Cekuuns 2. PagnalumnoHHble ahdeKThbl B TBepAOM Tene
Section 2. Radiation Effects in Solids

UACTOTHAA SABNCMOCTb MMIMEOAHCA
KPEMHWEBbBIX AMNOA0B, MOCNEAOBATEJ/IbHO OBJ/TYYEHHbBIX
NMOHAMW IMEJTNA C SHEPTUAMW 4.1 N1 6.8 MaB
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VccnegoBanmcb CTPYKTYpbl p+n-avofpl, 061yYeHHble MoHamMmn renus. Juofbl U3roTaBnmMBanuch Ha nnacTrHax
OJHOPO/AHO /IErMPOBaHHOIO (POCHOPOM MOHOKPUCTA/IMYECKOTO KPEMHUA C YAeNbHbIM cornpoTuaaeHnem 90 Om-cwm.
MpoBoAMIOCL OHOKpATHOE 06/yYeHne MoHaMK ¢ aHeprueld 4.1 MaB, 6.8 MaB u nocnegosatenbHO 06/1yyeHme
MOHaMM YKa3aHHbIX 3HePruid. [nsa Kaxaoi sHeprum itoeHe 06ay4ueHms coctasnan 101 cm-2. 3mepsannch BObT-
thapagHble XapakTepUCTUKN U HaCTOTHbIE 3aBUCMMOCTU MMMefaHca. Y CTaHOBNEHO, YTO Noc/efoBaTe/lbHasd UMNaH-
Taums MOHOB renms ¢ aHeprusamun 4.1 MaB, 6.8 MaB npuBoguT K NPosiBNIEHUIO 3(heKTa OTPMLATEIbHON EMKOCTM B
06/Ty4eHHbIX AMoAax, 3a CUET ABMEHWIA 3axBaTa M SMUCCMKN HOCUTENEl C YPOBHEN paanalMoHHbIX AeheKTOB 1 No3-
BO/ISIET CO3faBaTb CTPYKTYPbl C UMMNEAaHCOM, aHaornyHbIM RL-thunsTpam B 061acTu yacToT 8o 2 MIu.

KntoueBble croBa: p+n-A1oAbl; KPEMHWIA; pagvaLoHHble AedeKTbl; MMMeLaHC.

FREQUENCY DEPENDENCE OF THE IMPEDANCE OF SILICON
DIODES SEQUENTIALLY IRRADIATED WITH HELIUM IONS WITH
ENERGIES OF 4.1 AND 6.8 MEV
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The diodes were fabricated on wafers of uniformly phosphorus-doped single-crystal silicon with a resistivity of
90 Q-cm (plane (111), 460 pm thick). The p+-type anode region was formed by boron ion implantation. The active
area of the p+-n-junction was 4.41 pm 2 The depth of the p+-n-junction was controlled by the results of chemical
etching of a ball-shaped section and was ¥ « 3,5 pm. Contacts to the planar and back sides were formed by
sputtering Al with a thickness of 1.5 pm. The thickness of the double electric layer of the p+-n-junction (space
charge region) in the initial diodes at room temperature and U=0V was « 4.5 pm. The p+-Si side of the structure
was irradiated with helium ions with energies of 4.1 MeV or 6.8 MeV for single irradiation. Sequential irradiation
with ions of the same energies was performed. For each energy, the irradiation fluence was 1011 cm-2. The real and
imaginary parts of the impedance Z = Z' + iZ" were measured in the frequency range from 20 Hz to 30 MHz using
Agilent 4284A, E4980A LCR meters at a constant value of the DC current, which didn’t exceed 3 mA. The
capacitance-voltage characteristics C(U) were recorded in the range from -40 to 0 V, with a step of 0.1 V. The
amplitude of the sinusoidal measuring signal was 40 mV. All measurements were performed in the dark at room
temperature. It was established that sequential implantation of helium ions with energies of 4.1 MeV and 6.8 MeV
leads to the appearance of the negative capacitance effect in irradiated diodes, due to the charge carriers capture and
emission processes from the levels of radiation defects and allows creating structures with an impedance similar to
RL filters in the frequency range up to 2 MHz.

Keywords: p+-n-diodes; silicon; irradiation-induced defects; impedance.

BBeaeHune XO4WMbl 3/IEMEHTbI C WHAYKTUBHbLIM WMIMe-
Ana  onTuMusaumMm  CXEMOTEXHUYECKMX AaHCOM (KaTyLWKW MHAYKTUBHOCTKM), obecne-
PELIEHNA BO MHOTUX Cny4yasx 6bIBalOT HEOO6- yMBawoLlMe MNONOXKUTENbHbIA cABMT  (ha3
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MeXay KonebaHuaMW TOoKa W HanpsHKeHus.
OHM ncnonb3yTCcsa B (OUNbTPax, Lenax Kop-
pekuun ycunutenein n T1.4. B nHTerpancHom
CXeMOTEXHUKE MNPUMEHEHME KaTylleK orpa-
HUYEHO u3-3a nnaHapHoW reomeTpumn. Oc-
HOBHbIMW crnoco6amu ¢GopMUpoBaHnUa 3fe-
MEHTOB MHTErpasbHbIX MUKPOCXEM C UHAYK-
TUBHbIM VMMNEAAHCOM fBMIAETCA CO3JaHune
niaHapHbIX MeTal/IMYeCKUX WHAYKTUBHO-
cTei (cnupaneit) [1] n nmMuTaLmMa UHAYKTUB-
HOM Harpyskum C MOMOLLbH CXEMOTEXHUYe-
CKMX MPWEMOB, Hanpumep, rupaTopos [2].
TpaAnUNOHHO 3ajaya MOBbIWEHUA WHAYK-
TUBHOCTW, OTHECEHHOW K efMHMLUE nowasn
pewlaeTca NyTem yBe/IMYEHUS CTEMEHN UHTe-
rpauun, yMeHbLEeHNA 3HaYeHNI NapasnTHbIX
eMKOCTElN, MPUMEHEeHUs MNAeHOK u3 ¢eppo-
MarHMUTHbIX MaTepuanos.

OfHUM U3 MEeTOL0B (POPMMPOBAHUA 3ne-
MEHTOB MMWKPOCXEM C WHAYKTUBHbLIM MMMe-
[JlaHCOM fIBNSeTCA WUCNonb3oBaHWe 3ddekTa
«0TpULaTE/IbHOW eMKOCTU» [3] 9KBMBANEHT-
HOM WHAYKTUBHOCTU. D(eKT oTpuuatens-
HO eMKOCTM, Kak npaswusio, B 061acTu HU3-
KWX 4acToT, Habnwgancs B guogax, copaep-
Xawux paguaumnoHHble gedektol [4]. O6ny-
YeHWe WOHamMu MNPUBOAUT K CYLLECTBEHHO
6onee BbICOKON KOHLEHTpauunM AedekTa,
(hOPMUPYHOTCA CKOMJIEHUS LedeKToB, KBa3u-
amMmopur3oBaHHble 06n1acTu, 4TO MO3BOJMAET
paccunMTbiBaTb Ha CYLLECTBEHHOE YCU/eHue
3 (PeKTOB OTPULATENILHON EMKOCTMW.

Llenb paboTel — unccnefoBaHne BANAHUSA
CUbHO4e(heKTHOro €Nosi, CHOPMMPOBAHHOTO
nocnefosarte/ibHbiM  06/ly4EHVEM BbICOKO-
3HEpreTUYECKNUMUN NOHAMU TeNins C aHepruen
41 n 6.8 M3B, Ha 4acTOTHbIe 3aBMCUMOCTU
nmnegaHca KpeMHUeBbIX P+N-41M0L0B.

MeToanka skcnepumMeHTa

Avopabl n3roTaBnMBasnCb Ha MacTUHax
O[HOPOAHO NEernpoBaHHOro Mochopom Mo-
HOKPUCTAN/INYECKOTO KPEMHUA C YAelbHbIM
conpoTtmeneHmem 90 Om-cm (KO®-90, nnoc-
KocTb (111), TonwmHa 460 mkm). O6nacTb
aHofa p+-tuna opMupoBanacb MOHHON UM-
nnaHTaumen 6opa ¢ NOCAEAYIOLIMM OTXXNIOM
fe(eKTOB N pasroHKOW MpuMecu B OKWUC/IN-
TeNbHOW aTtmocdepe npu  Temnepatype

1100 °C. AkTuBHada naowagb *+-n-nepexosa
coctaBnsna 4.41 mm2. 'ny6bmHa 3aneraHus
A+-n-nepexofia KOHTpo/MpoBanacb No pe-
3y/nbTataM XMMWYECKOro TpaB/ieHus Lwapo-
BOro wnu@a n coctasnana xj « 3.5 mkm. Ans
C03JaHNA OMMUYECKOr0 KOHTaKTa B 06paTHYyI0
CTOPOHY NAacTUHbI MPOBOAMUIACL UMMIAHTa-
uma docgopa. KOHTaKTbl K NnaHapHoOW n 06-
paTHOW CTOpOHaMm (hOPMUPOBANINCL Hanblfe-
Huem Al TonwwHoi 1.5 MKM. TonuunHa
[OBOMHOIO  3/IEKTPUYECKOr0  CMos  p-+n-
nepexoga (06n1actTu NpoOCTPaHCTBEHHOrO 3a-
psfa) B MCXOAHbLIX AMOAaxX MNPW KOMHAaTHOM
Temnepatype n U = 0 coctaBnana « 4.5 MKM.
Co CTOpOHbI p+-Si CTPYKTYpbl 06/1y4anuch
noHamu renusa. MNpoBoAnNOCL OLHOKpaTHOe
00ny4yeHne wnoHaMu C 3Hepruein 4,1 MaB,
6,8 MaB 1 nocnegoBatenibHO 06/ydeHune
MOHaMWN YKa3aHHbIX 3HEpPruin. Ana Kaxgoin
3Heprum (aeHc 06/1yyYeHUs COCTaBAN
1011 cm-2.

V3mepeHns AeCTBUTENbHON M MHUMO
yacTelh mmnemaHca Z = Z' + iZ" BbINOMHS-
nmcb B AnanasoHe 4actotr ot 20 'y Ao
30 MTy, Ha N3MepuTenax LCR
Agilent 4284A, E4980A npu NOCTOAHHOM
3HaYeHUM TOKa cmeuleHua |, KoTopoe He
npesbiwano 3MA. BonbT-hapagHble xapak-
Tepuctukn C(U) peructpupoBanncb B WH-
Tepsane ot -40 go 0B, ¢ warom 0,1 B. Awm-
NANTyAa CUHYCOMAANbHOTO U3MEPUTENBHOTO
curHana cocrtasnsana 40 mB. Bce namepeHns
BbINOJIHA/IUCb B TEMHOTE MNPU KOMHATHOW
Temmneparype.

Mo pesynbTaTaM M3MEpPeHUs  BOJbT-
(bapafHbIX XapaKTepuCTUK, COrfacHO CTaH-
[JAapTHOW  METOfMKe, CTPOUIUCL MpPOdUIN
pacnpefefieHuss KOHLeHTpauum HEeCcKOMMeH-
CMPOBaHHbIX AOHOPOB B 6a3e gmoaa n-Si.

PesynbTaTbl U UX 06CyXaeHne

Ha pucyHke 1 npeactaBneHbl rofgorpadbi
nmnegaHca MccnefoBaHHbIX AMofoB. BugHo,
4yTO BCEX AMOA0B MPUCYTCTBYIOT Y4YacTKu, B
KOTOPbIX Z” UMeeT WMHAYKTUBHbIV XapakTep.
Mpw atom yron cgasura a3 OCTaeTcs MoJso-
XUTENbHbIM 418 AUOA0B, 06/lyYeHHbIX MOHa-
MU renus ¢ aHepruein 4.1 MaB po 24 kl'u, 06-
NYYEHHOTO  MOHaMM renus  C  3Hepruen
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6.8 MaB — po 0.68 My, B cnyyae nocnepo-
BaTe/NIbHOM MMnnaHTayuum — o 2.2 Mru.

Puc. 1 loporpag vmnegaHca p+n-4vMoLoB, 06/1yYeH-
HbIX WOHamu renus. BenuunHa NOCTOSHHOIO TOKa
CMeLeHns 2.5 MA

OC06eHHOCTbIO  AMOA0B, MNOABEPTHYTbIX
nocnefoBsate/ibHOMy 006/y4YeHUI0, fBMAeTCA
Hanume 4YeTKO BbIPaXKEHHbIX ABYX MNONy-
OKPY>XHOCTei Ha rogorpaax, B «MHAYKTUB-
HOM» MonynnockocTn. Ana guofos, 06/y-
YeHHbIX WOHaMW C 3Hepruei 6.8 MaB, aBa
nonykKpyra TtakXXe MNPUCYTCTBYIOT, OLHAKO
OAWMH U3 HUX MMEET paguyc nopsgka eguHunL,
Om. [Ans auoaoB, 06MYYEHHbIX refnem C
3Hepruein 4.1 MaB, HabntogaeTcs NULLb 0AHa
MONYOKPYXXHOCTb. pUUYMHOIN Takoro no.e-
LeHUs roforpaoB MOXeT CNYXWUTb (hopMu-
poBaHWe 6MMOLANLHOr0 pacnpejesieHns pa-
ANALMOHHBIX Ae(eKTOB Mpu NocnefoBaTesib-
HOM WMMNNaHTauuu, 4To NPUBOAUT K Hanu-
UMl Ha npogune pacnpefesieHUs KOHLEH-
Tpauum HeCKOMMEHCUPOBAHHX AOHOPOB [BYX
MWHUMYMOB W, COOTBETCTBEHHO, ABYX C/I0€B
C BO3pOCLIMM, NO CpaBHEHUKO C 6a3ol co-
NMPOTMB/IEHNEM (CM. puUC.2).

Puc. 2. Tlpodwmnb pacnpefeneHnss KOHLEHTpauum
HeCKOMMeHCUpoBaHHbIX AoHopoB Nd no rnybuHe x:
OJHOKpaTHOEe 00yYeHVe MoHamu ¢ 3Heprueid 4,8 MaB
(1), 6,1 MaB (2), nocnegosatensHoe 061y4eHue (5)

Hannuve [BYyX CnoeB C pasMyHbIM CO-
NpPOTUBNEHUEM [ANA AWOLOB, NOABEPTHYTbIX
nocnefoBaTeflbHOW MMMNNaHTauMM BMAHO Ha
3aBMCUMOCTAX [eWCTBUTENbHOW 4YacTu WM-
nejaHca OT 4acToThl (4Ba “nnaro” Ha 3aBu-
cumocTu 3 puc.3).

Puc. 3. 3aBUCUMOCTW LelCTBUTENbHOW YacTW MMMe-
faHca Z' oT YacToTbl f MepemMeHHOro Toka A p+n-
OmofoB, 06/yYeHHbIX MOHaMU Tenvs: O4HOKPaTHOe
obyyeHne wnoHamm C 3Hepruen 4,8 MaB (1),
6.1 MaB (2), nocnegosatensHoe 061y4eHne (5)

3ak/oyeHune

YcTaHoBNeHO, 4TO nocnegosartesibHas
UMNAaHTaLUs WMOHOB Teindg C 3Hepruamu
4.1 MaB, 6,8 M3aB npuesognT K NpOoABAEHUIO
ahekTa OTpULATENLHONW eMKOCTM B 06ny-
YeHHbIX Agunofax, 3a CcuyeT AB/IEHNI 3axBaTa u
3MUCCUN HOCUTENE C YPOBHEW pajnalmnoH-
HbIX [edeKTOB M MO03BOJISET CO034aBaTb
CTPYKTYpbl C WMMEAaHCOM, aHaJloTMYHbIM
RL-dunbTpam B 06nactum 4vactot 20 Iy -
2 MTl'y. MonyyeHHble pe3ynbTaThbl NpeacTas-
NAKT MHTepec npu pa3paboTke TeXHONOMNU
C034aHNsA TBEepPAOTE/IbHbIX aHanoroB WHAYK-
TUBHOCTM.
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