HAHOMATEPUA/DI

Monyyero: 17.05.2023 1. | MpuHaTO: 26.05.2023 . | DOI: https://doi.org/10.22184/1993-8578.2023.16.5.298.305
HayuyHas cTaThs

WCCIEAOBAHUE 3ABUCUMOCTU HAKONNIEHHOIO 3APSZAA
B MOMN-TPAH3UCTOPE OT IMHEWHOW NOTEPU SHEPTUM
TAXEJIbIX 3APSAXKEHHDBIX YACTUL,

A.A.Tnymko!, K.T.H., 3aB. cekTopoM, ORCID: 0000-0002-0516-3277
M.P.T'yceB!, MJI. Hay4. COTP., acnupaHT, ORCID: 0009-0004-4224-8386 /| MichaelG@mail.ru
B.B.Makapuyk!, K.T.H., H0Il., CT. Hay4. coTp., ORCID: 0000-0002-0471-0785

AHHoOTa1Hs. [IpoBefileHO IPUOOPHO-TeXHOIOrHUeckoe MofenpoBaHue MOII-TpaH3UCTOPA, MO/ BePrIIerocs
BO3[IeHCTBHIO TSIKeJION 3apsikeHHOM yacTUIbl (T34). [IpesioskeHa U IIpoBepeHa FUIIOTe3a 0 IMHEHHOM 3aBHU-
CUMOCTH HaKOIIEHHOTO B Ipubope 3aps/a OT BeTHYKHBI THHENHOMN [T0OTePH SHePrUHU IoMaJalouell B HeTo
yacTulbl. OnpesieseHsl Haubosee UyBCTBUTEIbHBIE K PaJHallHOHHOMY BO3/IeHCTBUIO 0671aCTH paccMaTpH-
BaeMOro TPaH3UCTOpa.

Kirouesnle cioBa: TexHomoruvyeckass CAIIP, KMOII-TeXHO/JIOr U, TS>Kesble 3apsi>KeHHble 4acTuIibl, CBHC
Hng uutapoBanus: A.A. I'mymxko, M.P. I'yces, B.B. Makapuyk. HccienoBaHue 3aBUCMMOCTH HaKOIIJIEHHOTO

3apsifia B MOII-TPAaH3HCTOpe OT TMHENHOM [T0OTePH SHePrU U TSIKeNbIX 3apskeHHBIX yacTull,. HAHOUMHIYCTPH .
2023. T. 16, N2 5. C. 298-305. https://doi.org/10.22184/1993-8578.2023.16.5.298.305

Received: 17.05.2023 | Accepted: 26.05.2023 | DOI: https://doi.org/10.22184/1993-8578.2023.16.5.298.305

RESEARCH OF THE DEPENDENCE OF THE COLLECTED CHARGE IN

A MOS TRANSISTOR ON LINEAR ENERGY TRANSFER OF HEAVY
IONS

A.A.Glushko!, Cand. of Sci. (Tech), Head of Section, ORCID: 0000-0002-0516-3277
M.R.GusevV!, Junior Researcher, Post-graduate, ORCID: 0009-0004-4224-8386 | MichaelG@mail.ru
V.V.Makarchuk!, Cand. of Sci. (Tech), Docent, Senior Researcher, ORCID: 0000-0002-0471-0785

Abstract. A technological simulation of a MOS transistor exposed to a heavy ion has been carried out. A hypoth-
esis about linear dependence of the collected charge in the device on the magnitude of linear energy transfer of
a particle hitting it is proposed and tested. The most sensitive to radiation exposure areas of the considered tran-
sistor are determined.

Keywords: technological CAD, CMOS technology, heavy ions, VLSI
For citation: A.A. Glushko, M.R. Gusev, V.V. Makarchuk. Research of the dependence of the collected charge in

a MOS transistor on linear energy transfer of heavy ions. NANOINDUSTRY. 2023. V. 16, no. 5. PP. 298-305. https://
doi.org/10.22184/1993-8578.2023.16.5.298.305.

1 ®epepanbHbil HAYYHbIA LEHTP "Hay4YHO-MCCNefoBaTeNbCKUA MHCTUTYT CUCTEMHbBIX UCCIeA0BaHMI POCCMnCKON akageMun Hayk", Mockea, Poccus /
Federal State Institution "Scientific Research Institute for System Analysis of the Russian Academy of Sciences”, Moscow, Russia

HAHO MHAVCTPUA Tom 16 Ne5 2023



NANOMATERIALS

BBEJAEHUE

HecMOTps Ha HaJHW4YHe HeMaJIoro 4yuciaa nybnu-

KalKMH Ha TeMy YCTOMYHBOCTH IIOJYIIPOBOLHUKO-

BBIX IIPHOOPOB K pafHAIHOHHOMY BO3/I€HCTBUIO,

Ha CerofHSIIHUMN JeHb He COOPMUPOBAH yHUBEP-

CaJIBHBIM MEeTOJUYECKUIM U MaTeMaTHUYeCKUH alIia-

paT A OPOeKTHUPOBAHHUS HMHTEIPaJbHBIX CXeM

C IOBBIIIEHHOM YCTOMYHBOCTBIO K PAJHAIL[LUOHHOMY

BO3/eNCTBHUIO [1-5]. B mpoiecce pa3paboTKu TaKUX

HU3JelUN yueT Bo3AencTBUSA T3Y MoXeT IPOU3BO-

OUTBCSI Ha Pa3HBIX YPOBHAX [6]:

* IIpU MOJEJIHPOBAHUU Ha yPOBHE OTHe/bHBIX IIPH-
6opoB B TexHOMOrn4yeckux CAIIP;

e IPU MOJETHUPOBAHHUHU PaboOTHl 3I€KTPUUECKOU
cxeMbl B cxeMoTexHuueckor CAIIP;

* Ha ypOBHe PeTHCTPOBBIX Ilepefay IIPU IIPOeKTU-
POBAaHHUU LIKUOPOBBIX OIOKOB C HCII0JIb30BAHUEM
COBpeMEeHHBIX CUMYJISITOPOB;

* Ha ypOBHEe CHUCTeMBbl IIOCPeACTBOM HHXeK-
uuu cboeB HAIIPSIMYIO B IIaMSTh, YTO MOXKET
OBITH HCII0JIB30BAHO IIPU pa3paboTke U oTIagKe
IporpaMM.

HaxoxxJeHHe aHAJIUTHYECKUX 3aBUCHUMOCTEH
BEPOSITHOCTH BO3HHKHOBEHHUS eJUHHUYHOro cbos
OT BeJIMUKUHBI HAKOIIJIEHHOI0 3apsfa IIpU IIpoJeTe
T3Y U BeJIMYUHELI TUHEHHON IIOTePH SHEPTUH (JITI3)
I103BOJIMJIO OBI CO3aTh KOMIIAKTHBIE MO, KOTO-
phle MorH 6Bl KCII0IB30BATHCS IIPU IIPOEKTHPOBA-
Huu CBUC Ha ypoBHe NPUHIIMIINATbHOU 3/1eKTPHU-
YeCKOM cxeMBbI. Takasi TUIIOTeTHYeCcKass KOMIIAKT-
Hasi MOZe/b Moria Obl II01y4aTh B KaueCTBe BXOZ-
HBIX [IapaMeTPOB He TOJIBKO pa3Mepsl Ipubopa, HO
U BepOSITHOCTB ero cbost, 6aromaps uemy paspabor-
UMK Ha 9Talle CXeMOTeXHHUYeCKOTro IPOeKTUPOBa-
HUS MoT 65l ¢ 60/1bIIeN TOUHOCTBIO OLIeHUTH pabo-
TOCIIOCOOHOCTH BHIOPAHHOTO CXeMOTeXHHUYeCKOI 0
BapHaHTa U ero NPUTOAHOCTb K QyHKIIMOHUPOBA-
HUIO B YCJIOBUSIX BO3eHcTBUA T3Y.

M3BeCTHO, UTO B KOCMHUYECKYI0 U Ha3eMHYIO
cpeny momagaeT MHOXeCTBO YaCTHUIl, CO3LaHHBIX
COMHEUYHOM, KOCMHYECKOM UJIH HUHOHU JesTelb-
HOCTBIO. 9TO MOT'YT OBITH 3apsi>KeHHBbIe YaCTHIBL
(3/1eKTPOHBL, IIPOTOHBL UJIH TSIKeJlble 3apsisKeHHbIe
YaCTHIBI) M/IM 3JIeKTPOMArHUTHOE H3JIydeHHe.
OcobeHHO 3aMeTHO BIHSHHE PAa3JIHMYHOTO Poma
3apsS’KeHHBIX YaCTHI] CKa3bIBaeTCs Ha MOy POBO-
OHUKOBBIX MpHbopax, BXOASIIUX B COCTAB aIllla-
paTypel, paboTarmier B KOCMHUYeCKOM IIPOCTPaH-
cTBe. TakMe U3/eNHs BO BpeMs CBoel paboTsl mox-
BepraroTcs Kak BO3eHCTBHUIO PafHallHOHHBIX 105~
COB 3eMJIH, TaK M IIOTOKOB raJIaKTHYECKUX YaCTHII.
IIpu mpoJieTe 3apsyKeHHON YaCTHUIIBL Yepe3 06beM
KpHUCTaala KpeMHHUS, OHa TepsieT CBOK 3Hep-
TUIO BCJIEeACTBHUE 06pa3oBaHUS 3JIeKTPOH-ABIPOY-
HBIX I1ap. Pe3yj1bTaTOM TaKOro B3aHMMOJEHCTBUS

INTRODUCTION

Despite a large number of publications on the topic of

radiation resistance of semiconductor devices, a uni-

versal methodical and mathematical apparatus for
designing integrated circuits with enhanced resis-
tance to radiation exposure has not been formed so
far [1-5]. In the process of development of such prod-
ucts, taking into account the effect of heavy ions may

be performed at different levels [6]:

« when modelling at device level in technology CAD
process;

« when simulating the operation of an electrical cir-
cuitin a circuit engineering CAD system;

« at register transfer level by designing digital units
using modern simulators;

« atsystem level by injecting faults directly into mem-
ory, which can be used in program development and
debugging.

Finding analytical dependencies of probability of
occurrence of a single failure on the value of collected
charge during heavy ion transit and value of linear
energy transfer (LET) would allow creating compact
models that could be used in designing VLSI on
the level of schematic circuit. Such a hypothetical
compact model could receive as input parameters not
only the device size, but also the failure probability,
so that the designer at the stage of circuit design
could more accurately assess performance of the
selected circuit variant and its suitability for
functioning under heavy ion impact.

It is known that many particles created by solar,
space or other activities enter the space and terrestrial
environment. These can be charged particles
(electrons, protons or heavy ions) or electromagnetic
radiation. Particularly noticeable effect of various
kinds of charged particles affects semiconductor
devices, which are part of equipment operating in
outer space. Such devices are affected by both the
Earth’s radiation belts and galactic particle streams
during their operation. When a charged particle flies
through the volume of a crystal, it loses its energy
through the electron-hole pairs generation. The result
of such interaction is a current pulse, approximately
described by the following expression [7]:

I(t) =1, (exp(-t/tp) —exp(-t/tg), o))

where I, is the maximum value of current pulse; 1ty
is the characteristic current rise time related to the
time of carrier drift through the space charge region
of the p-n junction; t; is the characteristic current
fall time, tis the time.

The maximum value of collected charge Q.
resulting from heavy ion can be approximated by the
following expression:
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SBJISIeTCSl UMIIYJIbC TOKA, NPUOIHKEeHHO OMHCHI-
BaeMBbIH C/IeIYIOMKMM BeIpaskeHHeM [7]:

I(t) =1, (exp(-t/tp) - exp(-t/ty), 1)

rae Iy - MakcMMaJipHOe 3HaYeHHe MMIIY/IbCa TOKa;
Tgp ~ XapaKTepHOe BpeMs HapaCTaHUA TOKa, CBS-
3aHHOe CO BpeMeHeM JpeHda HOCHTesel 4depes
06/1aCcTh IPOCTPAHCTBEHHOIO 3apsi/ia p-N-Iiepexona;
Tp ~ XapaKTepHOe BpeMs CIlajla TOKa; t -~ BpeMs.
MagkcruMa/ibHOE 3HAaUYeHHe HaKOIIJIEHHOT 0 3apsaga
Qo1 B pe3y/ibpraTe Bo3nercTBU s T34 npubauskeHHO
MO>KeT OBITh OIMCAHO CIeA YU UM BhIpaskeHHueM:

Qo1 = Lo(Te ~ TR)- (2)

Ins 6osee TOUHOIO BBIYMC/IEHUS BeJTHYHHBI
HaKOIIJIEHHOI0 3apsjia cJieflyeT UCII0/Ib30BaTh MHTe-
rpaji OT UMIIyjbCa TOKa.

B cBoio oyepenb 3HaveHHe Q.. ompenesnser
4yacToTy cboeB SER [8], 3aBUCHMOCTb KOTOPOH HMeeT
BHU:

_ Qcrit

SER=C-®-A-e &I 3)

rae C - KOHCTAHTA, 3aBUCSIIAS OT TeXHOTOTHYeCKOro
npoiecca; ¢ - IMOTOK YaCTHUIL; A - IIJIOMIALb CXeMBI,
YyBCTBHTeJIbHAS K BO3IEHCTBUIO; Q. i ~ MUHHUMaJIb-
HBIM 3apsif, Heo6XOAKMMBIM /11 BO3SHUKHOBEHHUS
c60s1 (0OBIUHO OIpefiesieTCsl 10 pe3yabTaTaM CXeMo-
TeXHHUYeCKOr0 MOJIe/IMPOBAHUS).

OnpeneneHue BeJTHYHMHB HAKOIJIEHHOTO
3aps/ia - BaXKHBIM IIAT JIJIs1 MOZeIMPOBaHU S paboThl
CXeMBI C y4eTOM YaCTOThl BOSHUKHOBEHU S cboeB.

[t co3laHU S YIIOMSIHYTOH BbIIle KOMIIAaKTHOHN
MoJle/IU B [IePBYI0 ouepeb 60/1bIION NHTepeC pej-
CTaB/sieT MOMUCK aHATUTHUYECKON 3aBUCHUMOCTHU
HaKOIIJIEHHOTO 3apsifla OT TaKKUX IIapaMeTpoOB, KaK
sHeprus T34 u TpaekTopus ee noyuera. O6 Kccaeno-
BaHUMU 3TOM 3aBUCUMOCTH U MOM/IeT Peub HHUXKe.

OMUCAHME BbIYNCIUTENIBHOIO 3KCNEPUMEHTA

HMccnenoBaHUe MOCBSIIIEHO OIpe/le/IeHUI0 3aBUCH-
MOCTH BeJMUYHHBI HAKOIIJIEHHOI0 B 06beMe IIOJIY-
NpPOBOAHHUKOBOro npubopa 3apsifia Npu mnposnere
yepes Hero T34 ot JIII3. Ha nepBoM 3Talie UCCIem0-
BaHHS CUMTAJIOCh, 4TO T34 mposeTaeT yepes npu-
6op cTporo BepTHUKAIbHO, TO €CTh YIOJI ee BCTPeuH
C IIOBEPXHOCTBIO IOTYIIPOBOAHHUKOBOI CTPYKTYPEI
coctaBisgeT 90°, a B KauecTBe npubopa paccmaTpu-
BaJaCh CTPYKTypa TPaH3UCTOPa, BHIIIOJIHEHHOTO
Ha IIOJIJIOKKE THUIIA "KpeMHHUH-Ha-u3onsatope” (KHU)
10 TeXHOJIOTUYeCKOMY IIPOLlecCy C MUHHMabHOM
IIpOeKTHOU HopMoH 0,35 MKM. B paccMaTpuBaemMon
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Puc.1. KoHcmpyKUuUus mpaH3ucmopa ¢ cevyeHusimu nsmu QyHK-
UUOHAABHO 3Ha4Yaujux obaacmel

Fig.1. Transistor design with cross sections of the five functionally
significant areas

Q11 = Lo(Te = TR). 2)

In order to calculate the accumulated charge value
more accurately the integral of the current pulse
should be used.

In turn, the value of Q. determines the SER
failure rate [8], which can be expressed as follows:

_ Qcrit

SER=C-®-A-e &I 3)

’

where C is a process-dependent constant; @ is
particle flux; A is the area of the circuit sensitive
to impact; Qi is the minimum charge required
to cause a failure (usually determined by circuit
modelling).

Determining the collected charge value is an
important step for modelling the circuit operation,
taking into account the failure frequency.

In order to create the compact model mentioned
above, it is primarily of great interest to find an
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KOHCTPYKILHKHU (B C/Ioe OTCeYeHHOro KpeMHHMS),
[IpeACTaB/IeHHOM Ha PHUC.1, 6BLI0 BBIIEIEHO IISITh 3Ha-
yamux obnacten mpubopa: cToK (5), ucTok (1), Teno (3),
LDD-06/1acTU UCTOKA U CTOKA (2, 4).

Lles1b BBIUHCIUTEIBHOIO 3KCIIEPUMEHTA COCTOSIIA
B TOM, YTO6BI IIOCPEICTBOM ITPUOOPHO-TEXHOJIOTYe-
CKOI'0 MOJIeJIMPOBAHHU S OITPele/IUTh GOPMY K MIIYIbCa
TOKa B IIpUOOPe U I10 HeH PacCUUTATh 00U HAaKO-
IIJIeHHBIN 3apsf. IIpoBemeHHe SKCIepHMeEHTA
[UI pa3IMYHBIX 3HaueHUH JIIID-4acTHULIEI, IIpoOJIe-
Talolel Yepe3 TPAH3UCTOP U BBI3BIBAIOIIEH HMITYJIbC
TOKA, M PacdeT COOTBETCTBYIOIIET0 3TUM 3HAUeHHUSIM
HaKOIIJIEHHOr0 3aps/ia OblsI HAIIpaB/ieH Ha IIOATBEPsK-
IleHHe TUIIOTe3bl 0 XapaKTepe IIPOIOPLHOHAIBHON
3aBHCHMOCTH BeJIMUYKMHBI HAKOIJIEHHOIO 3apsja
OT 3HaueHwu s JIII2.

[Jisi IpoBeJeHHUs ONKMCAHHBIX BBIIIE PACUeTOB
B CHCTeMe IIPHOOPHO-TeXHOJIOTUYEeCKOT0 MOJeIH-
poBaHUSs 6bl1a HCIIONB30BaHA Mogenb T34, B KOTO-
po¥ OBIIM HCIIONB30BAHBL Cle[yIONIHe IIapaMe-
TpPBl: MOMEHT BPeMeHH NPOHUKHOBeHHS T34
B 06beM TpaH3ucTOopa (mapamerp Time); paccros-
Hue |, npoiinenHoe T34 B o6beMe ITOTYIIPOBOAHU-
KoBOro matepuaina (mapamerp Length); xapakre-
pucTudecKoe paccTosHue w(l), B obmem ciaydae
sBsoeecss QyHKIIMeHN oT paccTosiHus | (mapamerp
Wt_hi), a Takke BenuunHna JIII9 (mapamerp LET ).
Ha puc.2 cxemaTH4HO M306paskeHa Tpaektopus T34,
nagarole mox yriiom 90° K [I0BepXHOCTH IIprbopa.

Ha ocHOBe yKa3aHHBIX BbINIe MCXOMHBIX JaH-
HBIX B MOJe/JIH IIPOU3BOJUIICS pacdyeT CKOPOCTH
reHepal UM 3JIeKTPOH-IBIPOYHBIX I1ap G COTIacHo
BBIPa>keHHUIO:

Grer, w, ©) = G gr(DR(w, DT(1), 4)

rae G pr(l) - dyHKIIMS, XapaKkTepU3yoOLasi IOTEPH
sHepruu T3Y; T(t) - yHKLMSI BpeMeHHOTO paclipe-
IeJlleHUs] CKOPOCTHU reHepauuu; R(w, 1) - mpocTpan-
CTBEHHOE paclipefeeHue CKOPOCTH TeHepalikHu.
ITpu 5TOM IPOCTPaHCTBEHHOE paclpefeeHHe
CKOPOCTH reHepanuu R(w, 1) MoskeT OBITH BBIUHC-
JIeHO KaK 3KCIIOHeHIIMa/JbHad MUK Kak IayccoBa
dyHKIuU [9]. B IaHHOM BBIYHCIUTEIBHOM 3KCIIePH-
MeHTe 6bI/1a HCII0JIb30BaHa [ayccoBa PyHKIIUS.
3HaueHU S BXOAHBIX IapaMeTpoB 6a3MpoBaIUCh
Ha pacyeTrax, IOJIYyYeHHBIX B OTKPBITO pacIpocTpa-
HseMol nporpamme SRIM, KoTopas B KauecTBe
BXOJHBIX IIapaMeTPOB MCIIOJb3yeT THUII U SHEePTHUIO
T34 (B guama3soHe 10 3B - 2 ['3B), a TaKk>Ke MaTepHall
OTHOI'0 MJIM HeCKOJIbKUX CJI0€B MHUINeHHU. B Kaue-
CTBe BBHIXOJHBIX TAHHBIX, II0JIyYeHHBIX B Pe3yjbTaTe
MoJle/IMpOBaHUS, OBIIO [TOJyYeHO TPeXMepHoe pac-
npepeneHue TpaekTopui T34Y B o6beMe TBepHOro
Teqa, a TakKe TakKHe UX IIapaMeTphl, KaK IJybrHa

T34 | Heavy ion TpaexTopus | Trajectory

-4 1 _— _

Puc.2. K modeau nponema T34 yepes 06vem noanynpo8ooHUKO-
8020 Mamepuana

Fig.2. Towards a model of heavy ion transit through the volume of
semiconductor material

analytical relationship between the collected charge
and parameters such as heavy ion energy and
trajectory of its flight. The study of this dependence
is discussed below.

DESCRIPTION OF THE COMPUTATIONAL EXPERIMENT
This study is devoted to determining the magnitude
of charge accumulated in the volume of semiconduc-
tor device during heavy ion transit through it on
LET. At the first stage of research it was considered
that heavy ion transit through the device strictly
vertically, that is, the angle of its meeting with
the surface of the semiconductor structure is 90°,
and the considered device was a transistor struc-
ture made on a silicon-on-insulator (SOI) substrate
according to a technological process with a mini-
mum feature size of 0.35 microns. In the consid-
ered structure (in the layer of cut-off silicon) pre-
sented in Fig.1 five significant regions of the device
were distinguished: drain (5), source (1), body (3),
LDD areas of source and drain (2, 4).

The aim of the computational experiment was
to determine the shape of the current pulse in the
device through instrumental simulation and use it
to calculate the total collected charge. Conducting
the experiment for different values of the LET of
the particle passing through the transistor and
causing the current pulse and calculating the
collected charge corresponding to these values

VoL.16 No. 52023 NANO INDUSTRY
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Tabauua 1. MNapamempsl modeau T34
Table1. Parameters of the heavy ion model

MapameTp Bpewms, c ANvHa, MKM Wt, MKM
Mogaenum Time, s Length, pm Wt, pm
Model

parameter

3HayeHne 2,0-107" 10 0,01
Value

IIPOHHMKHOBEHMS U pacCesiHue B0JIb U IIOIIepeK UOH-
HOTO IIyYKa.

B kauyecTBe IpHMepoOB OBl BEIOPAaHBI 3HAUEHU ST
JITI2 - LET _f = [0,005 0,01 0,02 0,04 0,06 0,08 0,1 0,12
0,14 0,16 0,2 0,4] nKn/mKkM. OcTa/JIbHble YHC/I€HHbBIE
rapaMeTpsl Mozenu T34 cBeleHEl B Tabn.l. B Momenu
IIpeAIIoaaraaoch, YTO XapaKTepUCTUYeCKOe pacCTos-
Hue W (l) iBnseTCsI MOCTOSIHHBIM U €71a60 3aBUCUT
ot mapametpa L.

PacyeT IPOBOAMIICS IJIs LBYXMEPHOHU IIPpUOOPHO-
TeXHOJOTHYECKON MOJeNIU N-KaHajabHOro MOII-
TPaH3UCTOpPa, 3IeKTPOPU3NYeCKHEe XapaKTepUCTUKHU
KOTOPOr0 PacCYHUTBIBAJIUCh COTJIACHO YPaBHEHUAM
TUIPOSMHAMMUYECKON MOZENH, YTO I103BONIUIIO borlee
TOYHO OIIKCATh II0BeJleHHe IIpUbopa, 110 CPABHEHHIO CO
CTaHJApTHOH AHUbdY3HOHHOAPeHHOBOM MOZAEIBIO.

[Tpubop KMeJ IISITh 3MeKTPHUUeCKHX KOHTAKTOB: CTOK,
HCTOK, 3aTBOP, II0JIJIOKKA U TesI0. B Ha4a/IbHBIH MOMEHT
BpeMeHH MOJIe/IMPOBAHHSI Ha BCeX KOHTAKTax IIprubopa
IIPUCYTCTBOBAJIO HY/IeBOe HaIlpsKeHHe. Jlajiee Ha CTOKe
TPAH3HUCTOPA HaIlpsikeHHe OBLIO YBeIMYeHO A0 +3.3 B.
TpaH3UCTOp IIPU 3TOM OCTaBaJICSI 3aKPBITHIM. 3aTeM
IJISL TPAH3KCTOPA B 3AKPBITOM COCTOSIHUH OBL/IO BBIIION-
HeHO Mojle/INpoBaHHUe cobbITH S ITposieTa T3Y. B pesyb-
TaTe OBIIM ITOJTy4YeHbl BpeMeHHbIe 3aBUCMOCTH TOKA
CTOKa, IIPUMeP KOTOPHIX IIPUBeIeH Ha PHC.3.

Jlid ToNydyeHU s 3Ha4YeHU I HaKOIIJIGHHOI0 3apsaa
npu nposiete T34 HCIIOAB30BAJICSA CKPUIIT Ha A3bIKe
Tcl, c moMomIbr0 KOTOPOTo OBIT BEIUKCIIEH CIEAY IO
HMHTerpan:

Qcoll = _[Idrain(t)dt ’ (5)

rae ly.in(t) - BpeMeHHas xapaKTepUCTHKa Toka
CTOKa; t; - BpeMd Hayajla HapaCTaHH4 TOKa CTOKa;
t, - BpeMs 3aBeplleHHU CIlafa TOKa CTOKa B COOTBeT-
CTBUH C pUC.3.

B paMKax OIHMCAHHOTO BEIYUC/IUTEIBHOTO 3KCIIe-
pUMeHTa OBIIM pacCUMTAHBI BCe 3HAUEHU S BeJIH-
YMHB HaKOIIJIERHHOTO 3apsijfa Ipu nponete T34
c JITI3 ot 0,005 mo 0,4 nKa/MKM BOONb BCeX MSATU
BepPTUKAJIbHBIX CEUeHHU, I0OKa3aHHBIX Ha pUC.1.
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Puc.3. BpemeHHas 3agucumocmb moKa CmMoKa npu npoaeme
T3Y ¢ /113 0,4 nKa/mKkm yepe3 kaHaa mpan3ucmopa (Ha npu-
Mepe ceveHus 3)

Fig.3. Time dependence of drain current during a heavy ion with
0.4 pC/um LET transit through a transistor channel (cross-sec-
tion 3 as an example)

was aimed at confirming the hypothesis about the
proportional character of the relationship between
the value of the collected charge and the LET value.

For performing the above described calculations in
the technology computer-aided design system we used
the heavy ion model where the following parameters
were used: time of heavy ion penetration into the
transistor volume (Time parameter), distance I,
covered by heavy ion in the volume of semiconductor
material (Length parameter), characteristic distance
w,(]), which is in general a function of distance 1 (Wt_
hi parameter), and also LET value (LET_f parameter).
Figure 2 shows schematically the trajectory of a heavy
ion falling at an angle of 90° to the surface of the
device.

Based on the above input data the generation rate
of electron-hole pairs G was calculated in the model
according to the expression:

Grerl, w, ©) = G (DR (w, DT(v), )
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Tabauya 2. BbluucneHHble 3Ha4eHus Ko3pduuueHmos
nponopuuoHanbHocmu
Table 2. Calculated values for the proportionality factors

O6nactb nposieta T34 3HaveHue Ko3ppuumeHTa k

Value of the k coefficient

Heavy ion transit area

Teno | Body 100

LDD-06/11acTb CTOKA

LDD drain area 7

PE3Y/IbTATbl MOLENUPOBAHUA
B pesyibraTe mpoBefeHH s IIPoLecca MOLe/TIHPOBaAHM
6511 1TonydeH Habop 3aBUCHMOCTEH HAKOILJIEHHOIO
3apsaga ot JIITD T34Y. C 1mesbio BhISABACHUS aHAIUTH-
YeCKOM 3aBHCHMOCTH 6bIIH 0TOOpaHBI COOBITHSI, 00Y-
C/laBJHBaloIye Haubosbllee 3HaUYeHHe HaKOIJIeH-
HOTO 3aps/ia, [I0CKOJIbKY UMEeHHO OHU C HaubosblIern
BEPOSITHOCTHIO IIPUBOIST K cO0siM. [IJIS1 3THX C/lydaeB
OpLIM IIONTyYeHBl IPadUKH, [IPeACTaBIeHHbIE Ha PUC.4.

Ha Bcex mpepncTaB/IeHHBIX IpadpuKaX OTYeT-
JIUBO BUJHA JTHHEMNHAas 3aBUCHUMOCTh HaKOIJIEH-
HOTO 3apspaa ot JIII3, 4To IoATBepPsKAaeTCs IoKa-
3aHHBIMHM Ha rpapuKax alllpOKCUMHUPYIOUUMHU
JTUHUAMHU, UX YPaBHEHHSIMH, a TakKXe K03d-
OULIMEeHTOM [OOCTOBEePHOCTH AaNNPOKCHUMAILlUH,
BBIYKC/IEHHBIM C IIOMOIIBIO 3IeKTPOHHBIX TabIHUIL
LibreOffice.

V4YuTheIBasg TOT GaKT, UTO 3HAaYeHUs cBobom-
HBIX KO3QOUILIMEeHTOB A/5 MONYYeHHBIX THHEeH-
HBIX 3aBUCHMOCTEH alllIPOKCHMHUPYIOMKNX KPUBBIX

where G r(l) is a function describing the heavy
ion energy loss, T(t) is a function of the temporal
distribution of the generation rate, R(w, 1) is the
spatial distribution of the generation rate.

The spatial distribution of the generation rate
R(w, 1) can be calculated as an exponential or
Gaussian function [9]. In this computational
experiment the Gaussian function was used.

The input parameter values were based on
calculations obtained in the openly distributed
SRIM program, which uses as input parameters
the type and energy of heavy ion (in the range
of 10 eV-2 GeV), as well as the material of one or
more layers of the target. As simulation outputs,
a three-dimensional distribution of heavy ion
trajectories in the solid volume, as well as their
parameters such as penetration depth and
scattering along and across the ion beam, have
been obtained.

The LET_f =[0.005 0.01 0.02 0.04 0.06 0.08 0.1 0.12
0.14 0.16 0.2 0.4] pC/pm were chosen as examples.
The remaining numerical parameters of the
heavy ion model are summarised in Table 1. In
this model it was assumed that the characteristic
distance w(l) is constant and weakly dependent
on the ] parameter.

The calculation was carried out for a two-
dimensional technology model of an n-channel
MOSFET, whose electrophysical characteristics
were calculated according to the hydrodynamic
model equations, which allowed a more accurate
description of the device behaviour compared to
the standard drift-diffusion model.
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Puc.4. 3asucumocmb HAKONAeHHO020 8 mpaH3ucmope 3aps0a om JIMN3: a - npu npoaeme T34 yepe3 06Aacmb mena (ceveHue 3);

b - npu nponeme T34 yepe3 LDD-06Aacmb cmoka (ceyeHue 4)

Fig.4. Dependence of the charge accumulated in the transistor on the LET: a - with heavy ion passing through the body area (section 3);

b - with heavy ion passing through the LDD drain region (section 4)
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HAHOMATEPUA/DI

Ha HeCKOJIbKO IIOPSAKOB MeHbIIe yITOBBIX KO3d-
OUIIMEeHTOB UX JIMHEHHBIX 3aBUCUMOCTEHN, MOKHO
YTBEpP>KAATh, YTO 06Cy>kmaemMasi 3aBUCUMOCTD HUMeeT
IPSIMYIO ITPOIIOPLIMOHATIBHOCTG. Torma ¢ ocTaToyu-
HOM CTeIleHbI0 JOCTOBEPHOCTH ee MOXKHO IIpeJCTa-
BUTbH B CJIe[lyIOIleM BH/Ie:

QCOH = k'LET, (6)

rae k - ko3 dUIMEeHT NPOIOPLIMOHAIBHOCTH.

Ko3¢ouMeHTH IPOIOPLMOHAIBHOCTH, II0JIY-
YeHHBbIe B IPOBeleHHOM BBIYHC/IHTEIBHOM 3KCIIe-
pUMeHTe, OTJIMYAJIHCh A1 Pa3HBIX CeYeHU M MpHU-
6opa. X 3HaUeHU s CBeJleHHI B TabI.2.

HeobXooguMMO LOIIOJHHUTENIHHO OTMETHUTE, UTO
aHaJIM3 [IOJYYEeHHBIX 10 UTOTaM MOLeIHPOBaHUS
Ppe3yabTaToB II03BOJIMJI YCTAHOBUTH, UTO IIOIIaZaHUe
T34 B LDD-06/1acTh UCTOKA, a TaK>Ke B 00/1aCTU KOH-
TaKTOB CTOKA U UCTOKA (ceueHHU 1, 2 1 5) mpaKkTHYe-
CKHY He BbI3bIBaeT BCIIJIeCKa TOKaA.

3AKNNIOYEHUE

C LlenbI0 OLleHKH BO3[eHCTBUS MONaAaHUS B IPU-
6op T34 c pa3HBIMHU 3HaueHHUsIMHU JIIID mpose-
NeHO NpUOOPHO-TeXHOJTOTHYeCKOe MOJeTHpPOBa-
Hue MOII-TpaH3uUCTOpa, U3TOTOBAeHHOro 1o KHHU-
TeXHOJOTH4YeCKOMY IIpollecCy ¢ MHHHMAaIbHOM
POeKTHOM HOpMOM 0,35 MKM, B IISITH BBIJIeIeHHBIX
061acTaX. AHa/IN3 [10J1y4YeHHBIX pe3yabTaToB I103BO-
JIUJI IOATBEPAUTD CIeIYIOII e THIIOTe3hI.

B TPaH3UCTOPHOI CTPYKTYpPe MOKHO OTUYEeTIHBO
BBIJIeIUTh Haubojlee 4UyBCTBUTEe/NbHEIE 00/1aCTH,
nposet T3Y yepe3 KoTophle BbI3bIBaeT B mpubope
HaKoIlJIeHHe 3apsifia 60/IbIION BeIMUUHEL, UTO, CJle-
IOBaTeJbHO, 03HA4YaeT 60/IBIIYI0 BePOSITHOCTD CH0s.
K TakuM ob1acTtsaM oTHOCATCS LDD-061acTh CTOKA
Y TeJsio TpaH3ucTopa. [Ipu 3ToM momamanue T34
B 06JIaCTH CTOKA M MUCTOKA IIPAKTUYECKH He BIUSIOT
Ha QyHKLIHMOHHUPOBAHHe HCcCIeAyeMoro mpubopa.

3aBUCHMOCTh HAKOIIJIEHHOTO 3apsa/a OT Belu-
yuHb JIII9 T34 npubiuskeHHO MMeeT IPSIMYIO
MIPOMNOPLIMOHATIBHOCTD. JJeMCTBUTeNBHO, YacTHIIa,
obnapmaromas 6onblleil SHepruen, cruocobcTayer
reHepanuy 60/IbIIero YmMcia 37eKTPOH-ABIPOUHBIX
Iap, BHOCALIMX BKJIAJ B BeIUYHUHY HAKOIIJIEHHOTO
3apsaga. 2oPpexToB, 3aMeJISAIOMIUX POCT BeIMUYKUHBI
HaKOIIJIEHHOTO 3aps/Ja IIPU IIPeBBIIIeHU Y Ollpese-
JeHHOTOo 3HavyeHUd JITI3, B TaHHOM BBHIYHC/IUTE/b"
HOM 3KCIIePHMeHTe BHISIBJIEHO He 6bIIo.

JanpHenmas paboTa MOXKeT BKJIKOYATh IIOCTa-
HOBKY BBIYMC/IHUTEIBHOIO SKCIIEPUMEHTA C I10Ia~
manuem T34 B MOII-TpaH3UCTOp HOJ YIJIOM, YTO
o3Hauaso 6rl ee MpoJeT cpa3y uepe3 HECKOIBKO
obacTeH, a TaKkKe majbHeHIIee o600IeHUe aHa-
JTUTUYECKOTO OITMCAHUSA IOBeNeHH s TPAaH3HUCTOPa

HAHO MHAVCTPUA Tom 16 Ne5 2023

The device had 5 electrical contacts: drain,
source, gate, substrate and body. At the initial
moment of the simulation zero voltage was present
at all contacts of the device. Then the voltage at
the transistor drain was increased to +3.3 V. The
transistor remained off at this time. A simulation
of the heavy ion transit event was then performed
for the transistor in the closed state. As a result
the time dependences of the drain current were
obtained, an example of which is shown in Fig.3.

A Tcl script was used to obtain the collected
charge value during the heavy ion transit by
calculating the following integral:

Qcoll = J.Idrain (t)dt ’ (5)

where I4,,;,(t) is the time response of the drain
current; t, is the start time of the drain current
rise and t, is the end time of the drain current fall
according to Fig.3.

In the framework of the described computational
experiment, all the values of the accumulated
charge during heavy ion transit from 0.005 to
0.4 pC/pm were calculated along all 5 vertical
sections shown in Fig.1.

RESULTS OF MODELLING

As a result of the simulation process, a set of depen-
dencies of the collected charge on the LET of the
heavy ion was obtained. In order to identify the
analytical relationship, the events causing the
highest value of collected charge were selected,
as they are the ones most likely to cause failures.
For these cases the graphs shown in Fig.4 were
generated.

All of the presented graphs clearly show the
linear dependence of the collected charge on the
LET, which is confirmed by the approximation lines
shown in the graphs, their equations as well as the
approximation confidence factor calculated with
the LibreOffice spreadsheet.

Considering the fact that the free coefficients
values for the obtained linear dependences
of approximating curves are several orders of
magnitude smaller than the angular coefficients
of their linear dependences, it can be stated that
discussed dependence has a direct proportionality.
Then, with a sufficient degree of certainty, it can
be represented in the following form:

QCOH = k’LET, (6)

where k is the proportionality factor.
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B YCJIOBUSX PafHALlMOHHOIO BO3LEHNCTBUS C LeJIbI0
CO30aHUS MOZeseN, IIPUTOLHBIX JJISI UCII0IB30BA-
HUSI [IPU [IPOBeIeHU U CXeMOTeXHHUYECKHUX PAcueToB.

NHOOPMALUA O PELLEH3UPOBAHUU

Penmakiys 671aroqapuT aHOHMMHOTO pelleH3eHTa (peLieH-
3eHTOB) 32 UX BKJIaJl B PelleH3UPOBaHUe 3TOM paboThl,
a TaK>Ke 3a pa3MelleHHe CTaTed Ha CaHTe XypHaja
Y I1epefavy Ux B 3/IeKTPoHHOM BHUie B HO5 eLIBRARY.RU.

Hekaapauus o KoHAUKMe UHMepecos. AsmMopbl 3a28A50Mm
06 omcymcmeuu KOHPAUKITO8 UHMEPecos UAU AUYHBIX 0MHO-
wieHuil, Komopble mozAu bul nosausme Ha pabomy, npedcmas-
AeHHyt0 8 daHHoll cmamve.
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The proportional coefficients obtained in the
computational experiment were different for the
different cross sections of the device. Their values are
summarised in Table 2.

It should be additionally noted that the analysis of
the simulation results showed that LET penetration
into the LDD area of the source, as well as in the
area of drain and source contacts (sections 1, 2 and 5)
practically does not cause current surge.

CONCLUSIONS

In order to assess the impact of heavy ion with dif-
ferent LET values penetration into the device, a
technological simulation of a MOSFET manufac-
tured according to the SOI process with a minimum
feature size of 0.35 pm in 5 selected areas was con-
ducted. Analysis of obtained results allowed to con-
firm the following hypotheses:

In a transistor structure, the most sensitive
areas can be clearly identified, where the heavy ion
passing through causes a high charge build-up in
the device, which therefore means a high probability
of failure. These areas include the LDD drain region
and the transistor body. At the same time, heavy
ion penetration into the drain and source areas has
practically no effect on the functioning of the device
under investigation.

The dependence of the collected charge on the
LET value of the heavy ion is approximated to have
a direct proportionality. Indeed, the higher energy
particle causes the generation of more electron-hole
pairs which contribute to the value of the collected
charge. No effects that slow down the growth
of the collected charge value when a certain LET
value is exceeded were found in this computational
experiment.

Further work could include setting up a
computational experiment with heavy ion hitting
the MOSFET at an angle, which would mean
flying through several regions at once, and further
generalising the analytical description of transistor
behaviour under radiation exposure to create models
suitable for use in circuit calculations.
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