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JOKTOPJIUK JTUCCEPTAIIUACU AHHOTALIUACHU

JluccepTanusi MAaB3yCHHHMHT J0/13apOJMrH Ba 3apypHATH. Y30EKHCTOH
Pecnyonukacu Ilpesuaentununr 2010 #un 15 npexadpaaru I1K-1442—connu
«2011-2015 iimnnapna V36ekucton Pecny6ankacn caHOATHHH PHBOXIIAHTHPHIL-
HUHT YCTYBOp WYHAIMIIAPU TYFPUCHAA»TH Kapopura acocaH CaHoaT HILIa0
YUKAPUIIMHUHT CaMapaJOpiIUTMHA OUIUPUILI OMPUHYM HABOATIaru macajianapjaH
xucobnananu. llyauar yayn «k FOTON» OAX unuiad uynkaprinaéTrad KydJaHUII
YyeKJgaruwiapy, HOKOPH 4YacToTalld TYFpWIarud AuoJjap UIUIA0 YWKApUII
TaHHApXMHM Ba XapaXkaTJIApUHU MacCaTUpUII yIApHUHT MapaMeTpiIapuHU
AXIIWJIA Ba WINOHWIWJIMIMHM OIIMPUII  Xamja yJlap TEXHOJOTUSICUHU
ONTUMAJIAIITUPUIT KaObW MaKcaajlu HIIapHU o0 OOpHIHU Ky3aa TyTaau. by
ca MaxcylnoT pakoOarOapJONUINTMHU OLIMPUIIHUHT MYXUM OMWIH OYiuo,
SPUILIMITAH 0030p AXTUEKIAPUHU CaKJIalll Ba SIHIM XapHIopiiap TOMMII MaHOau
XHACOOJIaHA .

AKII, Kanana, Tlommanaus, Xwutol Ba SnoHuUs dYeT MamJjakaTiapu
OJIUMJIApU TOMOHUJAH KYWHUITaH HUMITYJIbCIM KYWIAHWUIUIAPHUHT OIIMO KETHIIH
HaTWKacuaa JJIEKTPUK Ba PagUOdIEKTPOH acOOOJapHUHT MIIJAH YUKUIIUHUHT
OJIIMHU OJIMII COXAacHJia IOKOPH BOJIBTIM KYy4WIaHWINI YEKJIaruwiapd Ba yJap
acocusia OapKapopiallTUPYBUM KypuiaMmajap HIIa0 YMKUII Ba TAAKUK KUJIUII
Macajiajgapy Tajadra ca3oBop.

By KyBBaTiaM auonanap AJIEKTP SHEPTUSACHHM Y3rapTrud KypuiMaliapuiaa,
UCTEHMOJI THU3UMJIAPU Ba TEXHOJIOTMK JKapa€HIapHU OOIIKapHIIJa KEHT
KYJUIaHWIAAW. YJIApHU Tauépramja OKOPU KYWIAHULIINA AUOJUIap YYyH KEHT
KYJUIaHUJTyBYM KpeMHUHHU Oop Ba Qocdop Owmnan nerupnam auddy3noH
TEXHOJOTUSAJIApU MIUIATHWIAAd. AMMO KHYMK KYy4JaHUIUIA 4YeKjaruuiapra
HucOaTaH KMYMK auddepeHiman KapuwiiK OJuIira UMKoH 0epMaiinu, OyHra sca
p-n-YTHII Yyerapacuja TOK TallyBUMjap KOHUEHTPAIUSCUHUHT KEC-KUH (apKUHU
TabMUHJIOBYM KUPUTMA UILIATUII OPKAJIA SPUIIMII MyMKHH. By MyamMMoHHM euuil,
IOKOpY KOHLIEHTpAUUsIM MaHOa — MapruMyll WIOUTATHII WYy OuiiaH Tanépiain
MYMKHUH O¥ynraH au@¢y3aHT ojuira UMKOH OepyBYM, SHTM (U3HUK EHAAIIMIIHUA
tanad kunaau. byHaan tamkapu, KyBBaTIU JUOAJAPHUHT UILUIALI CaMapaopiauru
YeKJIaruwIapHUHT ~ HOMHUHAN  KO3G(UIMEeHTH,  TEWIUIl  KyWIaHWIIU
XapaKTePUCTUKAIAPUHUHT KECKUHJIMTU OwiaH aHukiaHagu. WMmgwm pexumaa
KyBBaTJIM TUOAJIap KYWIM UMITYJIbCIAp TabCUPUA UCCUKIIUK aXpaTald Ba yJIapHU
ONTUMAJUIAIITUPUII KOHTAaKT coXajlapu OuiaH Oupra OyTyH THU3UM Yy3YHJIUTHAA
MCCUKJIMK YTKa3yBYAHJIMKHUHT (PU3MK aHAJIU3U acOCHJIa aMalira OIIMPUII MYMKHUH.

JluccepTauussHUHT  Oa)KapWJIMIIUTa 3apypuUaT KyBBaTIW  JTUOAJAPHUHT
TEXHOJIOTUK Oy3WJIMIIMHM KaMaWTHUpUII Ba MYCTaXKaMJIMTUHU  OLIMPHIL,
KYJUTaHUII COXaCHHU KeHralTUpHUII XamjJa  KyBBaTJap JUHAMUK
UCpOPrapurIMriHu KaMalTUPUII MyaMMoJIapura Makcaara MyBo(puxk €HanryBHU
Tanad KWIyBYM  Macajajapra OOFJIMK  OyinraH  KyBBaTIM  UMITYJIbCTa
YUJIAMIIAJIUTUHA  OIIMPWIMIIN, PaJUOdJIEKTPOH acOo0JapHH XUMOsUlall —Ba
capajiall KypwiMaJlapuHU Xamja TaKOMUWIJIAIITUPUITaH TEXHOJIOTHSUIAPHU KOPUI
KWJIUII KePaKIUTUIaH KeJInO YMKaIu.



Iy Ownan Owupra, Oab3u XojaTiaapaa acOOOHM 3aHXKUPJAH Y3HII
HaTWKacUJa KyTHJIMaraHjaa TOK KMWMATH OIMUO KETUIIMIAH Cakjall MyaMMOCH
nango OYIWIIM, TOK MMIYJIbCH TabCUPHUJIAH CYHT KaWTyBYM IapaMETPiId TOK
YeKJIarMYWIApUHH SPATHUII JIO3UMITUTHHU TaK030 ITAJIH.

KOxopuna aiftunrannapian kenu® 4MKaIUKU, TAaHJIAHTaH OOBEKT MapaMeTp-
JAPUHUHT KOMIUICKC TAJAKWKOTH Ba YJIAPHU SPATHIN TEXHOJOTHUSCHHHUHT (UMK
acriekTiiapu (MacanaH, 1uddy3us Ba paauaivion ycysuiap OmiaH), KOHCTPYKIUSHU
ONTUMAJUIAIITHPUINTA WYHAATUPWITAaH Ba TEKIIMPUIN YYyH TaHiIad OJWHTaH
O0OBEKTIIApPHM SPATHUII TEXHOJIOTHSACH Ba Ty acocaa acbo0 rmapamMeTpiiapuHu ¥3apo
MOC OYJIHIITUTA SPUIITUII, ITYHUHTICK, YIIAPHUHT PauaIiioH 0apKapop OYIUITUHN
XaM YbTHOOpaH YeT/Aa KOJIAUPMACIIUK YTa 1013ap0 XucoOIaHaIu.

TaakuKoTHHHT Y36ekucTon Pecny6ankacu ¢pan Ba TexHoJOrusjap Ta-
PAKKMETHHHUHT YCTYBOP MyHAJIMILIApUra MOCIAUIA. YOy TaaKUKOT
V36exucton Pecry6iikacHHuHT QaH Ba TEXHOIOIUANAP TAPAKKUETHHHIHT YCTYBOP
nynammnuiapura moc xoiaaa AT/I-3 — «DHepreTrka, SHEpropecypciapHu TEXKall,
TPAHCIIOPT, MaIllMHa Ba acO00CO3NMK; AJIEKTPOH acbo0co3nuk Ba (OTOHHKA,
MHUKpPORJICKTPOHUKA, 3aMOHABUH DJICKTPOHHKAHW PHBOXKJIAHTUPHII» JaCTypH
acocuza OaxxapuiraH.

Juccepranus MaB3ycHd OyHH4Ya XAJKAPO WIMHI TaAKHMKOT/JIap LIAPXH.
Xap xwi Typaard (KyWwIaHWII YeKJIaruwiapu, CTaOWIUTpOHIAp, THPHCTOpIIAP,
IOKOPH 4YacTOTaW TYFPUIOBUYMUCKIATUY) KyBBATIU SPUMYTKA3TUWIH JTHOIIAP
UIYH TIapaMeTpiiapy Ba yJapHH OJWHHUIN TexXHoJoTmsIcH TankukoTiapu AKIII,
Kanana, Amnrmusa, Tomnmangus, Xwurtoi, Poccuss kabu  wmamiakaTiapja
paaMOdJICKTPOHHUKA XaMja aBTOMOOWIIb CaHOATHJIark TajgabiapHu XucoOra oJraH
XO0J1/1a M3UYWJIIAIIAsIITH Ba aHUK MyBadpakusTiIapra SpUIIHITaH.

Philips Semiconductors, STMicroelectronics, Littelfuse, Moeser Electronics,
ON Semiconductor, SGS-Thomson, Ilentp «COJIT» Ba Oomka HHUPUK
KOMITAaHUSJTAPHUHT MaKoJiajapuaa ojnb OopuiaéTraH TaIKUKOTIIAp MapamMeTpiiapu
SXIIWJIaHTaH, OpTHO OopaérraH TajnaONapHW KOHAUPYBUM KYBBATIW JIHOJIAD
UNUTa0 YUKUIITA HYHAITUPWITAHINTYA Kailg KuiauHTad. TaakukoTiapaa KyBBaTid
SPUMYTKA3TUWIM JTUOJUIAPHUHT WIIYH TapaMeTpiIapHHA ONTHMAJUIAIITHPUIN Ba
MYCTaXKaMJIITUHHA  OUIMPHINTa OaFWIJIaHTaH WIUIAPHUHT  3apypiurd  Ba
non3aponurura pTu00p KapaTuiras.

[Ily myHOcabaT OwjiaH KaTTa KyBBaTJIW IUOJJIAPHHM TAWEpJIAIHWHT SHTH
TEXHOJIOTUSJIAPUHU HIUTA0 YHMKHUII Ba JKOPUH TEXHOJOTHUSJIAPHU TaKOMMJLIAIII-
TUPHII €TaKYM WIMHUH TAaIKMKOT MapKasJapUHUHT JWKKAT MapKasujaa TYpPHOJIH.
XycycaH, aud@y3moH  TEXHOJOTHS  acocuaa  TaW€piaHTaH  aHaJIoTJIap
napaMeTpiapuaan ad3al KypcaTKudra 3ra OYiAraH KWYUK BOJBTIIM KyWIAHHII
YeKJIarMWIApUHA TaW€piall 3MUTaKCHad TEXHOJOTHUSHHM KYJUIall OpKaJIH amajra
OIIMPWINIIN MYMKHHJIUTH Sigetronics Inc. ¢upma TagkukoTuMIapy TOMOHHUIAH
kypcatwirad. KyBBaTiaum nuomiiap mapaMmerpiapura  paadanioH  TabCUPHU
ypraHum TagKUKOTIApHUHT Oomika Oup WyHanmumu OYnub, TEXHOJOTHUK
KapaHllap HHUXOSICMTa €TraHJaH CYHr JHOJJIAPHUHT  IapaMeTpiiapuHu
ONTUMAJUIAIIITHPUIIT WMKOHMHH Oepamu. MacanaH, IIBEHIIApUSIIUK —OJMMIIAp
TOMOHHM/IaH KPEMHHIIA Ky4IH KyBBATIU JUOJIAPHUHT 0a3acHHM HaJlIaauii OnaH
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pajualon Jerupiam HyId OpKaldu IJIaTUHA OWIaH JeTrHpiiaHral Jauojjapra
HUcOaTaH KaM sIIall JaBpy OJIMHTaH.

MyaMMOHUHI YPraHWJIraHjJIuK Japamacu. XO3Uprd KyHIa KpEeMHUU
acocu/ia IOKOpPM 4YacTOTajdd JWOJA Ba KyWIaHUII YEKJIaru4japuHU sSpaTUIl
TEXHOJIOTUSACH Ba YJIAPHUHT MapaMeTpilapuHU ONTUMaIAIITUPUILITa OaFuIIUTaHTaH
Oup KaTop Hazapuil Ba HKCIEPUMEHTAN HIUIap OJUO OOopuiIMOKAA. YIJIapHUHT
KYMUWINTKA Ky4JId KyBBaTIM JUOJJIAPHUHI 3KCIUTyaTallMOH MapameTpilapuHu
KOHCTPYKTHB Ba CXEMOTEXHUK YCyJulap OwilaH oONTUMaJJIAITHUpUIITa EKU
KOMOMHAITMOH TexHoJorusap Kyswiamra (auddys3us Ounan Ouprajimkia jasep
TEXHOJIOTUACH, paauanus OuiaH OWpraivkia MOH UMIUIAHTAaIus) OaruIlIaHTaH.
bupok, kynnanuwnaérran nu@dys3us TEXHOJOTUACUHU IOKOPU YacTOTaNIM JAMOJ Ba
KyWIaHHII  YeKJaruwiapura HucOaTaH MOJEpHM3AlMsIall Ba  ONTHUMAI
apMaTypacuHH SpaTHIl JUKKaTra cazoBopaup. Myammonu MyBa(hakusTIv Xaj
OynmumM unuiad YMKAPUIIHU JeApiau Xed KaHJal pPEeKOHCTPYKUUscHU3 HadakaT
MaxcyJoT HapaMmeTpiIapuHH SXIIWJIaIIK, OalKu KpeMHu p*-n*, p*p-n* Ba p ' p-
nn’ -Ty3WIMaJapHUHT TEXHUK HKTHCOAUN KYpCaTKUYJIapH XaMm SXIIWIAHUIIUTA
0110 KeJIaau.

[y 6unan Oupra, akcapusT XoJiaTiapaa OUpPTrHHA AJIEKTPOH CXeMajla UKKHU
Ky, 6ab3uga Oup HeuTa KyWIaHMII YEKIaruWwIApUHUHT MapaMeTpiiapu MyTiIaKko
Ooup xwn Oynumm no3uM. bupok, ac600 Ty3unmanap spaTUIIAArd TEXHOJOTUK
onepauusiap HaTWKacuJa HYKCOHJIAp, JKCIUTyaTallMOH XapaKTepuCTUKalapuia
aca ¢apkiap xocwi 6ynanu. Iy cababnu rokopu 4acToTalud WO Ba Ky4dJAHHUIII
YeKJIaruwiapuHu MabiyM OeNITMIIaHraH mapameTpiap OWIaH sSpaTHILl TEXHOIOTHUs-
cuaH QoianaHuIaIu.

byryuru kyHma gom3ap0 wMyamMmo OynraH TYFpUIIOBYM  YTUIIMAA
TallyBUMJIAD KOHIEHTPALMICH TPATUEHTIN OYiAraH SpUMYTKa3THWIM IOKOpU
YacTOTalIM Ba YeKJIarud AUoJJapHu Tail€épram qud@y3uoH TEXHOJIOTHUSICH XaM[a
yIApHUHT  DKCIUTyaTallUOH  MapaMeTpiapuHd  ONTUMAUIAIITUPHUIN  Ba
UACHTUGUKALMSUIAI  METOJJIapu TYFpUCHIA XO3Upraya MaBxXyJ HIUIapaa
MabJIyMOTIIAp UYK.

PannanmoH-TeXHONOTUK JKapaéHlIapHU KYJUlalll KyBBaTIM JUOJJIAPHUHT
TE3KOPJIUTH Ba UIIOHWIWIUTUHUA OLIMPUIIHU TabMUHIAWIU. Bupok, ram myHaaku,
Xap cadap paavalOH TabCUPHU TaHIAIIAa MaxCyJloT MapaMeTpiIapUHUHT
ONTHUMAJI MOCJAIIMII MyaMMOJIApUHU XaJl KUJIUII Kepak Oynaau. Hatmxana p-n-
YTHIIl COXACH TYpJIM TEXHOJOTUK ycyJulap OuiiaH sipatuiras (TuiaHap TEXHOJIOTHS,
Me3aau@y3noH ycyin Ba 0.) AUOJHUHT MapaMeTpiIapuHUA ONTUMAT MOCTAIl YYyH Y
¢ku Oy paguanuoH TabCUPHU KYJUIAIIHUHT YMYMUN HYI-UYPUKIApUHH HIIA0
yuku Jio3uM. LIyHuHr yuyH OapKapoOpJIMKHM KYyTapuil XucoOiapu 1oi3ap0
MYXaHJIUCIUK MyamMMOocu Oynau0, YHUHT euwnumu Oy cuH(ra Teruuuiu
acO00JIapHUHT KYJUIAaHUII COXACHHM (Ba, ajgdaTTa, MaxXCyJOTHH COTHUII UMKOHHHU
XaM) KeHrauTupaam.

Slna Oomka OMp MyaMMO HIYHJIaKM, KYBBaTJIM acO0O0JIapHU — KyWIAHHII
YeKJIaruuwiapuHy, IOKOPU YacTOTAId JUOJ TYFpUJIarudjapuHHu XapakTepiaauran
napamMeTpjapHu YpraHUIIHUHT Ou3ra MablyM YCYJUIapu aHUKJIMK HYKTau



HazapuJaH KOHUKTUpMaiiau. SIbHU CTAOUIUTPOH MapaMeTpiIapuHy aHUKJIAIl Y4yH
MIUIATUIAETTaH yCYJUIap KOPPEKTUB 3MaAcC.

Mynnait kunub, SpUMYTKA3TUd acOCIM IOKOPUM YacTOTaM JHOJ Ba
KyWwIaHUIl YEKJIarnWwIapUHUHT ONTHUMAJl TEXHOJOTHICH Ba IapaMeTpiapuHU
ONTUMAJUIAIITUPUILL J0J13ap0d MyamMMmo OYnu0, xo3upra kagap oiau0 OopuiraH
WiIMHUN unapaa Oy coxa TYJIUK EpUTUIIMAaras.

Juccepranus TAAKMKOTHHMHI WIMHI TAAKHKOT HMILIAPH PpexaIapu
Omjad OOFIMKIAMIM: TakauM dTwiaérrad uim «Pusnka-Kyém»y MNYUYD duznka-
TexHuka WHCTUTYTUHUHT A3-DA-0-10-440 «SpumyTkasruuanu acbobnap xaMéeéo
rypyXJapuHu MIUIad YUKApUIga SPOKJIM YUKUIIMHU OIIMPUII YYyH TEPMHUK Ba
ANEKTpUMITYJbCau unuioB Oepuin ycymwiapuau spatuimr (OAXK «FOTON»)»
JaBjiaT 1acTypu acocuja Oakapuiras.

TaakuKOTHUHr Makcaau gud@epeHnran KapIIWiurd KUYpanTHpUIraH
KPEMHUU JUOAM Ty3WIMaJapyuHU HILIA0 YUKAPUIIHUHT onTuman auddy3uoH
TEXHOJIOTUACUHM HIUIA0 YMKUII Ba IOKOPU YaCTOTAIM TYFpWJIarud JUOJ Ba
KYWIAHUIITHU YEKJIATHWIAPHUHT CU(PATUHU SXIIWIAI, UITOHWIMIUTUHYA pajralius
TabCUPHJIA KYTAapHILJIaH nOopar.

Makcaara »SpulMII YYyH HIIAa KyWUJard TaAKUKOT Basudagapu
KYWWJIIN:

KHCKAa BaKTJIM KyWIaHUII OMMUO KETUIIMHUHT KYyBBAaTIM HUMITYJIbCIAPU
Tabcupura 0apaou 6epyBUYHd p-n-YTHII Yerapacujia KopuiimManap KOHIEHTPauusICcH
KaTTa TpaJUeHTIM OYIraH KUYMK BOJIBTIM CTPYKTypajap Tal€épiam ydyH
KpeMHuiira gocdop Ounan nerupnaimira HuIcOaTaH YeKIaHMaraH MaHOa1aH IOKOpU
KOHUEHTPAIMSUIM  MaprumMymHd  AuG@y3us KWIMIIT TEXHOJOTHSCUHU UILIA0
YUKUIII;

Kapa€HiaH apa€Hra KpEeMHUNIM KUYUK BOJIBTIIH p-1-YTULLIIAP OJIMHUILINAIA
acocuil aJIeKTp mnapameTpiapu (papKJIaHMIIMHUHT KaMaWWIIMHU TabMUHJIOBYH
HCCHUKJIMK TabCUPH IIAPOUTIAPUHU UILIA0 YMKHUIII;

KOHTaKT MaTepuaiu OujaH SApuUMYyTKa3ruu yerapacuja yTkazum 3¢ddextu
MUHUMAaJ OYJITraH OMUK KOHTAKT OJIMII YCYJIMHU UIIA0 YMKHIILL

KyWIaHUII YEeKJIaru4IapuHUHT (YHKIMOHAN MapaMeTpIapuHU YIYallHUHT
¢bu3uKaBUil acoclaHTaH yHHUBEpcal ycyulapuHu umad yukuml. by xonatna
KyWIaHUII  YeKJIaruwiapuHuHT 3PQGeKTUBIMK  KOodQPUIMEHTH Ba  yiayailn
peKUMUHM  XHcoOra  onau0, UYEKJIAHWIIl  KYWIAHWIIMHA  aHUKJIAIIHUHT
TaKOMUJUTAILITAH YCYJIUHU UILIA0 YMKUII Taad KUITUHAIY;

JUOJT KOHCTPYKIUSICUHUHT KUCMJIApHU/Ia, YIAHUII PEKUMUTa OOFIUK OYIiraH,
MMITYJIbC KYBBAaTHHUHI QXpaJWIl Ba IOTWIMAII MEXaHU3MHHHU TYIIYHTHPYBUYU
KYWIaHUII YeK-JTAarMYMHUHT UCCUKIMK MOJCJIMHU MIUTa0 YUKHUILL;

p-n-YTHUILN TYpJid ycyJap OuiiaH Tal€plianrad Kywid TYFPUIOBYM AUOjIap
Y4yH ONTUMAaJl IIAPOUTIIAp Ba PAAUALMOH TabCUP TEXHOJOTHK PEXUMIAPUHU
AHUKJIAILL;

JKCIUTyaTalsl napaMeTpiaapuHu TaKKOCaIl Y4YH Ky4JIaHUII
YEKJIATMYMHUHT KYyWIaHUII TEMIWIMILINIA paJdalus TAabCUPUHU YPraHHUIIL;

KyWIaHUII YEKJIarnduHu MyXodasajall ydyH apceHH] TajulMil acocujaru
TOK YEeKJIaruuMHU UII1a0 YUKHUII.



TaakukoT 00beKTH: p n', p -n-n', WIYHUHTAEK, p -p-n-n -Ty3WIMAIH,
KMYUK Ba IOKOPH BOJIBTJIM KPEMHHUI acocuja KyWIaHUII YeKJIarudjiapH, OKopU
YacTOTaldM TYFpUiarud AWOJJap Ba apCeHM]l TaJUIMM acocuia spaTUiraH TOK
yeksaruuiap.

TaakuKOT nmpeaMeTH — KPEMHUMHM MapruMyIl OWJIaH JIETUpPJIAIl KapacHu,
IOKOPHY YacTOTAJIM TMOAJIap Ba KyWIaHUII YEKJIaruuwIlapuHU paualioH HypJIaHUII
TabCUPHIA OJKCIUTyaTallUOH MapaMeTpIapuHd HMACHTHUPUKAUMSIIA  MOJENH,
APUMYTKA3TUY CUPTUJIA AJT€3USACH AXIIHIAHTaH OMUK KOHTAKT OJIMII.

Taakukor ycyaaapu. TankukoT skapaéHuia BoJbTaMIep Ba BOJbThapan
XapaKTepucTUKa  yCyJulapu, paavaius TabCUPHU, CHUPTUH  KAPUIWIMKHU
AHUKJAIIHUHT  30HIJIM  yimyam — ycymiapd, auddepeHuuan YTKa3yBUAHIUK
ycyJuiapu, Mojieuiall ycysuiapuaan (hoigananuiras.

Juccepranus TAAKUKOTHHMHI WIMHI SIHTWINTH Kydugaruiapiaa
nubopar:

WIK 6Op MapruMynl OWIaH JIETHPJIAHTaH KPEMHHH p -n' -CTPyKTypacH
acocusia MaHOa Osokyapu Myxodaszacu ydyH KHYHMK BOJbTIM (< 7 B) KyunaHum
YeKJIaruuiapy OJIUII TEXHOJOTUSCU SPATUIITaH;

WIK G0p KpeMHHil p -p-n-n'-cTpykTypacu acocupaa >(p(MeKTHB HCCHKIMK
TapKaTyBYM KOHTakTIM KyBBaTiu (10A) Tyrpunaruy-yexjaarud IUOJIAP OJIMII
yCYJIU U0 YUKUJITaH;

WIIK GOp KYBBATIM p -p-n-n_ -y TULLIN Auoanapra 450°C na KoTajuraH UKKK
KaBaTJId KyMyII Ba BaHaJui acocujia y4 KaTjaMJaH H0OopaT OMHK KOHTAKT OJIMII
yCYIu M0 YUKUIAM, UCCUKJIMK Y3aTyBUM KOMIIEHCATOp cudarua rajlbBaHUK
ycyia KyMyl OWJIaH KOIJIaHTaH MHUC KaTJIaMU TaHJIaHTaH;

KyWIaHUII YEeKJIaru4yM MapamMeTpilapuHu ViadalauraH — yHUBEpcal MKKHU
reHepaTopiiv, XaTOJUIU OUp TeHepaTopiiu ycyira HucOaTaH y4 MapTa Kam OyiraH
SIHTY yCYJ UIILIA0 YUKWITaH;

WIK O0p apceHu]] rajuliii acocuaa, OMUK KOHTAKTJIU, OMPUHYU THUIN TarjiuK,
OMpU MKKMHYMCHJIAH MabiyM Macodaja >KoilalmraH MKKATa OMHK KOHTaKTJIH,
UKKUHYM THUN YTKa3yBYaH IOMKA KaTiamMJaH Ba OMHMK KOHTaKTra YyJaHraH
ANIEKTpOAJIapAaH noopar sipuM yTKazrud ac000 unuiad YuKWIra;

KyWIaHUII YeKJIarudd caMapaJopJMTMHU KapIIWIUK OWiIaH TOK 3UWINTH
opacujarv OOFJIUKIUK aCcOCHJA, KEHI TEIIWIUII TOKM COXacuaa aHMKJIAIl YCYIH
UIU1ad YUKUITaH;

Xapopar NOTEHIUAM Ba UCCUKIMK OKUMU TeHepaTopiap cudaTuia yIaHUII
Ba HMMNYJbCIU Ky4WwlaHUII O€pull I[IApOUTHUIA, HUCCUKJIMKHU Y3aTHUII Ba p-n-
YTUIIHA ~ KHU3UII ~ TEMIIEpaTypacHHU  XUcoOJjalira acocjaHraH, HCCHUKIHUK
MOJIEJUIapU UIIIA0 YMKUJITaH;

KyWIaHUII YEeKJIaru4d Ba IOKOPM YacTOTald JHUOJJIAp MapaMeTpIapuHUHT
ONTHUMAJl MOCHAUIMIIMHN TabMUHJIAWAUTaH PaJUALMOH TEXHOJOTHMK TabCcUpiap
TYPUHU aHUKJIAIIHUHT MYXaHIUCIUK YCIIyOu UILIA0 YMKUITaH;

WIK OOp KyWwIaHWII YCKJIArHUYWHUHT HWINAaH YWKAII (GypcaTHHH Kaila
KWJIYBYM  PAJMORJIEKTPOH amnmapaTypaHd XUMOs JTYBUM Kypuwima UILIa0
YUKUJITaH.



TagKNKOTHUHT aMaJInii HATHXKAJIAPH KyHuaaruiapaad noopar:

METaJlT YTKa3ruura SKWH OViraH, KyWwIH JIETUpJaHTaH COXalld KHUYUK
BOJIBT/IM KYWIAHMIN YEKJIAruwiapu OJIMITHUHT TEXHOJOTHK IIapT-IIapoOUTIIapH,
JeTupiiaiia MapruMyliHH KpeMHUWra HoaHbaHAaBUM Tap3na auddysusai
TEXHOJIOTHK IIApOUTIapH UIILIa0 YUKHUIITaH;

KyWIaHUI YEeKJIAarHYMHUHT HUMIYJbC XapaKTePUCTUKAIAPUHU TEKITUPHIII-
HUHI  TaKOMWUIAIITAaH  KOMIIEHCAIIMOH  YCYJIM, IIYHUHTJEK, YJapHUHT
muddepeHnran KapUIWINTUHA TOK OujaH OOFJAHUII XOCCacura acoCJIaHraH
KYWIAHUIITHA 4YeKJIall camMapajopiuk Kod(PpIUIMEHTUHU aHUKJIAIIHUHT SIHTU
yCcynu Takiug KUINHTaH;

KyBBaTra YMJIaMJIMJIMTUHUA OIIMPUIIHN TabMHUHJIOBYM KYUYIU TYFPUIOBYH-
YeKJIarUWIM ~ Kypiiad OJyBYM  JUOMJIap TaWEpJallHUHT  TEXHOJIOTMK  Ba
KOHCTPYKTHB acCleKTIapy UIIa0 YNKWITaH;

IOKOpM  YacTOTaJlM  Ba  YEKJIOBYM  JHUOJJIAp  NapaMeTpIapUHUHT
ONTUMU3AIUACH Ba PaJUORJICKTPOH alllaparypajapHd TOK Ba KywiaHUII Oyinua
Myxodazanain KypuaMacu Takiau@ KUJIuHTaH;

onTUMaJ MaTepuaiap Ba Ky4IaHHUII YeKJIAarHWIAPUHUHT UCTEHMOJ 0030pH
tagabmapura  Moc  pakoOarOapIONUIMTMHM  OUIMPUIN  capu  HYHaIraH
KOHCTPYKTOPJIMK €YUMJIApUHU 04uO OEpyBYM MYXaHIUCIUK XHCOOaluap 1o
YUKUJITaH;

KyWIaHUI YeKJIaruydjapu, HOKOPH YacTOTaly AHOJJIAPHUHT IapaMmeTp-
JApUHU ONTUMAIIIAIITUPYBYM paaualus Typd Ba JIO3IApUHU KUMMAaTOaxo
W3JIaHUIIAp YTKa3MacJaH aHUKIa0 OepyBUM MYXaHJUCIUK YyCyulapu Takiaud
KWINHTaH;

TEXHOJIOTUK paJuallioH >Kapa€HIaH CYHT MaxCyjloT NapameTpiapuHu
Oamopat KWIUIITHU, HYPJIaHUIITHUHT ONTUMAaJ JO3aCUHHU aHUKJIAIIHU Ba 1Ty OWJIaH
Oupra TEXHOJIOTUK >KapaéHHUHI WILIa0 YUKAPUI MaxXCYJIOTIOPJIUTUHA Ba
cudatiu MaxcysiaoT YHKHUIIUHU OMUPUO OEpyBUHM FOKOPU YaCTOTAIM TYFpHIIaruy
JMOJJIADHUHT aCOCHUM TapaMeTpIapuHU XUCOOJIAIIHUHT MYXaHJUCIUK YCYIapu
unuIad YUKUITaH.

ONMHraH HATHXKAJTAPHUHT MIIOHWIWJIMTU (PU3MK >KapaéHIapHU TaJIKUK
KWINIJAa YMyMKaOyl KWIMHTaH WIMHE yciayOnap, cTaHaapTialiraH Ba 3aBOJ
[IApOUTHJIA anpodaIusal YTraH TaJKUKOT YCIyOJapUHUHT KYJUIAHWIMIIKA OUIaH
TacIUKJIaHTaH. XyJiocajiap Ha3apuil xucobJianmiapra MOC KeJIyBUM SKCIIEPUMEHTA
HaTH)Xajapra acocjaHTaH.

TagkuKoT HATHXKAJIAPDUMHMHI Ha3apuili Ba amMajuuii axamusaTu. Mnuiad
YUKWITAH Ky4JIaHMII YeKJIarudjapu Ba TYFUPJIOBUYM-YEKIArud Kyplrad oJyBUd
IUOJJIAp PAJAMOIICKTPOH alMapaTypalapHU JJEKTP 3aHXUpiapla KydJaHUII
OpTHUO KETUINWJAH CakKJall YUyH, FOKOPH YacTOTaIM JUOJJIap 3ca KypuiManapia
SHEPTUSHU Y3rapTUPUII XaM/1a TYFPUIAI YUyH KYJUTaHUIIA !,

TagKUKOT HATHXKAJAPUHHUHI  KOPUHM KWIMHUIIK. Taaxkukotiap
HATIKACH AcOCHIA KWIMHraH MXTHpOnapra 3Ta Y36ekucToH Pecrmy6iukacu
nateHt (Ne TAP 04599 04.10.2012i1., Ne TAP 04721 03.05.2013i1., Ne TAP 04571
22.08.2012i1.) Ba lta Poccuss matentu (Ne 2522786 21.05.2014ii.) onuHras.
TagkukoT/Iap HaTWXKAcHJAa KUYUK BOJBTIM KYWIAHUINI YEKJIarudjapyd Ba HOKOPHU
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YacTOTaIM TYFPUIOBUU-UYEKIATUY AUOJJIap TEXHOJOTHICH UIILIA0 YMKUJITaH XaM/a
KyWIaHUII  YEKJIArUWIAPUHUHT  XapaKTEPUCTUKAIAPUHU  ONTUMAJIIAIITHPHUII
yeayonapu OAXK «FOTON» na wummad yukapuira >KOpUd ATHUINO, WHIUIHK
MKTHCOMMH camapa 78 MJIH CYMHM TamKHWI OTraH  («Y33ITexXcaHoarT»
Acconmanusicuausr 12.12.2013 #tmnnaru s>xopuiit KWIMHTAHIUK JaJT0JaTHOMACH ).

Nununr anpodanmsicu. duccepramus umu Hatwkaigapu 11 ta unmuid-
amanuil anxymaH Ba KoH(pepeHUusnapaa, kymnanad, «CoBpemeHHble nH(pOpMa-
IIMOHHBIE W dJeKTpoHHbIe TexHosorum» (Omecca, 2011; 2013); «DuzukaHuHr
dbynnamenTtan Ba amanuii macananapu» (Tamxkent, 2010); «CoBpeMenHbie uHDOP-
MaIlMOHHBIC W AJIEKTpOoHHBIE TexHosorum» (Oxecca, 2010; 2013); «Young Scien-
tists Conf. Optics and High Tech. Mater. Sci. SPO-2010» (Kyiv, 2010); «CoBpe-
MEHHbIE TEXHUKH U TEXHOJIOTUU TOPHO-METALTYPrUYE€CKON OTpaciu W MyTH UX
passutus» (HaBou, 2010); II MexaynapoaHnas koHpepeHIs 1o «ONTUYECKUM U
(OTORNEKTPUUECKUM SIBICHUSIM B MOJYIPOBOJIHUKOBBIX MUKPO- U HAHO CTPYKTY-
pax» (®Peprana, 2011), «International Conference Nuclear science and its applica-
tion» (Samarkand (Uzbekistan) September 25-28, 2012) Myxokama KUJTHUHTaH.

Jlucceprauysi MIIMHUHI aCOCUN HaTUXajlapu V3P DA «Duznka-Kyénn»
NNYb @wusuka-teXHUKa WHCTUTYTH SpUMYTKazruwiap MHyHanumu Oyiinya
KeHratupwiran cemunapuaa (2014inn mait) xamaa dOusnka-TeXHUKa MHCTUTYTH,
Hon mnnazmMa Ba Jla3zep TEXHOJOTHsUIapu HMHCTUTYTH Ba CamapKaH] JaBiaT
yauBepcutetn Xysypuaaru 16.07.2013.FM/T.12.01 paxamnau Wamuit keHraim
acocuna 01.04.10 wuxtucocnurum Oyinya (TexHUKa ¢aHiapu) Ty3WIraH Oup
MapTaJIMK WJIMUM KEHram Komuaard wiMui cemuHapaa (2014iun  aBrycr)
MyXOKama KUJIMHTaH.

HatwkagapHuHr 3bJ0H KWIMHrawauru. OnuHran HaTwxkamap 35 Ta
WIMUNA WIUIapJa akc 3TTupuiral Oynuo, ynmapnan 18ta makosna 4der 371 Ba 2Ta
pecnyOnuka KypHautapuna, 4 marteHTaa, 11  xankapo Ba pecryOnmka
KOH(epeHUUsIapuIa YO 3TUIITaH.

JluccepTauMssHUHT TY3WINIIM Ba Xaxxmu. J[ucceprauusa kupuii, Oemira
000, xynoca Ba 139 Ta dorinananunran agaduériap pyixatu 203 caxuda math, 88
Ta pacM, 12 Ta xaaBangaH ubopar.

JINCCEPTAIIUSITHUHT ACOCHU MA3MYHH

Kupum KucmMMaa MyaMMOHUMHI Ba  JIMCCEPTAMSl  MaB3yCHHUHD
J0J13apOJIMIK acocliaHraH, Makcaj Ba Bazudanap EpUTUITAH, UITHUHT WIMUN Ba
aMalauil axaMHsITH, XUMOSAra OJMO YUKHIAIWraH acoCHil XojaTiap KeJITUpUO
YTUITaH.

Bupunum 00012 10OKOpH YaCTOTANIM JUOJ Ba KyWIAHUINI YEKJIArnuJIapuHUHT
acocwil mapaMeTpiapyd Ba YJapHM ONTUMAJUIAIITUPUII MyaMMmoJjapu Oyiinya
anabuériapna 1y KyHra Kajgap OyiuraH MabilyMOTJIap — KEITHPUITaH.
[TapameTpnapHy  ONTUMAQJUIAIITUPUIIHUHT  KOHCTPYKTHMB Ba  CXEMOTEXHUK
ycyJulapu KypuO YMKWIraH Ba p ' -n ' -YTUIUIM KUYUK BOJIBT KYBBATJIM JTUOJIAPHU
OJIMIII TEXHOJIOTMACU TaxJuil KwiuHrad. [lapamerpnapHu yiIYallHWMHT MabiayM
yCyJUIapyu Ba YEKJIArM4YjJapHUHI CaMapaJopJIMIMHU OLIMPHULI, LIYHUHIJCK,
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APUMYTKA3ruy acOOOJapHUHT MapaMeTpiIapuHU PaJHallOH ONTUMAaJUIAIl-TUPHILL
yCyJUIapu TaxXJWJI KWIMHraH. Xyjocara Kypa, MaprUMyIlIHU KPEMHUWIa HOKOpHU
KOHIEHTpalMoH auddysusanam Hynu OujaH KUYMK BOJBTIU p ' -1’ -YTUILIN
Ty3uIMasiapau oyiuin Gocdop OuaH JerupiaaHraH Ty3uiaMaiapra HucOaTaH SXIu
AIIEKTP MapameTpiiapra sra OyiauiuMra ojiu0 KeIuIM TabKuajaHraH. Paauanuon
HypJaHUIl OWJIaH IOKOPM 4YacTOTalu [WOJ Ba Ky4WwlaHUII YeKJIarudIapUHUHT
TEUIWINII KYyWIAHWIIM, TEe3KOp WAl Ka0u mapaMeTpiapuHd ONTUMAaJ-
JAITUPUIT MYMKUHIUTH TabKUIJIAHTaH.

Nxxun4u 60012 KNYUK BOJIBTIN YEKJIArHWIAPHU MApTUMYIIHU KPEMHUNTa
yekiaaHMaran manOanan auddysusiiam OuiaH SpaTUIIHUHT (DU3UK-TEXHOJOTHUK
IapOUTIIApH, KYBBATIU TYFUPJIOBUM-YEKIATUY JUOMJIAPHU OJUII TEXHOJIOTHUSCH,
APUMYTKA3TUY CHUPTUTA SXIIA aAre3UsUIM OMHUK KOHTAKTJIIAPHU OJUII YyCYJIapH,
KpPEMHUWIH p*-n", p*-n-n"u p”* p-n-n"-Ty3WIManap acocuja sipaTuirad KyBBaTIH
JIUOJITADHUHT ACOCHI  XapakTepuc-THKalapu Kedathupuiarad. Kuduk BoJIbTIN
KyWIaHHII YEKJIArMWIAPUHUHT MaprUMyIIHM KpeMHHUira ammnyna éEpaamuaa
mubdy3uss KWK ycyiauaa SPATUIIHUHT (PU3HK-TEXHOJOTHK ad3aJTuKIapUHU
Ypranum acocuaa, Wik 6op nuddysusnanyBYMHUHT TapkuOu (450 mr 4s, 5 t Si)
tonwiarad. Ymoly TapkuO, anbaHaBui dochop auddysuscunan Gapkiu ymapok,
KUYUK BOJBTIU p ' -n' -yTUIIAA FOKOPU CUPTUHW KOHLIEHTpALUMs Ba TELIMJIUILLI
KyWIaHUIIW KaM (QapKIaHUIIMHA TabMuHAanan (1-xansain).

1-xanBan
Typau nuppys3us mandasapu y4yH p-n yTHILIAP
TeIWIHI KYYIAHNIIMHUHT YPTaya KBAJAPATHK Y3rapuiuu

p 150 mr 200 mr 350 mr Jlurary- 250 mr A4s 450 mr As
basa> | gg As As pa* 5rSi 5rSi

Om-cm U B U B U B U B U B U B
0.001 1.23 0.67 0.54 0.25 0.10 0.08
0.002 1.17 0.50 0.83 0.37 0.15 0.18
0.003 0.81 0.28 0.35 0.30 0.18 0.16
0.005 0.30 0.23 0.37 0.32 0.23 0.18
0.008 0.54 0.40 0.41 0.47 0.33 0.24

*_muratypa — Bakyymma 1000 °C na 48 ¢ gaBoMmIa KyHIMPWITaH p-THI KPEMHHUMHHUHT
MaprumMyil OujiaH XOBOHYAJla MaiilajJaHrad KyKyHH

Kuuuk BOAbTIN Ky4WJIaHUII YEKJIArnyu MapruMyIl Ba ¢pocop OuIaH JerupiaaHra.
IIyHUHrOeK, 4YeT »5J1 aHajorjapd KyWIaHWII YEKJIArMWIAPHUHT TEIWIUII
XapaKTepUCTUKAIAPUHU COJNMIITUPUII IIYHU KYpcaTaauku, Maprumym auddy-
3usick  OWIaH Tal€piaHraH KywIaHUII 4YeKJaruuumjga KyWd YTKa3yBUaHIIMK
coxacuZaH IOKOpHM YTKa3yBUaHJIMK coxacura VyTum Ky3atuwiagu (l-pacm).
Jluomiiapaa KOHTAKT MyKamMman Oyiamaraniauru cababiv, KyBBaT HYKOJIU-IIMHU
KaMalTHpUII y4yH, OMUK KOHTaKT MaTepuanu cudaruia HUKEIb Ba OJITHH YpHUTA
BaHHAJM{ OWJIAH MUKKU KaTJIaM KyMYII YTKa3WII TaBCUsS STUIIA/IH.

TaBcus ATUATaH MAaTEpUATHUHT aAre3usl Ba UCCUKIIMK XOCCaJapu AXIINIUTU
cababnu, yHIaH TYFPWIOBUM-YEKIarud Juojajap Tai€pramina xam Goigananu-
rad. Wik Oop wuma®d YukWiaraH KyBBaTIM TYFPUIIOBUYM-YEKIATMWINM Kypiiad
OJIyBYM p ' p-n-n " -Ty3WIMaIu AUOJJIap Tau€pJiiall TEXHOJOIUACUAA p-TUIl YTKa3yB-
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YaHJIUK COXACH Ba KYy4JIM JIETUPJIAHTaH 7' - Ba p - TUN YTKa3yBUAHJIUK COXallapu
mubdy3us ycynuaa onuHaau, ukkaita cuprtura ronka (0.1+0.3 mxM) BaHaguil Ba
KyMyIl Karjamiap MypKajaaud Xamjaa BoJibppaM AUCKKM KyMYUUIAHTaH MHUC
KaTjaMura aaMamTupuiagy. Takiud KUIMHraH TUOJIAPHUHT aHaorJaH (gapku
IIYHJAKW, WNUIa0 YMKWITaH JAUOJHUHT MCCUKIMK YTKa3yBUaHJIMK XOCCacu
axmuianraniury tygamm 10 A rada Tokzna auoa Ku3uO KeTMmailau, Teckapu
TOKJap XapopaT TabCUPHUTa aH4Ya YUJAMIIMPOK Ba p-n-YTUII TEUIMJIUIIN KaiTap
TabuaTIUuIUp.

Oxopu BonbTIM p*-n-n*-Ty3WIMalld KyWIaHUII YeKJIaruwiapuaa n-THI
KpeMHuiira 6op Ba pochop nuddy3uanad olvHraH, TEIUIUII KyWIAHUIIY JaBUHA
tabuaTiu O0Ynuob, Tanabaaru TEMIWIMII Ky4JaHUIIMHYI, 6a3a COXacH KapIIMJIUTUHU
TaHna0 €KW KUYUK BOJBTIM Ba IOKOPU BOJBTIM KYWIAHUII YEKIarnwIapuHU
KOMOUMHAIUsIAII OPKaJI, YIapHH Mapajielb ylall OuIaH XOCU KUJIUIT MyMKHUH.

Yaunuu 000 KyBBaTIM [JHMOJA MapaMeTpiapUHU YPraHULIHUHT SIHTH
yCyJUIapy Ba paJuodJIEKTPOH anmnapaTrypailapHu Myxodasa KWINII KypuiManapura
Oarunutanrad. Jluona Ty3wiIManapy KydJaHWII 4YeKJIaruyu caMapagopiIurvuHU
aHUKJIAIl YCYJTHMHUHT TaBCU(U, KYWIAHHII YeKJIaruwiapy napameTpiapyuHu yiyani
KypWIMACUHUHI TaKOMWIJAIITaH TEXHUK TaBcu(dU XamJa Takiu@ HTHITaH
MalJOHUM AMOJ Ba WIUIA0 YUKHWITaH PagvodJIEKTPOH amnmaparypaHu myxodasza
KWK KYpPUJIMACUHUHT UIUIAI TPUHIUITN KEITUPUIITaH.

Kuputunran  yexnanum — KO3QQUIMEHTUHH  HUMIYJIbCIH  PEXHUMIA
aHUKJIAaHYBYM  camapafopiuk  kodpduiumeHtu K =U /U Ownan

umn.yex umn.uex mewt

Oupranvkaa YpraHuin acocuaa, Oepuirad Tokjiapja Tanadra »aBoO Oepmaiiauran
KAYUK BOJBTIM KYWIAHWII YEKJIArdWJIapWHA KOpIycra YpHaTHIIJAaH aBBall
capajaml Takiud KuwiuHrad. Camapafopiauk Kod()@PuUUEeHTH Teckapu TOK
y3rapranga KywIaHWII 4YeKJIarnyuaa KYWIAHUIIHUHT Y3rapuil JapakacuHU
oenrumanan

_In(R,/R

max .uex

InZ, —Ini

mewt

)=In(R, /Ry o) (1

b

Z

AbHU, OCpUITaH TOK HHTEpPBAIUIA KyWJIAaHUII Y3rapuild KaH4Yalduk Kam O¥ica,
KyWIaHUII 4YEeKJIaruyu IIyHYa cudpamiuaup. XakuKaTaH XaMm, KyWwIaHHII
YEKJIATMYMHUHT XAPAaKTEPUCTUK MapaMeTIapuHU JIETUPJIOBYM KHPUIIMAJIAPHU
Typura kypa, ¢Gochop KupumiMaim HaMmyHanapra HucOaTaH Maprumylll
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KUPUIIMAJIA HaMyHaJIap YYyH TEIIWIMII KYYWIAHUIIMHUHT YETJAIIMIIN KaMpOK
0ynn0, KaTTapoOK KyBBATIN UMITYJIbCTA YHJAMIIMIIUTH 2-)KaJIBaJIJla KYpCaTHIITaH.
2-kaaBaJ
Ky4iaHuin 4ekjJIaru4u XapakTepucTUK NapaMeTpaapuHu
JIETUPJIAHTAaH KHPUIIIMA TYPUTra 0OFJIUKJIUTH

Ham U,...B p U,...B
yHa Z | Kuwee | xBm Z | Kuee | 20
TapT | | MA | 4 MA IMA | 4MA kBm
nou
7.5 BOIBTIIM KyWIAHMII YEKJIATNYU MaprUMYIII 8 BOJIBTIIM KywIaHUII Yyekyaarudu ¢ocdop
OwJiaH JerupiaHraf OwJiaH JerupiiaHraf
1 7.35 7.52 0.99 1.19 1.85 8.35 9.0 0.87 1.4 1.5
2 7.39 7.53 0.99 1.18 1.9 8.35 8.8 0.9 1.5 1.6
3 7.38 7,58 0.98 1.21 1.85 8.14 8.9 0.86 1.38 1.5
4 7.4 7.6 0.9 1.18 1.85 7.7 8.7 0.84 1.42 1.6
5 7.44 7.62 0.99 1.24 1.85 7.9 8.6 0.86 1.39 1.6
6 7.4 7.65 0.99 1.22 1.78 8 8.8 0.85 1.4 1.58
7 7.6 7.75 0.98 1.22 1.8 8.2 8.9 0.87 1.38 1.5

Tabkuamam >KOu3KH, KyBBAaTIM Ky4WIaHHUI YEKJIAarUHWIAPUHUHT TMapaMeTp-
Japu MabiayMm Oyiran OeBocuTa ycyira HucOaTaH KMYMK XaTOJIMKKA 3ra OYiraH
TaKOMWUJIAITAH WKKH TEHepaTopiau ycyn OwiaH YmyanraH. beBocura Vdamn
yCyIU 9ca, XaToJUrd aOCOMIOT KHUUMATUHMHT TOK 3UWIMTUra OOFIHKINUTH
Tydaiinu, Taad dTWIaIUral XaTOJUKHU TabMUHIal onMaiau. VIKku renepaTopiu
yCyJ Ky4JIaHUII YEKJIAarHYMHUHT MaTeMaTUK MOJICJIUTa aCOCIaHTaH:

Ultek = Umem tr d 1, maxs (2)

Oy epa r,—TEIIWINII COXaCUHUHT TuddepeHnan Kapuuinury.

bapua deknarnu auojiap y4YyH, YEKJIAHUII KYYJIAHUIIMHUHT Y3rapyBUU
takui 3TyBUncu 20% U, KWMMaTIaH OMIMACIUTU Ty(Qaliau, YI4allHUHT TaKIud
stwirad ycynuaa U, JOUMHUNW TECKapyu TEWIUII KyulaHUuu U, Ba KUYHK
UMITYJIbC TalIKWI OTYyBYMCH KyulaHumHu U= rgl,,, HU VYnadam OuiaH
anMaITUpWIaan.  Ulye, TN  KYYIAHUIIUHA JOUMHI TOK BOJIBTMETPHU
épnamuna (xatonuru 1% nan optuk OYynmaran ac000) anukiaHaau. Toxk MaHOau
BII1 1,,, MakcuMas UMITYJILCIU TOK Ba YMKHUII KyWIAHUIITHUA TabMUHIIANIN

UEIY] = (Ultek - Umew) + (RO + R)Zwan )Imax < %Uuek + (RO + R)Zwan )Imax (3)

Tox manbGaunaru 3apyp 0ynrad KyBBaT APg;=0.8U,c . O€BOCHUTA YiTyaln
ycynuaard Tok ManOuwmarugad kam. BII2 Giok mouMuil Teckapu KydJaHHUII Ba
remwnnill Ugp=U, s KydIaHUIIMHA 2% JaH OLIMaraH XaTOJIMKIa YaJaiau Ba
JoUMHM  KyuinaHUIl BoabTMETpH (Vi) 0yp=1% Ounan HazopaT KUIUO Typuiiaau.
Hatmwxkana ssaru ycyn OuiiaH yayamigard yMyMUd Ky4IaHUIIHU Yiadaml XaToJUTd
2% raya Kagap Kamasiu.

Nimnad unkuiarad Ky4JaHUI YeKJIarHdMHUHT KYJUTaHUII coXalapuaaH Oupu
— Oy wMyxodazanmaHa€TraH 3amwKAp KHUpUIIHUAA OCNTWIAHTaH Ky4JaHUIIHU
TabMHUHJIAMIIAP. BUPOK, MyMKUH OViTaH TEIIMIUII KyWIaHUIITN OPTUO KeTraHua
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KYWIAHHI YeKJIarudu, KaWTMac TENIWIHAII Typaiiau WIJIaH YUKWIIH MYMKHH.
[IyHUMHT y4yH YHH XHMOsJaIira OCNTHIaHTaH YCKJIaHTaH TOKHH TabMUHJIOBYH
TOK YeKJIaruwjiapura 3apypusT TyFuiaaud. by 3apypustiap myxodasza Moaynu Ba
TOK YeKJIarmwiapu EpaamMuaa KOHUKTUPWIMIIH MyMKuUH. WMk Oop sipaTtuiran
pPaZMOdIIEKTPOH ammaparypa Myxodasza MOAyIH Typiu TEXHHUKA (TEIEBU30D,
KOMITBIOTEp Ba 0.)nap WINJaH YUKHUIIH Ba YHUHT TapKHOWTa KUPYBUM KYWIAHUII
YEeKJIATHYUHU OY3WIUIIHIAH CaKIalIu.
PagMo3IEKTPOH anmaparypa uir- - ELLAY

nab uMKuiaraH myxodasza Momynura
CUMHCTOp 3aHXUpJa KyWIAHHII Kec-
KUH y3rapranuja €Haaural Epyrimk
JMOJIapy OpKaJid yiaHaau (2-pacwm).
YHUHT WAl TPUHIUIN ITYHJIAKH,
CBETOJNOJ EPYFIINTH UKKU Oaphepiu
doroamoara tymaau, GOTOTUOIHUHT
(OTOTOKM CHMHUCTOPHHHT EMUTUIIINTA
cabab OVmaaum Ba PaaUOdJIECKTPOH
amnmapatypa KywIaHHWII MaHOaWHU
y3aau. mmynbec Tyrarad, ammapaty-
pa stHa MaHOara yJaHa/IH.

)

2-pacMm. PaaunossiekTpoH
annaparypanu myxogasza KuJaui
MOIYJIH

Wnk ©Oop spaTwiraH apceHu] TalUIMid acoCHIard SPUMYTKA3THWIN
MalJOHUH JUOJ TOK XapaKTCPUCTHKACHHUHT Y3WUTra XOC XYCYCHUSATH IIYHIAKH,
KYWIAHHWITHUHT TYHUHUII COXACHJIaH TO TCIIWIUINIMrada OyiraH KeHI MHTepBaIa
TOK KMHMATHHUHT y3rapMacjlTd YHTa TOK CTAOWJIM3aTOPU XYCYCHSTHHHU OCpajiu.
By XycycHAT KWYWK BOJBTIAM KyWIaHHWIN YCKJIarnyuaa KaWTMac TEIIMIAITHA
OJIIMHU OJlaau. SpaTuiaraH MauJIOHUN AUOAHWHI WIUIALI MPUHUUANU MAUIOHUMN
TPaH3WCTOPHHUHT WIUTAII MPUITMAIINATA YXIIaIl, UCTOK 3JICKTPOIM 3aTBOPra yJIaHTaH.
Kywnanuin yekyaruyu KeTMa-KeT yJIaHraH UKKH KyTOsin ac6o6 xucobOnanaau. Tok
KHUMaTH TYWWHUII KYWIAHWITAHUHT KEHI WHTEpBAIHMAA EPYFIUK HYpPJIaHUIIN
OwtaH OOILIKapUIIaIH.

Typrunuu 0600612 BakTIM XapaKTepUCTUKAlap, CTalMOHAp XOJaTaa
WCCUKJIMK y3aTHII KapaCHH, TMHAMHK XO0JIaTJa UMITYJIbCIM KyBBATHUHT a)KPaJIHIIT
Ba IOTWJIHIIY KaOW Macaanap Kypud YNKHUIITaH.

CranpoHap peXKHMIArd TEUNIWIUIIIA KYWIAHWAII YEKIAaruduaa XaKMHH
3apsaaaH KOHTAKTIIAp TOMOH TapKanaéTraH UCCUKJIWNK aKCHaJl TaIlKWI STYBYHUCH
Oyiinad Tapkaiduiid MyHOca0aTH OWjaH MCCHUKJIMK Y3aTWIUII >KapaéHUHU Oup
yIgaMiad MoJeiah OWjlaH TYMIYHTHPHINO, Kydumarn auddepeHnran TeHriaama
Oownan udoganaHaIu:

2
CVd_T:leZ“erP(t)
dt ' dV

p 4)

Oy eplla A — COJIMIITUPMA UCCUKIUK YTKA3yBUAHJIUTH; €, — COJUIITUPMA HC-
CUKJIUK CUFUMU; £ — MOJJa 3udiury; P(t) — KyBBar; V — TeKmupuiaaéTran coxa
XA KMU.
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YerepaBuit Kukimatnapaa 7(D/2)=T p-n-yTUII XapoOpaTh HCCUKIINUK

Kopnyc

y3aTuil ro3acura smac, OaKu YHUHI' Maccacura 60FJII/IK:
t
AT ~ P| R 4lwm | (5)
c

6y €paa ¢, — UMITYJIbC Y3YHJIUIU; Cc - KOPIMYCHUHI' UICCUKIIMK CUTHUMU, RM e
HNCCUKJIMK KapIIHUJINTH.

Ky‘{HaHI/IHI yeKJlaruumra KCCKHUH yCYBLII/I TCCKapn TOK HMIIYJIbCH
6epI/IJIFaHI/II[a YCKJIarnyaaH CUFMMHUIN TOK yTaHH Ba KyWIaHWII TCHINWJINIITA
€TraHyjia y yJlaHaau. YHUHT TYJIMK yJaHULIUTa 3apyp OYiraH BakT KyWHJaru
I/I(I)OIIaIIaH AHUKJIaHaIH.

£,60E e AW, Np

14 = + Lol +t
yaan 4 ] 2] e (6)

By ynanui BakTH p-n-YTUIIHUHT Oapbep CUFUMUHU 3apsiUIaHUII BaKTHIaH

c,(U -U &S, EW, ., 1 e.&,E
tRC: V( meut max):y 0~p P ' :7/ s O' ax (7)
1 w 2 JS, J

p—n

Ba 3apOuil TYJIKMH TapKaduIl BakKTHAaH (¢ ) Xamja ynapra KyIuiraH

3ap6.mapx
SHEPTUSTHUHT pellaKkcalusl BakTuaaH uoopar, ¢, ~10™" cex

W—n qW—nNB
= s ®)

txapﬁ.mapx = 2
Uxapﬁ .mapk

Oy epaa v,,; ., — 3apOuii TYJIKUH TapKaIWLI TE3IUTH; N,— TOK TallyBYMIap
KOHLIEHTPALMACH; W ,_, — p-Nn-YTHIIl KAJIMHIINTH; j — TOK 3HYJINTH.

CTaHIIapT HUMITYJIBC 6epI/IJIFaHI/II[a KyWiaHUuII YCKIarndu 6epI/IJII‘aH KyBBaT
Bad yJIaHWII BAKTHUTA 6OFJII/IK HUCCUKJIUK SHCPTUSACH a)KpaTI/I6 YilaHaau.

2
_ Ptyﬂan _ 1 ROtyﬂaH :l—lR

w 2 2 2 0 q yaau

)

[y maiiTna kamOarajuialiraH coxaja aXpala€TraH HCCUKIUK YHEPTUsCcU

(O ):
Oy =(TyTsy) P Vi (10)

XapOopaTHUHT OPTHUILH COJTUIITHUPMA UCCUKJIMK CUFUMH, SIPUMYTKA3TU4 3UYJIUTH Ba
KamOarayuiamral coxa Xaxmura (¥, ) NpONOpIUOHANl p-n-YTUIIHUHT KaMOarau-
Jalliral coXa XapopaTtu JUOJ YJIaHTaHWJAH CYHT TOK, YTHUII KAPUIWIMTU Ba 3apsij
MUKJIOPUHHUHI ~ KYMaTMacMHM KaMmOarajulalilaH coXa MCCUKJIMK CHUFUMU
HUCOATHUTa TEHT.
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I’Rt,,, 'Rt
T, -T pran

[qu,ml-t
et apeV,  2C,

e (11)

Ty Ty

ynau

Kyunanum dvexnarnumpa Xocun Oynran  xapopar mnoreHuuanu (7))
Kyhugaru udojiajad aHuKJIaHAIU:

2t

AT T n _T nn
Tp_Tampoqb :M[maxe wm (12)
qyﬂaH

Xapopar OpPTUILIMHHMHI YHU3UKIA KHCMHUAA XapopaT MOTEHUHAIW KyHuJaru
udoaa OUaH aHUKIAHAIU:
I(OR)q, PRy,
(2)C:IM :[;Coq : (13)
Vnauum skapa€Hu Tyrarad, p-n-YTUIIHUHT KaMmOarajuialmraH CcoXacu
XapopaTh MakcuMad KuhMaTra OJpullaaud Ba Kylunaru ¢opmyina OwuiaH
AQHUKJIAHAIN:

AT =T, -T, =

Tw

AT, =T T, = 1Bl ;Iéoqw (14)

Tw

JIMOMHWHT YJIaHWIN PEXKUMHAA p-n-YTHIIHUHT XapopaTd TOK KaMaWuIImra
HUCOAaTaH TE3POK Macasau, NIYHHHT y4yH p-A-YTHII XapopaT MOTCHIIMATUHWHT
reHeparopu kabu Oynanu.

JluHaMuK pexXuMaa HUCCUKIMK 3Heprusiciiu udopanosuu (9) dopmynara
acocaH, WCCUKIMK OKHMH MaKCHMall TOKHWUHT WCCHKJIHMK KapIIMJIUTHUTa
KYNaNTMAaCHHUHT YJIaHMII BaKTUTa HUCOATH OUJIaH aHUKJIaHAIH:

2
o = dQ Il Rt
dt t

ynau

(15)

Ba BaKT Oyiin4a 4YM3UKIUK Y3rapuo, [=tyy.s BAKTJIA MAKCUMAaJI KUMMATra SpUIIaIu:
@, =1 - R=P. (16)

I/IMHYJIBCHI/IHI‘ KaMaﬁHm coxacuaa TOKHHHT KaMaﬁHHIHHH OKCIIOHCHIIUAJI
t 2

ne6 kaOyn Kb I=1_ e “ Ba UCCUKIMK DHEPruscuHu Q= Rt} e ™ ra TEHT

ne0, UICCUKJIMK OKUMH YUyH KyHujarura ara 0yiamus:

2t 2t 2t
v, =% =RIZ e ™ _ 2R e e =RI} e ™ (1—1]

2 max
dt Tu,\m Tu,\m
EeKu

_ 2t _ 2t

2 TYL\/N — TYL\/N

@, =RI. e "™ =Pe ™. (17)
3 L2 1 1 quflaH
I/ICCI/IKJII/IK KapaCHUHHWHI UCCUKIIMK TOUMHUCH T, = RTWCTW ( RTW = W )

Tw™ mew
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Owran comup Oynaumum Tydaitny, HCCUKIMK OKUMHU Kyhumaru wudojaagan

AHUKJIaHaau:
2t

@, =Pe " . (18)

[Myngait kuaub, KywIlaHUI YEKJIarudu p-n-YTUNIMHUHT KamOaraJulalraH
COXacH CTaHJIapT UMITYJIbC TabCUPHUIA HCCUKIUK OKUMHU TeHepaTopu cudartuia
KapaJquiyu MyMKUH. VICCUKJIMK OKMMU YHHMHT 4erapajapujaH YTa€TraH UMITYJIbC
dbpoHTH Ba yrnaHraHga OepuiaéTraH KyBBaTHIa TEHI MaKCUMayl KuiiMatra
SpUILIAIH.

bBemmaun 00042 10KOpY YacTOTAIM TYFpWIArdd AUOAJIAp Ba KyWIAHUII
YeKJIATHWIAPUHUHT (PYHKIIMOHANI XapaKTepUCTUKAJapura pajualiuoH HypJaHMIII-
HUHT TabCUPUHU YPraHUIIl HaTUKajapu keatupuirad. FOkopu yacTtoTanu riaHap
Ba A dy3uoH auoiapra paadaioH HYpPJaHUII TabCUp ITTUpWITaH. J(uoaiap-
HUHT T€OMETPUK Kecumiapu 3—4-pacmiapaa KeITUPUITaH.

P* kataamra (Al) kontakt 0.8mmx0.8mm

~ §i0z, BCC, ®CC d ~1.7 ym
T ’;.._.:.._.:..,; T m_ pt Katnam (ﬁop ,ﬂHClDdJy3HﬂCH) X]: [7_8 )|-|m
i i Anutakcmans kKaraax K3® 7.5, Nd=6.7410"sm dnn= (3234 Jum

r 1
1 1
! 1
0.8 mm : H H : 0.63 mm
1 1
L 1

l et ) || ] <t —raruK K3 0,01 draenac= 300)m
%, N* kataam (dhocchop auepehyamacu) Xj= (2«3
N** kataamra (Al) KoHTaKT
a) TernajaH KYypUHUIIH 0) I1OJI CTPYKTYPACUHUHT KYHAAJaHT KECUMHU

3-pacm. IOKopHu YacTOTAJIH NJIAHAP AMOAHUHI F€OMETPHUK KeCUMH

TagkuK STUII y4yH TaHJIAHTaH HAMyHalap KyWIaHHWII TYIIUIIMHUHT MHHUMAal
KuiimMaTtra osrajguru OwiaH ¢apkinaHagu. TYFpu Ba TeCcKapu TOK, TECKapu
KyWIaHHUII, ITYHUHTACK, TECKapyu TOKHM Y3 KMiMaTura KaiTui Baktu oyitnua (Up,
I, Iz, Ug, t,,), 6y epna Ur=(0.92+0.93) B ( Ir= 1A na, Iz= (15£2) vA, Ur= 200 B);
t < (150+£10) 107 cex (I/Ix=1 na Ba xuco6 mapaxacu 0.1 A).

HaMYHaJIapHI/I raMmma-KBaHTJIap 6I/I- OMMK KOHTaKT

e Ni+Au
naH Hypnam Y3P @A DU ramMmma  p+xaraau (6op (NiAu)

6 andpysmach) 071 / 0.10-0.11
KypwiMacuaa, 3JICKTpOHJIap OuiiaH ( le— . _Z}/g,?.;s
p KaTIaM (AJHOMH- p— —
aca OAXnaru VY-003 «FOTONY» i uuddysmren——ats ot 7T *
Aubd A 0.235
BJIEKTPOH TEe3J1aTruyia YTKa3uJraH. (’:3:‘;‘;3”“ | ——F v !
Jlnoymapayu HypJaHTUPHUIIA TaM- . @ 7.55 0.045 0 075008
V) N+ Kat.a: oc-

Ma-KBAHTHHUHI' YypTada OSHCPIUACHU cbo: ;T,,:baq‘,;;“ﬂc“) — @ 8.0 OMMK KOHTaKT

ramMmMa KypuiMmazaa Co® (~1.25 (Ni+Au)

M>B) HuET ramma Hypiatma Mo 4_pacm. FOkopu uactoranu quddysusin
Keanb, uHTeHcHBIMIH ~10° cm

2 ] AUOJIHUHI TECOMETPUK KECUMH
CCK .

Jluonnap HypJIaHTUPUITaH raMMa-KBaHT OKUMUHMHL (P,) aHukmuru 5 %
HU TaIIKWI 3Taau. Jluoanap HypJIaHTUPUITaH 3JEKTPOHJIAPHUHT YpTaya SHEeprusi-
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cu 4+4.5 Mb>BHHM TalIKWI 3TraH, MHTEHCHBIMTH 3ca ~ (2.5+3) 10" cmcex™.
Onektponnap GhaoeHCUHUHT (D,) aHuKIUTH ~15% HU TalKui ATra.

IOxopn wyacroranu muaHap Tysuiamanap ydyH A(l/t,) xaTTanuk raMma-
KBaHTJIap okumura (@,) TYFpu HPONOPLHUOHAI Ba EKTpoHnap (uroeHcu (D)
A(l/z,),=Kt, @, Ba A(l/7,)=Ki, D, LlyHra yxmam OOFIAHMII, MIHKACTIAHMLI

JOUMHUUCUHUHT HypiaHuil go3acu OwnaH y3rapumu Hloxnu-Pun pexomOuHaims
Hazapusicura kypa, yTkazyByamiuk coxacunan 0.17 sB macodana xoinamran A-
Mapka3z OwnaH Oornuk. Taxpubamap acocuga XucoOJaHTaH MIUKACTIAHUII
JOUMUNCUHUHI Kuiimatnapu Kt, = 3.35-10" emcex! Ba Kt, = 2.5-10° emcex’!
anabuérnapaa KeNTUPWITaH KMiMaTiapra xxya siKuH.

Taxpubana aHukna"ran teckapu I, Ba I, TOKIAPHUHI KUHMaTJIapH
3.710° A gam 5-10° A raua G6yimb, XUCOOIAHTAH MAaKCHMAal KHAMATIAp
I 0 =50-10"Ara sixun. Teckapu TokuuHr (15+20% ra oprumm) ramma
HypJaaHum jpo3acu @, = (2+14)-1017 cM” Ba DJIEKTPOHJIAp OKumMu @, =
(2.5+20)-10"* e/cm® 6unan 3and Gormaurammuruan (15%+20%ra OPTHIINHN) E,
yTKazyBUaHIMK coxacunan E, = - 0.4 eV macodana xoinamrad Mapkas XOCHII
6ynrann Gmman Gornam MyMkuH. I'amma-kanTaap Co® GuiaH HypiaHrasiaH
CYHI TecKapu TOKHUHI KuiimaTtu, 4+4.5 M»>B sHeprusnu snextponnap OuiaH
HypaaHraninapra aucoaran 15%+20% kam, sbHU raMMa-HYpJIAHUITHUHT 3JIEKTPOH
HypJaHUIIra HUcOaTaH TabCUPU ONTUMANPOK SKAHIUTH aHUKJIaHTaH.

Kywnanumn TYIIMIIMHUHT TECKapyW KapUIWIMKHUHT KalTa TUKIAHUII
BakTura Oornukyuru Up=f(f,,) MKKala Typ HypJaHUII Y4yH MOC KeJaau, S’bHU
MKKana Typ HypiaHuim (ramma-kBantaap omnan Co® Ba 4+4.5 M»B sueprusiiu
ANEKTpoHIap Ounal f, Ba Up JNapHUHT y3apo MyHOcabaTiiapu HyKTaW Ha3apjaH)
oup xui. Hypnanum go3acu optrad capu Kywianui Tymudmu 1.2B rada opraau.
Teckapn KapIIMJIMKHUHT KailTa TUkiIaHWII BakTd 3ca 150 He man 10 HC raua
KaMasiu Ba IOKOPH YacTOTaU JUOJAHUHI TE3KOPJIHUTU omagu. ['amMmma Ba 3JIeKTpOH
HypJaHUII TabCcUpu OepuwinaéTran IOKOpU dYacToTainu auddy3uoH auoiap
TEKIIMPWITaH napameTpiap 6yiinya MmuHuMan gpapkka sra.

Tyrpu Tokum [Ip =10A Oynranma TYFpu KYWIAHUIIHUHT TYIIYBH
U=0.75+0.8B Teckapu kyuna-uunuiap Uz = 100 B Ba 200 B 6ynrannga teckapu
toknap Iz ~ 0.5+0.7 mMxA Ba 0.7+1.0 MKA Ttenr. Tyrpu 1OK Ir = 1A, IF/lzg = 1
Oynranuna, TokHuHr 0.1 A ra TeHr OydraHjgarud ydacTKaJaH XHCOO-JIaHTaH,
TECKAapU KAPUIMJIMKHUHT KalTa TUKJIAHUII BaKTH T,y < 2.8+0.2: 10 ra Temr.

A(1/t,) annr @, Ba @, napra OOFIMKIUTY TYHHHHANI TAOMAaTHra dra SKaHJINTH
HYpJaHUII OKUMHU OPTHUIIM OWJIaH MIMKACTIAHUII JOMMUUCUHUHT raMMa-KBaHTJIap
XaMm/ia JJEKTPOHJAPHUHT HYpPJAHUII J03acH OPTUIIM OWiIaH KaMaWuIIMHU
kypcartanu. Kyunanui TylyBu HypJlaHUII JO03acura Yu3uFuidi Oornanumiia 0ynuo,
Kyhugaru udojiajad aHuKJIaHAIU:

L'Fl
2L, (b+1)-p(0) (19)
U,=U,, -(1-—2L ,
0 oro ( d n bi’lo —d/ZL)

(b+1)- p(0)
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oy epna Usy, = (Irp-0-d)/Spn.
by nudonana p-n-yTumaara KupuiManaap TaKCUHMOTH XHCOOTa OJTMHTaH.

Ap(x) = Ap(0)-exp(-x/L,) (20)
Ba
Ap(x) = Ap(d)-exp[(x-d)/L,]. (21)

Taxpubamapra kypa, KywlaHUII TYUIYBUHUHT HYpPJAHUII J103aCHUTra
OOFIMKJINTY raMMa HypiaHuil yuyH @, = 1.5 10" cM™ raua Ba S7MeKTpPOHNAp yUyH
@, = 9-10' e/cm” ra xamap wmsukan tapsga 0.77 max 0.9 B raua opramm Ba
XMCOOJIaHraH KuitMaTiap OMIaH KOHUKApIIM Japaxaaa MocC TylIaau.

IOxopu wactotanmu nuddy3moH auoaIap TECKapu TOKMHUHT J03a OujaH
GOFIMK/INIH FrAMMa Ba 3JIEKTPOH HypiaaHunuiap yays 1.2:10™"° mxA-cm®Ba 1.6:107"°
MKA-CM” Ta TeHT GYIIraH pajyualioH y3rapui Ko3(hdUIMEHTIAPH OUIAH YH3HUKITH
y3rapaau Ba Kyln1a KeITUPWITraH OOFIMKIUK OuiiaH udoianananm:

[rzKlry(e)'@y(e) + L, (22)

Oy epna I, — HypiaHHIlTra Kajgap TeCKapH TOK.
Teckapu TOKHUHT pauanyoH y3rapuil ko3pGUIHEeHTH KUiMaTH Kyhduaaru
udonaa épraMuia XMcoOIaHran Ba 3- xaaBanja KeITUPUITraH:

- (1+An/ny) Vo am (23)
(+V,c,/V,0,)-Anlny+nln, "7 do
3-kaaBaJ
Teckapu TOKHUHI pagMalUoOH y3rapui ko3¢ gpuuueHTiapu
K,ry-lolg, MKA-cM” K,re-IOIS, MKA-cM”
N,=5- 10" N,=1- 10" Okcnepumen- | N,=5- 10" N,=1- 10" DKCIEepUMEH-
oM oM TaJI KUMMATJIap oM oM TaJI KUMMATIIap
1.4 0.7 1.2 1.7 04 1.6

XKanBangan kypuHUO TYpUOIWUKH, TECKapH TOKHHHT pPAJUAIlMOH Y3TapHIll
KOO PUITMEHTHHUHT dKCIICPUMEHTAT KHIMAaTH KUCIOPO KOHIICHTpALUsACH OWiaH
AHUKJIAHUIIM MYMKUH OViraH auana3zonaa koimamrad OYmuO, auddy3noH
JAUOJUIAPHUHT TeCKapH TOK KUHMaTJIapUHHM, yJaapra raMMa-KBaHT oKumiapu (D,)
Ba 3J1eKTpoH (itoeHc (D,) Tabcupuian cYHT, E-1eHTp maKIIaHTUpaIu.

Hlynnaét kunubd, KyBBaTIH KpeMHHA AU(GY3HOH NHOMIAPHUHT TECKAPH
KapIIMJIUTUHUHT KaiTa TUKIAHWII BaKTH, TYFPH KYWIAHWII TYIIYBH Ba TeCKapu
TOKJIapUra raMMa Ba OJJIGKTPOH HYpJIapu TabCHPU ¥y3ap0 OSKBUBAICHTIUTH
Takprbaaa KypcaTuiIras.

Heiitpornap dmoencu (3:10" cM™ raua) Tabcupuaa OyiraH KywIaHHII
YEeKJIATU9IN JUOJIAPHUHT XapaKTEPUCTUK TapaMeTpilapyHH YPTaHWII acoCHa
HOACOCHI 3apsii TallyBUWIAPHUHT SIIAll JaBpH, XKMUH 3apsa  KaTiiaMm
KaTMHIMTH Ba YJIApHU ONTHMAJUTAIITHPHIN WyIapu XaMmJa y3ura Xoc
xycycusatnapu anukiaanrad. lllyauarnek, nuddy3noH TexHomorus OniiaH OMHHTaH
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p pn’-Tysunmanu 50 BonsTu Ba 200 BONBTIM GYNraH KydIaHUII YeKIarndaapH
ypranwinrad. Hamynamap tankukor peaktopu HMHWH-3Mpa HypiaHTHUpUWITaH.
Oueprusicu E>3 M»aB 6ynran neitrponnap ditoencu S* OJITUHT'YTYPT UHAUKATOPU
Ownan OaxonaHraH Ba kedWnHuanuk E > 100 x»B sHeprusiim HeHWTpoHIap
¢moencura kenarupunran (MMH-3M peakTopHUHT MabiayM CIEKTpuU OYiinua).
Heiitponnapaunr ypraya sHepruscu ~ 1.5 MaBuu Ttamkun staau. Jlo3umerpus
xatomurn *+ 20%. PaguanvoH HYpIAaHTUPHMII Ba IOKOpHUJA KENTHPUITaH
napameTpiapHu Yyiadam uuuiapu xap Oup Typu 20 KywiaHWII YeKJIaruuuJaH
TalIKWJI TOINTaH TaHJaMajapjaa yTkaswirad. SpHu OupuHun Typaa 50 BoabTiIu Ba
ukkrHun Typaa 200 Bonpriuiap. Tanmanmanap 5+6 kucmra OYnuHuO (xap Oup
KucMa 3+4 KywIaHUII YEKJIarudM), Xap OUp KUCM MKKH dTanja HypJaHTUPWITaH
(HEUTpOHJIIAPHUHT 2-OKMMUZAA) Ba Xap OUp HYPJAHTUPHUILJAH CYHI Ky4JaHUII
YEKJIArHWIAPUHUHT IApaMETPJIapy YIIYaHT aH.

Hudbdys3us ycynuna omuaran 50 BoiabTauM Ba 200 BOJBTIM KyWIaHUII
YyeKjIaruuiapura HeWTpoHsiap (IIOCHCUHUHI TabCUPUHU YPraHWIl HATHXKACHU[A
xap ukkana Typ kywianum dexiaaruwiapuaa Ue (@) Uy (0) Ba U,y @)/ U,e(0)
HUCOAQTIApHUHT HEWTpoHsiap (roeHCHM OuWaH »SKCHOHEHIMAN OOFIaHMIIIA
SKAHJINTY TONWJITaH:

Unew @)=U e (0)exp(K ;D) (24)
Uier D)=U o (0)exp(K, D). (25)

VYnapna skcrnoHeHTa mapaxacuaaru K; KodhPUIIMEHT KHAMaTH TSN
KYWIAHHWIKA YYyH ¥y3apo SKWH, KywIaHWIl dYekiaoBun Kodpdummentn K, 1.5
OapaBapaan kynpok (apk kunagu (4-xkansain). Koaddumnuentnap kuitmatugaru
Oynmaii QapkHUHT ca0aOWHM aHWKJIANl YYyH, TEIIWINII KyWIAHWITAHUHT
KOHIICHTpAIUS TPAJUCHTUTA, XQKMHH 3apsj] KaTiaM KaIMHJIATHHUHT HEUTPOHIAp
¢daroeHcura OOFIMKIMTH, BOJBT(apaa XapaKTepuUCTUKAIApAaH KOHIICHTPAIIHS
TPaJUEHTH Ba Xa)KMHH 3apsaiap KaJuHINTH aHUKTaHTaH.

4-xanBaJ

K; Ba K; ko3 punuentiiap Kuiimatu

K, cvm’/n K cm’/n
Uner= 50 B Uoer=200 B Uner= 50 B U, =200 B
6.3-107" 7.0-107" 7.1-1077 1.1-10

HefitpoHnapHuHr Typau (IIOCHCIApH YYyH CHFHM OWJIaH TeCKapH
KYWIAHHI KHPUIIMaTap TaKCHMOTH YHU3WKIM OVYJIraH p-n-yTHITa XOC KyOJu
Oornanuin OminaH udoaanaHaIn

C=[12(U+Useemp)VIga(eeo) (Spn)’1, (26)

Oy epaa «a» KOHIEHTpalus rpagueHtu 0ymub, N(x)=a'x TeHriama OujaH
aHWKJIaHAIU Ba HEUTPOH (DIIFOGHCH /103acu OMIIaH IKCIIOHeNMan OOFIaHMIIAA

a= a(®P=0)-exp(-BD). (27)

21



Bonbrdapan xapakTepucTUKamap acocuaa XUCOONAaHTaH KyWIAHWII YeKIia-
THWIAPHUHT COJIMIITHPMA KApIIMJIUKIapHuIard kKaTrta QapkaaH KaThbd Hazap,
WKKaJla Typ KyWIaHHII YeKIarnwiapy Y9yH Ky4IaHWII Ba SKCTIOHEHTa Japaxacu B
HUHT KMiMaTH GOup-6mpura sxuu 2.6-107° cM® Ba 3.8:107° cm®, ymap ypraua
kuitmatnan (3.2:107° cm®) 30 % mam oprux dapk xwimaiimn. a(D)a(@=0)
rpagueHTIap HUCOATUHWUHT HeHTpoHmap ¢uroeHcn @ ra  OOFIUKIHNIU
SKCTIepUMeHTan (HyKTanap) Ba xucobmanran (B=3.2-10"° cm®) yuyn exp(-B-®)
ATPH YM3HK S-pacMja KeITUPWITAaHUICK, ¥3ap0 MOC TYIIAIH.

1.00

Y=exp(-3,2:10"X)

E

1-50 BONBTIN Ky4WJIAHHUII YEKJIATU4H;

8 o7 2-200 BOJIPTIM Ky4JIAHUII YEKJIarvu4y;
£ 080 3- y3ITyKCH3 YH3HK XUCOONAI HATHKACH
¢ o
';‘"g ' 3 5-pacm. T'paauent
' KOHIEHTPAUUACHHUHT
0 S0 fM0E 1 EME M0 250N 3M0n
®. cu” HYPJIAHTHPHUII 103aCUTA
' OOFINKJINTH

Temmnum Ky4JaHUIIMHUHT HEUTpoH ¢utoeHcu (@) OunlaH HKCIOHEHIUAT
OOFJIaHUILIN

U, (@) /U

meut

(@ =0)=exp(6.6-10" - @) (28)

OwiaH 3(QPeKTUB KOHIEHTpAlUs TpajUeHTH OujlaH HEUTpOHJap (PIIOCHCUHUHT
HKCIIOHEHIMAN OOFJAaHUIIMHU TaKKOCJAIl HAaTHXKAacHlla p-n-YTULI Ty3uJIMacuia
7032 TabCUpHUraya @ HUHT KUMMaTHIaH KaTbu Hazap, Oy OOFJaHUIIHUHT
YHUBEpPCAJ YKaHJIUTUHHU TOMAMU3!

a(®@)/a(D=0)=exp(-3.2-10'%- @) (29)

Yexs1aHUII KyWIAHHWIIN Ba TEHIMIWII KYWIAHUIIMHUHT KOHIICHTPAIWs TPaAHCHTH
OwtaH no3ayu ¥3apo OOFIaHUIN HEUTpoHIap (uroeHcH OWIaH YEKJIaHUII Kydsa-
HUIIUHUHT TYFpU 4u3uKIN Oornanummaa a(®)/a(®@=0) nucbatu sKCHepuMeHTal
HYKTaJTapHHUHT HEHTpoH dumioeHcH @ Gunax Gormukauru Ba B=3.2:10"° cm® na
xucoOnanran exp(-B-®) srpu 4M3WFUM KOHUKApiAW Tap3Aa Moc Ttymrad. Kyud-
JAHUIIHK 4YeKiaml pexumuna auddepeHuan KaplUImIMKIap >KyAa KUYUK Ba
kywianum TymyBd 100 MB maH kam, IIyHMHT Y4yH YEKJIAHWII KYy4JIaHWIIN
HIaKJUTaHUIIU A

Uver=UpmewLuerRcemua-rcem (30)
0a3aHUHT KeTMa-KeT KapIIWIUTH MyXUM POJib YitHANH U
Ryemva-cem™R 6asat Ry jmu (€29)
V3 ypHHUIA
R Gaza=pil (dus-W)/S], (32)
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Oy epma p; — HeWTpan Oa3aHUHT COJMINTHPMA KAPIIWINTH;, dy5 —
METaJTypryK p-n-YTHIIIAH TO 71 KOHTAaKTrada 6yiaran macoda.

DNeKTp MalIOHM yHYa KarTa OyaMaran XaXMHi 3apsajiap COXaCHHHHT
KapIIH-JITH KyHuIara MyHoca0aTaaH aHUKJIaHAIH:

Rytt.)?mumz( w- VVm)z/(2 ) SSO'S' Vm)?zlul—t)p (3 3)

Oy epaa W, — 3apOiu HMOHJAHUII conup OYyIaauraH XaXMHH 3apsiap
COXAaCHHMHI KEHIJIMIH, V. — TYHHHHII Ky4JIaHUIIH,

bynna R ;,;,(®) 6ornanumHu xucobnam yuyH ps(®@) Ba W(D) 6oFnaHUIIHUA
omnmur 3apyp. Katnam KanuHIMruHuHT (BItoeHcra OOFTUKIUTUHN TEKUC p-1-Y U
KCHIVIMTUHU XQXKMUU 3apsa  OwinaH OOFIHMKJIMTHHUHT KIACCUK HQOoaacuaaH

doitnananran xonaa xucoOaam MyMKHH
W(D,Unen)=[(12 &0 Upen)/(q-a)]">.  (34)

Temmnum Ky4wIaHUIIUHA XUCOOAIT Xa>KMUN 3apsii COXaCUHUHT KaJTUHIIUTU
Ba HEUTPOH HypJaHUII TabCUpHIA 3aps] TallyBUMJIAPHUHT  Y30KJIALIWII
KO3 (PUIIMEHTH OpKaJu amaira OIUpUIaIn:

K= 1kny(@=0)""". (35)

V3oknamuim ko3GPUIMEeHTH KuiMaTiIapyu n- TUN KpeMHUil yuyH —k,=851,
p-TMII KpeMHMH Y4yH —k,=444 Hu Tamkun ostaaud. Temuiaumm Ba YEKIOBYM
KyWwlaHUII XaXMUWA 3aps]  KamiamMu Kanuaiourn W, Ba  coaumTupma
KapUIMJIMKHHUHT y3rapull fomuiinapu K, XucoOinaHraH KMidMariaapu S-kaaBanja
KEJITUPUJITAH.

S-ikaaBaJ

Typiau KywJaHUII YeKJIAaru4Iapu y4yH XapaKTePUCTHK
NAPAMETPJAPHUHI XMCOOJAHIAH KMHMATIapH

KU Ty | Uyew, B User, B W, 10%em | Wy, 10% em | K,10-"° oM
K4 50 B 48.9 50.2 2.67 1.09 3.8
K4 200 B 224 .4 229.8 0.17- 8.4- 0.154

HeliTpoH HypJIaHUIITHUHT YU3UKIIUA p-n-YTUII CTPYKTypacura TabCUPUHM YpraHUIIl
HYKTau Ha3zapuJaH, HYpJaHMII HATHXXKaCUa p-n-YTUII COXACHU SIKUHUJA XOCHII
Oynmamuran i-coxa YymuaMH y3ura Xoc axamusaT kacO 3Taau. KoHueHTpamms
rpagueHTd OujiaH HEUTpoH no3zacu a(P) opacuparu OOFJIAHUIIHUHT SMIIUPUK
udonacu (27) popmynana KenTUPUITAH.

i-coXa YI4aMuHU KyWHuaaru MyHoca0aT/aH aHuKJam MyMmku: W, =W, W,;

We(@,U) = 665°Spsl Cp D,U); Wi @,U) =[12:65(U+Un)Vga(®)} . (36)

XaXMUN 3apsUIApHUHT HEUTpOHJIap (uItoeHCUTa OOFJIMK Y3rapuiiu Kylujaaru
dbopmyna opkaiau XucoOIaHraH Ba 6-pacMjia KeJITUPUIITaH.

W{(®,U=0) = [0,053/a(®=0)""*]-®. (37)

Mynpait ki, KatiaM KaTMHIUTHHUHT HEUTPOH (PIIFOCHCH Ba KyWJIaHUII-
+ o+
ra OOFJIMKJIUTUHU Oaxouai yuyH udoaa aHuKIanrad. by aca p nn -Ty3uiIMaHUHT
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164107 ¥=4,36'10%'X "
T R2=0.99 s 5 0% Y=2,33*10"X »

S 124057 =0 ° R?=0,99
=S it 4*10°*
(=] * 4
il 1 o
o 0,840° e
e = 2107
= sl
= 0440 .

0 ‘ ‘ ‘ . ‘ 0 501 1410 1505 24101

€0 5YM0M  1*10%6 154015 206 2,540 @, cm-’

. cm-’

a) 50 BOJIBTIIM KytIAHHII YeKIarndn 6) 200 BOJIPTIIM Ky4JIAHUII YeKIaruyu

6-pacm. W; = F(@,U=0) auHr Xuco0/11 OOFIaHUIIIAPH

XOKMUM 3apsa] coxacuja 103 OepHIlld MYMKHUH OYyiraH y3rapuiiap TYFpucuia
MabJIyMOT OJIMII UMKOHMHU Oepaau. byHna Oa3zana xupulliMa KOHLEHTpalusacu
IpaJMeHTH Y3rapuiiv OwiaH Oup Katopjaa, AUOJ TY3WJIMAHUHT TE3KOPJIUTUHU
OeJITMIIOBYM HOACOCUH 3aps]l TalllyBUMJIAPHUHT SILIAIl AaBpH XaM y3rapajau. Smain
JaBpyu KaHua KHUCKa Oynca, myHua sxmu. Hkkama typaarn (50B Ba 200B)
KyWIaHUII YeKJaruujapy y4yH HOACOCUHM 3apsi/i TallyBUMJIAPH SIAIl JaBPUHUHT
HYpJaHUII J03acura OOFJIUKIUTH PEKOMOMHAIMS MapKa3h TabcUpura OOFIHMK
O0ynu0, MUHMMAJ KUiMaTra ara.

7-pacMmra kypa, rokopuja OamopaTr KwinHTraHuaek, @=1/b dhopmyna 6unan
aHuKJIaHaAuTaH (@) OOFIAHUIIHUHT MUHUMYM HYKTacU XaKUKaTaH XaM MaBxKYy/I.

4,010-¢ 7.010~T &

3510 2y 2 N
o 300 T \e ® 5010
g 2510~ [ N s 8 N o
DEFIEI S et = 3,010~ L

o0 | — 1

1,010-2 4 $ 4 y * 1,010~ $ + + '

014 4015 154015 201015 9 Bed (115 T
U 5401 1015 15401 21015 2,50 0 0% 055 15001 240
®, cm’* ®, cm?
a) 50 BOJIBTJIM KYWIAHHII YEKJIaruIn 6) 200 BOJBTIM Ky4JIaHUII YEKIarudu

1- xco6 HaTWX)acH; 2- SKCIEPUMEHTAN HaTHXaJlap
7-pacm. Kywianum yekiaaru4iap yuyH 7(®) 0orjiaHULILIapH

bynna K,(®) OornaHumgark MUHUMYM HYKTacH 3KCHOHEHIMaJl KynahTMma
OwnaH aHukiaaHaau. Pukpumuzya, Oy XojaT saml JaBpUHU XHcoOaam y4yyH
(1/7(0)  xmcobra  ommaranma) Meccenmkep  MoaenuaaH  GoHgaIaHUIT
MYMKHUHJIUTHIAH JlajojaT Oepaau.

K. (D)= Aexp(-b- D) (38)
Ba
1/7(@) =1/7(0) + K (D) (39)
SBHHA
(D) = [exp(b- D) /(4- D). (40)

Kypunub typubnuku, (40) udpona
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D=1/b (41)

HYKTaJa 3KCTpeMyM (MUHUMYM) T'a 3ra.

HlyHu TabKUIAIl )KOU3KH, HOACOCUM 3apsi]l TallyBUMIap SIall JaBPUHUHT
HYpJaHUII Jo3acura OOFJAHUII OrpU YM3UFUAA Kalpuiaum mnaigo Oynuiu
HEUTPOH HYpPJIAHTUPUII >KapaéHUJa PEKOMOMHAIMOH MapKaszJapHUHT Maino
OYnuII KOHYHMATHAA Yy3rapuiuiap coaup OynraHugaH nanoiar Oepanu. SbHU
YU3UKJIM OOFIaHUIIJIaH SKCTIOHEHIMA OOFIaHMIITa YTUIl CONUp OYIaan.

Texmupunap HaTwkacura kypa, OONIIAHFUY TEIIWIUII KY4WIAHHUIIH
KaHIail OYnMIIMIaH KaTbM Ha3ap, HypJaHUII J03acCH OPTUIIM OWJIAH TEIIMJIWII
KyWIaHUIIW opTajgu. byHmail XonaT TEHMMIMII KYWIAHWIIWHUA 3apypuil HOMUHAI
KyWwIaHUIITa €TKa3ud oJjuiira acoc OynaaM Ba TEWIWIUII Ky4JIAHUIIUHU
Ooomkapunaad ¢oigananuO, vmad YuKapuia€TraH KywIaHWIl YeKJIarudjapHu
HOMeHKIarypanu Kywianunuiap 100 Bonpriu Ba 200 BOJBTIIMTAa MOC pPaBHUILTA
KEeNTUPHO, AXIIUIAIITA OJIU0 KEeaIu.

TaOuniiky, KywIaHWIl YeKJIaruwiapd Y4yH HOMHHAN Ky4WlaHUIIIaH (apk
kuiyBur (100B Ba 200B) Temmmivin Ky4JaHUIIMHUHT (QuiroeHcra OOFJIaHUIIMHU
anukiam so3uM. JKymmaman, 100 BonpTIM Ky4dJaHHII YEKIArMwIapd YYyH
Temuaui Kywianunuiapu 95 B, 96 B, 97 B, 98 B, 99 B 6ynaran namyHanap Ba xap
Ooupuga 3+4 HaMyHaJaH TAlIKWI TONTraH 5 Ta rypyX Tamkuwi KwinHarad. [yungai
aHaJoruKk HamyHanap rypyxu 200 BOJBTIM Ky4YJaHUII YEKJIaruwiapud y4yH Xam
TAUIKWAJ KAJTUHTaH.

8-pacmpa Oy HamyHajap Y4YyH TEUIWIMII KYWIAHUIIMHU HEUTPOHIIAp
¢dmoeHcura OOFMUKIUK TpaduUKIapu KeJNTHUPWITaH. YJapra acocaH TeIIWIUII
KyWIaHWIIM HOMUHAJ KUWMaTjaH KaH4ya Karra Oysica, HaMyHaHd HOMUHAI
KyWIaHHUIITa €TKa3UIll YU4yH IIyHYa KaTTa HeUTpoHiIap (iroeHcu Tanad aTuiiaau.

®-10"", H/cm? ®-10", H/cm®

3,0 1 20 1 2
2,5- 16
2,0

12
1,5
1,0 8
0,5- \. 4

0

95 96 97 98 99 100 U B 180 185 190 195 200 vy B

npo6’ npo6’

a) 100 BOJIbTIM KyWIaHUII YeKJIaruujiapu 6) 200 BOJIPTIIM Ky4JIAaHUII YeKJIaruuiapu

1— 6epuiirad TEMMIUII Ky4JIaHUIINWTA TETUIUIN KyWwIaHHII YeKIarnwiapHi HypJIaH TUPHIL
J103aCH; 2— Ky4IaHUII YeKJIarnwiapHU HypJIaHTUPTraHaH CYHITH TELIWIMII KyWIaHAIIIapH

8-pacm. Kyuwianum yekIaru4JIapuHUHT ONITUMAJI HYPJIAaH THPHUII
AO03ACHMHHMHI OOLLIAHFUY TeIIMIMII KyYJAHUIIHUTA OOFJIUKINTH

bomkaya kunu6 aitranna, Oy epja BOJBTIIM Ky4JaHUII YEKIaru4wiapuHU
HOMUHAJI KyWIaHUIIra KeJITUPYBUM HEUTpOoHIIap iroeHcIapy KuitmaTiapu Ounan
OOFJIMKJIMIY KeJITUPWITaH. YOy TeIWINI Ky4IaHUIUIAPUHU HYPJIAHUII JJ03aCH-
ra OOFJIMKJIUTUHYU KEPAKIU TEIIWIUII KyWIaHUIIUTa KEATUPYBYM KaTuOpOBKa UH-
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3uru cudaruaa GoiganaHuIl MyMKHH.

Mlynpait Kunub, KpeMHHUM acoCUIaru Ky4JaHUII YeKJIarn4iapuHu Ba IOKOPH
YacTOTalM AUOJJIAPHUHT TEXHOJOTHSICMHU MOJEPHM3AIMs KWIHII Ba TapaMmeTp-
JApUHM paJualusg TabCHUpPUJA ONTUMAJUIAIITUPHUIL YIAPHUHT HKCIUTyaTallMOH
napamMeTpiapy TEXHOJOTMK (apKJIAHUIIWHUA, CTATUCTUK KyBBaT HYKOJUIIMHU
KaMalTHpHUIITa Ba IpOKJIU AUOJJIAp YUKUIIUHA OLIMILINATA OJIMO KeJIaau.

XVJIOCA

1. Kuuuk nuddepenuman Kapmmivk Ba KaM (GapKid — TEIIMIUII
KYWIAHUIIMHA TabMHUHIIOBYM KUYUK BOJIBTIM KY4YJAHUII YEKJIArMYUHU OJIUII
TEXHOJIOTUACH MAapPrUMYIIHU IOKOPU KOHIIEHTpAaUMsUId MaHOaJaH aMIlyjiaiu
b dy3ust Kunui EpaamMuaa UIad YUKUIraH.

2. KpemHuiinu KyBBaTiu JIUOAJIApTa IOKOPU aAre3usid Ba HCCUKIUKHU
camMapalid TapKaTUIl KOOWIMATH OwiaH (apkiaHaguraH OMUK KOHTAKT OJIHUII
ycyiau uuuiad 4yukuirad. by ycyn p-n-yTUIIIM TUIaCTMHAJIAPHUHT Xap HKKaja
r03acura BaHaauil Ba KymymHHHT rorka (0.1+0.3 MkM) KaTiaaMaapuHU CETHIIHYT Ba
yIAPHUHT KyMYIUIAHTaH MUCIU UCCUKIUK KOMIIEHCATOPU OWJIaH KOTUIITHUPUIIHU
¥3 nuura onaau. byHnal KOHTakT KyBBaTJIM SPUMYTKA3TUWIM Kypliad oOJyBYH
auoIapia KyJulaHUIau.

3. Temwmnum pexxuMua KyWIaHWII YEKJIaruwiapyd KapUIUIUTHHUHT TOK
OwiaH OOFIMKJIWIUIa acCOCJHAHTaH WIK O0O0p KUPUTWITaH «caMapajopiiuK
KO3 PUIIMEHTH» OpKalu yJapHU KOpIlycra YypHaTUUIAaH aBBall capajail yCyjiu
UIU1a0 YUKUJITaH.

4. Kpucramn Ba MUCCUKJIMK KOMIIEHCATOPJIAPUHUHT ONTUMAN YiIuyaMiapuHU
XMCOO-JIalll Ba >KOMIAIITUPUI, IIYHUHTIEK, XapopaT MOTEHI[MAIU TeHepaTopH Ba
UCCUKJIMK OKHMMH TeHeparopu cudaruga HOMOEH OYIUIIM  XOccallapuHU
TYIIYHTUPYBUU KYUWIAHUII YEKJIATHUMHUHT UCCUKJIUK MOJIETN UIILIA0 YUKUITaH.

5. YeknaHran Ky4laHUIIHYU YITYAIIHUHT UKKA T€HEPaTOPJIM TAKOMUJUIALITaH
yCYJIU UILIA0 YMKWITaH, YHUHT EpAaMuia TeCKapyu Ky4JaHUII Ba T€HEPaTOp XOCHII
KWITaH TOKHUHI MMIYJbC TAIIKWI ATYBUMCHHHM Viyaml Takiu@ KUIMHAIH.
ViyamHuEr yMyMuil XaTonurn ~2% Oynmu6, MabiayM OyiraH OMp reHepaTopIiH
yCyJ XaTOJMTUIAH y4 MapTa KaMm.

6. 3amxupAa KywIaHHUIl OPTUO KeraHWJa UCTE€bMOIUYMHHA aBTOMATHK Tap3/aa
yIQHUIIM Ba Y3WIMIIMHM TabMUHJIOBYM, KYy4YJaHUII YeKJIarudm acocujia
PaZAMOAJIEKTPOH almnapaTypajapHUHT MyXoda3a MOAYIN UIILIa0 YUKUITaH.

7. YOkopu wyacToTanmu TYFpUJarud AHOJJIAp Ba Ky4yJIaHUII YeKIaruy-
JAPUHUHT TEHIMJIMII KYWIAHUIIWHUA, HOACOCUM TOK TallyBUMJIAPH SIIIAlll BAKTUHU
Ba TECKapW KapIIMJIMKHUHT TUKJIAHMUII BAaKTHHH, ONTHUMAJUIAIIHU TabMHUHIOBYU
paaraIioH TEXHOJIOT U UIIa0 YUKUIITaH.

8. 'amMma Ba AJIEKTPOH HypJIaHUILIAPU TabCUpUIA OYITraH IOKOPH YaCTOTAIH
AUoJIap/ia ONTHUMAaJl YTHII XapaKTePUCTUKAIAPUHU aHUKIA0 OepyBuM, TECKapu
TOK Ba TYFpU KyWIAHUII TYIIYBUHH, XQKMUH 3apsii KATMHIUTUHA XUCOOIAIIHUHT
MYXaHJUCIUK yCIyOnapy nuuiad YuKUiIra.
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9. Kaiirap temmnumu 14 B raya OynraH KWYUK BOJIBTIM Ky4JIaHUII
YyeKJIaruwiapuHu Myxodaszananl y4yyH apCeHH]l TaJIuid acocuaa TOK YEKJIOBYHU
UIU1a0 YUKUJITaH.

10. Kyunanum 4eknarvujapuHd Ba OKOPH YAaCTOTAIHW JUOMJIAPHU OJIMII
TEXHOJIOTUACH, YJAPHUHT (YHKUHMOHAN HapaMeTpiapuHU TEKIIUPUII YCYyJUlapu
oyiinya onunran HaTmwkanap OAXK «FOTON» umnad yukapummaa KyUTaHnuil-
MOKJA.
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HAYYHBIN COBET IO MMPUCYKJAEHUIO YUYEHOMN CTEIIEHA
JOKTOPA HAYK 16.07.2013.FM/T.12.01 npu ®PU3NUKO-TEXHUYECKOM
NHCTUTYTE HAYUHO-ITPOU3BOJACTBEHHOI'O OB BbEJINHEHUA
«PU3UKA-COJIHIE», HTHCTUTYTE UOHHO-IIVIASMEHHbBIX U
JA3EPHBIX TEXHOJIOTUI 1 CAMAPKAHJICKOM
I'OCYJAPCTBEHHOM YHUBEPCUTETE

HAYYHO-ITPOU3BOJACTBEHHOE O BbEJUHEHUE «®U3UKA-COJIHLIE»

®U3UKO-TEXHUYECKHWHA UHCTUTYT

PAXMATOB AXMA/JI 3AHHUJIUHOBUY

PA3PABOTKA TEXHOJIOTMH U3TOTOBJIEHMS NOJTYIPOBOHU-
KOBBIX BHICOKOYACTOTHBIX 1 OTPAHUYUTEJIBHBIX JUO/OB,
ONTUMMU3ALUS UX TAPAMETPOB IPU TEPMO- U
PAJMALIMOHHOM BO3JECTBUM

01.04.10 — ®u3uka NOJIYNPOBOIHUKOB
(TeXHMYeCKHEe HAYKH)

ABTOPE®EPAT JJOKTOPCKOM JUCCEPTAIIMA

Tamxkent — 2014
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Tema JOKTOPCKOii AMCCEPTAIIMH 3aperucTPUPOBana B Bpicuieil aTrrecTallMOHHON KOMHCCHT
npu Kadunere Munucrpos Pecny6uku Y36exkucran, 3a nomepom 30.09.2014/B2014.5.T 266

JlokTopckast nmucceptamusi BbIMOiMHeHa B Dusmko-rexHudeckom wuHCTHTYTe AH PVY3 m OAO
«FOTON».

[MonHBIA TEKCT JOKTOPCKOM Juiccepralii  pe3MelleH Ha BeO-calite Haywnoro coBera
16.07.2013.FM/T.12.01 npu ®u3nNKO-TEXHUUECKOM HHCTUTYTE, HCTUTYTE HOHHO-TUTa3MEHHBIX H JIa3ep-
HBIX TexHoJoruii 1 CaMapKaHJICKOM rOCyJapCTBEHHOM YHUBEpcHUTeTe 10 ajapecy kengash. fti.uz

ABTOpedepar auccepTaniid Ha TpeX A3blkax (y30EKCKWH, pyCCKHH, aHTIMICKWN) pa3MelleH Ha
BeO-CTpaHMIIC HAYYHOI'O COBeTa 1o anapecy kengash. fti.uz u MndopmaiinonHo-o0pa3oBaTeIbHOM OPTAJie
“ZiyoNet” o agpecy www. ziyonet.uz

Hay4Hblii KOHCYIbTAHT: KapumoB Adaynazus BaxutoBuu
JOKTOp (PU3HKO-MaTEeMaTHYECKHX HAYK, podeccop

OduunanbHble ONMOHEHTHI: Yaumos Buktop HuxkosnaeBuu
JIOKTOP TEXHUYECKHX HayK, mpodeccop

KacsimaxyHoBa AHopa MamacaabIKOBHA
JIOKTOP TEXHUYECKUX HayK, mpodeccop

Taraes Mapar bajiimyparoBu4
JIOKTOP TEXHUYECKHX Hayk, mpodeccop

Beaymas opranusauus: TalkeHTCKU TOCyAapCTBEHHBIM TEXHUUECKUH YHUBEPCUTET

3ammnTa COCTOUTCS « » 2014 r. B yacoB Ha 3aceJaHUHM OAHOPA30BOTO Ha-
yaHoro coBera 1o crmenuansHocTd 01.04.10 (TexHMuYeckne HAyKH) Ha OCHOBE HAyYHOTO COBETa
16.07.2013.FM/T.12.01 npu ®u3nKo-TEXHUUECKOM HHCTUTYTE, HCTUTYTE HOHHO-TUTa3MEHHBIX H JIa3ep-
HbIX TexHonmoruid u CaMapKaHACKOM TOCyJapCTBEHHOM yHuBepcuteTe mo azapecy: 100084, r.TamkenT,
yi1. bomom3op itynu - 26. Ten./®akc: (+99871) 235-42-91, e-mail: lutp@uzsci.net.

JlokTOpCcKast Juccepranms 3aperucrpupoBaHa B MHpopManmoHHO-pecypcHOM IieHTpe Du3uKo-
TEXHUYECKOro MHCTHTYTa, 3a Ne 01, ¢ koTopoit mMoxkHO o3HakomuThcs B MPIl mo aapecy: 100084,
r.Tamkent, yia. bomom3op tynu - 26. Ten./®akc: (+99871) 235-30-41.

ABTopedepar AuccepTalyy pa3ocial « _ » 2014 rona
(TpOTOKOJ pacChUIKU __ OT 2014 1.).

C.JL JlyrnyniaeB
[pencenarens HAYYHOrO COBETA MO MPUCYKACHUIO
y4€HOM CTeTeHH JOKTOpa HayK, M.¢.-M.H., mpodeccop

M.H. TypcyHoB
YuéHblii cekperapb OJHOPA30BOI0 HAYYHOI'O COBETA M0 MPUCYXKACHUIO
Y4YEHOM CTENEHU I0KTOpa HayK, J.T.H.

HN.I'. AtabaeB

[pencenarens HaydHOro ceMuHapa npu HayuHom coBete
10 MPUCYXICHUIO YIEHOH CTEIEHH JTOKTOpa HaykK, 1A.(.-M.H., mpodeccop
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AHHOTALMS JTOKTOPCKOW JJUCCEPTALIMM

AKTYaJIbHOCTh M BOCTPE0OBAHHOCTb TeMbl auccepranuu. CoriacHo
noctanoBnenus [Ipesuaenta Pecnyonuku Y3o6ekucran I111-1442 «O npuopurerax
Pa3BUTHS MPOMBIIIJIEHHOCTH peciyonuku Y30ekuctan B 2011 - 2015 rogax» ot 15
nexkabps 2010 roga moBeimieHHE 3PPEKTUBHOCTH MPOMBIILICHHOTO MPOU3BOICTBA
ABJISIETCS IEPBOCTENIEHHON 3a/1aueil. B CBSA3M ¢ ATUM MoOCie10BaTENbHOE CHUKEHHE
NPOM3BOJICTBEHHBIX 3aTPaT U Ce0ECTOMMOCTH MOJIYNPOBOJIHUKOBBIX CHJIOBBIX JHO-
J0B (OrpaHUYUTENN HANPSHKEHUS, BBICOKOYACTOTHBIE BBITIPSIMUTEIBHBIE JTHOIBI),
npousBoauMbix OAO «FOTONy, npegycmatpuBaeT MpoBEICHUE 1IETICHANPABIICH-
HBIX padoT MO YIYUYIICHUIO UX MapaMeTpoOB U HaAEKHOCTH, a TaKKe MO ONTUMU3A-
MU UX TEXHOJIOTMH, YTO SBIISIETCS Ba)KHEHILEH MPEaNOCHhUIKON JJIsl TMOBBIIICHUS
KOHKYPEHTOCIIOCOOHOCTHU BBIITYCKAEMBbIX MPUOOPOB, a TAKKE COXPAHEHUS CYLIECT-
BYIOUIUX U 3aBOEBAHUSI HOBBIX PHIHKOB COBITA.

B oOnactu 3amuThl paguodJeKTPOHHON ammapaTypbl U MpeaoTBpaIleHUs
BBIXOJIa U3 CTPOS AJIEKTPUYECKUX OOOPYIOBAaHMN HMIYJIbCHBIMHU IE€pEHAIpsKe-
HUSIMH, TOCTaBJIEHHbIE yYEHbIMHU Benymux 3apyoexHsix crpan CHIA, Kanansl,
[Nomnannuu, Kurtas u Slnonun 3amaun pa3pabOTKU U MCCIIEIOBAaHUSL BBICOKOBOJIBT-
HBIX OTpaHUYMTENEeH HANPSDKEHUS, a TAaKKe CTaOMIM3UPYIOIIUX YCTPOMCTB Ha OcC-
HOBE CHJIOBBIX JIMO/IOB SIBJISIOTCS BOCTPEOOBAHHBIMH.

OTU CUIOBBIE AMOJbI MIMPOKO MPUMEHSIOTCS B YCTpPOMCTBax mpeoOpa3oBa-
HUS DJIEKTPOIHEPTUHU, CUCTEMAX MUTAHUS U YIPABICHUS TEXHOJIOTMUYECKUMU TPO-
neccaMu. JIJist UX U3roTOBJIEHUS UCTONIb3yeTcs AU Gy3nOHHAS TEXHOIOTHUS JeTH-
pOBaHUsS KpeMHHUs pumecsiMu 0opa u (docdopa, KoTopasi UPOKO HUCHOIB3YETCs
JUTSL U3TOTOBJICHUSI BBICOKOBOJIBTHBIX AMO0/0B. OHAKO MPUMEHUTENIBHO K HU3KO-
BOJIbTHBIM OTPAHUYUTENSIM HANPSHKEHUS HE MO3BOJISIET MONYYUTh HU3KKUE Tudde-
pEHIMANIbHBIE COMPOTUBIICHUS, KOTOPOE MOXKHO MOJYYUTh MPUMEHEHUEM MpUMe-
cu, obecnieunBalonIell pe3Kkoe pa3inunue KOHUEHTPALMU HOCUTENeH Ha TpaHuIle p-
n-niepexoqa. Pemenue 3Toil nmpoOnaemMbl TpeOyeT HOBBIX (PU3MUYECKUX TOJXOJIOB,
MO3BOJISIIOLIUX TMOJYYUTh BBICOKOKOHIEHTPUPOBAHHBIM HCTOYHUK — AUQPEY3aHT,
KOTOpBI MOXHO M3TOTOBUTH ITYTEM HMCIOJIb30BaHUS MbllIbsika. Kpome Toro ag-
(eKTUBHOCTH pabOTHI CHIJIOBBIX JIUOAOB OMPEACIAETCS PE3KOCThIO XapaKTEPUCTUK
py MPOOOMHBIX HAMPSKEHUSIX U HOMUHAJIBHBIM KOA()(PUIIMEHTOM OTpaHUYEHUS.
B paGouem pexxume CUIIOBBIE TUOABI O] BO3ACHCTBUEM MOIIHBIX UMITYJIBCOB BbI-
JEJSIIOT TEII0 U UX ONTUMHU3AIUS BO3MOKHA Ha OCHOBE (PM3MUECKOr0 aHalu3a Te-
IJIONIEPEHOCA 10 BCEH JUTMHE CTPYKTYPHhI, BKIF0Uasi KOHTAKTHbIE 00J1aCTH.

BocTpeboBaHHOCTh uccepTalluu BHITEKAET U3 HEOOXOJUMOCTH BHEJIPEHUS
YCOBEPUICHCTBOBAHHBIX TE€XHOJOTUN, YCTPOIMCTB pa30paKOBKU M 3aIIUTHl PaIUO-
AIIEKTPOHHOM amnmaparypbl, MOBBIIIEHUS BbIICPKUBAEMON HMITYJIBCHOW MOIIHO-
CTH, YTO CBSI3aHO C 3a/1auaMi, TPeOYyIOIMMU LIeJICHANTPABICHHOI0 M01X0/1a K Ipo-
0JieMaM CHIKEHUsSI TEXHOJIOTMYECKOro Opaka U MOBBIIIEHUS HAJEKHOCTH, paCIlu-
peHust 00J1aCTU MPUMEHEHHSI CUIIOBBIX JTUOJIOB, a TAKKE CHUKEHUS TMHAMHYECKHUX
MOTEPb MOIIHOCTH.

JlanHasi quccepTanMoHHas paboTa HampaBlieHa Ha pa3pabOTKy TEXHOJIOTHMU
MOJIYYeHHs] HU3KOBOJBHBIX OTpaHUYMUTENICH HampshKEeHUss ¢ MajibiM pa3dpocom
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MPOOUBHBIX HANPSHKEHUM M HU3KUM JTHU(PGEepEeHIIAIbHBIM CONIPOTUBIICHUEM, KaK B
MPSIMOM, TaK U B 0OpaTHOM HAIIPaBJICHHUSX, pa3pabOTKe paaualiOHHON TEXHOJIO-
Ir'Uu 00€CTICUMBAIOIICH ONTUMHU3AIMIO TPOOUBHOIO HAMPSHKEHUS, TTOBBIIICHUE ObI-
CTPOJICUCTBUS U YIYUIIEHHE Ka4eCTBa BHICOKOYACTOTHBIX JHOJIOB.

Bwmecte ¢ Tem, B psie ciiydyaeB CTAaHOBUTCS HEOOXOJIMMBIM 3alllMTa CaMUX
MpUOOPOB OT HEMPEICKA3yeMOTro MPEBBIIICHUS TOKOB B IIEMH, 4TO TpeOyeT paspa-
OOTKM OTpaHMUYUTENICH TOKOB, C MapaMeTpaMu OOpaTUMBIMH TOCIIEC MPOXOXKICHUS
yepe3 HUX UMITYJIbCa TOKA.

Hcxonst 3 BhIle TPUBEICHHOT0, KOMIUIEKCHOE M3yUY€HHE, KaK MapaMeTpoB
OorpaHUYHUTENIeH HANPSKEHUS U BHICOKOYACTOTHBIX JHOJIOB, TaK U (PU3UUYECKHUX ac-
MEKTOB TEXHOJIOTUU MX U3rOTOBJICHUS (Hampumep, Auddys3uei u paauanuoHHbIMU
crioco0amu), HaMpPaBJICHHBIX HA ONTUMHU3AIIMIO KOHCTPYKIIUNA U TEXHOJIOTUU U3TO-
TOBJICHUSI CHJIOBBIX JIMOJIOB U MOJYyYEHHE HA 3TOW OCHOBE ONTUMAIBLHOTO COYETa-
HUS WX TapaMeTpoB, B TOM YHUCJIE C Y4ETOM TpeOOBaHUN K WX paJuallMOHHON
CTOMKOCTH, SIBJISIETCSI CBOCBPEMEHHOHN U aKTyaJIbHOM.

CooTBeTcTBHE HCC/IEI0BAHUS NMPUOPUTETHBLIM HANpPABJIEHHSIM Pa3BH-
TS HAYKHM W TexHouorui PecnmyOiamkm ¥Y30exkucran. Hactosimas pabora Bbl-
MOJITHEHA B COOTBETCTBUU C MPUOPUTETHBIMHU HAMPABJICHUSMU PA3BUTHS HAYKH U
texnosiorui Pecniyonuku Y30ekucran IIIM-3-«3HepreTuka, sHEpro- pecypcoc-
OepexeHue, TPaHCIOPT, MAIMHO- U MPUOOPOCTPOCHUE; Pa3BUTHUE COBPEMEHHOM
ANIEKTPOHUKH, MHUKPOIJIEKTPOHUKH, (POTOHMKH M DJIEKTPOHHOTO MHpHOOpPOCTpOe-
HUS.

O030p MexIYHAPOAHBIX HAYYHBIX MCCJEAOBAHUI MO TeMe JHUCCEPTa-
uuu. VccienoBanusi TEXHOJIOTHUU TIOYYEHHS] M IKCIUTyaTallMOHHBIX MapamMeTpoB
CUJIOBBIX TOJYIPOBOJHUKOBBIX JHOJOB Pa3IMYHOTO BHAAa (OTpaHMUUTENICH Ha-
MPSKEHUsI, CTAOWJIMTPOHOB, THUPHUCTOPOB, BBICOKOYACTOTHBIX BBHITIPSIMUTEIIHHO-
OTPAaHUYHUTEIBHBIX JHOJIOB) C YYETOM MOTPEOHOCTH B PAJMOIIEKTPOHUKE, aBTO-
MOOMJIBHON MPOMBIIIIICHHOCTH, HAOUPAIOT TEMIbl U JOCTUTHYTHI ONPE/ICICHHBIC
ycnexu B CIIA, Kanane, Aurnuu, I'onnanaun, Kurtae u Poccuu u nip.

B nybnukauusx psaa kpynHeHmmx koMmmnanuid, tTakux kak Philips Semicon-
ductors, STMicroelectronics, Littelfuse, Moeser Electronics, ON Semiconductor,
SGS-Thomson, Lentp «COJIT» u ap. 0OTMEYEHO, YTO MPOBOIUMBIEC UCCIICIOBAHUS
HalpaBJieHbl Ha pa3paOOTKy CHUJIOBBIX JHOJIOB C YJIYUIIEHHBIMH MapameTpaMu,
yIOBJICTBOPSIIONIUMH TTOCTOSIHHO BO3pacTaloliue TpeOOoBaHUsS MOTPEOUTEIHCKOTO
peiHKa. B uccnenoBaHusix 00Jbllioe BHUMaHUE YACISETCS aKTyalbHOCTH U BOC-
TpeOOBAaHHOCTU PabOT, MOCBAIICHHBIX MOBBIIICHUIO HAJIC)KHOCTH M ONTUMHU3AIUU
AKCIUTYaTallMOHHBIX TTApaMEeTPOB, CUIIOBBIX MOJYIPOBOIHUKOBBIX MPUOOPOB.

B cBs3u ¢ 3THM, pa3paboTKa HOBBIX TEXHOJOTUM H3TOTOBJICHUS CHIIOBBIX
MPUOOPOB U MOJEPHUBAIMUS CYIICCTBYIOIIMX TEXHOJIOTUN HAXOAUTCS B TOJI€ BHU-
MaHHS BEAYIIUX HAYYHO-HUCCIIE0BATEIbCKUX IIEHTPOB, B YACTHOCTH, Pa3padoTUu-
kamu ¢upMbl Sigetronics Inc. moka3zaHo, 4TO MPUMEHEHHUE AMUTAKCHUATIBHON TeX-
HOJIOTUU TO3BOJISIET TOJYYUTh HU3KOBOJIbTHBIC OTPAHUYUTEIN HAINPSHKCHUS C Tia-
paMeTpaMH, MPEeBOCXOASIIUMU MapaMeTphl aHAJIOTOB Ha OCHOBE MU Gy3noHHON
TEXHOJIOTUHU. [[pyruM HampaBJeHUEM HCCIICIOBAHUM SIBISCTCS M3YYEHUE BIIUSHUS
paaualMOHHOTO BO3JICHCTBUS HA TTapaMeTPhl CHJIOBBIX JHOJI0B, KOTOPOE MO3BOJIS-
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€T ONTUMHU3UPOBATh MapaMeTpbl JUOJOB IOCIE 3aBEPIICHUS] TEXHOJIOTHYECKUX
npoueccoB. Hanpumep, yuensimu lIBelinapun nmytem pajualiMoOHHOTO JETHpPOBa-
HUs 0a30BOMl 00JacTM KPEMHHMEBOTO CHJIOBOTO JAMOJA NaIaJUEM TOJYy4YEeHO
MEHbILIIee 3HaYCHUE BPEMEHH KU3HU HEOCHOBHBIX HOCUTENEH, YeM MpPH JIErMpOBa-
HHU TUIATUHOM.

CreneHnb U3y4eHHOCTH MpolJieMbl. B nocnegnee BpeMsi HHTEHCUBHO TPO-
BOJISITCSL DKCIIEPUMEHTAIbHBIE U TEOPETHYECKHE pabOThl, OCBALIEHHBIE TEXHOJIO-
MU CO3/IaHUS W ONTHUMHU3AIMHU MapaMETPOB BBICOKOYACTOTHBIX M OTPAHUYUTEIb-
HBIX JMOJOB Ha OCHOBE KpeMHHs. BOJBIIMHCTBO U3 HUX HANpaBIE€HO HA ONTUMU-
3alMI0 SKCIUTYaTallMOHHBIX MapaMeTpOB 32 CYET KOHCTPYKTUBHBIX U CXEMOTEXHHU-
YECKUX PEeIIeHU, MO0 3a CUET MCIOJIb30BaHUSI KOMOMHHUPOBAHHBIX TEXHOJIOTUH
(J1a3epHOM TEXHOJIOTUM COBMECTHO C AU (Y3MOHHON, MOHHOW UMIUIAHTALIMM C pa-
auanuoHHoi). OJHAaKO BOIMPOCHl MOJEPHHU3ALMU cyllecTBYytouled nuddy3rnoHHon
TEXHOJIOTUU U KOHCTPYHUPOBAHUS ONTHUMAIbHOW apMaTypbl, BBICOKOYACTOTHBIX U
OTPaHUYUTENBHBIX AUOJI0B OCTAIOTCS 0€3 JOJKHOTO BHUMaHUs. Y CIEIIHOE pelie-
HUE 3TOM MpoOsIeMbl TTO3BOJIUT 0€3 CYIIECTBEHHOW PEKOHCTPYKIIMH MPOU3BOICTBA
yIAYYIIATh HE TOJBKO MapamMeTpbl U3JENUN, HO U TEXHUKO-2PKOHOMHYECKHE TOKa-
3aTeNu MIPOU3BOACTBA KPEMHUEBBIX p -1 " -, p ' p-n" - U p* p-nn" -CTPYKTYp.

BMmecte ¢ TeM yclioBUs dKCIUTyaTalldu CUJIOBBIX BBICOKOYACTOTHBIX M OTrpa-
HUYUTENbHBIX JHOJIOB HAJararoT KECTKHe TpeOOBaHUs K UX MapaMerpam. 3adac-
TYI0 B OJHOM 3JIEKTPOHHOW CXE€M€ MPHUXOIUTCS HCHOJIb30BaTh JBE Mapbl, a TO U
0OJIbIlIe OrpaHUYUTENCH HANpPSKEHUs, TJ€ X MapaMeTphbl JOJIKHBI ObITh CTPOTO
UAeHTUYHBIMUA. OJHAKO NpU MPOBEACHUM TEXHOJOTMYECKUX ONepanuil Mo H3ro-
TOBJICHUIO TPUOOPHBIX CTPYKTYp MOTYT CO3JaBaThCs ACPEKTHI, MPUBOJALIUE K
pa30pocy MX SKCIUTyaTallMOHHBIX XapaKTepUCTUK. B CBSA3M C 3TUM BO3HUKAET He-
00XOJIUMOCTh Pa3pabOTKH TEXHOJIOTHH TOJY4YEHHUsI BHICOKOYACTOTHBIX M OTpaHU-
YUTEJIbHBIX JINO/IOB C 33/IaHHBIMU MapaMeTpaMH.

W3BecTHBIE K HACTOSIIIEMY BpeMEHHU pabOThl HE COAEpPKAT CBEACHHUH O TeX-
HOJIOTMM M3TOTOBJIEHHUS TOJYIPOBOJHUKOBBIX BBICOKOYACTOTHBIX WU OTIPaHUYH-
TEJIBHBIX TUOAOB C TPAAUEHTOM KOHIUEHTPAIM HOCUTENIEH B BHIIPSIMIISIIOIIEM I1€-
pexoje Ha 06aze nudGy3MOHHON TEXHOJIOTHU U METOoAaX WASHTU(PUKAIIUU U OINTH-
MU3AIUHU UX SKCIUTyaTallMOHHBIX MapaMeTpOB, UYTO SBISETCS aKTyalbHOU mpoOlJe-
MOM Ha cero HI.

[IpumeHeHue paaualMOHHO-TEXHOJIOTHYECKUX MPOLECCOB, MOXET TIOBbI-
CUTh OBICTPOAECHCTBUE, O0ECIEUUTh HANEKHOCTh MCXOJHBIX CTPYKTYpP CHIIOBBIX
npubopoB. B Toxke BpeMs, Kaxk/blil pa3 npu BbIOOpE pajMallMOHHOTIO BO3/IEHCTBUS,
MPUXOAUTCS pelaTh MNpoljaeMy ONTUMAIbHOTO COYETAHMs MapaMeTpOB U3JIETUH,
MOJBEPrIINXCA pagualMoHHOW 00paboTke. B pesynbraTe BO3HUKaeT mnpoliema
pa3paboTKu OOILIMX MOJIXO0/I0B K BHIOOPY TOTO MJIM MHOTO PaJUalliOHHOTO BO3JIEH-
CTBUSI, KOTOpOE€ 00eCeunuT ONTUMAIBHOE COYETaHUE TapaMeTPOB ISl JUOJIOB, Yeil
p-n TIEPeX0]i U3TOTOBIICH PA3IMYHBIMU TEXHOJIOTHYECKUMU METo/laMU (TIaHapHas
TexHoJorus, Me3a-nuddysnonHas u T1.1.). [loatomy pa3paboTka TakuX METO/IOB
TaK)Ke SIBJISIETCS aKTyaJbHOM MHKEHEPHOW 3ajaueil, peleHne KOTOpod MO3BOJUT
pacMpuTh 00JacTh NPUMEHEHUS! MPUOOPOB ATOTO Kiacca (M, COOTBETCTBEHHO,
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pacHIMpUTh PHIHKK cObITa) HEe MpUbOeras K JTOpOroCTOSIIMM 3KCIEPUMEHTAM C HC-
MOJIb30BAaHUEM HE BCEI/la IOCTYIMHBIX HCTOYHUKOB paJHalliu.

Hpyroit npobiieMoit sIBASETCS TO, YTO M3BECTHBIE METOMbI, MPEIHA3HAUCH-
HBI€ JJI UCCJIEIOBAHUS CHJIOBBIX PUOOPOB - OTpaHUYUTENEH HANPSKEHUs, BBICO-
KOYAaCTOTHBIX BBIIPSIMUTENBHBIX TUOJAOB HE YIOBJIETBOPSIOT MO TOYHOCTH, & UC-
MOJIb30BaHUE M3BECTHBIX METOJOB OMPEEICHUS MapaMeTPOB CTAOMIUTPOHOB SB-
JISI€TCS HEKOPPEKTHBIM.

Takum 00pa3om, U3BECTHBIE K HACTOSIIIEMY BPEMEHHM pabOTHI HE COlepkKaT
CBeJIeHUH 00 ONTUMAJbHOW TEXHOJOTMH U ONTHUMHU3ALMH MapaMeTpoB MOJIYMIpPO-
BOJHUKOBBIX BHICOKOYACTOTHBIX U OIPAaHUYUTEIBHBIX TUO/OB, UTO SIBJISIETCS aKTy-
aJBbHOM MPOOIEeMON HA CeroTHS.

CBsi3b JIHMCCEPTALIMOHHOIO HCCJIAEAOBAHMA € IUIAHAMM HAY4YHO-
uccjieoBaTeJbcKux pador. Pabora BeimonHeHa B pamkax [‘ocynapcTBeHHOM
nporpammbel HUP ®TU HIIO «®usuka-Connue» A3-OA-0-10-440 «Pa3zpaboTka
METO/IOB TEPMHUUECKON U JIEKTPOUMIYIbCHON 00pabOTKU AJi YBEIUUYEHHUS BBIXO-
7a TIpY MIPOU3BOJICTBE ASULUTHBIX TPYMI MOJIYIPOBOJHUKOBBIX Iprbopos (OAO
«FOTON»)».

Heabo ucciaenoBanms sBisieTcss pa3padoTka ONTUMU3UPOBAHHON T dy-
3MOHHOM TEXHOJOTUU TMONTYYEHUSI KPEMHHUEBBIX JTUOAHBIX CTPYKTYpP C YMEHBIIECH-
HBIMH 3HaYEHUAMH AU (EepeHInaTbHOr0 CONPOTUBRICHUS U YIIyUIlIeHHE KayecTBa,
MOBBIILIEHNE HAJIEKHOCTH BBICOKOYACTOTHBIX BBIIPSIMUTEIBHBIX TUOJ0B U OTPaHU-
qyuTeNiel HaMpsHKeHUs PU paualliOHHOM BO3ACHCTBUU.

B cooTBeTCTBUU ¢ MOCTaBICHHOM 1IEJIbIO PEIIATUCH CIEAYIOLUE 3aa41 UC-
cJIeJOBAHMS:

pa3paboTaTh TEXHOJOTHUIO BHICOKO KOHLIEHTPAMOHHOM (D Py3un MBILIbSIKA
B KPEMHUN U3 HEOTPAHUUYEHHOTO UCTOYHUKA JUIsl U3TOTOBJICHHS] HU3KOBOJIBTHBIX
CTPYKTYp € OOJIBIIMM TpaJME€HTOM KOHLEHTpaluu NpHUMeceil Ha rpaHuue p-n-
nepexoaa, 4eM NpH JerupoBaHuud (pocdopom, BBIAEPKUBAIOMIMX BO3JIEUCTBHE
KpPaTKOBPEMEHHBIX MOIIHBIX UMITYJIbCOB MEPEHAIPSIKEHUS;

pa3paboTaTh YCIOBUSI TEpPMO BO3ICHCTBUSA, 00ECIEUMBAIOIINE CHUKEHUE
pa3dpoca OCHOBHOTO 3JEKTPUYECKOr0 MapameTpa, MOJy4yaeMbIX HH3KOBOJBTHBIX
p-n-nepexojioB B KPEMHUU OT TpoIliecca K MpoLeccy;

pa3paboTaTh METOJl MOJYYEHHUS OMHUYECKOTO KOHTAKTA C MHUHUMAJIbHBIM
s dexToM nepeHoca Ha TpaHUlEe MaTepHalia KOHTAKTa C MOJIYIIPOBOIHUKOM;

pa3paboTaTh yHHUBEpPCAJIbHbIN, (pu3nyecku 0OOCHOBAaHHBIM METOJA H3Mepe-
HUs (YHKIHMOHAIBHBIX TTApaMETPOB OTpaHUUMTENEH HanpsbkeHus. B nanHom ciy-
yae TpeOyeTcsi pa3paboTaTh yCOBEPIIEHCTBOBAHHYIO METOJIMKY OINpECICHHs Ha-
MPsHDKEHUST OTPAaHUYEHUS C YUETOM PEKUMOB M3MepeHus: U koddduimenta s dek-
TUBHOCTHU OTpaHUYMTENCH HANIPSKEHUS;

pa3paboTaTh TEIUIOBYIO MOJENb OTPaHUYMUTENs HaANpsDKEHHs, OOBICHSIO-
IIYIO MPOLIECCHl BbIACIECHUS U MOTJIOMIEHUS UMITYJIbCHOW MOIIIHOCTH B COOTBETCT-
BYIOUIUX O0JACTSIX KOHCTPYKIMH JHOAA B 3aBUCMMOCTH OT €r0 pekMMa BKJIIOYe-
HUS;

OTNpEJEIUTh ONTUMAIbHBIE YCIOBUS U PEKUMBI TEXHOJIOTMYECKOTO pajua-
[IMOHHOT'O BO3/ICHCTBUS HA CUJIOBBIE BBIIPSIMUTENbHBIC TUOIbI, p-N-TIEPEX0]] KOTO-
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PBIX U3TOTOBJIEH PA3JIMYHBIMH METO/IAMU;

U3YYUTh BIUSHUE PAJIMAllMOHHOTO BO3JCUCTBHS HA HaNpsyKeHUE MpoOos U
OTpaHUYEHUs OTpaHUYMTENEH HANPSKEHU I ACHTU(PUKALUY X dKCILTyaTalu-
OHHBIX [TAPAMETPOB;

pa3paboTaTh OrpaHUYUTENId TOKa HA OCHOBE apCEeHU[A TaJIUs JJIS 3aIIUThI
OTrpaHUYUTEIICH HATIPSIKCHUS.

O0beKTOM HCCIeNOBAHUSA SIBISIOTCS HU3KOBOJIBTHBIE M BBICOKOBOJIBTHBIE
OTPaHUYUTENN HANPSKEHUA C P N, p -n-n, @ TAKKE P -p-n-n' -CTPyKTypPaMH, BbI-
COKOYAaCTOTHBIE BBIIPSIMUTEIBHBIE JUOJIbI, U3TOTABINBAEMbIE HA OCHOBE KPEMHUS
Y OTPaHMYUTENIA TOKA HA OCHOBE apCEHUA TaJlIns.

IIpeamer ucciaenoBanus - npoiecchl 1} EHy3MOHHOTO JETMPOBAHUS KPEM-
HUSl MBIIIBIKOM, MOJIENIM UICHTU(PHUKAIMN IKCIUTyaTallMOHHBIX MapaMeTPOB BBICO-
KOYaCTOTHBIX JUOAOB M OrPAHUYMUTENEH HAINPSKEHUS PU BO3JCHCTBUM pagualln-
OHHOT'O M3JIyYEeHHsI, CIIOCOOBI MOJIYYEHUS] OMHUYECKUX KOHTAKTOB C YJIyUYLIEHHOM
aare3ven K NOBEPXHOCTH MOJTYyIPOBOIHHKA.

Metoabl uccjienoBanus. B npouecce ucciaenoBaHus NPUMEHEHBI METObI
BOJIbTAMIIEPHBIX Y BOJBTEMKOCTHBIX XapaKTEPHUCTUK; METOJ PaJAALIMIOHHOTO BO3-
NEUCTBHS, 30H/IOBBIE METOJAUKH ONPENEIICHUS MOBEPXHOCTHOIO CONPOTHUBIICHUS,
MeTobl AuddepeHnaIbHON MPOBOAUMOCTH, METOIBI MOIETUPOBAHMS.

Hayynasi HOBH3HA JHUCCEPTALMOHHOIO MCCJEIOBAHUS 3aKIIIOYACTCS B
CJIEIYIOLIEM:

BIIEpBbIE pa3pabOTaHa TEXHOJIOTUS MOJYYEHHUS HU3KOBOJIBTHBIX OIpaHUYU-
Teneil HanpsbkeHust (MeHblie 7 B) Ha OCHOBE JETMPOBAaHHBIX MBIIIBIKOM KpEM-
HHUEBBIX p -1 -CTPYKTYP JJIs 3alIUTHI 6JI0KOB MTUTAHUS;

BIIEpBbIE pa3paboTaH Croco0 MONTYYEHHUsI MOILIHBIX KPEMHHEBBIX BBIIPSMU-
TeNbHO-OPAaHMYUTENbHBIX A1070B (10A) Ha OCHOBE KPEMHHEBBIX p -p-n-n -
CTPYKTYp C 3(P(GEKTUBHBIMU TEIUIOOTBOASIIMMHU KOHTaKTaMHM, NMpeAHa3HAaYEHHBIE
JUISl UCTIOJIb30BAHMSI B KA4€CTBE BBIIPSIMUTEINS, OTPAHUYUTENS U OJIOKUPYIOLIUX
TIMO/I0B;

pa3paboTaH crnocod MoJy4eHUs OMUUYECKOT0 KOHTaKTa K CUJIOBOMY JHOJY C
p'-p-n-n"- mepexoaoM U3 TPeX CIOEeB HAa OCHOBE BaHAIMA U JBYX CIOEB cepedpa,
KOTOpbIE CILIABISAOTCA Ipu 450 °C, B KauecTBE TEIIOOTBOIAILETO KOMIIEHCATOPA
BbIOpaHa MeJlHas MPOCIIONKa ralbBaHUYECKU MOKPBITas cepedpoM;

pa3paboTaH HOBBIM JBYXI'€HEPATOPHBIA METOA MU3MEPEHUS HAIPSKEHUS OT-
paHWYEHUs B TPU pa3a MEHbBIIEN MOTPEUTHOCTHIO U3MEPEHHUS 110 CPABHEHUIO C U3-
BECTHBIM OJJHOI€HEPATOPHBIM METOJIOM;

BIIEpBbIE pa3pabOTaH MOJYNPOBOJHUKOBBIA NMPUOOpP HAa OCHOBE apceHuaa
rajuldsi, COAEpKalluid MOJYIPOBOJIHUKOBYIO IMOMJIOKKY IEPBOrO THUIIA IPOBOJHM-
MOCTU C OMHUYECKMM KOHTAaKTOM, TOHKHW CJIOW BTOPOrO THIIA IPOBOJMMOCTH C
JBYMSI OMUYECKMMHU KOHTAKTaMU OTCTOSIIMMU JIPYT OT APYyra Ha ONpPENEIEHHOM
PAcCTOSIHUH, BBIBOJTHOW 3JIEKTPOL, TPUCOECAUHEHHBIN K OMUYECKOMY KOHTAKTY;

pa3zpaboTaHa MeToAMKa omnpeneneHuss >PGEeKTUBHOCTH OrpaHUYEHUS Ha-
NPsDKEHUS] U3 3aBUCUMOCTH CONPOTUBIIEHUS TMO/Ia OT IJIOTHOCTU TOKa B 00JIACTH
po0os B MIMPOKOM AMana3oHe HapsHKEHUH;
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pa3paboTaHbl TEIUIOBbIE MOJENIM, OCHOBaHHBIE Ha pacueTe Terionepesayu u
TeMIIepaTyphl NIEperpeBa p-n-nepexoia B pexKUMe BKIIOYSHHS U 10Ja4e UMITYJIbC-
HOT'O HaIpsKEHUS B BUJIE TeHEpaTopa TeMIIepaTypHOro MOTeHIMala U reHeparopa
TEIJIOBOTO MOTOKA;

pa3paboTaHa MHKEHEPHAsI METOJIMKA OINPEIEIICHHs] COOTBETCTBYIOLIETO BUIA
paANaIMOHHOTO TEXHOJIOTMYECKOTO BO3JEHUCTBUS, KOTOpas MO3BOJSET MOIYYUTh
ONTUMAJILHOE COYETaHUE MAPaMETPOB OIPaHUUUTENEH HANPSKEHUS U BhICOKOYAC-
TOTHBIX JIMOJIOB;

BIIEpPBbIE pa3pabOTaHO YCTPOMCTBO 3aIUTHI PAJAMOIIEKTPOHHON amnmnapary-
pBI C MHIUKAIIMEW MOMEHTA BBIX0J]a U3 CTPOSI OTPAHUYUTENECH HAPSXKEHUS.

IIpakTnyeckue pe3yJabTaThbl HCCJAETOBAHUS 3AKIIOYAIOTCS B CIEIYIONIEM:

pa3paboTaHbl TEXHOJIOIMYECKHE YCIOBHS MOMYyUYEeHUS HU3KOBOJIBTHBIX Orpa-
HUYHUTENCH HANpsHKeHUs ¢ ONMM3KOW K METANTMYECKON MPOBOJUMOCTH CUIIBHOJIE-
TUPOBAaHHBIMU 00JaCTsIMU, BKJIIOYAIOUIME OPUTHHANIbHBIE onepanuu nuddy3un
MBIIIbSIKA B KPEMHUIA;

MPEIJIOKEH YCOBEPIICHCTBOBAHHBIM KOMITEHCAIMOHHBIM METOJ MCClIeI0Ba-
HUSL UMITYJIbCHBIX XapaKTEPUCTUK OTpaHUYMUTENICH HampsDKEHMs, a TaKKe HOBBIN
MeTOoJ1 onpeeneHuss ux kodgduuuenta 3QpGEeKTUBHOCTH OTPAaHUUYCHMS HATpsIKe-
HUSI, OCHOBaHHBIM Ha TOKOBOH 3aBUCUMOCTH AU EepeHInaIbHOr0 CONpOTUBIIE-
HUS;

pa3paboTaHbl TEXHOJOTUYECKHE U KOHCTPYKTUBHBIE aCIIEKThl U3TOTOBICHUS
MOIIIHBIX BBIITPSIMUTENBHO-OTPAHU YU TEbHBIX OJIOKHPYIOLIUX JUOJIOB,
oOecreynBalolye MOBBIIICHUE BHIAEPKUBAEMOIN MOIIIHOCTH;

MPEASIOKEHbBl METOIbl ONTUMHU3AIMHI TMaPAMETPOB BBICOKOYACTOTHBIX U OT-
PaHUYMTENbHBIX JUOJIOB M YCTPOWCTBA 3aIllUThl PaJAMO3IEKTPOHHON ammaparypsbl
M0 TOKY U HaNpsHKEHUIO;

pa3paboTaHbl MH)KEHEpPHbIE pPacyE€Thl MO3BOJSIONUIME HAXOIUTh ONTUMAJIb-
Hbl€ MaTepHalibl U KOHCTPYKTOPCKHUE PEIICHMs JUIsl OrpaHUYUTeNIed HaNpsHKeHUS
COrjacHO TPeOOBAHMSM MOTPEOUTENHCKOTO PBhIHKA, HANPABICHHBIE HAa pacllupe-
HUE UX COBbITa U YBEJIMYCHHE KOHKYPEHTOCIIOCOOHOCTH;

MPEJI0KEHBl METOJIbI HHKEHEPHOTO pacuéTa HKCILTyaTallMOHHBIX IMapaMeT-
POB OrpaHUYMTENbHBIX JTHOAOB, KOTOpPhIE AAJId BO3MOKHOCTH MPOTHO3UPOBAHUS
BPEMEHHBIX XapaKTePUCTUK OTpaHUYMUTENIeH HANPsHDKEHUS MO BO3/IEUCTBUEM HEM-
TPOHHOTO O0JTy4EHHUS;

pa3paboTaHbl MHKEHEPHBbIE METO/bl pacuéTa OCHOBHBIX MapaMETPOB BHICO-
KOYAaCTOTHBIX BBIMPSIMHUTENbHBIX JHOJOB IO3BOJISIONIME MPOTHO3UPOBAThH Iapa-
METpPbl U3JENUN MOCNE pagualMOHHOTO BO3JEUCTBUA, MOAOUPATH ONTUMAIBHYIO
703y OOJyYeHHUsI U TEM CaMbIM MOBBICUTH BOCIIPOM3BOJIUMOCTb TE€XHOJIOTHYECKOTO
npoliecca U BBIXOJ] TOAHBIX MPUOOPOB.

Jl0CTOBEPHOCTH MOJIy4YEHHBIX Pe3yJabTATOB MOITBEPKAACTCS PUMEHEHHU-
€M IpHU H3YyYeHUHU (U3HUECKUX IMPOILIECCOB OOIIECTIPUHATHIX HAYYHBIX METOJIOB,
CTaHJApTHBIX U anpOOMPOBAHHBIX B 3aBOJICKUX YCIOBHUSIX METOAMKH HCCIIEIOBa-
HUs. BBIBOJIbI OCHOBAHBI Ha SKCIIEPUMEHTAJIBHBIX JTAHHBIX, COTJIACYIOIIUXCS C T€O-
PETUYECKUMU pacueTaMHu.
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TeopeTnueckasi 1 NpakTHYECKasi 3HAYNMOCTb Pe3yJbTATOB HCCJIE10BA-
HusA. Pa3zpaboTaHHblE OTrpaHUYHUTENN HAINPSIKEHUS, BBIIPSIMUTEIbHO-OTPAHUYU-
TeJIbHbIE OJOKUPYIOIIKME TUOAbI UCHOJB3YIOTCS AJIA 3allUThl PAJIUOAIEKTPOHHOU
annaparypsl OT MEpPEHAIPSKEHUH, B AIEKTPUUECKUX LEMAX MOCTOSHHOIO U Iepe-
MEHHOTO TOKa, & BBICOKOYACTOTHBIE JHMOJbI HCIOJNB3YIOTCS B YCTPOMCTBaX BbI-
NpsIMJICHUS ¥ IPeoOpa3oBaHus YHEPTUH.

BHenpenne pe3yabTaToB Mcceq0BaHusl. B xoje BbINONHEHMS AKMCCcepTa-
IMOHHOW paboThl monyyeHsl 3 marenta PecnyOnuku Y36ekuctan (Ne IAP 04599
04.10.2012r., Ne TAP 04721 03.05.2013r., No IAP 04571 22.08.2012r.) u IlaTent
Poccuiickoit @eneparuu (Ne 2522786 21.05.2014r.). o pe3ynbrataM uccienoBa-
HUN pa3pabOTaHbl TEXHOJOTUU M3TOTOBJIECHUS BBICOKOYACTOTHBIX BBINIPSIMUTEIb-
HO-OTPaHUYUTENBHBIX TUOJ0B U HU3KOBOJIBTHBIX OTPAaHUYUTENICH HaNpsHKeHHs, a
TaK)K€ METOJIbl ONTUMU3AINK XapaKTEPUCTUK OTPAHUUMTENICH HANPSIKEHUsI U BHe-
apenbl B mpou3BoAcTBO B OAO «FOTONY, rogoBoii s3xoHOMHYECKUH 3P heKT Ko-
Toporo coctaBuia 78 MiH. cyMM. (AKT BHenpenus oT 12.12.2013r. Accomuaiuu
«¥Y33ITEXCAHOATY).

Anpobanus pa6oTbl. Pe3yiapTaThl AUCCEPTALIMOHHONW pabOTHl TOKJIAbIBa-
JUCh U O0CYXIalMCh HA MEXAYHAPOAHBIX M PECIyOIMKAHCKUX KOH(PEPEHIUAX:
«CoBpemeHHble HH(GOPMAIIMOHHBIE U 3IEKTPOHHbIE TexHonorum» (Oxecca, 2011);
(Opecca, 2013); «dynnameHTadbHbIE W MPUKIAJHBbIE BOMpochkl (usukuy (Tar-
keHt, 2010); «CoBpeMeHHble MH(DOPMALMOHHBIE M AJIEKTPOHHBIE TEXHOJOTHUM
(Opecca, 2010, 2013); «Young Scientists Conf. Optics and High Tech. Mater. Sci.
SPO-2010 (Kyiv, 2010); «CoBpeMeHHbIE TEXHHMKAa U TEXHOJOTMU TOPHO-
METAJUTyprudecko orpaciu W nytd wux passutus» (Hasou, 2010); II-
MexayHapoaHas KOHGEpeHIUs 0 ONTHYECKUM U (POTOIIEKTPUUECKUM SIBICHHUSIM
B MOJYNPOBOJIHUKOBBIX MHKPO- U HaHO cTpykTypax» (deprana, 2011). «Interna-
tional Conference Nuclear science and its application» (Samarkand (Uzbekistan)
September 25-28, 2012).

OcHOBHBIE pe3yJIbTaThl JUCCEPTAIMOHHON PAOOThI TOJT0KEHBI U 00CYKIEHbI
(mait 2014) Ha pacHIMPpEHHOM CEMUHApPE IO HAMPABJICHUIO (U3UKH TOTYNPOBO/I-
HUKOB Ipu Puznko-texunueckoM HHCTUTYTE HIIO «®usuka-Connue» AH PVY3, a
Takke B ogHopa3zoBoM Hayunom cemunape (aBryct 2014) nmpu Hayunom coBete
16.07.2013.FM/T.12.01 npu duszuko-rexuuueckom uHctutyre AH PVY3, Unctury-
T€ MOHHO-IIJIA3MEHHBIX U J1azepHbIX TexHojoruid AH PY3 u CamapkaHackoM rocy-
JapCTBEHHOM YHMBEPCHUTETE MO MPUCYKICHUIO YUCHOU CTENEeHH JOKTOpa HayK IO
cneruanbHocTy 01.04.10-Pu3uka noxynpoBOIHUKOB (TEXHUYECKUE HAYKH).

Ony0TMKOBaHHOCTDH Pe3yJabTaToB. [lonydyeHHbIE pe3yabTaThl OTPAXKEHBI B
35 Hay4HBIX TPYyZax, KOTOPbIE MOJTHOCTBIO OTPAXKAIOT €€ cojaepxkanue. B Tom yuc-
ne 18 crarbeii onmyOnuKoBaHbl B pedepupyeMbIX 3apyOeKHBIX U 2 B pecyOIuKaH-
CKUX JXypHasax, a 11 B TpyJnax MeXIyHapOJIHbIX U peCclyOJIMKaHCKUX KOH(pepeH-
Ui, TIOJy4eHbl 4 MaTeHTa.

CtpykTypa m o0bem auccepraumu. Jlucceprauus COCTOUT W3 BBEACHUS,
IIATU TJaB, BBIBOJAOB M cHHUCKa JUTepaTypbl. OHa u3noxeHa Ha 203 crpaHumax
MaIIMHOMKMCHOTO TEKCTa, COAECPX UT 88 pucyHka, 12 Tabmuu, BKIIOYas IUTHPO-
BaHHYIO JIUTEPATYPY U3 139 HaumMeHOBaHUI.
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OCHOBHOE COIEPKAHUE JUCCEPTALIUN

Bo BBeneHun 000CHOBaHA aKTyalbHOCTh MPOOJIEMBI U TEMBI IHCCEpPTALU-
OHHOM paboTHI, CHOPMYIUPOBAHBI 1IEJIM U 3aJ]a4, Hay4Hasi HOBU3HA U MpaKTUYe-
CKas 3HAUUMOCTb paOOThl, TPUBEACHBl OCHOBHBIE MOJIOKEHUS, BBIHOCUMBIE HA 3a-
ITUTY.

B nepBoii riaBe npuBeseH 0030p JTUTEPATYPHBIX JTAHHBIX 110 COCTOSHUIO
U npobiieMaM ONTUMU3ALMH [apaMeTPOB BHICOKOYACTOTHBIX JUOJIOB U OTPAHUYM-
Tenel HamnpsokeHus. PaccMOTpeHbI KOHCTPYKTUBHBIE M CXEMOTEXHUUYECKHE IMYTU
ONTUMM3AIMHU [TAPAMETPOB CUIIOBBIX JHOJ0B, TPOAHATU3UPOBAHBI TEXHOJIOTUH IO~
JIy4YE€HUsI HU3KOBOJIBTHBIX CUJIOBBIX JUOJIOB C p -n ' -nepexonoM. [Ipoanamusupo-
BaHbl U3BECTHBIC METOJbI U3MEPCHHS MapaMeTPOB U MOBBIMICHUS Y(HPEKTUBHOCTH
OrpaHUYHUTENEeH HAMPSHKCHUS, a TaKKe paJuallMOHHBIE METOAbl ONTUMH3AINH T1a-
pamMeTpoB MOIYNPOBOJIHUKOBBIX MprOOpoB. CaenaHo 3aKiIt0deHue, 4To pa3padoT-
Ka BBICOKOKOHIICHTPAIMOHHON Nu((dy3Uuu MBIIIbIKa B KPEMHHUH MMO3BOJIHUT IMOTY-
YUTh JIYYIIHE DJIEKTPUYECKHE NapameTpbl HU3KOBOJBTHBIX CTPYKTYp € p -n'-
nepexoaoM, 4eM mpu JjerupoBanuu pochopom. Takue mapameTpsl Kak Harmpske-
HUE Tpo0osi, OBICTPOACHCTBUE BBHICOKOYACTOTHBIX JAMOJOB U OTpaHUYMTENCH Ha-
MPSKEHUSI MOTYT OBITh ONTUMU3UPOBAHBI MYTEM BO3JACHCTBUS PaguallUOHHBIM U3-
JyYEHUEM.

Bo BTOpOIi ri1aBe npuBoASTCS (PU3UKO-TEXHOJIOTUYECKHUE acTIeKThI CO3/a-
HUS HU3KOBOJIBTHBIX OTPAHMUUTENICH HampsikeHus TUuQdy3ueil MbIlIbsika B KpeM-
HUW W3 HEOTPAHUUYEHHOT'O0 MCTOYHUKA, TEXHOJIOTHS M3TOTOBJICHUS MOIIHBIX BbI-
MPSIMUTENBHO-OTPAHUYUTENBHBIX JTUOA0B, CIOCOO TOJYYEHHS] OMHUYECKOIo KOH-
TaKTa C YJIYYIIEHHOW aAre3ueil K MOBEPXHOCTH IMOIYIPOBOJHHMKA, OCHOBHBIE Xa-
PAKTEpPUCTUKHA CUIIOBBIX JIMOJOB HA OCHOBE KPEMHHUEBBIX p -n", p -n-n"u p ' p-n-
n’ -CTpyKTYyp.

Ha ocHoBe u3ydenust pU3NKO-TEXHOJOTUYECKUX ACTIEKTOB CO3/IaHUS HU3KO-
BOJIbTHBIX OT'PAaHUYHUTENICH HANPSKEHUS METOJOM aMMyJbHOU TudPy3un MBI -
Ka B KpEMHUM BHepBble nogo0paH coctaB Auddysanta (450 mr 4s, 5 r Si) obecne-
YUBAIONIUH, B OTJIMYKUE OT TpaauImoHHON nuddy3un dhocdopa, BEICOKYIO MOBEPX-
HOCTHYIO KOHLIEHTPAILMIO U MaJIblii pa30poC HampsiKeHUs: IpoOosi HU3KOBOJIbTHBIX
p ' -n"-nepexoaoB, Kak MpUBeAeHO B Tadnuie 1.

CpaBHeHUE MPOOOWHBIX XapaKTEPUCTHUK HHU3KOBOJIBTHBIX OTpaHUYMUTENEH
HaMpsHKEHUs JIETUPOBAHHBIX MBIIIBIKOM, (OochOopoM, a Takke 3apyO0exHOro aHa-
Jlora 1okasajo, YTO JJI OTPAaHUYUTENs HAMpPsHKEHUs] U3roTOBJIEHHOTO nuddy3ueit
MBIIIbsIKa HAOII0aeTCS CBOMCTBEHHBIN d(P(HEKTUBHBIM OTrPAaHUYUTENISIM HAMPSIKe-
HUSL PE3KUN Mepexo]l U3 HU3KOMPOBOJSIIETO COCTOSHUS B BBICOKOIPOBO/ISAIIEE,
(puc. 1).

JUist CHUKEHUS! TOTEPh MOIIHOCTH MCCIIEIYEMBIX THOJO0B CBSI3aHHBIX C KOH-
TaKTaMH, B KaueCTBE MaTepuajia OMUYECKOro KOHTaKTa BMECTO HUKENS M 30J0Ta
MPEIJIOKEHO MCIIONIB30BaTh BaHAIMUN C JIBYXCIOMHBIM HaHeceHueM cepebdpa. bia-
rojaps JIy4iluM aJare3MOHHbIM U TEIIJIOBBIM CBOMCTBAM Mpe/jiaraeMoro Marepuania
KOHTaKTa €ro TaK)Xe HCIOJIb30BAJIM MPHU HU3TOTOBICHUH BBIPSIMUTEIBHO-OIPAHMU-
YUTENbHBIX OJOKUPYIOLIUX THOOB.
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Tadauna 1
Cpeanue KBaipaTHYHbIC OTKJIOHEHHUSI HANIPSKEHUI Po0ost

p-n- Nepexo10B VISl Pa3HbIX HCTOYHUKOB 1U(PPy3un
150 mr 200 mr 350 mr Jlurary- 250 mr A4s 450 mr As
Péa As As As pa* 5rSi 5rSi
Om-cm U B U B U B U B U B U B
0.001 1.23 0.67 0.54 0.25 0.10 0.08
0.002 1.17 0.50 0.83 0.37 0.15 0.18
0.003 0.81 0.28 0.35 0.30 0.18 0.16
0.005 0.30 0.23 0.37 0.32 0.23 0.18
0.008 0.54 0.40 0.41 0.47 0.33 0.24

*nuratypa npeacTaBisieT co00i MOPOIIOK KPEMHHMSI p-TUIa OTOXOKEHHBIM B BaKyyMe B IpH-
CyTCTBUM MbIbsika pu 1000 OC B Teuenme 48 u. 1 3aTEM H3MEIbUCH B CTYIIKE

BrniepBeie pa3paboTaHHasi TEXHOJIOTUS U3TOTOBIICHUS BBIIPSIMUTEIBHO-0TPa-
HUYUTEIBHOTO OJOKUPYIOLIETo TUOAA C p ' p-n-n'-CTPYKTypOod BKJIIOYAeT B cels
MoJIy4eHHe 00JIacTH p-TUIla MPOBOJIUMOCTU U CUJIbHOJIETUPOBAHHBIX 00OJ1acTei 1 * -
U p ' -TUIA POBOJUMOCTH METOI0OM MU y3un, HanblJIEHUE Ha 00€ MOBEPXHOCTH

R/R

makc

1,0

0.81 Puc. 1. 3aBucumoctu 1ud depen-

HMAJTBLHOT0 CONMPOTHBJIEHNSI OTpa-
2 HUYHTES] HANIPAKEHUS OT
00paTHOIrO TOKA

0,6
0,4

—

N
o

0,2

0,0

0,0 4,0x10° 8,0x10° 1,2x10% [, A

toHkuX cioeB (0.1+0.3 Mmxm) BaHaaus u cepedpa, a TaKKe UX CIUIaBIECHUE C MOoce-
pPEOPEHHBIM MEJIHBIM JIUCKOM BMECTO BOJIb(paMOBOro aucka. B oTinuue ot aHa-
Jlora yJaydllleHHbIe TEIJIOOTBOSIINE CBOMCTBA pa3pabOTaHHOTO JUO/AA MPHU TOKaX
no 10A mpemoTBpaiiarT pa3orpeB Auoja, a oOpaTHbIE TOKH 00Jiee YCTOWUYMBBI
TeMIIepaTypHbIM BO3ACHCTBUSAM U MpOoOOi p-n-niepexoza siBisieTcss oopaTtuMbiM. B
BBICOKOBOJIBTHBIX OTPAHUYUTENIAX HANpPsDKEHUS C p -n-n' -CTPYKTYpO#l MOiTy4yeH-
HbIX 1uddy3ueit 6opa u pochopa B KpeMHUH n-TUIIA TPOBOJUMOCTH HAPSHKEHUS
npo0Osi HOCAT JIABUHHBIM XapakTep, a TpeOyeMble HaIpsKEHUs MpoO0s MOKHO
MOJIY4HTh, MOAOUpasi yJeIbHOE CONPOTUBIECHHE 0a30BOMl 00JIaCTH WM IMyTEM
KOMOHMHAIIMU HU3KOBOJIbTHOT'O U BBICOKOBOJIBTHOTO OTPAHUYMUTENEH HaANpPsHKEHUS,
MOIIIHOCTH MOKHO U3MEHSTH 32 CUET UX NapaJljIeIbHOTO COEANHEHUSI.

Tperbs ri1aBa nocBsilieHa HOBBIM METOJaM HUCCJIEIOBAHUS OCHOBHBIX Ia-
paMeTpoOB CHJIOBBIX JIMOAOB M YCTPOMCTBAM 3alllUThl PaIUO3JIEKTPOHHON anmapa-
Typbl. OncaHa npeaioKeHHasi METOIMKA orpeaesieHnus 3(PpPEeKTUBHOCTH OrpaHU-
YeHUS] HANpPsDKEHUsS] AUOJHBIX CTPYKTYpP, MPUBEIECHO TEXHUUYECKOE OMHCAaHUE yCO-
BEPIICHCTBOBAHHOW YCTAaHOBKM WM3MEPEHMSI OCHOBHBIX MapaMeTpOB OrPAHUYUTE-
JIel HampsHKEHUs, a TaKKe M3JI0KEeHbI TPUHIUIBL ASHCTBUS IIpeaaraeMoro rmose-
BOTO JIMOJa U pa3pabOTaHHOrO YCTPOMCTBA 3alllUTHI PAJUOAIEKTPOHHOH armapa-

TYPBL.
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Ha ocHoBe m3yueHuss B3auMMOCBSI3U KO3 (UIIMEHTa OrpaHUYEHHUs OIpe/e-
JSIEMOTO B UMITYJIbCHOM pexuMe K =U /U, . C BBEIEHHBIM KO3 PuIueH-

oepawin = Y oapan ! U npo
TOM () PEKTUBHOCTHU MPHU 33JaHHBIX TOKaX MPEAJIOKEHO OCYIIECTBIATh OTOPAKOB-
KY HU3KOBOJBTHBIX OFPAaHUYUTENEH HAIPSKEHHUS HE OTBEYAKOUIUX TEXHOJOTHYE-
CKMM HOpMaM NapameTpoB B paHHEW CTaJuU 0 YCTaHOBKH Ha kopryca. Koaddu-
IUEHT 3P GEKTUBHOCTH MPEACTABISAET CO00I CTeNeHb U3MEHEHHUsI HANPSKEHUS Ha

OrpaHUYUTENe HAIPSDKEHUS IPU U3MEHEHUU 00paTHOTO TOKA
P In(R, /R ,0) —IN(R, /R

Ini,, ~In/

maxnpoﬁ)) (1)

npo6

TO €CTh YeM MEHBIIIC H3MEHEHHE HATIPSDKSHUS JUTSI 33/IaHHOTO HHTEpBaia TOKa, TeM

KauyeCTBCHHEE OTPaHUYUTENh HANpsDKCHHs. J[eHCTBUTENHPHO CpaBHEHHE IaHHBIX

XapaKTePUCTUYCCKUX TTapaMETPOB OTPAHHYUUTEINS HANPSHKCHHUSI B 3aBUCUMOCTH OT

JIETUPYIOIEH MPUMECH TTOKa3alld, YTO 00pa3ilbl, M3TOTOBJICHHBIE TyTEM JISTHPOBa-

HUST MBIIIBSIKOM, UMEIOT MEHBIITUI pa30poc MO HAMPSHKEHHUIO MPOOOSI U BBIIEPIKHU-

BalOT OOJBIIYI0O UMITYJILCHYIO MOIIHOCTH, YeM 0Opa3llbl JierupoBaHHble (ocdo-
powm, (Tabi. 2).

Tadamnuna 2

JlaHHbIe XapaKTePUCTHYECKHUX TAPAMETPOB OrPaHNYHNTe/Ieil HANPSIKEeHHsT

B 3aBHCHMOCTH OT JIeTHPYHOIIEei MpuMecHu

Ne 06 U,05- B by U pos» B P,
pa3- Z Koep.u KkBm Z Koep.u '
a IMA | 4MA 1 MA 4 MA KBm
7.5 B orpaHuunTEnN HAIPSHKEHUS 8 B orpannunreny HarpsKeHUs JETHpO-
JIESTUPOBAHHBIE MBIIIBIKOM BaHHBIE Pochopom

| 7.35 7.52 0.99 1.19 | 1.85 8.35 9.0 087 | 1.4 1.5
2 7.39 7.53 0.99 1.18 1.9 8.35 8.8 0.9 1.5 1.6
3 7.38 7,58 0.98 1.21 1.85 8.14 8.9 0.86 | 1.38 | 1.5
4 7.4 7.6 0.9 1.18 | 1.85 7.7 8.7 0.84 | 1.42 | 1.6
5 7.44 7.62 0.99 1.24 | 1.85 7.9 8.6 0.86 | 1.39 | 1.6
6 7.4 7.65 0.99 1.22 | 1.78 8 8.8 0.85 | 1.4 | 1.58
7 7.6 7.75 0.98 1.22 1.8 8.2 8.9 0.87 | 1.38 | 1.5

CrenyeT OTMETUTh, YTO U3MEPEHUS MAPAMETPOB MOULIHBIX OIPAaHUYMTENECH
HaIpsKEHHST TPOBOJAWIM YCOBEPIICHCTBOBAHHBIM JABYXI'€HEPATOPHBIM METOIOM C
MEHBIIIEN NOTrPENTHOCTHIO, M0 CPABHEHUIO C U3BECTHBIM IMPSMBIM METOJIOM, KOTO-
pBIii HE obecneynBaeT TpeOyeMyl0 MOTPELIHOCTh MU3MEPEHUs M3-3a 3aBUCHUMOCTHU
a0COJIIOTHOM BEJIMYMHBI OTPEIIHOCTH U3MEPEHHUS OT TUIOTHOCTH TOKA.

JIByXreHepaTopHbIii METOJ OCHOBaH Ha MaTeMaTH4YECKOW MOJEIU Ompele-
JIEHUS HANPSDKEHUST OTPAHUYECHUS

erp = Unpo6 try g maxs (2)

rae ry — nuddepeHnnanbHoe COnpoTUBIIEHHE B 00sacTu mpobos. Tak Kak
MepEeMEHHAasl COCTaBJISIONIAS HAIMPSOKCHUS OTPaHUYCHUS JJISI BCEX OTpaHUYUTEIb-
HBIX 1101108 He npesbimaer 20%U,,.,, To B mpeanaraeMoM Meroae usmepenue U,,,
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3aMEHAETCS U3MEPEHHEM IIOCTOSHHOIO 00paTHOro HampskeHHs U,p,; U Manoi
AMITYJIbCHOU COCTABISIOIEN Ur= 7y L4y

N3smepenune U, TPOU3BOAAT C MOMOLIBIO BOJBTMETPA MOCTOSSHHOIO TOKA
(xomObunupoBanHbIil pubop 11-300 ¢ nmorpemHocThio He Oonee 1%). biok nuTa-
Hus BII1 obecneunBaeT MakCHUMaldbHBI UMMYJIbCHBIH TOK [, ¥ BBIXOJIHOE Ha-
MPSKEHUE

UEIY] = (erp - Unp06)+ (RO + Ru3 )[max < %erp + (RO + Ru3 )[max * (3)

HeoOxonumass MomHocTh Ha Onoke nmutaHuss APpp=0,8U,., Lyex MEHBIIE,
yeM y 0JI0Ka MUTaHUS MPSAMOro Metona udMepenus. binok nmutanus bII2 oGecrie-
YHBAcT MOCTOSHHOE 00paTHOE HampsbkeHHe M HanpsbkeHue npo0os Ugmp=U,,qs ©
MOTPEIIHOCTHIO He Oosiee 2%, KOTOPOE U3MEPSIETCS U KOHTPOJIUPYETCST BOJIBTMET-
POM MOCTOSIHHOTO HanpspkeHus (Vy), oy—=1%. B pesynbprate olias morpenHocThb
M3MEPEHUS B HOBOM METOJI€ HANPSHKEHUSI OTpaHUYCHUSI COCTaBIsACT 10 2% .

OnHuM W3 Ha3HAYEHUM pa3pabaThIBa€MbIX OTPAHUUYUTENICH HAMIPSIKCHUS SIB-
nsieTcst obecrieyeHue 3aJaHHOTO HAMPSHKEHUST Ha BXOJ1€ 3aiuiiaemoit nenu. OnHa-
KO TPU TPEBBIINIEHUN JIOMYCTUMOIO MOPOTOBOI0 HAMpPsKEHUsI TPoO0s OrpaHUYU-
TeJb HAIPSKEHUSI MOXKET BBIMTH M3 CTPOs 3a cueT HeoOpaTtumoro npodos. [Toato-
MYy JJISl €T0 3alIUThl TPEOYIOTCS OTpaHUYUTENN TOKa, 0OECIIeYnBarOIIUe 3aJaHHbIN
OTPaHUYEHHBINA TOK. DT YCIOBUS MOTYT OBITh YAOBJIETBOPEHBI C TTIOMOIIIBIO MOJTY-
JIS1 3aIUTHI U OTPAHUYMTEIIS TOKA.

BriepBeie pazpaboTaHHBINH MOJY/b 3Tl PAAUO3ICKTPOHHON anmnapaTyphbl
MpeaHa3HavYeH JJIsl IPEeIOTBPAISHUs BBIXOJA U3 CTPOS Pa3IMYHON TEXHUKU (KOM-
MBIOTEP, TEJIIEBU30P U T.JI.) U BXOJSIIETO B €r0 COCTaB OTPAHUUUTENISI HATIPSHKEHUS.
PannosnexTponHas amnmaparypa MOJKIIOYaeTcs K pa3paboTaHHOMY MOJYIIIO 3a-
IIUTHI Y€pe3 CUMUCTOP, YIPABISIEMbIN CBETOINOAAMHU, CBETAIIUMHUCS TIPU CKAUKe
HaIpsDKEHUS B CETH, KaK MPUBEJICHO Ha puUC. 2.

[Tpunnunm ero padoThl COCTOUT B TOM, YTO U3JIYYCHHE OT CBETOAMOA OYIEeT
MOCTyNaTh Ha ABYXOapbepHbIA (GOTOIUOM, POTOTOK KOTOPOro MPUBEIET K 3amupa-
HUIO CHUMHCTOpPa W OTKJIFOYCHHUIO MUTAHUS PaJUO3JIEKTPOHHOHN ammapaTtyphl. [lo
OKOHYAHUU MMITYJIbCa HAMPsHKEHUs anmnapaTypa onsTh BkirodaeTcs. OcoOeHHOCTh
TOKOBOM XapaKTEPUCTUKH BIIEPBBIC pa3pabOTaHHOTO MOJYIPOBOIHUKOBOTO TOJIE-
BOT'O JINOJIA, TO €CTh HEU3MEHHOCTh TOKAa B IIMPOKOM JHANa3OHe HANPsHKEHUN OT
y4acTKa HaChIIEHUS 10 TPOOOWHOI0 MPUIaeT €My CBOMCTBA CTaOUIM3aTOpa TOKA.

DTO CBOWCTBO WCIONB3YETCS IS TIpe-
JTOTBpAIICHUSI OT HEOOPATUMOTO MPOOOs
HU3KOBOJIbTHOTO OT'PAHHYUTENS HAIPsI-
xenus. [lpuHrun pa®oTel mpesarae-
MOTO TOJICBOTO JHOJAA MJICHTUYCH JICH-
CTBHIO TIOJICBOTO TPAH3UCTOpA, HCTOK
KOTOPOT'0 3aKOPOYECH Ha 3aTBOP. To ecTh
SIBIISIETCSL IBYXTIOJTIOCHUKOM, TTOCIIE0-

Puc. 2. Moayanb 3auThI BaTEJIbHO COCTUHSICMBIM K OIPaHUYUTE-
PaAMO03JIeKTPOHHON anmapaTypbsl  JIIO HAIPSDKCHMSL.
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Benmuunna Toka B MIMPOKOM JHMAnia30HE HAIPSIKEHUHM HA y4acTKE HachIIIe-
HUS YIIPABIISAETCS CBETOBBIM U3TyUYCHHEM.

B yeTBepTOIi ry1aBe pacCMOTPEHBI BPEMEHHbBIE XapaKTEPUCTUKH, TTPOIIECCHI
TEIJIONEPEHOCa B CTAllMOHAPHOM DPEXXUME, BBIJCICHUS W TOTJIONICHUS WMITYJIbC-
HOM MOIITHOCTH B JUHAMHUYECKOM PEKUME.

B crammmonapHoMm pexxume mpoOosi TEIJIONEPEHOC B OTPaHUUUTENIEC Hamps-
KEHUSI OOBSICHAETCS OJHOMEPHOM MOJENbI0 OJarojapsi pacpoCTpaHEHHUIO BbIJiE-
JseMoro B 00JacTu 0OBEMHOTO 3apsjia Terula MO aKCHaJbHOM COCTaBISIOUIEH K
KOHTaKTaM U OMHUCHIBaeTCs quddepeHIInaabHbIM YpaBHEHHEM

2
vd_T_ld_{erP(t)
dt s’ dV

(4)

rac: A— yYACHbHAA TCIIOIIPOBOAHOCTD, ¢, - YACIIbHAA TCIIJIOCMKOCTD,

L — IIOTHOCTH BeliecTBa; P(?) — MOIIHOCTh; V' — 00beM paccMaTpuBaeMon

obnactu. Ilpu rpaHuuHbIX 3HaYeHUsAX T(D/2)=T, TEMIICpaTypa Iepexonaa He

Kopnyc

3aBHCUT OT IIOIIIaAH TCIIJIIOOTBOAA, 4 3aBUCHUT OT €I'0 MaCChI
AT ~ P R tUMVI
~ P R+ o )

rae t¢ - JUINTCIBbHOCTh UMIIyJbCca, C ' - TEINIOEMKOCTbD KopI1rycCa.

umn

IIpu nogade pe3ko pacTylero UMIyiabca 0OpaTHOrO TOKA Ha OIPaHUYUTEIb
HaMpsHKEHUs Yepe3 Hero OyJeT MPoTeKaTh eMKOCTHOW TOK U MPHU TOCTHXKEHUH Ha-
npspKeHUs po0os OH BKIOYaeTcs. Bpems HeoOXoauMoe J1Jisi €ro MOJHOTO BKJIIIO-

YCHUA 6YIICT OIIPCACIIATHCA BhIPAKCHHUCM

gngEmax + q WP—"NB

t@K}Z :7/ . . +t€ 6
; 2/ (6)

COCTOSILIIEM U3 BPEMEHH 3apsiia 0apbepHON EMKOCTHU p-n-Tiepexoaa

Y BPEMEHH PACTIPOCTPAHEHUS yIAPHON BOJIHBI

W — qu—nNB

¢, =—t=

? 2, 2j (8)

TUTFOC BPEMEHU peJlaKcalliy SHepTuu ¢, ~ 107 cex

Or MoAaBaCMOro CTaHAAPTHOTO HUMMITYJbCAa OI'PAHUYHNTCIIL HAIPSKCHUA
BKJIFOYACTCs, BBIACIIAA TCINIOBYIO S9HCPTUIO, OIIPCACIIAICMYTO HpHﬂaraeMoﬁ MOIIIHO-
CTbIO 1 BpECMCHCM BKIITOUYCHUA

Pt I°Rt 1
— 6K _ eKn_ —IR 9
QW 2 2 2 Oqgm ( )
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B To ke Bpems TeIuIoBasi SHEPrHs, BhIICIsAeMas B 00CIHEHHOW 00JIaCTH MPOTIOP-
[IMOHAJIbHA TIPUPAIICHUIO TEMIIEPATyPhl, YACIbHON TEIIIOEMKOCTH, INIOTHOCTH T10-
JYMPOBOJIHUKA U 00beMa 00eTHEHHOM 00JacTh

Oy = (TW_Text:o)'cvp Vi (10)

[Ipu »TOoM TemmepaTypa OOE€IHEHHOM 00JIaCTH p-n-TMiepexojia MOocie BKIIOYEHUS
OTIpEeNIeNIACTCS. OTHOIIEHUEM ITPOU3BENICHHSI TOKA, CONMPOTHUBIICHUS IMepexonaa, Ko-
JMYECTBa 3apsiia K TEIIOEMKOCTH 00€THEHHON 00J1acTH

[RQGK.'Z
2C

_ I’Rt,, 'Ryt
. 2pcV, 2C

[/ —

W (11)

Ty Ty

Temneparypubiii moreHnuan (7,) CO34aBaEMbIA B OIrPAHMYMTENIE HAPSKEHHS OIl-

peaciricTca COOTHOICHUCM

2t
AYwmaxrmm _Tmm
p_Toxp :Tlmaxe ) (12)

Ha nuneiinoM YHaCTKC HAPACTAHUA TCMIICPATYPhI TCMHepaTypHBIﬁ IIOTCHOMAJ OII-
peaAciHACTCA CIICAYIOIINUM BBIPAKCHUCM

1ORyq, _ PR, , (13)
2C 2¢

AT =T, -T, =

Tw Tw

[Tocne okoHYaHMS Tpoliecca BKIIOUSHHS TeMmIepaTypa 0OeTHEHHOW 00IacTH p-n-
nepexoja MPUHUMAET MAaKCUMAIbHOE 3HAYCHUE W OMPENENsIeTcs CIeAyomei
bhopmyIou:

AT, =T, T, = 12Bd. ;Iéoqw (14)

Tw

B pexuMme BKIIOUEHHs OMOAA TEMIIEpaTypa p-n-lepexoja yMEHbIIAeTCs
ObICTpee, UeM YMEHBIIEHUE TOKa, IOATOMY p-H-TIEPEX0/] BHICTYINAET KaK reHepaTop
TemiiepaTypHoro noreHuaia. Cormacuo ¢popmyssl (9), ONbICHIBAIOIIEH TEMIIOBYIO
HHEPTUIO B TUHAMUYECKOM PEXUME, TEIUIOBON MOTOK ONMPEEISIETHCS OTHOUIEHUEM
K BPEMEHHU BKIIIOUYEHHSI MPOU3BEICHHSI MAKCUMAJILHOTO TOKA K TEIJIOBOMY COMpPO-
TUBJICHUIO:

2
& = dQ IRt
dt t

6K

(15)

U JUHEWHO 3aBUCHUT OT BPCMCHH, ITIPUHUMAA MAKCUMAJIbHOC 3HAYCHHUC TIPU =tskn:

@ =1 -R=P. (16)

max

HpI/IHI/IMaH YMCHBI_HCHI/IC TOKAa Ha y‘{aCTKC criaga I/IMHy.]'I]':»CEl 3KCHOHCHHH&HBHOﬁ
t 2

I=1I_e ™, a TEIUIOBYIO DHEPTUIO paBHOM Q= Rtl. e ™ , 1Js TEIIOBOrO MOTOKA

max

HMCEM
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2t 2t 2t
- - - 2
&, =90 _Rp2 ¢~ 2L Rp o Z R ¢ e (1 - —’]

max
dt Tu,\m Tu,\m
17001
2 2
2 TIL\/’Y —_— TIL\/’Y
@, =RI; e "™ =Pe ™. (17)
Tak kak TEIIOBOM TMpoIeCC MOMKEH HATH C TEIUIOBOM IOCTOSHHOM
R o
t,=R.C,, (R, =——d__ ) goyTOMY TEIIOBOM MOTOK OMPEIETSETCS BHIPAKCHH-
2(:'Tw(]n o
PO
eM
_2t
D, =Pe " . (18)

Takum o6pa3zoM, obenHeHHass 00JIaCTh p-n-TIEpeXoAa OrPaHUUUTEIHLHOTO
IAOJIA MPU BO3JAEHUCTBUM CTAHIAAPTHOTO MMITYJIbCA PACCMATPUBAETCSA KaK reHepa-
TOp TEIUIOBOTO IMOTOKA, KOTOPHIA MPOXOJIMUT Hepe3 €€ rpaHullbl Ha (GPOHTE HM-
MyJbCca U NPU BKIOYEHUU JOCTUTAET MAKCUMAJIbHOTO 3HAYECHUS PABHOIO MOJBO-
JTUMOU MOIITHOCTH.

B nsATOM riase MpUBEICHBI PE3YIBTATHI UCCIEAOBAHUS BIUSHUSA paJgualld-
OHHOTO 00Jy4eHHs Ha (PYHKIMOHAJIbHBIC XapaKTEPUCTUKU BHICOKOYACTOTHBIX BhI-
NPSIMUTENBHBIX TUOJA0B U OTPAHUYUTEICH HANIPSIKECHUS.

KoutakT k P+ cnoto (Al) 0.8mmx0.8mm
T i $i0z, BCC, ®CC d ~1.7 pm
bbrm 08 P+ cnoit (audpcpyaus 6opa) Xj= (7+8 Jum 0.63mmx0.63mm
l ¢ JnuTakcuanbHas nnénka K3 7.5, Nd=6.7*10%sm3 dnn= (32+34 Jum
————————loanoxxa K3¢ 0,01 dnogn= 300)um
R, N+ cnoit (andpihyana thocdpopa) Xj= (2+3 Jym
Kontakr Kk N++ + cnoto (Al)
a) BUJ CBEPXY 0) momnepeyHbIil pa3pe3 CTPYKTYPhI AU0Aa

Puc. 3. 'eomeTpuyeckuii pa3pe3 NJIAaHAPHOI0 BLICOKOYACTOTHOIO IUO0/AA

PannanimoHHOMY BO3JEHCTBUIO IMOJBEPrajuch BBICOKOYACTOTHBIE ILJIAHAP-
HbI€ TUOJbI, a Takke AUP(QY3UOHHBIE TUOAbI, TEOMETPUUYECKUN pa3pe3 KOTOPHIX
npuBeeH Ha puc. 3 u 4. O0pa3iibl, BEIOpaHHBIE IJIs1 UCCIEA0BAHUM, OTIIMYATIUCH

Omuyeckui
p'-cnoi kohTaxT (NitAu)

(aucpcpysis
fiopa) 01-0,11 5

b —071—y 004 Puc. 4. TeomeTpuyeckmii pa3pe3
p-croM (aucdyana \
anmmwuuﬁ)y—p —— 1 ! Au(pPy3MOHHOT O BHICOKOYAC-
n-cnoi (Gasa) o \ \ﬁ% TOTHOI'O JHOJA
Pg~4 Om-cM

5
0,075-0,08

n'-cnoi

(uchchyama )

thocdopa) + 78 o Ommecki
koHTaKkT (Ni+Au)
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MUHUMAJIBHBIM pa30pocoM MO MaJeHUI0 HAMPSIKEHUs, TPIMOMY U OOpPaTHOMY TO-
Ky, OOpaTHOMY HamNpsDKEHHIO, a TAKKe M0 BPEMEHH BOCCTAHOBJIEHHUS OOpaTHOTO
toKa (Up, Ir, Iz Ug, t,,), tne Up=(0.92+0.93) B (ipu Ir= 1A, Izx= (15+2) HA, Ur=
200 B); £, < (150+10) 10” cex (mpu I/Iz= 1 u yposre orcuera 0.1 A). O6nydeHne
o0pa31oB raMMa-KBaHTaMU POBOAMIOCH HAa raMMa ycraHoBke MSA® AH Pecny6-
KA Y30eKkucTaH, a o0JydyeHHe JIEKTPOHAMHU Ha YCKOpHUTEJe 3JEKTPOHOB THUIIA
V¥-003 8 OAO «FOTON». Cpennsisi sHEprus raMMa-KBaHTOB MPU 00 yYEHUU THO-
JIOB Ha raMMa YCTaHOBKE COOTBETCTBOBaIa ramma-m3nydernio Co® (~1.25 MaB) ¢
uHTeHCHBHOCTBIO ~10'% cMcex” . TOYHOCTD OMpE/ENICHHs! TOTOKA FAMMA-KBAHTOB
(®,), KOTOpBIM 00JIydaJIUCh AUOBI, cocTaBisa 5 %. CpeaHss SHEPrus IEKTPO-
HOB MpU OOJYyYEHHH JTMOJOB 3JIEKTPOHAMH cocTaBisiia (4+4.5) MaB ¢ unTeHcuB-
HOCTBIO ~ (2.5+3) 10" cm?cex”’. TounocTs ompenencHust (GIFOCHCA BIEKTPOHOB
(D.), KOTOPBIM 00JTy4aTUCh JUOIbI, cocTaBisia ~15%.

JInsi BBICOKOYACTOTHBIX ILIAHAPHBIX CTPYKTYp BesnmumHa A(l/t,) mpsmo-
IPONOPLUOHAIbHA TOTOKY ramMMa-KBaHTOB (@,) um ¢iroeHcy 31eKTpoHOB (D)
A(l/z,),=Kt, @, n A(1/7,)=Kt,D,. [lonoOHas 3aBUCUMOCTh KOHCTAHTBI MOBPEK-

JAEMOCTH OT J103bl OOJydeHHMsI coriiacHo Teopuu pexomOuHanuu [oknu-Puna
CBs3aHa ¢ A-LIEHTPOM, PACHOJIOKEHHbIM Ha pacctosinuu ~ 0.17 3B ot nHa 30HBI
MPOBOJUMOCTH. PaccunTaHHble Ha OCHOBE HKCIIEPUMEHTAIbHBIX JAHHBIX BEJIUYU-
Hbl KOHCTAHT MOBPEKIACMOCTH MMEIOT 3HaueHusa Kit, = 3.35-10"" em*/c u Kt, =
2.5-10"° cM*/c oueHb GIM3KHE K THTEPATYPHBIM JAHHBIM.

Benuuunbl sKCnepyUMeHTAIbHO HAOII0JaeMbIX 3HAYEHH OOpaTHBIX TOKOB
L1y 1 Lrgj IEXKAT B UHTEPBAJIE OT 3.7-10% A hi (o) 510 A, 4TO BecbMa OJIM3KHU K BbI-

-9
YHCIIEHHBIM MaKCUManbHbM 3HaueHusam 1, =50-10" 4. Cnabyro 3aBucuMoCTh

obOpartHoro Toka (yBenudeHnue Ha 15+20%) ot mo3sl (haroeHca) raMma U3TydYeHHS
D, = (2-14) 10" em™ 1 sexTponoB @, = (2.5+20)-10'* e/cM® MOXKHO CBSI3aTH C 06-
pa3zoBaHHbIMU E-lileHTpamu, pacrnoyiokeHHbIMU Ha paccrosinuu E, = - 0.4 eV or
JHAa 30HBI POBOAMMOCTH. Bennumna oOpaTHOro Toka mociie o0JydyeHHs] raMmMma-
kBartamu Co™ Ha 15%+20% MeHbIIE, YeM IPU OOIYYCHHH HX DICKTPOHAMHU C
sHepruen 4+4.5 MaB, To ecTh ramma-oOnayueHue sBisieTcss 0ojiee ONTUMAIbHBIM
BO3JIeHiCTBUEM, YeM OOJydeHue 3ieKTpoHamu. [Ipu 3TOM 3aBUCHMOCTH TaJCHUS
HaMpsDKeHUs] OT BPEMEHM BOCCTAHOBJIEHUs oOpaTHoro compotus-neHus Up=f(t,,)
sl 000MX BHJIOB OOJIy4eHHS MOJIHOCTBIO COBMAJNAIOT JAPYr C IPYroM, COOTBET-
CTBEHHO 00a Bua 001ydenus (ramma-kanTamMu Co® ¥ 3JIEKTPOHAME C SHEpruei
4+4.5 M»B) ueHTUYHBI ¢ TOYKU 3pEHHUSI COOTHOIIEHUsI Mexay ¢, u Ur Tlo mepe
YBEJIMUEHHUS J103bl OOJyueHHUs MaJeHHe HamnpsyKeHus yBenuuuBaercs no 1.2B, a
BpEMsi BOCCTAHOBJIEHUS 00OpPaTHOTO CONMPOTHUBIIEHUS yMeHblIaeTcs co 150uc 1o 10
HC, TIOBBIIIAsi OBICTPOJEHCTBUE OTPAaHUUYUTENBHBIX IHOAOB. BbICOKOYACTOTHBIE
b dy3uoHHBIE TUONBI, MOABEPraeMble raMMa M JJIEKTPOHHOMY BO3JEHCTBUIO
MMEIOT MUHUMAabHBIA pa3Opoc mo uccieayemMbiM napamerpaM. [IpsmMoe najgenue
HanpspkeHust Up=0.75+0.8B npu npsamom Ttoke [r =10A, oOpatHbiii TOK Ip ~
0.5+0.7 mxA u 0.7+1.0 MKA nipu o6patHoM Hanpspkenun Uz = 100 B u 200 B co-
OTBETCTBEHHO, BpEMs BOCCTAaHOBJIICHUS OOPATHOTO CONPOTUBIEHUSA Ty <
2.840.2:10% ¢ nipu [r= 1A, Ir/Ig= 1 u obparnom Toke 0.1 A.
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3aBucumoctu A(1/t,) ot @, 1 @, UIMEIOT HACBINIAIONIMICSA XapaKTep, YTO
CBUJIETENBCTBYET 00 YMEHBIIEHUH KOHCTAHT MOBPEXIAEMOCTH C POCTOM IMOTOKA
o0JyyeHHUsl Kak raMMa-KBaHTaMH, TaK W 3JeKTpoHamu. [lafieHus HampspKeHUs OT
7103bI 00JIy4EeHHSI YBEJIMYMBAIOTCS JIMHEWHO U OMKUCHIBAIOTCS (hOPMYIIOH

bn,
—+1
’ o d " bn, —d/2L
(b+1)-p(0)

HOJIyYEHHOM € yYETOM paclpeesIeHusl IpUMecel B p-n-epexoie

Ap(x) = Ap(0)-exp(-x/L,) (20)

Ap(x) = Ap(d)-exp[(x-d)/L,], 21)

rine Usyo = (Irp-0-d)/Spn.

DKCHepUMEHTANIbHbIE 3aBUCUMOCTH MaJIeHUs HANPsHKEHUS OT 1035l ((II0eH-
ca) raMMa usinydeHus @, =ngo 1.5- 10'® em™ u anexrponoB 10 @, = 9-10'* e/cm® nu-
HeliHO yBenmuuBaroTesa oT 0.77 no 0.9B u y10oBIE€TBOPUTENBHO COBIIAJAIOT C pac-
YETHBIMU JTAaHHBIMH.

J1030BbI€ 3aBUCUMOCTH OOpPAaTHOTO TOKA BBICOKOYACTOTHBIX AU(P(HY3MOHHBIX
JMOJIOB ISl TaMMa- U 3J€KTPOHHOI0 O0IyUYeHUs MEHSIOTCS JIMHEIHO ¢ K03 duLn-
EHTAMH PAINAIMOHHOI0 H3MEHEHHs 00paTHOro Toka pasubiMu 1.2:107"° MrA-cM” 1
1.6:10"° MKA-cM® U ONUCHIBAIOTCS HIKE MIPUBEJICHHOW 3aBUCUMOCTBIO:

[rzKlry(e)'éy(e) + Ly (22)

rae 1., - oOpaTHBIN TOK 10 00ITydeHUS.

DKcrnepuMeHTaNIbHbIE 3HaUYEHUs KO3(PPUIUEHTOB paAUallMOHHOIO U3MEHEHUsl 00-
paTHOro0 TOKAa PacCUMTaHbl C MOMOIIBIO CIEAyomed (GopMyiIbl U NPUBEACHBI B
tabsuue 3.

B (1+An/ny) Vo am
" (+V,0,/V,0,)-Anlng+n/n, TP dD

(23)

W3 tabnuipl cienyer, 4To 3KCHEPUMEHTAIbHOE 3HAUYEHUE BEITUYMHBI KO-
sddunrienTa pagualMOHHOIO0 HM3MEHEHHsS OOpaTHOrO0 TOKa HAaXOIUTCS BHYTPHU
JYarna3oHa BO3MOXHBIX €r0 3Ha4YCHUU, ONPEACIAEMBIX KOHLIEHTPALUEH KUCIOPO-
na.

Tabmauna 3
Jlannbie K03GPHUIMEHTOB PAAUAIITMOHHOI0 H3MEHEHH 00PATHOI0 TOKA

K,ry-lolg, MKA-cM” K,re-IOIS, MKA-cM”
N,=5-10" |N,=1-10"*| 3nauenue n3 | N,=5-10'" [N,=1-10"| 3nauenne u3
cM> cM> OKCHEPUMEHTA cM> cM> OKCHEPUMEHTA
1.4 0.7 1.2 1.7 0.4 1.6
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OTO CBHIETENBCTBYET O TOM, UYTO BEJIMYHUHY OOPATHOI'O TOKA KPEMHHUEBBIX
1 Qy3HOHHBIX THOJOB II0CIIE BO3JCHCTBUA Ha HUX IOTOKA raMMa-KBaHTOB (D,) U
(bmroeHca eKTpoHHOro notoka (@,) hopmupyet E-ieHTp.

Takum 06pa3om, 3KCIEPUMEHTAIILHO MTOKA3aHO, YTO BO3/ICHCTBUE raMMa- U
AJIIEKTPOHHOTO OOJy4YeHHUs Ha BpeMsi BOCCTAHOBIIEHHUSI OOPAaTHOIO COMPOTUBIICHUS,
MPsIMOTO TMaJIEHUs HANPsKEHUsI 1 00paTHOTO TOKa KPEMHHUEBBIX MOIIHBIX TUhPy-
3MOHHBIX TUOJI0B SKBUBAJIEHTHO.

Ha ocHoOBe m3yuyeHHsI XapaKTEpPUCTHYECKHX IapaMETPOB OTPaHUYUTEIIEH
HATPSOKCHHS TIPH PAIHAIIMOHHOM BO3ICHCTBHH (III0eHCaMH HEHTPoHOB (10 3-10"
cM™) BBISBICHB OCOOCHHOCTH IOBEJICHHS BPEMEHHM KH3HH HEOCHOBHBIX HOCHTE-
Jel, majeHusl HanpsHDKeHUsT U po0osi, TOJMIIUMHBL ¢lI0si 00bEMHOT0 3apsiia U MyTH
UX ONTHUMHU3AIMHU. A TaKXKe MCCIIEIOBAHbI OTPAaHUYUTENN HANPSHKEHUS, UMEIOIUe
p'pn’-cTpyKkTypy, nonydenssle audQy3HOHHOM TEXHONOTHEN C HATIPSKEHHEM OT-
pannvenus U,,,=50 B u nanpsbxkenuem orpanndenus U,,,=200 B.

O6nydyenre oOpa3lloB HEUTPOHAMU OCYIIECTBISIOCH HAa HUCCIEI0BaTENb-
ckoM peaktope MMH-3M. Onenka QuroeHca HEWTpoHOB ¢ 3Heprueir E>3 M»sB
OCYIIECTBIISIACH [0 CEPHBIM MHANKATOPaM S~ ¢ MOC/IEAYIOMHMM IPHBEACHHEM (T10
n3BeCTHOMY criekTpy peaktopa UMH-3M) k droeHcy HeHTpoHOB ¢ sHeprueit E >
100 x3B. Cpennsisi sHEprus HEUTPOHOB MpPHU ITOM cocTaBisia ~ 1.5 M»B, a no-
IpemHOCTh fo3umMeTpuu + 20%.

PannanimoHHOMY BO3AEHCTBHIO, C MOCIEAYIOIIUM H3MEPEHHUEM BbILICYKa-
3aHHBIX MMAPaMETPOB MOJBEPrajiuCh BHIOOPKH, cocrosimue u3 20 orpaHuuMTenen
HaMpspKeHUs Kaxaoro tTuna. To ecTs, nepBoro tumna 50 BoJbTOBBIE M BTOPOTO TUIIA
200 BonbTOBBIE. BEIOOpKM OBUTH pa3neneHbl Ha 5+6 yacTeil (mo 3+4 orpaHuunTeNs
HaMpsDKeHUs] B KaKJOM 4acTH), Kaxaas M3 KOTOpbIX 00Jiydajnach B JIBa JTara
(IByMs MOTOKaMU HEHUTPOHOB) C M3MEPEHUEM MapaMeTpoB OrpaHUYMTENeH Ha-
NPsDKEHUS TI0CTe KaXK0ro 3Tarna 00IydeHusl.

Ha ocHoBe uccnenoBanusi BIUsHUS (QIiroeHCa HEHTPOHOB HA OTPaAaHUUYUTENH
HanpspkeHus ¢ HanpsbkeHusimu orpanndenust 50 B u 200 B, nonydennsix quddy-
3uei, OOHApyXEHO, 4YTO I OOOMX OrpaHUYMTENeHd HANpPsHKEHHUS OTHOIICHUS
Upos(D@) Uppos(0) 11 Upp(D@)/U,p(0) DKCIIOHEHIIMATBHO 3aBHCAT OT ()IIOCHCA HEM-
TPOHOB

Upos(@)=U,pos(0)exp(K; @)  (24)
Upep(@)=Uyzp(0)exp(K, D) (25)

B Hux 3HaueHUS KO3 PUIMESHTOB B MOKa3aTelie IKCIIOHCHTHI IS HaIpsIKe-
HUS Tpo0osi K; UMEIOT OJM3KWE 3HAYCHUS, a JUI HamlpsoKeHHs orpaHudeHus K,
oTiIMYarTCs B Oosiee uem B 1.5 paza (tabi. 4).

Taoauna 4
J{annblie 3HaueHns K03PppuunentoB K; u K, .
K, cvm’/n K> cm’/n
U,.,= 50 B U,.,=200 B U=50B | U,,=200B
6.3-10™"7 7.0-10™"7 7.1-10™"7 1.1-10"°
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JlJist BBIICHEHMSI IPUYUH TOJIOOHOTO PACcXOKJIEHUs B BeIMUUHE KOdpDUIIN-
€HTa, NPy PagUualMOHHOM BO3ACHCTBUU PACCMOTPEHBI 3aBUCUMOCTH HANPSKEHUS
po0os OT IrpaJueHTa KOHLIEHTPALMH, TOIIIHHBI CJI0s 00BEMHOTO 3apsiia OT (iro-
€HCa HEUTPOHOB, a U3 BOJIbTEMKOCTHBIX XapaKTEPUCTHK OIMpPEAeSICHbl I'PaJuCHTHI
KOHIIEHTPALUH U TOJIINHBI CII0EB 00BEMHOTO 3aps/a.

3aBUCUMOCTH €MKOCTH OT 3alMpaIOIIEer0 HAaNpsOHKEHUS TPU Pa3TUUHBIX
(daroeHcax HEMTPOHOB OMUCHIBAIOTCS KyOUUECKOW 3aBUCUMOCTBIO €MKOCTH OT Ha-

MPsAKCHUA, XapaKTepHoﬁ oJIA p-n-1miepexoaa € JIMHECHMHBIM pacinpecacjiCcHucM IprumMe-
CHu

C=[12(U+Useemp)VIga(eeo) (Spn)’1, (26)

IJI€ BEJIMYMHA «a» SBIISISICH UCTUHHBIM IPAAUEHTOM KOHUEHTPALIMH, ONUCHI-
BaeTcsl ypaBHeHUEeM N(x)=a'x U OT 03bl 00Iy4eHHs (IIFOEHCAMH HEMTPOHOB OIU-
CBhIBAETCA SKCIMOHEHIHMAIIBHOW 3aBUCUMOCTBIO

a= a(®P=0)-exp(-BD). (27)

OTH 3HAYEHHUs, BHIYUCICHHbIE Ha OCHOBE BOJbT(HApaJAHBIX XapaAKTEPUCTUK
HE3aBUCUMO OT OOJIBILIOTO Pa3InuyMsl yIA€IbHOIO COMPOTUBIICHUS O00MX OIpaHUYH-
TeJeil HampshKeHUs W BEJIMYMHBI B B MOKaszaTesne SKCMOHEHTHl s oboux OH
6mske Apyr k apyry 2.6-107'° em” u 3.8-107'° cm?, KOTOpBIE OTIMYAIOTCS OT cpej-
nero 3naueHus (3.2-107° em®) ne Gomee ueM Ha 30 %. DKCIEPHUMEHTAIBHbIC 3ABH-
CUMOCTH (TOUKH) oTHOUIEHUs TpagueHTa a(®)/a(d=0) ot daroeHca HEUTPOHOB P
¥ pacuéTHas kpuBas exp(-B-®@) mpu B=3.2-10""° cM’, kak mpHBeIeHO Ha pHC. 5,
HAXOJISITCSL B XOPOILIEM COTJIACHU.

CpaBHUBasI SKCMTOHEHIIMAIBHYIO 3aBUCUMOCTbh MPOOUBHOTO HANPSIKEHUS OT
¢bmoeHca HeUTpoHOB (D),

U o (@) /U5 (@ = 0) = exp(6.6-107"" - D) (28)

C DKCMIOHEHIIMATHHON 3aBUCUMOCTHIO 3(PPEKTUBHOTO TPAANECHTA KOHIIEHTPAIIUUA OT
(baroeHca HEUTPOHOB

a(®@)/a(D=0)=exp(-3.2:10"°- D) (29)

0oOHapy’>KHMBaeM €€ YHUBEpPCAJIbHOCTh HE3aBUCUMO OT CTPYKTYpPHI p-n-miepexona u
BEJIMYMHBI @ 10 00TyUEHUS.

1,00

' AT
Yeexp(3.210™% 1-50 BOJNBTHBIN OTpaHUYUTEND HAIPSIKEHHUS;

1
% &2 2-200 BOJITHBIN OTPaHUYUTEIb HATIPSIKEHNUS;
% .y 3- crutouIHast TMHUS pacyETHAS
040 - 3!
030 . Puc. 5. 3aBucumocTu rpaguenra
0 ITOEEM0E 20 2590 0¥ gOHIEHTPALMHU OT 03I 00 1y4YeHH s

o, cn”

B3aumocBs3b HaAIIPAKCHUA OTpPaHUYCHHA W HAIIPAKCHUA HpO60$I OT TpaduCHTA
KOHIOCHTpAIUNU C I[O?)OBOfI 3aBUCUMOCTBIO 3aKJIIOYACTCS B JIMHEMHOCTH 3aBUCHUMO-
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CTH HaNpsDKEHUs OTpaHUYeHUs OT (piroeHca HEHTPOHOB. DKCIEPUMEHTATIbHBIE
TOYKU 3aBUCUMOCTU oTHoueHus a(®@)/a(®=0) ot daroeHca HeUTpoHOB @ U pac-
yéTHas kpusas exp(-B-®) npu B=3.2-10"'° cM” y10BIETBOPHTEIBHO COTTACYIOTCS.

B pexxume orpaHuueHusi HanpsoKeHUs Tud@epeHIraibHble CONpPOTUBIIE-
HUS SBJISIOTCS OYeHb HU3KUMM, a MaJICHUs HAIPSKEHUsS! COCTaBIIAIOT MeHble 100
MB, nosTomy B hopMupoBaHUM HANIPSKEHUU OTPAHUYCHUS

Uoap=UnposTLoapRnocn (30)
BAYKHYIO POJIb UTPAET MOCIE0BATEIHLHOE COIPOTUBIECHUE Oa3bl

Ruocr=Rnoca asutRnoca npon. (31
B cBoto ouepenp

Roca 6asi=pol(due-W)/S], (32)

rac, ps — YACIBHOC COIIPOTHUBIICHHUC HeﬁTpaanoﬁ 633]’::1; dM5— PacCTOAAHUC
OT MCTAJLUTYPTUUCCKOI'O p-n-repexoaa 10 I’ll’l+ KOHTAaKTa.

COHpOTI/IBJICHI/Ie 0071acTH 00BEMHOTO 3apsaaa, rac MmoJjic HE CTOJIb BCIIMKO,
onpeaAcisieTCa COOTHONICHUCM

Rnowz np0ﬂ=( w- VVm)z/(2 ’ SSO'S' VHaC)) (3 3)

rae, W,—upuHa o61acTd 00bEeMHOT0 3apsia, IIe IPOUCXOIUT ylapHash HOHHU3a-
1uus; V. —HanpsHKeHUE HACBIICHUS.

[Ipu 3TOM MJIsI BBIUUCICHUSI 3aBUCUMOCTU R, o0r 645:( D) HEOOXOIUMO 3HATH
3aBUCUMOCTHU p5(D) u W(D), rae 3aBUCUMOCTh TOJIIUHBI OT (PJIIOCHCA MOYKHO BBI-
YUCJIUTh, UCTIOJIBb3Ys KIACCUUYECKYI0 (OpMYIy IS IIUPUHBI 00JIACTH 0OBEMHOTO
3apsijia MIaBHOTO p-n-Tepexoa

WD, Unpos)=[(12 €20 Uppos)/(q-a)]'"”. (34)

A BBIYKCJICHUE 3HAYCHUS HAIPSDKEHUS NPOOO0S OCYIIECTBISCTCS Yepe3 TONIIUHY
obsactu 00bEMHOTO 3apsiga U KodpUIIMEHTA yIaJleHUs] HOCUTENICH Mo eHCTBU-
€M HEHTPOHHOTO O0TyUCHUS

K= 1kny(@=0)""". (35)

3HadyeHus: KodpPuiMenTa yaaneHus ik n-KpeMHHUsI COCTaBIsItOT k,=851, a nis p-
THIa KpeMHHusA k,=444. PacyeTHble 3HaYEHUS HANPSHKEHUS NPo00sS U HaNPSHKEHUS
OTpaHUYEHHUs, TOJIIUHBI CJIOA O0BEMHOro 3apsigma W,, U KOHCTaHThl MU3MEHECHUS
YIEIbHOIO CONPOTUBIEHHA K, IPUBEIEHBI B Ta0II. 5.

Tabaunna 5

PacuyérHble 3HAYEHHUS XapAKTEePUCTHYECKHUX NTapaMeTpoB
B 3aBHCHMOCTH OT THIIA OTPAHUYUTE/IS HANIPAKEHUS

Tvm OH Unpos, B Usep, B W, 10%em | Wy, 10%em | K,10-' en?
OH 50 B 48.9 50.2 2.67 1.09- 3.8
OH 200 B 224 4 229.8 0.17- 8.4 0.154
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C TOYKM 3peHMs] HCCIECJOBAHUS BIUSAHUS HEUTPOHHOTO OOJyYEeHHS Ha
CTPYKTYPY JIMHEHHOTO p-n-Tepexo/ia, MPeACTABISIIOT UHTEPEC pa3Mephl i-00JacTH,
KOoTopasi o0pa3yercst BOJIM3U p-n-Niepexoa B pe3ylbTare o0IydeHus. DMIupuye-
CKO€ BBIPAXKEHUE JIJIs1 3aBUCUMOCTH T'paIM€HTa KOHIICHTpAIUU OT 103kl a(P) npe-
ctaBisiercst hopmyioit (27).

Pa3mepsl i-001aCTH MOXKHO ONPEIEIUTD ¢ MOMOIILI0 hopmynbl W, =W, W,;

Wo(@,U) = 665°Sp s Cp @,U), W ®@,U) =[12:¢6(U+Up)Vg-a( @)} . (36)

3aBUCUMOCTH TOJIIIMHBI 1051 00BEMHOTO 3apsiia 0T (UIFOEHCA HEMTPOHOB paccuu-
TaHbI M0 HUKENPUBEACHHOU (popMylie U MpeACTaBIeHbI Ha pHC. 6.

W{(®,U=0) = [0,053/a(®=0)""*]-®. 37)
4 T - %4074
1610 Y=4,36107% e .
= , Y=2,3310"X
E_ 12410 R=0.89 §5104' R?=0,99 1
E (=]
5 08407 5 10"
g g “
= S 2%107
S 0407 =
0
0 ! 0 5¥101 14101 1,5%1015 2¥101
OB 0 B0 e 2510 . cu?
T cm-

a) 50 BOIbTHBIN OrpaHUYUTENb HAnpspkeHuss  0) 200 BOJIBTHBIN OrpaHUYMUTENb HAPSKEHUS
Puc. 6. Pacuérnas 3aBucumocts W; = F(®,U=0)

Takum o0Opa3om, MoNydeHbl BBIPAXKEHUS JJIS OLIEHKU TOJNIIUHBI CIIOS 00b-
€MHOT0 3apsija OT (IIOeHCAa HEUTPOHOB U MPUIIOKEHHOTO HANPSIKEHUS, KOTOphIE
NO3BOJISIIOT IPEACKa3aTh BO3MOJKHBIE M3MEHEHHMs 00iacTh 0OBEMHOro 3apsna
p nn’-ctpykrypsl. IIpu 3TOM BMecTe ¢ HM3MEHEHHEM T'PaHMEHTa KOHIIEHTPALMH
npumeceil 0a3bl TaKKe U3MEHSIOTCS BpEMEHa JKM3HU HEOCHOBHBIX HOCUTENEH, OIl-
peaensionue ObICTPOACHCTBUE AUOJHBIX CTPYKTYp, YEM MEHBIIE BpEeMs >KU3HHU,
TEM JIy4lIe.

B orpannuurensx Hanpspbxkenus oooux tumnos (50 B) u (200 B) 3aBucumocTtu
BPEMEHHU >KM3HU HEOCHOBHBIX HOCHUTENEH OT J03bl OOJIYUEHHS] UMEIOT MUHUMYM
(onTUMaNIBHYIO J103Y), CBA3AHHBIN C BIMSHUEM PEKOMOUHAIIMOHHBIX IEHTPOB.

Kak npuBeneno Ha puc. 7, CIpOrHO3MPOBAHHBIN BBILIE BUJ 3aBUCUMOCTH
(@) ¢ Toukol MHMHHMMYMa, ompezaensemoi dopmynoit @=1/b, neHCTBUTETHHO
umeer mecto. [Ipu 3TOM, ToUKa 3TOr0 MUHMMYMa ONpPENENseTCs SKCIIOHEHIIUAb-
HBIM MHOKUTEJNEM B 3aBUCUMOCTH K, (D). ITO 0OCTOSTENLCTBO, IO HALLIEMY MHE-
HUIO, SIBIISIETCA ell€ OJHUM JIOBOJAOM B IMOJIb3y BO3MOKHOCTH MCIOJIb30BAHUS MO-
nenn Meccenkepa A pacuéra 3aBUCUMOCTH BPEMEHHU JKM3HHU OT J103bI 00Iyde-
HUS C TIOMOILBIO (POPMYIIbI

K. (D) = Aexp(-b- D) (38)

1/7(@)=1/7(0) + K. (P), (39)
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M npenedperas enuuuHou 1/7(0) umeem

(D) = [exp(b- D) /(4- D). (40)

Herpynno Buaets, uto Beipaxenue (40) uMeet sKCTpeMyM (MUHUMYM) B TOUKE

®=1/b (41)
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a) 50 BOJIbTHBIN OrpaHUYHUTENb HAPSDKEHUS.  6) 200 BOJIBTHBIN OTPAHMYUTEND HAMIPSOKEHHUS

CIUIOIIHEIE - PACUCTHBIC, TYHKTHUPHBIC - OKCIICPUMCHTAJIbHBIC TaHHBIC

Puc. 7. 3aBucumoctu 7(®) 118 orpaHMUYNTE e HAIPSIKEHUS

Crnenyer OTMETUTD, YTO TOSIBJICHUE M3JIOMa B 3aBUCUMOCTH BPEMEHU KU3-
HU HEOCHOBHBIX HOCUTENEH OT 103bl 00Jy4eHUs] OOBSICHIETCS CMEHON 3aKOHOMEp-
HOCTH 00pa3oBaHMsI PEKOMOMHAIMOHHBIX LIEHTPOB B MpoIliecce HEHTPOHHOTO 00-
Jy4€HUsl, TO €CTh MEePEX0]] OT JTUHEHHOMN 3aBUCUMOCTHU K 9KCTIOHEHIIUAJIbHOM.

B pesynbpTaTe mpOBENEHHBIX HMCCIEIOBAHUN BBIICHEHO, YTO HAIPSKEHUS
po0Oos YBETMYMBAIOTCS C MOBBIIICHUEM J103bl 00TyYEHHUsI HE3aBUCUMO OT UCXO/I-
HOT'O HampspKEHUs Mpo0osi. DTU 0OCTOSITENILCTBA IPUHSITHI 32 OCHOBY JIJISl TOBOJIKHU
HaMnpspKeHUs: mpo0osi 1o TpeOyeMoro HOMHHAJIBHOTO HANPSKEHUS, KaK HUHCTPY-
MEHT YIpPAaBJICHUs HaIpsikeHUueM Mpo0osi. EcTecTBeHHO, YTO JJisi 3TOTO HCCIEH0-
BaHUS HEOOXOUMO OBLIO YCTAHOBUTH 3aBUCUMOCTb HAMPSXKEHUS po0ost oT Quito-
€Hca JJIsl OrpaHUuYMTEeNeH HANPSKEHUs, UMEIOIIUX OTKJIOHEHUS OT HOMUHAIBHOTO
HanpspkeHus npo6ost (100 B u 200 B). B wacTtHoCTH, A1 CTO BOJIBTOBBIX OTrpaHu-
yuTeNneld HampskeHus: OblIo copmMupoBaHO 5 Tpynn oOpa3loB ¢ HANpPSHKEHHEM
npobos 95 B, 96 B, 97 B, 98 B, 99 B no 3+4 obpa3na B kaxxaoii rpynmne. AHaio-
TUYHBbIE TPYNIBI 00pa3oB ObUIM CHOPMHUPOBAHBI U ISl IBECTH BOJIBTOBBIX OIpa-
HUYHUTeNel HanpsokeHus. Ha puc. 8 mokazaHbl 3aBUCMMOCTH MPOOUBHOTO HaIpsi-
KEHUST ATUX 00pa3noB OT (JIlOeHCa HEUTPOHOB, U3 KOTOPBIX CIEIYET 4TO, YeEM
OOJbIlIe OTKJIOHEHHWE HANpsKEHHs Mpo0O0si OT HOMUHAJIBHOIO 3HAYEHUS, TEM
OonbIIMi (priroeHC HEUTPOHOB TpebyeTcs, YTOObI TI0BeCTH o0pasell J0 HOMUHAJb-
HOTO HampspkeHus: mpo6osi. To ecTh, MpUBEIEHBI 3aBUCUMOCTH (PJIIO€HCA HEUTPO-
HOB, KOTOPBIM HEOOXOAMMO OOJYYUTh OTPAaHUUYUTENM HANPSKEHUS C 3aJlaHHBIM
HaMpspKeHUEM po0osi, YTOOBI 3TO HANPSKEHUE MPUOIU3UTH K €70 HOMHUHAIBHOMY
3HAYEHHUI0. DTU 3aBHCHUMOCTH HANpsDKEHHUs MpoOos OT J03bl O0Jy-YEHUS MOKHO
UCIIOJIb30BaTh KakK KaJduOpOBOYHBIE KpUBBIEC AJIA omnpeiaesneHus (iroeHca HeruTpo-
HOB, HEOOXOJUMOTO JJI «IOBOJKI» HAMPSIKEHUS TPOOOS 10 HOMUHAIBHOIO HaIl-
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PAKCHUA.

®-10", H/em® ®-10", H/cm?®
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a) muojel 100 BOIbTOBBIE 6) mnoast 200 BOIBTOBBIE

1- no3b1 00Iy4YeHHs OrpaHUYHUTENEH HAPSKEHUS JUIS 3a/1aHHbIX HAPsDKEHUN Ipo0osi;
2- HamnpspKEeHUs TPo0O0st OTpaHUYUTENeH HaNPsHKEHUS [ociie 00IydeHUs

Puc. 8. 3aBucumMocTH ONITUMAJILHOM 103b1 00J1Y4YeHHS OT
HCXOHOT0 MPOOUBHOI0 HANIPSIZKEHUS OrPaHUYNTe/ el HANPsSKeHUs

Takum o6pazom, moaepHuzanus 1udPy3MOHHON TEXHOJIOTUHU U3TOTOBICHUS
U ONTUMHU3ALMA MapaMETPOB PATUALMOHHBIM BO3JIEHCTBUEM KPEMHHUEBBIX BBICO-
KOYaCTOTHBIX JUOJIOB M OTPAHUYMTENECH HANPSKEHUS MO3BOJISIET CHU3UTh TEXHO-
JIOTUYECKUN pa3zdpoc HKCIUTyaTallMOHHBIX IapaMeTpoB, IOTEPH CTATUYECKOU
MOIIIHOCTHU ¥ TIOBBICUTbH BBIXO/J] TOJHBIX TPHUOOPOB.

3AKJITIOYEHHUE

1. Pa3zpaboraHa TEXHOJOTHUS TMOJYyYEHHS HU3KOBOJBTHBIX OTrpaHUYUTENEH
HaANPsDKEHUST aMITyJIbHON Muddy3ueil u3 BRICOKOKOHIICHTPUPOBAHHOTO UCTOYHUKA
MBIIIbsIKA, 00ecTeunBaroiias Malblii pa30poc MPOOUBHOTO HAMPSKEHUS U HU3KOE
b depeHnrasbHOE COMPOTUBIICHHUE.

2. Pa3pabotan cnoco0 MOJIy4eHUs: OMHYECKOr0 KOHTaKTa K KPEeMHHUEBBIM
CWJIOBBIM JIMOJ1aM, OTJIMYAIOIIMICS BHICOKOU aare3ueil u 3¢ (HEeKTUBHBIM paccesiHu-
em teria. Criocod BKIIIOYAET HambLIeHHWE Ha 00€ MOBEPXHOCTH IJIACTHHBI C p-n-
nepexooM ToHkuX cioeB (0.1+0.3 Mkm) BaHanust u cepedpa, U MOCIECAYIONIEEe X
CIUIABJICHUE C MOCEPEOPEHHBIM MEIHBIM TEIUIOBBIM KOMIEHCATOPOM. DTOT KOH-
TaKT UCIIOJIB3YETCS B pa3pab0TaHHOM OJIOKUPYIOIIEM JTHO/IE.

3. Pa3paborana meToguka OTOPAaKOBKM OrpaHUYMTENICH HANpsDKCHHUS Ha
paHHE# cTajuu A0 YCTAaHOBKU UX Ha KOpIyca COIJIACHO BIIEPBbIE BBEIEHHOIO Ia-
pametpa «koddpdunrenTa 3pPeKTUBHOCTH», OCHOBAHHAsA Ha 3aBUCUMOCTH COIPO-
TUBJICHHSI OTPAHUYUTENS HAMPSKCHHSI OT TOKA B PEXKUME TTPOOOAI.

4. Pa3paboTaHa TerioBasi MOJEIb OIPAHUYUTENS HANpPSKEHUs, MO3BOJISAIO-
mjas paccyuTaTh U Pealin30BaTh ONTUMAJbHbIE pa3Mepbl KpHUCTaja U TEIUIOBBIX
KOMIIEHCATOPOB, a TaKKe 0O0BICHSIONIAs MPOSIBIICHUE €r0 CBOMCTB Kak reHeparopa
TeMIIepaTypHOTO NOTEHIIMAJIa U TeHepaTopa TEeIIOBOro MOTOKA.

5. Pa3paboTaH yCOBEpILIEHCTBOBAHHBIN JBYXI'€HEPATOPHBIA METO] U3MEpe-
HUS HAMPSDKEHUST OTPAHUYCHUST MOIIHBIX OTPAaHUYUTENCH HAMIPSDKEHUS, B KOTOPOM
npeajaraeTcsl U3MEpUTh 00paTHOE HANPSHKEHHE M UMITYJIbCHYIO COCTaBISIOLIYIO,
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co3JaBaeMylo OT reHeparopa Ttoka. OO1as NOrpemHOCTbh U3MEPEHHS] COCTABISET
~2% , 4TO B TPU pa3a MEHBIIE MO0 CPABHEHUIO C U3BECTHON OJHOTEHEPATOPHOU Me-
TOJAUKOM.

6. Pazpabotan Moayib 3alIMTHl PAIMO3JIEKTPOHHOM amnmapaTypbl Ha OCHOBE
OTpaHUYUTENST HANpPsDKEHHs, OOECHeYHBAIOIUMN aBTOMAaTHYECKOE BKJIIOYEHUE-
BBIKJTIOUEHHUE TOTPEOUTENS MPU MePEHANPSIKEHUSAX B IIETIH.

7. Pa3paboTana paaualiMioOHHas TEXHOJIOTHs oOecneduBarouiasi OnTHUMH3a-
LUI0 BPEMEHH KU3HU HEOCHOBHBIX HOCHUTEJIEH U BPEMEHU BOCCTAHOBJIECHUS 00pat-
HOTO CONPOTHUBJICHUS, HAIPSHKEHUSI TPOOOST BHICOKOYACTOTHBIX BBIIPSIMHUTEIbHBIX
JMOJIOB U OTpaHUYUTENICH HAIPSHKSHMUS.

8. Pa3paboTaHbl HH)XKEHEPHbIE METOJIbI pacyeTa 0OpaTHOrO TOKA M MPSAMOIO
NaJIeHUs] HAMPSKEHUs, TONIIMHBI 108 00BEMHOT0 3apsijia, MO3BOJISIIOIINE ONpe/e-
JIUTh ONTUMATbHBIE IEPEXOAHBIE XaPAKTEPUCTUKH BHICOKOYACTOTHBIX AHOJOB MPHU
BO3JIEHCTBUM raMMa U 3JEKTPOHHOTO OOJyUEeHHUS.

9. Pa3paboTaHn orpaHM4MTENb TOKa HA OCHOBE apCEHM 1A TaJUTUs JIJIs 3alUThI
HU3KOBOJIbTHBIX OIpaHUYUTENEH HANpsKEeHUs ¢ 00paTuMbIM Iipodoem 10 14 B.

10. Pe3ynbTarsl MO TEXHOJIOTUU MOJYYEHHS] U MCCIIEOBAHUS OTpaHUYHUTE-
Jel HampspKeHUST U BBICOKOYACTOTHBIX JUOJIOB, METOAMKU MCCIIEOBAaHUS HX
(GyHKUIMOHANBHBIX TapaMeTpoB BHeIpeHbI B mpon3BoAcTBO OAO “FOTON”.
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ANNOTATION OF DOCTORAL DISSERTATION

Topicality and demand of the subject of dissertation. According to the
Resolution of the President of the Republic of Uzbekistan PQ-1442 «On the priori-
ties of development of industry of Uzbekistan in 2011-2015» from December 15,
2010 rising of industrial manufacturing efficiency is overriding problem. Thereby,
the consistent decrease of manufacturing costs and the cost value of semiconductor
high-power devices (voltage suppressors, high-frequency rectifier diodes) which
are manufactured by JSC «<FOTONy, provides for studies, aimed at improvement
of their parameters and reliability as well as technological optimization, are the
most important pre-requisites facilitating increase in competitiveness of manufac-
tured devices and ensuring existing markets and new markets.

In the field of the protection of electronic equipment and prevention of fail-
ure of electrical equipments by pulse overvoltages among scientists of leading for-
eign countries USA, Canada, Holland and Japan tasks of research and development
of high-voltage suppressors, as well as stabilizing devices based on power diodes
are demanded.

These power diodes are widely used in power conversion devices, power
supply systems and industrial process control systems. For their manufacturing dif-
fusion technology of doping of silicon with boron and phosphorus is used, which is
widely used for the manufacture of high-voltage diodes. However regarding the
low-voltage voltage suppressors does not allow to get low differential resistance
which can be obtained using the impurity providing a dramatic difference of the
carriers concentration at the boundary of the p-n junction. Solving this problem re-
quires new physical approaches that enable to obtain the high-concentration source
— diffusant, which can be manufactured by use of arsenic. Moreover the efficiency
of the power diodes is determined by the sharpness of the characteristics at break-
down voltages and nominal coefficient of suppression. In operating mode, power
diodes under the influence of powerful pulses generate heat and their optimization
is possible based on the physical analysis of heat transfer throughout the length of
the structure, including the contact areas.

The demand of dissertation is derived from the need to implement advanced
technologies, devices for grading and protection of electronic equipment, improve
withstand impulse power that is associated with tasks requiring a focused approach
to problems of reduction the technological failures and increase reliability, extend
the scope of applications of power diodes, and reduce dynamic power losses.

This dissertation aimed at development of the manufacturing technology of
low-voltage voltage suppressors with small scatter of the breakdown voltages and
low differential resistance in both forward and reverse directions, development of
radiation technology providing optimization of the breakdown voltage, increasing
performance and improvement of quality of high-frequency diode.

At the same time, in a number of cases, these devices themselves need in
protection from unexpected increase of current in circuit, which requires develop-
ment of current limiters with characteristics reversible after influence of pulse of
current. Based on the abovementioned, it is timely and actual to study in a compre-
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hensive way both parameters of selected samples under research, and physical as-
pects of the production technology (for example, diffusion and radiation methods),
aimed at design and technology optimization at manufacturing of the selected ob-
jects under research and, hence, obtaining optimal combi-nation of their parame-
ters, including those related to radiation hardness requirements.

Conformity of research to priority directions of development of science
and technologies of the Republic of Uzbekistan. This work was performed in ac-
cordance with the priority directions of development of science and technology of
the Republic of Uzbekistan PAS-3 — «Power engineering, energy-saving and re-
source-saving, transport, machine engineering and instruments industry; the devel-
opment of modern electronics, microelectronics, photonics and electronic devicesy.

Review of international scientific researches on the subject of disserta-
tion. Research of manufacturing technology and operational parameters of the
power semiconductor diodes of various types (voltage suppressors, stabilitrons,
thyristors, high frequency rectifying-suppressing diodes) considering requirements
in electronics, automotive industry, are gaining momentum and some success are
achieved in the USA, Canada, England, Holland, China and Russia, and others.

In publications of some major companies such as Philips Semiconductors,
STMicroelectronics, Littelfuse, Moeser Electronics, ON Semiconductor, SGS-
Thomson, Centre «COJIT» and etc., it is noted that ongoing research are aimed at
development of power diodes with improved parameters that satisfy the overgrow-
ing demands of the consumer market. In research much attention is given to rele-
vance and demand in increasing the reliability and optimization of operating pa-
rameters of power semiconductor devices.

In this regard, the development of new manufacturing technologies of power
devices and modernization of existing technologies are in the attention of the lead-
ing research centers, in particular, by the developers of the company Sigetronics
Inc. is shown that the applying of epitaxial technology provides a low-voltage sup-
pressors with parameters exceeding the parameters of analogues based on the dif-
fusion technology. Another field of research is the study of the effect of radiation
exposure on the parameters of power diodes, which allows optimizing the parame-
ters of diodes after technological processes. For example, by scientists from Swit-
zerland through the radiational doping palladium to the base region of a silicon
power diode the lower values of the minority carrier lifetime were obtained than by
doping platinum.

Degree of study of problem. Recently, experimental and theoretical works
dedicated to optimization of silicon-based high-frequency and suppressor diodes
parameters and production technology have been carried out. Majority of them
aims at operation parameters optimization either by means of design and circuit
concepts, or by means of combined technologies (laser technologies in combina-
tion with diffusion technologies, ion implantation with radiation technologies).
However, upgrade of existing diffusion technology and design of optimal fixing,
high-frequency and voltage suppressor diodes remain disregarded. Successful up-
grade of existing technology and optimization of semiconductor device parameters
will allow improvement of both device parameters, and feasibility of silicon p*-
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n*,p p-n*-and p*p-nn"-structure production without significant changes in their
manufacturing.

Hence, requirement to their reliable and failure-free operation becomes
higher. Besides, one electronic circuit often uses two pairs of voltage suppressors,
or even more, provided that their parameters are identical. However, during tech-
nological production of structures, defects can be formed resulting in deviation of
their operational characteristics. In this connection, it is important to develop a
technology for production of high-frequency and voltage suppressor diodes with
specified parameters.

Studies available at present do not contain information related to production
technology of high-frequency and voltage suppressor semiconductor diodes with
charge carrier concentration gradient in rectifying junction by diffusion technology
and related to identification and optimization methods of their operational parame-
ters which is actual problem to research.

Response time can be decreased and original structure of power devices can
be made more reliable by application of radiation-technological processes. At the
same time, when radiation influence is selected, one has to determine the optimal
combination of parameters for pieces of irradiated equipment. As a result, the main
challenge is to develop general approaches to selection of irradiation, which pro-
vides optimal combination of parameters for diodes with p-n junction manufac-
tured by using various technological methods (planar technology, mesa-diffusion
etc.).

Based on their physical essence, voltage suppressors are expected to be
highly radiation-resistant. However, this topic is not studied well in the available
references dedicated to technological approaches to calculation of radiation resis-
tance. Therefore, development of such methods is also important technological
task, that when solved allows wide application of these devices (and, respectively,
expansion to targeted markets) without expensive experiments involving irradia-
tion sources that are not always available.

Another problem is that known methods designed for studies of high-power
devices — voltage suppressors, high-frequency rectifier diodes, do not satisfy accu-
racy requirements, whereas application of known methods to determine parameters
of semiconductor devices are incorrect.

Thus, presently known studies do not contain information about optimal
technologies and optimization of high-frequency and voltage suppressor diode pa-
rameters,
which is important problem to study at present.

Connection of dissertational research with the plans of scientific-
research works is reflected in following project: A3-FA-0-10-440 «Development
of thermal and electric pulse processing methods aimed at increase of yield at pro-
duction of lacking groups of semiconductor instrumentation (JSC «kFOTON»)» Re-
search and Development State program at the PTI SPA «Physics-Suny.

Purpose of research is development of optimized diffusion technology
aimed at obtaining silicon diode structure with reduced differential resistance and
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enhancement of quality and reliability of high-frequency rectifier diodes and volt-
age suppressors under radiation.

To achieve this goal the following tasks of research are formulated:

to develop technology of arsenic high-concentration diffusion in silicon in
order to produce low-voltage structures with high gradient of impurity concentra-
tion at the edge of p-n-junction, so that these structures can stand short-term high-
power overvoltage pulses, than those doped with phosphorus;

to develop method for obtaining of heat-resistant ohmic contact with mini-
mal transfer effect at the edge between material contact with semiconductor;

to develop a universal physically-feasible method aimed at voltage suppres-
sor operation characteristics measurement and advanced methodology for voltage
limitation determination with taking into account measurement modes and voltage
suppressor efficiency coefficient;

to develop a voltage suppressor heat model taking into account pulse power
output and power absorption processes taking place in relevant parts of diode de-
pending on its connection mode;

to determine optimal technological irradiation environment and modes in
order to provide operation characteristics optimization for power rectifier and sup-
pressor diodes, in which p-r-junctions are manufactured by different methods;

to study effects of irradiation on breakdown voltage and limitations of volt-
age suppressors for identification of their operation characteristics;

to develop gallium arsenide based current suppressors designed for voltage
suppressor protection.

Objects of research are low- and high-voltage suppressors with p'n", p*-n-
n', and p -p-n-n"-structures, silicon-based high-frequency rectifier diodes and gal-
lium arsenide based current limiters.

Subject of research - technology for manufacturing of high-frequency di-
odes and voltage suppressors with improved characteristics, studies of radiation in-
fluence on their operation characteristics.

Methods of research. In the process of research were used methods for cur-
rent-voltage and capacity-voltage characteristics; probing methods for surface re-
sistance determination, differential conductivity methods, and simulations.

Scientific novelty of dissertational research consists in the following:

for the first time, technology is developed for manufacturing of low-voltage
suppressor (less than 7 V) based on silicon p*-n" - structures doped with arsenic to
apply for protection of power supply units;

for the first time, the method was developed for obtaining high-power sili-
con rectifier-suppressor diodes (10A) based on silicon p'-p-n-n"-structures with
effective heat-removing contacts, which can be applied as rectifier, suppressor and
blocker diodes;

the method is developed for obtaining stable to temperature ohmic contact to
high-power diode with p*-p-n-n"-junction composed of three layers, one of which
is tungsten and two others are silver layers, annealed at 450 °C, and copper disk

galvanically covered with silver is selected as a heat-removing compensator;
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universal double-generator method is developed to measure voltage suppres-
sor characteristics with three times lower errors compared to those for single-
generator method;

for the first time, current limiter with controlled operation current is de-
signed based on gallium arsenide and contains first type conductivity semiconduc-
tor base, second type conductivity thin layer with two ohmic contacts located at
some certain distance from each other and supplied with output electrodes;

the method is developed to determine voltage limitation efficiency via di-
ode’s resistance dependence on reversed current density in the region of break-
down in a wide range of voltage values;

heat models are developed based on heat transfer and heating of p-n-junction
when it is connected and pulse voltage is applied, assuming that the junction is
heat potential and heat flow generator;

technological method is developed aimed at determination of appropriate ir-
radiation mode, allowing optimal combination of voltage suppressor and high-
frequency diodes parameters;

for the first time, protection device for electronic equipment is designed with
option to indicate instant of voltage suppressor failure.

Practical results of research consist in the following:

specifications for manufacturing of low-voltage suppressors with conductiv-
ity close to that of metal conductivity at highly-doped regions, including pioneer-
ing process of arsenic diffusion in silicon;

advanced compensation method to study voltage suppressor pulse character-
istics, and new method to determine their voltage limitation efficiency based on
dependence of current on differential resistance;

technological and design aspects for manufacturing of high-power rectifier-
suppressor blocking diodes, that can provide optimal withstand power;

methods for optimization of high-frequency and suppressor diodes parame-
ters, and electronics protection devices characteristics by current and voltage;

technological calculations allowing determination of the most appropriate
materials and design concepts for voltage suppressors in conformance with con-
sumer demands, aimed at expansion of distribution and enhancement of competi-
tiveness;

application of gamma- and electron irradiation results in high-frequency rec-
tifier diodes production allows selection of optimal irradiation mode for each type
of diodes and, thus, allows decrease in duration of technological process and in-
crease in rate of yielded worthy products;

technological method to calculate main parameters of high-frequency recti-
fier diodes after irradiation allows one to predict parameter of product after irradia-
tion, to select optimal radiation dose and, thus, to increase reproducibility of tech-
nological process and worthy devices yield.

Reliability of obtained results is confirmed by the use of well-known sci-
entific methods at investigation of physical processes, standard and tested in the
manufacturing factory techniques and research. Results and conclusions are justi-
fied on physical representations based on theoretical and experimental data. The
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reliability of the experimental data is provided by using modern tools, measuring
and processing techniques.

Theoretical and practical value of results of research. The obtained sci-
entific results facilitate in-depth physical understanding of temporal and heat proc-
esses taking place in silicon p” -n"- p"-nn"- and p ' p-nn" structures under influence
of electric pulse and irradiation. The developed voltage suppressors, rectifier-
suppressor blocking diodes are used for electronics protection from overvoltage, in
direct and alternating electric current circuits, whereas high-frequency diodes are
used in equipment designed for rectifying and energy transformation.

Realization of results of research. During performing the dissertation were
obtained 3 patents of the Republic of Uzbekistan (Ne IAP 04599 from 04.10.2012
y., Ne IAP 04721 from 03.05.2013 y., Ne IAP 04571 from 22.08.2012 y.) and pat-
ent of the Russian Federation (Ne 2522786 from 21.05.2014y.). The results of re-
search manufacturing technologies of the high-frequency rectifier-suppressor di-
odes and low-voltage voltage suppressors, as well as methods for optimizing the
characteristics of voltage suppressors are developed and implemented in serial
production at SJC «FOTON» with the economic effect 78 million Uzbek Sums per
year (Implementation act of «Uzeltechsanoat» Association from 12.12.2013 y).

Approbation of work. Main results of the dissertation were presented and
discussed at the 15 International and Republican Conferences, including: Modern
Information and Electronics Technologies (Odessa, 2011); (Odessa, 2013); «Fun-
damental and applied Topics of Physics» (Tashkent, 2010); «Modern Information
and Electronics Technologies» (Odessa, 2010, 2013); «Y oung Scientists Conf. Op-
tics and High Tech. Matter. Sci. SPO-2010 (Kyiv, 2010); «Modern mining tech-
niques and technologies and strategies for their development» (Navoi, 2010); II-nd
International Conference on optical and photovoltaic phenomena in semiconductor
micro- and nanostructures» (Fergana, 2011); «International Conference Nuclear
science and its application» (Samarkand, September 25-28, 2012).

Main results of the dissertation were presented and discussed at the enlarged
seminar (May 2014) on speciality of physics of semiconductors at the Physical-
Technical Institute SPA «Physics-Sun» AS RU.

Publication of results. Obtained results are presented in 35 scientific publi-
cations, of them 17 papers are published in international journals and 4 papers are
in Republican journals, 4 patents, 13 proceedings of International and Republican
conferences.

Structure and volume of dissertation. Dissertation consists of introduc-
tion, five chapters, conclusions and list of references. It is presented on 203 printed
pages, containing 88 figures, 12 tables, including 139 items of references.

MAIN CONTENTS OF DISSERTATION

In the introduction importance of the topic and title of the dissertation are
substantiated, objectives and tasks, scientific novelty and application value of the
work are formulated, main points to defend are outlined.
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In the first chapter, status and problems related to optimization of high-
frequency diode and voltage suppressor parameters are reviewed based on the data
accumulated in literature. Design and circuit concepts are analyzed to find ways for
high-power diode parameter optimization, and low-voltage high-power p*-n"-
junction diode manufacturing. Known methods to measure parameters of voltage
suppressors and optimize their efficiency, as well as radiation methods to optimize
parameters of semiconductor devices are investigated. Conclusion is drawn that
development of high-concentrated arsenic diffusion in silicon will make it possible
to enhance electric characteristics of low-voltage structures with p*-n"-junction,
compared to those doped with phosphorus. Such characteristics of high-frequency
diodes and voltage suppressors as breakdown voltage, response time can be opti-
mized by irradiation.

In the second chapter the physical and technical aspects of low-voltage
suppressors manufacturing by arsenic diffusion from an infinite source to silicon,
high-power rectifier-suppressor diodes manufacturing technology, method for ob-
taining of ohmic contact with improved adhesion to semiconductor’s surface, main
characteristics of high-power diodes based on silicon p*-n*, p*-n-n*u p*p-n-n"-
structures are presented.

Based on physical and technological aspects of low-voltage suppressors
manufacturing by means of tube diffusion of arsenic to silicon, the diffusant com-
position (450 mg As, 5 g Si) is selected for the first time to provide higher surface
concentration and smaller deviation in breakdown voltage of low-voltage p*-n"-
junctions, on the contrary to the traditional phosphorus diffusion, as shown in the
Table 1.

Table 1
Root-mean square deviations in p-n junction breakdown
voltage for different diffusion sources
150 mg 200 mg 350 mg Addition; 250 mg As 450 mg As
Prases | As As allo 518 518
Ohm-cm uv uv uv uv uv uv
0.001 1.23 0.67 0.54 0.25 0.10 0.08
0.002 1.17 0.50 0.83 0.37 0.15 0.18
0.003 0.81 0.28 0.35 0.30 0.18 0.16
0.005 0.30 0.23 0.37 0.32 0.23 0.18
0.008 0.54 0.40 0.41 0.47 0.33 0.24
*additional alloy is a powder of p-type silicon annealed in vacuum with arsenic at 1000 °C for
48 hours and consequently crushed in pounder

Comparison of breakdown characteristics for low-voltage suppressors doped with
arsenic, phosphorus, as well as those of foreign units demonstrated that for voltage
suppressor manufactured by arsenic diffusion one can observe a sharp transition
from low-conductive to high-conductive state (Fig. 1), which is peculiar to effec-
tive voltage suppressors. In order to reduce power losses in studied diode samples
related to contacts, it is suggested to use tungsten with double-layered sprayed sil-
ver as an ohmic contact instead of nickel and gold. Because of better adhesion and
thermal properties of the suggested materials it can also be used in pro-duction of
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rectifier-suppressor blo-cking diodes. The newly developed technology for produc-
tion of rectifier-suppressor blocking diode with p*p-n- n*-structure involves
manufacturing of p-type conductivity region and n* - and p * -type conductivity

RR
"W ax
1,0{ =
0,8 1 ‘ k) As
3 Fig. 1. Dependence of dif-
o] A, ferential resistance of voltage
o done suppressor on reverse current
L e
I s <o o
04 4,0%10° 3,0%10° 1,2x10" §

A
sample,

highly-doped regions by means of diffusion, spraying to both surfaces of thin tung-
sten and silver layers (0.1+0.3 um), annealing them with silver plated copper disk
instead of tungsten disk in the well-studied diode. On the contrary to the similar
model, improved heat-removing characteristics of the developed diode at currents
up to 10 A prevents diode heating, whereas reverse currents are more heat-resistant
and p-n-junction breakdown is reversible. In high-voltage suppressors with p*-n-
n"-structure obtained by boron and phosphorus diffusion in n-type con-ductivity
silicon a breakdown voltage is shower-like, and required breakdown values can be
obtained either by selec-ting specific resistance of the base region or by combining
voltage in low- and high-voltage suppressor, whereas power can be measured by
their parallel connection.

Third chapter is dedicated to novel methods to study main characteristics
of high-power diode and electronic equipment. Proposed method of voltage limita-
tion efficiency determination for diode structures is described, technical design re-
port of improved installation designed for measurement of voltage suppressor’s
main characteristics is presented, and proposed field-effect diode and electronic
equipment protection device operation is described in details.

Based on the relation of limitation coefficient, which can be determined in
pulse mode as £, =U /U, with introduced efficiency coefficient at given cur-

rents it is proposed to reject low-voltage suppressors (VS), which do not match
technological requirements at an early stage before putting it in casing. Efficiency
coefficient shows voltage change rate in VS at reverse current change as

lim pulselim

_In(R, /R

max lim

)_ln(RD/Rmaxbr) (1)

In 7 lim — In 7 br )
that is the less voltage changes in certain range of current, the higher quality of VS.
Indeed (Table 2), comparison of VS’s characteristics depending on doped impurity
demonstrates that samples manufactured by arsenic doping have less deviation in
breakdown voltage values and withstand higher pulse power, than phosphorus-
doped samples.

It is worth of mentioning that parameters of high-power voltage suppressors
are measured by means of improved double-generator method with lower error
compared to the known direct method that does not provide required level of error
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Parameters of VS’s depending on doped impurity

No of Cor ¥V ol e | Lo, V ;| e | P
sample 1 mA 4 mA lim kw 1 mA 4 mA lim ar
7.5 V arsenic-doped VS 8 V phosphorus-doped VS
1 7.35 7.52 0.99 1.19 | 1.85 8.35 9.0 087 | 14 1.5
2 7.39 7.53 0.99 1.18 1.9 8.35 8.8 0.9 1.5 1.6
3 7.38 7,58 0.98 1.21 1.85 8.14 8.9 0.86 | 1.38 | 1.5
4 7.4 7.6 0.9 1.18 | 1.85 7.7 8.7 0.84 | 1.42 | 1.6
5 7.44 7.62 0.99 1.24 | 1.85 7.9 8.6 0.86 | 1.39 | 1.6
6 7.4 7.65 0.99 1.22 | 1.78 8 8.8 085 | 1.4 | 1.58
7 7.6 7.75 0.98 1.22 1.8 8.2 8.9 087 | 1.38 | 1.5

measurement because of absolute error dependence on current density.
Double-generator method is based on voltage limitation determination
mathematical model
Ulim:Ubr—i_rd'Imaxa (2)

where r;— differential resistance at breakdown region. Since variable component of
voltage limitation for all suppressor diodes does not exceed 20%U,;,,, the Uy, pa-
rameter in the proposed measurement method is replaced by measurement of direct
reverse voltage U, and low pulse component of Ur= 71,4,

Uy, 1s measured by direct current voltmeter (combined SH-300 unit with er-
ror not higher than 1%). Power supply unit PSU1 provides maximal pulse current
L. and output voltage

UPSU] = (Ulim - Ubr) + (RO + Rmeasur)lmax < % Ulim + (RO + Rmeasur )Imax (3)

Required power at power supply unit APpsy=0.8U};,"Lnay 18 less than that of
direct measurement method power supply unit. Power supply unit PSU2 provides
direct reverse voltage and breakdown voltage Upsy,=U,, with error not higher than
2%, which can be measured and controlled by direct voltage voltmeter (Vp),
oyp=1%. As a result, total error of measurement for voltage limiting novel method
isupto 2%.

One of the purposes of developed VS’s is to provide certain level of voltage
at the input of protected circuit. However, when permissible threshold voltage
(breakdown) is exceeded voltage suppressor can fail to operate due to irreversible
breakdown. Therefore, current limiter is required for its protection to provide cer-
tain limited current. These requirements can be met by using protection unit and
current limiter.

The electronic equipment protection unit is developed for the first time and
is designed to prevent different electronic equipment (computers, TV and others)
and its components like voltage suppressors from operation failure.Electronic
equipment is connected to the developed unit via symistor controlled by light-
emitting diodes giving light when voltage jumps in circuit, as shown in Fig. 2.

Its operation is based on the prin ciple that light from light-emitting diode is
directed to double-barrier photodiode, photoelectric current in which causes blan-
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This feature can be applied to prevent low-voltage suppressor irreversible
breakdown. Proposed field-effect diode operation is identical to that of field-effect
transistor, source of which is bridged to transistor’s gate. That is it can be consid-
ered as a two-terminal device connected in series to voltage suppressor. Electric
current value in a wide range of voltage values at the saturation region is controlled
by light emission.

In the forth chapter temporal characteristics, heat transfer in stationary
mode, pulse power emission and absorption in dynamic mode are analyzed.

In stationary breakdown mode, heat transfer in VS can be explained by one-
dimensional model due to propagation of heat released in the volume charge region
(VCR) along the axial component to contacts and is described by the following dif-
ferential equation

ar _, d’T  dP(t)

c — 4
Y dt dx? dv “)

where: A — specific heat conductivity; ¢, — specific heat capacity; p — matter
density; P(t) — power; V' — volume of studied region. For threshold values of
O(D/2)=0.,,,, the junction temperature does not depend on area of heat-removing

unit, but depends on its mass

tpulse
AT = P| Ry +2; (5)

where 7, - pulse width, C' - heat capacity of casing.

pulse

At sharply increasing pulse of reverse current applied to voltage suppressor
it has a capacitive current running though and, as soon breakdown voltage is
reached it is connected. The time required for its complete connection is deter-
mined by the following expression

c e E qgw N
twnnect = 7/ — . e + - . - + te (6)
J 2j
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which contains the terms as p-n-junction barrier capacitance charging time

C (U " _Umax) &€ A -n EmaxW -n 1 &€ Emax
Ire = . b[ =7 WOp 2p S = 0. (7)
p-n IS pn J
shockwave propagation time
w._. qWw, N
tshock = £ = £ . z (8)
2Ushock 2]

and energy relaxation time ¢, ~10™" sec.

VS connects as soon as the standard pulse is applied, emits heat energy,
which is determined by applied power and time of switching
Pt s IRt e 1
— connec. — connec. — [R
QW 2 2 2 Oqconnect

)

At the same time, the heat energy, emitted in depleted region is proportional to in-
crement of temperature, specific heat capacity, semiconductor density and depleted
region volume

Oy = (TW_Text:o)'cvp Vi (10)

The temperature of the p-n-junction depleted region after connection is determined
by the current, resistance of junction and charge product ratio to heat capacity of
the depleted region

_ [thcomzect _ IQROtcomzect _ [RQComzect
“2pnp, 2¢,, 2C

(11)

-
5y

The temperature voltage (7,) generated by the VS is determined by the following

expression

2t
AT T -
T —_T — max = pulse ] e T pulse (12)

g o qconnect -
The temperature potential at the linear part of temperature growth is determined by
following expression:

AT =7 -1, < 1ORG, _ PR, (13)
[ 2CTW 2CTW

Temperature of the depleted region in the p-n-junction becomes maximal after ac-
complision of the process with values determined by following expression:
[mRqu

AT =T —T, =n"o%w 14
m w 0 2CTW ( )

The temperature of p-n-junction falls faster than deacresing current when di-
ode is in connected mode, that is why, the p-n-junction can be considered as tem-
perature voltage generator. According expression (9) which described the heat en-
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ergy in dynamic mode the heat current determined by ratio of current to heat resis-
tivity:
I> R
- Q - Lt (1 5)
dr t
and linearly dependent from connected time and reaches its maximal value
at t:tconnect .

CZV)]

connect

@, =1 - R=P. (16)

By assuming that the current decreases exponentially with decrease of pulse
t 2t

I :Imaxe_’”“‘” , and heat energy Q= Rt e ™, one can have for heat flow the fol-

lowing expressions

2t 2t 2t

R R R 2

@2 — dQ — R[anaxe pulse _ 2t R[anaxe pulse R[anaxe putse | | 4 or
dt T T

pulse pulse

2t 2t

D, —RE e ™ —pe ™. (17)

Since the heat process is determined by thermal constant 7, = R}, C,, , where

Tw >

Ry, = Rbesmest then the heat flow can be determined by the following expression

2CU

Tw™" br

D, =Pe " (18)

Thus, under influence of standard pulse the depleted region in p-n-junction
of suppressor diode can be considered as generator of heat flow, which passes
through its edge at wave-front of pulse and when connected reaches maximal value
equal to the applied power.

In the fifth chapter influence of radiation on rectifier diode and voltage
suppressor operation characteristics are analyzed. Fig. 3 and 4 show section of ir-
radiated high-frequency planar diode and diffused-junction diode. Samples se-
lected for studies had minimal deviation in voltage drop, direct and reverse current,
reverse voltage, as well as in reverse current recovery (Up, I, I Uy, t.), where
Ur=(0.92+0.93) V (for Ir = 1A, Iz = (15+2) nA, Uz = 200 V); 1, < (150+£10) 10~
sec (for Iz/Ir=1 and at count start at 0.1 A).

Contact to P+ layer (Al) 0.8mmx0.8mm

Si0z,BSS, FSSd ~1.7 ym

P+ layer (boron diffusion)| Xj= (7+8 Jum 0.63mmx0.63mm
KEF epitaxial film 7.5, Nd=6.7*10"sm3,dnn= (3234 }um
¢ s ______=t—— KEF Base 0.01 dbase = 300 ym

X N+ layer (phosphorus diffusion) Xj= (2+3 Jum
Contact to N++ + layer (Al)

a) top view 0) section of the diode

Fig. 3. Section of planar high-frequency diode
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The samples were irradiated with gamma in the gamma-facility of the INP AS RU
and with electrons in the U-003 electron accelerator at JS «FOTON». Gamma-
radiation average energy at irradiation of diodes in the gamma-facility corresponds
to Co® (~1.25 MeV) gamma-source with intensity of ~10'> cm™sec”. Accuracy in
determination of gamma-radiation flow (®,) applied for irradiation of the diodes
occurred to be 5 %. Average energy of electrons applied for irradiation of the di-
odes occurred to be (4+4.5) MeV with intensity of ~ (2.5+3) 10" cm™sec™. Elec-
tron fluence (®@,) applied for irradiation of the diodes was determined with accu-
racy of ~15%.

For high-frequency planar structures A(1/t,) is proportional to gamma-
radiation flow (®,) and electron fluence (®.) A(1/z,),=Kt, @, and A(1/z,)=Kt. D.,.

Such dependence of damageability constant on irradiation dose according to the
Shockley-Reed recombination theory is related to A-centre located at the distance
of ~ 0.17 eV from the bottom of conductivity zone. The damageability constants
calculated based on experimental data are
equal to Kz, = 3.35-10"" cm’/sec and Kz, = 2.5-10™ cm’/sec and have values very
close to data published in literature.

The experimentally observed reverse current values /,;, and ;. can be
found in the range of 3.7-10° A to 5-10°® A, which is quite close to the calculated

maximal values /., =50-10" 4. Weak dependence of reverse current (increase
by 15+20%) on the gamma-radiation dose (fluence) @, = (2+14)-10" ¢cm™ and
electron dose (fluence) @, = (2.5+20)-10'* e/cm’ can be related to formed E-
centers located at E,,= - 0.4 eV from the bottom of conductivity zone. Reverse cur-
rent after gamma-irradiation from Co® occurs to be 15%+20% less than that for
irradiation with electrons with energies of (4+4.5) MeV. It means that gamma-
irradiation is more optimal method for irradiation than irradiation with electrons.
The dependence of voltage drop on reverse resistance recovery time Uz=1(¢,,) co-
incides for the both types of radiation, which means that the both radiation meth-
ods (Co® gamma-irradiation and irradiation with electrons with energies of 4+4.5
MeV) are identical in terms of dependence between ¢, and Ur. As the irradiation
dose grows the voltage drop increases up to 1.2 V, whereas the reverse resistance
recovery time falls from 150 nsec to 10 nsec, which enhances response time of
suppressor diodes.

High-frequency  diffused-

Ohmic contact (Ni+Au) junction diodes with minimal
P layer (boron diffusion) / 01-0.11 deviation in studied parameters
player aluminium —R71—n 00 were irradiated with gamma and
diffusion) — N— ¢ electron radiation. Direct volt-
“"fzelgi{ba“.)—?‘% ..................... S ﬂ% age drop Ur= 0.75+0.8 V at di-
:.)flayer e 0‘5450 - rect current /r = 10 A, reverse
(phosphorus e current I ~ 0.5+0.7 pA and
diffusion) 5 @8 » Ohmic contact (Ni+Au)

0.7+1.0 pA at reverse voltage

Fig. 4. Geometrical cut diffusion high- Ug =100 V and 200 V, respec-
frequency diode tively, reverse resis-tance reco-
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very time 7,; < 2.840.2-10° sec at I = 1 A, Ir/Ir= 1 and reverse current count start
at 0.1A.

Dependence of A(1/t,) on @, and @, has saturation, which is the evidence
that damageability constant decreases with increasing flow of both gamma- and
electron radiation. Such dependence can be qualitatively explained by increasing
Frenkel defects annihilation on structure defects at high-intensity radiation flows.
Caused by radiation dose growth, the voltage drop increases linearly and can be
described by the following expression

bn,

—+1
’ o d " bn, —d /2L
(b+1)-p(0)

obtained with accounted distribution of impurities in p-n-junction

Ap(x) = Ap(0)-exp(-x/L,) (20)
and

Ap(x) = Ap(d)-exp[(x-d)/L,], 21)

where Uy, = (Irp-6-d)/Spn.

The experimental dependence of voltage drops on gamma-radiation dose
(fluence) up to @, = 1.5-10"® ¢cm™ and electron radiation dose (fluence) up to @, =
9-10'"* e/cm® grows linearly from 0.77 to 0.9 V and is in good agreement with cal-
culated data. Reverse current dose dependence of high-frequency diffuse-junction
diodes for gamma- and electron irradiation changes linearly

[rzKlry(e)'®y(e) + Iro (22)

with the coefficient of reverse current radiation-caused change equal to 1.2:10™"®
nA-cm’and 1.6:10"° pA-cm® for gamma- and electron irradiation, respectively, 7,
— reverse current before irradiation. The experimental values of the coefficient of
reverse current radiation-caused change and data calculated by means of the fol-
lowing expression

(1+An/ny) % dM

_ Ve M 23
" (+V,0,/V,0,)-Anlng+nin, TP dD 23)

as shown in the Table 3, are within the range of its possible values, determined by
concentration of oxygen. These results support assumption that the E-centre deter-
mines with sufficient probability the value of reverse current in silicon diffuse-
junction diodes irradiated with gamma-radiation (@,) and electron fluence (®.).

Table 3
Coefficients of reverse current radiation-caused change
K,ry-lOlg, ;,LA-cm2 K,re-lOls, ;,LA-cm2
NO=5-1017 NO=1-1018 Experimental NO=5-1017 NO=1-1018 Experimental
cm” cm” value cm” cm” value
1.4 0.7 1.2 1.7 0.4 1.6
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It is demonstrated that gamma- and electron irradiation of high-power sili-
con diffused-junction diodes are equivalent in terms of relation between reverse
resistance recovery time, direct voltage drop and reverse current.

Based on studied characteristic parameters of VS’s irradiated with neutron
fluences (up to 3-10"° cm™) peculiarities are discovered in life-times of minority
charge carriers, in drops of voltage and breakdown, in decrease of volume charge
layer thickness and in the ways for their optimization. Voltage suppressors with
voltage limitation Uj;,, = 50 V and 200 V containing p pn " -structure manufactured
by means of diffusion technology are also studied. Samples are irradiated with
neutrons in the IIN-3M Research Reactor. Neutron fluence with energies E > 3
MeV is estimated by means of S** sulphur indicators with consequent normaliza-
tion to (based on known IIN-3M reactor’s spectrum) neutron fluence with energies
E > 100 keV. Average energy of neutrons occurred to be ~ 1.5 MeV, and dose
measurement error occurred to be £ 20%. Collection of samples consisted of 20
VS’s of each type are irradiated with consequently measured parameters men-
tioned above. These collections of samples are divided into 5+6 batches (3+4 VS’s
in each batch), and each of the batches is irradiated in two stages (by two flows of
neutrons) with consequent measurement of VS’s parameters after every irradiation
stage.

Based on the studied influence of neutron fluence on voltage suppressor with
voltage limiting of 50 V and 200 V manufactured by means of diffusion, it is dis-
covered that for both VS’s the ratios U,(®)/U(0) and Uy;,(D)/U};,,(0) depend ex-
ponentially on fluence of neutrons

Up(D)=Up(0)exp(K; D) (24)
Ulin( @)=Ulin(0)exp(K, D) (25)

In these expressions, coefficients in exponent have close values for break-
down voltage K, and differ more than 1.5 times for breakdown voltage K, (Table
4). In order to understand the reasons for such deviation in the values of the coeffi-
cients under irradiation, dependence of breakdown voltage on concentration gradi-
ent, dependence of volume charge layer thickness on neutron fluence are analyzed
and the following capacity-voltage characteristics, like concentration gradients and
volume charge layer thicknesses are determined.

Dependences of capacity on blanking voltage at different neutron fluences
are described by known relation which is described cubic dependence of capaci-
tance from voltage peculiar for p-n-junction with linear distribution of impurities

C=[12(U+Ue)V/[gaeg0) (Sp-n)’], (26)
Table 4
Values of K; and K, coefficients
K, cm’/n K> cm’/n
Up= 50 V Uyin=200 V Ui=50V | Up=200V
6.3-10"7 7.0-10™7 7.1-10™"7 1.1-107
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where «a» 1s a true concentration gradient, which is described by expression
N(x)=ax, and depends exponentially on neutron fluence irradiation dose

a= a(®P=0)-exp(-BD). (27)

These values calculated based on voltage-capacity characteristics for the
both VS’s and, despite significant difference in their specific resistances and values
of B in exponent occurred to be close to each other as follows 2.6:10"° ¢cm® and
3.8:107"° cm?, differed only by not more than 30 % from average (3.2-10™'° cm?).

As it is shown in Fig. 5, the experimental dependences (data points) of gra-
dient ratio a(®@)/a(®=0) on neutron fluence @ and calculated curve exp(-B-®) at
B=3.2-10"° cm” are in good agreement.

1,00
5 001 Y=exp(-3,210™X] 1- voltage suppressor for 50 V;
1] 0,80 | T .
8 070 2- voltage suppressor for 200 V;
Z 080+ 3- solid line — calculated data
% 050 |
ol 31 Fig. 5. Dependence of concentration
030 : g p
D B 10N 150 208 25108 3D gradient on dose of radiation

o, em”

By comparing the exponential dependence of breakdown voltage on neut-ron
fluence (@),

U, (@)/U, (@ =0) =exp(6.6-10"7 - &) (28)

with the exponential dependence of the effective concentration gradient on neutron
fluence

a(®@)/a(D=0)=exp(-3.2-10'%- D) (29)

one can observe its universality regardless of p-n-junction structure and value of a
before irradiation. Relation of voltage limitation and breakdown voltage to concen-
tration gradientwith dose dependence is reflected in linear dependence of limitation
voltage on neutron fluence. The experimental points of a(®)/a(®=0) ratio depend-
ence on neutron fluence @ and calculated curve exp(-B-®) at B=3.2-10"'° cm® are
in good agreement.In the voltage limitation mode the differential resistance is very

low, and voltage drop occurs to be less than 100 mV, therefore for the voltage
limitation

Ulim=Upt LiimRseries (30)
a base series resistance plays important role

Reries™Rseries neutral base T Reseries path base (31)
In its turn

Rieries neutrat base = Pol(dmp-W)/S], (32)

where, p, — specific resistance of neutral base; d,,, — distance from metallurgical
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p-n-junction to nn" contact. Resistance of some region in the VCR, where the field
is weak, can be determined by the follo- wing expression

Rseries path base — (W' VVm)z/(2 '880'S' I/sal‘)a (33)

where, W,—width of some region in the VCR in which shockwave ionization takes
place.

In order to calculate R ics neusral base( @) dependence one should know py(®@) u
W(®) dependence, where width dependence on fluence can be calculated by using
traditional expression for VCR width in graded p-n-junction

W(D,U,)=[(12 eco-Up)(q-a)]"”. (34)

Whereas, breakdown voltage can be calculated via VCR’s thickness and charge
carriers removal under neutron radiation as follows

K= 1kny(@=0)""". (35)

Their values for n-type and p-type silicon are k,=851 and k,=444, respectively.
Calculated voltage breakdown and limitation values, volume charge layer width
values W, and specific resistance change coefficient K, are shown in the Table 5

Table 5
Calculated values of characteristic parameters for different VS type
VS type Upr, V Ulim, V W, 10" cm Wy, 10 em | K,10-'° cm®
VS50V 48.9 50.2 2.67 1.09- 3.8
VS 200 V 224.4 229.8 0.17 8.4 0.154

Within investigation of neutron-irradiation influence on linear p-n-junction
structure, it is interesting to study sizes of i-region, which is formed next to the p-
n-junction as a result of radiation. Empirical expression for concentration gradient
dependence on dose a(®) is presented in formula (27). The sizes of i-region can be
determined by the following expression W;=W_ W,;

Wo(@,U) = 665°Sp s/ Cp @,U), W @,U) =[12:¢6(U+Up)Vg-a( @)} . (36)

Dependences of volume charge layer thickness on neutron fluence calculated by
means of formula (37) are presented in Fig. 6.

W{(D,U=0) = [0,053/a(@=0)"""1"D, ...ccoeeiiieeiieiiiieiiie e, (37)

Thus, expressions are obtained to estimate dependence of volume charge
layer thickness on neutron fluence and voltage applied, allowing prediction of pos-
sible changes in volume charge region in p nn'-structure. Along with impurity
concentration gradient changes in the base, the life-times of some minority charge
carriers that determine response time of diode structure also change showing that
the shorter life-time, the better.

In both types of voltage suppressors (50 V) and (200 V) minority charge car-
riers life-times dependence on irradiation dose is minimal (optimal dose), which is
related to influence of recombination centers.
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It follows from Fig. 7, that dependence predicted above 7(@®) with minimal
point determined by expression @=1/b exists indeed. The location of this minimal
point is determined by exponential factor K,(@®). In our opinion, this fact is another
evidence supporting possibility to apply the model of Messenger to life-time de-

pendence calculation by using the following expression

K (D)= Aexp(-b- D) (38) and 1/7(@)=1/7(0) + K _(P) (39)
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Puc. 7. Dependences of 7(®) for voltage suppressors

By neglecting 1/7(0) one can obtain the following
(D) = [exp(b- D) /(4- D). (40)

One can see that expression (40) has extremum (minimum) at

®=1/b (41)

It is worth of mentioning that knee in minority charge-carriers life-time
dependence on irradiation dose points on change in recombination center forma-
tion mechanisms under neutron radiation, i.e. transition from linear dependence to

exponential dependence.
In the research it is discovered that breakdown voltage increases with irra-

diation dose regardless of initial breakdown voltage.
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These facts are taken as grounds in bringing breakdown voltage values to
the required rated voltage value, as a tool in breakdown voltage control and distri-
bution range improvement of VS manufactured for breakdown voltage values of
100 and 200 V, respectively. Naturally, for this research it was important to deter-
mine dependence of breakdown voltage on fluence for VS with deviation from
rated values (100 V u 200 V). In particular, for 100V VS’s the studied samples
were divided into 5 groups with breakdown voltage of 95V, 96 V, 97 V, 98 V, 99
V with 3+4 samples in each group. Similarly, the samples were divided for 200V
VS’s.

Fig. 8 presents breakdown voltage dependence for these samples on neu-
tron fluence showing that the larger breakdown voltage deviation from rated value,
the higher fluence of neutrons is required to bring the sample to the rated break-
down voltage value.

It means that the dependences of neutron fluence required for irradiation are
shown for VS’s with given breakdown voltage values, which reach that of rated
after irradiation. These breakdown voltage dependences on irradiation dose can be
used as calibration curves when one needs to determine the neutron fluence applied
in «bringing» breakdown voltage to the rated value of voltage.
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Fig. 8. Dependence of optimal irradiation dose on initial breakdown
voltage in voltage suppressors

Thus, modernization of production technology diffusion and optimization of
the parameters of high radiation exposure of silicon diodes and voltage limiters to
reduce the spread of Technology operating parameters, static power loss and
improve device yield.

CONCLUSION

1. Low-voltage suppressors manufacturing technology is developed based
on tube diffusion from high-concentrated arsenic source ensuring low deviation in
breakdown voltage and low differential resistance.

2. The method is developed to obtain high-adhesive and heat dissipating oh-
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mic contact to silicon high-power diodes. This methods includes spraying of tung-
sten and silver thin (0.1+0.3 um) layers on both surfaces of p-n-junction plate, and
their consequent alloying with silver-plated copper heat compensator. This contact
is used in developed blocking diode, which prevents failure of occasionally
blocked unit of power station.

3. The method is developed for early stage rejection of voltage suppressors
before installing them in casing by means of newly introduced parameter «effi-
ciency coefficient», which is based on voltage suppressor resistance dependence on
current in the breakdown mode.

4. The voltage suppressor heat model is developed to calculate and imple-
ment optimal sizes of crystal heat-removing compensators, to determine location of
its active region relatively to the ohmic contacts, and, based on its characteristics,
to describe it as temperature voltage generator and heat flow generator.

5. The improved double-generator method is developed to measure voltage
limitation in high-power (pulse currents exceed dozens of Amperes) voltage sup-
pressors, which can be used in measurements of reverse voltage and pulse compo-
nent formed by current generator. Total measurement error occurs to be ~2%,
which is three times less than that of known single-generator method.

6. The unit for electronic equipment protection is developed based on volt-
age suppressor, providing automatic connection-disconnection of consumers in
case of circuit overload.

7. The radiation technology is developed to optimize life-time of minority
charge carriers and reverse resistance recovery time, breakdown voltage in high-
frequency rectifier diodes and voltage suppressors.

8. Technological methods for calculation of reverse current and direct volt-
age drop, as well as volume charge layer thickness are developed to allow determi-
nation of optimal junction characteristics of high-frequency diodes related to
gamma and electron irradiation dose.

9. Gallium arsenide based current suppressor is designed for low-voltage
suppressor protection with reversible breakdown up to 14 V.

10. Results obtained in this dissertation related to voltage suppressor manu-
facturing technology and pulse parameters study methods are implemented in pro-
duction at JS “FOTON".
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