010K TepMOCTaOMIN3ALUH
HNHN3 8, MOKHO 3a1aTh TEIJIOBOM ITOTOK, SKBHBAJICHTHBIN
[IOCTYIAIOIEMY OT 3eMJIM Ha OCHOBaHHUE HAHOCITy THHUKA.

ABTOMAaTH3MPOBAaHHASI MHOTOKaHAJIbHAS CUCTEMa U3-
mepenuss (AMCH) 7, cieruainbHO pa3zpaboTaHHAast ISt
MIPOBEJICHUsI TEePMOBaKyyMHbIX ucnibiTanuii HC, cocrout
U3 ABYX MOJCUCTEM:

— U3MEPEHHUs, KOHTPOJIS U aHAJIM3a TEMIIEPATYPHBIX
pexumoB HC 1 kprosKpaHOB yCTaHOBKH, a TAK)KE KOHT-
poJs Bakyyma;

— KOHTpOJIA 1 ynipaBnenus napamerpamu HC, B yacT-
HOCTH CHCTEMOH AJIEKTPOCHAOKEHUSI.

B cocTaB nepBoil mogcHCTEMBI BXOAAT NEPEHOCHOMN
nepcoHanbHbI KommeioTep, Tpu ALl Tnma MBAS
«OBeny, amgantep curHanoB RS485/RS232. IMoxacwuc-

Puc. 3. O6mwmii Bug TepmoBakyymHoit ycraHoBku TBK-0,12 (a), pacnionoxxenne HC B BakyyMHOI Kamepe (6) B CTPYyKTypHO-
(byHKIMOHATBHAS cxeMa (8):
1 — BakyymHas kamepa; 2 — HC; 3 — xpuorenHnas cucrema; 4 — MN3; 5 — nHacocHas cuctema; 6 — UCU; 7 — AMCU; 8§ — 6ok
tepmocTabunuzanun NN3; 9 — nzmepurelns TEIIoBOi 00Iy4eHHOCTH

TexHOIOrus 1 KOHCTPYHPOBAHHUE B ANIEKTPOHHOI anmapatype, 2011, Ne 5




SJIEKTPOHHBIE CPEJICTBA: UCCJIEJJOBAHUS, PASPABOTKH

a)

6)

TepMoaOaTuYMK

Puc. 4. PacnionoxeHnne TepMOAATINKOB HA aKKyMYJISITOPHBIX
Gatapesix U yCTaHOBOYHOM IHTe (a) M Ha MPOLEeccope CHc-
TEMBI 3JIEKTPOCHAOKEHUs (6)

TeMa UMeeT 24 KaHaJa CBA3U C BO3MOXKHOCTBIO AajIbHEH-
hiero yBeaudeHus ux konudectsa 1o 1024. Bpewms
0IIpOca OJTHOTO JATYUKA TeMIIEPATYPHI JISKUT B JHAIIa-
3oue 0,1—0,5 c.

Jna uamepenus remnepatypsl Ha snementax HC B
KaueCTBE TEPMOJATUYMKOB IPUMEHSINCH MEIb-KOHCTaH-
TaHOBBIC TEPMOMNAPHI C IMAMETPOM KOpOJIbKa He Oorree
1 MM, a 7151 KOHTPOJISt TEMIIEPATyphl Ha KPUOIKPAaHAX —
TepMoMeTphl conpotusieHust TCM-50. MakcumasbHas
a0COMIOTHAS TTOTPEIIHOCTb U3MEPEHUS TEMIIEPATYPBI CO-
crapisiia £0,5°C. [Ipumep pacnonoxeHus TepMoIaTuu-
koB Ha obopynoBanuu HC npusenieH Ha puc. 4.

B cocraB nepBoii mopcrcTeMbl KOHTPOJIS U yTIpaBie-
Hus napamerpamu HC BXomsT nepeHocHO epcoHab-
HBII KomMbroTep, nepexogHuk USB-UART, ociorpad,
MUJUIMBOJIBTMETP, aMIIEPMETP.

Pe3yibraThl 3KCIEePUMEHTAJBLHBIX HCC/IeI0BAHUMI

HccnenoBanus MpOXOIMIIHN B UETHIPE ATAMA.

I aran — BbIXOA Ha pesxuM. [Ipenycmarpusan oTkay-
Ky BO3/[yXa U3 BHYTPEHHET0 00beMa TEPMOBAKYyMHOI
KaMephl J10 oJTyueHus Bakyyma 5-1076 M pr. cT. u Tem-
nepaTypsl Kpuoskpanos Hike —170°C.

II aTam — monenuposanue padbotsl COC npu GyHK-
nmonupoBanuy HC Ha COTHEUHO-CHHXPOHHOW OpOuTe
(xorma HC ocsemen Comnaiiem). [103B0I1sI1 MOMyYHTH CTa-
[IMOHAPHOE TeMIiepaTypHoe noJje s1neMeHToB COC U BbI-
SIBUTh 0COOEHHOCTH PaboTHI cucTeMbl. [1pr 5ToM HMHTH-
POBAJICSL PEKUM MAKCHUMAaJIBHOTO TEIUIOBBIICICHUS OT
0OpPTOBOII arrmaparypbl.

I aTant — moxenuposanue padotsl COC mpu pyHK-
rmonnpoBanny HC Ha TeHeBoit yactu opouts!. I1o3Bo-
JISUT TIOJTyYUTh CTALHOHAPHOE TEMIIEPATYPHOE MOJIE 3JIe-

MeHnToB COC, HO TP 3TOM UMHUTHPOBAJICS PEXUM MU-
HIMAJTBHOTO TETUIOBBIICTICHHIS.

IV sTan — 3aBepieHue 3KCIIepUMEHTa. XapaKTepeH
TEM, YTO TTOCJIC BBIKIIOUCHNUS CHCTEM CTCH/Ia HAHOCITY T-
HUK OBICTPO OXJIaXKAAETCS 0 TEMIICPaTyphl KPHOIKpa-
HOB B BakyymHO# kamepe (—150...—190°C). Ognaxo Tem-
neparypa HeKOTOpbIX BHyTpeHHUX snementoB HC He non-
»KHa BBIXOIUTH U3 muana3ona —30...+40°C. [Toatomy ObLIO
obecrievueHo ToJyiep)kanne padbodeld TeMIepaTypbl Ha
BHYTPEHHUX 3JIEMEHTaX HAHOCITYyTHHUKA JI0 TOT'O MOMEH-
Ta, IOKa TeMIepaTypa KpHO3KPaHOB HE TOCTUTHET KaK
MuHuMyM —40°C. ITocie 3Toro BEIBOAUIN BHYTPEHHUM
00BEeM TepMOBAaKyyMHOM KaMephl Ha YCIOBHSI OKpYsKa-
roliei cpeanl (Temieparypa Bo3ayxa 19+1°C, otHocu-
TeIbHAs BIAXHOCTH 55%).

OO0muii XxapakTep H3MEHEHUS TEMIIEPATYPhI SJIeMEH-
TOB HAaHOCITyTHUKA W KPUOIKPAHOB Ha Pa3HBIX dTarax
JKCIIEpUMEHTA MpHUBEIEH Ha puc. 5. Kak BUgHO U3 pu-
CYHKa, JUINTEIbHOCTS | 9Tamna cocraBuiia npuMepHo 1,5 4,
IT u III — coorBercTBeHHO OKOI0 1 4 1 30 MuH. IIpu
3TOM BECh IMKII paboT 3aHsu1 Oosee 4,5 .

B xome nposepku dynkuuonuposanus COC ObL10
MOJTY4EHO MOJATBEPKCHNE MPABIIILHOCTH BBIOOpa 00-
miero npuHnumna nocrpoenus cxemsl HC, mposepena pa-
00TOCITIOCOOHOCTH ATeMeHTHOH 0a3bl COC 1 aKKyMyJIsi-
TOPHBIX 0aTapeii, CTabMIBPHOCTE pabOTHI MPOLIECCOpa I
ALIT COC, nonmxkaromux npeodpazosareneid. s mo-
BhIIaromiero npeodpazosarenss COC obut nosyueH KI1/1,
paBHbIit 95%.

Bruta taxke mokazaHa BO3MOXKHOCTH OTIPEICIICHHS
MaKCUMaJIbHON MOLITHOCTH COJTHEUHBIX OaTapeil mo Max-
CHUMaJbHOMY TOKY, IIPOXOASAIIEMY Uepe3 aKKyMYyJIsITop-
HbIe 0aTapeu, 4TO 3HAUYUTEILHO YIPOCTHIIO 00pabOTKY
naaHeix oT COC. (Panee MakcmMmanbHasi MOIIHOCTH
OIIpeIeIISIACH IO IBYM MapamMeTpam: HalpsHKEHUIO U TOKY
COJIHEYHOH OaTapen).

ITpu posepke padotsl AL mukpokorTpoiiepa COC
Hanpsbxerre Ha AKB u3mepsnocs oqHOBpEMEHHO MUK-
POKOHTPOJIIIEPOM HAHOCIYTHUKA M KaJIUOPOBaHHBIM
MUJTUBOJIBTMETPOM, HAXOIAIIMMCS BHE BAKYyMHOH Ka-

°C

50

=50

-100

-150

-200 T : T
0:00:00 0:45:00 1:30:00 2:15:00
Yac:MHH:CEK

3:00:00 3:45:00

Puc. 5. 3menenue TemmepaTypsl pa3IHIHBIX JIEMEHTOB
HC B nporuecce sxcnepumenra:
] — KpHOdIKpaHOB; 2 — COJIHEUHBIX OaTapeil ; 3 — ycTaHOBOYHOH
uThL;, 4 — matel COC
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-60 I + t t -
0:00:00 0:45:00 1:30:00 2:15:00 3:00:00 3:45:00

HYaC:MHH:CECK

Puc. 6. MI3meHeHne TemMneparypsl pa3ju4HbBIX 3JIEMEHTOB
COC B mporecce HKCIEPUMEHTA:
1 — mpoueccopa; 2 — TPaH3UCTOPa; 3 — MMHTATOpPa HArpy3KH;
4 — aKKyMyJISITOPHBIX OaTtapeii

Mepbl. B xoze m3mepenuii He ObII0 3aMEUEeHO CYIIECTBEH-
HBIX PaCXOXKJICHUH B OKa3aHUIX.

Ha puc. 6 moxa3anbl Tpad ik U3MEHEHUS TeMIIepa-
Typbl OCHOBHBIX 351eMeHTOB COC B TeueHue ucciieoBa-
Hull. Kak BUJHO U3 PUCYHKA, PE3KOE YBEIUYEHUE TEM-
niepatypsl (Beie 60°C) Ha IMUTaTOpE Harpy3KH HAOIIO-
JAJIOCh B MOMEHTHI MOJa4y Ha HEro HANpPSDKEHMS, 4TO
00BSICHIETCS €70 MATBIMHU Pa3MepaMH, IIOCKOIBKY B Ka-
4ecTBe UMHUTATOpa OB BEIOPAH PE3UCTOP COMPOTHBIIC-
HueM 180 Om nuamerpom S MM 1 JuTrHON 30 MM.

Hawubornee BaxXxHBIMY 1 TIOKa3aTCIbHBIME PE3y/bTaTa-
MU OBUIH MOy Y€HHBIE TEMIIEPATypPHbIE 3aBUCUMOCTH TeTl-
JIOHArPY>KEHHBIX U II03TOMY HanOoJiee 9YyBCTBUTEIBHBIX
K TeMIiepaTypHoMy pexkumy snemeHToB COC — mpo-
1eccopa, TpaH3uCTopa U aKKyMYISTOpHBIX Oarapeii. [1o-
JIy4EeHHbIE YPOBHU TEMIIEPATYPBHI JAHHBIX JIEMEHTOB Ha-
XOIUJINCh B JIOIMYCTHMBIX Mpeneiax. Tak, mpu MakcH-
MaJIbHOM TETJIOBBIIEICHUH U UMHUTALIUH COJTHEYHON OpOu-
bl (I 3Tam) TeMniepaTypa Ha rpoteccope coctanisiia +5°C,
Ha Tpanzuctope +18...—19°C, a Ha aKKyMYIIITOPHBIX Oa-
tapesx —5...—7°C. Ilpu Takux 3HaYEHUSX TEMITEpPaTyphl
ammapaTypa pabdoTaja B IITATHOM PEKHIME.

[Tpy MUHIMATTLHOM TETUTOBBIJICTICHUH U IMUTAITHH Te-
HeBo# opOuThl criytHUKA (111 aTam) Temnepatypy Ha mpo-
Leccope, TPaH3UCTOpe U aKKyMYJIATOPHBIX OaTapesix CHU-
skan 710 —38°C ¢ 11eITbI0 TPOBEPKH pabOTOCTIOCOOHOCTH
JTaHHBIX 3JIEMEHTOB B KPUTUYECKHUX YCIIOBHSIX.

IomyuenHble pe3ynbTarhl 10Ka MOTYT pacCMaTpUBaThb-
sl KaK IpeiBapUTeIbHbIE, TaK KaK B XOJIE SKCIIEPUMEH-
TaJIbHBIX paboT OTCYTCTBOBAI psifl anieMenToB HC, Takux
KaK MOJCUCTEMBI 00PaOOTKH JAHHBIX, TEIIEMETPHH, IIPU-

eMa-lnepesiauy JaHHbIX U opueHTauu. OHU, B CBOIO Oue-
pelnb, Takke OyIyT BIUSATH Ha TEIJIOBYO 0OCTaHOBKY BO
BHyTpeHHeM o0beMe HC, mpudem B CTOpoHY yBenuue-
HUS TeMIIepaTypHOro ypoBHs. Tak, Ipu TEpMOBaKyyM-
HbIx ucnbiTanusx HC co Beeil koMIutekranuei, BKirodast
MI0JIE3HYI0 HArpy3Ky, OKUIAaeTcs yBeJIMueHUe TeMiepa-
TyphI BO BHyTpeHHeM o0beme Ha 10—15°C [5].

HcnpiTanus mokaszaiy TakxKe, 4YTo PH TEHEBOM 0pOU-
Te TeMIIepaTypa Ha COJIHEUHBIX OaTrapesx He OyJeT omyc-
karbcest Hke —70°C, 9TO COOTBETCTBYET IITATHOMY pe-
KUMY.

L

Ananu3s PE3yIabTaTOB HUCTIBITAHU N IIOKas3aj, 4TO B
YCIOBUAX, UMUTUPYIOIINX OTKpLITLIﬁ KOCMOC, cucTeéMa
3J'[eKTpOCHa6)KeHI/I$I HaHOCITyTHUKaA paGOTaeT B 3aJJaHHOM
TCIIJIOBOM PEIKUME U obecrieuynBaecT BBIXOJHBIC TAPaAMET-
PBI COITIACHO TCXHUYCCKOMY 3aJIaHUIO. HCHOJ’H:ByeMaH
37eMeHTHas 0a3a q)YHKHI/IOHI/IpyeT YAOBJICTBOPUTEIBHO.
HpI/I HMUTAUU PEKUMOB MAKCUMAJIbHOT'O U MUHHUMAJIb-
HOTO TCIIJIOBBIACIICHUSA BCC 3JICMCHTBI CoC HaxXoanJInuCh
B IITATHBIX TCIIJIOBBIX PCKHUMAX.
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HU3KOPA3SMEPHbLIE KPUCTAJIJIbI KPEMHU A ¥
JUIA @OTOSJIEKTPUYECKMX [TPEOBPA3OBATEJIEN

Ilokazana 803MOAHCHOCHb UCNOIb30BAHUS
8 Kauecmee aHmuompaxicaroujei nogepx-
HOCmuU (homosiekmpuieckux npeoopaso-
sameneu (PII1) ancambreli HAHONPOBOIOK
KpemHus. Paspaboman mexnonozuueckutl
npoyecc NOAY4eHUss HAHOPAZMEPHbBIX
cmpyxkmyp @I u uccredosanvl ux xapax-
mepucmuKu.

CoHeYHBIE IIEMEHTHI TS aTbTePHATUBHON YHEpre-
THUKHU JIOJKHBI OBITh BBICOKOA((EKTUBHBIMHU, TEXHOJO-
THYECKU MPOCTHIMU M UMETh HU3KYI0 CTOMMOCTb M3T0-
TOBJICHUA U JOCTATOUHYIO JIerpalalllOHHYI0 CTOUKOCTb.
CoBpeMeHHBbIE (OTOIIEKTPUIECKHIE TPeoOpa3oBaTen
(®IIT) oTBEYAIOT STHM TPEOOBAHUSM, HO HEJIOCTATOYHO
peHTa0eNBHBI TPU HCIONb30BAHUY, T. K. UMCIOT HU3KUIl
KIIJI. ITpoBoAst OLIEHKY pa3IUYHBIX TEXHOJOTUYECKUX
petennii o coznanuio GOI1 B cOOTBETCTBUU C KpHUTeE-
pHeM HU3KOH CTOMMOCTY X IOy 4YEHHs1, HEOOXOIHMO YJie-
JIUTh BHUMaHUE HOBEUIIIMM TE€XHOJOTMUECKUM MPOLec-
caM B MaTepuaaM, HOCKOJIBKY TOJIBKO OHH MOTYT obec-
MIEYUTH HU3KYIO CTOMMOCTh  OTHOCHTEIEHO MaJIbIe pas-
MepbI IOBEPXHOCTHOIO aHTHOTPaXKaroLero cios [1].

OnHuM u3 Hanbosee NePCIeKTUBHBIX CIIOCOOOB IMO-
BoieHus KITJ1 npeoGpa3oBatesneit siBsieTcs yMeHblle-
HHUE ONTUYECKUX MOTEPB, T. €. HOTEPh Ha OTPAKEHHE, UTO
JIOCTUIa€TCsl HAHECEHUEM aHTUOTPAKAIOILIETO OKPBITHS.
[TpuBekaTeIbHBIM B 3TOM aCTIEKTE SIBISICTCS HCIIOTH30-
BaHMe HUTeBUAHBIX HaHOKpHcTaoB (HHK) kpemuns,
KOTOPBIM MOCBSAIIEHO HEMAJIO HAyYHBIX padoT 3a MOCIIe -
Hue rofpl [2, 3]. B uactHocTH, B [4] moKa3aHo, 4TO CTPYK-
typa u3 ancam6st HHK a¢pdexTrBHEe mormomaer caer,

YyeM IJIeHOYHast. YerpoiicTsa, ocHoBanHble Ha HHK, nme-
10T TaKMe MOTEHIMAbHbIE TPEUMYIIECTBA NIEpe]] CTaH-
JAPTHBIMU IJIAHAPHBIMU KOHCTPYKLUSMHU:

— Oosee HU3Kas LIeHA 33 CYET YMEHBLICHHUS pacXoja
Marepuaa;

— yBeJHYCeHNE (POTOTOKA 32 CUCT TOPSIIMX HOCHTE-
JIel WM MHOTOSKCUTOHHBIX 3(dekToB [5], a Takxke 3a
CYET yBEIMUEHNUS TONIOIICHUS CBETA;

— BO3MOXHOCTbH BBIpAIlIUBAHMS CTPYKTYp Ha pac-
COIIAaCOBAaHHBIX IOJIOKKAX, YTO PaJMKaIbHO pacllu-
psieT nepcreKTUBbl KOMOMHUPOBAHUS MaTepHAIIOB C pa3-
JIMYHOW IMPUHOH 3aIIPEIEHHON 30HBL.

Lenbto HacToAIIeH PaOOTHI ABISETCS CO3JJAHUE METO-
Ja MOJTyYeHU s aHTUOTPAXKAIOIIETr 0 TIOKPBITHS U3 aHCaMO-
neit HHK kpemHus n nccnenoBanys XapakKTEpUCTHK Ta-
KOU CTPYKTYpHI.

BKCHepl/lMeHTaJIBHLIe pe3yJabTaTbl

Jl751 BeIpaIuBaHusl HAHOPa3MEPHBIX KPUCTAILIIOB UC-
TI0JIb30BaJIM YCTAHOBKY, OJIOK-CXeMa KOTOPOH MoKa3aHa
Ha puc. 1.

Ocaxenne KpeMHUs Ha MOIOKKY ITPOUCXOTUIIO TIO
XUMHYECKON PeaKIiuu

SiCl, +2H, = 4HCI + Si.

B peakrope pocra 4 Haj KpEMHUEBOMH IOATIOXKKOMN 5
mpu Temieparype okoio 600°C mpomyckaiau Ta3oBYIO
cmeck — SiCl, u3 6apborepa 2 u H, u3 reneparopa /.

Cornacao [2], ponb mpuMecH (MeTaia-KaTaian3aro-
pa) cocTOUT B (HOPMUPOBAHUH KU JIKOW KAILIIH C OTHOCH-
TEJIbHO HU3KOM Temreparypoi »BTeKTUKU. ITockonbky
JKHUJIKAST KAl SBJISICTCS] JOMUHHUPYIOIIUM COCTOSIHHEM
IIPU OCAX/ICHUU U3 Mapa, 3TO MIPUBOIUT K IIepeHaCHIIIIe-

6 — a30THasi JIOBYIIKA; / — BaKyyM-

S
N, a
o QOOOO00O
o] % %
- A Y JAN Puc. 1. brok-cxema ycTaHOBKH AJIst
AV \ 000 OQO00 n BBIPALMBaHUS HAHOPA3MEPHBIX
\ - T \\_\ \ N, &7 A KPHMCTaJJIOB:
yay \ \ 2/ | 1 — reneparop Bogopona «KEHI'O
\ /:_, \\ \ 4 5 6 BiI 14.10»; 2 —'6ap60Tep; 3 — cucre-
\ ke Ma KJIAIaHoB; 4 — peakTop (OTKpbI-
1 _ 3 TOTO TUMA); 5 — THIENb ¢ 00Pa3LOM;
sicl,” \J/ !
2

HBIN HacoC
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Puc. 2. Pacnpenenenue HaHOKanenb crjiaBa Si-Au

HUIO KUJKOCTH KPEMHHUEM M €r0 KPUCTaTU3alUuH IO/
karutedd. Mcrounuk Si, CBOWCTBA KaTaau3aTopa u Ipupo-
Jla TIOJUTOKKH SBJISIFOTCS OIIPENeNIAIOIUME B IIPOLEcce
pocra HHK. MeTannom-karann3aropoM B JaHHBIX HC-
CIIEIOBAHUSX OBLIO 30JI0TO, TOCKOJIBKY M3 BCEX OOBITHO
HCTIONIB3yEMBIX METAJI/Si-KaTann3aTopoB OBLT BEIOpaH
criaB Au/Si, IMEIOIUIl caMyl0 HU3KYIO TEeMIIEpaTypy
9BTEKTHKH, YTO SBJISIETCA HEOOXOIUMBIM YCIOBHUEM BbI-
pammBanust Toukux HHK Si[3].

Jna nonyuenus ancam6iss HHK Si nmpouecc Boipa-
MIUBAHIS IPEIyCMaTPUBAI IIPOBEICHHE CIIETYIOIINX TEX-
HOJIOTMYECKHX OIleparui:

— XHMHUYecKas 0o0paboTKa MOBEPXHOCTH IIACTHH
KPEMHHS )KUJAKAME TPABUTEIIIMH;

— HAaIbUICHUE METAJUTIYECKON TNICHKH;

— soipamuBanue HHK B oTkpeIToif cucteme.

IIneHku 3070Ta MONyYaald METOAOM TEPMHUYECKOTO
UCTIapeHUs MaTepHaa B BAKyyMe C y4eTOM BCeX HEe0O-
XOIMMBIX YCJIIOBUI HaHECEHHUsI IIJICHOK B YCTAaHOBKE Ba-
KyYMHOTO pacTbUICHHSI.

Jliis ucenenoBanus mporiecca Beipanuanns HHK Si
Ha KPEMHHUEBYIO TIOITIOKKY opueHTarmu < 100> ObutH Ha-
MBIJICHBI MJICHKH 30J10Ta Pa3HOW TOJIIUHBI — OT 3 110
10 M. HccnemnoBaHus ¢ MOMOIIBIO ATOMHO-CHIIOBOTO
MHKPOCKOIIA II0Ka3aJIH, YTO CTPKYTypa IUICHOK ObLIa Ofl-
HopojHa. [Tocne TepMooOPabOTKH MOUTOKEK TP TEM-
neparype 600°C mpoun3zornia Koaryisiiyst 30710Ta B Karl-
ma (puc. 2). CpeaHuid AuaMeTp Kamelnb criiaBa Si—Au
CYIIIECTBEHHO 3aBUCHT OT TOJIIMHBI IJICHOK 30J10Ta H
ymensbiaercs ot 100 1o 40 HM ¢ yMEHBIIIEHUEM TOJIIU-
HBI IJIEHKH ¢ 9 10 4 HM.

I[pomecc BriparmmBanus HHK Si Ha kpeMHUEBBIX 101
JI0’KKax mpoBoAwiics ipu Temmneparype 580°C u nasine-
HuUU ra3zoBoil cMecu okojio 100 MM pt. cT. Bpems pocra
COCTABJISIIO 5 MMH.

Mukpodororpadus momydennoro ancamb6ist HHK Si
IpeJCcTaBlieHa Ha puc. 3.

B omHOM 13 epBBIX paboT 1o uenoib3oBanuno HHK
¢ p—n-niepexonoM B kauectBe DT ObL10 TPOBENIEHO HC-
CJIEJIOBaHUE €ro ONTHYECKUX CBOUCTB [4]. CpaBHEHHE
CHEKTPOB NomiouieHus kpemHueroro @311, B koTopom
B KaU€CTBE aHTUOTPAKAIOILEH TTOBEPXHOCTH UCTIONB3YETCS
CTPYKTypa Ha OCHOBE HH3KOPa3MEPHBIX KPHCTAJUIOB, H

10pm

20.00kV ~ x4.00k

WD=8.4mm

Puc. 3. Aucam6ne HHK Si Ha kpemMHHEBOI MOATOKKE

OOII ¢ npyriuMu CTPYKTYpaMu TIOKa3bIBAET 3HAYUTEIBHOE
yBeIUYEHHE MOVIOIEHHS IEPBOTO B CIIEKTPAJILHOM J1a-
na3one 300—1100 M (puc. 4). C y4yeToM MOmIOMICHHS
TaKHe CTPYKTYPbl IMEIOT BETMIHMHY (OTOTOKa 1,2 MA/cM?.
IIpu sTom KIIJI rakux ®III cocrasinsier 2—3%, 4To cBs-
3aHO C HAJIMYMEM IIOBEPXHOCTHBIX COCTOSHUI, KOTOpbIE
HE MOTYT OBITH TTOTHOCTBIO MaCCUBUPOBAHLI U3-3a BbI-
COKOM MJIOTHOCTH HaHONPOBOJIOK. Kpome Toro, 3a cuer
CHJIBHO paSBI/IT()ﬁ TMOBEPXHOCTU NPOUCXOAUT CYIICCTBEH-
Hast PEKOMOWHAIIVSI HOCUTEIICH, YTO 3HAYUTEIHLHO CHIDKA-
eT 3¢ peKTUBHOCTH TpeoOpa3zoBanms sHepruu. Ha ceros-
HA 3 (heKTUBHOCTD peoOpa30BaHUs SHEPTHH COJTHEY-
HBIX 3JICMEHTOB Ha OCHOBE HAaHOIIPOBOJIOK KPEMHHUSI CO-
cTaBisgeT auib 2%, a Ha OCHOBE MYJIBTUKPUCTAJIHYE-
CKOro kpemHust — 22—724%, oqHaKo CyLIECTBYET psil
TEXHOJIOTUYECKU KOHCTPYKTUBHBIX ITOAXOJIOB K ITOBBIILIE-
HUto 3 hekTuBHOCTH TpeoOpa3oBaHUs YHEPTUH COTHEY-
HBIX 3JIEMEHTOB, B YaCTHOCTH IIaCCUBUPOBAHHE MTOBEPX-
HOCTH aHTHOTPAXKAIOIIET0 MOKPBITHS aHcaMOIIelt HaHo-
HPOBOJIOK.

B mpeanaraeMoM TEXHOJIOTHYIECKOM TIPOIECCE MOTy-
yeHus: kpemHueBbix D11 ¢ HCcmoab30BaHMEM HAHO-

100

80

60

40

Absorption (%)

20

0
300 500 700 900 1100 1300 15000 1700 1900
Wavelength (nm)

Puc. 4. CekTp MomionieHns: aHTHOTPAXKAIONIECH TOBEPXHOCTH

ODII Ha ocHoBe BepTHKanbHO opueHTHpoBaHHBIX HHK Si,

TOJTYYEHHBIX JKUAKUM TpaBieHueM (a) u merogom CVD (b),
a TaK)Ke TOHKOIJICHOYHBIX KPEMHHUEBBIX CTPYKTYD (¢) [2]
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SiINW BepxHuii KOHTaKT

p-Si
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A

Puc. 5. Cxema xoHcTpykiuu ®II1 ¢ ancambiem HHK Si:
p-Si — nnactuna kpemuus (teno ®OI1); n-Si — p—n-nepexon;
SiNW — kpemueBble HaHOKpHcTabl; [TO — npo3paunslii mpoBozs-

IHii KOHTAKT; Al — HIDKHHH KOHTAKT

CTPYKTYp Ha ()POHTAITBEHON TOBEPXHOCTH MOKHO BEIJIE-
JIUTH CICAYIOIINE OCHOBHBIC 3TAIHI (PHC. 5):

— co3nanue TuPPy3u0HHOTO p—7-TIepexosia JIeTHPO-
BAHUEM IUIACTHH KPEMHUS p-TUTIA U3 TBEPBIX UIAHAPHBIX
ucrouHukoB (ocdopa. Ipouecc nuddysun ocymiecTs-
nsiercs npu temreparype 950°C u obecnieunBaet popmu-
POBaHUE MPOPHIIS JISTUPOBAHHUS BBICOTOM OKOJIO 1 MKM;

— HAa MOBEPXHOCTH c(hOPMUPOBAHHOTO p—n-Tiepe-
X0J1a HAHOCHUTCS TOHKas (4 HM) IIJIEHKA 30J10Ta JUIS 110~
CIIEIYIOMIETO TMPOTPEeBa IUIACTHHEI B BAaKyyMe 10 Koa-
TYISIUH 3010Ta B KAIUTd U POPMHUPOBAHUS 3aPOJIBIIICH
HHK;

— BoipammBanne HHK Si B oTkpbITON BOoIOpOIHON
cucteme ¢ ucnosbsoBanueM SiCl, B kKagecTBe HCTOUHH-
Ka pOCTOBOTO MaTepHaa;

— IIyTeM HaIbUICHUS TWICHKH Al 1 mocieayromero
omxura npu temneparype 380°C coznaercst KOHTaKT K p-
obmactu OIII;

— (popmupyIOTCS TOKOCOOUPAIOIIHE KOHTAKTHBIE J10-
POXKKH 30JI0Ta B 71-00JIaCTH p—n-TIepexoa.

L

Takum 00pa3oM, MPEIIOKECHHBIH METOJ CO3JaHHS
KPEMHHEBBIX (DOTOAIEKTPUUECKUX MPeoOpazoBaTeleii ¢
HCIIONThb30BaHUEM B KAUECTBE AaHTHOTPAXKAIOIIETO TOKPBI-
THUsI aHCaMOJIel HAHOIIPOBOJIOK KPEMHUSI TO3BOJISICT 3HA-
YUTEIHHO YBEIUYUTh MOMIOMIAOIIYIO0 CIOCOOHOCTH Mpe-
obpazoareseid. [Ipu 3ToM HeBbIcOKOE 3HAUCHNUE P DeK-
TUBHOCTH IPE0OPa30BaHUS COTHEUHOI SHEPTUU MOXKHO
YBCJIUYUTD 3a CUCT AOTIOJTHUTEIIbHBIX TCXHOJIOTHICCKUX
MPUEMOB CO3JJaHUS TACCUBUPYIOIIUX CIIOCB.
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Hogefilline TeXHOMOTHU BKIOUAIOT B ce0s1 padpaboTKy, OnucaHue, a Tak-
JKe TIPOU3BOJCTBO M MPaKTHUUECKOe HCMOJAb30BAHHE CAMbIX padHoo6pas-
HbIX HAHOPA3MePHBIX CTPYKTYP, YCTPOHCTB U cucTeM. B MexXIucumniu-
HApHOM MOJIe 3TOH 00JACTH HCCAE0BAHUI MepecekaroTes U mepekpbiBa-
I0TCS 9KCMEPUMEHTAJIbHbIE U TEOPETHUECKHE Pa3pabOTKU XMMHUKOB, (H-
3UKOB, MHKEHEPOB-3/JIEKTPOHIILIMKOB, MEXaHHKOB, MaTepHaIOBEN0B, OHO-
XUMHUKOB, MOJIEKYJIIPHBIX OMOMOr0B. FIMeHHO coueTaHue pasauuHbIX MOJ-
XOJIOB U METOJIOB SIBJISIETCST XapaKTepHOH 0COOEHHOCTbIO HauboJsee HHTe-
PECHBIX U MHOTr0OO€eNaIIUX pa3spaboTOK B HAHOTEXHOMOTHSIX.

Kuura mpencraiaser cob60ii COOPHHUK MOCIENHHX PE3YJbTATOB, MOJY-
YEHHbIX MOJIOJAbIMH aHFJ'[HﬁCKHMH yqubIMI/I, MHOTr'ue H3 KOTOprX 613[.)'[1/1 CTUIeHaAuaTaMHu
KoposeBckoro obiiectBa uau FecnaenoBateabeckoro coBeTa MHKEHEPHBIX U (HU3UUECKUX

~
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Poccus, . Mocksa, IITL] “YpanAnmazuBect”;

r. ®ps3uno, Gunuan PO PAH um. B. A. Kotensnukosa
E-mail: alexandr-mityagin@yandex.ru; 208 otd@mail.ru

Hccnedosanvl snekmpogusuveckue napa-
Mempbl U mepmudeckas cmaduibHOCMb
0enbma-ne2upo8aHHblx 6000POOOM ClOES 8
NPUPOOHBIX U BbIPAUJEHHBIX Memo0OoM
CVD kpucmannax aimaza. I[lokazana 603-
MOdHCHOCMb co30anusi bapvepos [llommxku
Ha 2UOpUpPOBAHHOU NOBEPXHOCMU AIMa3d,
mepmooopabomanHo20 8 nomoxe 8000pPooa.

Pa3BuTHe TEXHOIOTHUH HCMOIB30BAHUS AJIMA3HBIX
MaTepHaJIoB SIBJISETCS aKTyaJIbHbIM U COBPEMEHHBIM Ha-
MpaBJIeHHEM B 3JeKTpoHuke [1]. Anma3z — mepcrnek-
TUBHBIN Marepuai ais cozganus CBU-tpaH3ucTopos,
MIOCKOJIBKY 00JIaaeT MaKCHMAaIbHOU IMOIBHKHOCTHIO
apipok (3800 cm?/(B:c) B M30TONUYECKH YHCTOM ajl-
Mas3e) 1 MaKCHMaJIbHBIME IPEH(OBBIMI CKOPOCTSIMH Ha-
CBIIICHUS] HOCUTEIIEH 3apsia Cpeu IPYyTrux maTepua-
JIOB COBPEMEHHOM A1eKTpoHUKH [2]. PacueTsl mokasbl-
BaIoOT, uTo B nepcrnektuBe CBU-Tpan3ucTOpH! Ha anMase
MIPEB30MAYT MO COBOKYIMHOCTH MapamMeTpoB BCE JIPy-
rue CBY 1os1ynpoBOJHUKOBBIE TPAH3UCTOPHBIE aHAJIO-
ru. Bee ato onpenensieT nuaupyoliee MecTo ajiMasza u
(dbopmupyeT Kpyr npuKiIagHeX 3aaaq it CBU-smekr-
POHHUKH U TEXHOJIOTUHM JBOWHOTO Ha3HaueHud. bwuio
oOHapyskeHO [3], 9To amMa3HbIe IUIEHKH, BBRIPAIICHHEIC
MeToZI0M XuMuueckoro HambuieHus (CVD) B atmocde-
pe Bomopoza, 001amaioT IMOBEPXHOCTHOH IIPOBOIIMO-
cTeio p-tumna. MccnenoBanus [4] mokazanu, 94To Takas
oBepXHOCTh HachileHa C—H-cBsA3sMu, mo3TOMy OHa
MIOJTy4HJIa Ha3BaHUE THIPUPOBAHHON MOBEPXHOCTH WIIH
H-nosepxnoctu. Moaynupyemas 10BEpXHOCTHAsI IIPO-
BOJIUMOCTh H-cll0sl 103BOISIET U3TOTOBUTH IOJIEBOU
TPAH3UCTOP, €CITH JIJIsl KOHTAKTOB HCTOKA U CTOKa BBIO-
parb MeTaJ, 00pa3y oIl OMUYECKUI KOHTAKT (00bIY-
HO 9TO Au), a 1711 KOHTaKTa 3aTBOpa — MeTasul, o0pa-
sytromiuit 6apbep LllorTku (00bI14HO Al).

Jlnst m3rotoBnenust MmomHoro nojaesoro CBU-tpan-
3HCTOpa Ha amMa3e HeoOXoarMa MpOBOJIIIAS TOBEPX-
HOCTB C OOJIBIIION MOBEPXHOCTHOH TNIOTHOCTEIO HOCHTE-
Jei 3apsna (Ho He npesbimaromeit 1013 cm2) u makcu-
MaJIbHO BBICOKOM X TIOABMKHOCTHIO. C 1IeNbI0 oTIpere-
JICHUS] ONTHMAJTBHBIX YCIIOBHH 151 00pa30BaHUS IIPOBO-

Pabora BbInoiHeHa B paMkax nipoekta PODU Ne 11-07099288.
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OOPMUPOBAHUE JEJBTA-JIETIPOBAHHOI'O BOJOPOAOM
p-CJIOA B ITPUPOJHBIX N CVD-KPUCTAJIIAX AJIMA3A

ISIIIEH THAPUPOBAHHON ITOBEPXHOCTH aliMasa C yKa3aH-
HBIMU XapaKTEPUCTUKAMH U YCIOBHIA e CTaOMIIbBHOCTH
OBLTH TPOBEACHBI DKCTICPUMEHTHI 110 OTKUTY aJIMa3HbIX
o0pa3roB B atMocepe BoIOpoAa MpHU TeMIepaType
700—1000°C, ux obpaborke B BU-mnasme Bomopona
nipu temneparype 750°C u nocneayronemMy oTKHUry B
aTMocdepe aproHa WM B BaKyyMe IIpH TeMIleparype
300—500°C.

BKCﬂepl/lMeHTaﬂLHble pe3yiabTarThbl

B kauectBe 00pa3IOB MCHONIB30BAINCH MJIACTHHBI
(110) mpuponnoro anmaza 2A-tuma u wieHku (110) an-
Mas3a, BelpaiieHHble Metogom CVD. Konnenrpanus npu-
MECHOTO a30Ta B IMPUPOJHOM anMase U B IUICHKAX CO-
crasisna (0,5—1)-10'8 u (0,6—1)-10'7 cm3, cooTet-
CTBEHHO. YIETHHOE COTPOTHBICHHE HEIETHPOBAHHBIX
KPUCTaJIOB U3MeHsI0Ch B uHTepBasie 101°—104Om-cm.
[ToBepXHOCTH KPUCTAIOB ajMa3a 000X THIIOB MeXa-
HIYECKH IToNpoBaiack. LllepoxoBaTtocts 00paboTaHHOIM
MIOBEPXHOCTH, U3MEPEHHAS Ha CKAHMPYIOIIEM 30HI0BOM
Mukpockorne ¢pupmbl “NT-MTD” u npoduiomerpe
“Dektak-8”, coctaBisia 0,5—2,0 HM. DTOro OBLIO J10-
CTaTOYHO JJIs1 (POPMUPOBAHUS IOBEPXHOCTHOTO JIeNbTa-
JIETUPOBAHHOTO p-ciiost. Kpucramiel anmasza moasepra-
TCh TepMOOOPaOOTKE B KBapIIeBOK TPpyOe B OTOKE OCY-
IIEHHOT0, ATOMAPHO-YHACTOTO BOJOPO/Ia IIPH TEMITEpaTy-
pe 700—1000°C B Teuenue 30 MuH. Taxoxe IpoBoIMIIaCh
00paboTka oOpa3nos B azme CBY-paspsia (¢ yacToroit
2,45 I'T'm) Bogopona ipu Temnepatype 7=750°C B Teue-
Hue 30 muH. Cxema SKCIIepUMEeHTa TI0 TUIa3MEeHHOU 00-
paboTke OblIa aHAIOTUYHA ONUCAHHOM B [6]. M30XpoH-
HBIC OTXKUTH 00pabOTaHHBIX B BOJOPO]I€ 00Pa3IOB Mpo-
BOIWIUCH B atMocdepe aprona mpu 7=300—500°C B
teueHue 1 yaca uiu B Bakyyme npu 7=400°C B TeueHue
30 muH. X0JUIOBCKUE U3MEPEHNUS OCYILECTBIISIIUCH [IPU
KOMHATHOM TeMneparype u npu 7=196°C metogom Ban-
nep-Ilay B maruutHOM none c¢ uHaykuuei 5=0,6 Ti.
Taxke U3MEPSIINCh BOJIBT-aMIICPHBIC XapaKTCPUCTHKH
Oapnepa LLIoTTKH MEXTy NeNbTa-IerHpOBaHHBIM P-CII0-
€M U QJIFOMUHUEM, KOTOPBIH 0BT HAITBIJICH B BAKYYME Ha
TUIPUPOBAHHYIO TIOBEPXHOCTH AJIMa3a.

Bb110 yeTaHOBIEHO, UTO B pe3yibTaTe TepMooOpadoT-
K1 00pa3LoB Kak B BOZOPOIE IPH aTMOC(hEepHOM IaBiie-
HUH, Tak 1 B CBY-1m1a3Me Bogopona mpoucXoanT oopa-
30BaHHE CIIOSI p-THIIA TPOBOJANMOCTH Ha THIPUPOBAH-
HOI MOBEPXHOCTH anmasa (cM. Tadua. 1 u 2).
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Tab6muua 1

Daexkmpopusuueckue napamempsl RPUPOOHBIX KPUCMALI08 AIMA3d, 00PAOOMAHHBIX NPU PA3IUYHBIX DENCUMAX 8
6000pode, a makace ¢ CBU-niasme 6000poda ¢ nociedyroumum omamicueom 6 ammocgepe apeona, uzmepeHuvie npu
KOMHAMHOU memnepamype

Tun Pexxum 06paboTku CnoeBast koHLEHTpauus AbIpok | IloaBmkHOCTD AbIpok | CI0eBOE COMPOTUBICHHE
o0paslia | ¥ MOCJIEAYIOIIEro OTKUTa ps, 107 ov? Uy, eM/(B-c) R, xOM/O
Tepmoobpabotka B Hy,
1000°C, 30 mMuH 3.6 19 ?
A-180 1-# oxur B Ar,
300°C, 1 4 +400°C, 1 4 20 24 13
1-# omkur B Ar, 500°C, 1 u * * 100
Tepmoobpabotka B Hy,
800°C, 30 muu 2.3 1 238
A-158 1-# oTxur B Ar,
300°C, 1 4 +400°C, 1 4 1.2 18 274
2-i1 omkur B Ar, 500°C, 1 4 * * 167
1-s1 TepmooGpaboTka B H,, * % 61
A-159 - 700(:6,3%MI/IH —
-1 TepMooOpadoTka B Hy,
910°C, 30 v 21 21 14,3
TepmoobpaboTtka B H,,
A-065 900°C, 30 M 2,6 18 13
Tepmoobpabotka B H,,
A-212 900°C, 30 M 1,6 14 28
Oo6pabotka B CBU-mia3zme
A-073 H,. 750°C, 30 wut 0,72 29 30
O6pabotka B CBY-muia3me
A-088 H,, 750°C. 30wt 1,2 47 11

* HapaMeTpH HC ONPECACIICHBI BCICACTBUEC CHUJIIBHOTO ITyMa XOJIJIOBCKOTO HANPSIKCHUA IJIA JaHHBIX PEXHUMOB

Tabnuma 2

Onexmpoghuzuueckue napamempul CVD-kpucmannog aimasa nocie mepmooopadomku 6 6000pooe u nociedyioue2o
omoicuea 8 8axyyme, usmepenuvie npu KOMHAMHOU U A30MHOU MeMNepamypax

Tun Pexum obpabotki | Temmeparypa | CrioeBast KOHIICHTPALSE IMomemxsocte | ClioeBOE COMPOTHBIICHHE
obpasia | MOC/EIYIOIero OKra | M3Mepennii | msIpok p, 107 eM” | mpipok p,, em?/(B-c) R,, xOM/O
TepmooOpaboTka B
DB-14 Hy, 900°C, 30 KOMHATHast 1,5 150 28
TepmooOpaboTKa B
Hy, 900°C, 30 vum KOMHaTHas 1,5 200 21
DB-40
Omxur B BaKyyMe KOMHAaTHast 1,7 180 20
400°C, 30 mun 77 59 130 23
TepmooOpaboTKa B
_ H,, 900°C, 30 M KOMHATHast 39 83 19
) ODxKur B BaKyyMe KOMHAaTHast 2,9 61 36
400°C, 30 M 77 0,52 53 227

Kax BuHO 13 Tabu. 1, HamtyuIie pe3ynpTrarsl ObLin
MOJTy4eHBI TIPH TEPMOOOPAOOTKE MPUPOAHBIX KPHUCTAII-
JIOB aJIMa3a B IIOTOKE BOAOPOJa B AUANa30HE TEMIIEpa-
Typb1 800—1000°C. TTpu Temnepatype 700°C npoBosi-
IIWH CIIOH, MO-BUIMMOMY, TOJIBKO HAYMHACT (DOPMHUPOBATD-
csl, IOITOMY OH 00JaJaeT BBICOKUM COIIPOTUBIICHHUEM.
Takoil MeTon TepMOOOPAOOTKU B BOJOPOAE MOXKET CIIy-
JKHTB aJIETEPHATHBOM OOIICTIPHHATOMY METOY (POPMHUPO-

BaHusa H-cnos B CBY-mna3me Bogopona (cM. Tadi. 1) kak
0osee MPOCTOi M BOCIIPOM3BOANMBIH.

OO0pasIel U3 TPUPOIHBIX alMa30B IMOCIE TEPMOOO-
paboOTKH B BOJOPOJEC MMENH BBICOKYIO CIIOCBYIO KOH-
neHTpamuio aepok p =(1,6—3,6)-10'% e co cpasuu-
TEILHO HU3KOH MOJIBHIKHOCTHIO = 11—47 cm?/(B-c).
Omxur B aprone npu temnepatype 300°C npakTudecku
HE BIIMSCT Ha 3JIEKTPpOopH3NIEcKIe mapaMeTpsl H-crost, a
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omxur npu 400°C cHMXAeT CI0EBYI0 KOHIEHTPAIUIO
HOCHUTEIEH 10 MPUEMIIEMOTO JIJIsl K3TOTOBJICHUS TPaH3H-
cropa ypoBHs (mopsuka 10'3 cMm™?) u yBenuuuBaer ux
noABMKHOCTE Ha 20—50%. OTxur B atMocdepe apro-
Ha ipu remneparype S00°C npuBoAUT K A€TpaIaIiiH ITPo-
BOJISAIIEH THAPUPOBAHHON MTOBEPXHOCTH. DTO O3HAYACT,
YTO TEXHOJOTHUECKUE OTIepAIlK U3TOTOBJICHUS aMas3-
HOT'O TPAH3MUCTOPa, CICTYIOIIHE OCe 00pa30BaHUs THI-
PUPOBAHHOM MOBEPXHOCTH, TOJKHBI HCKJIFOYATh HATPEB
anMa3Horo obpasia Beime temmeparypsl 400°C. Mox-
HO CJIeNIaTh BBIBOJ, YTO TEMIIEpPATypHasl CTAaOMIEHOCTD
THIPUPOBAHHON ITOBEPXHOCTH aliMasa B aTMocdepe ap-
TOHA BBIIIIE, YEM Ha BO3/yXe, T/IE JIeTpaialiis HacTymaeT
npu 250—300°C.

CVD-kpuctaiuibl amasa nocjie o0padoTKH B aHaJo-
THYHBIX pexuMax (Tabm. 2) obmaganu Gonee HU3KOU IO
CPaBHEHHIO C TIPHPOJHBIME aJIMa3aMH CIIOCBOH KOHIICHT-
paumeii gpipok p =(1,5—3,9)-10'? cm2, umeromux 3na-
YHUTETHHO OOJIBIITYIO ITOIBHKHOCTD up=83—200 cm?/(B-c),
YTO COOTBETCTBYET JIYUILIUM MapaMeTpam, TOTy4eHHbIM
nipu o6padotke B CBU-11a3me Botopona [7]. [Tocnemyro-
LIMHA OTXKUT B BaKyyme ruapupoBannbeix CVD-kpucran-
nioB ipu Temnepatype 400°C mpakTHUIecKu He MEHSIET dJ1eK-
Tpodusmueckue mapameTpsl H-ciost, 9To mo3Bosisiet mpo-
BOJIUTh HA TAKKX CTPYKTYPaX TEXHOJIOTHUECKUE OTICPAITUH
HAIbUICHUS] METAIUIOB B BAKYYME MPH MOBBIIIEHHBIX TEM-
neparypax sl yinyduieHus aare3un. Ciemayer OTMETHTb,
YTO MPH TEMIIEPATyPe JKUIKOTO a30Ta U CIIOCBas KOHIICHT-
partust IBIPOK, ¥ X TTOBIKHOCTH MEHBIIIE, YeM ITPH KOM-
HATHOM TeMItepaType (4acTh HOCUTENEH BBIMOPaKUBACT-
cs1). Jlannsnii apdext oTMmeueH HaMu BrIepBbIe U TpeOyeT
JanpHeniero uccnenosanus. [Tocne ororpea CVD-00-
pasIoB O KOMHAaTHOM TEMIIEPaTyphl UX MapaMeTpbl BO3-
BPAIIAINCH K UCXOIHBIM 3HAYCHUSIM.

" Puc. 1. CHUMOK TeCTOBOTO
' o6pasua CTpYKTypsI ¢ Gapbe-
pom LoTtTku, chopmupo-
BAHHOTO Ha THAPUPOBAHHON
ITOBEPXHOCTU MPUPOJHOTO
ajamasa pasmMepoM 4x4 mm

Ha pmuc. 1 mokaszan TecTOBBII 00paser] CTPYKTypHI €
Oapbepamu LLIOTTKY U3 amtOMUHMS, HATIBUICHHOTO B BaKY-
yMe Ha THAPHPOBAHHYIO MOBEPXHOCTH MPHPOIHOTO ajIMa-
3a, a 3aTeM OTOXKEHHOro B Bopopoje mnpu 7=900°C B
teuenure 30 MuH. bazoBbie KOHTaKTHI [ U 4 chopMUpOBa-
HBI 13 ToKoTIpoBOsIero kies “Konrakron” K-12b. Kon-
TakThl 2 U 3 — Oapwepsl LLloTTku — chopMupoBaHbI
HaNbUICHUEM AIIOMHHUS B BaKyyMe (TeMHas 00JacTh)
gyepes MacKy, K KOTOpOMY BHEIIHHE BBIBOJIbI TPUCOE -
HEHEI ¢ IToMoIbi0 “Konrakroia”.

BonbTr-amniepHas xapakTepuCTHKA OTyY€HHOM CTPYK-
TypBI IpesicTaBiIeHa Ha puc. 2. ConmpoTUBIIEHNE TTPH HY-
JIEBOM CMelIeHuu cocTaBisuio nopsjaka 10 MOwm, co-
MPOTHUBJICHHUE Ha PsiMOii BeTBU BA X mipu 60bIInx cMe-

+ I, MKA
-+ 20
0,02
0,01
- 15
-0,01
- 10
-0,02 ‘ .
0,1 0 01 1
U,B
-+ 5
} : } : 1 ‘ I |
-1,0 -0,5 0 0,5 U,B

Puc. 2. BonbT-amnepHas XxapakTepUCTHKA TECTOBOTO 00pa3iia
¢ O6aprepom IlorTkn

nieHusx (oxosio 10 B) orpaHn4nBanock CONpOTHUBICHH-
€M pacTeKaHus IPOBOJIALIETO CJI0S M cOCTaBIsI0 8§ KOM.

IIpu n3mepeHnu npsiMoOi BETBH IMTOTEHIMAT «+» T0/1a-
BaJiCst Ha 0a30BbIH AIIEKTPOJI, MOTECHITHAI «—» — Ha aITf0-
MHHHEBBIN 37eKTpoa. M3 pe3ynsraroB JaHHOTO YKCIEe-
pUMEHTa MOYKHO CJIEJIaTh BBIBOJ, YTO ATIOMUHUH, HATIbI-
JICHHBI Ha THAPUPOBAHHYIO TIPU TepMOOOpabOTKax B
BOJIOPO/JIE AIMa3HYI0 MOBEPXHOCTh, MOXKET CIIYy>)KUTh B
kauectBe 3arBopa [llortku B moneBsix CBU-Tpan3ucTo-
pax, n3rotopieHHBIX 110 TexHonorun MESFET.

*fk

Takum 00pa3oM, MpeNCTaBICHHbBIE PE3YJbTaThl MO
(hopMHUPOBaHHUIO JETBTa-JIETUPOBAHHOTO P-CII0S [TPU Tep-
M000OpaboTKax armasza B MOTOKE BOJOPO/A IIPH TEMIIE-
patype 800—1000°C mo3BOJISIOT CAENaTh BBIBOJ, YTO
JAHHBII METO MOKET OBITH UCTIONH30BAH B TEXHOJIOTHH
co3fanus nojaesbix CBY-TpaH3uCTOPOB € aIOMUHUEBbI-
MU 3aTBOpaMu. [ paHnYHas TeMIepaTypa TEXHOJIOTHYe-
CKHUX OIepauuii Ipu paboTe ¢ THAPUPOBAHHON ajIMa3HOM
OBEPXHOCTHIO cocTanseT 400°C
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MHTEI'PAJIBHBIE IBY XCTOPOHHUE KPEMHUEBBIE
MUKPOCTPHUIIOBBIE IETEKTOPDBI

Paspabomanvr mexnonocus u koncmpykyus
npoOmMomuna 0amuuKa 6blCOKOIHep2emi-
yeckux yacmuy onsa sxkcnepumenma ALICE.
Hemexmopwt yooenemsoprom mpebosanusim
1O OCHOBHLIM INEKMPOPUIUYECKUM napa-
Mempam u no paouayuoHHoU CMOUKOCMU.

JIByXCTOpOHHHE MUKPOCTPHIIOBBIE KDEMHHEBBIE JIe-
tektopsl (AMKJ) siBisiroTcsi Hanbosee CoBepIICHHBIM
HHCTPYMEHTOM HCCJEOBaHUN B (DU3MKE BBICOKHX
SHEPTHil, KOTOPBIM CO3/1aH Ha OCHOBE KPEMHUEBOM MH-
TerpajbHON TEXHOIOTHH. [IepBbIe pabOTHI IO CO3TaHHIO
JAMK/I nosiBuiucs B koHIe 80-x — Havane 90-X rogoB
XX Beka [1—6]. ITocie ycoBepieHCTBOBaHUS X TEX-
HOJIOTUU U KOHCTPYKIIMH HAYaJI0Ch TECTUPOBAHHE MPH-
0opoB B psje skcriepuMeHToB [7—11], a mocne moiny-
YEeHHUS MOJIOKHUTEIBHBIX PE3YTBTATOB OHU OBLITH YCTICII-
HO MIPUMEHEHBI B PsIe SKCIIEPUMEHTOB (DU3UKH BHICO-
Kkux 3"epruit [12—21].

[MpenMymIecTBOM IBYXCTOPOHHHX MUKPOCTPHUITOBBIX
JIETEKTOPOB 110 CPAaBHEHHIO C OTHOCTOPOHHUMH SIBJISIETCS
yaBOeHHe UH(OpMAILIMU, CHIMAEMOH C OJHOTO KpUCTaJl-
J1a, TTIOCKOJIBKY paOOYMMH SIBIISFOTCSI 00€ €ro CTOPOHBI, a
TaKKe BO3MOKHOCTB ITOCTPOCHHS IByXKOOPANHATHOTO Jie-
TEKTOpa Ha OHOH MOTOKKE H TPEXMEPHBIX IETEKTOPHBIX
cucreM. OJJHAaKO B IUTEPAType HE OCBELAt0TCs KOHCTPYK-
THUBHO-TEXHOJIOTMYECKUE MPOOJIEMBI B CIOCOOBI UX pe-
IIEHUS TIPU U3TOTOBIICHUN ATUX CJIOKHBIX IPUOOPOB JIS
peabHBIX AKCIepuMeHTOB. Cama ke TeXHOJIOTHS JIBYX-
CTOPOHHHUX JICTEKTOPOB HAMHOTO CIIOKHEE TEXHOJIOTHH
OIHOCTOPOHHHX. KpoMe perieHnst KOHCTPYKTHBHO-TEXHO-
JIOTUYECKUX IIPOOIIEM, XapaKTEPHBIX LIS p—i—H-CTPYKTYP
U MUKPOCTPHUIIOBBIX JETEKTOpOB BooOIme [22, 23], oHa
TpeOyeT petieHus ele u psjia npoonem, 00yCIIOBICHHBIX
(hopMHUpOBaHUEM JIBYXCTOPOHHEH p—i—1-MUKPOCTPHUTIOBOM
CTPYKTYPHI Ha KPEMHHECBOH IITACTHHE C YIETOM MOJICIAPO-
BaHUSI BCEX TEPMUUECKUX TporieccoB [24]. OcoOeHHO ITO
KacaeTcsl CITy4aeB UX U3rOTOBIICHHS Ha 000PYJOBaHUH CTaH-
JIAPTHOH TEXHOIOTMYECKOU JIMHUH 110 ITpon3BozcTBy MC.

Kpowme pemienust psijia M3BECTHBIX TEXHOJIOTHICCKUAX
po0IIeM 110 00ECTICUCHHUEO BBICOKHX TTAPaMETPOB JICTCK-
TOPOB, MPH Pa3pabOTKe W M3TOTOBICHUU IBYXCTOPOH-
HUX JIETEKTOPOB HEOOXOAMMO JOMOTHUTEIBHO PEIIUTh
POOJIEMEL, CBSI3aHHEIE C (POPMHUPOBAHUEM Ha 00CHX CTO-

ABTOp BbIpaxkaeT OsarogapHocts H. M. MacnoBy u ero
komuteram U3 XOTU HAHY (r. XapbKoB) 3a TIOJOTBOPHOE
COTPYIHUUYECTBO.

VIK 539.1.074.5; 621.382; 621.039.7

JlaTa moCTyIuieHus B peIakIuio
08.07 2011 r.

pOHaX KPEMHHEBOW IUIACTHHBI aKTHBHBIX 001acTeH,
YIAOBIETBOPSIONINX, BO-TIEPBHIX, 10 CBOUM ITapaMeTpam
TeM ke TPeOOBAHHAM, YTO M OJJHOCTOPOHHHE JIETEKTOPHI,
U BO-BTOPBIX — TPEOOBAHUSIM COBMEILICHHUS 3IEMEHTOB
BEPXHEH U HIKHEH CTOPOHBI IJIACTUHBI C MUKPOHHOU
TOYHOCTHI0. OJTHIM U3 TPETIATCTBUN B (POPMUPOBAHUH
KaueCTBEHHOH MTOBEPXHOCTHON CTPYKTYPBI Ha 00EHX CTO-
POHAX IIACTUHBI SIBJISETCA TO, UTO CYLIECTBYIOLIEE TEX-
HOJIOTHYECKOe 000pyI0BaHUE MpeHA3HaueHO TS op-
MHUPOBaHUsI OJTHOCTOPOHHUX CTPYKTYP, U IIPH MOMBITKE
chopMHIPOBATH AKTHBHYIO CTPYKTYPY Ha IIPOTHBOIIOJIOX-
HOU CTOPOHE IJIACTUHBI HOBPEKAACTCS CTPYKTYPA, yiKe
cthopmMupoBaHHas Ha UCXOIHOU cTOpoHe. [ mpenoT-
BpAIllCHNS TaKUX MOBPEKACHUI HEOOXOMMO HAHOCHTb
3alllUTHBIE [IEHKH, UCTIONb3yeMble B TexHonoruu C, u
pa3pabaThIBaTh CHELUAIBHYI OCHACTKY U IPHUCIOCO0-
JICHUS A71s1 UX HAHECEHUsI Ha TUTACTHHBI HA CTAaHJapTHOM
obopymnoBanun. COOTBETCTBEHHO, HY)KHa | pa3paboTka
TEXHOJIOTUH (POPMUPOBAHUS STHX CIIELHAIBHBIX 3aIIUT-
HBIX CIJIOEB, ONpPEJIENICHHE PEKUMOB U IOCIEI0BATENb-
HOCTH TEXHOJIOTMYECKUX OIepanuii popMupoBaHus mo-
BEPXHOCTHOM CTPYKTYPbI AE€TEKTOPA Ha KayKA0H U3 ABYX
pabo4KX MOBEPXHOCTEH MIaCTUHBI.

[IpencraBneHHas B HaCTOSIIEH craTbe pa3paboTka
JIByXCTOPOHHETO JETEKTOpa, B KOTOPOW pELIEeHb] Iepe-
YHCIICHHBIC BBIIIE TIPOOJIEMBI, TPEIIOIATaeT HCIOTb30-
BaHUE PaclpocTpaHeHHbIX B TexHoaoruu MC mienok, ma-
TepHUaJoB U nporecos. Takas TeXHOIOTUs OblIa UCTIOJb-
30BaHa IPU U3TOTOBJICHUH ITPOTOTHIIA ABYXCTOPOHHETO
MHKpPOCTPHIIOBOTO AeTeKkTopa Juisd skcriepumenta ALICE
(CERN) [25—27].

HanpasneHHOCTh pa3paboTKU Ha BO3MOXKHOCTb M3-
TOTOBJICHUSI JIBYXCTOPOHHUX JETEKTOPOB B YCIOBHUSIX
cepuitHoro mponssoacTBa kpemHueBsix MC nemaer 6o-
Jiee JOCTYIHBIM UX U3TOTOBJIEHUE U TO3BOJISIET B CIIy4Yae
HEOOXOAUMOCTH OCYILECTBISTh UX MAaCCOBBII BBIITYCK.

KoHcTpyKkuust M TEXHOJIOTHS ABYXCTOPOHHHUX
MMKPOCTPHUIIOBBIX 1€TeKTOPOB

OTHOCTOPOHHHE MUKPOCTPHUIIOBBIC JICTCKTOPHI II03BO-
JISAKOT I/I3Mep$ITI) TOJIBKO OJIHy KOOp):[I/IHaTy TpeKa qacTu-
1IbI. I[J'IH CO31aHuA I[ByXKOOp}lI/IHaTHLIX I[eTeKTOpOB nep—
BOHAUYaJIHLHO MCITOJIb30BAJIH JIBA JIETEKTOPA, CTPHUIIBHI KO-
TOPBIX PACTIONOKEHBI OPTOTOHAIBHO JIPYT JIPYTy. 3aTeM
OBLIM CO3/IaHBI IETCKTOPBI, Y KOTOPBIX CTPHITBI BBITOJI-
HEHBl Ha 00CHUX CTOPOHAX OJHON M TOH JKE TUIACTHHBI
kpemHusL. K Taknm mprudopaM IpIMEHSIOT TEPMUH «JIBYX-
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Puc. 1. Tlonepeunoe ceueHue U CTPYKTypa ABYXCTOPOHHETO
MHKPOCTPHIIOBOTO JACTEKTOpa (a) U BHJ CBEpXY Ha p*-CTOPO-
HY C TIOJIOCKAMH P —n-IIEPEX00B (CTPUIIOB) MIMPHHON W U
KOHTAKTHBIMH IUIOIIAJKAMH JUTS pa3BapKu M TECTUPOBAHHUS (0)

CTOPOHHHE JIByXKOOpIMHATHBIE A€TEKTOPbD». KOHCTpYyK-
L1sI TAKOTO JAETEKTOpa CXEMATHUECKH MIPEICTaBICHA Ha
puc. 1, rjie moka3aHo ero NONepeyHoe CE4eHHUE U MOCION-
Hasl CTpyKTypa B pa3pese. Ha uiueBoii cTopone kpeMHue-
BOI IUTACTHHBI CHOPMUPOBAH TPAJHIIMOHHBII p -CTPHII-
nerekrop (pt-cTropona), a Ha 0OpaTHOI cTOpoHE chop-
MUPOBAHBI 71" -CTPHUIIbI Ha 71 —n-TIepexofiax (1 -CTopoHa)
U pa3JesdIoue p-IMILIaHTaloHHbIe oOmacty. Ha me-
TEKTOP TOaeTCs HAIIPsHKEHHE TTIOJTHOTO 00 JHEHHM, T10-
9TOMY I10 BCEH TOJILIMHE IUIACTUHBI IEHCTBYET dIIEKTPU-
4eCcKOe I0JI€, PACTATHBAIOLIEE AIEKTPOHHO-IBIPOUHBIE
napsl. To ecTh 3IEKTPOHHO-IBIPOYHBIE TTaphl, 00pa3o-
BaBIIUECs NIPU MPOXOKACHNUN YaCTUILIBI, PACTATUBAIOTCA
TI0JIEM Ha Pa3HbIe IIOBEPXHOCTH: JABIPKH — Ha p ' -CTOPO-
Hy, ICKTPOHBI — Ha N’ -CTOPOHY.

TaxuM 00pa3oM, IBYXCTOPOHHHH JETEKTOp MO3BO-
J5IeT NOJTY4UTh OT OJHOM YacTUIIBI OJJHOBPEMEHHO J1Ba
CHrHaJla — CHUTHAI OT JBIPOK, IPUXOSIINX HA CTPHIIB
P -CTOPOHBI, M CHTHAJI OT 3IEKTPOHOB, IPUXOISAIINX HA
CTPHIIBI 71" -CTOPOHBI.

KpoMme cTpHUNOBBIX 31€MEHTOB, HA 00EUX CTOPOHAX
KPEMHHEBOH IJIACTHHBI PACIION0KEHbI IEPEX0IHbIE KOH-

nencaropsl [3, 7, 8, 11, 12, 15, 23] ansa peanuzanuu
€MKOCTHOMU CBA3U MEXIY p—n-IIepeXoiaMu CTPUIIOBBIX
3JIEMEHTOB AETEKTOPA U BXOAHBIMU IIETISIMU ITPEY CUITH-
TeJIel, a TAKXKE HarPy304YHbIE BBICOKOOMHBIE PE3UCTOPEI
JUIS IOAa4U CMELIECHUS Ha CTPUIIBL.

Kak u 11 0lHOCTOPOHHErO JIETEKTOPA, IMPOCTPaH-
CTBEHHOE Pa3pelleHue ABYXCTOPOHHETO JI€TEKTOpa 3a-
BUCUT OT LlIara cTpuUnoB P u [uid npocreiieil Moienu

COCTaBIISICT P/\/E [3, 9, 15], mpuuem paspelieHue
OINpeIeISIeTCs OT/EIBHO JUISl p ~CTOPOHBI 1 JUTSI 71 ~-CTOpO-
HBI. MOJIETIb M pacdeT pa3perieHns I CITydast aJCHUs
YaCTHIIbI IO/ YIVIOM K CTpUIIaM paccMOTpeHsl B [ 16, 20].

Tononorust IByXCTOpOHHET0 JieTekTopa — 13-ciioii-
Hasl, BKJIIOYAsl CJIOU JUISI COBMEIICHHS (UTYp Ha JIHIIE-
BOI1 1 Ha 0OpaTHOU cTopoHax. [Ipu pa3zpaboTke Tomoo-
ru¥ (C MPOSKTHOW HOPMOHU 2 MKM) HCITOJIL30BAJICS OTe-
YECTBEHHBIN MaKeT MPOrpaMMHBIX cpeAcTB «CTankep»
Jutst mpoextuposanus VC.

CTpyKTypa ABYXCTOPOHHETO AETEKTOpA (IIPOTOTHIIA
nerekropa ALICE) B pa3pese moka3aHa Ha puc. 2. Bepx-
HsIsSL CTOPOHA TUTIACTHHBI SIBISIETCS ' -CTOPOHOM CTPHII-
Jerektopa. HampspkeHne cMelneHus moaaeTcs Ha alo-
MHUHHEBYIO IIMHY CMEIIEHHS W ¢ Hee — depe3 IOJHU-
KPEMHHEBbIE PE3UCTOPBI — Ha HOHHO-UMILJIAHTUPOBAH-
Hbie p'-cTpunbl. HUKHSISI CTOPOHA ITACTHHBI — 17 -CTO-
POHA CTPHII-IETEKTOPA, T/IC ATFOMUHIEBAs [IIMHA CMETIIe-
HUS Yepe3 NONUKPEMHUEBbIE PE3UCTOPBI AHAJIOTUYHO CO-
eIMHEeHA ¢ MOHHO-MMILTAHTHPOBAHHBIMY /1 -CTPHITAMH,
KOTOpbIE OKPYKEHBI p ' -CTOM-00macTsaMu. MIybCHbIe
CUT'HAJIbl CHUMAIOTCS € AJIFOMUHMEBBIX III0ma 0K «AC-
pad» Ha 00eHX CTOPOHAX AETEKTOPA U MOAAIOTCS Ha BXO-
JIbl MHOTOKAHAJIBHBIX 3aPsII0TyBCTBUTEIBHBIX TIPSy CHU-
mureneii. Konrakraeie muromanku «DC-pady ciryxar aist
TECTUPOBAHUS ACTEKTOPA.

KoHCTpyKITHsI ¥ TEXHOIOTHS M3TOTOBJICHHS IBYXCTO-
POHHHMX MHKPOCTPUIIOBBIX JICTEKTOPOB COJACPIKUT dJIe-
MEHTBI KOHCTPYKIIIH U TEXHOJIOTHH OJJHOCTOPOHHUX Jie-
TekTopoB. Tak, Hanpumep, p -cropona (Ha puc. 1 u 2 —
BEPXHsA) B pa3pabOTaHHOM HAMU NMPOTOTHIIE ABYXCTO-
ponHero nerekropa s 3xcnepumenTa ALICE umeer ta-
KYIO K€ CTPYKTYPY, KaK M Y OJJHOCTOPOHHETO JETEKTO-
pa. [TosTomy 1y1st HOPMHUPOBAHUS P -CTOPOHBI UCIIOIb-
30BAJIUCH OJIOKU paHee pa3padoTaHHOW HAMH TEXHOJO-
THUU OJTHOCTOPOHHHUX JETEKTOPOB [23].

OnHaKo 371eCh CBOMCTBA TaK HAa3bIBAEMOM /1" -CTOPO-
HBI (HIKHSA Ha puc. 1, 2), nim 00paTHOI CTOPOHBI KpH-
cTaiia, CymeCTBEHHO OTIMIAIOTCS OT CBOWCTB p'-CTO-
ponbl. Ha n'-cTopone B KadecTBe pabouMX CTPHIT-3JIe-
MEHTOB HCTIONB3YIOTCS H3OTHITHBIE /1T —/-TIePeXOIbI, hop-
MUpYEeMbIe JIETUPOBAHUEM IIOBEPXHOCTHBIX 00JIacTeH pu-
MECBIO TOTO K€ THITa IPOBOANMOCTH, YTO M MOJJIOXKKA,
T. €. IPUMeChIo n-Tuna. Kpome toro, mis n*-cTopoHsI
CYLIECTBYET JIOTONHATEbHAS IPOOIIEMa 3aMbIKAHHUS 71 -
CTPHIIOB M€Ky COOOH, T. K. Ha rpanuue pasaena Si-SiO,
MIPUCYTCTBYET BCTPOCHHBIN MOJI0KHUTEIbHBIHN 3apsl, aK-
KyMYJIHPYIOIIIH SIEKTPOHBI HA TOBEPXHOCTH KPEMHHUSL.
OO6pasytomuiicsa B pe3ynbraTe 3TOro CiI0i MEKTPOHOB
nox SiO, Ha ! IOBEPXHOCTH /1-KPEMHHA U IPHBOJIHT K 33-
MLII(aHI/IIO nt -CTPHIIOB. Ha p*-cTopone metexkropa 3ToTo
SIBJICHUS HET, T. K. P —A-TIEPEXOJIBI CO3/IAI0T Oapbepbl Jist
3NIEKTPOHOB, a ¢ Mojaueil 0OpaTHOTO CMEICHHUS Ha I1e-
PEXOIIBI HIEKTPOHBI OTTECHSIOTCS OT p ' -CTPHITOB 0bJIac-
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a) Al mmHa
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dCC 34

TSAMH OOCHEHHs p—1-TIEPEXO/IOB, U P -CTPHUIIBI OKA3bI-
BAIOTCS M30JIMPOBAHHBIMU JAPYT OT Apyra 0O0eJHEHHOM
obacteio. Hanbomnee mpakTHIHBIM CLIOCOOOM PETICHUSI
TPOBIIEMbI 3aMBIKAHUS 71 -CTPHUIIOB Ha 11 -CTOpOHE, TIpH-
MEHSIEMbIM B HACTOSILEE BPEMsl, SIBJISIETCS pa3JesieHUe
n*-CTPHUIMOB CTOM-00IACTAMH, ICTHPOBAHHBIMH TTPUME-
Chl0 p-Tuma (Ha puc. 1 — oOpaTHas cTOpOHA KpUCTAa-
na). DTU pasJenstonue p-o01acT CO3A0T Oapbepbl st
9IIEKTPOHOB, PE3KO YBEIMUNBAIOT COMTPOTHBICHHE MEXK-
Iy n*-cTpUmaMu, pasienss ux 00eHEHHBIME Ha DJIEKT-
poHBI obnacTssmu. Takoe MOBEHIICHHE COMPOTHUBICHUS
BEJIET K H3OJIAINY 71 -CTPUTIOB IPYT OT APYTa U TIPEIOT-
BpaIIaeT pacTeKaHHUE 3apsiia HICKTPOHOB, YTO O3BOJIS-
€T JIOKaJIN30BaTh CUT'HAJI OT I’l+—CTpI/IHOB 1 IOBBICUTDH ITPO-
CTPaHCTBEHHOE Pa3pelleHre Ha 71 -CTOPOHE JIETEKTOPA.
[TpumepoM IBYXCTOPOHHETO AETEKTOpa SBJIAETCS pas-
paboranHslii coBMectHO ¢ XOTU HAHY 1 usrorosieH-
HBI HaMU 2X768 - 31IeMEHTHBIN CTPHUII-IETEKTOP (TIPOTO-
T gerekropa st oxcriepumenta ALICE). [apamerpsl psiia
TECTOBBIX CTPUII-JETEKTOPOB IIPUBEAEHBI B Ta01. 1.
@DparMeHT TOMOJIOTHH P -CTOPOHBI KPUCTAIIA JIETEK-
TOpa MOKa3aH Ha pUC. 3, IJIe B HIDKHEH 4acTH KpUcTaia
(JIeBBIH yTOJ) pacmoIoKeHa MNHA CMETIEHHUS, a B HIK-
HEM yacTu CTPUIIOB — NOJIUKPEMHUEBBIE PE3UCTOPHI, Ue-
PE3 KOTOPBIE CMENEHHE TIOAAETCA Ha p' -CTpHIibl. KOH-

pF-cron-

HUMIIJIaHTalus

n-1moJI0KKa

Puc. 2. CTpykTypa KpeMHHEBOTO KPHCTAILIA IBYX-
CTOPOHHET0 CTPUI-JETeKTopa (MPOTOTHUIIA JETEK-
I topa ALICE) ¢ pa3pe3oM B IIIOCKOCTSX, Iapai-
JICNIbHBIX CTPHIaM (@), U TOTIEPEK CTPHUIOB ()

TakTHbIC omanaku «DC-pady» amst TecTHpOBaHUS BBI-
MIOJIHEHBI B HIKHEM PSTy OKOJIO PE3UCTOPOB U HA IIIUHE
cmemenus. [Tnomanku «AC-pady» ams chema cUrHANA
BBIIIOJIHEHBI IBOMHBIMU JUIsl pE3€pPBUPOBAHUS U pacIio-
JIO’)KEHBI CO CABUIOM, YTO JAa€T BO3MOXKHOCTb YBEJH-
YNUTH HIMPUHY IDIOMIAI0K U 00JIer9aeT pa3BapKy KOHTaKT-
HBIX TUTomaaok. Ha kaxoit cropone kpucramuia pacmo-
JI0’KeHO 110 768 cTpunoB HOM 40 MM ¢ m1arom 95 Mxm.

[Iupokoe 7" -KOIbIIO Ha KPAFO SBISIETCS OMUYESCKUM
KOHTAKTOM K MOIJIOKKe (puc. 3, a, 6). AKTHBHas 00-
JIACTh p-CTOPOHBI JIETEKTOPA OKPYIKEHA 3AIUTHEIM p -
KOJIBLIOM, Ha KOTOPOE IOAAETCs HaNpsKEHHE CMelle-
Hus (puc. 3, 0, 8).

MDparMeHT TOMOJIOTHH 71 -CTOPOHBI ISTEKTOpA C /1 -CTPHU-
[IaMU U Pas/IeTUTENIBHBIMU p ' -00IacTSIMU MEXTY 17 -CTpH-
IIaMHU U 10 NIEPUMETPY AETeKTopa NokazaH Ha puc. 4. B
OTJIMYME OT OPTOrOHAILHOI'O PACIOIOKEHHS CTPUIIOB B
psilie N3BECTHBIX IETEKTOPOB, CTPUIIOBBIE 2JIEMEHTBI B Pa3-
pabaTbsIBaEMOM JIETEKTOPE Ha JIMLIEBOI K 0OPaTHOM CTOPO-
HAaX PacrojararTcs He MepHEeHANKYISIPHO. YTOJI HAaKJIOHA
P -CTPHIIOB OTHOCHTEIBHO OCH JICTEKTOpPa COCTABISECT
17,5 mpaz. Yroj HaKJIOHa CTPHIIOB Ha 71 -CTOPOHE TaKKe
17,5 Mpaj, oHM HAKIIOHEHBI B IIPOTHBOIIOJIOKHYTO CTOPO-
HY OTHOCHTEJBHO p-CTPHIIOB, TAK YTO CYMMAapPHbIH YT
HAKJIOHA MEKILY 71" - M p -CTPHIIAMH COCTaBIISET 35 Mpajl.
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0) . B)

Puc. 3. ®parMeHTHl TONOJIOTHU P -CTOPOHBI KPHCTAILIA [IPOTOTHIIA CTPUII-AeTeKTopa Mis dkcnepumenta ALICE:
a — HVDKHHH JIeBBIH YroJl KpHCTa/lIa; 6 — KOHTaKTHbIE miomaaku «AC-pad» Ha cTpunax (CBepXy); 6 — MOIMKPEMHHEBBIE PE3UCTOPHI U
KOHTaKTHbIE Iutomaaky tuna «DC-pad» k pe3ucropy (BHH3Y) U K p—n-Tiepexony (BBEpXy)

B)

Puc. 4. ®parMeHThl TOMOJIOTUH 717 -CTOPOHBI KPUCTAIIA CTPHII-IETEKTOPA (BEPXHUHN JIEBBIN yroi):
a— obumii BUJI, KOHTaKTHbIE miomanku « AC-pad» nocpenune; 6 — pasnenuTebHas p'-uMILTaHTAIUS MEXLY 71 -CTpUIaMu 1 naccUBHOE p ' -
KOJIBIIO BOKPYT aKTHBHOM 00JIACTH; 6 — MOJMKPEMHHUEBBIE PE3UCTOPbI M KOHTaKTHbIE Ioma ki « DC-pady. ITo nepumerpy nerekropa pacro-
JIOJKCHBI Pa3/ICUTEIIbHBIC TOJIOCKH p-obacTeit

Tabnuma 1
Hapamempul pazpabomannvix ¢ Ykpaune ¢ pamkax sxcnepumenma ALICE KpeMHuesblx KOOPOUHAMHO-4YECMGUMENbHBIX
MUKPOCMPUROBHIX OeMeKmMopos

Tun gerexTopa
Mapametpst OaHOCTOPOH- TecroBblif, +TeCTOBIlm’ Tecrosbiif, |IIpotoTun |IIporoTnn
nuit, p-cropona | n'-cropona | £~ "M ppyveroponnmit| ALICE 1 | ALICE 2
1ieBas CTOPOHa
ILromans akTUBHOM 001acTH, MM 75%40 13%x40 13%40 13%x40 75%40 73x40
Uncno cTpunos (3JIeMEHTOB) 750 1x64 2x64 2x64 2x750 2Xx768
upuaa cTpumna, MKM 40 40 38 38 40 38
MeXCTpHITOBEIH 3330, MKM 60 60 57 57 60 57
Lar cTpumos, MKkM 100 100 95 95 100 95
TomnmHa 1eTeKTOpa, MKM 350 300 300 300 300 300
Hanuuue na kpucrasmie
JIETEKTOpA:
— MOJINKPEMHHEBEIX PE3UCTOPOB + + + + + +
— MHTETPUPOBAHHBIX
MepeXOTHBIX eMKOCTEH + + + + + +
— IBYXCTOPOHHEHU CTPYKTYpbI — + + + + +
Hanpsiertne riontoro 80 65—70 65—70 65—70 65—70 | 6570
obennenus, B
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(]
-
3
2 10Y 800 MxK/cm?
2,
- ~
= 1017 § ~N ~ Puc. 5. IIpodunu pac-
g ~ ~
& N ~ IpeieNeHus IpUMecu
= ~ Gopa (crutormiHas u-
= 1015 N \\ Hus) u  ¢ocdopa
< AN (IIyHKTHpHbIE JTMHUN)
600 N ~N ’
N N MOJTyYeHHBIE TIPH Pa3-
1013 \ N N HBIX J03aX JEeTrupoBa-
0 20 ' 25 nus (B MxKn/cm?) Ha

Iny6una B SiO,~Si, MkM

Pa3paboTka TeXHOJIOTWH M3TOTOBICHHUS IPOTOTHIIA
netekropa ALICE mpoBoaunace Ha 0a3e TEXHOJIOTHUH,
omMcaHHOH B [22, 23].

Ha nepBomM atare Obi1a pa3paboTaHa KOHCTPYKIIHS
OJTHOCTOPOHHETO ICTEKTOpa U 0TpabOTaHa TEXHOIOTHS 13-
TOTOBJICHHS p ' -CTOPOHBI JieTeKTopa. JleTekrop umern 750
p-crpunos wuHo# 40 MM (Tabm. 1). [Ii1s ero u3rotos-
JICHUS MCTIONB30BANIHN TTOJIMPOBAHHEIE C IBYX CTOPOH ITTa-
CTHHBI KPEMHUSI /1-THIIA, TIOJY4EHHOT'O METOI0M 30HHOM
wiaBku (FZ), c opuenranueii <111>, qmamerpom 100 MM
1 TommuHOM 350 MKM. ViIebHOE COPOTHBIICHUE COCTaB-
1o 3000—5000 Om-cM, BpeMs XKU3HU HEOCHOBHBIX
HocuTenel 3apsaa — oxosio 1000 mkc. XapakrepucTu-
KU JICTEKTOpa NPE/ICTaBICHEI B [25].

B mporiecce mepBoro OKMCIEHHUS TP TEMIIEpaType
900°C BBIpamumBaICs MTUPOTEHHBIN OKCHJI TOJIIMHON
0,3 MM ¢ gobasiieariem HCI. DTOT OKCHI HCTIOIB30Ba-
JIM KaK MacKy MpY HOHHOU MMILTAHTAINH (ochopa st
(GopMHpOBaHHs 3AIIUTHBIX 77 -KOJIEIl U KOHTAKTOB K 71" -
MOJUTOKKE Ha JuIeBol ctopoHe. Docdop ¢ sHeprueit
noHoB £E=060 k3B U ¢ OBEpXHOCTHOW KOHILEHTpaIei
6:10'* cM 2 IMITAHTHPOBAIK Yepe3 IOl OKCHIA TOJI-
nwmHOH 500 A. B 00paTHY0 CTOPOHY OJTHOCTOPOHHETO Jie-
TEKTOpa TAKKE UMILTAHTHPOBAIN (hochop, HO ¢ Oonee BbI-
COKOI TOBEPXHOCTHOM KoHIeHTparueit (2,5-10' cm2) s
CO3/IaHUs] OMMYECKOTO KOHTAKTa K 00paTHO# CTOpOHE U
BO3MOKHOCTH ITPOBEACHUS (P (heKTHBHOTO reTTeprupoBa-
HUS1 ObICTPO AU HYHIUPYIONUX TPUMECEH.

ITocne GpopmupoBanus n'-Kosel 3aUTHBIA OKCHL
CHMMAJTU U BBIPAIIMBAIN HOBBIN CIIOH 3aIUTHOTO OKCHU-
Jia ToIuHOM 0,6 MKM JIJIst MACKMPOBAHUS TIPY UMILIAH-
tauuu 6opa. [Tocite popMupoBanus prucyHka p-obiac-
Tell B OKHA CTPUIIOB UMIUIAHTUPOBAIIM OO C dHEpruei
noHoB £=40 k3B 1 ¢ NOBEpXHOCTHOM KOHLIEHTpaLueil
5-10'* cm 2. TIpoduim pacnipesiesieHust npuMecu $hoc-
(opa u Gopa Ha p’-CTOPOHE NPH PA3IUYHBIX PEKUMAX
HMOHHOW UMITJIAHTAIMY TTOKa3aHbI Ha pHC. S. PacyeTsl rpo-
¢bwiIg UMIUTAHTUPOBAHHOM MPUMECH C MOMOIIBIO MPO-
rpammbl SUPREM-3 [24] nokazanu, 4To Bapualiy SHep-
THHA WOHOB (40—8Q K3B), TONMUHEI ClIOS 3aIUTHOTO
okcuzaa (200—500 A), nororHUTEBHAS pA3TOHKA HOH-
HO-UMIUIaHTHPOBAHHOTO cios (30—60 MuH) ¢ mpeaBa-
PUTETHHBIM CHATHEM 3alIUTHOTO OKCH/IA CJIa00 BIUSIOT
Ha IpOoQUIIb pacipeesIeHUs IPUMECH.

pF-cropone nerexropa

3areM Mmpu OAHOBPEMEHHOW aKTUBAIlUM M PAa3TOHKE
HOHOB Oopa (popMUpPOBaNH MEPBBIN CIIOH IBYXCIOHHO-
T0 KOHJIEHCATOPHOIO JMAIEKTpUKa — cnoi SiO, Toi-
nmHO# 0,15 MkM. BTOpbIM OBLIT ClIOK  BBICOKOTEMIIEpa-
TypHoro Si;N, Tonmunoi 0,12 mxm. Ha HekoTopbIe ma-
CTHUHBI CIIOU Si3N4 HE HAaHOCUJIU JUIS IPOBEJEHUS CPaB-
HUTEJIBHOTO aHAITN3A.

g popMupoBaHus pe3UCTOPOB HAHOCHIIN TUICHKY
MOJIMKPUCTATUINYECKOTO KPeMHHMSI TOuHOM 0,55 MKM,
KOTOPBIH JIETUPOBAIN OOPOM METOOM HOHHON UMILIIaH-
TaIMU 9epe3 CI0i OKCHIA 10 YPOBHsI, 0OecTieurnBaroIie-
ro BEJIUYHMHY CONPOTHUBIECHHUS PE3UCTOPOB OKOJIO
1,5 MOwm.

KoHTaKkTHBIE OKHA K PA3IMYHBIM CIIOSIM (n'-, p'- 1 K
MTOJTMKPEMHHIO) CO3JIaBAII OJTHOBPEMEHHBIM «MOKPBIMY
Tpasienuem cinoes Si0O, pasnuunoii Tommunst (0,15 0,3
u 0,6 MkM) rocite poTonuTorpadudeckoro GopMupoBa-
HUS «KapTUHBD) KOHTAKTHBIX OKOH H IJIa3MOXUMHYECKO-
ro Tpasnenus cinost Si;N, B 001aCTH KOHTAKTHBIX OKOH K
n*-, p*-CII0SM Ha JULEBOH CTOPOHE TIIACTHUHBI.

MeTaTi3aIiio CTPHII-AETEKTOPa OCYIIeCTBIISIIN Ha-
neuteHueM Al ¢ mpumecsto kpemuus (1%). Tlocne doto-
murorpaduu o Al Ha JTUIIEBYIO CTOPOHY HAHOCHIIH T1ac-
CHBHPYIOIIHH CIIOH HU3KOTEMITepaTypHoro hocdopocu-
makarHoro ctekia (PCC) tonmuHoi 0,9 MKM, KOTOPBIi
MOKPBIBAJI BCIO IUIOMIAL JETEKTOpa. 3aKIIOYUTeIbHAas
¢doronmurorpadus no maccuBupyromemy cioro OCC
BCKpBIBaJia TOJIBKO 00acT Al KOHTAKTHBIX TUTOMIA 0K
JUTst 0OecrieueH st BO3MOXKHOCTH YIBTPa3ByKOBOM CBap-
KU BBIBOJIOB CTPHUITOBBIX SJIEMEHTOB U KOHTAKTHPOBAHHS
K IUTOIIaJKaM TECTOBBIX CTPYKTYp. Bikuranue Al mposo-
nuoch mpu temneparype 400°C B armocdepe Bogopo-
na B reuenne 30 MuH.

DiiekTpodu3nyecKHe XapaKTePUCTHUKU CTPUIIOBBIX
3JIEMEHTOB [IByXCTOPOHHEI0 JeTeKTopa

s obecnieueHust OAHOPOJAHOCTH U BOCITPOU3BO/IN-
MOCTH TTAPaMETPOB MOJUKPEMHUEBBIX HOHHO-MMITIAHTH-
POBaHHBIX PE3UCTOPOB, a TAKXKE IS TTOJTyHICHHUS 3a]1aH-
HOT'O CONPOTHBJICHUS ObLJIa TPOBEICHA ONITUMH3ALINS Pe-
KMMa MIOHHOW MMITIaHTauu 6opa. B TadJ. 2 npusene-
HBI pE3YJIBTaThl U3MEPEHUI IOBEPXHOCTHOIO CONPOTUB-
JICHHUA, preI[HeHHI)Ie 110 TpeM TOYKaM Ha IIJTaCTUHEC, IJId
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Tabmuua 2

Ilosepxnocmuoe conpomusnenue R, obpasyos, noiyuen-

HBIX 8 pedcumax ¢ paziuynoi 0o3ou /| uonos 6opa npu
necuposanuu NOIUKPeMHUsL

I, MKi/em? R,, kxOM/o
2 49333
5 1706,7
10 207,1
20 12,8

Pa3InYHBIX PEKUMOB HIOHHOTO JIETUPOBAHUS [IOJIUKPEM-
HUSI (3HEPTHS HOHOB 45 k9B, nMIUTaHTaIws Yepes ciIoi
SiO2 tomuuHoi 0,1 MKM), Ha OCHOBAHUU KOTOPBIX ObLI
BbIOpaH onTUMabHbIH. C yueToM BEICOKOH HETMHEHHO-
ctH 3aBUCUMOCTH R (J) B 0011aCTH MasbIX J103 OMNTH-
MaJIbHOM SIBIIsieTCs M03a okosio 10 MxKi/cm?.
[TokazanHoe Ha pHc. 6 pacripeneneHue 3Ha9eHUH Co-
MPOTHUBIICHUS! HHTETPUPOBAHHBIX PE3UCTOPOB, a TAKKE
MaJIeHUS HAPSDKCHUS HA HUX, KOTOPOE MPOIOPIMOHAIBHO
TOKY YTEUKU 3JIEMEHTOB [25], CBUICTENbCTBYET O TOM, UTO
pa3bpoc CONMPOTHBICHUST PE3UCTOPOB HAXOIHTCS, B OC-
HOBHOM, B TIp€/Ieax HECKOIBKHX MPOIIEHTOB (+(2—3)%).
J1J1 MIOHHO-JIErMPOBAHHBIX [TOJUKPEMHUEBBIX PE3UCTO-
POB, paclpeeIeHHbIX Ha PACCTOSHUU 75 MM II0 IUIac-
THHE, 3TO SIBISICTCS OYCHDb XOPOIINM MOKa3aTeIEeM.
CpaBHUTEIBHBIN aHATN3 apaMETPOB JAETEKTOPOB C
OJTHOCJIOWHBIM U IByXCJIOMHBIM KOHJIEHCATOPaMU IOKa-

3aJ1, 9TO KOHJCHCATOPHI, 00pa30BaHHBIC ABYXCIOHHBIM
avonekTpukoM (0,15 mxm SiO, + 0,1 mxm Si;N,), nmeror
Ootee BricOKoOE ITpoduBHOE Hanpspkenue (100—160 B) u
0osiee BBICOKHIA MPOLIEHT BBIXO/A TOAHBIX MO CpaBHE-
HUIO ¢ ogHocaoiHbIME (0,25 MkMm Si0O,) KOHEHCaTOpa-
MU (pobuBHOE Hampspkenue 25—50 B). Tak, Hanpu-
Mep, 1715t 750-3]IEMEHTHOTO p -CTPHII-IETEKTOPA C IBYX-
CJIOMHBIM TUDJIEKTPUKOM BBIXOJ TOHBIX KOH/IEHCATOPOB
cocranJsi 0onee 99%, B To BpeMs Kak JJIs IETEKTOpa C
OJTHOCJIOWHBIM JUAJIEKTPUKOM — MeHee 97% (mpu Tpe-
0OBaHMU K ITOKA3aTENI0 KadecTBa — MeHee 1% Opaxo-
BaHHBIX KOH/ICHCATOPOB).

CrnemyeT OTMETHTD, YTO IPUMEHEHHE IIJICHKH Si3N 4B
TEXHOJIOTHYECKOM IMPOIIECCe MPUBOANUT K MOBBIIICHHUIO
TOKOB yTeuKH cTpunoB (nnoraa B 10—20 pa3) uz-3a BHe-
CEHMsI HalpsDKEHUH B TOBEpXHOCTHBIE ciior M/II1-cTpyk-
Typbl. YKa3aHHBIH 3 QKT BUICH Ha pHC. 7.

OnHAaKo B yCIOBHSIX BRICOKHX PaANAIIMOHHBIX HATPy-
30K MPUMEHEHHE JBYXCIOHHOTO IUIJIEKTPUKA
(Si0,+Si;N,) onpasanno. Ha puc. 7 [25] nokasanbl 3Ha-
YEeHHUS TOKOB YTEUKH JI0 U TIOCIIE PAUallIOHHbIX UCIIBITA-
HUH p*-JE€TEKTOPOB ITyYKOM DIIEKTPOHOB C dHEPTHUEH
20 M»aB. /10361 00y4eHus: IPU UCCIICAOBAHUSAX OBLIH
HIWKe, yeM oxkunaemble B skcniepumerte ALICE. O6ny-
yernue 20 MpB-31ekTpoHaM# MOJISITMPOBAIIO 00TyYeHUE
14 M»sB-neiirponamu. J{o3a snexrposnos 2,2:10* I'p co-
OTBETCTBYET MOTOKY 2-10'? HeliTpon/cm?. Buano, uto ¢
YBEIMUCHAEM JI03BI OOTYICHUS IIPOUCXOIHUT POCT TOKOB
YTEeUKHU AJi 000X BapUAHTOB IMPUOOPOB U UX COIMKeE-
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Puc. 7. Pacnpeneiienue TOKOB yTeUKHU
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50

mu ¢ sHeprueit 20 MaB (n03a 2:10* I'p):
60 1, 3 — onHocnoiHsIi amanekTprk (Si0,);
2, 4— nByxcoiinerii quanerpuk (Si0,+Si;N,)
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Tabmuua 3
Dnekmpoguszuueckue u ceomempuieckue napamempuvl 08YXCHMOPOHHUX MUKPOCMPUNOBBIX 0emeKmopos
[Tapametps! feTekropa 3HayeHus
Marepuan, yaensHoe conpoTusieaue, OM-cm n-Si, 3000—5000
Bpemst xu3HM HEOCHOBHBIX HOCHUTEIICH 3apsi/ia B UCXOJHOM KPEMHHU, MKC >1000
TonmuHa, MKM 300415
AXTUBHAS TUTONIA]Tb, oM’ 2x30
KonuuecTBo MUKpOCTPUIIOB 2x768
[ar, MmM; anMHA, MM; TUIOIIAAb CTPHUIIOB, MM 0,1; 40; 4,0
IlepexonHas eMKOCTb CTPUIIOBOTO 31eMeHTa, 1D >200
MesxcTpunonas eMKOCTb, 1D 4
[Ipo6uBHOE HampshKEHHE KOHAeHcaTopa, B:
— oxHocnoitaoro (Si0,) >25
— nByxciaoitHoro (SiO,+Si3Ny) >100
ConpoTuBiieHHE IOJIMKPEMHUEBOIO pe3ucTopa cMeleHus, MOm 1,583%
BbIXox ToTHBIX MUKPOCTPHITOBEIX 3JIEMEHTOB (BKIIOUAst PE3UCTOPEI M KOHAEGHCATOPEI), %o 97—100
Tabuuna 4

Paouayuonnvie napamempul 08yxcmopo

HHUX MUKPOCMPUNOBbLX ()emeKmopoe

ITapameTpsl 1eTEKTOPOB o obyuenus Iocne obrydenus
Hamnpspxenue nomHoro ooeauenus, B 60 33 (mo3a 1,6'104 I'p)
Tok yTeukn neTekropa, HA/CTpHI:

— ¢ OJHOCIIOWHBIM KOHAEHCaTopoM (Si0;) <1 =270 (n03a 2,2-10* T'p)
— C IBYXCIOWHBIM KoHIeHCaTopoM (Si0,+Si3Ny) 5—10 =290 (no3a 2,2-10* I'p)
MesxcTpunoBoe conpotusnesue, 'Om 5 0,5 (1032 2,2:10* I'p)

HHUE M0 abcomoTHON Bemuuuue. Hampumep, nipu mo3e
okoo 2-10* I'p pasHuLIa MeXTy TOKAMM yTEYKH CTpH-
MOB B JICTEKTOPaxX C OAHOCIOWHBIM M JBYXCIOHHBIM
JIHDIIEKTPUKOM MPAKTHYSCKU HECYIICCTBEHHA.

[Mocne oTpabOTKH OMUCAHHOM TEXHOJIOTUH H TOJTyde-
HUSI YIOBJICTBOPUTEIBHBIX IKCIICPUMEHTATBHBIX PE3YJib-
TaToB [25] OblIa POIOIIKEHA Pa3padOTKa TEXHOIOTHH
JIBYXCTOPOHHHX CTPYKTYP U U3TOTOBIICHBI IETEKTOPHI C
p*- 1 n-cTopoHoit Ha O/IHOI 1 TOI Ke rIacTuHe. B Ha-
9aje TEXHOJIOTUIECKOTO IPOoLecca MPOBOIMIACEH JBYX-
CTOpOHHSAS (hoTomuTOrpadust it GOPMUPOBAHUS 3HAKOB
COBMEIICHIST OTHOBPEMEHHO Ha JIUIIEBOH 1 00paTHOM CTO-
POHE, 4TO MO3BOJISUIO B A bHEHIIIEM UCIIOIB30BaTh 000-
PYIOBaHHUE JIJIsl OTHOCTOPOHHEH hoTomuTorpaduu u npo-
BOJIUTH MPOIECC OT/EIBHO HA CTOPOHAX p* u n'.

I1py M3rOTOBJIEHUH /1 -CTOPOHBI IETEKTOPA, B OCHOB-
HOM, TIOBTOPSIETCSI TOT XK€ TPOTIECC, UTO U JUIA p ' -CTOPO-
HBI, C HEKOTOPBIMU OTIIMYHSMH.

KonteHTparwst HOHHO-MMIUTAaHTHPOBAHHOM TpUMecH
(6opa) B p-cTOMN-00aCTAX HECKOIBKO HUXKE, YeM KOH-
nenTpanus 6opa B p-obnactax p*-cTropoHsl, n cocTas-
nsteT okoito 21014 em 2. JLitst Moy 9eHust OMMHAKOBOM TOJI-
I[MHbI KOHICHCATOPHOTO OKCUJIA Ha/l p - U 1 -CTpHUIIaMU
MIPOBOJIAT IOTIOTHATEIBHYIO (POTONUTOTPAPHIO U CHATHE
OKCHJa HaJ 71 -CTpuIamu.

Jlist obecrieyeH st BO3MOKHOCTH H3TOTOBJICHHS IBYX-
CTOPOHHETO JIETEKTOPa Ha CTaH/IaPTHOMN TEXHOIOTHUECKON
JIMHUY cepuiiHOTO Tpou3BoacTBa IC ¢ obopynoBannemM
JUTSL OJTHOCTOPOHHEH (hoTonuTorpaduu, Obuia pazpado-
TaHa ¥ [IPUMEHCHA CIICIUAIbHASI TEXHOJIOTUIeCKasi OCHa-
CTKa M C1I0CO0 MACKUPOBAHUSI p'- U ' -CTOPOH ILTaCTH-

HBI ICTEKTOPA TEXHOJIOTHYCCKUMH CIIOSIMH, UTO TTO3BO-
JIMJIO TIOJTyYHMTh XOPOLIIee Ka9eCTBO p—A1-NIEPEXOA0B U APY-
THX 3JIEMEHTOB JETEKTOpa Ha 00ENX CTOPOHAX KpeMHHMe-
BOH IJIACTHHBI. XapPaKTEPUCTUKH JIETEKTOPOB, H3TOTOB-
JICHHBIX 110 OTIMCAHHOU TEXHOJIOTHH, TIPEIICTABICHHEIC B
Ta0J1. 3 U 4, TOKA3BIBAIOT, YTO MTOJTYICHHBIC TAPAMETPEI
TUTIUYHBL JUI OOJIBIIMHCTBA 3apyOEKHBIX JETEKTOPOB
[1—21].

[ToBeneHne pa3pabOTaHHBIX JCTEKTOPOB IIPH 00JTY-
YEHHUH COIIACYETCs C AKCIIEPUMEHTAIBHBIMU PE3yib-
TaTaMU psJia UCCIEAoBaTeNeH, U3 KOTOPBIX CIEAYET,
YTO 3aBUCUMOCTb TOKOB YTEUKH OT J103bl OOIyUYeHUs
Oyr3Ka K TUHEWHOU ¢ pa3IMIHBIMU KOdhPunueHTamMu
[28—31]. Tak, a1 0JHOCTOPOHHETO AeTeKTOpa hup-
MbI “Hamamatsu” (lmoHus) 3T0T KO3 PHUIIMEHT COCTaB-
asiet 10 HA/cm?/ kpaz [28] ipu 06Ty YeHHH BEICOKOIHED-
TeTHIHBIME HOHaMU Fe. /Iy IByXCTOPOHHETO AETEKTO-
pa ¢upmser “Micron Semiconductor” (Anmms) [29, 31]
u ferexropa (upmsl IRST, Divisione Microsistemi (Mra-
nus) [30] on paBen npuMepHo 2 MKA/cm?/Mpa 1ipu 06-
myaennn 900 MbsB-anexktponamu. Y mpou3BeneHHOTO
HAMU JIByXCTOPOHHETO JICTEKTOPa IIPX 00TyICHUH JIICK-
TpoHamu ¢ 3Hepruei 20 MaB kosdduruenT cocrasun
okoio 3 MkA/cM*/Mpap [26], 4To JOCTaTOYHO OITU3KO K
npuBeAeHHBIM B [28—30].

BriBoabI

Pa3paboTrana TeXHOJIOTHS U3TOTOBICHUS U KOHCTPYK-

LIUs1 IBYXCTOPOHHHUX KPEMHUEBBIX MUKPOCTPUITOBBIX JIe-

TEKTOPOB C pE3UCTOpPAaMHU U MEPEXOAHBIMU KOHACHCATO-
paMu, HUHTCTPUPOBAHHBIMU C ACTCKTOPOM Ha KPCMHHEC-
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BOM KpucTasuie. [lomydenHsie pe3ynsraTsl yoeIuTeIbHO
JIOKa3bIBAIOT BO3MOYKHOCTh MX M3TOTOBJICHHUS HA CTaH-
JapTHbIX i cTpad CHI' TeXHONOTHYEeCKHX JTUHUSX C
OTHOCHUTEIBHO HEOOJIBIINMH JOPaOOTKAMH TEXHOJIOTH-
YECKOro Mpolecca CepuitHOro Mpou3BOJACTBA OAHOCTO-
POHHUX KpeMHHEBBIX MUKpocxeM. [Ipu 3Tom npumens-
IOTCS CTaHJaPTHBIE METOJIBI ONTHYECKOH (poTomTOorpa-
(hum, HIOHHOTO JIETUPOBAHNS, OKUCIICHUS, HAHECEHUS T10-
JTMKPEMHHUEBBIX CII0EB 17151 POPMUPOBAHUS HATPY30UHBIX
PE3UCTOPOB, MHTETPUPOBAHHBIX C IETEKTOPOM.

W3zrorosiieHHbIE AETEKTOPHI CPAaBHUMBI I10 [TapaMeT-
paM ¢ aHAIOTHYHBIMHE 3apyOS)KHBIMH IETEKTOPaMH, O~
HAKO OTJIMYAIOTCSI MEHBIIIEH CTOMMOCTBIO.
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METOAUKA U YCTAHOBKA Ui OITPEJEJIEHM A
TEIIJIOITPOBOJAHOCTH ITIOJIYIIPOBOJHHKOB
C UCIIOJIb3OBAHUEM JIYUUCTOU SHEPT'UHA

IIpeonooicen cnocob onpedenenus ko3¢ pu-
yuenma menyionpo8ooOHOCMU MEEPObIX Mmeil
8 HeCmayuoHapHoOM pedcume, memoouye-
CKast NO2PeuHOCmb KOMopo2o COCMAsisi-
em He oonee 7%.

TepMoaIeKTpUIECKIE MaTepHaIbl HAXOISIT Bee O0Ib-
TIee IPUMEHECHHUE JUTS TIPSIMOT0 IPeoOpa30BaHUs TETLIO-
BOW M COJTHCYHOU SHEPTHHU B DJICKTPHUCCKYIO, B CBSI3H C
9eM CTaHOBUTCS aKTYaIbHBIM ITOMCK HOBBIX BEIIECTB U
COCIMHCHUH JUISl H3TOTOBJICHUSI TEPMODIICMEHTOB.

Pemienue 3710it 3a1a41 B 3HAYUTEIBHON MEPE 3aBUCHT
0T 3(p(HheKTUBHOCTH METOIOB UCCIICIOBAHUS (PU3HUCCKUX
U TeTUIO(U3UYCCKUX CBOMCTB TEPMODIICMEHTOB.

Tepmo-31¢ 1 K03 (HULIUEHT 3MEKTPOIIPOBOAHOCTH TEP-
MOJJIEKTPUYECKUX MAaTEPHUAIOB, OT KOTOPBIX 3aBUCHT
KII/I TepmoaneMeHnTa, ¢ 10CTaTOYHOM TOYHOCTBHIO MOXK-
HO OTIPEICIISITh H3BECTHBIME METOaMu. B 3aBucumMocTH
oT croco0a 3aJaHus MOTOKOB Teria Ha oOpaserr cyiie-
CTBYIOT HECKOJIBKO METOJIOB OTIPEIETICHUS KO PHUIIHCH-
Ta TETUIOTIPOBOTHOCTH: B KBa3UCTAIIMOHAPHOM, B HECTa-
IIHOHAPHOM U B CTAl[HOHAPHOM pexrnMax. OnpeencHue
KOA(PHUIUCHTA TEIIONPOBOTHOCTH B HECTAIOHAPHOM
PEXKIME, HECMOTPSI HA OTHOCHTEIILHO MEHEe TOYHBIN pe-
3yJIBTaT U3MEPEHUsI 10 CPABHEHHIO CO CTAIMOHAPHBIM
PESKUMOM, TTO3BOJISICT MPUMEHSITh MEHEE CIIOMKHBIC U3-
MEPHTEIIbHbIC IPUOOPHI M 3aHUMAET HEMHOTO BPEMEHH U
MIOTOMY SIBIIICTCS TIPUBJICKATECIIHHBIM.

Merton onpernienieHus KO3 PHUITUESHTA TEIIONPOBOIHO-
CTH MOIYTIPOBOTHAKOB A C HCTIOTb30BAHUEM KOHTYKTHB-
HOU (popMBI HarpeBa B HECTAMOHAPHOM PEIKHME OBLT
npeioxker A. B. Modde u A. @. Uodpde. On paccun-
TaH Ha MaTepHAITBI C KOA(PPHUIUEHTOM TETLIOMPOBOTHO-
ctu MeHee 21 B1/(m-°C), a morpentHocTH n3MepeHui Jie-
KaT B npenenax oonee 10%.

B nampHelineM 3TOT METO1 OBLT yCOBEPIICHCTBOBAH
. C. JIuckepowm [ 1], nuanazon usmepeHuii ObLT paciim-
per 1o 35 B1/(M-°C). OgHako mpu 3TOM MOTPEIIHOCTb
ompeseneHus ko3 (uIreHTa TeONPOBOAHOCTH YKE MPH
2=4,2 Bt/(m-°C) mpessitnaer 4%, pocruras 60% mnpu
A=127 B1/(m-°C).

B Hacrosmielt pabote npemiaraercs 6oiee dpPeKTHB-
Hasi METOJIMKA OTIpe/IeICHNs KO PUITESHTa TETIoNpPo-
BOJHOCTH ITOJTYIPOBOIHIKOB, B KOTOPOH BMECTO KOH-
IYKTHBHOU (POPMBI TETUIOTICPEIAYH UCTIONB3YETCsI Iy I~

CTHIN MOTOK. brarogapst aToMy ycTpaHsieTcst psii METO-
JINYECKUX TOTPEITHOCTEH, CBA3aHHBIX C YTEUKOM TerJia
B OKpYXKarouryro cpeay [2].

TeroBoO# MOTOK, BO3/IEHCTBYIOIINN Ha TTOBEPXHOCTH
HCCIIeyeMOro 00pasiia, CO3aeTCsl IMITYJILCOM JTYYUCTOM
SHEPruH, NOCTYIAIOIIMM UITH OT HCKYCCTBEHHOTO (J1a3ep,
PTyTHas JTaMI1a BBICOKOTO JABJICHHMS ), UM OT €CTECTBEH-
HOT'0 HCTOYHUKA U3JTy4YeHUs. B peanm3zoBaHHON HamMHu yc-
TaHOBKE, CXeMa KOTOPOHi mpecTaBieHa Ha puc. 1, ecre-
CTBEHHBIM MCTOYHHUKOM H3IYUYEHUS CIYNKHUT UMITYIIbC
CKOHIEHTPUPOBAHHOTO COTHEUHOTO U3TYUYCHHUSI.

YCTpONCTBO COCTOUT U3 HUMKHETO OJIOKA C CUCTEMOM
TEpMOCTAOMIIN3AIMH, 3aKPEIJICHHOTO B MOJbEMHHK,
TUTOCKO-BBIITYKJION JTMH3HI (qraMeTpoM 230 MM) 1 KOOp-
JIMHATHOT'O MEXaHM3Ma, 00eCIICYMBAIOIIETO TOPU30HTANb-
HOE MepeMeIeHre JIMH3BI BO B3aUMHO NIEPIICHIUKYIISIP-
HBIX HAITPABJICHHUSIX; IPEOOpa3oBaTesl TEMITepaTyphl C 3a-

1

2
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Puc. 1. Cxema yCcTaHOBKHM AT OIpeeNeHus Kod(uIeHTa
TEIUIONPOBOJHOCTH TOJYIPOBOJHUKOB C NPUMEHEHHUEM
Jy9UCTON SHEPTUH:

] — ny4ucTbIil MOTOK; 2 — IUIOCKO-BBINYyKIas JIMH3a; 3 —
KOOpAMHATHBIM MEXaHW3M; 4 — 3aTBOp; 5 — JeprKaTelb,
6 — Kapkac; 7 — TepMOCTAOMIIN3aLMOHHAsl CUCTEMA; § —
obpaser; 9 — naruuku; /() — HWKHUE On0K; /] — 1TyIe-
pe1; /2 — 3amoMHMHAIONIEEe YCTPOHUCTBO; /3 — TOIBEMHUK;
14 — TIOBOPOTHBIN MEXaHU3M
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MOMUHAIONIMM YCTPOMCTBOM; TOBOPOTHOT'O MEXaHHU3Ma
¢ 3arBopoM. OOpaszerr ¢ TeMnepaTrypHbIM JaTINKOM yC-
TaHABJIMBACTCS HA TOBEPXHOCTH HIKHETO OJIOKA.

AKTHHOMETPOM 3apaHee U3MepsIeTCs MIIOTHOCTh MO-
TOKa MPsIMOM COITHEYHOW paJHaliy, 10 KOTOPOH ompe-
JETSeTCSl MOIITHOCTh CKOHIICHTPUPOBAHHOTO H3ITYICHHSI
(myguctoro motoka). CiemyeT OTMETUTH, YTO TPOAOII-
KUTEITHHOCTh BO3JICHCTBUS COJTHEYHOTO U3ITyYCHUS CO-
craBisieT 9—12 ¢, 3a 3TOT IPOMEKYTOK BPEMEHU IIPU
SICHOHM TIOT0/I€ TUIOTHOCTh IIOTOKA U3JTyYSHHsI COXpaHseT-
cs ctaOminbHOM. [10BOPOTHBIN MEXaHU3M 00eCcTIeYBaeT
MaJIeHHUe JIyYUCTOTO TIOTOKA HOPMAJIBHO K TIOCKOH TIO-
BEPXHOCTH IIIOCKO-BBITYKIOH JMHH3EL. MMIyIbC Ty4dn-
CTOM DHEPTUU HAIIPABIISICTCS HA BEPXHUHU TOpel 00pa3ia
Yyepe3 MEeTATMYECKYTO IITOPKY 3aTBopa. Jlanee perucr-
pHUpYeTCsl MOMEHT BPEMEHH, KOT/la TPaJlieHT TeMIIepaTy-
PBI B IBYX Pa3HOOTCTOSLIMX OT 00JIy4yaeMOi TOBEPXHO-
CTH TOUYKaxX Ha 00pasiie TOCTUTaeT MUHIMAITEHO BO3MOJXK-
HOTO TIPY M3MEPEHHUH 3HAYCHUS, TIPH 3TOM BOJIa, IIpOTe-
Karolas 4yepe3 KaHajl B HUKHEM OJI0Ke (TepMOCTa0 -
3alMOHHOH CHCTEME), 00ecIIeunBaeT XOPOIIUHI TEeTI000-
MEH MexX1y o0pa3ioMm u OiokoM. CUTHAIIBI ¢ JIaT4HKa,
MIPUKPEIUIEHHOT0 Ha 00pas3le, OCTyNaoT B 3allOMUHA-
olllee YCTPOUCTBO. /{7151 yMEHBIIEHUS TOTEPh JIyYUCTON
SHEPTHUH TOBEPXHOCTH 00pasa J1es1aeTcsl MepoXoBaToH 1
3auepusercs. Koadpumment remnonposogaocTn oopas-
112 OTIpeIeNIIeTCs 1o PopmMyIe

nkD* (1-r)gt
Kn

28 [kn |
+2 "
mR; R, \'m

A=

MT,-T)|—5V (5)

rae k— ko3 UIMEHT TOITIONICHUS JTy4eBOCIPUHUMARO-
Ieil MOBEPXHOCTH MaTepuaja UCCIeTyeMOoro 00-
pasua;
D — nuametp JIUH3BI,
7 — KO3 QUIHMEHT, YYUTHIBAIOLINHA TOTEPH JIyYUCTOH
SHEPIruu MpPU MPOXOKICHUU Yepe3 JINH3Y;
g — TUIOTHOCTB NOTOKA JIyYHUCTOH 3HEPTuu;
T — JJIUTEIBHOCTh UMITYJIbCA;
T,, T, — 3HaueHUA TEMIEPATYpPBl B ABYX PAa3HBIX TOUKAX
BIOJIb 00pa3la B MOMCHT BPEMEHHU f;
Kn — xpurepuii Konznparsesa;
V,S§ — cOOTBETCTBEHHO 00BEM M IUIOIIAAb IONEPEYHO-
ro ceyeHus ooOpasia;
R, — oTHomeHKNe 00beMa K ILIONIAIH €€ OBEPXHOCTH;
t — BpeMmsi, HeOOXOUMOe ISl CO3AaHUsl I'PaTUEeHTA
TemmnepaTypsl B obpasue [3].

CrenyeT OTMETUTb, UTO OT (POPMBI HOTOKA JIyUHCTOM
SHEPTuy 3aBUCUT XapaKTep PaCIpOCTPaHEHUS BOSHUKA-
I0MKX B 00pasiie TeMIepaTypHbIX BOIH (n30TepM). Ha
PMC. 2 BUHO, YTO B OTIIMYHE OT OOTYICHUS ITapajlieib-
HBIMHU JIy4amu (puc. 2, a), chOKYyCHPOBaHHBIN MOTOK B
HavYaJbHBI MOMEHT BEI3BIBACT HEPABHOMEPHOE (TayCOB-
CKOE) pacmpeesieHue n3orepM (puc. 2, 0, 6 ). [loatomy
KpEIJICHHE TEMIIEPaTyPHOT0 AaTIMKa (TEpMOTIaphl) B TENIO
00pas31ia OCYIIECTBIIAETCS B TOUKE «BbIPABHUBAHUSD) U30-
TEPM.

g g g
\A A/

~~— /]

N——"|

Puc. 2. Cxema pacnpocTpaHeHHs M30TEpM IMPHU Pa3THIHON
(hopmMe JTyducTOro MoToKa

Paccrosnue mexay o0iydaeMol MOBEPXHOCTBHIO U
MECTOM BbIPaBHUBAHHS U30TE€PMbI ONPEIEIISETCs O Clle-
JIYIOLEMY SMIIMPHUUECKOMY BBIPAXKEHHUIO:

rae R — paauyc oOpasia;
7, — pamuyc o0iy4aeMol MoBEPXHOCTH 0Opasua.

Taxum o0paszom, mpeaIaraeMslii crocod ompezaese-
HUA KO3 QUIMEHTa TeIIOPOBOAHOCTH TBEP/IBIX TEII, B
T. 4. MOJYIPOBOIHIKOB, B OTIMYHE OT METO/IA, UCTIOJb-
3yFOIIEro KOHIYKTHBHYIO (POPMY TEILIONEePEIadH, TI03BO-
JseT n30ekKaTh MOTeph Ha KOHTAKTHOE TEMIIEpaTypHOe
COIIPOTHBJICHUE MEKIY HAarpeBaTEILHBIM TEJIOM H 00-
pa3loM M TEIUIOBBIX MOTEPh C MOBEPXHOCTH Oioka. B
pes3ysbTaTte MEeTOoJH4YecKasl IMOrPeIIHOCTh U3MEPEeHHI
yYMEHbIIaeTcs 10 7%, 9TO BeIeT K NOBBIIICHUIO TOYHO-
CTH oTpesieNieHns Ko3(QHUIMeHTa TETIOMPOBOIHOCTH Ma-
TCpPHAIIOB.
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TOHKAA CTPYKTYPA CIIEKTPOB JIABEPHOI'O M3JIVUEHI A
[TPU SJIEKTPOHHOU HAKAUYKE PA/IMALITMOHHO
MOINPULTMPOBAHHBIX OIITUYECKHW OJHOPOJIHBIX
HEJIETMUPOBAHHBIX KPUCTAJIJIOB GaAs

Hccneoosarno enuanue ypoeus 8030yicoe-
HUS U meMnepamypuvl HA NApamempbsl u3s-
JIY4eHUus 1a3epos, Co30aHHbIX HA OCHOGe
PAOUAYUOHHO MOOUDUYUPOBAHHBIX KPUC-
mannoe GaAs n-muna c 6blCOKOU onmuyec-
KOl 0OOHOPOOHOCMbIO.

YBenuyeHue mopora reHepaui U CHUKEHHUE MOIIl-
HOCTH ITOJTYIPOBOAHUKOBBIX JIa3€POB IIPOUCXOMIUT 3a CUET
MIOTJIONICHHS M3ITyYeHHsI CBOOOHBIMH HOCUTEIISIMH 3a-
psiaa (4TO CUUTACTCS MPUHIUITHAIBHO HEYCTPAaHUMBIMH
MOTEPSIMH ), IPH TH(PPaKINH H3TyISHUS Ha Kpasix 00pas-
11a, IPY pacCEsIHUU U IOIVIOIIEHUH HA OIITHYECKUX HEO-
JHOPOJHOCTSX (ycTpaHuMble notepH). [loaromy ucce-
JIOBaHHE HEJIETMPOBAHHBIX ONTUYECKH OAHOPOIHBIX KpH-
CTaJUIOB JUIS CO3JIaHMS JIa3€POB Ha X OCHOBE BAYKHO H
AKTyaJIbHO.

B Hacrosmieii pabote i H3y4eHUS MEXaHU3MOB Ire-
HEpaIMy 1 BBIOOPa ONTUMAITBHBIX CBOMCTB aKTUBHOM Cpe-
JIbl MOTYTPOBOJHUKOBBIX JIa3€POB C 3IEKTPOHHOH Ha-
Kaukoil uccnenoBanuck ciaou GaAs, oOydyeHHbIE raM-
Ma-KBaHTaMHM B TIpoIecce AMUTakcuu [ 1], uro co3nasa-
710 60JIee paBHOBECHBIE YCIOBHUS KPUCTAIITU3AIMHU CIIO-
eB GaAs H, TeM caMbIM, YMEHbLIAIO YUCIO KOMILIEK-
COB «BaKaHCHS — aTOM MPUMECH». ITO 3aMETHO YyITyd-
HIMJIO0 ONTHYECKYIO OJJHOPOJIHOCTh U MOP(OIOTHUIO TO-
BepxHocTH cinoeB GaAs. Ilpu o0nydeHnu raMMma-KBaH-
TaMH OTCYTCTBOBAJIM CTYTIEHH POCTA, HAOIIOAABIIINECS B
ciTyvae SIUTaKcuu 0e3 00IydeH s, 4TO B CBOKO OYepeb
CHOCOOCTBOBAJIO YMEHBILIEHUIO TOTEPDH JIA3€PHOTO M3-
Jy9IeHUs] HA MUKPOHCOTHOPOJHOCTSX IOBEPXHOCTH 00-
pasIoB.

BripanieHHbIe CITON MOIBEPTAIUCH OOTYIECHUIO OBIC-
TPBIMH SIIEKTPOHAMH B MailbIx 103ax (10 1-101° em~?) ¢
sHeprueil okono 2,3 MaB. [Ipu 3TOoM BbIBEJEHUE CBO-
OOIHBIX HOCUTEJICH 3apsijia i3 MaTepralia 00pasIoB Ipo-
WCXOJIMJIO TI0 3aKOoHY [1]

N=N,exp(-K,D,), (1)
e NO, N — KOHULEHTpauusa HOCUTENEH 3apsaa 0 U IMocie
00myuyeHus: 00pas3IoB, COOTBETCTBEHHO;
K, — k03 puuHnenT, XapaKTepu3yomui CKOpoCTh
BBIBEAICHUS HOCUTEJIEH 3apsaa;
®, — mOTOK 00JIyYeHHUs HIEKTPOHAMH.
BriBesieHue cBOOOHBIX HOCHTENIEH 3apsiaa npu 00-
JydeHun 00pa3IioB MPUBOAMT K CHUYKEHHUIO UX KOHIICHT-

YK 535.14:621.375.826

Jlata mocTymuieHus B pelaKIuio
15.04 2011 r.

paunu 1, CIeA0BaTeIbHO, K YMCHBIICHUIO MTOTIOMICHHS
UMH U3JIy4eHHs, T. €. TIOTEPH JIa3ePHOTO H3IIyUCHUS U
MOPOT FeHepalMy MOHMKAIOTCS, @ MOIIHOCTh aKTHBHOM
Cpelbl pacTer.

O06pasiubl GaAs n-TUTia TPOBOJUMOCTH, HA KOTOPBIX
WCCIICIOBAIOCH BIUSHIE YPOBHS BO30YKICHUS U TEM-
nepaTypsbl Ha IapaMeTpbl U3JIy4eHHs] JJa3epOB, UMEJIU Bbl-
COKYIO CTETICHb ONTHYECKOI OMHOPOIHOCTH: (QIyKTyarnm
nokasarens npenomiaenus An cocrapuau 1074+—1073, o
COOTBETCTBOBAIO (MIyKTyalUsiM KOHIIEHTPALUU HOCH-
Teneit 3apana AN=10—10'¢ cm3 [2, 3]. Uccnenosa-
HUS IPOBOAMIIUCH IO CTAaHAPTHOM METOAMKE Ha BBICO-
KOBOJIbTHOM BaKyyMHOM yCTaHOBKE C HEpPrUell anek-
TPOHHOTO myuKka £,=50 k3B, nuMmynscom anuTensHo-
cteio 10 He, yacToToit moBTopenus 100 I'n, nmpu qua-
MeTpe 3JeKTpoHHOro nyuka 0,8 MM, JyIMHE pe30HaTopa
L=0,8 MM u ero toammuae 0,1 MM [4]. Mctions3oBaanch
3epKajla ONTUYECKOI0 Pe30HATOpPa, CO3JaHHbIE METO-
JoM ckoia. VcememoBaics a3ep ¢ MONepeyHo Hakay-
Koii (puc. 1).

B mpomecce nccnenoBanuil ObUIN MOTYyUEHBI CIEKT-
PBI U3IIy4EHUSs, IPe/ICTaBIEeHHbIE Ha PHUC. 2. 3/1eCh BU-
HO, YTO U3JTy4€HHE JIa3epa CABUHYTO B AJTMHHOBOJIHOBYIO
00JTaCTh CIIEKTPa OTHOCHTENBHO 3alPEIeHHOM 30HbI E .
BrsiBnieHa TOHKas CTPYKTypa CHEKTPOB JIA3epHOTO U3-
nyuenus — auHud E1 u E2 Ha paccrosHuu 2—4 m3B
npyr ot apyra npu 80 K u 8—10 m3B npu 300 K, xoto-
pble CMEILAINCh B JUIMHHOBOJIHOBYIO 00JIaCTh C BO3pa-
CTaHHEM TEMIIEPaTypbl CO CKOpocThio AE/AT, Gn3Koi

3

Puc. 1. Cxema BO30YX/ICHHUS MOJYIPOBOAHUKOBOTO Jla3epa
ITyYKOM JIEKTPOHOB C MONEPEYHOH HaKauKOM:
] — XorepeHTHOE H3JyueHHe;, 2 — pe30HaTop; 3 — IMOUIOKKA;
4 — KpHCTaI; 5 — IIy4OK 3JIEKTPOHOB
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a) 0)
M, 2,8 Alem? /U]J 0,6 Ale?
/nﬂﬂ /“A 0,4
f/\ El A
/\ 0.25
l 1 1 1 |
1,37 1,41 3B 1,46 1,50 5B

Puc. 2. CrieKTpsl CTUMYIHPOBAHHOTO H3JIYUYSHHUS MOTYIPO-

BOJHHKOBOTO Jla3epa Ha OCHOBE ONTHYECKH OJHOPOIHOTO

(An=10"*) kpucranna GaAs n-tuna ¢ N=2-10'% em™ s pas-

JIMYHEIX 3HAYEHNH MITOTHOCTH TOKa BO30OYXkeHns / (B A/cM?)
nipu 300 K (a) u 80 K (6)

K TeMIIepaTypHOMY H3MEHEHHIO LUMPUHBI 3aIIPELIEHHON
30HBI Eg. Bo6sm3n nmopora reHepanuu H3IydeHHE B 3THX
JIUHUSIX 0Ka3aJI0Ch MOJIIPU30BaHHBIM: B E'1 BEKTOP 3JIeK-
TPUUECKOTO TMOJISl COBMAJAN € IUIOCKOCTBIO pe30HaTopa
(TE-nonspusanus), a B £2 Obul el neprneHauKysipeH
(TM-nonsipusanus). Iloporosast mIOTHOCTH TOKA j,

BO3pAacTaHUEM TEMIIepaTypbl U3MEHsUIach 110 3aKOHY
Juop™T 32 4T0 XapaKTepHO JUIsl MEXK30HHBIX TIEPEXOJIOB.
CMeIeHne CeKTpoB B AITMHHOBOIHOBYIO 00J1acTh To-
BOPHT O TOM, 4TO ITPH OOJIBIINX 3HAYCHUSIX HAKAYKH ITPO-
HCXOJUT CY)KEHHE 3alpellieHHON 30HbI KPHCTAJLIA 33 CHET
00OMEHHOT0 1 KOPPEJSIIMOHHOTO B3aUMO/ICHCTBHSI HEpaB-
HOBECHBIX HOCHTEJIEH 3apsiia, ITIOTHOCTh KOTOPBIX OJTH3Ka
K BBIpOKICHNIO. C y4eTOM 3TOTr0 Cy:KEeHHs OBLIH pac-
CUUTaHBI KOA(PUINCHTH! ycrieHus G U CIIeKTpasibHas

CKOPOCTH peKOM6I/IHaHI/II/I an — C Y4C€TOM IIpaBuja OT-

0opa o umnyinecy (puc. 3, 4). Ilpu 5TOM UCTIONB30Ba-
JINCh U3BECTHBIC COOTHOIIEHUS [5]:

1000
1 2
/
7
T /s
g 100 |- S/
O f,’
'1
’
10 + /
1 1 1
1026 1027 1028
g oM 3¢

Puc. 3. 3aBHCHMOCTH MaKCHMAaJIbHOTO Ko3(hdHIHeHTa yCcu-
JICHHS maax OT CKOPOCTH TCHEpAaI[i ¢ HEPABHOBECHBIX HO-
cuTesei Uit Mexx30HHbIX repexo10B pu 80 K (7) u 300 K (2)

; 8nnv

rin=———0f,(E.) f,(E,), )
G= oc[f O+ £ (E)-1], 3)

e n, 0L — TMoKa3aTellb MPeIOMICHHST U KOA(DDUIIUCHT

MOIVIOIIEHHS, COOTBETCTBEHHO;
C — CKOPOCTb CBETa,;

JAE, f,(E)) — GyHKIIMM pacnpeielIeHHs COOTBETCTBCH-
HO 3JICKTPOHOB H JBIPOK B Hapabomnde-
CKHUX 30HAX;

E_, E — 30Ha IPOBOJAMMOCTH M BaJIeHTHAs 30HA, CO-

OTBETCTBEHHO.

CrencTBueM MEKYaCTUIHOTO B3aMMOICHCTBHS, KaK
YIIOMHHAJIOCH BBIIIIE, SIBIISIETCSI BOSHUKHOBEHHE OOMEH-
HOM (E ) U KOPPENAUNOHHON (EKopp) SHEpPruu, Ha
CYMMApHYO BETMUMHY KOTOPBIX TOHMKACTCS YHEPTUS OC-
HOBHOT'O COCTOSIHHUSI JIEKTPOHHO-ABIPOYHOM Mapsl. (OObIY-
Hast 30HHAsI TEOPUSI, [IOCTPOCHHASI HA OJTHOJICKTPOHHOM
IPUOIKEHHH, 3TH 3 (heKThI He yuuThIBaeT). B cooTBeT-
CTBUM C Pa3BUTBIMHU MPEJCTABICHUSIMU OTY BEITHUUHY
MOXHO PaccuuTarhb mo Gopmyse [6]

+E"

AE (AN) = LT E; copp

Kopp

e h
Ey, +Ey 4)
J11st HaxosKIeHHs1 OOMEHHOM SHEPTHH HCTIONIB30BATIOCh
npudmmwkenne Xaptpu—Poxa, KOTOpoe YINTHIBACT B3au-
MO/JIEMCTBUE OTHOTUITHBIX YACTHULI C MApAIIEIbHBIMH CITH-
HamH [6]

2
EEL

ANY?
4 me € ’

EY

obM (5)
e P, — KBa3MHMITYJILC HOCHTENS Ha moBepxHOCTH Dep-
— (32 AN /3
mu, P=(31°AN)">;
e — 3aps JIEKTPOHA;
€ — JMDJIEKTPHUYECKas MPOHHUIIAEMOCTb.

Jl1s1 HaXOXKEeHUS KOPPEISLIMOHHOM SHEPI U, YUUThI-
BalOLIEeH B3aUMOJEHCTBYE YaCTUL C AaHTUIIAPAJUIEIbHbI-

1000
-
o
1 ‘5
5 500 | _-
s [%
25
0 |

1,4

1,5
Oueprus poronos, 3B

1,6

Puc. 4. CriekTpaibHble 3aBUCHMOCTH CKOPOCTH PEKOMOHHA-

uud 7). (1, 2) 1 kod3duiuenta onTuIecKkoro ycuienus G

(17, 2) 1t MEK30HHBIX TIEPEXO/I0B CBOOOIHBIX HOCUTEIIEH B

30Hy TsKeNbIX (1, 17) v nerkux (2, 2°) mpipok B GaAs nipu 300 K
u Ny=3-10'6 cm3
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Pesynomamor pacuemos napamempos usiyyenus 1azepos
npu 80 u 300 K

ANno 3 Rnop: jrmpa B33a &,
LK CM_3P em¢t| Alem? em’/e em e
80 | 2,08-10"7 [5410°| 0,52 |1,25107| 1-10%
300 | 1,33-10'® [3,6:10%| 3,24 | 2,010 | 1,1-10%

MU CIIUHAMH, UCTIOJIb3YEeM HHTEPIIOSIIMOHHYI0 (hOopMy-
ny Burnepa [7]:
on 088 ¢
P rag +7,8 2eay

(6)

IJie 7 — PacCTOSTHUE MEX/Y 4acTHLaMUy;
ag — OGOPOBCKHMI PajyC 3JIEKTPOHA UIIH JIBIPKH.

B cranmoHapHbIX YCIOBUSIX CKOPOCTh PEKOMOUHAIIH
R paBHa CKOpPOCTH TeHepaluy map g, KOTopasi CBs3aHa ¢
IUTOTHOCTBIO TOKA j COOTHOIIICHUEM

g/B=(1-0)E,/ (BExpe),

rae [} — BHyTpeHHHII KBAHTOBBIH BBIXOJ W3JIyUYCHHUS;
(1-0)=0,75 — xo>bGUIUEHT, YIUTHIBAIOMNANA BTOPUIHYIO
IJEKTPOHHYIO IMHCCHIO;
X, — DIyOMHa IIPOHUKHOBEHHS JJIEKTPOHOB.

[TockoJbKy THUTTHYHBIE 3HAYCHHSI KO PUIIUEHTA yCH-
nenust G B Jlazepax AAHHOIO TUIA COCTaBIIAIOT 30—
100 cM!, ay1st cOMOCTABIIEHUS PACUETOB C IKCIIEPUMEH-

TOM CKOPOCTh pekoMOMHaImu R = J.r:n dv paccuuThbIBa-

nack s G=40 cv! u B=1. Pesynbrarsl pacyera 1oporo-
BBIX 3HAYEHHUH BEITMUHH A]\Zn op? R, op?Jriop TIPH 80u 300 K,
KO3 UIIEHTA MEK30HHOM H3ITy9aTeIbHON peKOMOMHA-

uun B =R Op/(ANn Op)2 U CKOPOCTH T€HEpaluu g Ad |
=1 A/cm? npuBe/ieHbI B TabJaMIe.

Cremyer OTMETHTS, YTO BEIUYUHA B, MOXKET ObITh TaK-
)K€ pacCUMTaHa C MCIOJIb30BAHUEM CHJIbI OCHMILIATOPA

F nst MeX30HHBIX TTepexooB 1o (popmyIie

: (27‘17)1/2 he*n )
o = W FE,. (7

g, em e

1026 —

0 ! | |
80 200 300 T,K
Puc. 5. TemmepaTypHasi 3aBUCHMOCTh TIOPOTOBOTO yYPOBHS
BO30YKIeHNs B HenernposanHoM (N=1,6-10'% cm—) onrTruec-
ku ojHopoaHoM (An=10"*) snurakcuansnoM o6pasie GaAs:
— — pacueTHas 3aBUCUMOCTb npu g ~ T°72, Gnop:40 vl
O — pe3yJIbTaThl 3KCIIEPUMEHTA

m, m
me F=1+-"2+-"2,
m, m,

e

C yBenmUYeHNEM HAKauKH, KaK IIPAaBUIIO, HATIONACTCS
yMEHbUIEHUE B, ., 00yCIOBICHHOE TEM, YTO BCIIEJCTBHE
BBITTOJIHEHUS 3aKOHA COXPAaHEHHSI IMITYJIbCa B PEKOMOU-
HAIIUU YYaCTBYET TOJIBKO YaCTh HEPABHOBECHBIX JICKT-
POHOB W IBIPOK, IMOCKOJBKY ABIPKH 3aHHUMAIOT 3HAYHU-
TEJBHO OOJIBIIHIA 00BEM B IPOCTPAHCTBE KBA3UHUMITYJIh-
COB, YeM dJIeKTPOHbI. Kak BUIHO U3 pHC. 5, ToTyYeHHas
pacueTHas 3aBUCHMOCT gnop(T) 0JIM3Ka K DKCTICPUMEH-
TaJIbHOM.

AHaJu3 pe3yabTaToB

[TosiBIeHHE TOHKOM CTPYKTYPBI CLIEKTPOB JIA3EPHOTO
W3JTyYCHHUS B UUCTHIX KPUCTAIIIAX MOXKET OBITH 00yCIIOB-
JICHO yJacTHEM B MPOIECCAX PEKOMOWHAIINHU HE TOJIBKO
TSDKENBIX», HO U «IETKUX» JIbIpok. U3 puc. 4 BUAHO,
YTO MOJOCHl YCUJICHUS Ul TePeXo/ia B 30HbI JIETKUX H
TSKEIBIX JIBIPOK SHEPreTUUECKU Pa3JIeNIeHbl, IPUYEM B
ClTydae Iepexo/ia B 30HY TSHKENBIX ABIPOK K03 GUIHAEHT
ycusenus Oomnbie. VccnenoBanus moka3anu, 4To JId-
HuM E1 n E2 HaOmonalTcsl TONBKO B Jla3epax ¢ Mex-
30HHBIM MEXaHU3MOM H3JTy4aTelbHbIX [IEPEXO0B: B IO-
MoJia3epax, 00JacTb BO30yKI€HHs B KOTOPBIX OHOPOI-
Ha, ¥ B rerepoJas3epax, B KOTOPbIX pabounii CJI0H U 1oJ-
JI0KKa 00pa3yIoT JUAIEKTPUICCKUI BOTHOBO/.

Hudpdepennmanbras KBaHTOBast 3QPEKTUBHOCTD 1,
JIa3epOB Ha OCHOBE YUCTBIX ONTUYECKU OTHOPOIHBIX KPHU-
ctayuioB GaAs He JOCTHralla MOPOTOBBIX 3HAUCHUH U IPH
80 K cocrasisuia 20%. C poctoM TeMnepaTyphl BeJH-
4uHa M, ymenbiuanack u npu 300 K cocrasmsiia 10%.
OTO CyIIECTBEHHO MEHbILIE 3HAUEHHH, [T0JYyYEHHbIX IS
JIETUPOBaHHbIX KpucTaniaos GaAs n-THUIla HA NEPEXOe
«BBIPOKICHHAS 30HA TPOBOJUMOCTI — MEIIKUIl aKIer-
Top», e M, = 30% mpu 300 K. Ilpu onpenencHubx
YCIIOBHUSX HAOMIONAIOCH HACHIIIIEHHE BAaTT-aMIIEPHBIX Xa-
pakrepuctuk, ocobenno npu 300 K (puc. 6).

Kak u3BecTHO, 0THMM U3 OCHOBHBIX MEXaHU3MOB CHU-
*KeHMS (P PEKTHBHOCTH HEJICTPOBAHHBIX AKTHBHBIX CPEJT
C YBEJIMYEHUEM TEMIIEPATyphl SIBJISETCS OIVIOILEHHUE U3-

P,Br 1

400

200

- 1 1

|
0 10 20 30 j, Alem?

Puc. 6. 3aBUCHMOCTb MOIIHOCTH M3/Ty4eHHs P 1a3epoB 13 OITH-

yecku oaHOpoaHoro (An=10%) GaAs (I, 3 — N0=3-1016 oM,

2,4 — Ny=1,6-10'% cM?) o mmoTHOCTH TOKa BO3OY:KICHHS
npn 80 K (7, 2) n 300 K (3, 4)
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Puc. 7. Cxema nepexo0B pu BHYTPU3OHHOM ITONJIOLIEHUU

COOCTBEHHOIO JIazepHOro u3nydyeHus (E1) u npu nomioue-

HUM Ha aKIENTOPHBIX YypoBHAX (E2), E  — ypoBHH B
BaJICHTHOH 30HE

JIy4eHUs] HEPaBHOBECHBIMU HOCUTEIISIMU, OCOOEHHO JIBIP-
kamu. OCHOBHOM BKJIAJ] B 3TOT BH/] IIOT€Pb BHOCHUT BHYT-
PH30HHOE IOTIIOIIEHIE, 00YCIOBICHHOE IIePEeX0IaMu
MEX/Ty OTIIEIUICHHOHN BAJICHTHOM TTOA30HOMN Ev3 ¥ 30HOM
TSKENBIX ABIPOK E | — nepexon E1 (pue. 7). Hanpumep,
B GaAs nipu 300 K Benmunna moryomneHnss HepaBHOBEC-
HBIMH 9JIEKTPOHAMH 0(°, cocTaBlsieT Beero 5—10 v, B
TO BpeMs Kak TIOIJIONICHUE Yepe3 BHYTPH30HHBIE TIepe-
XOJbI B BAJIEHTHOM 30HE o, Oyznet coctaBisaTh 30 em !
(Ap=1,5-10'8 cM3), a ipu 80 K m3-3a MeHbIINX 3HAYe-
nuit Ap, o (1,3-10'7 ¢M3) 5! moTepH OyLyT MEHBIIE U
coctapat 10 cM ! [5]. Jl1st 57I€KTPOHOB 3Ta BEJIMUMHA EIIIE
MEHbIIE — TOPAJIKA €AUHUIL OOPATHBIX CAaHTUMETPOB.
JlonosHuTeNnbHbIe MoTepH, 0codeHHO mpH 80 K, MOryT OBITh
CBSA3aHbI C MEpexoaamMu £, U3 OTIIEIIEHHOH BaIeHTHOM
TO/30HbBI £ | Ha YPOBHH MEIIKUX akienTopos £ (puc. 7).
Bo3mMokHBI TakKe MepexoIbl U3 OTIIETIICHHOU MO30HBI B
30HY JIETKUX JILIPOK E, U U3 30HbI JIETKHX JBIPOK B 30HY
TSOKENBIX JIBIPOK £, OHAKO OHM MEHEE BEPOSTHBI U MO-
TYT OKa3bIBaTh 3aMETHOE BIIMSHHIE TOJBKO P OYCHb BbI-
COKHX YpoBH:X B030yxaenus. B GaAs npu 300 K cym-
MapHble notepn o=0.f, +ak, +o . cocTapnsior 40—

50 cM™!, uTo IPUOIM3UTENHEHO BIBOE MPEBHIIAET Kpae-
BbIC TIOTEPH

aKp:llnl=2o...25 oM
L R

Torna BuewHss nuddepeHuansHas KBAaHToBas d¢-
(EKTHBHOCTB 1) , COCTABUT NPAKTHIECKH TPETBIO 4aCTh OT
BHYTPCHHEH 1, :

n, = m/m/(+a/o, )=n/3,
rae f — (YHKIUS BBIXOA W3y ICHUS.

Bce 370 CBOWCTBEHHO ONTHYECKH OJHOPOIHBIM pa-
JUAIIMOHHO MOTA(DUIIMPOBAHHBIM KprcTaiiam GaAs.
ek

Takum 06pa3oM, UCCIIeIOBAHO BIIMSIHAE YPOBHS BO3-
Oy>KJICHHSI M TEMTIEpaTypPhl Ha MapaMeTpbl U3TYUCHHUS Ja-
3epOB, CO3JaHHBIX Ha OCHOBE MOJU(PHUIIMPOBAHHBIX C
MOMOIIbIO PaJUAlMOHHBIX TEXHOJOTUH KPUCTAJIIOB
GaAs n-Tura ¢ BBICOKOH ONTHYECKON OTHOPOIHOCTHIO.
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MEXXCJIOEBBIE ITPUMECHBIE HAHOKOMITO3UTDI
ITOBEPXHOCTH (0001) KPUCTAJUIA Bi, Te,,
JIETMPOBAHHOI'O HUHKOM U CEJIEHOM

B npoyecce pocma u kxpucmaniuzayuu ne-
UPYIOWUX DTIEMEHTNO8 8 MENHCCLOEB0M NPO-
cmpancmee Kpucmaiia oopasyiomces HaHo-
KOMNO3umsl, 8blpacmaroujue nepneHouKy-
JIAIPHO 0A30801 NIOCKOCMU, YMO NPUBOOUM
K NOAG/IeHUI0 HOBbIX JJIeKMPOHHBIX CEOUCME
Kpucmaia.

B kpucrannax AY BY' B cirydae oTKI0HEHHS OT CTEXH-
OMETPHH 32 CYET U30BITKA XaTbKOIeHa 00Pa3yIOTCS MEK-
cJ0eBble HaHOBKITIOUeHUs [ |—4], KoTopble KOHIIEHTPH-
PYIOTCst BOKPYT Ae(heKTOB U Ha IUCIOKaIusX. Jlernposa-
HIE KPUCTAJUIOB [TO3BOJISICT TOTyYaTh HAHOKOMITO3UTBI KaK
MEXTy CIOSIMH CIIaBoB A Y BY! <mpumecs>, Tak 1 Ha I10-
BepxHOCTH KprcTa/uioB. CodeTaHne Ha MUKPOCKOITHYC-
CKOM YPOBHE METAILTHYECKUX U MOy IPOBOIHIUKOBBIX CJIO-
€B MPUBOJIUT K MOSIBJICHHUIO HOBBIX TEPMOIIICKTPHUCCKHX
1 DIIEKTPOHHBIX CBOMCTB KpHcTaiwios [1, 5, 6].

JIiist TOCTHIKEHUsI JKeTaeMbIX CBOMCTB KPHUCTAILIIOB
HEOOXOIMMO OIPEICIIUTh ONTHMAIBHBIC Pa3Mephl MEK-
CIIOEBBIX HAHOOOBEKTOB, MX OPHEHTAIMIO M B3aHMHOE
pacnosioxenue. McciieioBaHus ciielyeT COCpeIOTOUUTh
HE TOJIbKO Ha HAHOPAa3MEPHbBIX YaCTHIAX, CTPYKTypax U
CBEpXpelleTKax, HO U Ha 0ObEMHBIX HAHOKOMIIO3UTAX,
BKJIFOYasl CJIOMCThIE KpucTasibl Bi,Te, ¢ MeskcI0eBbIMU
HaHOPa3MEPHBIMU CTPYKTypamH [7].

IMonyueHre HAHOCTPYKTYPUPOBAHHBIX CHCTEM
AYBY'<Zn, Se> u u3yucHne MEXaHH3Ma MEXKCIOCBOTO
B3aUMOJICHCTBUSI MOXKET OTKPBITH IIyTh HE TOJIBKO K BbI-
SIBJICHHIO B HUX HOBBIX BJIEKTPOHHBIX CBOWCTB, HO M K
yrpasieHno ypoaeM ®depMu Kak B 00beMe, Tak U B
MPUIIOBEPXHOCTHOM CJIO€, YTO OYCHb MEPCIIEKTHBHO B
CBETE MCIOJIBb30BaHMS THX MATEPHAIIOB B KaUeCTBE TO-
MIOJIOTHYECKUX M30JATOpOB [8]. B mocnennee Bpems uayT
WHTCHCUBHBIC CCIICI0BAHMS BIMSHIUS TEPPACOIOTIO0HBIX
MOIIATOBBIX MIOBEPXHOCTHBIX CTPYKTYpP, HAHOUTI U JIO-
KaJTM3alMH 3apsijia Ha MTOBEICHUE TOMOIOIMYECKOT0 N30~
JSITOpa Ha OCHOBE XasibKoreHu 108 Bi u Sb u xapakrepu-
CTHKU MOBEPXHOCTHBIX COCTOSIHUI.

Bricokopa3spemnaronye MeToabl MUKPOCKOITUH [TO03B0-
i aBTopaM [8—13] u3yuuts mporecchl pocTa u ca-
MOOpPTraHH3aI[M1 HAHOYACTHII IPHMecei B MecTax 00pbI-
Ba JINHEHHBIX TUCIOKAIIUI B TOMOJIOTHYECKUX H30JISATO-
pax A) BY'.

IMomumo m3yuenus Mmopgosnoruu nosepxxoctu (0001)
kBUHTETOB B A BY!, Takoke npezcrasnser nnrepec usy-

YEeHUE MPUPOJIbl XUMUUYECKON CBSA3U NMPUMECH C aToMa-
MU TIOJIyMeTaIlIa, 00pa3yroliero Teppacorno100Hyo Jie-
(EKTHYTO TIIOCKOCTh, U «O0OPBAHHBIX) CBSI3CH.

Lenbro HacTosIIEH paOOTHI OBLIO MPOBEICHUE HAHO-
CTPYKTPYPUPOBAHUS U BBIIBICHHEC MOPQPOIOTUICCKUX
ocobeHHOCTEeH MexcinoeBbIXx nmoBepxHocTeit (0001)
Bi,Te;<Zn, Se>.

HauGonee BeposATHBIMU MECTaMU CKOTIIIEHHS U 3aPOXK-
JICHHS HAHO()parMEeHTOB Ha OCHOBE IIPHMECEH MOTYT OBITh
nedexTHbIE HERTPBI Ha oBepxHocTH (0001) Bi, Te, [2, 6],
JMHEWHbIe 1 BUHTOBBIC IMCIIOKAINH, BakaHCcuu Te u Bi,
1, KOHEUYHO, MEXCIIOEBOE H;DOCTpaHCTBO (Ban-nep-Ba-
anbcosl menu) Te()—TeM kpucranna.

CrpyKTypa ckoia 6a30Boif TOBEPXHOCTH M3ydanach
METO/IOM aTOMHO-CUIIOBON MuKpockonuu (ACM) Ha
MuKpockore Mapku Solver Next. Pentrenoaugpakrome-
TPUUYECKHUE HCCIIeIOBAHUS COCTaBa MaTEpPHaIOB MPOBO-
qwinck Ha audpakromerpe Gupmsbl Philips Panalytical
(XRD).

Mopponorus nosepxuoctu (0001) Bi, Te,<Zn> npen-
cTaBiieHa Ha puc. 1. MexcioeBble HAHOCTPYKTYpPHBIE dJ1e-
MenTel (MHCJ) 31€8Ch COCTOST, B OCHOBHOM, U3 Zn U
ZnTe ¥ IpeJICTaBIAIOT cOOOU TMpaMUIaIbHbIC U KOHYCO-
00pasHbIe CTPYKTYPhI ¢ MAKCUMAJIBHOM BBICOTOH 20 HM
1 pazMepoM ocHoBaHUs 10 150 HM (Takue pa3Mepsl on-
TUMAJIbHBI 17151 KBAHTOBOHM TOYKM). M300paxenus apy-
I'HX MEKCIIOEBBIX HAHO(PParMeHTOB IMOKa3aHbl Ha PHC. 2.

brimu npoananu3upoBansl Tpexmepubie ACM-1300-
paxenns nosepxnoctu (0001) Bi,Te,<Se>, nmeromeit
cryneH4yaryr ¢opmy (puc. 3), B KOTOPBIX 3aMETHBI
CTPYKTYpPHBIE 3JIEMEHTHI PA3HOM BBICOTHI M TUIOIAIH
(HKHSS cTyneHb oOBeieHa cripaBa). Ha pucynke Bua-
HO, YTO CTPYKTYpPHBIE JIEMEHTHI B IIPOIIECCe caMoopra-
HU3AINU TPHOOPETTH 0CO0BIE POPMBI U PACTIONIOKIITUCH
yrnopsimoueHHO. Hanboupmme «TupaMuIsl pocTay uMe-
10T pasmepsl 10—15 M. Boapmue pasmepst MHCO
MOTYT COOTBETCTBOBATh MECTaM MX CAMOOPTaHU3AINH B
MyCTOTaX, COOTBETCTBYIOLIMX OOpbIBAM KpPAeBBIX JUC-
JIOKALHH.

B nenom, BHE 3aBUCUMOCTH OT IPUMECEN, B CUCTEME
Bi, Te,<Zn, Se> BBIpacTaroT CTpyKTYpPHBIE JIIEMEHTBI CIle-
JYFOIIUX TUTIOB: HAHOOOBEKTHI, COJIEpKAIUE HAHOYA-
CTHIIBI MaNbIX pa3MepoB (5—10 HM); OJUHOYHBIE HJIe-
MeHThI pa3mepamu ot 10 1o 20 HM u 6oee, ipecTaBs-
Io111e OO0 BBICOKHE €IMHUYHbIE HAHOBBICTYIIBI, IIEp-
nenuKynspaeie nosepxuoctu (0001) Bi, Te;, MHCD ¢
Pa3TUYHON IJIOTHOCTHIO pactpesiesenus Zn u Se.
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0)
MKM HM
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10
Puc. 1. TpexmepHoe (@) u mnaHapHoe (6) ACM-u3zo0paxeHus
6 HaHO( Bi,Te,<Zn> -
parMeHToB TosepxHocTH Bi,Te,<Zn>, a Tarxke npopu
0 0,5 1,0 1,5 2,0 MKM JorpaMma pacrpejelieHus npumeceid mo cedeHuro AA (6)

0)

HM

Puc. 2. ACM-uzobpaxenue pparmentos nosepxnoctn Bi,Te,<Zn> (@) u Bi,Te,;<Se> (6)

Ha puc. 4 nokaszana «ropupoBaHHas» 00JacTh Ha-
HOCTYIICHEK, COCTOSIIIAsi U3 CONMKEHHBIX U MOAO00HBIX
JPYT IPYTy FEOMETPHYECKUX CTPYKTYPHBIX GUryp. 3/1€Ch
BHUJIHO, YTO HAHOOOBEKTHI ATOTO KJIacca B TPEXMEPHOM
HpUOIMIKEHUH MOKHO MOJICITUPOBATh C IIOMOIIIBIO €/~
HUYHBIX HaHOCTYIeHeK. [Ipeanonaraemeie mytu 1uddy-
3HMU YaCTHIl U UX arperaiuu ¢ JajdbHeHIIuM o0pa3oBa-
HHEM HaHO(PArMEeHTOB, 10 BCCH BEPOSITHOCTH, CBSI3aHBI
C MPOLIECCOM 3AIOJTHEHHUSI TPUMECSIMU MECT BOKPYT JTHC-
JIOKAITMOHHBIX 5iM 1 BakaHcui Te Ha moBepxHocTH (0001)
Bi, Te,. Havano ¢popMupoBanus HAHOSEEK IIPOMCXOIHT B
nporiecce udy3un nprumMeceid B1oib 6a30BoM MoBepX-
noctu (0001) Mesxcnoeporo npoctpanctsa Te(—Te() u
B TIPOLIECCE POCTa MEKCIOCBBIX DIIEMEHTOB C ITOBEPX-
HOCTH Ha BakaHcHsiX Te Ha TeTyPUIHBIX KBUHTETaX.

IIpu B3anMoneCTBUY ¥ COMPUKOCHOBEHHUH dJIEMEH-
TOB IPYT C APYTOM 00pa3yroTcs MOBEPXHOCTH Ha Oa3uc-
Puc. 3. ACM-usoGpaxenne CTyneH4aTol MOBEPXHOCTH | yoif imockoctn (0001), 4TO HATMIAAHO OTPA3HIOCH HA HX

Bi,Te;<Se> tonorpaduu. Korna nporece koaryssiin J0CTHraeT CBO-
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Puc. 4. JIpymepHoe u300pa)keHHE HAHOCTYIICHEH B
Bi,Te,<Se> (a) u (bpaKTaJ?bHaﬂ npoduiiorpaMmma pacrpesie-
nenus teppac B Bi,Te; no ceuenuro AA (6)

€ro N1Ka, arperupyromye YacTULbI CO3AAI0T «TOPpUpo-
BaHHBICY CTYIIEHUATHIE TOBEPXHOCTH.

U3 Beex nedextoB cTpykTyphl moBepxHocTr (0001)
Bi, Te;, KOTOpBIE MOTYT CTaTh LEHTPAMH 3aPOKIEHUS MEK-
CJIOCBBIX HAHOCTPYKTYPHBIX AJIEMEHTOB, HEOOXOIHUMO
OTMETHUTb IUCIIOKAINH, XapaKTEePU3YIOIIHecs H30bITOY-
HOU sHepruei ynpyroi gepopmanun. [Tockoneky Bi, Te,
COJICP’KUT BUHTOBYIO IUCIIOKAIIHIO [2], €r0 poCT MpOowC-
XOJHT ITyTEM IPHCOCTMHEHHS aTOMOB K TOPITY CTYIICHH,
OKaHYMBAIOLIEHCS HA KpaeBo aucinokanud. [Ipu sTom
aTOMHBIE CTYIIEHH OOPBIBAIOTCS HA KOHIIAX KPAEBbIX JIHC-
JIOKaIMii, 00pa3ys YIIUPEHHYIO CTPYKTYPY BBICOTOH OKO-
70 10 HM. B 3THX MecTax MOTYT CKaIlsIuBaThCs JI00bIe
npuMecH, GopMupys o 100HbIe 00HAPYKESHHBIM Ha (o-
Torpadusix HAHOOOBEKTHI, KOTOPBIE MOTYT 00Pa30BEIBATH
KOBaJICHTHO-HOHHBIE cBsi3u ¢ aromamu TeV. [Tocenuue
OKa3bIBAIOTCA 00JI€€ CHIIbHBIMU, YE€M JUIOJb-IUTIONb-
HbIe CBsi3U Ban-nep-Baanbca [4]. {ns cinoucroro kpuc-
tayna Bi, Te,<npumecs> 00pazoBaHne HAHOPPArMEHTOB
B npoctpanctee Te()—Tel), npusonsmee x nepexon-
HOM KOBaJEHTHO-MOHHO METaJUIMYECKONH XUMHYECKOU
CBSI3U, MOKET OKa3aThCsl YYBCTBUTEIBHBIM K 30HHOMU
ctpykrype. O Ipupoje TakoH XUMUIECKON CBA3H MEXKITY
crosivu B crutasax tuna Bi, Te;<Cu> ynomunanocs B [11].

PentrenomudpaxrorpamMma rmoBepXHOCTH CKOJIa KPH-
cranna Bi,Te,, nernposannoro Zn, mokasana peQuexchl
He TobKo OT Bi,Te,, HO n ot Zn, a Takxke or ZnTe. B

cucteme Bi, Te;<Se> 3ameTHbI peiekChl TAKkKE OT Se 1
BigSe, .

[IpoBeneHHBIN aHATN3 MOKET MTOMOYb MPOSICHUTD
MEXaHU3M (OPMHUPOBAHHUS PEATEHOTO TOBEPXHOCTHOTO
CIIOSI, COCTOSIIIIETO U3 Teppac ¢ BBICOTON CTYICHHU, KpaT-
Hoii pasmepy ksuntera (Te(V-Bi-Te@-Bi-Te)) Bi, Te,,
kak npennosaraercs B [10]. Bsanmoneiicteue Bi,Te; ¢
AIIEKTPOIIONIOKHUTEIILHBIMH TPUMECSIMHU MOYKET TIPHUBECTH
K ITACCHBUPOBAHUIO TEPPACHI 33 CYET 00Pa30BAHUS XU-
MHUYECKOM CBA3H C BUCMYTOM Te€PPac U MO3BOJIUT yNpaB-
TSITh MOJIOKEHUEM ypoBHS depmu B JaHHBIX CUCTEMax
[8, 10].

dopmupyrommecs: HayaabHbIE TOUKH POCTa HAHOOOb-
€KTOB, CAMOOPraHU3YACh, CO3/1AI0T OCHOBY JJIsl OTIMCaH-
Heix MHCD, xotopsle anee BbIPAcTalOT NEPIEHAUKY-
JSIPHO TIOBEPXHOCTH JIO «BCTPEUM» C TAaKUMH XK€ dJIe-
MEHTaMH C JAPYTOil CTOPOHBI TEILUTYPHIHOTO KBUHTETA
mwiockoctu (0001) Bi, Te,.

Pacrymast rpaHb HEJIMKOM COCTOUT U3 MEXKCIOEBBIX
HAHOCTPYKTYPHBIX 21eMEHTOB (cM. puc. 1—3). CKIIOHBI
C OCTPBIMU ITUPAaMHIAMHU OTKJIOHEHBI OT TPaHU Ha Ompe-
JICNICHHBIC YTIIBL, YTO XapaKTePHO LIS BUIIUHAJIOB [3].

OpHako 371€Ch MOXET BOSHUKHYTh BOMPOC O CyIIle-
CTBOBAaHHH OTHOCHTEIHHO IIPOCTON OPUEHTAIINH IUTOCKO-
creii (0001) Bi, Te, u Zn, T. €. BO3MOKHBI JIM OPUEHTALIH-
OHHBIE COOTHOIIEHUS, KOT/Ia MJIOCKOCTH Zn Mapasiieib-
bl 6a30B0# wockocTH (0001) Bi, Te,.

CrenioBatenbHO, (GOPMUPOBAHIE HA MEKCIIOCBOI 10~
BepxHoctH (0001) Bi, Te,<Zn, Se> HaHO4aCTHI] MOXHO pac-
CMaTpHBaTh KaK 3BOIOLHOHHBIH MPoLiecc, CTaauu KOTOPO-
TO Pa3BUBAIOTCSI B CIICAYIOMICH OCIEI0BATETEHOCTH:

— MepexoJl HAHOYACTHIL U3 BHY TPHUCIIOEBBIX KBUHTE-
TOB B MEKCIIOU;

— XMMHUYECKOe B3aUMOJICHCTBHE BHEAPEHHBIX aTo-
MOB MPUMECH C OKOHYAHHSIMA BUHTOBBIX JIHCIOKAIHHA
Bi, Te;;

— BBICTpPaWBaHKE MTUPAMHU]] PA3THIHON pa3MEPHOCTH
¢ o01mel ppakTambHON KapTHHOM paciipenenenus B Ban-
Jep-BaanbCcoBhIX HIEIX.

OCOOEHHOCTBIO TAKUX MPOLECCOB ABISAETCS TO, YTO
MHCD3 dhopmupyrorcs myTeM mociae oBaTenbHbIX (hu3u-
KO-XHMHYECKUX MPEBPALICHHI, COITPOBOKTAFOITNXCS U3~
MCHEHHEM HX COCTaBa W BOSHHKHOBEHHEM ITOBEPXHO-
creit mexty crosamu Te(D—Te(D,

IIpupona camoopranuzan HaHOOOBEKTOB U3 Zn U
Se B Bi,Te, onna u Ta xe. ®OPMUPYIOIIHECS B MEXKCIIO-
X HAHOKOMIIO3HTBI, yMEHBIIIas TEIIONPOBOTHOCTH Bi, Te,
u ero Tepaoro pacteopa (Bi,Te,~Bi,Se,), yBenuuusa-
10T TEPMOANIEKTPUUECKYIO () (hEeKTHBHOCTH KpUCTAILIA.

BrIBOABI

[IpoBeneHHbIC HCCIEJOBAHUS TOKA3AIIH, YTO MPH JIe-
THPOBAHUM CIIOUCTHIX KPUCTAJUIOB HAaHO(PArMeHTHI U3
IIMHKA U celeHa (QOPMHUPYIOTCS B PeXKHMME CTyIIeHIATO-
CIIOGBOTO POCTa B HAIPABJICHUM Oa3MCHON MOBEPXHO-
ctu. Boicora cTynenek u yrnyOnenuii koaeonercs ot 10
1o 20 HM, a naTepaibHble pazMepsl — 110 50 HM.

O06pazyeMble HAaHOKOMITO3UTHI IPEACTABIAIOT COO0H
«JI€C» OTHETBHBIX «yCOB» — MAacCHB KBAHTOBBIX TOYEK,
npopacraromux u3 mwiockoctu (0001) Bi, Te, <Zn, Se>.
B 6onee kpynmHOM MaciiTade oHE (POPMUPYIOTCS B TEp-
paconono0HbIE CTYIEHH, CIOCOOHBIE TEHEPHPOBATH CO-
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CTOSTHHE TOITOJIOTHYECKOTO H30JIsITOpa 3a cueT 3pdekron
JIOKAJTU3AIIUH U TYHHEJIUPOBaHHUs 3apsiia. Takoe BO3HUK-
HOBEHHE HAaHOCJIOEB MOYKET MIPUBECTH K MOSBICHUIO HO-
BBIX 2JIEKTPOHHBIX CBOWCTB KPUCTAILIOB.
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NCCIIEJOBAHUE CIIEKTPOB ®OTOJIIOMWHECHEHIIMN
HU3KOPA3SMEPHBIX CTPYKTYVYP InSb,
CO®OPMHNPOBAHHBIX B MATPUIIE GaSb

Hccnedosanvl sanumaxcuanivhvie cmpykmy-
pbl, cocmoawue uz mampuyvl GaSb, 6
0bveme Komopou MemoooM UMNYIbCHO20
0XN1ANCOeHUsl HACLIWEeHHO20 PAcmeopa-
pacnnasa copmuposansvl HU3IKOpA3mep-
Hole cmpykmypol u3 InSh.

B HacTos1ee BpeMs OTHUM U3 HallpaBJICHUH pa3BU-
THUS AJIEKTPOHUKH SIBIIIETCSI CO3[JaHME HOBOTO Kiacca
MOJTYIPOBOTHUKOBEIX MaTepPHajoOB M MPUOOPOB Ha OC-
HOBe HHU3KopasMepHbIX cTpykTyp (HC), BaskHeitmue xa-
PaAKTCPUCTUKU KOTOPBIX, B TOM YHUCJIIC U ONTHUYCCKUC,
onpenensrorcs dpPexTaMu pa3MepHOro KBaHTOBAHUSL.

ITpu popmuposanrm HC MeTomamu skuakodasHoi u-
takcuu (ZKDI) TpeOyeTcst cpaBHUTEIBHO HI3KAs TEMIIE-
paTypa HachIIEHUS KUIKOH (a3bl 171 obecnedeHus He-
3HAYUTEIEHON PAaBHOBECHOM KOHIICHTPAIUH PACTBOPESHHOTO
BemecTBa. M3-3a MOBBILIEHHON BA3KOCTH PacTBOpa-pac-
TUTaBa IPU HU3KOH TEMITEpaType ero, Kak paBmilo, He ya-
€TCsl OJTHOCTBIO YAITUTH C IOBEPXHOCTH CTPYKTYPHI MO-
CJIe 3aBEpIICHHs Ipolecca BhIpalBaHus. To eCTb MeTo-
namu KOO nonyunte HC 6e3 moKphIBaIOIIETo SMUTAK-
CHAIIBHOTO CJI0S BeCbMa IpodeMaTiaHo. OIHAKO 3TO JIer-
KO peam3yeTcs IIPH UCTIONTB30BAHIHI TPaJAIIOHHBIX TEX-
HOJIOTUH — MOJICKYJIIPHO-Ty4eBOH ST TAKCHH WITH OCaX-
JICHUSI 13 TAPOB METAILIOPTaHMIESCKIX COCHMHCHUI.

Hamnyune moKphIBaIOIIETO CII0S HA TOBEPXHOCTH HU3-
KOpa3MEpPHBIX CTPYKTYP, OIy4eHHBIX JKDD, 3aTpymHs-
€T IPUMEHEHHE METO0B HEMOCPEACTBEHHOTO HAOII01e-
Hus U uccienoBanus napamerpos HC, takux kak, Ha-
TpUMep, TyHHETbHAst MUKPOCKOIHS. B TO jke BpeMs1, BIH-
sHUE XxapakTepHbIX pa3smepoB HC Ha sHepreruueckoe
MOJIOKEHUE, TOMYIIUPUHY U PSII APYTHX ITapaMeTpOB
nonioc (oromomunecteHuu (PJI) mo3BoseT UCIoib-
3oBath DJI B kauecTBe KOCBEHHOTO METO/[a HEpa3pyla-
IOLIET0 KOHTPOJIS TAKUX CTPYKTYp [1].

Llenbo HacTOsIIElH pabOTHI ABISIACH OLIEHKA Mapa-
metpoB HC InSb, chopMrpoBaHHBIX METOIOM UMITYJIbC-
HOT'O OXJIaXK/ICHHSI HACKIIIICHHOTO pAacTBOpa-paciliaBa B
Mmarpuie GaSb, Ha ocHOBe aHanm3a criekTpoB DJI.

Metoauka IKCIIEPUMEHTA

Boipamusanue HC InSb B marpurie GaSb ocymiects-
JISUTH HA ITOJTOKKAX aHTUMOHHMIA TAJUTHS C OpPHEHTAIHEH
(111) [1, 2]. Temrieparypa HaCHIIIEHNUS PACTBOPA CYPbh-
MBI B pacrutaBe ramius coctasisuia 300°C. CtpykTypy
InSb ¢ addexTrBHOI TOMMUHON 0KOJIO 5 HM opMuUpo-

BaIM Ha Oy(epHOM SMHUTAKCHAIBHOM CJIO0€ HAMEPEHHO
He JierupoBaHHOro p-GaSh. Tlocne 3Toro ocymiecTBs-
JIM KPUCTAJUIM3ALUI0 TOHKOTO (0Kouo 0,2 MKM) HOKpBI-
BAIOLIEro CJI105 HeJIErMPOBaHHOTO aHTUMOHM/IA TaJLIHS,
BBITIOJHSIONIETO POJIb MIHPOKO30HHOTO OMTHUYECKOTO
OKHa JUIsl BBIBOJIA TFOMHUHECIIEHTHOTO 3Ty YEHHUSI.

@JI 06pasnoB BO30yXk1adach JIy4OM IelIUiH-HEOHO-
Boro nmasepa JII-126 (A, =1,15 mxm), npomeaumm Je-
pe3 MeXaHN4YeCKUH MOAYJIATOP C YaCTOTON MOIYJSIIUN
nopsizika 2 kI 1. Curnan @JI nucniepruposarncs ogHope-
HIETOYHBIM MOHOXpoMaTopoM MJIP-3 ¢ nudpaximon-
HO¥ penteTkoit pasperienreM 300 MTPUX/MM U PETUCT-
pUpoOBajcs B peKUME CUHXPOHHOT'O JETEKTHPOBAHUS
oxJaxkgaeMbIM ¢oroconpoTusiecHueM PbS. Illupuna
BXOJIHOW ¥ BBIXOJHOMW IEIH MOHOXPOMAaTOpa yCTaHaB-
mBasiack paBaoii 0,1 mm. smepenne cnexrpoB DJI mpo-
BOJMJIM B BOJIHOBOM Juana3one 1,3—2,8 MK 1pu 3Ha-
yeHusax temuneparypsl 77, 100, 120 u 300 K, a Taxxe B
JIFaTIa30HE MHTCHCHBHOCTH BO30Y K IAIOIIETO U3ITyYCHUS
otT 6 10 12 MBT. MOIIHOCTh BO30YKIArOIIEro H3Jyue-
HUS OTIPEeIsIach N3MEPUTEIEM MOIIIHOCTH JIa3€PHOTO
uznyyenus UMO-3. JluamMeTp CBETOBOT'O 30H/1a COCTaB-
1 10 500 MKM.

PesyabTaThl n o6cyxaeHune

Crekrpsl OJI 101yueHHBIX CTPYKTYP IIPEACTaBIIECHBI
Ha puc. 1. DHepreTHyecKoe MONOKEeHHE HAOTI0IaeMbIX
nosoc OJI B ob1iem ciaydae MOXKHO OOBSICHUTH peasu-
3aIuell H3Iy9YaTeNbHBIX MEPEX0I0B B 00bEMHOM aHTHU-
MOHH/IE raJlIns, B TBEpbIX pactBopax In Ga, Sb, a Tak-
K€ B HU3KOpPa3MepHBIX CTpyKTypax InSb. B cBsizu ¢ aTrM
Jutst uaeHTuukanuu nonoc OJI ananm3upoBain 3Haue-
HUS TIONYIIUPUHBI TIOJIOC [—5, UX TIOBEJICHHUE MIPH U3-
MEHEHHUHU TeMIIepaTypbl U HHTEHCUBHOCTH BO30YK1at0-
mero uinydyenus. M3mepenue crnekrpo @OJI momyyeH-
HBIX CTPYKTYp IIPH pa3IMYHbIX 3HAUCHUAX TEMIIEPaTyphl
1 MHTEHCHBHOCTH BO30YKIAFOIIETO U3TYYCHHUS TT03BO-
JIWIIO BBLICTUTD TPyIbl ojoc DJI co cXomHbIM Xapak-
TEPOM 3aBHCUMOCTH HHTEHCUBHOCTH (pHC. 2).

B [3] nokasano, uto TBepabie pacTsophl In Ga, Sb
umeroT npu 77 K moaymupuHy MOJ0C U3JIyUEeHUs
50—120 maB. Ilockonbky nomymmpuna nonoc /, 2, 3,
4 1 5 nomyuyeHHbIX CTPYKTYp coctasiser 25, 40, 20, 20
1 9 M3B, COOTBETCTBEHHO, TOHSATHO, YTO ITOJIOCHI HE CBSI-
3aHbI C U3NTy4aTeJIbHON peKOMOMHALIMEH B TBEpAOM pa-
creope In Ga, Sb. Kpome toro, unrencusaocts OJI
TBepABIX pacTBopoB In Ga, Sb mHa xBa mopsixa Huxe,
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Puc. 1. Cnexrpsr @JI crpykryp p-GaSb/i-InSb/p-GaSb (kpu-

Bele [—IV) u p-GaSb (kpuBas V), nosrydeHHble IpU pa3nnd-

HBIX 3HAYCHMSIX MOIIHOCTH BO30Y)KHAIOLIEro M3IydeHUs (@)
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Puc. 2. 3aBucumoctu usmenenust uareHcusHoctu PJI nonoc
I—35, mpelnCTaBICHHBIX HA PUC. 1, OT HHTEHCUBHOCTH BO3-
OyKIaromiero u3iny4eHus (a) u ot Temrepatypsl (6)

yeM GaSb, 4T0 00BACHSIETCS 3aMEIIEHHEM aTOMOB Tall-
TS aTOMaMH UH]TUS B Y371aX KPUCTAITMYECKON PeIICTKH
U, TAKUM 00pa3oM, YMEHbBIIIEHHEM KOJIM4eCTBa MPUPO/I-
HbIX akuentopos Vi Gag,, SBISIOIMXCS OCHOBHBIMH
[EHTPaMH U3JTy4aTelibHoM pekomOuHaimu B GaSb mpu
77 K [3 — 5]. TlosTomy momocsl /—5 (cm. puc. 1), y
KOTOPBIX MHTEHCUBHOCTH DJI cpaBHUMA MITH B HECKOITh-
KO pa3 OoJiblIle, 4eM y aHTHMOHU 1A TaJUTHS], TAK)KE HEJTb3sT
O0OBSICHUTH U3Ty4yaTeJIbHBIMU MEPEXOAaMH B TBEPIOM
pactsope In Ga,  Sb.

W3snydarenbHble nepexo/bl B aHTUMOHUIE TaJlJIUs
MOTYT MPOUCXOINTH Yepe3 HEHTPHI PEKOMOMHAIINH C pa3-
JTUYHOM SHEPTUEN aKTUBAINN:

— 0,011—0,017 3B, cooTBeTCTBYIOINE HEKOHTPO-
TUpyeMbIM «(OHOBBIM» npumMecsaM Si, Ge u Mn;

—0,03—0,0353B u 0,07—0,09 3B, cooTBeTCTBYIO-
L1 IEPBOMY U BTOPOMY 3apsI0BOMY COCTOSIHUIO NPH-
POZHBIX CTPYKTYpHBIX IepekToB Vi, Gag,;

— 0,1 5B, cootBercTBytommue nedexram Vo, Te;

— 0,06 5B, cootserctByromue nedpexram V, Gag, Teg,
[4—38].

W3 nabmonaempix nmonoc OJI momrydeHHBIX CTPYKTYP
TOJIBKO I10JI0Ca 5 110 SHEPreTUYECKOMY MOJIOKEHUIO MO-
JKET, B IPUHLIUIIE, COOTBETCTBOBATH U3/ 1y4aTeNIbHBIM I1e-
pexoziaM B aHTUMOHUIE TAJLTUS C YPOBHS TIEPBOTO 3apsi-
JOBOTO COCTOSIHMSA CTPYKTYpPHBIX neekror Vi, Gag,.
OpHako MoNyIIMpUHA TOJIOCH J, paBHas 9 MdB, He co-
OTBETCTBYeT moiymupuHe 347, yka3aHHOW ISl TaKuX
nepexoioB B [6, 9] (31eck k — moctosHHas bonbimana,
T — temmeparypa). [loaTOMY, YUUTBIBasI, YTO MPH HC-
MOJIb3YEMBIX TEXHOJIOTHYECKUX PEKUMAX MPOUCXOIAMT
KpucTaumsaiys InSb ¢ TonmmHoi snmuTakcHaIbHBIX CII0-
€B HECKOJIbKO HAHOMETPOB, MOKHO CJI€JIaTh BBIBO, YTO
nonockl @JI /—5 cBszanbl ¢ HammuaneM HC InSb B mar-
pure GaSb.

Cornacuo [10, 11], B cuctemax ¢ paccoriiacoBaHH-
€M TI0 MEePHOJY PEIIETKH POCT CIUIONIHBIX YIIPYyroHa-
MIPSKEHHBIX SMTUTAKCHAIIBHBIX CII0EB BO3ZMOYKEH JIHIIB J10
HEKOTOPOH KPUTHUYECKOW TONIIMHBI, KOTOpas B ciyyae
kpucramumzanuu InSb Ha nojutoxkke GaSb cocrasisier
nopsiaka 3 HM. [Ipu Tonube ciaoeB 6oJbIle KpUTHYE-
CKOH B YCJIOBUSIX HAJIMUMs PACTBOPUTENS SHEPreTHYE-
CKH BBITOJHBIM SIBIISIETCSI OCTPOBKOBEIN pocT [12]. Ilo-
CKOJIbKY Ha TtockocTH (111) TaHreHIIMaBHBIN pOCT Ipe-
o0JamaeT HaJl HOPMAJIbHBIM, TIPU PEBIIIEHUH KPUTH-
YEeCKOW TONIIMHBI HAHOOJIee BEPOSITHBIM OyaeT (opMu-
pOBaHME YIHUTAKCHATIBHOTO cios InSb B BUIE TUTOCKHX
JIUCKOB.

B cBsi3u ¢ 3TUM mombITaeMcsi OOBSICHUTD MPUPOJLY
HaOmonaeMbIx Ha crekTpax @JI monoc, paccmarpuBast
KBaHTOBOpPa3MepHbIe CTPYKTYpbI InSb kak miockue auc-
Ku paguycoMm R, u Beicoroit H, (rne R, > H ), 3akimo-
4yeHHbIe B MaTpuily GaSb.

TpexMepHyI0 BOITHOBYIO (DYHKITHIO HIEKTPOHA, HAXO0-
JIIIETOCS B MOTCHITHAILHOM siMe, 00pa30BaHHON TaKOH
CcTpyKTypoi InSb, MOXHO ¢ y4yeToM paananbHON CUM-
METPUH MPECTaBUTh B BUje [13]

. (% 3:2) = (2) . (1), (1)
e ¥, (z) u (1) — COOTBETCTBEHHO HOpMaibHas (B

HaIPaBJICHUH BBICOTBI OCTPOBKaA F ) U jaTepanbHas (B
HAIPABJICHNHU PA/INyCa OCTPOBKA R ;) COCTABJISIONINE BOJI-
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EL'
v 2e
; le
p-GaSb i-InSb p-GaSb
r__
E

Puc. 3. 3onnbie nuarpammel rerepocucteM ¢ HC InSb, chop-
MHUPOBaHHBIMU B MaTpuue p-GaSb

HOBOM (hyHKIINH. BoaHOBas (DyHKITNS IBIPOK HE paccMa-
TPHBAJIACh B CBA3H C OTCYTCTBUEM ISl HUX MOTEHIIUAIb-
HOU MBI B cTpyKType p-GaSb/i-InSb/p-GaShb (puc. 3).

Torna ypasuenwue lIpenqunrepa cormacuo [ 13] umeer
BUJT

d’ 2me

dZ2 - I(E U(l)( )) wl(z)=0,

d> 1d 2m,

ot T BP0 w)=0

U (z)=V,H (- H,/2), 2)
U (r)=[V. - Ey|H (r=R,),
mg :W’”l*e +(m;e _mfe)H(|Z|_Hd /2)’

m*2 =m1*e +(m; —ml*e)H(r—Rd),

e

e H(x) — dyHkuus XeBucaia,
V,— BenmuuMHA MOTEHIMATLHOTO Gapbepa TeTeporne-
pexona InSb—GaSb.

JI71s1 HOpMaITbHOHM COCTaBJISIONIEH BOTHOBOU (hyHK-
1uu penrenue ypasaenus llpenunarepa (2) npeodpasy-
€TCsl B TPAHCLIEHJIEHTHOE YPaBHEHUE JIJIsl 3HEPTUU KBaH-
ToBaHus £,

Mm
kutg(kqu —2)=k21, 3)

om' E 2m;, (U - E
rae ku=,/$, km:,/z(th), M=0,1,2....

i naTepalibHOM COCTABIIAIOLIEH DHEPIUsl KBAHTO-
BaHusl £, HAXOUTCS U3 yPABHEHHUS

ky - Jy (kan )Kl (kzsz ) =
=k, J, (kIZRd )Ko (kzsz )’

2m, E, 2m2€ U‘Z)
rae k, = e

0] — (I)yHKL[I/II/I beccens nepBoro pona;
Kl Moaudumposanusie GyHKIMK ["aHKENS.

Q)

0’
Pemienus ypaBaenuii (3) u (4) mpeacTaBisioT co00i

Pa3speleHHbIE SHEPIeTHIECKHE YPOBHU £, ONUCHIBAC-
MbIe HOPMAJIbHOW COCTABIISIONICH BOJHOBOH (DYyHKITHH

y, (puc. 4, @), 1 ypOBHU E,, OMCHIBAEMBIE JIATEPAIIb-
HOM COCTaBNIAIOIIEH BOTHOBOK (GyHKImMM W, (puc. 4, 6),
COOTBETCTBEHHO. JHEPIUsl YPOBHEH E\, OTCUNTHIBAETCS
OT JIHA 30HBI IPOBOANMOCTHY aHTIMOHU 1A HHANS, a SHEp-
TSl yPOBHEH £, — OT SHEPTHU KBAaHTOBAHUSA F .

IIpennonoxum, uro nonoca OJI / cs3aHa ¢ peKOM-
OuHanue B CTPyKTypax, 00pa30BaBIINXCS B PE3YJIBTATE
narepalibHOM KoaliecieHInu auckooopasnbix HC. Brian
JlaTepajbHOI0 KBAHTOBAHUS B TAKMX CTPYKTYpax Mall, U
PEKOMOMHAIIHS TPOUCXOINT C YHEPTETUICCKOTO YPOBHSI
E " [TockonbKy B aHTUMOHU/IE TAJUTHSI OJJHUM U3 KaHa-
JIOB U3JTy4YaTesIbHON peKOMOMHAIIMY SIBISIETCS TIEPEXO CO
JTHA 30HBI IIPOBOIUMOCTH Ha YPOBHU MEJKUX «(DOHOBBIX))
aKIeNTOPOB ¢ dHepruei aktuBanuu 9 MaB (Ge, Si) [6, 9],
nojioca / cBA3aHa ¢ U3JIydaTeIbHbIMU [IEPEX0AaMH dJIeK-
TPOHOB C SHEPTETUIECKOTO YPOBHS £, Ha 5TH YPOBHH.
[Tpu yBemTM4YEeHNN MOIITHOCTH BO30YKIAFOIIETr0 H3ITyue-
HUS TAK)KE IPOUCXOAUT PEKOMOMHAIINS HOCUTENEH ¢ KBaH-
TOBOTO YPOBHS £, Ha yPOBHH, PACTIONIOKEHHBIE BOIU3H
MOTOJIKA BaJIEHTHOH 30HBI GaSb (cMm. puc. 3), 4To BbIpa-
JKaeTcs B ymupeHu# nonockl OJI / B KOPOTKOBOIHOBYIO
obmacts criekTpa. Mcxons u3 pemenus ypasaenus Llpe-
JUHIepa JUlsi HOpMaJIbHOW COCTaBJIAIONIEN BOJIHOBOM
(byHKINHU, HAXOIUM, YTO [0JIoca / COOTBETCTBYET BBICO-
T€ KBAHTOBOPA3MEPHBIX CTPYKTYp InSb H ;= 5 Hm.

a)
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@ 04
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Puc. 4. DHeprust KBaHTOBaHHUS (@, 6) ¥ SHEPTHSI ONTHYCCKUX

Mepexo/ioB (6) Uil HOPMAILHOH (a) U natepanbHOi (6) co-

CTaBISIOIIUX BOJHOBOW (PyHKIMH, a TakxkKe I BOJHOBOM
(GYHKIUM OXHOMEPHOH KBAaHTOBOH SIMBI (6)
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Kak Bugno u3 puc. 2, nmonocst OJI 3 u 4 UMEIOT CX0O1-
HBIH XapakTep 3aBHCUMOCTH HHTeHCUBHOCTH DJI Kak ot
WHTEHCUBHOCTH BO30Y)KJAIOIIET0 U3IY4YEeHHUs, TaK U OT
TEMIEpPaTyphl, T. €. U3ITy4aTelIbHbIC IEPEXO0Ibl TPOUCXO-
IUIT C yIacTHeM 00IIIero sHepreTnaeckoro yposHs. [Ipen-
MIOJIOKUTEIFHO TOJOCH 3 M 4 COOTBETCTBYIOT M3JTyda-
TEJILHBIM IMepPeXoAaM JJIEKTPOHOB C IHEPreTHUECKOTO
YPOBHs £, B HEKOAJIECUMPOBABUINX KBAHTOBOPA3MEp-
HBIX CTPYKTypax Ha ypOBEHb MEIKHX «(POHOBBEIX» aK-
nentopos (nosoca 3) u B BaJIeHTHY0 30HY GaSb (1moso-
ca 4). U3 conocrapieHus YHEPreTUIECKOTO TTOJIOKEHHS
nosioc 3, 4 v pemeHus ypaBHeHus (4) HaXoqUM 3Hade-
nue R, papnoe 10 um (cMm. puc. 4, 6).

Hanuuune nonocer @JI 2 ¢ nonymupunoit 40 m3B
MOYKHO OOBSCHUTH U3Ty4YaTeIbHBIMH MIEPEX0JaMH B IK-
CUTOHAX C SHepruei cesa3u 17 mdB, KoTopeie 00pa3oBa-
HBI 2JIEKTPOHAMH, HAXOSIIIMHUCS B IOTCHIINAIBLHOM sMe
InSb, u apIpkamu B BajieHTHOM 30He GaSh.

ITonoca ®JI 5 cOOTBETCTBYET peKOMOMHAIIUN HOCH-
TeJel 3apsiia ¢ ypoBHs KBAHTOBAHUS DJIEKTPOHA B KBaH-
TOBOH sIME, KOTOPYI0 00pa3yeT cMaynBaromiuni cioi InSb
[14], Ha ypoBeHb IOTOJKA BAJIEHTHOW 30HBI aHTUMOHH/IA
rajuust. Pacdyer sHeprum ypoBHEH KBaHTOBaHUS B CMa-
YUBAIOIIEM CIIO€ MPOBOMIICS aHAIOTUYHO PACUETy TSI
HOPMaJIbHOH COCTaBIIAIONIEH BOJTHOBOM (yHKIMM |, HO
C YYETOM MEXaHWYECKHX HAINPSKEHUH, BEI3BAHHBIX He-
COOTBETCTBHEM IIEPHUOJIOB PEUICTKU CIIOS U TIOTOMKKH.
CpaBHEHHE HYHEPTrETUICCKOTO MOJIOKCHHS TMOJIOCH J
(cM. puc. 1) 1 pe3ynbTaToB pacyeTa YHEPru KBaHTOBA-
HUs (CM. prc. 4, 8) TOKa3bIBAET, YTO TOJIIMHA CMa4HBa-
IOIIETO CJIOS COCTaBIsieT mopsaka 2 HM. [Ipu nossite-
HUHY TEMIIePaTyphl HAOIIONACTCSI HECHMMETPUIHOC YIIIH-
PCHUE MOJIOCH 5 B KOPOTKOBOJIHOBYIO 00IacTh. AHAJIO-
ruuHoe u3MeHeHue (opmsl nongocel GJI cmaumBaroe-
ro cios omwmcaHo B [15, 16].

BriBoabl

Taxum obpazoM, ananu3 cnekrpa OJI snurakcuans-
HBIX CTPYKTYP IOKa3bIBaeT, YTO HAOJOaeMble MOJOCHI
@JI cBsi3aHbI ¢ U3JTy4aTENbHBIMU MTEPEXOJAMHU, PEATTUZY-
IOLIMMUCS TTPH yYaCTUHM KBAHTOBBIX COCTOSHUI HAHOpa3-
MEpHBIX CcTpykTyp InSb. YnosnerBopurensHoe coma-
JIEHUE SHEPTeTUYEeCKOTo mosiokeHwust mosioc MJI ¢ pesyib-
TaTaMU pacyeTa SHEPTUU BO3MOKHBIX OITHYECKUX Iepe-
xonoB B HC nuckooOpa3Hoii GOpMEI 1aeT OCHOBaHHE
noyiarath, uto HC InSb B Matpuiie GaSb npencrapistor
c000¥ IIOCKUE TUCKH PaaiycoM okoio 10 HM U BBICO-
TOW OKOJIO 5 HM, (OpMHUpYIOIIHECcs Ha CMaYHBAIOIIEM
CJI0€ aHTUMOHHU/IA MHIUS TOJIIIUHON IPUMEPHO 2 HM.

Hcnonb3yemblii B paboTe HOBBII METOJ] B COUYETAHUU
C OIpeJIeNIEHHBIMU TEXHOJIOTHUECKUMH YCIOBUSAMH T10-
3BOJIUJI IOJYYHUTh BMECTO «KJIACCHYECKOM» IIICHKH, KO-
Topas npejacTaBiseT co0oi TBEPIbIA PacTBOP ABYX CO-
€IMHEHUH, OCTPOBKOBYIO CTPYKTYPY U3 HAHOPA3MEPHBIX
BKJIIOUEHUH Ha MOBEPXHOCTH TOJIOKKH.
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nescence and time-resolved photoluminescence characteristics of
InxGa(l_X)As/GaAs self-organized single- and multiple-layer quantum dot
laser structures //Appl. Phys. Lett. — 1997.—Vol. 71, N 7. — P. 927—929.
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BJIMAHUE CJIOA ITOJIMKPUCTAJUIMYECKOI'O KPEMHUM A
HA MEXAHMW3MbI TOKOIIEPEHOCA B KOHTAKTAX

«METAJUI — p-KPEMHUI»

Yeenuuenue monwunel cnos norukpucman-
JIUYECKO20 p-KpeMHUs NPU8OOUmM K yGeiil-
yenuio opelighosoll cocmassgiowell moxka 8
30H€ NPOCMPAHCMBEEHHO20 3APA0A KOH-
maxkma, 803HuKauell eciedcmaue yeeu-
YeHUsi NOBEPXHOCMHOU NJIOMHOCMU pacce-
usarowux o6apbepos, N0KANU308AHHBIX HA
2PAHUYAX COCEOHUX 3ePEeH.

WuTepec k uccnenoBaHUi0 MEXaHU3Ma TOKOIIEPEHO-
ca B KOHTAaKTaX «METaJll — KpeMHui» ¢ bapsepom Lllot-
TKHU B HACTOsIIEE BPEeMsI 00yCIIOBJIEH IUPOKHM UCTIOJb-
30BaHHEM TaKUX KOHTAKTHBIX CHCTEM B MUKPO- 1 HAHO-
3NeKTpoHKKe. MozienupoBaHue MPOoLeCCOB TOKOIIPOXOXK-
JeHUs CKBO3b Oaprep LLIoTTKH nMeeT Kak MpakTHIecKoe,
Tak ¥ Teoperndeckoe 3HadeHue. C OHON CTOPOHBI, UC-
CJIeI0OBaHHE MEXAaHU3MOB IPOXOKIACHUS TOKA Uepe3 KOH-
TaKT «METaJlI — KPEMHUID C yUeTOM pealbHOU CTPYK-
TYpbl 6apbepHO 001aCTH O3BOJISIET U3Y4aTh (hyHIAMEH-
TaJIbHBIE BOIPOCH! MEKTPOHUKH. C Ipyroit CTOPOHBI, TO-
SIBTSIETCST BO3MOXKHOCTD ITPOEKTHPOBATh KOHTAKTEL, 00-
JaaloNINe pa3INIHBIMU (PU3UKO-TEXHOJIOTHUCCKUMHU
CBOMCTBaMH.

N3BecTHO, 4TO HA TPAHUIIAX «METAILI — KPEMHHI» U
«IMOKCUJ KPEMHHUS — KPEMHUID» JIOKATU30BaHbl HATIPS-
JKEHUSI, IPUBOJISIIINE K BOSHUKHOBEHUIO TIIACTUYECKOI
nedopmanuu [1]. [ToaToMy 171sl yka3aHHBIX MEK(Pa3HBIX
TPaHMIl XapaKTEPHO CYIIECTBOBAHIE IIEPEXOTHON 0Oma-
CTH, COZIepKaIlel pa3ymnopsI09eHHbIN MOTUKPHCTAIITI-
yeckuii kpeMuuit [2]. [llupuna obnacTi moIMKpUCTAaI-
JIMYECKOTO KPEMHUS OTIPEEIISIETCS] yPOBHEM JIOKATIH30-
BaHHOM IUIaCTHYECKOH iehopMaiy, KOTOpast 3aBUCHT, C
OJIHOM CTOPOHBI, OT YNPYIHX [1apaMETPOB KPEMHHUS, C
JIpyTroil — OT apaMeTpOB KOHTAKTUPYIOIIUX MaTepua-
JIOB, TOJIIIMHBI METAJIJIA W ANOKCHIAa KPEMHHS U HaJU-
qus 1eeKToB B UCX0HOM kpeMmHuH [3]. [To Mepe nepe-
MEIIEHUS OT FPaHHUIIBI pa3fiena BIIIyOb KPEMHUS pa3Me-
PBI 3€pPEH MOJUKPUCTAIIIA YBETUUNBAIOTCS, OSBISIOTCS
JTUCIIOKAIIMOHHBIE CETKH U OT/AEIIbHbIE AUCIOKALUH [2].

Ecnu TonmuHa 061acTH MOTMKPHUCTAIITHIECCKOTO
KPEMHUSI HAMHOTO MEHBIIIC, UeM IIHMPHUHA 00JIACTH MIPO-
CTPaHCTBCHHOTO 3apsa B KPEMHHH, TO 3Ta 001aCTh Cy-
IIECTBCHHO HE BIUSIET HA XapaKTep TOKOIEpeHoca U Be-
JIMYMHY TOKa Yyepe3 KOHTaKThl «MeTaJll — KpeMHuit». Ox-
HAKO KOTJa TOJIMHA TOJUKPUCTAINYECKOTO KPEMHHUS
coM3MepuMa C IIMPHUHOH 00JIaCTH MPOCTPAHCTBEHHOTO

VIK: 537.311.33:622.382.33

JlaTa moCTyIUIEHUs B PEIAKIHIO
05.04 2011 .

3apsina (OI13) KOHTAKTOB «METaJT — KPEeMHUI, TTOJTH-
KPUCTAJUIMYECKUI KPEMHUM OKa3bIBAET BIUSAHUE HA IIPO-
LIECCHI TOKOTIEPEHOCa Yepe3 KOHTAKT BCIIEICTBUE pacce-
SIHUSI HOCHUTEJEH 3aps0B HA CHMMETPHYHBIX AJIEKTPHU-
YEeCKHX IMOTCHIMATBLHBIX Oaphepax, 00pa3oBaHHBIX TBOM-
HBIMH 3JICKTPHYECKIMH CIIOSIMH Ha TPAHUIIAX COCETHNX
3€pEeH MOJIUKPHUCTAILIOB [4, 5].

Lenbto HacTOsIIEH PAOOTHI ABISIIOCH H3YYCHUE BIIU-
SHUS TOJIIUHBI CJIO MMOJUKPUCTATIINICCKOTIO KPEMHU A
Ha MEXaHU3MBI TOKOTIEPEHOCA B KOHTAKTAX «METaJ —
P-KPEMHHUID».

O0BeKTHI U METOABI HCCJIeA0BAHUS

Bosbr-amnepHble XapaKTepUCTUKH KOHTAKTOB «Me-
TaJul — p-KPEMHHUI» CO CIOSMHU Pa3yHNopsSA0YEHHOTO
MOJUKPUCTAIIIMYECKOTO KPEMHUS Pa3JINYHOM TONIIHHBI
1 0e3 HUX OTIPEeISUIN C TIOMOIIBI0 PTYTHOTO 30HA.

Jlits monmydeHHs CI0s OJMKPUCTAITHYECKOTO KPEeM-
Hus ractuabl kpemuaus KJ1b-10 (100) npeaBapurensHO
OKHCIISJIH B aTMOC(epe «CyX0oro» KHCIopoaa Mpu TeM-
neparype 1150°C. ITony4yennble ciou TUOKCUAA KPEM-
Hust umenn TonmuHy ot 10 M 1o 1,0 Mxm. 3aTem cion
SiO, ynansim B BOIHOM PacTBOPE IIABUKOBOM KHCIIO-
b1 Ha rpanmviie SiO, 1 KpeMHMs JTOKAIM30BbIBAIIMCH I1Ia-
CTUYECKHUE HAMTPSHKECHUS, IPUBO/ISIINE K MTOSBICHHIO CIIOST
MOJUKPUCTAITHYECKOTO KPEMHUS PA3IMYHOM TONIIUHBI
(B 3aBMCHMOCTH OT TOJILMHBI BBIPAIIEHHOTO ci1os Si0,),
KOTOPYIO KOHTPOJIMPOBAIIH AITUIICOMETPUUECKUM METOJIOM
Y METOJIOM 3JIEKTPOHHOM CKaHUPYIOLIEH MUKPOCKOIIHH.

Nzyuenne moBepXHOCTH KPEMHHSI TTOCIIC XMMUYECKOM
00pabOTKK MPOBOAMIUCH PA3THYHBIMUA METOJAMHM: TSI
AJIEKTPOHHOM ckaHupyromed Mmukpockonuu (POMII)
MIPUMEHSITN MUKpOCKon-aHanu3arop Cam Scan-4D c cu-
CTEeMOH PHEPreTUYECKOTo IUCIIEPCUOHHOTO aHaJIM3aTo-
pa Link-860 1 porpammoii «Zaf. UyBCTBUTEITEHOCTD TPH-
6opa cocrasmsuia 0,01% mo macce, tuaMeTp Imydka —
ot 5:10 10 1-1076 m.

Jia OXKD-criekTpoCKOUU HCTIOIb30BaIU CIIEKTPO-
meTp LAS-3000 pupmsl Riber ¢ mpocTpancTBEeHHOM pa3-
pelaroneld crnocoOHOCTbI0 3 MKM U SHEPreTHYECKUM
pazpewenueM ananusaropa 0,3%.

JIJs ONITUYECKUX METOJIOB UCCIICA0OBAHUS TPUMEHSI-
M MeTaiutorpadudeckuii Mukpockon MMP-2P.

JKcnepUMeHTAIbLHbIE Pe3yJbTaThl U UX 00CyK/IeHHe

Kak mokazasn peHTreHOCTpYKTYPHBIN aHAIIN3, TIPOBE-
JIGHHBIH B HaIIEeM MPEAbIAYIIEM HCCle0BaHNH [6], To-
BEPXHOCTh KPEMHHUS TI0J] OKCUIOM HMEET CHIILHO pasy-

TexHoMoOrus M KOHCTPYHpPOBAHHUE B YTIEKTPOHHOI anmapatype, 2011, Ne 5

39



MATEPHAJIBI SJIEKTPOHUKN

—

Puc. 1. DnexTpoHHOE M300pakeHHE JUCIOKAIMOHHBIX CETOK
nocie oopadorku UT B Teuenne 6 MuH

MOPSI0YEHHYIO CTPYKTYPY, OJH3KYIO K IOJIUKPUCTAIIIU-
geckoit. O0paboTKa TOBEPXHOCTH KPEMHHS U30UPATEITh-
HbM TpaButeneM (UT) npruBOIUT K TOJISIBJICHUIO JUCIIO-
KaIllMOHHBIX CETOK, KOTOPBIE MOYXKHO HAOIIONATh C IIOMO-
HIBIO AIIEKTPOHHOTO MUKpockoma (puc. 1). Ito cBune-
TEJICTBYET O TIOSIBJIICHUH YIIOPSAA0YEHHON KpUCTaJTHye-
CKOH CTPYKTYPBI KPEMHHUS.

B pesynbrare popMuUpOoBaHUs MOIUKPUCTATUINIECKO-
T'0 KPEMHHUS HEIOCPEICTBEHHO MO AMOKCHIIOM KPEMHHUSI
OBbUIHU MOJTyYEHbI ABE PA3HOBUIHOCTH 00Pa3IIOB: Yy MEPBOi
TOJIIMHA d TIOTUKPUCTAIIMYECKO 001acTH Obla cyIie-
crBeHHO Menblie mupubl OI13 W (d,= 10 am <<W),
y BTOpOW — comocTtaBuMa ¢ Hell (d= 1 Mxm =).

B nepBoM ciydae npu NpuiI0KEHUH MOJIOKUTENBHO-
TO HaNpsDKeHUs Ha PTYTHBIN 30H]] HAOMIOIAeTCsl yMEHb-
menne mupunbl OI13 1 Bozpacranue Toka /. M3 ananmza
BAX Ha puc. 2, @ MOXXHO CJIeN1aTh BEIBOI, UTO PE3YIIBTH-
pyrommii Tox onuceiBaetcs 3akonom /~U?2. Tlpu BbIpa-
[IMBAaHUHU TOHKOTO CJIOS AMOKCHUIa KpEMHHsI 00pasyeTcs
TOHKHH CJIOH MOJIMKPHUCTAIIINYECKOTO KPEMHHUSI, KOTOPBII

a)

HE BIIMSICT Ha MEXaHU3M TOKOIIEPEHOCA M BETMUHMHY TOKA.
B sTOM ciryuae Tok ornpenensieTcst JBOMHON HHKEKIHEeH
B 30HY IIPOCTPAHCTBEHHOTO 3aps/a: SICKTPOHOB U3 Me-
Tajyia ¥ JbIPOK U3 KpeMHUS [7], IpHU 9TOM paccesHUE B
CJIO€ TIONIMKPHUCTAIUTMIECKOTO KPEMHUS ITPEHEOPEKIMO
MaJIo ¥ He BIHSIET Ha Pe3yIBTUPYIONINN TOKOIIEPEHOC.

st 06pasnos ¢ d=W npu mmpune OI13 0,5—1,0 Mxm
U B OTCYTCTBHE HAPSDKEHUSI HA 30H/1€ TOKOTICPEHOC OCY-
HIECTBIISIETCS B 30HE TONUKPUCTAIUIMYECKOTO KPEMHHUSL.
B sToM ciydae rpaHully pasziena JUOKCHIa KpeMHUS U
MOMUKPEMHUSI MOKHO alIPOKCHMHUPOBATH MOJCIBIO
TUTOTHOYNIAKOBAHHBIX JHCIOKAINH, Ha TpaHUIle OJIOKOB
KOTOPBIX 00pa3yeTcs IBOWHON OapbepHbIH CIOI.

[TockobKy IpoLeccs TYHHEIUPOBAHUS HOCUTEIEH
3apsi/I0B CKBO3b MOTEHIMAbHBIE Oapbephl Ha IPaHUIaX
KPHCTAJUIOB MAJIOBEPOSATHBI, OCHOBHBIM MEXaHU3MOM TO-
KOIIEPEHOCa B TONIUKPHUCTAIUINISCKOM KPEMHHIH B 30HE
OI13, xorna d=W, sBnsieTcs paccessHAe HOCHTENeH 3apsi-
JIOB Ha IMOTCHITUAITLHBIX Oapbepax. DTO PUBOIHUT K YMCHb-
IICHUIO MOABIYKHOCTH HOCUTEIEH 3apsI0B U OrpaHHye-
HUIO ToKa. V3 ananu3za ¢opmel ipsmoii Betsu BAX Takoit
CTPYKTYpHI (CM. pHC. 2, 6) MOXHO CJIeJIaTh BBIBOJ O
TOM, YTO MPSIMOK TOK U3MEHsIeTCs 110 ApeiidoBo-auddy-
3MOHHOMY MEXaHHM3MY B COOTBETCTBHH C BBIPAKEHUEM
I~ - exp[qUIKT)] [7].

Bouto 3aMedeno, yTo mpu 0OJIBIINX 3HAYCHUAX DIICK-
TPHUYECKOTO HAIPSKESHUSI, TPUKJIIIbIBAEMOTO K KOHTAKTy
«Hg—p-Si», 1 3HAYATENEHOM KOHIICHTPAIIUHY MTPEIHTIHN-
THUpOBaHHOII mpuMecH (6onee 1%) Habmrogaercs 3Ha-
YUTEIBHBIN TOK YTEUKH. DTOT TOK CBS3aH C TYHHEIb-
HBIM NIEPEHOCOM 3apsifia BIOJIb COCTOSIHUI, co3aaBae-
MBIX TIPCHUNHTHPOBAHHBIMHI IIPUMECSIMH, a €r0 BEIH-
YIHA 3aBUCHUT OT KOHIICHTPAIIUH IIEKTPHUESCKU aKTHB-
HBIX TIPUMeECEH, JIOKATN30BaHHBIX Ha TPAHHUIIAX COCEI-
HUX KPUCTAJUIUTOB [§].

N3BecTHO, YTO MaJOyIJIOBbIE TPAHHIIBI U

I, MA 4 JI, MA TPaHUIBI KPUCTAIUTUTOB MTPEJICTABIISIOT COOOM
] //J Vd JcioKkannoHHbIe cTeHkH [9]. Ckorutenue 3a-
40 f; 6 ’/ PSOKEHHBIX JMCIIOKAIIMI Ha TPaHUIax OJIOKOB
4 , / MIPUBOAMT K 00Pa30BaHHUIO IBYMEPHBIX IPO-
30 1 /‘,/ Vs CTPaHCTBEHHBIX CJIOEB 3apsi/ia U K U3ruly JTHa
/ 4 30HBI IPOBOIUMOCTH, & TAKKE MOXKET IPUBE-
20 - f ) 4 CTH K 00pa30BaHUIO MPOBOISAIINX KAaHAJIOB HA
/ 2 P rpaHuIax KpuctaumToB. CTeneHs n3ruda JHa
10 - 4 3aBHCHT OT BEJIMYHMHBI 3apsijia TUCITOKAIMNA U
'/,/ v OT Pa30pPHUEHTAIMH COCCTHUX KPUCTAIITUTOR.
0 02 04 UB 0 02 04 U.B Kaxk nmoxazan Oske-aHanu3, TUCIOKAIINH U, KaK
6) CJIC/ICTBHE, TPAHUIIBI KPUCTAITUTOB MPEIHITH-
I MA 0.2 04 U,B THPOBAHbI KHCIOPOJIOM. KoHuenTpanus xuc-
’ 0 —— " J10poja Obl;la MAKCUMaJIbHA HA TPAHUIIE «JIH-
0,6 / +  OKCHJI — KPEMHHil» M COCTaBJsuIa PUOJIH-
/ q e 3uTensHO 6,4% (cM. Tadamiy). Xoporo u3-
' BECTHO, YTO KHCJIOPOJ B KPEMHHHU CO3/1aCT
0.4 / AJIEKTPUYECKU aKTUBHBIC IOHOPHBIC DHEpre-
-2 * THUYECKUE YPOBHHU NIPU 00PA30BaHUU KOMILIEK-
¢ o COB «KHCJIOPOJI — BaKaHCHUs» MIPH TeMIIepa-
0,2 . °
s Y Type OKOIIO 1150°C [10]. [TockonbKy UMEHHO
& P TIPY ATOU TeMIIepaType MPOUCXOIUT TepMHUYe-
i * CKOE€ OKHUCIICHHE KPEMHHUS, MOJKHO TIPEIIIOI0-
0 0,2 04 U,B InZ, MA JKUTB, YTO Ha I'PaHUIAX KPUCTAJUIUTOB KHC-

Puc. 2. BAX ctpykrypsl Hg—p-Si B ciiyuasx xorna d<<W (a) u d=W (6)

JIOPOJ HAXOAUTCA B DJICKTPUICCKU aKTUBHOM
COCTOsIHHHU, T. €. BO3BMOXCH MEPCHOC 3apsaaa
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Pacuem Ooice-cnexmpa na epanuye pazoena
«Si0,~Si» (be3 yuema Oouoxcuda)

S eMeHT Konnentpamnus (%) Ha rayOnne
2—3 MKM 10—12 mxm
K 0 0
C 0.348 0,452
Na 0,05 0,04
Si 92,675 95,245
(0] 6,393 3,742

BJIOJTb MPEIMITATHPOBAHHBIX IPUMECSIMH IPaHUI] KPUC-
TAJUTUTOB, KaK 3TO ObLIO MOKa3aHo B [4].

EE RS

Taxum 06pa3om, Ha OCHOBE ITPOBEICHHBIX UCCIIEI0-
BaHMI YCTAHOBIICHO, YTO IPH YBETUYEHUH TOJIIHHBI CIIOS
MOJIMKPUCTAIITUYECKOTO p-KPEMHHS MEXaHU3M TOKOIIe-
peHoca U3MEHSEeTCsl OT ABOMHOI0 MHKEKIIMOHHOI0, KO-
TOPBIN OTHCHIBACTCS KBAAPATUIHON 3aBUCHUMOCTBIO, K
npeiidopo-auddy3noHHOMY, OIHCHIBAEMOMY YKCIIOHEH-
LUAJILHOM 3aBUCUMOCTBI0. Takoe U3MEHEHUE CBS3aHO C
yBeJNUYeHHEM Jper(hoBOK COCTABIAIONICH TOKA B 30HE
MPOCTPAHCTBEHHOT'O 3apsiia KOHTAKTa «MEeTaJlJI — p-KpeM-
HUI», BO3HUKAIOILEH BCIIEACTBUE YBEJIUUEHUS 1OBEPX-
HOCTHOH NJIOTHOCTH PacCEUBAIOIINX OaphepoB,
JIOKAJIM30BaHHBIX HA IPaHMULIAX COCEIHMX 3€pEeH I0JIU-
KPHUCTAJIOB KPEMHUS.

Ha mMexaHu3M ToKoIepeHoca 4epe3 KOHTAKT «MeTall —
MOJUKPUCTAIIIMYECKUN p-KPEMHUI» MOTYT OKa3bIBaTh
BIIMSIHUE IIPUCYTCTBYIOIIUE B p-KPEMHUU SJIEKTPUUECKU
AKTHUBHBIE aTOMbI IPUMECEH THUIIA KUCI0poJa. DTH IpU-
MECH, JIOKAJIU3YSCh HA IPaHULAX KPUCTAJUIUTOB, CO3/1a-
I0T JIOIIOJIHUTENIBHBIE COCTOSHUS B 3aIIPELICHHON 30HE
KPEMHHUS, YTO YBEIMYUBAET BEPOATHOCTh TYHHEJIBHOTO
TOKOIIEPEHOCA. YCTAaHOBIEHO, YTO BETMUMHA TYHHEIbHO-

T'0 TOKa 6y,Z[€T 3aBUCETH OT KOHHEHTPAIIUU SJICKTPUICCKU
AKTUBHBIX HpHMeCCﬁ, JIOKQJIM30BAHHBIX Ha I'paHUIlax
COCCAHUX KPUCTAJIJIUTOB.
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ABTOAUHHBIE XAPAKTEPUCTUKHA
CTABUIIN3NPOBAHHBIX CBU-I'EHEPATOPOB
TP CMJIBHOM OTPAXKEHHOM CHUI'HAJIE

Buinonnenwvr pacuemvr u ananuz xapaxme-
PpUCMUK A8MOOUHHOU CUCMeMbl, CaduIu-
3UPOBAHHOU BHEUHUM B8bICOKOOOOPOMHbIM
PEe30HaAmMoOpPoOM, a MAaKH#ce CNeKmpaibHblX
Xapakmepucmuk npu ycio8usx mouyHou u
HEeMmOo4HOU HACMPOUKU pe3oHamopa u 8d-
PUAYUAX PACCMOAHUS 00 OMPAAHCAMEIIA.

B [1] Hamu Obla pazpaboTaHa MaTeMaTHIeCcKast MO-
JIeTh aBTOAMHHOTO T€HEpaTOpa MPHU CHIILHOM OTPasKeH-
HOM CHUT'HAJIC, BBIIIOJITHECHBI UCCIICAOBAHUA BJIMSIHUSA Ha-
IPY3KHA U COCTABJISIOIINX TPOBOJAUMOCTH KoJeOaTelb-
HOM CUCTEeMBI Ha (JOPMHUPOBAHNE ABTOJUHHOTO OTKJIMKA.
B HacTosmieli pabote cTosiia 3a71a4a Ha OCHOBE ATOH MO-
JIEJIA UCCIIEIOBATh BIUSHHUE HA aBTOMHHBIC XapaKTepH-
CTUKHU BHYTPEHHHUX CBOMCTB reHepaTOPa, BETMINHBI pac-
CTPOVKHU pe30HaTOpa U Bapualluid pacCTOSHUSA 10 OTpa-
JKAIOIIET0 OOBEKTA.

AHaJM3 ABTOAMHHBIX XapaAKTePUCTUK MPU TOYHOH
HACTPOiiKe CTAOMJIN3HPYIONIEr0 pe30HATOPa

OCHOBHBIMU aBTOAMHHBIMU XapakTepucTukamu CBY-
TeHEePaTOPOB, HAXOMSIIUXCS O] BO3ACUCTBHEM COO-
CTBEHHOT'0 OTPA’KEHHOT'0 U3ITY4EHHS, SBISIOTCS YaCTOT-
Has XH(‘CH)l, aMIUIMTynHas a,,(T,) U aMILIATYIHO-4ac-
TOTHasA d_,(),) XapaKTEPUCTHKHU aBTOAMHA (COKpaIIEH-
HO UXA, AXA u AYX, cooTBETCTBEHHO) [2—8]. OTH
XapaKTePUCTHKN, HOPMUPOBAHHBIC OTHOCUTEIFHO CBOUX
MaKCHMaJIbHBIX 3HAYE€HU, 00€CIedrBalOT BO3MOXKHOCTb
aHanm3a 0cOOCHHOCTEH (HOPMHUPOBAHHUS ABTOTMHHOTO OT-
KJIMKA [IPU €ro BBIJACIECHUH B BUJE IOJIE3HOTO CUTHANA
TI0 BapUALUIM aMIUMTY/IbI @, (T, ) U 9acTOTHI ), (T, ) KO-
ne6aHuii IIpY H3MEHEHNH HOPMUPOBAHHOTO BPEMEHH T
3ama3/bIBAHUS OTPAXKECHHOTO U3Ty4EHHS Ha OTIEIBHBIX
(hparMeHTax paccTosHUS § 10 oTpakaTels. Ele oaHoi
Ba)KHOH XapaKTEepUCTUKOM aBTOMHOB sIBIIsICTCS (ha30oBas
d(t,)=0(,T,) xapakrepuctuka (®XA), KoTopas, KaK
BUJIHO U3 BeipakeHus (13) B [1], 3aBucut Taxke ot UXA
(4epe3 OTHOCUTEbHBIE U3MEHEHHUS YacTOTHI )) U pac-
CTOSTHMS 10 OTpaXkaTels (depes IeI0e YUCII0 MOTYBOJIH
N 1o otpakaromiero o0bpekta). PaccMoTpuMm repBbie Tpu
XapaKTEePUCTUKH VIS cydasi TOUYHOH HaCTpOHKHU yacTo-
ThI CTAOMJIM3UPYIOLIETO PE3OHATOPA (), HA YACTOTY ),

!351eck u asiee coXpaHeHbl Bee 0003HAYEHHS 1 IOHSATHS, IPUHSATHIE B [1].

KoJie0aHM aBTOHOMHOTO TeHeparopa, T. €. KOTrJia ero oT-
HOCUTENIbHAs paccTpoiika v=0, a TakKe Npu yCIOBHH
MaJIOTO PacCTOSHIS 10 OTpakaTes, momaras N=0.

Jlist pacyeTa XapakTEPUCTUK X, U a, KaK QyHKIui
HOPMHUPOBAHHOTO BPEMEHHU T, YYMTHIBAIOLUIUX TAKKE
0COOCHHOCTH TTOBEICHHS HATPY3KU M YaCTOTHBIX 3aBHU-
CUMOCTEH MPOBOAMMOCTH KOJEOATEIHHON CHUCTEMBI B
YCIOBUSX CHIIBHOTO OTPAKEHHOTO CUTHAJIA, HCIONB3Y-
em cuctemy ypaBHenwid (11), (12) u3 [1]. Pemenue atoit
CHUCTEMBI UIIEM C HUCIOJIb30BAHUEM MaTeMaTH4eCKOTO
nakera nporpamMm Mathcad. /lis aToro cHawana Haxo-
UM peIleHHe IS aBTOAWHHBIX M3MEHEHHU YacTOTHI
X=X(T,) TpaHCUEHAEHTHOTro ypaBHeHus (12) meTomom
CEKYyIIUX UTEPAIIMOHHOTO aJlTOPUTMA, PEaTU30BAHHOTO
B (pyHKIMH root. [Tocie mogcTaHOBKY Oy UeHHBIX 3HAYC-
HUI % B ypaBHeHue (11) HaxomauM 3HaUSHHUS /1715 IePEeMEH-
HOI1 a, =a,(t,). lanee c moMoIpIo0 BCTPOEHHOM QYHKIMK
Maximize (f, X,,..., X, ) B TOJY4€HHBIX (QYHKIHAX
a,=a,(t,) 1 X=X(T,) HAXOIUM JIOKAJILHBIE SKCTPEMYMBbI
@, ¥ X, KOTOPbIE /ISl TIONYYEHHUsI HCKOMbIX aBTOMH-
HBIX XapaKTEPUCTHK MCIOIB3YeM B KaUueCTBE HOPMHUPYIO-
uero napamerpa: a, (t,)=a,(t ) a,  u X (T)=X(T )/ %,
Pa3paboTaHHbII aXropuT™M MPOBEPSIICT Ha CXOAUMOCTD
MOTyYCHHBIX PE3YTETATOB BRIUMCICHIH aBTOJMHHBIX Xa-
PaKTEPUCTHK MPH MAJIOM OTpakeHHOM curHaie (I'<<1)
C pe3yJIbTaTaMy BEIYUCIICHUN aBTOJJHHHBIX XapaKTEPHC-
TUK, IOJIy9eHHBIX B [5]. Bce mpuBeieHHbIE B HACTOSIIEH
CTaThe PE3yNbTATHI IOy ICHBI IS CTAOMITH3HPOBAHHOTO
aBTo/MHHOTO renepatopa rpu B,=1; 0, =100; O _,=1000;
oy =1; §;,=0.

Ha puc. 1 npencrasnenst YXA x (t,) 1 AXA a, (T,)
B BHJIC BPEMEHHBIX JMarpamMm Ha uHrepsaie T,=0...2,
paccuuTaHHbIE MPH PA3ITMYHBIX 3HAYCHUSIX KO3 duIreH-
TOB HEM30XPOHHOCTH Y I HEM30IPOMHOCTH P TeHEpaTopa
quts ciaydaeB ciadboro (I'=0,01) u cumproTro (I'=0,5) 0T-
pakeHHOTo curHana. Ha Bpe3kax 3THX XapaKTepUCTHK
MOKa3aH BUJ YaCTOTHBIX 3aBUCHUMOCTEH PEaKTUBHBIX
b, (X) ¥ PE3UCTUBHBIX g _()) COCTABJIAIOIIMX MPOBOIH-
MOCTH KOJIeOaTeTIHHON CHCTEMBI IIPU COOTBETCTBYIOIINX
3Ha4eHusX Kodpduumentos Y u p. AYX a_,(x,,) mocrpoe-
HBI B ICKAPTOBOM CHCTEME KOOPIAWHAT HAa OCHOBAHUH JJaH-
HBIX, TOJTYYCHHBIX TP BBIYUCICHUH COOTBETCTBYIOIINX
YUXA u AXA u 3a1aHAM 3HAYCHU I T, B MHTEPBAJIE OT 0
1o 1 kak mapamerpuueckux. Toukamu Ha KpuBbIx AUX
OTMEUEHBI MTOJI0KEHHS H300paYKAFOIIINX TOUEK C MHTEpBa-
JIOM B OJIHY JIECSTYIO TIEPHO/Ia ABTOAUHHOTO OTKJIMKA.
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Puc. 1. UXA % (7)., AXA a (1) u AUX a_,(),) TeHepaTopa co cnaboii cBa3bI0, paccuntannkle ang 3,=1,5; v=0; I'=0,01
(xpuBsre /) u '=0,5 (kpuBble 2) IpH pa3IMYHBIX 3HAYEHHUIX Kod(QduIreHToB y u p:
a—vy=p=0; 6 —y=0,5, p=0; 6 — y=0, p=0,5; e —y=p=0,5; 0 — y=-0,5, p=0,5; e —v=0,5, p=-0,5
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I'paduxu 3aBuCHMOCTEN KO3 DUINCHTOB TapMOHHK
9aCTOTHBIX K, M aMIUIATYHBIX K| H3MCHEHHIA, a TaKKe
YPOBHS FapMOHI/I‘IeCKI/IX COCTABIIAIOIIX (c 1 mo 5) cek-
TPOB aBTOJUHHOTO OTKJIHMKA 110 U3MEHECHUIO YaCTOTEHI
X, (F,) u ammmatynsl a_ (F,) koneOaHui OT BEITHIUHBI
Moyitst ko3 dunmenta orpaxkenus I' paccMarpuBaemo-
IO TeHepaTopa MPECTABICHB! HA PUC 2.

OCHOBHBIE pE3yIIBTaThl AHAIN3a JAHHBIX, TOTYYEHHBIX
IPU YUCIEHHOM MOJAEIUPOBAHUU MPOLIECCOB (hOPMUPO-
BaHHS ABTOIMHHOTO OTKJIMKA B TEHEPATOPaX, COCTOSAT B
CIIEYIOIIEM.

B citydae manoro curnana (cMm. kpusble / Ha puc. 1)
UXAy,(t,)n AXA a, (T ) MMEIOT CHHYCOMIATbHBIH BU]IL.
IIpu 3TOM Bapuanuu K03 GUIMEHTOB HEN30XPOHHOCTH Y
Y HEM30JJPOMHOCTH ) BBI3BIBAIOT JIMILb COOTBETCTBYIO-
e N3MEHEHUSI OTHOCUTEIBHBIX YIIIOB (Pa30BOTO CMe-
NIeHUs 9=arctg‘y u wl=arctgp KOMIIOHEHTOB aBTOJUH-
HOTO OTKJIMKA. DTH (PAKTHI JOCTATOYHO XOPOIIO H3yde-
HBI U COTVIACYIOTCS C pe3yNbTaTaMi M3BECTHBIX HCCIIe-
JnoBaHuit aBToquHHBIX CBY-renepatopos [2—35].

Ipu cuIIbHOM OTPaXKCHHOM CHUTHAJIE 3aBUCSIIHNE OT
BEJIMYUHBI KOAPPHUIIMEHTOB Y U P (ha30BbIe CMEIICHHSI
aBTOIMHHBIX U3MEHEHHMH 9acTOThI X, (T, ) M aMILUTHTY bl
a_,(T,) TAKKe MIMEIOT MECTO, YTO XOPOILO BHJIHO IO C/IBH-
raM KpuBbIX 2 Ha puc. 1. OgHako HauOOIBIINIA HHTEPEC
B 3TOM CJIy4ae MPeICTaBIsIEeT OMCK PUYUH, BCIIEACTBUE
KOTOPBIX BO3HUKAIOT HCKKCHUS] KOMIIOHEHTOB aBTO/IHH-
HOT'O OTKJIMKA, YTO SIBIISICTCS BaYKHBIM JUTS1 00CCTICUEHHSI
paboTOCOCOOHOCTH aBTOANHHBIX CHCTEM OJIKHEH pa-
JFOJIOKAIINH TIPH CHITBHOM OTPa)KCHHOM CHUTHAJIE.

W3 cpaBHEHWS TpahIKOB HOPMHUPOBAHHBIX 3aBUCHMO-
creii b (t,) u g,(T,), NpeacTaBiennbx B [1] Ha puc. 2,
C COOTBETCTBYIOIIMMHU rpadukamu 4acTOTHOH ¥, (T,) U
aMILTUTYHOH @ (T, ) XapaKTePHCTUK IPH TAKHUX JKe 3Hade-
HISIX TTapaMeTPOB HEM30XPOHHOCTH Y M HEN30APOMHOCTH
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p reHeparopa (cM. puc. 1, a, 0 u e) BUITHO, YTO MOCIIETHHE
HE TIOBTOPSIIOT IIEPBbIE C MHBEPCHEH, KaK 3TO HAOIIOnaeTCs
y OJTHOKOHTYPHBIX T€HEPaTOPOB, a OTJINYAIOTCS JIOTIOIHH-
TEIIbHBIMH HCKKEHHSIMU MTHOBCHHBIX 3HaYeHuiA. V3 cpas-
HEHHs rpaMKoB Ha pHC. 1, ¢ U 6 BUAHO TaKXkKe, 9TO He-
M30XPOHHOCTH TeHeparopa OKa3bIBACT BIIMSHHE HA 3aKOH
(hopmupoBanus AXA, B TO BpeMs KaK U3 CpaBHEHHUS Xa-
PAKTEPUCTHK PUC. 1, 2 M e CeyeT, uTo 00paTHOE BIUSHUE,
T. €. HeM30[POMHOCTb F'€HEPATOpPa, OTCYTCTBYET.

U3 comocraBienust popM 4aCTOTHBIX 3aBHCUMOCTEN
peakTuBHOM b _ () M PE3UCTUBHOM g _ () IPOBOAMMO-
CTeH KoebaTeIbHOH CHCTEMBI, TOKa3aHHBIX Ha Bpe3-
Kax JMarpamm, ¥ XapakTepucTuk ¥ (T,) u a,,(T,) Ha
puc. 1 XOpOoI1I0 BUAHO, YTO MOJIOKUTCIIBHBIC U OTpHULla-
TEJIbHBIC ITOJTYBOJIHBI ABTOJUHHOT'O OTKJIMKA [0 U3MCHE-
HUIO YacCTOThl X, (T,) UMEIOT OJMHAKOBBIE aMILIUTY IbI
TOIILKO B CITy4dae M30XpoHHOTO reHeparopa (y=0), y xo-
TOPOTO 4aCTOTHAs 3aBUCHMOCTb b_ ()) MMEET CUMMET-
puunyto popmy (cM. puc. 1, a u 6). B ciryuae Henzox-
poHHOTO reHeparopa (y#0) HabmiomaeTcsa kak Obl dac-
TUYHBII cpe3 OTHOH U3 IOTYBOJIH aBTOANHHBIX XapaKTe-
puctuk ¥, (T,) (cMm. puc. 1, 6, 2—e). JlanHO€ sBIIEHHE, &
TaK)Ke M3]I0M XapaKTePUCTHK X, (T,) B 00JIACTH MallbIX
3HAYCHUH aBTOANHHBIX N3MECHCHHUH YaCTOTHI OOBSICHSIOT-
Cs1 ICUCTBUEM CTAOMITH3HPYIOIIETO PE30HATOPA, KOTOPHIH
«CTPEMUTCS» YAEPKUBATH YACTOTY NEHEpaAllU B I[EHT-
pabHOM YaCcTH YaCTOTHOM 3aBUCUMOCTH. 32 IIpe/IeIaMu
€T0 TOJIOCHI KYIEPXKAHUS», TAe KPYTH3HA 4aCTOTHOH 3a-
BHCUMOCTH b_ () OIPENIENAETCS TOIBKO IOOPOTHOCTHIO
pabouero pesonaropa Q, |, H3MEHEHHUS YaCTOTHI PE3KO
YBEIHMUUBAIOTCS, (POPMUPYS B XapaKTECPUCTHKE OTKIINKA
ACHMMETPHYHBIN BBIXO]] PETUCTPUPYEMOTO TapaMeTpa.

Jnst Gornee moTHOrO MOHMMaHUS Tporiecca GopmHu-
POBaHHS «HCKa)KEHHBIX)» aBTOIUHHBIX XapaKTePUCTHK,
MPEJCTABICHHBIX Ha pHc. 1, HEOOXOOUMO CHOBa 00pa-
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Puc. 2. 3aBHCUMOCTH YPOBHSI OCHOBHBIX TapPMOHHYECKHX COCTABIIIONIMX CIIEKTPOB aBTOJMHHOTO OTKJIMKA IeHepaTropa
€O c1aboi CBA3BIO 110 U3MEHEHHUIO YaCTOTHI X, (71) M aMILIUTYbI @, () KojeOaHui u Ko3(pHUIMEHTOB rapMOHUK K u K_or
BEJIMYMHBI MOAYNs Koddduiuenta orpakenus I', paccunrannbie s reneparopa npu 3,=1,5; v=0 npn pa3nnqm,1x
3HAYCHUSX KOA(PQUIMEHTOB Y U P:
a — y=p=0; 6 — y=0,5, p=0,5
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TUThCS K padore [1]. Juarpammel 1 u 6 Ha puc. 7 B [1]
3aMEHUM COOTBETCTBYIONIMMH AuarpamMmmamu b, (T,) n
Z,(T,), IPEICTABICHHBIMK TaM K€ Ha pUC. 2, a Jiuar-
pamMMbl 2 U 4 IpH TeX ke 3HaUeHHUIX KOI(D(UILIMEHTOB Y 1
p — 3aBucumoctamu b_(x) u g (X), KOTOpble NpuBe-
JleHsl TaM Ha puc. 6. Torma Ha guarpammax 3 u § moiy-
YUM COOTBETCTBYIOIINE I'pa)KN aBTOJAMHHBIX H3MEHE-
HUI 9aCTOTHI X(T,) ¥ AMILTUTY/IbI @, (T, ), KOTOPBIE MOCIIE
MpoLeypbl HOPMUPOBKH CTAHOBATCS UMEHHO TaKUMH,
KaKUMH OHH IIPEICTABIICHBI B HACTOsILEH paboTe Ha puc. 1.

YtoO5I crenaTh BEIBOABI U3 PE3yIbTATOB aHAIN3a
puc. 2, cpaBHUM UX C TpadrukamMu, IPHUBEICHHBIMHI Ha
puc. 3 B [1]. (Xots, kak oTMeuanocs B [ 1], 3tu rpaduku
paccuuTaHbl U1 U3MEHSAIOLIENCs] YaCTH HOPMUPOBAaHHOM
MIPOBOJMMOCTH HAIPYy3KH, OHU MTOJTHOCTBIO COOTBETCTBY-
0T XapaKTepUCTUKaM OIHOKOHTYPHOTO F'eHepaTopa.)

B menom, Xox Bcex 3aBUCHMOCTEH Ha MX Ha9aIbHOM
y4acTke, 1o 3Ha4eHus ko3 durrenta orpaxenns ['=0,1,
Y Ha X KOHEYHOM yuacTke, rie ['=0,5, ..., 1, kauecTBeH-
HO coBraaet. VICKIr04eHre CoCTaBIIsAeT 00acTh MEXTY
sHaueHustMu I ot 0,1 10 0,5. B 3T0# 001acTu HabIrOna-
eTcst meperud rpad)uKoB, OTOOPAKAIOIINX XOJI 3aBHCHU-
MOCTeH ypoBHs IepBbIX rapmMonuk ), (1) ua, (1), a Tak-
K€ 3aMETHBIA POCT YPOBHS BBICIIMX TAPMOHMK X, (1) U
a, (n), tne n>1. Kpome Toro, 31ech HabI0Na€ETCS COOT-
BETCTBYIOIIIEE M3MEHEHHE X0/1a XapaKTePUCTUK K03 Du-
HEHTOB FAPMOHHUK /U5l M3MCHCHUH KaK 4acTOThI K, , TaK
v ammuaTyzbl K . Kak mokasanu pacdeTsbl aBTOIMHHBIX
XapaKTEePHCTHK, B 3TOW obiiacTH 3HaYeHUd [' ypoBeHb
OTPaKEHHOT'0 CHTHAJIA JIOCTUTAeT TOUKH Ieperuda Ha rpa-
(pHKe 9aCTOTHON 3aBHCUMOCTH PEAKTUBHON MPOBOTUMO-
cru b () konebarenbHOM cuctemsl. [Ipu nanbueiimem
YBEJIMYEHUH YPOBHS OTPAYKEHHOT'0 CUTHAJIA BIMSHUE He-
JHMHEHHOCTH, 00y CIIOBICHHON HAIMYAEM CTAOMITH3HPY-

IOLEr0 PE30HATOPA, YMEHbBIIAETCS, MOCKOJIBKY 3/1€Ch
y’Ke HAYMHACT MPEBAINPOBATH BIUSHUE XaPAKTEPUCTHK
OCHOBHOTO pabodero pezoHatopa. Kax pas B 3toit 00-
nacTu 3HaYeHui korpunmenta [" nckaxxeHus aBTOIMH-
HOTO OTKJIMKA HaOIONAIOTCsl B HanOombIieit crermenu. [1pu
JlaJIbHEHIlIEeM YBEJIMUEHUH YPOBHS OTPa)KEHHOI'O CUTHA-
JIa BIUSTHUE HEITMHEHHOCTH, 00y CIIOBICHHOH HATMIHEM
CTAaOMIM3UPYIOIIETO PE30HATOPA, YMEHBIIACTCA, TO-
CKOJIBKY 3/1€Ch YK€ HAuHMHAeT MPEBAIUPOBATh BIMSIHUE
XapaKTEPUCTUK OCHOBHOI'O pabouero pe3oHaTopa.

B cityuae manoro curnana simncel AYX a, (x,) ca-
OWMITM3MPOBAHHOTO ABTOAMHHOTO TEHEPATOpa, KaK M B
clydae OIXHOKOHTYPHOTO TCHEpaTopa, MpH JIIOOBIX 3HA-
YEHUSIX KOA((HUINEHTOB Y U P TOJHOCTHIO 3ATIOIHSIOT
KBa/IpaT B HOPMUPOBAHHOI cUCTEME KOOPAUHAT OTHOCHU-
TEJbHBIX U3MEHEHUH YaCTOThI U aMIUTUTY bl KOJIeOaHUH,
KOTOpEIH 0oOpa3oBan nuHHAMH Y (T, )€E[-1; +1],
a, (1 )€[-1; +1] (xpusbie / Ha puc. 1). Ilpuuem B ciy-
Jae M30XPOHHOTO ¥ H30JPOMHOTO I'eHepaTopa, y KOTOpo-
ro Y=p=0, 3JTUIC BBIPOKIAETCI B OKPYKHOCTH (CM.
puc. 1, a). laHHble pe3ynbTaThl, U3BECTHBIE KAK B TEO-
PUH OJHOKOHTYPHBIX, TaK U AByXKOHTYPHBIX (CTaOMIIN-
3UPOBAHHBIX) TEHEPATOPOB [5], TpeICTaBICHBI 371eCh C
IENTBI0 TIPOBEPKH CXOIMMOCTH Pa3pabOTaHHOW MOJCIH
JUTsL OOJTBIIIOTO CUTHAJIA C U3BECTHOM M XOPOIIIO U3Y4EH-
HOU MOJIENBIO sl MaJIOTO CUTHANA.

AUX a, (X,) B Clly4ae CHIBHOTO OTPAKEHHOTO CUT-
HaJla IMEET OUCHB CIIOKHYIO (POpMY, KOTOPas 3HAUUTEIb-
HO OTJIMYAeTCs OT UIMIITUYECKOM, a IonepeyHble pas-
MEpBI €€ IIOJIHOCTBIO HE 3aMI0JIHA0T OTBEJEHHBIN 11 110~
cTpoeHHsI kBajapat (kpussle 2 Ha puc. 1). [Ipuuem npu
vy=0 (u30xpoHHBII reHepaTop) AUX HHOIAA UMEEeT Kak
OBl pazaBoeHHYIO (hopMy, Takyro Kak Ha puc. 1, a u 8.
Opuentanusa AUX 3aBUCUT IPEUMYLIECTBEHHO OT 3HAaKa

X \1 ay : /,\ f Ay 1
0,5 A\ : 0,5 \ . ) 0,5 -
0 2\ 0*\.\ M 0 //—-—\\.
_0,52\ ] \ ‘iij'(io 0,5 % E gKH(x)% // 0’5>(\\ )
{
-1,0 olwoﬁ 10 15 T, 10 o,g 1,0 \1\‘5![ T, _l’oh,s 1,0 15 1,

Puc. 3. UXA x,(t,), AXA a,,(t,) n AUX a,,(X,) reneparopa

C CUJIbHOI CBA3BIO, paCCUMTAHHbIE 1S [3 =10; v=0; I'=0,01

(xpusbie 1) u I'=0,5 (xpuBbie 2)

100 T Xu(1) /
= T Y
5 60 PR 14
X 40 W2 0,10 ]
< oyl %(5))

20 0,05 i

O _.-"’"' 0 __./// ‘
0,01 0,1 r 001 0.1 r

100 L] a,,(n)
80 n 0,20
o a,
60 " 0,15 b
e K- 1y (3) 4
= 40 — 0,10 o ,
: a,,(2) a4 1/
F 20 —\| 0,05 L
a
0 ] N 0 M>4
0,0 0.1 r 00l 01 r

Puc. 4. Te e 3aBUCMMOCTH, 4TO M Ha PHC. 2, [ TEHEPATOPA C CHIIbHOM cBA3bI0 mpH 3,=40; v=0; y=p=0
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CBY-TEXHUKA

pu K03 HUIMEHTE HEM30XPOHHOCTH Y: TIPU 3HAKE «+
OHa OPHEHTHPOBAHA CIICBa HAMPABO BHH3, a TIPU 3HAKE
«» — cneBa HampaBo BBepX. K coxkaneHuto, orpaHu-
YEHHOCTb YMCIIEHHBIX METOJIOB aHalu3a MoKa elle He
MIO3BOJIMJIA BBISIBUTH 3aKOHOMEPHOCTH (POPMHUPOBAHIII
ATOM XapaKTEPUCTUKH, CHATUE KOTOPOU Ha IKCIIEPUMEH-
TaJIBHOM CTEHJIE HE TIPEJICTABIISETCS IOCTATOYHO CIIOXK-
HbIM [4, 5].

W3 npencraBieHHBIX Pe3yabTaTOB UCCIIEI0BaHHUI BUI-
HO, YTO IPHU CJA0O0W CBSA3U MEXIy Pe30HATOpAMH aBTO-
JMHHBIN OTKJIMK FeHepaTopa co CTabMIIM3UPYIOIINM Pe30-
HaTOPOM IIPH CHIIBHOM OTPa’K€HHOM CUTHaJIe OBEPIKEH
HCKaKEHHSM B OOJIBINICH CTETIEHH, YeM aBTOIMHHBIN OT-
KJIIMK OOBIYHOTO HECTAOMIM3UPOBAHHOTO TeHEpaTOpa.

PaccmoTpum ciyuail cMJIBHOM CBsI3W, KOTAAa OJIHO-
BPEMEHHO COYETAINCH ObI JOCTOMHCTBA OJHOKOHTYPHO-
T'0 ¥ CTa0MIM3UPOBAHHOTO TE€HEPATOPOB, TPEACTABIIIIO-
U TPaKTUYIECKUI MHTEpEC.

B pesynbrare aHaim3a psijia XapakKTepUCTHK MTPH pas-
JIMYHBIX 3HAYEHHSX TIApaMeTpa CBA3HU [, yCTaHOBJIEHO,
4TO IIOCTaBJIEHHOE YCIIOBHE Y0BIeTBOpseTcs npH [3,>10.
Ha puc. 3 u 4 npezcraBiensl pe3ynbTaTbl pacyeToB Xa-
PaKTEpUCTUK U30XPOHHOI'O FeHepaTopa sl Cilydast, Korna
B,=10. U3 cpaBHEHNS THX 3aBUCUMOCTEH C 3aBHCHMO-
cramu b (T) u g (T, ), IPUBEICHHBIMY Ha PUC. 2, a B
[1], coorBercTBYOmMME UXA, AXA 1 AUX, npeacras-
JICHHBIMH Ha puc. 1, a, a Takxe ¢ rpadukamu puc. 3, a u
puc. 2, a, BUAHO cieaytomiee. B cnyyae cuinbHOM cBA3H
ABTOJIMHHBII OTKJIMK ITOX0K Ha OTKJIMK OTHOKOHTYPHOTO
TeHepaTopa, T. €. HaOIoIaeTCss MOHOTOHHOCTh TPa)KOB
TapMOHMYECKUX COCTABJIAOMUX ¥ (1), a (n) u Kodd-
(uumrentos rapmonuk K, v K B iMana3oHe U3MEHEHUH
ko3¢ durmenta orpaxenns 0<['<0,5.

Pestomupys pesynbTarhl IPOBEIEHHOIO AHAIN3A, E1Ie
pa3 OTMETUM, YTO IIPU CUIILHOM OTPa’KeHHOM CUTHAJIe IS
YMEHBIICHHS YPOBHS UCKAKEHUH aBTOAMHHOTO OTKITHKA
IIPEAIOYTUTENBFHO UCII0Ib30BaHUE CUIBHOM CBSI3U MEX-
Iy pe3oHaTopamMu. [Ipu TakoM ycloBHH OJJHOBPEMEHHO
pean3yroTcs JOCTOMHCTBA OIHOKOHTYPHOIO F'eéHepaTo-
pa (JIMHEHHOCTb YaCTOTHBIX 3aBUCUMOCTEH COCTaBJISIO-
IUX TPOBOANMOCTH PE30HAHCHOI CHCTEMBI) U cTabu-
JM3UPOBAHHOIO T'eHeparopa, y KOToporo oiarofaps Aei-
CTBUIO BHEIIIHETO Pe30HATOPa 00eCIIeUnBaeTCs CHIIbHAS
MIPUBSI3KA K YACTOTE CTA0MIN3UPYIOLIET0 pE30HATOPA.

Bausinue paccTpoiiKku cTa0UJIN3MPYIOIIET0
pe30HATOpa HA ABTOAMHHBIC XaPAKTEPHCTUKH

[IpencrapneHHbIE BBIIIE PE3yIbTAThI aHAN3A TIONY-
YeHBbI 17151 CITy4yasi TOYHOM HACTPOIKHU pe30HaTopa, Koraa
€ro cOOCTBEHHAs 4acTOTa (), COBIA/IAET C YaCTOTOH ),
CTAIlMOHAPHBIX KoJeOaHWH aBTOHOMHOTO TeHeparopa.
Hanuume paccrpoiiky, T. . korga v>(, BbI3bIBaeT cMe-
nieHrne padodelt TOUKM M0 YaCTOTHOM XapaKTepUCTHKE
PEeaKTUBHOM b () M PE3UCTUBHOM g, () COCTABIIAROIINX
MPOBOMMOCTH KOJIe0aTeNIbHOM CHCTEMBI (CM. puc. 6, [1]).
B cBere onucaHHBIX BbILIE PE3YJIBTATOB UCCIEIOBAHUMI
OYEBHIHO, YTO JAHHOE SIBICHHE CIIOCOOHO OKa3bIBAThH
CYIIIECTBCHHOE BIISIHAEC Ha 0COOCHHOCTH (HhOpMHpPOBa-
HUS aBTOJIMHHOTO OTKIINKA, 0COOCHHO MPH CHIILHOM OT-
pakeHHOM CUTHaJIe. B CBsI3U ¢ 3TUM J1J1s TAKOTO cydast
OBUIH BBITIOJIHEHBI HCCIICIOBAHUS BIUSHUS PACCTPOUKH
4acToT (M, U (), Ha ITPOLECC (POPMUPOBAHHS ABTOTMHHO-

ro oTkimKa. [Ipu 3TOM, Kak ¥ B IPEIBIAYIIEM pasJiere,
paccTosHUE 10 OTpaskaTelsl IMoJIaraiy JOCTaTOYHO Ma-
1bIM, Tak uto N=0. JI7151 cpaBHEHHUS TaKkKe ObLIH IIPOBe-
JICHBI pacyeThl aBTOMHHOTO OTKIIMKA JUIS CIydas Clia-
00r0 OTPaXECHHOTO CHUTHAJA.

Pesynerarsl pacueroB UXA, AXA n AUX, nposenieH-
HBIX B COOTBETCTBUU ¢ BeIpaxkenusmu (11), (12) uz [1]
TIPH PA3IMYHBIX 3HAYCHISX TIApaMeTPa PacCTPOUKH, TIpesi-
cTaBJIeHbl Ha pUc. S u 6. Ha puc. 6, 2 npuBeieHbl Takxke
XapaKTEPUCTUKH IS CIydasi TOYHOU HacTpoiiku (V=0).
Toukamu Ha KpuBBIX AUX OTMEYEHBI MTOJIOKESHHUS H300-
pakarolX TOUEK Yepe3 OHY JECATYI0 NepHoaa aBTo-
IIHHOTO CUTHATIA.

U3 rpaduxoB Ha puC. 5 BUIHO, YTO IPH cIaOOM OT-
PaXXCHHOM CUTHAJIE (CM. KPHUBBIE /) aBTOJMHHBII OTKIIHK
HE3aBHCUMO OT BEJIMUUHBI U 3HAKA PACCTPOUKH SIBIISICT-
csl rapMOHMYecKkoi QyHKuuei Bpemenu. Ilpu sTom Ha-
YabHBIA C/IBUT (a3 JUIs H3MEHEHUH YaCTOTHI X, (T, ) OC-
TAETCsl HEU3MEHHBIM, a [T M3MEHEHUH aMIUTUTY bl d, (T,.)
MOJTy4al0TCs JOMOTHNUTEIbHbIC (Pa30BbIC CMEIEHHUS, 3a-
BHUCSIIIIIIC OT BETMUMHBI M 3HAKa PACCTPOUKHU V. DTH U3-
MeHEHHs (a30BbIX CMENMIEHUH OTKIMKA d, (T, ) SBIISIOTCS
TIPHYIUHOHN CMEHBI OPHEHTAINH OTHOMMEHHBIX OCSH IITHII-
coB AUX a,,(x,)-

B cirygae criibHOT0 0TpaskeHHOTO CUTHANA YKa3aHHAs
IUTS CITa00TO CHTHAJIA 3aBHCUMOCTD (ha30BOTO CMEIICHUST
OTKJIMKa a,,(T,) TaKkKe 3aMeTHA. [Ipy 5TOM y H30XpOHHO-
ro reseparopa (cMm. puc. 5, a, 6), umeromiero ciaadyro
CBAA3b CO cTaOMIM3UpYyIomKM pesonatopoM (,=1,5), npu
M3MEHEHNH 3HAKA PACCTPONKH HAOIIONACTCS «CUMMETPUSD)
B XapakTepe uckaxennit YXA y (t,), AXAa () u AUX
a,(X,)- Y HEN30XPOHHOTO W HEM30IPOMHOTO T€HEPATO-
pa (cM. puc. 5, 8, 2) Takasi «KCHUMMETPHS» XapakTepa UcKa-
JKEHHUI OTCYTCTBYET. B 3TOM Clydae MOKHO OTMETUTB TOJb-
KO M3MEHEHHE CTETICHH dTHX NCKAKCHHUH TP N3MCHCHUH
paccrpoiiku. Takas 0coOeHHOCTh (POPMUPOBAHHS OTKIIH-
Ka CBsI3aHA C ACHMMETPHEH YaCTOTHBIX 3aBUCHMOCTEH pe-
aKTUBHOM b ()) 1 PE3UCTUBHOM g, (X) COCTaBIISIONINX
MPOBOIUMOCTH KOJICOATEIEHOH CHCTEMBI Y HEH30XPOHHO-
T'O ¥ HEU30JPOMHOI0 F'eHepaTopa.

B cnyuae cunbHOIi cBsA3M pabouyero pe3oHaTopa co
crabumasupyromum (3,=10) xapaxrep usmenenuii daszo-
BbIX caBuroB UXA y (t,) u AXA a ,(T,) 0pyu Bapranusx
BEJIMYMHBI ¥ 3HAKA PACCTPOIKH V (CM. PHC. 6) KAYCCTBCHHO
TaKoil ke, Kak M IpH ciaboit cs3u (cM. puc 5). Ilpu
9TOM 3aBHCHMOCTD Pa3MEpOB U YIIIOB OPUEHTAIIUH OCCii
simncoB AYX a, (),) OT pacCTPONKH V NMPAKTHYECKH
aHaOrH4YHEL. [Ipy CHITBHOM OTpa)KEeHHOM CHTHAJIE B CITy-
gae v=—1 (cM. puc. 6, 8) pabodasi TOYKa CMEIIAeTCs B
CepeNHY JIMHEHHOI0 y4acTKa YaCTOTHOM 3aBUCMOCTH
b, (%), MOITOMY CTEIIEHb UCKAKEHHUS aBTOJAUHHOIO OT-
KIIMKa ¥ (T.) B 9TOM CJly4ae 3aMETHO MEHBLIE, YEM y
M30XPOHHOTO TreHepaTopa (CM. puc. 6, a, 6). B 1o xe
BpPEMs1 Ha XapaKTEPUCTHUKE g, () 3T TOUKA CMEIEHA Ha
CepeinHy ee «JICBOTO» CKara, rae (GopMupyemslii OT-
KJIMK [0 H3MEHEHUSIM aMILUTHTY/BI @, (X,,) TIOJyJaeT Xa-
paKTepHbIe NCKaKEHHS (CM. pHC. 6, 8).

B ciydasix orcyterBust pacerpoiiku (v=0) i, Tem 00-
nee, mpu V=1 pabovas TOYKa MEPEXOTUT OIMKE K U3JI0-
My YaCTOTHOH 3aBHCHMOCTH b _ ()), K y4acTKy, Iie ee
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MIPOM3BOJIHAS IMEET OTPHUIIATENbHBIN 3HAK. [loaTOMY 1pH
BapHanusax (asel T, Ko3QPUIMEHTA OTPaKEHHS HATPY3-
KU IIPH TIOTTaJJaHuH paboveil TOYKH Ha 3TOT HEYCTONIH-
BBI YYaCTOK BO3HUKAIOT CKaYKOOOpa3HbIC M3MCHEHHS
MTHOBCHHBIX 3HAUCHUH OTKJIMKA, KOTOPBIE TEPSIOT IIepH-
OJIMYHOCTH (POPMHUPOBAHMS 1 HATOMHHAIOT KBa3HCTaXo0-
CTUYECKHUH PexXUM paboThI (CM. puc. 6, 2, 0).

W3 pe3ynbraToB aHaNn3a MONTYyUYEHHBIX XapaKTepHc-
THK CIIEIyeT, YTO PaCCTPOUKA YACTOTHI CTA0MIH3HPYIO-

miero pezonaropa B CBU-reneparopax BbI3bIBaeT TaKue
K€ MI3MEHEHNS B ((OPMHUPOBAHUN aBTOANHHBIX XapaKTe-
PHCTHUK, KaK U SIBJICHUEC HEHU30XPOHHOCTH T'eHEepaTopa.
Orcrozia cleyer, uTo ¢ MOMOIIbI0 HEKOTOPOU pacCTpoii-
KH pe30HaTOpa OTHOCHUTEIBHO YaCTOThI COOCTBEHBIX KO-
neGaHui TeHepaTopa MOXKHO IOOUTHCS KOMITCHCAITHH €T0
HeI/I3OXpOHHOCTI/I, qTO O6eCHeLII/IT yMeHBHIeHI/Ie HNCKaXe-
HUHI ABTOAUHHOT'O OTKJIMKA U, COOTBETCTBCHHO, paCIHI/I-
peHIE TMHAMIYECKOTO IUANa30Ha aBTOIMHHOMN CHCTEMBI.

a) XH Ay a I(T )
1 H H
S L T
0,5 A 1 05 0.5 /
\ ‘ ‘ |
2
0 ‘ 2 4 \ 0 \% 2 0 '/\
# b0 ( )\ y
05 A\ £ 2\ 7 0,5 % o 0,5 4
1.0 \' an 1.0 v N
00 05 10 15 1, Y005 1,0 1,5 T, 19 o5 10 15 %t
6) XA i a,(t,)
0,5 F\} 0.5 |
:
0 . 0
e
- \] Vid - |
10 10 M
0 05 1,0 1,5 T, 005 1,0 15 (1)
B) XH aHl ] N ¥ aHl(TH) o
1
0,5 0,5 \ 0,5 |
AL :
j 2,00
-0,5 & -0,5 \ ’_—\7] -0,5 [ S
L0 10y \;)5 1,0 \15 T 1.0g 0 15
E] s s H s s H XH(T )
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R N 1
05 / ‘ 05 [ 4 ' / 0.5 \
2
0 0 0
2°F | D) 20
0.5 ‘ 0,5 = 0,5 i
1.0 10 _
0 05 10 15 1 0 05 10 15 1, 0o 05 10 15 %)

Puc. 5. UXA y (t,), AXA a (1) u AUX a_,(x,) reaeparopa co cnaboii ces3bio, paccunrannbie 1 $,=1,5; I'=0,01
(xpusbie /) u I'=0,5 (kpuBble 2) npu pa3IUYHBIX 3HAUCHUAX KOI(D(DHUIMEHTOB Y U 0 U BEJIMYHUHBI PACCTPOMKH pe3oHaTopa:
a—y=p=0, v=—1; 6 — y=p=0, v=1; 6 — y=p=0,5, v=—1; 2 — y=p=0,5, v=1
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Puc. 6. UXA x,(t,), AXA a,,(t,) u AUX a,,(),) CTaOMIM3MPOBAHHOIO ABTOIMHHOIO T€HEPATOPa, PACCUMTAHHBIE MPH
B,=10; B,=1; Q,,=100; Q,=1000; N=0; o,,=1; &,,=0; T=0,01 (xpmBble /) n ['=0,5 (xpuBbIC 2) IPH PA3TNUHBIX 3HAYCHUAX
K03 (DUIIMEHTOB Y U P M BEIUYUHBI PACCTPONKH pE30HATOPA!

a —y=p=0, v=—1; 6 — y=p=0, v=1; 6 — y=p=0,5, v=—1; 2 — y=p=0.,5, v=0; 0 — y=p=0,5, v=1
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Bausinue u3mMeHeHus pacCTosiHUs 10 OTpakaTeist
Ha aBTOAUHHBIC XaPAaKTEPUCTUKHU

DKBUBAJIEHTOM aBTOJIMHA, B3aUMOJICHCTBYIOIIETO C
COOCTBEHHBIM OTPa)KEHHBIM HM3TyYEeHHEM, KaKk OTMeYa-
nock Bo BBeneHud [ 1], seisercs CBY-reneparop, pado-
TaIOILMI Ha JUTMHHYO JIMHUIO IepeMEeHHOM [uinHbl. V3Be-
CTHO, YTO «KOJIMYECTBO COCTOSIHUN paBHOBECHS B TAKOU
CUCTEME OTpeeNIAeTcs Ipou3BeneHrneM koddduuenra
OTpa)XEeHUS Ha JUIMHY JUHUW [9], 4TO SKBUBAJICHTHO B
HALIUX MOHATUSAX IAPAMETPY HCKAKEHUI p,, OTIpeIensie-
MOMY KaK IPOU3BEIE€HHIE BETMUMHbI aBTOANHHOM AeBHa-
LUK YaCTOTBI AW, =) () Ha BPEMS 3ama3/IbIBaHus T OT-
pakeHHOro u3iIydenus: p, =Aw, T[5]. Jlannoe Beipaxe-
HUE, CIIPaBeAIMBOE JUIA clydas ci1aboro OTpa)XeHHOTO
curHana, ¢ yaeroM (13) u pesynsraros pador [1, 5] mpen-
CTaBUM B BHJIE

p_ZnFN 1+
Y0, 1w

JIi1st HOpMaJTbHOHM pabOoThI OOJBIITMHCTBA ABTOIMHHBIX
CHCTEM HEOOXOANMO 00ECIIeUNBATh YCTONINBOCTD PEXKHU-
Ma OJJTHOYACTOTHBIX KOJICOaHHI TeHepaTopa U OTCYTCTBUE
CKa4KOB aBTOJMHHOIO OTKJIUKA. YCIOBHEM O0€CIICUECHHs
TaKOTO PEKUMa SIBILICTCS BBITOJIHEHHE ISl IapameTpa
HMCKQ)KCHHi HEPABEHCTBA P, <P, , TAC LA CITydast crmabo-
0 OTPA’KCHHOTO CUTHANA ITPeIeTIbHOE 3HAYCHHE TapaMeT-
pa UCKa)KeHUI pnp=1. Tornma u3 (1) moyunM CoOTHOIIIE-
HUE MEXTY «BHEIIHUMMY» YCIOBUAMHU PabOThI CUCTEMBI
omwkHeii paauonokaunu (CBPJ) u «BHYTpeHHUMUY T1a-
paMeTpamMu aBTOIMHHOTO IreHepaTopa, Mpu KOTOPBIX OT-
CYTCTBYIOT CKaYKOOOpa3HbIC I3MEHEHNS XapaKTEPUCTHK:

L
S 14y

(1

)

W3 ycnoBus (2) BUAHO, YTO MPH YBEITUYCHUU pac-
CTOSTHUS JI0 OTpaxxarens N MmpeebHOe 3HaueHHe Kod (-
(duLMeHTa OTpaKeHHs an, IIpU KOTOPOM BO3HHMKAIOT CKa4-
KU, YMEHBIIIAETCA U, COOTBETCTBEHHO, CY>KaeTcs JUHA-
MUYECKUN Auara3ol d, N aBroanaHoi CBPJI o Hampsike-
HHIO BBIXOJHOTO curHaTa. Kak MOXXHO ITOKa3arh,

da=FHp\/i=Q3KB\/E I_Yp

2nN 1+ rYz
Paa

)

0,8

0,6 \

0.4

0,2

0

0,1 0,3 0,5 07 T
Puc. 7. 3aBucHUMOCTh TMpeAeNsHOTO 3HAYEHUS MapameTpa
UCKaXEeHU U Pyp OT BETHYHMHBI MOJYIIsS ko> dunuenTa
oTpaxkenus [’

TIe Hm — DHEPreTUYECKUH MOTEHIANI aBTOUHA KaK
paamosiokaropa B 3aJJaHHOM IMOJIOCE YaCTOT, KOTOPBI
MOKET ObITh U3MEPEH Ha HKCIIEPUMEHTATBHON YCTaHOB-
Ke, OMHUCAaHHOHU B [4, 5], MO BeNMYMHAM TPEEITHHOTO
ocnabnenus arreHroaropa D, , HOTEPh B BOJHOBOIHOM
Tpakre D, ¥ HMUTATOPE AOTIEPOBCKOTO curnama D,

Hm:2 (DaT+DBT+DI/IM) :

B ciyuae cunbHOrO cMrHana Benu4MHa p,, Kak npa-
BUJIO, MEHbIIIe equHuIbl. Ha pue. 7 mpeacrasieH rpa-
¢uk 3aBucuMocTu p p(F ), IOJIy4E€HHBIN ITyTEM YUCIICH-
HOTO MOJECITUPOBAHUSI aBTOIUHHBIX OTKIIUKOB COTJIACHO

ypaBHeHusM (11), (12) u3 [1] npu PA3THYHBIX 3HAYCHHU-
sx I’ m N u mouckoMm Tex 3HaUYeHUM Py TIPH KOTOPBIX
HAYMHAKOTCA CKa4KH. M3 3TOTO rpa(bmca BUJIHO, YTO TIPH
ko3 urmente orpakenus ['=0,1 snauenue p_ Maio or-
JYaeTcs OT €AMHUIBL, M B 3TOM ClIydae AJs onpesene-
HUS «BHENTHUX» YCJIOBUH paboThl aBToanHa (I" 1 N)
JMHAMHUYECKOTO IMana3soHa d, MOYKHO IOJIb30BaThCS BbI-
paxenusivu (2) u (3). OnHako npy JalbHEHIIEM yBel-
4eHun Kod(punmenta orpaxenns I senmuunna p » PE3KO
ymenbaercs. [loatromy st ycnoBuid CHIIbHOTO oTpa-
JKEHHOTO curHasa npu pacuerax I, N u d, 510 HeoOX011-
MO YUYHUTBIBATh U UCIIOJIB30BATH CIEAYIOLINE (POPMYIIBL:

% 1_Yp . (4)

pnP oM [1+ 'Y2 ?
Q3KB HLL[ 1-
= pﬂp ﬂp\/__ P \/_ » :

)

I'pauky mpenesIbHOTO YKca MOTYBOTH an, npu
KOTOPOM HAYMHAIOTCS CKaYKH, B 3aBUCUMOCTHU OT BEJIU-

Nd’d*\
10° =
T~
104\ AN 5\5‘
\\ . \
~ q
2 N3
10° \i\ I~ >§‘ N
h N
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102 h\l‘ g‘\. Ei.
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100
0,01 0,1 r

Puc. 8. 3aBUCHMOCTb TIPEIETBHOIO 3HAUEHHS YUCIIA TIONY-

BOIH N, OT BEIMYHHBI MOAYIA KOO(QULMEHTA OTpaKEeHHS

T, paccunrannsie npu B,=1; Q, ,=100; 0_,=1000; o, =1;
v=,,=y=p=0 1 pasnuuHbIX 3HaueHUAX 3 :

1 —B,=0;2—B,=1,5;3—B,=3.4;4—B,=10; 5 — B,=40
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a) 0) YHHBI MOIYJIS KOI(DPHUIIMESHTA OTpaKe-

521100 521100 Hust [ 77151 ©1B0XPOHHOTO M U30JPOMHO-

/ 3 TO TeHeparopa IpH Pa3IMYHbIX 3HaUe-

31 y . 31 ] - HUAX MapaMeTpa cBasu 3, mpezcras-

L / JIeHBI Ha pHC. 8. X0 3TUX rpauKoB B

o > ‘o 5 Jmarazone 3HadeHni I' ot 0 mo 0,1 orm-

/ ceiBaercs cootHomenuem (2). Ilpn

771 <y OOMBIINX 3HAYCHUSIX KOIP(UIHCHTOB

+Iim i 2 otpaxcenust I, rie cripaBeiBa 06Cyx-

# g JaBINAsICS BBIIIE TpadiaecKast 3aBUCH-

1,00 1,00 mocts p,(I) (cM. puc. 7), XapakTepu-

0 0,5 Lo 15, 0 0.5 Lo L5 T, CTHKH OTCEIBAIOTCA BBIpOKEHHEM (4).

Q, Q 3aBucuMocTh / Ha puc. 8, COOT-

BETCTBYIOIIAsl CIy4ar0 reHeparopa ¢

30 30 OJTHOKOHTYPHOM KoJieOaTeTbHOM cHuc-

TEMOH, OTJINYAETCS MOHOTOHHOCTBIO U

20 2 20 5 MaJIbIMK BETMIMHAMU N . 3aBHCUMO-

\ CTU 2—5, TOCTPOCHHBIE [IIS CTAOMITH-

3UPOBaHHOI0 T'€éHepaTopa, UMEIOT 3Ha-

10 L ——— o —k—l;: ————— &g—_:; ‘{HPFGJII)HO 6om,um§ 3HageHw{ N, Ona-

\ \ rogapst GUKCUPYIOLIEMY Z[eI\/'IC%BI/IIO

0 0,5 L0 15 7T, 0 0,5 Lo 1,5 T, CTa0WIM3UPYIONIETO PE30HATOPA, KO-

TOPBII 0OecIIeunBaeT BEICOKUE 3HAYC-

K 1 ’X\ Ko 1/—\ ff\ aust Q, . Ipu 5TOM HEOOXOMMO OT-

METHUTh Ha KPUBBIX 2—5 HaJIU4ue

0,5 f f 0,5 g ‘1 «TpaHUYHBIX 3HAYECHUI» Frp, nocine

2 2 KOTOpPBIX ¢ yBenuueHueMm I" Habimrona-

0 0 €TCsl pe3KOe YMEHBIIIEHNE MIPEEITbHO-

05 1]’ f 05 0 YKCIIa OTYBOIH N » JanHas Heo-

> J HOPOJHOCTh 3aBUCHMOCTH, KaK 3TO

\ OTMEYaJoCh NpPU aHAIU3E PHUC. 2,

-1,0 -1,0 00ycIIOBJIeHA TEM, YTO YPOBEHB OTpa-

0 0.5 Lo LS 1, 0 0,5 Lo LS5, JKEHHOI'0 CHUTHaJla JOCTUTAeT TOUYKH

ay A nepern6a Ha rpaduke 4acTOTHOI 3a-

1 \ / 1 BHCHUMOCTHU PEAKTUBHOM IPOBOJIUMO-

0,5 05 crub,_ ()) KOIeOATCIBHOM CHCTEMBI,

IocyIe 4ero (PUKCHPYIOMIas Crocoo-

0 0 HOCTb CTa0MITU3UPYFOIIETO PE30HATO-

2 2 pa yxe He obecrieunBaerca. Ha sTom

05 0,5 ydyacTKe XapaKTEepUCTHUK, TAe

\/ \/ Q3KBzQH1’ HquSM QH1<<QH2’ lrapa-

10 1.0 METP MCKaKEHUHN p, PE3KO yBEIUYHU-

Yo 0.5 10 15 1, 0 0,5 Lo 15 T, Baetcs (CM. (bopMyJIy (1)), BBI3bIBAS

COOTBETCTBYIOIIMHA POCT UCKAKEHUHN

) 1 s / aBTOJMHHOTO OTKJIMKA W MOSBJICHHUE

/ \ / \ CKAuKOB. 3HAYEHHUsI Frp C yBeIuue-

0,5 2 0,5 HUEM IapameTrpa CBA3U Bl, Kak BHI-

/ ) / \ \ HO M3 pHUC. §, NMEPEeMEIaOTCs B CTO-

0 / N 0 pony Oonpimux 3Hayenuii I'. Orcrona

/ CIIEYET, UTO JJIs pacuiupeHus pado-

\ Yero Auana3oHa JajJbHOCTH aBTOAMH-

0,5 —0,5 g Hoii CBPJI npennoyTurensHo npume-

/\ / / HeHue crabunusnpoBanHbix CBY-re-
HEpaTOPOB IIPU CUIILHOU CBSI3H.

-1,0 0,5 0 0,5 %, -1,0 -0,5 0 0,5 e s ananu3a BIUSHUS PaCCTOSAHUA

Puc. 9. ®XA §(t,), Q,(t,),UXA x (t,), AXA a (1) 1 AUX a_,(x,) JI0 OTpaykaTesis (4epe3 YHUCIIO OTyBOJIH

CTaOMIM3UPOBAHHOIO aBTOJMHHOTO T€HEPATOpa, PACCYMTAHHBIC MPH N) 1 ipyrHx napameTpoB Ha (hopMy aB-

B,=2,5; B,=a, =1; 0,,=100; 0_,=1000; &,,=0; N=100; I'=0,01 (xpuBsic /); TOJJMHHOTO OTKJIMKA B ClIydae cl1a0oi

I'=0,36 (xpuBble 2) 1 pa3IMYHBIX 3HAUYCHUSAX WHBIX apaMETPOB: CBSI3U paboyero M cTabMim3upyrole-

a —y=p=0, v=0; 6 — y=-0,1, p=0, v=0 TO pe30HAaTOpPOB Ha pHUc. 9 npeacTas-
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a) 0) nenst rpaduxn GXA (T, ), mpou3Bo-

&:2m:300 &:2m:500 woit ot DXA Q (t,)=dd(t,)/ds, UXA
/ 7 Xy (T), AXA a (t) n AUX a_,(x,)-
+3n OTMETUM TaKXkKe, YTO MPHU pacyerax
2 / -~ XapaKTEePUCTUK BHOCUIIMCH BapHaliuu
+271 y. B ITapaMeTpBl PaCCTPOUKH YACTOTHI

7 CTaOMIN3UPYIOIIETO Pe30HATOpa. DTH
+1m /1 +1m ol BapHalLliy BbI3bIBAJIN TAKUE XKe U3Me-
/ . HEHHS B IOBEICHUH ATUX XapaKTepH-

1,00 1,00 Lz CTHK, KaK 1 HEeM30XPOHHOCTb reHepa-
0 0,5 Lo 15 = 0 0,5 o 1,5 = topa. Tak, HanpuMep, IpU BETUUHHE
Q.05 Q paccrpoiiku pezonaropa V=-0,15 s
a ? M30XPOHHOTO reHepaTopa MOIy4YEHBI
30 30 XapaKTEPUCTHUKH, NPUBEJEHHBIE HA
puc. 9, 6, a B cixydae HEM30XPOHHOTO
reHeparopa — Ha puc. 9, a. Jlannoe

20 o
20 L ) CBOICTBO CTaOMIN3NPOBAHHBIX ABTO-
1

+37

+2n

JHUHOB o0ecIieunBaeT BO3MOKHOCTD

10 10 KOPPEKINH «HCKaKESHHSD) XapaKTepH-
! ) CTHK, BEI3BAHHBIX HCH30XPOHHOCTEIO
Lo N N

reHeparopa.
0 0,5 Lo 15 0 0.5 Lo 15 7, W3 ananm3a nomy4yeHHbIX rpaKoB
X 1(‘\ [\ pm | BUJIHO, YTO MPH CI1abOM OTPaKEHHOM
1 5 2 CHTHAJIE, KOTJIA MapaMeTp HCKaKCHHUH
0,5 0,5 P,<<I (cm. kpuBbie [ Ha puc. 9 u 10),
" \ { X & IP‘ \ ®XA §(t,) aBTOIMHA UMEET MPAKTH-
0 YECKU JIMHEWHYIO 3aBHCHMOCTH OT

\ % HOPMHMPOBAHHOTO BPEMEHH T, KaK y
\ cycTeM roMoiMHHOro THHa. Ipu aTom

€€ NPOU3BOAHAS Q,(1,), busuueckuii

CMBICJ KOTOPOl — MTHOBEHHAs pas-

0 05 10 15 = HOCTb YaCTOT 30HIUPYIOIIETO U OTpa-
b B 2 [v3

JKEHHOT'0 U3JTy4CHU, C11ab0 OCIIMILIN-

1 PYET B OKPECTHOCTH HOPMHPOBAHHOI
05 gactotsl Jlomiepa (2 =2m). Xapak-

1 T,
A

0,5
i L , L ) Tepuctika UXA y, (1 )u AXAa  (T)
HpH c1a00M OTPAaXKEHHOM CUTHAJIE SIB-
JSIFOTCSL TAPMOHUYECKUMHU, ITPU 3TOM
X\ f \\ / j M3MEHEHHUS YaCTOTHl M aMIUIMTY/BI
-0,5 =05 W \M/ UMEIOT JIMIIIb OTHOCUTENBHBIE (Da30BbIe
CMEIICHUS], 3aBUCAIINE OT BHYTpPEH-
05 10 15 = HHX I1APAMETPOB reHeparopa (3Haue-

H " HMH Y H ).

al \\ a, ITpu yBenueHnH ypoBHsl OTPaKEH-
/ \ 1 /,,._,____s HOTO H3JIYHEHHs! /10 BENHYHHbI, COM3-
N MEpUMOIi ¢ YPOBHEM 30HUPYIOIIETO
™ U3ITydeHUS, HAOTIONAIOTCS HCKayKeHHS
\ aBTOJUHHBIX XapakTepucTUK UXA,
AXA n AYX (cMm. kpuBble 2 Ha
\ \ puc. 9 u 10). Xapakrep 3TUX HCKaxe-
0,5 ] 05 HUH 32 CYeT BIMSHUS YHCIIA MOTyTIe-
\ pHOJOB N HECKONBKO OTIMYAETCS OT
\\ PACCMOTPEHHBIX PaHEE CMMETPUYHO

1,0 05 0 05 %  -1,0 05 0 05 7y, ZT?:’;“’;*HH(’;F%’?%’;K‘I’; iaB;‘“;M[‘i‘]’;e‘;
Puc. 10. ®XA §(t,), Q(t,), UXA (1), AXA (1) u AUX a,(x,) crabuma- B H . ID%& XH (T.)u AXA “ (t )CT’a_
3MPOBAHHOTO aBTOJMHHOTO I'€HEPATOpa, paccuuTaHHbie npu B,=o, =1; iy I H
0.,=100; 0_,=1000; v=0; &,,=0; I'=0,01 (xpussie 1), I'=0,36 (xpuBbICc 2 Ha a),

I'=0,2 (kpuBble 2 Ha 6) U PA3IMYHBIX 3HAYCHUSAX HHBIX MAPAMETPOB:

a— B,=10, y=0,25, p=0,1, v=0, N=300; 6 — B,=40, y=0,5, p=—0,5, v=0, N=5500

OWIM3UPOBAHHOTO ABTOJIMHHOTO [eHE-
patopa ¢ CHIILHOM CBSA3BIO, PACCYUTAH-
ubie pu B,=10 u N=0 (cm. puc. 2).
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Kak BumHO U3 rpadukoB puc. 9, a, 31ech NpeacTaBiIcH
clydai, MpeaecTBYOIMUN Hadaly GOpMUPOBAHUS
CKauka I10 4yacTOTe IpU BEJUYMHE NapaMeTpa UCKaKe-
Huii p,=0,56.

B ciryuae Hen3oXpoHHOT0 TeHepaTopa (CM. puc. 9, 6)
9TOT mapaMeTp cocTasisieT yxe 0,76, HO CKadyoK Bce elle
OTCYTCTBYET U3-32 yMeHbIIeHus aMIIuTyasl YXA. Crie-
muduyeckas Gopma m3MeHeHns UXA B 9THX cIaydasx
BbI3bIBaeT popmupoBanue XA ¢ mpoTSKEHHBIM TOYTH
JIMHENHBIM yYacTKOM H3MeHeHus Habera (hasbl & MeK Ty
y4acTKaMU ¢ pe3KUM M3MEeHEeHHneM Habera (hasbl B cepe-
JIMHE MIEPHO/IA, TJI€ MTHOBEHHAS PA3HOCTh 4acToT £2,(T,)
umeeT muK. Bup raxoit ®XA §(T, ) 3HAYUTETHHO OT/IHYA-
eTCSl OT «BOJHOOOPA3HBIX» TPAPUKOB XapaKTCPUCTHK,
TIOJTYYEHHBIX JUIS CITy4asi, KOT/la aBTOAMHHBIC U3MEHEHHS
4acTOTbI HAXOAATCS B IpeJieNax JIMHEHHOro yyacTka ya-
CTOTHOMW 3aBHCHMOCTH PEAKTUBHOM MPOBOJAUMOCTH (CM.
puc. 4, [8]). B aToM, kKak HaM MpeACTaBIAETCS, 3aKIIO-
yaeTcs IPUYKHA, 10 KOTOPOH HapyIIaeTCs BbIIOJIHEHUE
coortHomeHws (1) Mpu BEIYXCIICHUH IPEACTHHOTO 3HAYE-
HUS TAPAMETPa HCKAKCHUM p, B CIlydae CHIIbHOTO OT-
paxxennoro curnana. Ilpu sTom «Bonuey AXA a ,(T,)
BCJIEJICTBUE M30XPOHHOCTU I'€HEPATOpa UMEIOT HMOYTH
CUMMETPHUYHBIN BUJ] M HEOOJIBIION crielu(UUecKuii Ha-
KJIOH, CBOMCTBEHHbIM aBTOJUHHBIM CHUTHAJIaM MU Ma-
oM oTpaxkeHHOM curHasie [2—7]. Ilpu nampueimem
YBEIMYEHUH YPOBHS OTpaXEHHOTo u3nyueHuss YXA u
AXA 1ojy4aroT HAaCTOJIBKO CHUJIbHbBIE MCKaXKEHHUs, YTO
OTMEYCHHBIC BBIIIIE HAKIIOHBI BOJTH CTAHOBSITCS MaJI03a-
MeTHBIMU. CIielyeT OTMETHTh, YTO TIPH HATMYUU HEU30X-
POHHOCTH WITH PACCTPOHKH YaCTOTHI CTA0MITH3HPYIOIIIE-
ro pe3zonaropa AUX nmeroT oceByto acummMeTpuio. Kpo-
M€ TOTO, U3 PEe3YJIBTaTOB aHAIN3a XapaKTePUCTUK puC. 9
CJIEIIyeT, UTO 3a CYET HEKOTOPOH PacCTPOMKH YacTOTHI CTa-
OMIM3HPYIONIETO PEe30HATOpa MOKHO KOMIICHCHPOBATH
ACUMMETPHIO YaCTOTHOM 3aBUCUMOCTH PEaKTUBHOM MPO-
BOJIMIMOCTH KOJIe0aTeNbHON CHCTEMBI TeHepaTopa, BEI3BaH-
HYIO HEU30XPOHHOCTBIO I'€HEPATOPa, YTO TAKIKE OTMEYa-
JIOCH BBIIIIE TIPU aHATIM3€ BIUAHUS paccTpoiiku mpu N=0.

Ha rpaguxax puc. 10, a mpencraBieHsl aHATOTHY-
HbIE€ XapaKTePUCTUKU IIPU TOM K€, 4TO U Ha puc. 9, a,
3HaueHun ko3 dunmenta orpaxkenus (1'=0,36), Ho pu
npyrom mapamerpe cBs3u (B,=10) u umcie momyBoIH
(N=300). KagecTBEeHHBIEC OTIHYHUS ITHX XaPAKTEPUCTUK
COCTOST B TOSIBJICHUH CKauKa YaCTOTHI HA XapaKTePUCTH-
ke UXA B BHJIe KOPOTKOTO UMITYJIbCA OOJIBIIION aMILIH-
TY/BI, 4TO 00YCIOBJICHO HEOAHO3HAYHOCTHIO YaCTOTHOM
3aBUCUMOCTH PEAKTUBHOM COCTABIIAIONIECH TIPOBOUMO-
CTH KostebarenbHOM cucTeMbl. C y4eTOM aMILTUTY bl ATHX
CKa4YKOB BEJIMYKMHA NapaMeTpa UCKaxeHu# p,=7,4, uto
YKa3bIBaeT Ha MOSBIEHUE Y CUCTEMBI IO CEMH CTEIIeHEeH
CBOOOJIBI, U3 KOTOPBIX KPOME OCHOBHOTO Pabouero co-
CTOSTHUSI OHa IOKa (T. €. IPU ITHUX IapaMeTpax) «BbIOH-
paeT» B Ka4yeCTBe JOMOIHUTEIHHOTO eIl OJHO COCTOs-
HUE. DTOT UMITYJIbC SBIISETCS IPUUUHON (POPMHUPOBAHHUS
AQHAJIOTUYHBIX MMUKOB HAa OCTAJBHBIX XapaKTEPUCTUKAX:
DXAd(t,), AXAa, (t)uAUX a  (x,)

JanpHeiiiee yBearMueHHE yPOBHS OTPAXKEHHOTO CUT-
HaJla [IpY COXpaHEHUH YKcia OITyBOJH (N) IpUBOIUT K
(hOpMUPOBAHHIO CILTONTHON XaOTHYECKOW TeHEpaIHH
CKauKoOOpa3HBIX UMITYIILCOB XapaKTEPUCTHK, UTO YKa-

3bIBACT Ha OoJiee MUPOKUI BBIOOP, KOTOPBIN «JIeiaeTy
ABTOJIMHHAS CUCTEMA U3 YHciIa pabouux cocTostHuM. 13-
0aBUTHCA OT TAKOTO PEXKUMa pabOThI FEHEPATOPA MOXKHO
IIPpU JalbHEHIIEM YBEIMYEHUH MTapaMeTpa CBA3U MEKITY
pe30oHaTOpaMu, 4TO MPOJAEMOHCTPUPOBaHO Ha puc. 10, 6
JUTs ciraboro (KpuBblie /) M CUIIBHOTO (KpHBBIE 2) OTpa-
’KEHHOTO CHUTHAJIa MIPY BEJIMYHMHE ITapaMeTpa CBSI3H CTa-
ounusupyomero pesonaropa 3, =40. B aTom cydae, kax
BUJIHO M3 XapaKTEPUCTUK, TCHEPATOP 8-MM AUAMa30HA
JUIMHBI BOJIHBI 00€CIIeYMBAET BIIOJIHE YOBIETBOPUTEIb-
HBIH YPOBEHb UCKAKCHHUI CHT'HAJNA MIPU PACCTOSIHUU JI0
oTpaxkaroniero oobekra 22 M. Takol pe3yabraT MOXeT
MPE/ICTABIATE HHTEPEC, HAIPHMED, TIPH HCIIOTb30BAHUH
aBTonuHHBIX CBU-reneparopoB B yCTpOHCTBaX KOHTPO-
JI51 TapaMeTPOB BOJIHOBOAHBIX TPAKTOB OOJIBIION MPOTS-
skeHHoctH [10, c. 49].

W3 ananm3a noy4eHHBIX PE3yIBTaTOB CICAYET, UTO B
ciryvae cinaboii CBsI3U MEXly pe30HATOpaMH B CTaOWITH-
3MPOBAHHOM T'€HEPATOPE MPH BO3ICHCTBUH Ha HETO CHITb-
HOT'O OTPaXKEHHOTO CUTHAJIA B YCJIOBUSIX OOJIBIINX pac-
CTOSIHUH 70 OTPa)aIoLIEro 00BbEKTa BEChbMa CII0KHO
obecreunTh YCTOHunBOe (POPMUPOBAHNE aBTOIUHHOTO
OTKJIMIKA C COXpAaHCHUEM €T0 MH(POPMATHBHBIX CBONCTB
(T. €. IpH MaITBIX HCKaXeHUs1X). OTHAKO B CITydae CHITh-
HOM CBsI3U aBTOAMHHBIN FeHEpaToOp MOKET BIIOJIHE yCTOM-
4UBO paboTaTh B OoJee MIMPOKOM ANHAMUYIECKOM JHA-
Ma30HE U3MEHEHUH TalbHOCTU U YPOBHS OTPAKEHHOTO
U3ITyYCHUS.

Pe3yabTarsl 3KCIEPUMEHTAJBHBIX MCCJIEI0BAHMI

Llenmpro MPOBEAEHHBIX JKCIIEPUMEHTABHBIX UCCIIC-
JIOBaHWH He Obl1a a0COFOTHAS IPOBEPKA BHITOTHECHHO-
rO BBIILIE aHaju3a. B mpencraBieHHbIX HUXKE pe3yibTa-
TaX Mbl OTPAaHUYMIIUCH IEMOHCTPAIMEH JIUIIb Ka9eCTBEH-
HON CTOPOHBI SBOJIONMH MPOUCXOSIINX IIPOIIECCOB B
CTaOMIM3UPOBAHHOM aBTOAWHHOM F€HEPATOPE MPH yBe-
JIMYEHUH YPOBHS OTPAXKEHHOTO M3JIYUYEHHUs, IOCKOIbKY
TIOJTHAS! SKCTIePUMEHTaNIbHAS ITPOBEPKa TpeOyeT HeMaIbIX
(PMHAHCOBBIX ¥ BpDEMEHHBIX 3aTpar.

DKCIepUMEHTAIBHBIE HCCIIEIOBAHNS, KaK 1 B [§], BBI-
TIOJTHSUTUCH Ha TIPEMeEpe MOU(UIIMPOBAaHHOTO TeHEPaTOp-
HOro Moayist 8-mm auanazona «Turens-08M». Monyinb
M3TOTOBJICH 110 THOPUTHO-WHTET PATbHOI TEXHOIOTHH Ha
OCHOBE JIByXM€30BOT0 Ano/a ['aHHa 1 AeTEeKTOPHOTO -
ona ¢ 6apeepom HIOTTKH, CMOHTUPOBAHHBIX BMECTE CO
IIETIEBBIM PE30HATOPOM Ha MOJMKOPOBOH TOMJIOKKE B
BHUJIC BCTABKH, KOTOPAs IOMEIIACTCS B KOPITyC TeHepaTo-
pa[11]. ABTOAMHHBII OTKJIMK CHUIMAJICS C BBIXO/A JIETEK-
TOPHOT'O TN0/1a, HATPYKEHHOTO Ha COMPOTHUBIIEHHE 2 KOM.

B pabote ucrosp3oBascs SKCIIepUMEHTATBHBIA CTEH]I,
oInucaHbli B [8]. ABTOIMHHBIN reHepaTop HENOCPEICTBEH-
HO COCTBIKOBBIBACTCSI C BXOJHBIM (MIAHIIEM aTTEHIOATOPA
(cm. puc. 7, [8]). K BbIXOHOMY (pIIaHIly IMTOCIIEIHETO
MOJIKITFOYaeTcst 0€3 MCIONb30BaHMS JIOTIOHUTEIBHOTO
BOJTHOBOHOTO TPAKTa MIMUTATOP TOTIEPOBCKOTO CHTHA-
na. Paccrostane ot CBU-reneparopa 10 MTHIPEBOTO OT-
pakaTensi UMUTATOpa, KOrja 3TOT MIThIPh HAXOIUTCS B
TOYKE 3aIlycKa UMITYJIbCA CHHXPOHHU3ALMU (CM. pHC. &,
[8]), cocraBnsier 0,3 ™.

BBIXOmMHOI CUTHAI IETEKTOPA TTOCIIE YCHUIICHHS U (DHITh-
Tpaluu B 0JIOKE aHAJIOTOBOM 00pabOTKH clieyeT B 6JI0K
1 poBoi 00padOTKH, I/ie MOJACTCS Ha OUH U3 KaHa-
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0B aHanorosoro Boja moayns NI-9205 B cocrtase
iatgopmel DAQ-9172. [lanee oundpoBaHHBI CUTHAT
noctynain o uatepdeiicy USB B mepcoHanbHbIN KOMITh-
10Tep U1 00pabOTKH C MOMOIIBIO BUPTYAJILHOT'O IPUOO-
pa, coznanHoro B LabView 8.6.

[Tocyie HacTpOMKKM aBTONMHHOTO MOAYJS Ha PEKUM
MaKCHMaJbHOTO SHEPreTHUECKOT0 MOTEeHIKAaa 10 U3J10-
JKEHHOH B [4, 5, 8] MeToMKe Mpyu N3MEHEHNH aTTCHIOA-
TOPOM BEJIMYMHBI 3aTyXaHHUs B TPAKTE ObLTN CHATHI 3aBHU-
CHMOCTH K09 puumenTa rapMoHuK K 1 ypOBHs rapMo-
HUYECKUX cocTaBisommx (n=1, ..., 5) cnekTpoB aBToO-
JUHHOI'O OTKJIMKA MCCIIeyeMOro reHeparopa o u3me-
HEHUIO aMIUTUTY/IbI ¢, (7) KoJeOaHui OT BETMYMHBI MO-
Jynst ko3 duimenTa oTpaxkeHus [, BEIYUCIIEMOTO M0
dopmyne I'=(10-%12)12 ‘tne D=2(D, +D_+D, )— 06-
11ee 3aTyXaHue U3JIy4eHUs OT FeHepaTopa JO UMUTATOpa
v obparno; D, , D, D, — BeIpaxkeHHbIE B 1b 3aTyxa-
HUS B aTTEHIOATOPE, BOJIHOBOJAHOM TPaKTEe U UMUTATOPE
COOTBETCTBEHHO.

CyMMapHbIe TIOTEpU B UMUTATOPE U BOJHOBOAHOM
TpaxTe coctaBmin okoino 1,5 nb. ['paduku 3THX 3aBUCH-
MocTel npezcTaBieHbl Ha puc. 11. B xone cusTHs 3THX
XapaKTEPUCTUK ObLIH MOJTyYEeHBI TAKOKE IPEICTaBICHHbIE
Ha puc. 12 ocuMuIOrpaMMbl M CLIEKTPOTPAMMBI aBTO-
JUHHOTO OTKJIMKA MTPH PA3IMYHBIX 3HAYCHUSIX K03 du-
nueHTa oTpaxenus. OKpy>KHasi CKOPOCTh JIBHIKEHUS OT-
paxaTes MOAJAepKUBAIACh OCTOSHHONW Ha ypOBHE
1,5 M/c, 9TO COOTBETCTBYET IOILICPOBCKOM YaCTOTE CHTHA-
ma okono 320 'y mpy HampaBIeHUN €T0 TIepEMETIICHUST —
OTreHeparopa.

[Tpu cpaBHUTETTLHO MaJIOM YPOBHE OTPasKEHHOTO CHT-
Hana (I'<0,1) ¢popma ocimorpaMMsl aBTOUMHHOTO OT-
KIIMKa @,(T) BeCbMa OJIM3Ka K CHHYCOU/IANIbHOM U UMEET
CPaBHUTENIBHO MaJible ucKaxeHus. C yBeIMueHueM Be-
mauHE [T popma nckakaeTcs 3ameTHO cuibHee. Tak,
npu ['=0,2 kosppuument rapmonnk K _cocrasmser 30%,
YPOBEHb BTOPOM rapMOHUKU BCEro Ha 8 nb HUXKE ypOB-
HS MepBoi rapMoHHKH (cM. puc. 12, a). Kak BuaHo 13
rpadukoB puc. 11, npu nanbHeNIIeM yBeIHYEHUH KOI -
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Puc. 11. 3aBucumoctu ko3 duimenTa rapMonuk K, (a) 1 ypos-
HS TApDMOHMYECKUX COCTABIISFOLIMX (C TIEPBOIA 110 TIsiTyO: [, 2 —
Ha a, 3, 4, 5 — Ha 6) CIIEKTPOB aBTOJJMHHOTO OTKJIMKA [€HEPATO-
pa Ha Juozie I'aHHa 110 M3MEHEHHUIO aMILTUTY B! @, (1) Koneba-
HUH OT BENMYUHBI MOAYIs Kodpduimenta orpaxeHus [
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Puc. 12. OcummiorpaMmsl (ciieBa) U CIHEKTPOTPAMMBI
(cmpaBa) BBHIXOJHBIX CHTHAJOB @,(T) MO M3MEHEHHUIO
aAMILTUTYABl KOJICOAHHH, MOJy4eHHBIC OT JBYKYLIETOCH
OTpakarelss MPU Pa3TUYHBIX 3HAYCHUSAX MOAYJIS Koddu-
LOUEeHTa oTpakeHus [
a—02;6 —03;6 —04;e —0,5

¢unuenrta orpaxenusa [ B quanasone 1o 0,4 ypoBeHb
NEPBOM TapMOHUKHM a (1) pe3Ko yMEHbIIAETCH, a ypoB-
HH BBICIINX TapMOHHUK — Pe3Ko pacTyT. [Ipu sToM Ko-
¢ duIMeHT rapMoHUK Jgocturaet 85%. D10 cBsA3aHO,
MIPEXKJIE BCETO, C KHEIIMHEHHOCTBIO» HATPY3KH, a TAKXKe
C HEJIMHEHHOCTHIO TeHepaTopa Mo aMIUIUTYIE, KOTopast
CBsI3aHa C IIPOLIECCOM MpeoOpa30BaHus aBTOAMHHBIX U3~
MEHEHH YaCTOTHI B U3MECHEHHS aMIUTATY/IBI KoJieOaHUH.
[Tocneqnee moaTBEPK1a€TCS pOCTOM YPOBHS BTOPOU rap-
MOHHMKH @,(2) aBTOJMHHOTO OTKJIMKa. HeMOHOTOHHBIN
POCT TPEThEH rapMOHUKH @ (3) Ha 5TOM K€ y4acTKe Xa-
PaKTEepUCTUK OOBACHSIETCS HaU4MeM HEKOTOpoil pac-
CTPOUKHU CTaOMIM3UPYIOIETO Pe30HaTopa u COOCTBEH-
HOH 9aCTOTHI TEHEPaTopa.

[pu noctmxennn ko3 GuIMeHToM oTpaxkenus I 3Ha-
yerus 0,4 MPOUCXOJAT Ka9eCTBEHHBIC U3MCHEHHS B aB-
TOAMHHOM OTKIWKe. Kak BUIHO M3 OCHUIIOTPAMMBI
puc. 12, 6, mpu 3ToM 3Hau€HUH | B aBTOANHHOM OTKJIHKE
TOSIBILSIETCSI TTYOK, KOTOPBIH 00y CIIOBICH EPEXOI0M Ya-
CTOTBHI 32 TPAHHMIIB! TIMHEWHOTO YIaCTKa YaCTOTHOH 3aBHU-
CHMOCTH PEaKTUBHOM MPOBOIUMOCTH. J{anbHeliee yBe-
mueHue [ BBI3BIBACT JIUIIB POCT aMILTUTY/IBI 3TOTO TIHY-
Ka (cM. puc. 12, 2) 1, COOTBETCTBEHHO, 3HAYUTEIbHBIH
POCT YPOBHS BBICIIUX FTAPMOHUK aBTOJIMHHOTO OTKITHKA.
JanHbIe 0cOOEHHOCTH (POPMHUPOBAHHMS ABTOTUHHOTO OT-
KJIMKA 3HAYUTEITHHO OTIIMYAIOTCS OT TAKOBBIX JIJISI CITydast
OJTHOKOHTYPHOH Kosie0arenbHOM cuctemsl [12].
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CBY-TEXHUKA

CpaBHeHuHe TpeCTaBICHHBIX Ha puc. 11 u 12 ombIT-
HBIX JJAHHBIX C COOTBETCTBYIOIINMHI JAHHBIMH PACUCTOB,
MPUBEJICHHBIX Ha puc. 5 1 7 B [1], moka3pIBaeT Kaue-
CTBEHHOE COOTBETCTBUE TEOPETUUECKUX U DKCIIEPUMEH-
TaJIbHBIX PE3Y/BTaTOB.

3akJoueHue

Brinonaennbie uccienoBanust aBroguHabIx CBU-re-
HEPaTOPOB, CTAOUIM3HUPOBAHHBIX BHEIITHUM BBICOKOI00-
POTHBIM PE30HATOPOM, ITO3BOIMIIN OMIPEAETHTH OCOOCH-
HOCTH (DOPMHUPOBAHUS YACTOTHBIX, AMIUIUTYIHBIX, aM-
TUTATYTHO-YACTOTHBIX, & TAKKe (Pa30BBIX XapaKTePUCTHK
B YCJIOBHUSX BBICOKOTO YPOBHS BO3ACHCTBHUSI COOCTBEH-
HOTO OTPa)KEHHOTO U3y4eHuss. OCHOBHBIC PE3YJIbTATHI
9TUX UCCIIEIOBAHUI COCTOST B CIIEAYIOLIEM.

OCHOBHOW MPUYMHON NCKAKEHUH aBTOAMHHOTO OT-
kiuka CBY-reHepaTopoB B citydae OOIBIIOr0 OTpaXkeH-
HOT'0 CUTHaJIa SIBJIETCS HErapMOHUYHOCTb M3MEHEHMSI
PE3UCTUBHON M PEAKTUBHOM COCTABIISIOMINX KOMILIEKC-
HOIi MPOBOJMMOCTH HATPY3KH IPU PABHOMEPHOM U3Me-
HEHUH (a3bl OTPAKEHHOM BOJTHBI, @ TAK)KE HETMHEHHOCTD
YaCTOTHBIX 3aBUCUMOCTEH PE3UCTUBHON U PEAKTUBHOM
COCTABILIIOMINX KOJIeOATeIbHOW CHCTEMBI TeHepaTopa.
BHyTpeHHMe cBOWCTBaA reHepaTopa, Takue Kak ero He-
H30XPOHHOCTbB U HEN30I[POMHOCTb, a TAKKE HAITMYHE Pac-
CTPOMKH YacTOT CTAOMIM3UPYIOLIETO PE30HATOPA U COO-
CTBEHHOU YacCTOThI F€HEPALIUH SABJISIOTCS IOTIOJIHUTEIb-
HBIMH (DaKTOpaMH, BBI3BIBAIOIIMMU HCKaxeHHs. [Ipu
3TOM, OJHAKO, C TOMOILIBIO 3TOM PACCTPOMKN MOXKHO HE-
CKOJIBKO CKOMIIEHCHUPOBATh BIUSHUE BHYTPEHHUX
CBOWCTB Ha MCKKEHUS U TEM CaMbIM JIOOUTHCS pacIiu-
PEHUS AMHAMUYECKOTO AUara30Ha aBTOAUHHON CUCTEMBI.

g yMeHbIIeHUs] ypOBHS UCKa)KEHUI aBTOJJUHHOTO
OTKJIMKA IIPU BBICOKOM YPOBHE OTPAKEHHOT'O M3JTyYEHHS
MPEANOYTUTENIbHEH HCII0Ib30BATh CUIIBHYIO CBSI3b MEXK-
Iy pezoHaTopaMu. IIpu TakoM yciioBUM OJJHOBPEMEHHO
pean3yroTcs TOCTOMHCTBA OJTHOKOHTYPHOTO TeHEepaTo-
pa, UMEIOIIETO JINHEHHbIE YaCTOTHBIE 3aBUCUMOCTH CO-
CTaBJIAIOLINX IPOBOJUMOCTH PE30OHAHCHON CHCTEMBI, U
CTaOMIM3UPOBAHHOTO T€HEPATOPa, 00CCIICUNBAIOIIETO
BBICOKYIO (DHKCHPYFOIITYIO CTOCOOHOCTD YaCTOTHI.

BenuunHbl aBTOAMHHON IEBUALIMK YacTOThI U BpeMe-
HU 3aI1a3/[bIBaHNs OTPAKCHHOTO U3ITY4YCHHUs, OTIpeIeIs-
IOLIHE BEJIMYMHY MapaMeTpa UCKaKEHHH aBTOAMHHOTO
OTKJIMKA, TAaKXKE BBI3bIBAIOT JIOTIOJIHUTENIbHBIE HCKaXKe-
HISI B 9TOM CIIydae, Kak ¥ B CIIydae c1adoro oTpakeH-
HOTO CUI'Haja. YCTaHOBIJIEHO, YTO IPU CHJIBHOM OTpa-
YKCHHOM CHTHaJIe TPAHWYHOE 3HAYCHHUE TTapaMeTpa UCKa-
JKEHUH TIOJTy4aeTCsl MEHbIIE eJIMHUIIB, YTO OTIMYAET eT0
oT ciy4as cinadoro curaana. [I[puunHbl TAKOTO OTKIIOHE-
HUS OT U3BECTHOIO YCJIOBUS OOYCIIOBJIEHBI OCOOEHHO-
CTSIMH HEJTMHEITHOTO ITOBEICHIS KOd(h(PHUIIMEHTA OTpaxKe-
HUS Harpy3KU reHepaTopa.

Pesynbrarsl paboThl IPEACTABIISIOTCS OJIC3HBIMU TIPH
MHTEPIPETAIMH PE3YTBTaTOB SKCIIEPUMEHTAIIBHBIX UCCIIe-
JIOBaHUH CTaOMITN3UPOBAHHBIX ABTOIMHHBIX T€HEPATOPOB,
B3aUMO/IEHCTBYIOIINX ¢ COOCTBEHHBIM OTPasKEHHBIM U3~
JTy9eHUEM, IIPU aHaJI3e 0COOCHHOCTEH (POPMUPOBAHTIS
CUTHAJIOB aBTOJMHOB, PAcYeTax XapaKTepPUCTUK, a TaK-
ke Tpu ontuMuzanuu napamerpo CBU-reneparopos,
MpeHa3HAYCHHBIX JJIs AaBTOJWHHBIX CHCTEM ONMKHEH
paaNOIOKaIK U APYTUX LETEH.
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AHHOTAIIMU K CTATBSIM HOMEPA

AHHOTH!!I/II/I Ha PYCCKOM SA3bIKE

VK 621.793.16
Caxno 3. A., bamammos M. A., XXunmkos B. B., JIobacos /1. B. [IpumeHeHne TeXHO10-
U TOHKHX IUIEHOK H HAHOCTPYKTYPHPOBAHHBIX MATEPHAJIOB IIPU H3TOTOBJICHHH
TEIJIOHATPY:KEeHHBIX MeYaTHBIX 1At (cTp. 3—5)

[Toxazana menxecooOpa3HOCTh MIPUMEHEHHU TOHKUX TUICHOK HUTPHUIA aTFOMHHUS,
00J1aIAFOIIETO YHUKATbHBIMU (DH3MISCKUMHU M XUMHYECKUMU CBOMCTBAMH, [T 00€C-
MEYEHNS BLICOKOH TEMIOCTOMKOCTH ITeuaTHoH miaTel. Onrcada TEXHOIOTHS U3T0-
TOBJICHUS NIEYATHBIX IJIAT C PE3UCTOPAMHU, PACIIOJIOKEHHBIMHU B IEPEXOHBIX OTBEP-
CTUSIX, OCHOBAHHAs Ha UCIIOJIb30BaHUH METAJNINUYECKOIO OCHOBAHNS, IOKPBITOIO HUT-
PUAOM aTFOMUHUSL.

Poccus, r. Mocksa, [THUTU «Texnomariny.

V1K 621.3.032
Paccamaxun b. M., Xaiipracos C. M., Xomunand B. U., Bynennsrii A. B., KoBanenko
E.1O., Enmuceena E. H. TepmoBakyyMHbIe HCTILITAHUS CUCTEMbI JJIEKTPOCHAOKEHHST
HanocmyTHHKa HTYY «KITW» (ctp. 6—10)

[TpuBeneHbI pe3ynbTaThl TEPMOBAKYYMHBIX HCIIBITAHUH 3KCIEPUMEHTATBHOTO Ma-
keta HaHocyTHHKA HTYY «KIIN» B BakyymuO# kamepe TBK-0,2. Ilenpro ncmbita-
HUI ObLJTa MPOBEpKa padOTHI CHCTEMBI DJIEKTPOCHA0KEHNST HAaHOCITy THHKA. VICTIbI-
TaHMS MOKA3aJIM, YTO IPH BO3AEHCTBUU (haKTOPOB, MMUTHPYIOIINX KOCMUYECKOE
IIPOCTPAHCTBO, CUCTEMA HIIEKTPOCHA0KEHHST HAHOCITYTHHKA paboTaeT B IITaTHOM
peKIMe.

Vkpauna, r. Kues, HTYY «KIT»

VK 621.315.592
Hpyxurnz A. A., Octposckuii 1. I1., Xosepko FO. H., Huuakano C. U., bepexxanckuii E. 1.
HuskopasmepHbIe KPHCTALTHI KpeMHUsI /151 hOTONIEKTPHUIECKHX Mpeodpa3oBare-
Jeit (ctp. 11—13)

IToxazaHa BO3MOXKHOCTb HCIIOJIb30BaHNS B KAUECTBE AaHTHOTPAXKAIOIIIEH TOBEPXHO-
CTH KPEMHHUEBBIX (POTOAIEKTpUUECKHX TpeodpaszoBareneii (POI1) ancambieii Ha-
HOIIPOBOJIOK KpeMHHUs1. Pa3paboTaH TEXHOJIOTMYECKHUIT POLIECC ITOJIyYESHUs HAaHO-
pa3MepHOI aHTHOTpaXKaKOIIEe! MOBEPXHOCTHU, PACCMOTPEHBI CTPYKTYypbl DI u uc-
CJICTOBAHBI HX XapaKTEPUCTHKH.

VYkpauna, . JIbBoB, HY «JIbBOBCKas monurexuuka»; [lonpmia, r. Bporyas, Mexny-
HapOHAS Ta00PATOPHSI CHITLHBIX MATHUTHBIX TTOJICH M HU3KUX TEMIICPATYD.

VIIK 621.382.3
AntyxoB A. A., AdanaceeB M. C., 3s10:mr0k K. H., Mutsirun A. 1O., Tamumnos H. X,
Uyuesa I B. ®opmupoBaHue 1eJbTa-1eTHPOBAHHOIO BOIOPOIOM p-CJIOS B IPH-
ponubix 1 CVD-kpucramiax aamasa (cp. 14—16)

[TpennoxxeH MeTo; TEpMOOOPaOOTKH B BOJIOPO/IE NPUPOIHBIX U BBIPAIIEHHBIX Me-
TozoM CVD kpucTauioB anMasa, KOTOPbIH MOXKET CITy>KHTh aJIbTepHAaTHBOH oO11ie-
npuHsToMy MeToxy ¢GopmupoBanus H-cios B8 CBU-muasme Bogopona kak Ooiee
MIPOCTOM 1 BOCIIPOM3BOANMBIH. YCTaHOBIIEHA IPaHHIIA TEPMUIECCKON CTAOMIBHOCTH
TUIPUPOBAHHON aliMa3HOU OBEPXHOCTHU. IToka3aHo, 4TO aIFOMUHMIA, HAIIbIIICHHBIH
Ha FHJPUPOBAHHYIO IIPH TEPMOOOPAOOTKAX B BOAOPO/IE aIMa3HYIO IIOBEPXHOCTD,
MOXET CITyKUTh B KauecTse 3arBopa LllorTku B nonessix CBU-Tpan3ucropax, u3ro-
TOBJIeHHBIX 10 TexHonornu MESFET.

Poccust, . Mockaa, [TTI] «YpanAnmasluBect»; BoenHast akageMust pakeTHBIX BOMCK
cTparernyeckoro HazHauenust; T. @psizuno, Gunman PO PAH um. B. A. KorenbHukosa.

Knroueswie cnosa: iedaTHasl miara,
METAJUIMYECKOE OCHOBAHNE, TETUIO-
TIPOBOTHOCTb, HUTPHUJI ATFOMUHHUSL.

Kniwouesvie crosa: xocMudeCcKuit
anmapat, HanocnyTHuk, CubeSat,
TEPMOBAKYyMHBIC HCITBITAHHS.

Knrouesvle cnosa: HaHOTIPOBOJIOKH
KpeMHHs1, (POTOAIICKTPHUECKHUIT ITpe-
oOpa3oBaTellb, aHTHOTPaXKAIOIAS
MOBEPXHOCTb.

Kniouegvie cnosa: anmas, rugpore-
nusaryst, CBU-Tpansucropsl, 6apb-
epsbl LlorTku.
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AHHOTAIIMU K CTATBSAM HOMEPA

YK 539.1.074.5; 621.382;621.039.7
Ilepesepraiinio B. JI. UnTerpasibHble IByXCTOPOHHUE KPeMHUEBbIe MUKPOCTPHIIO-
BbIe 1eTeKTOpbI (cTp. 17—24)

PaccMoTpens! BOIpockl IPOEKTUPOBAHUS, TEXHOJIOTHU M U3TOTOBJIEHHUS IByXCTOPOH-
HHX KPEMHHEBBIX MUKPOCTPHIIOBBIX JIETEKTOPOB HA CTAHAAPTHOM 000PY/IOBAaHNH TEX-
HOJIOTMYECKOH JIMHHH B YCIIOBHSIX CEPHIHOTO MPOM3BO/ICTBA KPEMHUEBBIX HHTET PAITh-
HbIX cxeM. [IpencraBnena pa3paboTka MPOTOTUIA IETEKTOPA BEICOKOIHEPIETHIECKUX
gactun 1 sxkcriepuMenTa ALICE (CERN). M3rotoBneHHbIE A€TEKTOPI CPABHUMBI 110
napaMeTpam ¢ aHaJIOTHYHBIMH 3apyOeKHBIMH JETEKTOpaMH, OAHAKO OTIMYAIOTCs
MEHBbIIEN CTOMMOCTBIO.

Ykpauna, . Kue, HUM mukpornpudopos HTK “HUuctutyT MOHOKpHCcTauios” HAHY.

VIIK : 621.382

I'ypbannusazoB M. A., Kypbanos M. A. MeToauka u ycTAaHOBKA [IJIsl ONpeaesie-
HUS TEIJIONIPOBOHOCTH MOJIYIPOBOIHHKOB C HCIIOJb30BAHMEM JIY4UCTOI JHep-
ruu (cTp. 25—26)

IIpennoxen ciocob onpenenenus kodhHUITMEHTa TETTONMPOBOIHOCTH TBEPBIX TEI
B HECTAIMOHAPHOM PEKUME, METOTUYUCCKAS TIOTPEIITHOCTH KOTOPOTO COCTABIISICT HE
6onee 7%.

Typkmenwucra, . Amradat, TypKMEHCKHIA TOCYIapCTBEHHBI YHUBEPCUTET IMEHH
MarrteIMryisl.

VIIK: 535.14:621.375.826
l'apkaBenko A. C. ToHKasi CTPYKTYpa CIIEKTPOB JIA3ePHOT0 H3.JTyYeHHUsT PH YIeKT-
POHHOI HAKAYKe HA 0CHOBE PAJHALMOHHO MOTU(UIMPOBAHHBIX ONITUYECKH OTHO-
POAHBIX HeJIETMPOBAHHBIX KpHcTALIOB GaAs (ctp. 27—30)

VcenenoBaHo BIMsTHUE yPOBHS BO30Y>KACHUS M TEMIIEPATYPhI Ha APaMETPhI H3ITyde-
HUS JTA3€POB, CO3/IAHHBIX HA OCHOBE MOIH()HIIUPOBAHHBIX C IIOMOIIIBIO PaIHAIIHOHHBIX
TEXHONOIUH KpHucTaiwioB GaAs n-THUIa ¢ BBICOKOH ONTHYECKOI OMHOPOAHOCTHIO.

I'epmanus, r. IltyTrapt, MexayHapoaHblil HAy YHO-ITPOM3BOACTBEHHBIH LIEHTP SHEP-
rocOeperaromx TeXHOIOTHH.

VIIK: 621.382.001
Anuesa A. I1., AneckepoB @. K., Kaxpamanos C. III. Me:xcJjioeBble IPUMECHbIE
HaHOKoMNo3uThI noBepxuoctu (0001) kpucrasia Bi, Te,, 1ernpoBaHHOr0 HHMHKOM
u cesieHoM (cTp. 31—34)

B mporiecce pocTa ¥ KpUCTAIDTH3AIIH JETHPYIOIINX YJIEMEHTOB B MEXKCIIOCBOM IIPO-
CTPAHCTBE KPUCTAJLIA 00Pa3yIOTCs HAHOKOMITO3UThI, BBIPACTAIOIINE IEPIICHINKY -
JSIPHO 6230BOH IIOCKOCTH, YTO MPHBOJIHUT K MOSIBIICHHIO HOBBIX AIEKTPOHHBIX CBOHCTB
kpucraiuia. CHopMUPOBaHHBIE MEKCIIOEBbIE HAHOCTPYKTYPHBIC JJIEMEHTHI YBEITH-
YHBAIOT MEXaHHYECKYIO IPOYHOCTh KPUCTAILIIOB C BHICOKOH TEPMOIIEKTPUUECKOI
JIOOPOTHOCTBIO.

Azep0aitmxan, T. baky, AzepOaifmkanckuii texandecknii yansepeutet; HITO «Ce-
nen» HAHA.

Knioueebie cio6a: TEXHONOTHSA -,
1 -CTOPOHBI IETEKTOPA, MOJTUKPEM-
HUCBBIC HHTCTPHUPOBAHHBIC PE3UC-
TOPBI, KOHJICHCATOP C JIBYXCIIOWHBIM
JIMDJIEKTPUKOM, pajHaIidioHHas
CTOUKOCTb, KOOPDHUITUEHT JT030BOM
3aBUCHUMOCTH.

Kurouesvie crosa: xodppuimeHT
TEIIONPOBOAHOCTH, TEIIOBOH MO-
TOK, ITOJTYTIPOBOIHUK, TEMIT OXJIAXK-
JICHWUSL, JTyYHCTast SHEHPTHSL.

Kniouesvie cnosa: criekTp u3iyde-
HUS, JTa3ep, MCKTPOHHAs HaKaJKa,
paanaronHas MoauduKanus, ap-
CEHU/I TaJIIHSL.

Kniouegvie cnosa: KOMIIO3UTHI, CTe-
XHOMETpHs, HaHO(pPAarMeHTHI,
CTPYKTYPBI, MOP(OJIOTHSI, CAMOOP-
TaHU3aLHs, TUCITOKALIHY, BAKAHCHH,
mpo¢uIorpaMmMa, CTYyIIeHIaTOCT.
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VIK: 621.362:621.383
Anpaponosa E. B., baranoB E. A., Kypak B. B. UcciienoBanue ciekrpos ¢gorosiromu-
HeCLeHIIMH HU3KOPa3MepHbIX cTPYKTYp InSb, chopmupoBannbix B MaTpuiie GaSh
(ctp.35—38)

[TpencrapieHbl pe3ysIbTaThl HCCIIENOBAHUS CIIEKTPOB (DOTOTFOMHHECLCHIMHU JITH-
TaKCHANBHBIX CTPYKTYP, COCTOSIIHX 13 MaTpuiel GaSb, B 00beMe KOTOPOit METO0M
UMITYJIECHOTO OXJIaXKAEHHS HACBHIIIEHHOTO PacTBOpa-paciuiaBa cHOpMUPOBAHBI
HHM3KOpa3MepHbIe CTPYKTypbl u3 InSb. [Tokazano, yto HabmogaeMble 0I0Ck HOTO-
JIFOMUHECLICHIINH CBSI3aHBI C M3ITy4aTeJIbHBIMH ITEPEX0/IaMHt TIPH YYaCTHU SHEpre-
THUYECKUX YPOBHEH HU3KOPa3MEPHBIX OCTPOBKOBBIX CTPYKTYp InSb, hopmupyrommx-
s Ha CMAYHMBAFOLIEM CJI0€ aHTUMOHHU1A HHIMS TOJIMHOM IIPUMEPHO 2 HM.

VYkpauna, XepCOHCKHUN HallMOHAJIbHbII TEXHUYECKUI YHUBEPCUTET.

VIK:537.311.33:622.382.33
CwmpiateiHa B. A., Kymuand O. A, Saysckwii U. P., CBupunosa O. B., Mapuyk 1. A.
Binsinue 1051 NOJUKPHCTAIIMYECKOr0 KPEMHHS Ha MeXaHHU3MBbI TOKOIIEpeHoca
B KOHTAKTAaX «MeTAJI — p-KpeMHui» (cTp. 39—41)

Ha ocHOBaHMY pe3ynbTaTOB UCCIIEN0BAHUS IPOLIECCOB TOKONIEPEHOCA B KOHTAKTAX
«METaJINT —p-KPEMHHUI» C Pa3IMYHON TOJIIMHON CJIOS MOJMKPUCTAIITMYECKOTO
p-KpEeMHHUS OTHCAaHBI MEXaHU3MBI TOKOIIEPEHOCA Yepe3 TaKHe CTPYKTYPBI. YCTaHOB-
JICHO, YTO NPH YBETUUEHUHU TOJIIIHUHBI CJI0S MOTUKPUCTATITHUECKOTO p-KPEMHHUSI Me-
XaHU3M TOKOIIEPEHOCA M3MEHSAETCS OT ABOMHOTO MHXEKIHOHHOTO K Ipeidoso-
nuddy3nonHoMy. Takoe W3MEHEHHE CBS3aHO C yBeIHMUYeHHEM apeiidoBoit
COCTAaBJIAIOIIEN TOKA B 30HE IMPOCTPAHCTBEHHOTO 3apsja KOHTAKTa «MeTalll —
P-KPEMHMUID», BOSHUKAIOILEH BCIIEACTBUE YBEINYECHHSI IOBEPXHOCTHOU INIOTHOCTH
paccenBaroX 0apbepoB, JTOKATM30BAHHBIX Ha I'PAHHIIAX COCEAHUX MOJMKPUCTAI-
JIOB KPEMHUSL.

VYkpaunna, Onecckuii HaIMOHANBHBIN yHUBepcuTeT umenu M. Y. MeunukoBa.

VK 621.373.122:621.396.962.23
Hockos B. 1., Urnatkos K. A., Cmonbckuii C. M. ABTOIMHHBIE XaPAKTEPUCTUKH CTA0H-
mupoBaHHbBIX CBY-reHepaTopoB npH CHIHLHOM 0TPAsKeHHOM CUTHAJeE (CTp. 42—54)

BeimonHeHs! pacyeTs! ¥ aHau3 (pa3oBbIX, aMIUIUTYIHBIX, YACTOTHBIX M @MILTUTYTHO-
YaCTOTHBIX XapaKTEPUCTHUK aBTOJANHHON CHCTEMBI, CTAOMIN3UPOBAHHOM BHEITHIM
BBICOKOZOOPOTHBIM PE30HATOPOM, a TAK)KE CIIEKTPAIBHBIX XapAKTEPHCTHK IIPH yC-
JIOBUSIX TOYHOM M HETOYHOM HAaCTPOMKH PE30HATOPA U BapHALMAX PACCTOSIHUS 10
orpaxaress. [lokazaHbl OTIMYUTENBHBIE 0COOCHHOCTH (DOPMUPOBAHUS ABTOJUHHO-
T'0 OTKJIMKA MPH C1a00M U CHJIBHOM OTpakeHHOM curHaie. [IpoBeaeHs! skcnepu-
MEHTaJIbHbIE MCCJICJOBAHMS, BHITTIOJIHEHHBIE HA IPUMEPE THOPHTHO-UHTErPaJIbHO-
ro reHeparopa Ha quojie I'anHa 8-MM auana3oHa, KOTOpble Ka4€CTBEHHO NOATBEPAH-
JIY BBIBOJIBI TEOPETHUECKUX HCCIIETOBAHUH.

Poccust, Ypanbsckuii dpenepansublii yuusepeuret (YI11), MockoBckuii sHepreTu-
gyeckuit uHCTHTYT —TY (MDU-TYV).

Kntouesvle cnosa: Hu3KOpazMep-
HBIE CTPYKTYPbI, aHTHMOHH/T HH/IUS,
AQHTUMOHH]] TAJUTHS, KHUIKO(Da3Has
SMUTAKCHUSL, CIIEKTP (DOTOTFOMHUHEC-
HEHIUH, U3ITydaTeIbHBIC TePEXO/IbL.

Kniouesvie cnosa: noauKpucTaim-
YEeCKUM KPEeMHHH, TOKOIEPEHOC,
KOHTAKT «METAJLI — p-KPEMHUI».

Kniouesvie crosa: aBTOIHMH, aBTO-
JUHHBIA TeHEpaTop, CTA0MIN3UPO-
BaHHBII T€HEPATOp, TCHEPaTop Ha
nuone I'anHa, aBTOIMHHBINA CUTHAI,
CHJIbHOE OTPaXEHHOE HM3Iy4deHHeE,
HeJII/IHeI>‘IHI)Ie HCKAXXCHUs CUTI'HAJIa,
napaMeTp HCKaXeHUi, cucreMa
OIDKHEH PaIIOIOKAIINH.
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AHHOTAWII YKPAIHCHKOI0 MOBOIO

VK 621.793.16
Caxno E. A., bamarmoB M. A., XKuuikos B. B., JIo6acos /. B. 3acrocyBanus TexHoJorii
TOHKHX IUTIBOK Ta HAHOCTPYKTYPOBAHHMX MaTepia/iiB NP1 BUTOTOBJICHH] TeNJIOHA-
BAHTA’KeHUX APYKOBAHUX IJIaT (ctop. 3—75)

[Noka3zaHo JONITBHICTB 3aCTOCYBAHHS TOHKHX TUTIBOK HITPHUTY aJTIOMIHIIO, III0 BOJIOJIIE
VHIKaJIbHAMU (Di3MIHAMU 1 XIMIYHUMHE BIACTUBOCTSIMH, JUTS 320€3IIeUeHHS BICOKOT
TETIIOCTIHKOCTI IpyKoBaHO{ ruati. OMHCAaHO TEXHOJIOTII0 BUTOTOBIEHHS APYKOBAHIX
IUIaT 3 PE3UCTOPAMH, PO3TAIIOBAHUMH B MEPEXiTHUX OTBOpaX, 10 3aCHOBaHA Ha
BUKOPHCTAHHI METAJIEBOT OCHOBH 3 TOKPUTTSIM 3 HITPHJLY AJIIOMIHIFO.

Pocist, M. Mocksa, LIHJITI «TexHoMarm.

V1K 621.3.032
Paccamakin b. M., Xaiipracos C. M., Xominiu B. 1., Bynporrnii O. B., KoBanerko
€.10., €miceera K. M. TepmoBakyyMHi BUIIPOOYBAHHSI CHCTEMH €JIEKTPOMOCTAYAH-
Hs1 HaHocynmyTHuka HTYY «KIII» (crop. 6—10)

HaBeneno pesynbsraru TepMOBaKYyyMHHUX BHIIPOOYBaHb €KCIIEPUMEHTAIBHOTO Ma-
kera HaHocynyTHHKa HTVY «KIIl» y BakyymHiit kamepi TBK-0,2. Metoro Burpo-
OyBaHBb Oyi1a mepeBipka poOOTH CUCTEMH €JIEKTPONOCTAaYaHHs HAHOCYITy THHKA. Bu-
poOyBaHHS [OKa3aJu, HIO i i€ro (PaKTOpIB, 10 IMITYIOTh KOCMIYHHUIT IPOCTIp,
cHCTeMa eJIEKTPOIIOCTa4aHHsI HAHOCYITY THUKA ITPAIIOE B IITATHOMY PEXKHMI.

Vkpaina, M. Kuis, HTYY «KIII».

VK 621.315.592
Hpyxunin A. O., Octposerkwii L. I1., Xosepko FO. M., Hiukano C. 1., bepesxancbkuit
€. [. Huzpkopo3mipHi KpuCTaIM KPEMHII0 /17151 (POTOeIeKTPHYHIX MePeTBOPIOBAYIB
(ctop. 11—13)

[TokazaHo MOXJIMBICTE BUKOPHCTAHHS SIK aHTHBIZIOMBHOI MOBEPXHI KPEMHI€BUX (O-
ToeneKkTpuiHuX neperBoproadiB (DEIT) ancamOriB HaHOAPOTHH KpeMHir0. Po3pod-
JICHO TEXHOJIOTYHHH ITPOIIeC OTPUMaHHS HAHOPO3MIPHOI aHTHBIIOMBHOI IIOBEPXHI,
posnsiayTo cTpykrypu OEIT Ta 10CimKeHO X XapaKTePHUCTHKH.

VYkpaina, M. JIeBiB, HY «JIpBiBchKa nomiTexHika»; [lombima, M. Bporuias, MixxHapon-
Ha 1a00paTopis CHIIFHUX MATHITHUX TOJIB 1 HI3BKHUX TEMITEPATYP.

V1K 621.382.3
AnryxoB A. O., Apanacses M. C., 316mok K. M., Mitsriu O. FO., Taxinmos H. X.,
Uyuesa [. B. ®opmyBaHHsI 1eJIbTa-1€T0BAHOI0 BOJAHEM p-1Iapy B NPUPOAHUX
Ta CVD-kpucranax aamasy (crop. 14—16)

3amporoHoOBaHO METO]] TEPMOOOPOOKHN Y BOAHI IPUPOJHUX Ta BUPOIIEHUX METO-
oM CVD xpucTaii anMasy, SKHiA MOXKe CITY>KUTH aJIbTepPHATHBOIO 3araIbHOIIPHI-
HATOMY MeTony hopmyBanus H-mmapy 8 HBU-1ura3mi BogHIO SK OLTBII TPOCTHIA i
BiITBOpIOBaHMi. BcTaHOBIIEHO MEXKY TepMiIYHOT CTab1ILHOCTI TiIPOBAHOT aJIMa3HOT
noepxHi. [TokazaHo, 1110 aOMiHil, HATWIIEHNH Ha TiIpoBaHy PH TepMOOOPOOII Y
BOJIHI aJIMa3Hy ITOBEPXHIO, MOXKe CITY>KUTH sik 3aTBip LLloTkn B monpoBux HBY-Tpan-
3UCTOpPaX, BUTOTOBIICHNX 3a TexHonorieto MESFET.

Pocis, M. Mocksa, BTL «YpanAnmaslaBect»; BilficbkoBa akaiemist paKeTHUX BIHCbK
cTpareriqnoro npusHaucHHs; M. Ops3ino, Gimian IPE PAH im. B. A. KorenpHikosa.

Kniouoei cnosa: npykopaHa 1ara,
MeTajeBa OCHOBA, TETUIONPOBITHICTB,
HITPUJ1 AJIFOMIHIIO.

Kirouosi cnosa: KoCMiTHUI amrapato
HaHOCYITyTHHUK, CubeSat, TepMoBa-
KYyMHI BUITPOOYBaHHS.

Kniouegvie cnosa: HaHOAPOTUHU
KpPEMHI0, (DOTOCTCKTPHYHHI IIepe-
TBOPIOBAY, aHTHBITOMBHA IIOBEPXHSL.

Kurouosi cnosa: anmvas, TiIporeHi-
3aniss, HBU-tpanrsucropu, 6ap'epu
[Horxki.
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VK 539.1.074.5;621.382;621.039.7
[epesepraiino B. JI. TexHoJ1orist iHTerpajibHUX ABOCTOPOHHIX KPEMHIEBUX MIKPO-
CTPIiMOBHUX 1eTEeKTOPiB (cTOp. 17—24)

Po3mistHy TO IUTaHHS IPOEKTYBAHHSL, TEXHOJIOT1i T2 BUTOTOBJICHHS JIBOCTOPOHHIX KPEM-
HI€BHX MIKPOCTPIMIOBHX JIETEKTOPIB Ha CTaHapTHOMY 00JIaIHAHH] TEXHOJIOTYHOT JIiHii
B YMOBAaX CEepiifHOTr0 BUpOOHUIITBA KPEMHIEBHX IHTETpaJbHUX cxeM. [IpencraBieHo
PO3POOKY IPOTOTHITY JETEKTOPA BHCOKOCHEPTeTHYHHIX YACTOK IJISI eKCTIEPUMEHTY
ALICE (CERN). BurorosiieHi ieTeKTOpH MOPiBHSIHHI 32 ITapaMeTpaMy 3 aHAJIOT 1 YHH-
MH 3apyOi>KHUMH JIETEKTOPAMH, IPOTE BiPI3HSIOTHCS MEHIIOKO BapTICTIO.

Vkpaina, M. Kuis, H/II mikponprnanis HTK "[actutyT Mmonokpucramis”" HAHY.

VIK:621.382
I'yp6anisszoB M. A., Kypbanos M. A. MeToAnKka Ta yCTaHOBKA /15l BU3SHAYEHHS
TeNmJIoNPOBiTHOCTI HANMIBNPOBITHUKIB 3 BAKOPUCTAHHSIM IPOMEHHUCTOI eHepril
(ctop. 25—26)

3ampornoHOBaHO CTOCiO BU3HAYECHHS KOS (illi€HTY TETUIOTPOBITHOCTI TBEPIUX Til B
HECTalliIOHAPHOMY PEXXHMi, METOIMYIHA TOXMOKA SKOTO CKIIaIa€ He OLTbI HiXk 7%.

Typkmenicran, M. Amradar, TypKMEeHCHKHI iepKaBHUI yHIBEpcUTET iMeHi Mar-
TUMTYJTH.

V]IK: 535.14:621.375.826
I'apkasernko A. C. ToHKa CTPYKTYpa CrieKTPiB JIa3epPHOr0 BUNIPOMIHIOBAHHSI IPU
€JIeKTPOHHOMY HArHiTAHHI Ha 0CHOBI pajianiiiHo MoaU(pikOBAHNX ONTUYHO OTHO-
pinHuX HesteroBaHux KpuctamiB GaAs (ctop. 27—30)

JocnimKkeHo BIUTUB PiBHA 30y/DKEHHS 1 TeMIIepaTypH Ha TapaMeTpH BUIIPOMIHIO-
BaHHsI JIa3ePiB, CTBOPEHUX HA OCHOBI MOAM(IKOBAHKX 3a JOMOMOTOI0 PaialliifHuX
TEXHOJIOT1# KprcTaiiB GaAs n-THUITY 3 BUCOKOIO ONITHYHOIO OTHOPIAHICTIO.

Himewyunna, M. llItyTrapt, MixkHapoaH#ii HayKOBO-BUPOOHIYHIT IEHTP eHepro3oe-
piraroumx TeXHOJIOTIH.

VIK: 621.382.001
Aumiesa A. I1., AneckepoB @. K., Kaxpamanos C. 111. Mizkimapogi 1ominkoBi HaHo-
kommo3uTu nosepxHi (0001) kpucraina Bi, Te,, ileroBanoro uMHKOM Ta ceJeHOM
(crop. 31—34)

¥ mpoueci pocty i KpucTasizamii JIETyIoUiX eJIEMEHTIB y MIKIIapOBOMY MPOCTOPi
KPHCTaJa YTBOPIOKOTHCS HAHOKOMIIO3HUTH, SIKi BUPOCTAIOTh IIEPHECHANKYISIPHO 10
6a30B0{ IUIOIINHY, 110 IPU3BOIUTH JI0 TIOSIBU HOBUX €JIEKTPOHHUX BIIACTHBOCTEH
kpucrana. ChopMoBaHi MiXKIIIAPOBI HAHOCTPYKTYPHI €JIEMEHTH 301IBIIYIOTh MEXaH-
IYHY MILHICTh KPHCTAJIIB 3 BUCOKOIO TEPMOCIICKTPUIHOIO IOOPOTHICTIO.

Azepbatimkan, M. baky, AzepOaitmkancekuii TexHigHIHA yHIBepcuTteT; HITO «Ce-
nen» HAHA.

Kuiouosi cnosa: rexuonoris pt-, n'*-
CTOPOHH JAETEKTOPA, MOJIKPEMHI€B1
IHTErpoBaHi pe3UCTOPH, KOH/IEHCa-
TOP 3 JABOLIAPOBUM JIi€IIEKTPHKOM,
pamiamiifHa CTIHKICTh, KoeiIlieHT 10-
30BO] 3JIEKHOCTI.

Knrouosi crosa: xoedimieHT Tero-
MIPOBITHOCTI, TEIIOBUH TMOTIK, Ha-
MIBIPOBIIHUK, TEMIT OXOJIOKCHHS,
JyducTa eHeprisl.

Kniouogi cnosa: criekTp BUIPOMi-
HIOBAHHS, JIa3ep, EIEKTPOHHE Ha-
THITaHHS, pajiariifna MoTudikartis,
apCceHiJl Taio.

Knrouoei cnosa: KOMIO3UTH, CTEXI-
oMeTpii, HaHOpPAarMeHTH, CTPYKTY-
pu, Mopdoutoris, camoopraHizatis,
JUCIIOKaIIii, BakaHCi1, mpodinorpa-
MH, CTYIHYACTICTb.
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VIIK: 621.362:621.383
Anpaponosa O. B., baranos €. O., Kypaxk B. B. /lociigxenns cniekTpis ¢ororo-
MiHecHeHIii HU3bKOpo3MipHHX cTPYKTYP InSb, chopmoBanux B maTpuni GaSb
(cTop.35—38)

[IpencrariieHO pe3yabTaTd A0 CHiHKEHHS CIEKTPiB (POTOTFOMIHECIICHITIT eITiTaKCii-
HHX CTPYKTYP, 1110 CKJIaIal0ThCs 3 MaTpHili GaSb, B 06’ eMi K0T METOIOM IMITYJIbCHO-
IO OXOJIOJUKEHHS HACHMYEHOTO PO3YMHY-PO3ILIaBy COPMOBAHO HU3BKOPO3MIpHI
cTpyktypu 3 InSb. [TokazaHo, o criocTepexyBaHi cMyTH (hOTOIFOMIHECIICHTIIT TTO-
B's3aHi 3 BUIPOMIHIOBAJIEHIMH IIEPEX0JaMH 32 yJaCTIO CHEPTETUIHNX PiBHIB HU3b-
KOPO3MIpHHUX OCTPIBIEBHX CTPYKTYp InSb, mo GopMyroThcsi Ha 3MOUYBaIEHOMY
1rapi aHTUMOHITY 1H/T1F0 TOBIIHHOFO MPHOIN3HO 2 HM.

VYkpaina, XepCOHCHKUI HAIliOHAIBHUHN TEXHIYHIHA YHIBEPCUTET.

VIK: 537.311.33:622.382.33
CwmuaTrHa B. A, Kymiaig O. A., Saysckuii 1. P., Ceipizosa O. B., Mapuyk I. O. Bouius
APy NOTIKPHCTATIYHOI 0 KPEeMHII0 HA MeXaHi3MH TOKOIepeHeCeHHsI B KOHTAKTaX
«meTa — p-kpeMHii» (ctop. 39—41)

Ha migcraBi pe3ynerariB JOCTIHKEHHS IIPOIIECIB TOKOTICPECHECCHHS B KOHTAKTaX «Me-
TaJl — p-KPEMHii» 3 Pi3HOIO TOBIIIHOIO APy MOTIKPUCTATIYHOTO p-KPEMHIIO OTIH-
CaHO MEXaHi3MH TOKOIIEPEHECEHHs Yepe3 Taki CTPYKTypu. BeraHoBiieHo, o npu
301IBILICHH] TOBIIMHH LIAPY MOJIKPHCTAIIYHOTO p-KPEMHII0 MEXaHi3M TOKOIIepeHe-
CEHHs 3MIHIOETBCS BiJI TIOJIBIMHOTO IH)KeKIiITHOTO 110 ipefidoBo-andy3iitHoro Mexa-
Hi3My. Taka 3MiHa TIOB's13aHa i3 301TBIIEHHAM APEH(POBOI CKITAIOBOT CTPYMY B 30H1
IIPOCTOPOBOTO 3apsily KOHTAKTY «MeTall — p-KPEeMHiil», 0 BUHUKAE BHACIIIOK
301TbIIIEHHS TOBEPXHEBOT MIJTIBHOCTI PO3Citor0unx 0ap'epiB, TOKaIi30BaHUX HA Ipa-
HHIIX CYCIJIHIX TTOJIKPUCTAIIIB KPEMHIIO.

Vkpaina, Onecbkuii HallioHATLHUH yHiBepcuTeT iM. 1. [. MeunnkoBa.

VK 621.373.122:621.396.962.23
Hockos B. 4., Irnarkos K. A., Cmonbsebkuii C. M. ABTOIMHHI XapaKTEePHCTHKH CTa-
oirizoBannx HBU-reneparopiB npu cniibHOMY BindonToMy curnadii (ctop. 42—54)

3nilicCHEHO pO3paxyHKH Ta aHalli3 (ha30BHX, aMILTITYAHUX, YACTOTHHX 1 aMILTITYJHO-
YaCTOTHUX XapaKTEPUCTUK aBTOMHHOI CUCTEMH, CTa01I1i30BaHOT 30BHIIIHIM BHCOKO-
JOOPOTHUM PE30HATOPOM, @ TAKOXK CIIEKTPATBEHHUX XapaKTEPHUCTUK 38 yMOB TOYHOT'O
1 HETOYHOTO HANIAIITYBaHHS pE30HATOpA M Bapiallisfx BiacTaHi 10 BigomBayva. [Toka-
3aHO BiZMITHI 0COOIMBOCTI (POPMyBaHHS aBTOJMHHOIO BIAT'YKY IIPH CJ1a00MY 1 CHITb-
HOMY BinOuTOMY curHaii. [IpoBeieHi eKkcriepuMeHTalIbHI JOCHIIKEHHS, 110 OyIH
BUKOHAHI Ha NPUKJIal TiOpUIHO-1HTETrpajbHOTO reHeparopa Ha jioai ['anHa 8-mm
JianasoHa, IKICHO IiATBEP/ M BUCHOBKH TEOPETUYHHX JOCITIKEHb.

Pocist, Ypasnbcwbkuit penepanbuuii ynisepeure (YI11), MockoBChbkuii eHepreTHIHHiA
iHcTuTyT-TY (MEI-TYV).

Kunrouosi crnosa: HA3BKOPO3MIpHI
CTPYKTYPH, aHTUMOHIJI IH]Ii10, aHTH-
MOHI /I rajiito, piaKoasHa eniraxcis,
CIIeKTp (pOTOIIFOMIHECIIEHILIT, BUTTPO-
MIHFOBAJIBbHI TIEPEXOTH.

Kniouosi crosa: nonikpucTamiyHuR
KPEeMHil, TOKOTIEpEeHECECHHS], KOHTaK-
Ty «MeTaJl — p-KPeMHIi».

Knrouoei cnosa: aBTOIMH, aBTO/IHH-
HHH TeHepaTop, CTadlTi30BaHuUi re-
HepaTop, reHeparop Ha gioni ['an-
Ha, aBTOJAWHHMN CHUTHAJ, CHIIbHE
BiZOMTE BUIIPOMiHIOBAaHHS, HEITIHIH-
He CIIOTBOPEHHS CUTHALY, IIapaMeTp
CIIOTBOPEHB, CUCTEMa OIIMKHBOT pa-
JioJIoKarii.
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ABSTRACTS

Abstracts in English

UDC621.793.16
Sakhno E. A., Balashov M. A. Zhilikov V. V., Lobasov D. V. Application of the
technology of thin films and nanostructured materials in the manufacture of
thermally loaded printed circuit boards (p. 3—5)

The expediency is shown for application of aluminum nitride thin films, which has
unique physical and chemical properties, for high heat resistance of the circuit
board. There was described the technology of printed circuit board with resistors,
located in the vias, based on the use of a metal base coated with aluminum nitride.

Russia, Moscow, CRTI "Technomash".

UDC621.3.032
Rassamakin B. M., Khairnasov S. M., Khominich V. 1., Budionny A. V., Kovalenko
E. Yu,, Eliseyev Ye. N. Thermal vacuum testing of the power supply system of the
nanosatellite NTUU "KPI" (p. 6—10)

The results of thermal vacuum testing of experimental model of the nanosatellite
NTUU "KPI" in a vacuum chamber TBK-0,2 are shown in the article. Objective of the
tests was to check the power system of the nanosatellite. Tests have shown that
when exposed to factors that simulate space, the power system of the nanosatellite
is operating normally.

Ukraine, Kiev, NTUU "KPI"

UDC621.315.592
Druzhinin A. A., Ostrovskii I. P., Khoverko Yu. N., Nichkalo S. I., Berezhanskii Ye. I.
Low-dimensional silicon crystals for photovoltaic cells (p. 11—13)

The possibility of using of silicon nanowires ensembles as an anti-reflective surface
for silicon photovoltaic cells is shown. The technological process for nanoscale
anti-reflective surface is developed, the structures of silicon photovoltaic cell are
examined and their characteristics are studied.

Ukraine, Lviv, NU «Lviv Polytechnicy»; Poland, Wroclaw, International Laboratory
of High Magnetic Fields and Low Temperatures.

UDC621.382.3
Altukhov A. A., Afanasyev M. S., Ziablyuk K. N., Mityagin A. Yu., Talipov N. H.,
Chucheva G. V. Formation of delta-doped p-layer of hydrogen in natural and CVD-
diamond crystals (p. 14—16)

A method is proposed for the hydrogen heat treatment of natural and CVD-diamond
crystals, which can serve as an alternative to conventional method of forming
H-layer in microwave plasma of hydrogen as a simpler one and more reproducible.
The boundaries of thermal stability of hydrogenated diamond surface are determined.
It is shown that aluminum deposited on hydrogenated during the hydrogen heat
treatment diamond surface can serve as a Schottky gate in microwave field-effect
transistor made with MESFET technology.

Russia, Moscow, Manufacturing and Technology Center "UralAlmazInvest", Peter
the Great Military Academy of Strategic Rocket Forces; Friazino branch of Kotelnikov
IRERAS.

Keywords: printed circuit board,
metal base, thermal conductivity,
aluminum nitride.

Keywords: satellite, nanosatellite,
CubeSat, thermal vacuum test.

Keywords: nanowire, silicon photo-
voltaic cell, anti-reflective surface.

Keywords: diamond, hydrogenation,
microwave transistors, Schottky
barriers.
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ABSTRACTS

UDC539.1.074.5; 621.382;621.039.7
Perevertailo V. L. Integrated double-sided silicon microstrip detectors (p. 17—24)

The problems of design, technology and manufacturing double-sided silicon
microstrip detectors using standard equipment production line in mass production
of silicon integrated circuits are considered. The design of prototype high-energy
particles detector for experiment ALICE (CERN) is presented. The parameters of
fabricated detectors are comparable with those of similar foreign detectors, but they
are distinguished by lesser cost.

Ukraine, Kiev, Institute of microdevices STC “Institute for single crystals” of NAS
of Ukraine.

UDC: 621.382
Gurbanniyazov M. A., Kurbanov M. A. Technique and installation for determination
of semiconductors heat conduction with the use of radiant energy (p. 25—26)

The method of determination of heat conduction coefficient for solid bodies in the
nonstationary mode with method error of no more than 7 % is offered.

Turkmenistan, Ashgabat, Magtymguly Turkmenistan state university.

UDC: 535.14:621.375.826
Garkavenko A. S. Fine structure of laser spectrum at electron-beam pumping based
on radiation-modified optically homogeneous crystals of undoped GaAs (p. 27—30)

The influence of excitation level and temperature on the radiation parameters of
lasers based on n-type GaAs crystals with high optical homogeneity, modified with
the use of radiotechnologies.

Germany, Stuttgart, International Research and Production Center of energy-saving

Keywords: technology of p*-, n*-
side of the detector, integrated poly-
silicon resistors, capacitors with
double layer dielectric, radiation resis-
tance, coefficient of dose dependence.

Keywords: thermal conductivity
coefficient, thermal flow, semicon-
ductor, rate of cooling, radiant energy.

technologies.

UDC: 621.382.001
Alieva A. P., Aleskerov F. K., Kahramanov S. Sh. Interlayer surface impurity
nanocomposites of (0001) crystal Bi, Te,, alloyed with zinc and selenium (p. 13—34)

In the process of growth and crystallization of the alloying elements in the interlayer
space of the crystal the nanocomposites are formed perpendicularly to the ground
plane, which leads to new electronic properties of the crystal. Formed interlayer
nanostructure elements increase the mechanical strength of crystals with high
thermoelectric quality factor.

Azerbaijan, Baku, Azerbaijan technical university, the SPA «Selen» ANAS.

Keywords: radiation spectrum, laser,
electron-beam pumping, radiation
modification, gallium arsenide.

Keywords:composites, stoichio-
metry, nanofragments, structures,
morphology, self-organization, dis-
locations, vacancies, profilograms,
Jagging.
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ABSTRACTS

UDC: 621.362:621.383
Andronova E. V., Baganov Ye. A., Kurak V. V. Investigation of photoluminescence
spectrums of InSb low-dimensional structures formed in GaSb matrix (p. 35—38)

Results of investigation of photoluminescence spectrums of the epitaxial structures
containing InSb low-dimensional structures formed in GaSb matrix by a method of
pulse cooling of saturated solution-melt are presented. It is shown, that observable
photoluminescence bands are concerned with radiation transitions through energy
levels of InSb low-dimensional structures formed on InSb wetting layer with thickness
of 2 nm.

Ukraine, Kherson National Technical University.

UDC:537.311.33:622.382.33
Smyntyna V. A., Kulinich O. A., Yatsunskii I. R., Sviridova O. V., Marchuk 1. A.
Influence of polycrystalline silicon layer on flow through «metal — p-Si» contact
(p-39—41)

Based on the results of investigations of charge transport in the "metal — p-Si"
contacts with different thickness of polycrystalline p-Si layer the mechanisms of
charge transport through such structures are shown. It is established that with
increasing thickness of the layer of polycrystalline p-Si current transport mechanism
changes from a double injection into the drift-diffusion. This change is due to an
increase in the drift current component in the space charge zone of "metal — p-Si"
contact, which arises as a result of increased surface density of scattering barriers,
which are localized at the boundaries of neighboring silicon polycrystals.

Ukraine, Odessa, I. I. Mechnikov Odessa National University.

UDC 621.373.122:621.396.962.23
Noskov V. Ya., Ignatkov K. A., Smolskiy S. M. Autodyne characteristics of stabilized
UHF-oscillators at a strong reflected signal (p. 42—54)

Calculations and examinations of phase, amplitude, frequency and amplitude-
frequency characteristics are fulfilled for the autodyne system stabilized by the
external high-Q cavity as well as spectral characteristics under condition of exact
and non-exact cavity tuning and the variations of distance to reflector. The
distinguished peculiarities of the autodyne response at the small and large reflected
signal are described. Experimental research results are discussed fulfilled on an
example of the hybrid-integrated oscillator on Gunn diode of 8-mm-range, which
confirm qualitatively the theoretic results.

Russia, Ural federal university (UPI), Moscow Power Engineering Institute—TU
(MPEL-TU).

Keywords: low-dimensional struc-
tures, indium antimonide, gallium
antimonide, liquid phase epitaxy,
photoluminescence spectrum, radi-
ative transition.

Keywords: polycrystalline silicon,
current transport, "metal — p-Si"
contact.

Keywords: autodyne, autodyne
oscillator, stabilized oscillator,
oscillator on Gunn diode; autodyne
signal, strong reflected radiation,
nonlinear signal distortions,
distortion parameter, short-range
radar.
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INAMATKA ABTOPY KYPHAJIA «TKIA»

1. Pyxkormmch T0J5KHA COOTBETCTBOBATh TEMATHKE JKYPHAJIA U OTJINYATHCS TPUKJIATHON HATIPABJIEH-
HOCTBIO.

Eciiit pe3yJibTaThl MoJrydeHbl B CMEKHBIX 00JIACTSIX 3HAHUE, HEOOXOMMO MOKA3aTh UX IIPUMEHUMOCTD
B 06JIACTH MHTEPECOB JKYPHAJIA.

2. Tlpu orerKe PyKOIHUCH PEAAKINIO OY/IyT HHTEPECOBATH CJIEYTONIIE ACTIEKTHI:

— aKTyaJbHOCTb TEMBI;

— 060CHOBAHHOCTD TTOCTAHOBKH 33/1a4H;

— nosusHa urdopMaiun (B cpaBHEHNE ¢ paGOTaMU IPEAIIECTBEHHUKOB);

— y6eIUTeNbHOCTD I0KA3aTeNbCTB;

— TIPaBOMEPHOCTH BBIBO/IOB;

— BO3MOKHOCTb ITPAKTHYECKOTO PUMEHEHVS;

— 1esecoo6pasHoctb (M aJIeKBaTHOCTb TEKCTY) TaGJIMI, UJIIOCTPAIM, CIIMCKA UCIOJIb30BAHHBIX
HNCTOYHWKOB;

— CTPOTOCTb TEPMUHOJIOTHH;

— KOMIIO3UIIHUS PYKOTIHMCH, B T. Y. OMPABAAHHOCTb 00beMa.

3. HasBanue pykomnucu J0KHO ObITh KOHKPETHBIM U, B TO K€ BPEMSI, TI0 BO3MOXKHOCTH KPATKUM.

4. O6osHaubTe pas/iesbl pyKomick. Boigeante BoiBoabl (pesiome, sakmiodenue). Keraru, nmposepbre
cebsT — HACKOJIBKO COTJIACYIOTCS MeK/y cOOOH MocTaBIeHHas 3a/1a4ya, BBIBOJBI U Ha3BAHUE CTATHU.

5. Eaunuinsl maMepeHnss BCeX BEJUUYNH JOJUKHBI OTBEYATh COBPEMEHHBIM TPEGOBAHUSAM, a
HCIIO/Ib30BaHHbIe CUMBOJIbI (1 aG0peBUaTypbI) 10KHBI GbITh MOSCHEHDI IIPU IEPBOM UX YIOTPeGIeHNN B
TeKCTe.

6. Ilpu cchuike B TeKcTe Ha 4HUCJeHHble 3HAueHus, (HOPMYJIbl U HHble (DaKTHUECKUe JaHHbIE,
3aMMCTBOBaHHbIE M3 KHUT, caeayer (s yao6eTBa MOKMCKA) yKas3biBaTh HE TOJBKO caMy KHHUTY, HO W
crpanunity (Hamp., [2, c. 418]).

7. Cnucok «lcrnosb3oBantble UCTOUHUKN» (GOPMUPYETCSI B TIOPSI/IKE UX YIIOMUHAHUS B TEKCTE.
JKemnatenpHo nzberathb CCLIOK Ha TPYAHOAOCTYIIHbIE NCTOUHMKK (Hamp., Ha MaTepuaJsbl KoH(epeHInii)
i Ha Hegposroseunble (manp., Murepuer). Ilpunsaroe B KypHaie ONMcaHue MCTOYHUKOB MOKA3aHO B
MPUJIOKEHUN.

8. ComnpoBoute pykoruch 6u6aorpaduueckoit KapTouKoil Ha PyCCKOM M aHTJIMICKOM sSI3bIKaX C
anHorareir 10 500 TeyaTHBIX 3HAKOB. YKa)kKUTe KJIOUEBbIE CJIOBA, a TaKyKe WHEKC PYKOIHUCH TO
VuusepcanbHoii gecarnunoii kaaccuduranun (Y 1K),

9. Marepuasbl craThil HampapJsaiite mo e-mail tkea@optima.com.ua. Ecau Bbr nampasisere
PYKOIIUCH T10 1T0YTe, MPUIOKUTE 3anuch cratbu Ha CD.

Tekct cTatby HAOGMPAETCST Ha PYCCKOM MJIM aHTJIMHCKOM SI3bIKE B TEKCTOBOM pesaktope Microsoft
Word pasmepom 12, Ge3 1lepeHOCOB, ¢ OJHUM MTPOGETOM MEK/LY CJIOBaMHE, ¢ MEK/IYCTPOYHBIM HHTEPBATIOM
ne menee 1,5. IIpaBbril Kpaii TeKcTa BBIpAaBHUBATh He 00513aTeJbHO.

Jlomyckaetcst mcmoib3oBanue mporpaMmbl Equation TobKo B Tex ciydastx, korga Word Geceniien,
HanpuMep 1pu Habope CHEUaTbHbIX 3HAKOB HaJl OYKBEHHBIMU 0003HAYEHUSIMU, TI0/IKOPEHHBIX BbIPAMKEHUH,
Mpe/le/IOB MHTETPUPOBAHUS, CYMMUPOBAHUS U T. T1.

C toukm 3penust yao6cTBa BEPCTKH JKeJlaTesbHO, YTOObI 00beM MJLTIoCTpanuil He npesbimant 40%
ot o611ero o6bemMa crarbu. Vmoctparun J0KHbI ObITh TIPECTaBIeHbI OTAeabHbIME (aitamu. ['padukn
U YepTEXH CJIeyeT BBIIOJHATh B uepHO-6eioM (GUTOBOM) peskuMe.

[Tpu MOATOTOBKE TIBETHBIX WTIOCTPAIINI JKesaTebHo hoTorpacdbupoBath 0OBEKTHI HA OTHOTOHHOM
doue nudposoii kamepoit. Eciiu npoBoiuTcs ckanupoBanue n306paxkeHuii, To ero HeoOX0AUMO BbITIOJHSATD
¢ paspemennem 300 ppi.

10. Cuabaure pykonuch csejeHusMu 06 aropax ((amuaus, UMs, OTYECTBO, ydeHasl CTeleHb,
MecTO paboThl, JOKHOCTHOE MOJIOKEHHUe, /IaTa POXK/EHNUST, CJIy>KeOHbII 1 IOMAIIHU aJipeca ¢ yKazanuem
HOYTOBOIO MH/EKca, e-mail, TenedoH, Tenedakc).

11. Ecin cuntaere HEOOXOIUMBIM, COTTPOBOJIUTE CTATHIO HKCIIEPTHBIM 3aKIIOYEHUEM O BO3MOKHOCTH
ee TyOJTMKAINU B OTKPBITOI TeYaTH.
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HOBbIE PASPABOTKW HilM TOHHOTO MALLMHOCTPOEHMUA

KomnnekT manorabaputHoro BakyyMmHoro
0bopyaoBaHUA HACTONBLHOIO TUNa

1 -3l ] 1.;
e
= -_m.‘- ‘=

-
L
LT

-
e Tl

MBY TM-TUC MBY TM MBY TM
HM3odcas3-CVD HUsodcdazs-CVD ICP

MBY TM MBY TM-Orxur
Mnazma-PUT NMnaama NXT Mnasma NXT ICP
HasnaveHue:
MenkocepuitHoe NPOU3BOACTED, TEXHONOMMYECKoe obyyeHwe, 0TpaboTka TeXHOMOTMYECKWX NPOLECCOB, HaYYHbIE
HCCnenoBaHua.

Crneyuanuzayus:

« “MBY TM-Marua" — HaHecerwe MeTannoe 1 AW3NeKTPUKOE METOAOM MarHETPOHHOMD PacnbiNeHKs,

+ "“MBY TM-THUC" — OcamgeHwe NNEHOK METANMOR METOOOM TEPMWYECKOND MCNAPEHUA.

« “MBY TM Waodhaz-CVD" - MnazMoxXuMUHECKOE OCEMOBHWE OMANEKTPHUYECKMX CNOEB
M3 rasceoi assl (QUogHasA cucTemMa).

* “MBY TM Waodpas-CVD ICP" — MnasmoxMmMUHEcKoe OCamaeHWe OUanekTpUYeckuy cnoée
13 rasosoit dhassl (ICP peaktop).

= "MBY TM Mnaama-PUT" — Mpeur3noHHoe TpaBneHWe CNoes U MaTtepuanocs MeToOoM
peaKkTWBHO-MOHHOR obpaboTHM.

« "MBY TM Mnazma-NXT" — MnaamoxuMU4ECKoe TPaeneHWe CNoEs M MaTepuance B nNnasme ouMoaHoro
paspana.

+ “MBY ama-NIXT ICP"

Pocoun, 124460 Mocxsa, 3anavorpag. Nandgunoacosi npocnekt, 10
Tenedon: +7 { 28-75-01 Pakc: +7T (495) 220-75-22
Novra: it ru CaiT: www.niitm, nu




Kuig Hawbinbia B Ykpaidi BUcTaBKa

17-20
KBiTHA -
| o 2012

o

Cboma mixxHapoaHa BuCTaBKa

eNneKTpOoOHIKa
| Nf(POMUNCAOB3
aBTOMaTUN3aUIS

BucTaska if6yAeTLCA OAHOYACHO 3 HANBINBLIOID B YKPaiHi
eNeKTPOTexHIYHOI0 BuCTaskow elcomUkraine 2012,

TemaTnyHi HanpaMn BUCTaBKK:
Mpomucnosa KoHTpONbHO-BUMIDIOBANEHi ]
[ aBTOMaTiH3aLls } [ npHnaan Engrapetice

3anpoliyemo 3 nwrans yuacti ssepraiiecs: (44) 461-6311

- skazochkin@eindex kiev.ua; shevchik@eindex.kiev.ua;
HO YHACTH (ienciiyaeindoxkiev.ua
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