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HOBBIIIEHUE YCTOMYUBOCTH CTPYKTYP JUOJ0B IIOTTKH
C OXPAHHBIM KOJIBIIOM K PA3PSAJJAM CTATHYECKOI'O QJIEKTPHUYECTBA
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Paccmompena 3a0aua noeviuwienus ycmouuusocmu cmpykmyp ouo0oeé [llommku x paspsdam cmamuue-
ck020 onexmpuuecmsa. Iloxazano, umo ucnoavbzosanue 6 OUOOHOU CMPYKmMype OupQy3uoHHO-1e2Upo6aHHO20
0XpanH020 KoIbya obecneuusaem ycmouuusoCms K pazpaoam Cmamuyecko20 d1eKmpudecmed ¢ NOmeHyuaiom
0o 14 kB.

Beenenue. [{nonsr IOTTKH — MOTYIPOBOJHUKOBEIE MPHOOPEI, TTOCTPOCHHBIE HA OCHOBE KOHTAaKTa Me-
TaJUT-TIOJTyTIPOBOAHUK. B oTiimdme oT oOBIMHBIX IHOAOB ¢ P-N-miepexonom auons! IIIoTTkm xapakrepusyroTcs
6oJiee HU3KUM MaJICHAEM HANpPsDKEHUS TIPH IPSMOM CMEIEHUH, 9TO 00YCIIOBHIIO HX MIMPOKOE PaclpoCTpaHEHUE
B npeobpasoBarenpHoii Texnuke [1]. K Hemocrarkam anoxoB IIIOTTKHM OTHOCST BBICOKHE YPOBHH OOPATHBIX TO-
KOB, YTO CYIIECTBEHHO CY)KaeT MX TEMIEpaTypHbIH IUana3oH JKCIUIyaTalud. (sl CHI)KEHHS KpPacBbIX TOKOB
YTEYKH KOHTaKTa METaI-NMOJYHIPOBOJHUK M CTAOMIM3ALMK OOpaTHOTO HANPSDKEHMS ITUOAHOW CTPYKTYPHI II0
MepUMETPy KOHTAKTa PACIoiaraloT OXpaHHOE KONbIO p-THna npoBoaumoctH (puc. 1) [2].

Pucynok 1 — Ctpykrypa nuoaa IlloTTku ¢ 0XpaHHBIM KOJIBIOM:
1 —nomi1okKa; 2 -HNMUTAKCHAIBHBII ¢J10i; 3 — 0OXpaHHOE KOJIbIIO;
4 —3aIUTHBIH CJI0H; 5 — MeTa/IM3anus aHOAa, 6 — MeTALIM3aMA KATOAA

[Tnomans oxpaHHoOTo Kojbla B Anoaax IIoTTku cymecTBeHHO MEHbIIE, YeM B AMOJaX C P-N-IIepexoioM,
nosTomy anons! LIoTTky B GOJbIIEH CTENICHN YyBCTBUTEIBHBI UMITYJIbCHBIM IIEPErpy3KaM IMpH 0OpaTHOM CMe-
[IEHMH, B YACTHOCTH IIPH BO3JEUCTBHHU paspsI0B cTaTHUECKOro ajiekrpuuectsa (PCO) [3].

Pazpsi cTaTHUeCcKOro JIEKTPUUYECTBA — 9TO UMITYJIBCHBINA IMEPEHOC 3NEKTPOCTATHUECKOTO 3apsiia MEXIY
TENIaMHU C Pa3HbIMU IEKTPOCTATUUECKUMH MOTCHIIMATAMH MPU HETIOCPEICTBEHHOM KOHTAKTE WIIM IPHU CONMMKe-
HHH MX Ha HEKOTOPOE, JOCTATOYHO MaJCHbKOE, paccTosiHue [4]. Pa3psabl cTaTHYECKOTO JIEKTPUYSCTBA MOTYT
BO3HUKATh B Pe3yJbTaTe KOHTAKTA YEIOBEYECKOT'O Tella C PaIHO3IEKTPOHHBIM YCTPOHCTBOM HITH €r0 KOMITIOHEH-
TaMH, a TaKXKe MPU MEXaHMYECKOM BO3/ICHCTBHM Ha KOMIIOHEHTHI YacTell 000OpyJIOBaHMS, TPU BOSHUKHOBEHUHU
PCD B camom paboTaromieM ycTpoiicTBe, MpU KOMMYTAILlK YCTpoicTBa ¢ kabenem [5]. BecbMa 3HaunTeNnbHBIC
notepu coznaoT PCD B NPOM3BOJICTBE M AKCILUTyaTALMH MOIYIIPOBOAHUKOBEIX MpuOopoB: 16-22% oTka3oB y u3-
roToBuTeneit npudopos, 9-13% — y usroroBuTenel 3JeKTpOHHON anmapatypsl 1 27-33% — y motpeOureneii anma-
patypsl [6]. Pa3psiapl cTaTHYECKOrO 3JIEKTPUYECTBA BBI3BIBAIOT TAKUE BUJIBI TIOBPEXKACHHUH, KaK TEIUIOBON MPoboit
p-n-niepexona, 06pa3oBaHme MyCTOT B OKUCIIC KPEMHHS, PACIUIABICHUE METAJUTNYESCKUX [IPOBOIHHUKOB U . [7].

Jnst nuonos loTTkn Hambonee XapakTepHBIM MEXaHU3MOM OTKa3a SBISIETCS] BBITOPaHUE P-N-TIEPEX0I0B
u 6apreepos IIloTTky, Korga cKkBo3b HUX (POPMUPYIOTCS] POBOJSIINE KAHAIBI, IPUBOSIICE K JETPafalliy JJIeK-
TpUYECKUX CBOUCTB Oapbepa LIIOTTKH, MpOSBIIEMOMH, INIaBHBIM 00pa3oM, B YBEIMYEHHH €T0 OOpPAaTHOTO TOKa
YTEUKH U CHWKEHHH ITPOOUBHOTO HANpsDKEHHS. KOHCTPYKTHBHO-TEXHOJIOTHYECKUE METObI TIOBBIIICHHS YCTOMN-
quBocTH qu00B [lloTTkH Kk BozneticTBrio PCO yCcIOBHO AEMATCS HA TP TPYIIIIHL:

— [ILIYHTUpOBAaHME Oapbepa KOHTAKTa METAUI-NIOIYIPOBOJHUK WHTETPUPOBAHHBIM [P-N-IIEPEX00M
C MEHBILMM OOpaTHBIM MPOOHUBHBIM HampsukeHueM [5, 8-11];

— YMEHbBIICHHE HANPSHKEHHOCTH DJIEKTPUYECKOT0 MOJIst, HHAYIHpoBaHHOro PCD, B KpUTHYECKUX Mec-
Tax CTPYKTypHI [5, 12-14];

— YMEHBILICHHE TPOBOJMMOCTH IIOJYINPOBOJAHUKOBOTO Marepuaga NMpH OOpaTHOM CMELICHUH IHONa
lorTkm [15, 16].
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Hacrosmas paboTa mocssiieHa pa3padoTke KOHCTPYKTHBHO-TEXHOJIOTHYECKHX METOJIOB MOBBIIICHUS yC-
toitunBocTH K PCD nuonos LIoTTKH ¢ OXpaHHBIM KOJIBLIOM.

Metoauka sxcnepumenta. Juonsl llorTkn GopMupoBaiy ¢ NCIIONBE30BaHUEM JITUTAKCHAIBHBIX CIIOEB
5K3® 0,6 u 9 KOD 2,5, obecneunBaromux oOpaTHoe HOMHHaIbHOE HanpspkeHue quonoB Illortku 45 u 100 B
COOTBETCTBEHHO. PasMeps! kpuctanoB quogos LlorTku Bapsuposam ot 0,3 10 7,0 Mm%

OxpaHHOE KOJIBII0 GOPMUPOBATH HOHHBIM U TU((HY3HOHHBIM JIETHPOBaHUEM. [Ipy HOHHOM JIETHPOBaHUH
IPOBOIMIIN UMIUIAHTALHMIO HOHOB Gopa ¢ sHeprueil 60 k9B n030i 9 MkKi/cM? depes 1ol 3aIMTHOTO OKHCIA
tomuuHoi 100 uM. 3ateM npoBoamiu oTxkur npu remneparype 1050°C. ITpu sToM ObUIH MOSTydeHBI 00IaCTH
p-TUIa IPOBOAMMOCTH C MOBEPXHOCTHBIM comnpoTuBieHneM nopsiaka 1000 Om/], riyOuHOM 3a1eraHus npuMecH
1o 1,1 MKkM ¥ ToJNIIMHOW cios okucna KpemHus 10 450 HM. MakcuMmalibHasi KOHIEHTpalus 0opa B OXpaHHOM
KOJIBLIE TIPH HOHHOM JICTHPOBAHHME MOYET I0CTHTaTh ypoBHs 810" cm™.

IIpu muddy3noHHOM JISTUPOBAHWU CHadasia TPoBOAWIN Muddy3nio 60pa U3 TBEPAbIX IUIAHAPHBIX HC-
TOYHUKOB B cpezie kuciopoaa npu temreparype 970°C B cpezne azora B reueHue 50 muH. B pesynbrarte nomyua-
JI TIOBEPXHOCTHOE COMPOTHBIICHHUE JlerupoBaHHbIx cioeB 30—40 Om/[]. lanee cHumaiu ciioii 60pOCHIMKATHOTO
CTEKJIa M OCYIIECTBIISIJIM Pa3roHKy NPUMECH B Cpejie a3oTa ¢ kuciopoaoMm npu temneparype 1050°C B Teuenue
50 muH [79]. C momortubo An(dy3HOHHOTO JErHPOBaHHS MOTydYaan 00NacTH P-TUIA MPOBOJUMOCTH C MOBEPX-
HOCTHBIM conpoTuBieHneM 60-80 Om/[], ry6uHO# 3aneranus npuMecd 1,3-2,5 MKM U TOJIIMHOM CIIOST OKUCTA
kpemuust 430 uM. [Ipu 5TOM MakcuManbHast KOHLEHTpams 6opa B 1} dy3HOHHO-TErHPOBAaHHOM KOJIBLIE MOXKET
nocturate 2-10%° em3,

Jns mocnenyronux u3MepeHni JIEKTPUUECKUX MMapaMeTPOB U UCIBITAHUN Ha YCTOWYMBOCTH K UMITYJIb-
cam PCD kpucramnsr guono Ilortku codupanu B kopnyc KT-28 (TO-220). M3mepeHns TaKuX 3JIEKTPUIECKHX
HapaMeTpoB, Kak MpsMoe ¥ 00paTHOE HaIpsDKEHUE, a TAK)Ke 00paTHBIM TOK, MPOBOIMIM C IOMOIIBIO H3MEpHTE-
7 apaMeTpoB TPaH3UCTOPOB M auoxoB JI 2-69. PacnpenerneHue Tema no IMOBEPXHOCTH KPUCTAJUIOB AUOLOB
HloTTkM mpu JTaBUHHOM Ipo0O€ HCCIEeI0BAIN METOIOM (OTOHHOW SMHCCHH C TIOMOIIBIO 30HJOBOW CTaHIUH
Signatone S1160-8N u I13C kamepst Nikon DS-Fi2 ¢ paspewennem 5 Miukce., perucTpupyroiei u3nydyeHue B
nuamazone uH BoytH oT 0,3 1o 1,1 MKM ¢ BeIaepkKoi B Tedenue 60 c.

Ucnpiranus nuonoB IlloTrTtku Ha ycToitumBocTh K uMmiynbcam PCD mpoBomunu ¢ nmomouisto PCO-
cumysatopa monenu MiniZap MZ-15/EC (TEC, CIIA) mo metony |EC 61000-4-2. Dnextpudeckas cxema Tec-
TOBOTO YCTPOMCTBA IpeJCTaBleHa Ha pucyHke 2. B maHHOI1 cxeme koHgeHcaTop C; 3apspKaeTcs 4epes BBICOKO-
OoMHBIH pe3ucTop Ry HampsbkenneM oT 1 mo 14 kB, a 3aTem paspspkaeTcs depe3 pe3uctop R, B TectupyeMoe ycr-
potictBo. B cooTBeTCTBMM ¢ METOIOM HCIHBITaHHH conpoTtuBieHne R; ycranaBnuBanu paBHeM 100 MOwM, em-
kocth C; — paBnoii 150 n®, a conporusienne R, — 330 Om [4].
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PucyHok 2 — JyieKTpHYecKas cXeMa TeCTOBOI0 YCTPOicTBa ISl HCHBITAHMIT Ha ycToynBocTh K PCD

VcnbiTaHus nNpoBOAWIM Ha BBIOOpKax, coaepxkaniux e menee 10 nuoaos llloTTku. [lepea ncnbiraHusME
Ha Ka)XJI0¥ BHIOOPKE MPOBOMIN KOHTPOJIBHEIN 3aMep OCHOBHBIX JJICKTPUYCCKHUX MAPaMETPOB: MPSMOTO HAIPS-
JKCHHSI U 00OpaTHOTO TOKA Ha COOTBETCTBHE YCTAHOBJIICHHBIM HOpMaM. 3aTeM Ha KaXKIBIH MPUOOp U3 BEIOOPKH
MOCJIeI0OBATENbHO MOoAaBaIH 10 5 uMiynbcoB PCD mosoxutensHo U mo 5 umnynabcoB PCO oTpuniaTenbHON
nojsipHocTH. Hanpsbkenne naMeHsun crynendaro ot 2 1o 14 kB ¢ marom 2 kB. [Tocne kaxao# CTyneHd mpoBo-
JIAITA 3aMep OCHOBHBIX 3JICKTPUYECKHUX TapameTpoB. KpurepueM TOgHOCTH MpuOOpa CUUTAIU COOTBETCTBHE
M3MEpEHHbIX [IaPaMETPOB YCTAHOBJICHHBIM HOpMaM, mpezeioMm croiikoctu anonoB llortku k PCO — cTynews,
KOTOpast MPEe/IIeCTBOBANA TOW CTYIEHH, HA KOTOPOil MPOMCXOANI XOTs Obl OUH 0TKa3. Eciii BO BceM quamna3o-
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HE U3MCHIEMBIX HaNpsDKCHUH uMIyiabcoB PCD 0TKa30B He HAOIIIOaIH, TO Mpeael croikocT auonos loTTku
k PCD npunnmanu pasueiM 14 kB.

Mecrta otkazoB nuoaoB llloTTku mocie MCHBITAHWI MCCIIEOBAJIM METOJIOM PacTPOBOM 3JEKTPOHHOM
mukpockonuu (POM) ¢ ucnonb3oBanueM Mukpockorna tuna S-806 (Hitachi, Snonus).

Pacuyer ponmycrumbix nmortenuuaaoB PCI. BenuunHel MakcHManibHO AONYCTUMBIX NOTeHIUanioB PCO
PACCUHTHIBAIIN TI0 METOJAMKE, OCHOBAHHON Ha MOJIEJIN TETUIOBOTO MOBPEKACHHUS MTOJIYIPOBOTHUKOBBIX TPHOOPOB
Bynmia — Bera [18], a/1st UMITYyIBCOB OTPHLIATEIBHOM HOJISPHOCTH, KOTOPBIE HAK0O0JIEE KPUTUYHBI ISl CTPYKTYP
quonoB lorrku [19]. CornacHo MaHHON METOAMKE Uil MMITYJbCOB OTPUIATEILHON MOJSIPHOCTU paspsaHas
L[ETTb MOJKET OBITh NMPEACTABICHA CXEMOH, H300PaKCHHOW Ha PUCYHKE 3, Tie Beln4nHa eMKOCTH C1 U COIIPOTHB-
nenns Ry B coorBerctBum ¢ metonoMm |EC 61000-4-2 cocrarmser 150 nd® u 330 Om cooTBercTBeHHO, Ry — mud-
(epennmanbHoe conpoTuBieHue nuoaa IoTTku nmpu oOpaTHOM cMmenleHnd, R; — KOHTaKTHOE COMPOTHBIICHHE
MEXTy TIpUOOPOM U 3eMJIeH, BETMIMHA KOTOPOTO MPEHEOPEKMMO Mayia ¥ IPUHUMAIACch PAaBHOW HYIIIO.

ITpudop

Cl Rl , VDI R2
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Pucynok 3 — DKBHBaTeHTHAsI cXeMa Pa3psiAa CTATHYECKOT0 3JIeKTPHYecTBa
OTpULIATEJILHOM NMoJsipHocTH Yepe3 quox HlorTku

Jl1st TpOTHO3MPOBAHUSI MAKCHUMAIIBHO JOMYCTHMOro mnoteHnuana PCO npuHUManu BO BHUMaHUE 2 KpHU-
Tepus oTkaza ByHia-benna:

— oTka3 npubopa B pe3yabTaTe IUIABJICHUS KPEMHHS MPH PAaBHOMEPHOM MPOTEKAHUU OOPATHOTO TOKA
gepes3 P-N-1iepexo/1, st KOTOPOTo MOPOTOBYIO MOIIHOCTE OTIpeaessiiin 1o popmyte [18]

1
P =1809,7% 2, D

rie  S—miomanas P-N-mepexoaa oXpaHHoro koubla nuona [oTTku, KoTopas onpeaenseTcs TOMOIOTHEH,

t — mmuTensHOCTE MMITYJIbca PCO, mpuBeIeHHOTO K MPSMOYTOJIBHON (hopMme;

— OTKa3 mpubopa B pe3yibTare IUIABJICHHUS KPEMHUs MPH MPOTEKaHHU OOpaTHOTO ToKa 4yepe3 P-N-re-
pexon ¢ o0pa3oBaHHEM TOpSYMX TOYeK, 3aHuMaromux 10% ot ero miomany, Ui KOTOPOro MOPOTOBYIO MOIII-
HOCTB ompenesuia GopMynon

1
P=180,97 2. 2
Bpemst umitynbca t pacCUUTHIBAINA B COOTBETCTBHH C (hopMyItoi [6]

t=5(R+R,)C;. 3)

Jnst pacdera MakCHUMalIbHO JOMYCTHUMOIO MOTeHUMana umnyiabca PCD oTpumatenbHOl MOJISPHOCTH
B COOTBETCTBUH ¢ MeTOquKOM [19] rcTonb30Bamm cueayronyo GopMyiy:

JAaUd . +40PR, —2U
UP: R 2R 2 Rmax(Rl+R2)+URmaxv 4
2

rac URmax — HalIPpSA?KCHUEC JIaBUHHOT O Hp060${ P-N-nepexona OXpaHHOI'O KOJIbLA.
Bemuuuna R2 MOKET OBITh OIpeac/icHa SKCIICPUMCHTAJIBHO COIJIaCHO (bopMyne

== ®)
rre AU —wu3MeHeHne oOpaTHOTO HaIpsHKEHUsI PU yBesmueHnH ooparHoro Toka ¢ 10 o 20 MA.
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PesyabTaTsl n ux oocyxnenne. {uoas! HIoTTKkn ¢ HOHHO-1erMPOBaHHBIM KOJbLOM. [Ipy n3mepenuu
3MEKTPHUYECKUX MapamMeTpoB auonoB LlloTTku ¢ pasmepom kpuctamma 0,76x0,76 MM? ¢ HOMHHATBLHBIM 0GpaT-
HbIM HamnpspkenueM 45 B Bennunna Ugng, coctaBuia nopsaka 50 B, Benuunna R, — nopsiaka 40 Om, asst HoMu-
HanpHOro obparnoro HampspkeHus: 100 B Benmmumnaa Ugpg cocTaBuna nopsiaka 120 B, Benmuuna R, — mopsinka
300 Owm. [lannble 3HaueHUS Urmax 1 Ry UCIIOIB30BaIN 1711 PacyeTOB MAaKCUMAJIBHO NOIYCTHMBIX ITIOTCHIHAJIOB
U, B cootBetctBun ¢ popmynamu (1-4). CpaBHHUTENBHBIC Pe3y/IbTaThl PacyeTOB BeMMUMHBI Up M HCIIBITAHMH
muonoB lortkn no merony |EC 61000-4-2 npencraBienbl Ha pucyHKax 4, a, 6. Kak BUIHO U3 MPUBEICHHBIX
3aBUCHMOCTEH, OTKa3 CTPYKTyp AnoA0B ILI0TTKM ¢ HOHHO-TETHPOBAaHHBIM OXPaHHBIM KOJIBIIOM BCIEICTBHE BO3-
JelcTBHsl UMITyJIbcoB PCD oTpHnaTenbHON MOISPHOCTH O0O0YCIIOBIMBACTCS NMPOTEKaHHEM TOKa paspsiia He I10
BCei ruromany P-N-rnepexoa 0XpaHHOTO KOJIbIIA, a Yepe3 Tropsiune TOUYKH, 3aHnMaromue Menee 50 % ero oOmeit
rroma . JlaHHBIA BBIBOJ MOITBEPKAACTCS pe3yJbTaTaMH HCCIEJOBAaHWH (POTOHHOW DMHCCHH KPHCTAJLIOB
quonoB IllorTku ¢ HoMuHaNBHEIM 00paTHEIM HampspkeHneMm 100 B, pe3ynbTaTsl KOTOPBIX MpEACTaBIICHEl HA PU-
cyHKax 5, a, 6.
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PucyHnok 4 —3aBHCHMOCTH TOMYCTHMBIX NOTEHINAJ0B MMM 1bc0B POC oTpunaTe1bHOM MOJSIPHOCTH
" ucnbITanuii 1uoaoB IIoTTKH ¢ HOHHO-TerHPOBAHHBIM OXPAHHBIM KOJIBIIOM OT INIOIIAAN KPHCTAJLIA:
a — HOMHHAJILHOe 00paTHOe HanpsikeHne 45 B; 6 — HoMuHaILHOE 00paTHOE Hanpsizkenne n 100 B

a

Pucynok 5 — Jlokaimu3anusi MecT BbIieJIeHHsI TeIlIa B CTPYKTypax anoaoB Ilorrkn
¢ HOHHO-JIETHPOBAHHBIM 0XPAHHBIM KOJIBI[OM ¢ HOMHHAJIBHBIM 00paTHBIM Hanpstkennem 100 B:
a —ooparHoe cmemenne 120 B; 6 — o6paTHoe cmemenue 125 B

Kak BuIHO W3 PHCYHKOB 5, @, 6, OCHOBHas SHEPrus NpU MPoOOE HOHHO-JICTHPOBAHHOTO OXPaHHOTO
KOJIBIIA JIOKAJH3YeTCsI B 00JIaCTH €ro 3aKpyricHUid. B paccessHUM SHEprUy JTaBHHHOTO TPO0OS Y4aCcTBYET MEHEE
50 % mutomany OXpaHHOTO KOJIBIA, YTO OOBSICHACTCS B MEPBYIO OYCPEAb OTHOCHTEIBHO OOJNBIION BETHUMHOU
MMOBEPXHOCTHOTO COTIPOTHBIICHUS P-CIIOS OXPAHHOTO Koubia, gocturaromieit 1000 Om/[1. Takum 06paszom, TOK
JIABUHHOTO MPO0O0s MPAKTHYCCKH HE PACTEKAETCs IO BCEMY OXPAHHOMY KOJbBILY, a IPEUMYIICCTBCHHO JIOKAIH-
3yeTcs B MECTaX €ro 3aKpyricHUs.

POM-uccnenoBanus cTpykryp anonoB LIIOTTKH, OTKa3aBIIMX IOCIE HCIBITAHWN Ha yCTOWYHBOCTH
K craruaeckomy snekrpuaectBy (C3) (puc. 6, a, 6), TakKe MOKA3BIBAIOT, YTO Pa3pyIIeHHE AUOIHON CTPYKTYPHI,
KaK IpaBHIIO, TPOMCXOAUT B OOJIACTH 3aKPYTIICHUS] OXPAHHOTO KOJIbIIA.
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]

)
5
W

a

Pucynok 6 — POM kpucrtamia nuona llorrku, oTkazasiero nocjie Bo3aeiicteus PIC:
a — o01mMii BUJ KPHCTAJLIA, 6 — MOBPE:KACHUS B 00J1aCTH 3aKPYTJIeHHsI OXPAHHOT0 KOJIbIA

AHaJIN3 TOMOJIOTHH OXPAHHOTO KOJbIa. [Ipy aHaIM3e TOMOJIOTHH OXPAHHOTO KOJIbIA (pUC. 7) MOMKHO
BBLICIUTH YETHIPE YYACTKA, OTINYAIONINXCS HAPSHKCHHEM JIABUHHOTO TIPO0OS:

— yuacmok | sBISIETCS TUIOCKUM P-N-IIEPEX0J0M OXPAHHOTO KOJIbLA, KOHPHUIypaIys KOTOPOro IOJIHO-
CTBIO COBIANACT ¢ KOHPUIypalueid Mackd, Yepe3 KOTOPYI OHO (hOPMHPOBAIOCH, & HAIPSHKCHUE JIABUHHOTO
mpo06ost TAHHOTO yyacTka OyIeT OMHUCHIBAThCS opMyIoit [2]

3
(

Eg
URmax =60 E

Np

j_%, ©)

rie  Ey—mmpuna 3anpenieHHoi 30851, Np — KOHIIEHTpalus JOHOPOB B MOTYTPOBOJHUKE;

—yuacmok || sSBIseTCS TUIHHAPUYECKUM P-N-TIepexo1oM, 00pa3yroimumMces 3a cuer 60koBoi nuddysun
IIPUMECH Ha NPSAMOJMHEIHBIX yJacTKax OXpaHHOro Kojbla. HampspkeHue naBHHHOTO mpo6osi JaHHOTO y4acTKa
OyIeT OmpeesaThCs CIEAYIOIINM BhIpaKeHUueM [5]:

\%:E(n2+2n6/7)+In(1+2n_8/7)—n6/7}, )

rne  Vcy — HanpspKEeHHE JIaBUHHOTO MPo00s IMMIMHAPHUYECKOTO P-N-riepexona, Vg — HalpsDKeHUE JTaBHHHOTO
1po0os MIOCKOTO P-N-TIepexosa, | — OTHOIICHHE TITyOMHBI 3ajeranus P-N-mepexona Xy K MIMpHHE 00€THEHHOTO
ciost ipu ipo6oe Wi,

— yuacmok |11 oOpazoBaH BHYTpEHHEH YacThIO IIOJYTOPA, PaJUyC BpAIEHHS KOTOPOI'O pPaBeH BHYT-
pPEHHEMY paJuycy 3aKpyIJIeHHs OXPaHHOTO Kojbla (Mo Macke), a paauyc OKPY)KHOCTH paBeH ITyOHHE 3anera-
HUS P-N-miepexona. O4eBHIHO, YTO COBOKYITHOCTh BCeX Y4acTKOB ||| oXpaHHOTO KOJIBIIa COCTaBUT BHYTPECHHIOIO
YacTb MOJYTOpPa, & HAIPsDKEHUE IPo0os P-N-Tlepexoa OXPaHHOTO KOJbIa JaHHOH KoHHTrypamun OyxeT 00ib-
11e, 4eM y IMIMHAPHYECKOTO Mepexoa;

— yuacmok |V o0pa3oBaH HapyXKHOH YaCTHIO MOJyTOpa, PallyC BPAIICHHUS KOTOPOTO paBeH HAPYK-
HOMY paguycy 3aKpyTrJICHUs] OXPaHHOTO Koublia (110 Macke), a pagnyc OKPYXHOCTH — [IIyOHHE 3aneranus P-n-
nepexona. Kak u B mpenpiaymeM ciydae, O4€BHIHO, YTO COBOKYIMHOCTh BCEX y4acTKOB |V oxpaHHOTO Koiblia
COCTaBHT HApyXKHYIO 9acThb II0JIyTOpa, a HaIpsDKEHUE Mpo0os P-N-riepexoia OXpaHHOTO KOJIbIla JaHHOH KOH(H-
rypanuy OyJaeT MeHbIIe, 9eM y HINHIPHIESCKOTO Nepexoa.
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Takum 00pa3oM, MOXKHO YTBEPKAATh, YTO HAUOOJIEE YYBCTBUTEIBEHBIM K Bo3eiicTBr0 POC oTpunareisb-
HOW TIOJIAPHOCTH JJIEMEHTOM KOHCTpPYKIMHU nuoja IIoTTku sBiseTcs Hapy)KHas 4acTh OOJACTH 3aKpYTICHUS
OXPaHHOTO KOJIbIIA, KOTOpasi OTIMYAETCS HAMMEHBIINM HANpsHKEHUEM JIABUHHOTO TPOoOO0s, 9TO W OBLIO TOJ-
TBEPKIICHO IKCTIEPUMEHTAIBHO.

Pucynok 7 — dparMeHT TONOJOTHH OXPAHHOTO KOJBIA:
R — BHemnmii pagmyc 3aKpyriieHHsi OXPaHHOIO KOJbIA,
W — mupHHAa 0XPaHHOrO KOJIbLA, Xj — IIy0HHA 3aj1eraHust

p-n-nepexona; | — y4acTOK OXpaHHOr0 KOJIbLA C IUIOCKHM
p-n-mepexogom; |l — ydyacTok OXpPaHHOr0O KOJbIA
¢ NWINHAPUYeCKHM P-N-mepexoaoMm; |l — yuactok oxpan-

HOTO KOJIBIA ¢ BHyTPeHHel cTOpoHbI H3rnda; |V — yuacTok
OXPAHHOT'0 KOJIbIIA C HAPY/KHOH CTOPOHBI M3rHda

Pacuer nuddepennnanbHoro conporusienus. Eciu npencrasuts muddepenimansHoe conpoTusie-
HHE B BUJC TCOMETPHIECKOTO Tella ¢ M3BECTHOM UTHHOMN | M TUIOIMAIBI0 TTOTIEPEYHOTO CEUEHUS Syif, TO OUCBHI-
HO, 9TO €ro 3JCKTPUUECKOE CONPOTHUBIICHHE OYIET ONPENeNAThCS H3BECTHOU (hOPMYIIOit:

|
R2 = ’ (8)
Suif
e p — yIeldbHOE CONPOTHBJIEHHE MaTepuaa. Mcxons u3 ctpykrypsl auoaa [lorTku (cM. puc. 1) oueBumHO,
yro jnHa | OymeT BeIpaxkaThbesl 4epes pasHOCTh MEXKIY TONIIMHON 3MUTaAKCHAIBHOTO ¢J10s1 Oy ¥ riIyGHHOM 0X-
PaHHOTO KOJbIA X. B cBOIO ouepess, y/enbHOE CONPOTHBIICHUE p B hopMyie (8) OyneT onpenensTses yaeib-

HBIM COTIPOTHBIICHHEM 3ITHUTAKCHAIBHOTO ¢J0st py_ . C yaeToM ckazaHHOTO BhItie Gpopmyna (8) MoxeT ObITh mpe-
obpa3oBaHa CIEAYIONUM 00pa3oM:

dN _Xj
Suif

C IIOMOIIIb q)OpMyJ'II)I (9) MOXKHO 9KCIICPUMCHTAJIBHO OIMPCACIUTD IJIOIAaAb MONCPEUYHOI0 CCUCHUA ,HI/Iq)'
Q)epeﬂunanbﬂoro COIIPOTHUBJICHUS:

Ro =pn- 9)

St :PN—M- (10)
R2

C npyro#i CTOpPOHBI, IIIomaab 06aacT |V 0XpaHHOTO KOJIbIIa OTIPEICIISIETCSl COTIIACHO (hopMyIIe
2 2
Sy =x| (R+x;) —R*|. (11)

CpaBHHUTENBHBIE PE3YIbTATH TEOPETUUECKUX PACUETOB 3HAUEHHMH mapaMeTpa Sy 1o ¢popmyie (11) u on-
PEleNIeHHBIX DKCIIEPUMEHTANILHO 3HAYEHHI mapameTpa Sy mo ¢opmyne (10) mis muonos IloTTku ¢ HOHHO-
JICTUPOBAHHBIM OXPAHHBIM KOJIBIIOM Pa3JIMIHON TOMOJOTHH ¥ HOMHHAJIBHBIM OOPaTHBIM HATPSIKCHHUEM TpPE-
CTaBJIcHHI B Tabmuie 1.

Kak BumHO u3 Tabmuus! 1, BenmunHa audhepeHIUaTFHOTO CONPOTUBICHUS HE 3aBHCUT OT Pa3MEpOB OX-
PAHHOTO KOJIbIIA M €r0 MIMPHHEI, a IPU OJUHAKOBOH IITyOHMHE 3a1eranus P-N-epexoa onpeaAessieTCs ero BHEll-
HUM DPaJnycoM 3akpyrieHus. [Ipu 3TOM Ui BCeX MCCIEeJOBaHHBIX 0Opa3loB IUIOMAns cedeHus auddepeHu-
AIBHOTO COMPOTHBIICHHUs OoKasanack Ha 10—-30% wmenbmie yuactka |V oxpadHOro kompma. JJaHHbIH (hakT Takxke
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YKa3bIBa€T Ha HEMOJIHOE 3aJIe¥CTBOBAHUE IIIOUIAU HOHHO-JIETUPOBAHHOTO OXPAHHOTO KOJNbLA MPHU MPOX0XKIe-
Huu yepe3 anon HlorTku ummynscoB PCD oTpuuiaTensHONM NOISPHOCTH.

Tabmuma 1 — CpaBHUTENBHBIC PE3YJIBTATH PACUCTOB IUIOIIAAN CeucHUS MU(depeHIHANEHOTO COMIPOTUBICHUS Sy
1 yuacTtka |V HOHHO-JIErHPOBaHHOTO OXPAHHOIO KOJbIIA Sy

Pa3meps! koHTakTa Buewnuii pannyc [upuna
DNUTaKCHATBHAS X, R, Sty Sv,
BHYTPH OXPAaHHOTO | 3aKpyTJIEHHs] OXPAHHOTO OXPaHHOI'O O i | v
CIpyKTypa KOJIbIIa, MKM KOJIBIIA, MKM KOJIbLIa, MKM MM
5,0K2® 0,6 560x560 100 18 1,05 38,6 614 663
50K3® 0,6 1420%x1420 200 20 1,05 235 1021 1259
50K3® 0,6 1752x1752 280 24 1,05 17,8 1345 1761
5,0K2® 0,6 2261x2261 2325 32 1,05 19,6 1236 1463
9,0K3®d 2,5 560x560 100 18 1,15 293 670 726

Tl nanabHENIIUX pacueToB napaMerpsl Sy U Sy MoJarai TOKIECTBEHHBIME APYT APYry. B Takom ciy-
yae 3aBUCUMOCTS (4) st 1no0B [IIOTTKH ¢ HOHHO-JIErMPOBAHHBIM OXPAHHBIM KOJIBIIOM ¢ YU4eTOM Kputepus (2),
a taxoke Gopmyi (9) u (11) moxeT GBITH PEACTABIEHA B BULIE

40-180,97p_S(dy_ —X;)

W3R+ VR
_(dn-—%5)
n((R+x;)2-R?) |5 R1+pN—' o
U ( J ) n((R+XJ)2_R2) pPn-(dn-— X)) _
p 2pn_(dn_— X)) n((R+x)2-RE) | =
n((R+xj)2—R2)
(12)
Wi+ 1030,52p_S(dy_ - X;) T
_(dn-—%5)
n((R+x;)% - R? R1+pN—' o
B ( J ) n((R+XJ)2_R2) pn-(dn_ —X;) ‘U
- 2py_(dn-—X;) Rrex”

n((R+ X;)? - RZ)
n((R+ X)? - RZ)

JMudpdy3uoHHo-TernpoBaHHoe 0OXpaHHOE KOJbIO. CPaBHUTENbHBIE PE3YIbTaThl KCIEPHMEHTATEHOTO
OTIpeNIeNICHHs mapaMeTpa Sy U TeopeTHIeckoro pacuera Sy (tabn. 2) mus muomos LloTtku ¢ auddy3noHHO-
JIETHPOBAHHBIM OXPAHHBIM KOJIBIOM C pasMepoM kprctamia 0,76X0,76 MM? i HOMHHAIBHBIMU OOPATHEIMH Ha-
npsoxeHrsaMU 45 u 100 B moka3piBaloT WX JOCTATOYHO XOpOoIee CoBMaaeHue. TakuM 00pa3oM, MOKHO CHIEIaTh
BBIBOJI, YTO B (hopMupoBanuu quddHepeHnnaisHOro CONPOTHBICHUS IPUHUMAET YIaCTHE TOJNBKO 00JIacTh Ha-
PYKHOT'O 3aKpYTJICHUS] OXPAHHOTO KOJIbIIA, IPUYEM JaHHbIN (DEHOMEH He 3aBHCHT OT TEXHOJIOTHH (OPMHUPOBA-
HMSI OXPaHHOTO KOJIbIA. DTO TaKKe CBHAETENLCTBYET O mpuroasoctu ¢popmyi (9) u (11) mis pacyera 3HaYEHUIA
i hepeHInaTLHOTO COMPOTURIICHHS.

Tabmuia 2 — CpaBHUTEIIBHBIC PE3YJIbTAThl ONPEIACICHHS ApaMETPOB Sy U Sy

Pa3smeps! koH- Buemnuit paguyc
upuna
DnuTakcHanbHas TaKTa BHYTPH 3aKpYIJIEHUS OXDANHOrO X, Rait, | Sty Sv,
CTPYKTypa OXPaHHOTO OXPaHHOTO KOJIBIIA, P MM | Om | Mkm? | MKM?
KOJIBITa, MKM
KOJIBIIA, MKM MKM

50K2® 0,6 560x560 100 18 1,32 | 27,3 | 809 | 834
9,0KD® 2,5 560x560 100 18 143 | 197 | 961 | 904

CpaBHHTEIBHBIC PE3yNbTaThl pacueToB BennuuHbl Up B cooTBercTBHE ¢ dopmymamu (1)—(4), (9), (11)
U ucnslTaHusaMu auonos LorTkn ¢ quddy3HoHHO-TErHPOBAHHEIM OXPAaHHBIM KOJIBIIOM ¢ HOMHHAJIBHBIMHU 00-
parubsivu HanpspkeHnsiMA 45 n 100 B no merony |EC 61000-4-2 npescraBiens! Ha pucyHkax 8, a, 0.
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Kak BuznHO u3 pucynka 8, orkas anonos lloTtku ¢ an¢dy3MOHHEIM OXpaHHBIM KOJIBLIOM TP HCTIBITA-
HUSX uMIyiabcamMu PCD oTpunaTenbHOM MOJSIPHOCTH OOYCJIOBIICH PaBHOMEPHBIM MPOTEKAaHHEM pas3psIHOTO
TOKA M0 BCEH IUIOMaAN OXPAHHOTO KOJbla. JlaHHBI BEIBOJ MOATBEPIKIACTCS TaKOKe pe3yabTaTaMu (pOTOIMUC-
CHOHHBIX HCCIICJIOBAaHHUH JIOKaJM3aluU TEIUIOBBIX TIOTOKOB B JHOMHBIX CTPYKTypax HpH 0OpaTHOM CMEIICHHH
(puc. 9, a, 6). Kak BugHO u3 pucyHkoB 9, a u 6, Habm01aeMast (POTOHHASI IMUCCHUSI PACIIpe/ie/icHa PABHOMEPHO
10 TUTOINAAH OXPAaHHOTO Kombla. JlaHHBIH pe3ynbTaT MOATBEPKAAeT (PaKT BIMUSHUS CONPOTHUBICHUS OXPAHHOTO
KOJIbIIa HAa PABHOMEPHOCTH IMPOTEKAaHUs TOKa IMPOOO0s MO €ro IJIOMIAIH, U, KaK CIIEJACTBUE, HA YCTOHUYNBOCTD M-
OIHBIX CTPYKTYp k PCO.

20

/
/ o o o

-~
/

il
"

Maxcuvauisiniis o rempan PO, kB
Makcumaib L norenan PO, kB

l —Cay4aii2 ==Cay4aii3 O DRCHepHMeHT | ——Cay4ail2 =—=Cay4aii3 O DrcnepuMeHT
(1] - + - 0 : T T
0 2 4 6 8 0 2 4 6 8
TL10ma1s KPHCTALTA, MM I110mank KPHCTA LI, MM
a o

PucyHok 8 — CpaBHHTe/IbHBIE Pe3YJIbTATHI PACYETOB JA0IYCTHMBIX MOTEHIMAI0B HMITYJIbcoB PCD
OTPHIATEJIbHOI NONAPHOCTH U HcnbITaHull 1oa0B IlorTku ¢ U dy3MOHHBIM OXPAHHBIM KOJIbIOM:
a — HOMMHAJIbHOe 00paTHOe HanpsikeHne 45 B, 6 — HoMuHanbLHOE 06paTHOe HanpsikeHne 100 B

a 9]

PucyHnok 9 — Jlokajiu3anusi MecT BbIIeJIeHHUs TelJ1a B CTPYKTypax auonos llorTkn
¢ ¢ Py3H0HHO-JIETHPOBAHHBIM OXPAHHBIM KOJILIOM ¢ HOMHHAJIBHBLIM 00paTHBIM HanpsikeHnem 100 B:
a — odpatHoe cmemenne 120 B, 6 — o6paTHoe cMemenne 125 B

Vuureisast, 9ro s auonos LorTku ¢ auddy3HOHHO-TETHPOBAHHEIM OXPAHHBIM KOJBIIOM MPHUMEHUM
kputepuii Bynma — bemta cormacuo dopmyie (1), to ¢ yuetom dopmyi (1), (3), (4), (9) u (11) cupasemmiBo
CIEAYIOIIEE BEIPAKEHHE IS PACYETa MAKCMMAJILHO JAOMYCTUMOTO ToTeHuuaia PCO:

10305,25p_(dy_ — %;)

4UI%max+ _ZURmax
Prn-(dn-—X;)
n((R+x]-)2—R2) R1+L212
. n (R+x;)? - R?) Pl o) | 13
P= 2pn_(dn- _Xj) TE((R+ Xj)z_ Rz) Rmax -

n((R+ x]-)2 - R2)
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U3 cpaBuenus ¢dopmyn (12) u (13) BuaHO, YTO MpHM MPOYMX PABHBIX MapaMerpax Iu(Qy3HOHHO-
JICTUPOBAHHOE OXPAaHHOE KOJIBIIO O0ecIieunBacT 0oiee YeM TPOCKPATHBIN 3ammac Mo BEIMYHHE JOIMTyCTUMOTO I0-
tennmana PCD. JIomosHUTENBHBIM (aKTOPOM, CTIOCOOCTBYIONIMM YBEITUUCHHUIO 3amaca 1mo noreHnuary PCO npu
HEM3MCHHBIX TIapaMmeTpax Tonojoruu auoxaa lIoTTku, sBisercs yBelnmdeHHUEe TIyOHHEI 3aJIeraHus P-N-epexoa,
a TaK)Ke YMCHBIICHHUE TOJIIWHEI U yIEIEHOTO COMPOTHUBICHUS SMUTAKCHATIBHOTO ClI0s. OTHAKO TPHU MOCICITHUX
napaMeTpa HemoCPeJCTBEHHO BIUSIOT Ha 3anac no napamerpy Ugmax, TOITOMY UX BapbHPOBAHHUE JOJKHO IPO-
BOAMTHCS C YUETOM NAaHHBIX ycloBUi. KpoMe Toro, MOBBIIICHHIO 3amaca yecToidnBocTd K PCO crocoOcTByeT
YBEJIMYCHHUE IUIONIATU ¥ BHEIIHETO Pajiyca 3aKpyTICHUS OXPAaHHOTO KOJIbIA, HO MPH BapbUPOBAHUU TAHHOTO
napaMeTpa HeoOXOUMO YYUTHIBATh U3MEHEHHE TUIOMIAIN AKTHBHOW CTPYKTYphI anoaa IloTTku, koTopas Heno-
CPE/ICTBEHHO OMPEJIENISIET €ro MpsIMOe MajeHHe HAPSIKSHUS.

BeiBoabl. Takum 00pa3oM, Ha OCHOBAaHHY aHAITMTHYCCKUX PACUCTOB U AKCICPUMCHTAIBHBIX UCCIICAOBA-
HUI OBIJIO YCTAHOBJICHO, YTO!

— KOJHMYECTBEHHbIE 3aBUCHMOCTH MAaKCHMAJIbHO [OMYCTHMBIX moTeHImanoB PCD auomos IloTTku
C MOHHO-JICTUPOBAHHBIMU U U} () Y3MOHHO-IETUPOBAHHBIMHA OXPAaHHBIMH KOJIBIIAMUA B COOTBETCTBUHU CO CTaH-
nmaptom ucnsitanuit |EC 610004—-3-2009 Ha 0CHOBE MOJICIIN TEIUIOBOTO MOBPEKACHUS MOTYIPOBOTHUKOBBIX
npubopoB ByHia — Beita y4uThIBaIOT MIIOIIAAb OXPAHHOTO KOJIbIIA, TIIyOUHY 3alleraHusl U BHEIIHHHA pajnyc
3aKPYTJICHUS] OXPAHHOTO KOJIBIIA, @ TAKXKE TOJNIIHNHY U YICIBHOE COMPOTUBICHUE SITUTAKCHAIBHOTO CJIOS;

— 1 Qy3UOHHO-TICTHPOBAHHOE KOJIBIIO XapaKTEPHU3YETCS TPEXKPATHBIM 3amacoM yCTOHYHUBOCTH
K Bo3zaelcTBii0 PCD 1Mo CpaBHEHUIO C MOHHO-JIETHPOBAHHBIM OXPaHHBIM KOJBIIOM, YTO CBSI3aHO C MEHBIIUM
MOBEPXHOCTHBIM COTIPOTUBIIEHHEM P-CIIOs, KOTOpOe OOecledrBaeT paBHOMEPHOE MPOTEKAaHHE Pa3psAHOTO
TOKa 06e3 00pa30BaHUs FOPAIUX TOUCK;

— TIOBBILICHHUIO 3amaca ycToitunBoctu AnoaoB IIIOTTKH ¢ OXpaHHBIM KOJIBLOM CIOCOOCTBYET YBEJH-
YeHHe TIIyOWHBI 3alleraHusi P-N-mepexoja OXPaHHOTO KOJblla, YMEHBIIEHHE TONIHHBI U YAEIBHOTO COIpPO-
TUBJICHUS 3MUTAKCHATHHOT'O CIIOS, YBEIMYCHUE IUIOIIATM W paJNyca BHEIIHErO 3aKPYTJICHUS OXPaHHOTO
KOJIbIIa,;

— YCTaHOBJICHHbBIC 3aKOHOMEPHOCTH TO3BOJISIOT OMPENesiTh KOHCTPYKTHBHBIC MapaMeTpbl HMPOEKTH-
pyeMbix quoaoB LIIoTTku ¢ 3aiaHHBIME pa3MepaMy KPUCTaJIa, HOMUHAJIBHBIM OOpPAaTHBIM HANPSIKCHUEM U Tpe-
OyeMO# CTOMKOCTBIO K HMITYJIECaM JIEKTPOCTATUICCKUX Pa3psIIOB.
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Iocmynuna 21.09.2015
INCREASING OF STABILITY OF DIODESSCHOTTKY STRUCTURES
WITH GUARD RING TO ELECTROSTATIC DISHARGES
V. SOLODUKHA, V. LANIN, J. SOLOVJOV

The problem of increase of stability of diodes Schottky structures to electrostatic discharges is observed.

Application in diodes structure of the ionic-alloyed guard ring provides stability to affecting electrostatic dis-
charges pulses of negative polarity at level 14 kV.



