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1. INTRODUCTION 

An investigation of radiation resistance of semiconductor de­

vices when exposed to different radiation ionization is one of 

the topical problems of up-to-date electron technology [1,2). 

This problem is of a significant interest for developing produc­

tion technology of devices finding use in nuclear facilities and 

also in the equipment employed in space technology. It is worth 

noting that such investigations should be carried out in the dy­

namic mode, i.e. one should evaluate the degree of parameter deg­

radation of semiconducto·r devices immediately as the damage doses 

are collected. 

The study of radiation effects in nuclear reactors being in 

service today, presents certain difficulties associated· with 

elevated temperature in radiation zone, sample activation and one 

should need a long period of time for collecting necessary dose. 

Under neutron radiation of accelerated heavy ions, the use of 

radiation effects for simulation has a number of advantages, na­

mely, a relatively low activation level, high velocities of 

fluence collection,irradiation parameters which are safely cont­

rolled and moreover, there is a possibility of measuring parame­

ters of semiconductor devices with required frequency while col­

lecting fluences. 

A testing of semiconductor devices for simulating failures 

under space radiation using heavy ions for this purpose presents 

an individual direction of investigations, that allows one to 

simulate both the energy radiation spectrum and typical flux den­

sity and types of particles. This direction of investigations 

is widely developed in a num~er of centres on heavy ions, e.g., 

at GANIL (France) and such testing is obligatory for all types of 

semiconductor devices, which are going to be applied in space. 

The goal of the present work is to study the possibilities of 

using accelerated heavy ions for simulation of fast neutrons and 

particles of space radiation spectrum influence on characteris­

tics of semiconductor devices. 

2 

.;. 

,,..;~ -

!':$ .. 

-, 

/.· 

,_-

\.. 

--. 
l -

'. .... ._. 

2. RADIATION EFFECTS _IN SEM~.CONDUCI'ORS_AND SEMIC_ONDU~TOR DEVIC_ES, 
I • 

Mon6crystal silicon, ·;;sually as plates of "up to 300 µm thick-: 
- t J'; r - ~ \ ' - • , • ' . 

ness and oxide of silicon (SiO J as thin-plates with thickness of· 
. , , , 2 . , . . 

0. 1-0. 5 µm produced by_ oxidation ·_or deposited from ga_s_ phase_ onto 

s·ilicon ··plates' are the .basic materials applied_ in electro_ni.cs_.. 

Lately, gallium' arsenide, (GaAs)· has_ got an application, but at 
. •' -~- -- . . 

present .this rnaterial_is·not _widely_ used. 

Single ci:-ysfal silicon and-,. Si0
2 

have a high serisitivi~y to 

nuclear and space ·radiation which; affecting these materials;forin 
I ' •" • " • •• ·•.·•••, 

primary radiation defects - Frenkel pafrs in_· them .. As a result of 

irradiation the vacancies capturing free carr;er .- .o_utside _ are.: . . 
stabilized and turii'out to be' as isolated charged centres which . , - ., ·-· - . -· . . . . - . ·->. , ·: - I 
change: the_. electron .. system of. semiconductor .. and parameters of· 

curi.;nt _carriers (6oncentr~tion, .. {ifet~;~ and ·mobility) .. ~ore,· . ' . . ~ . '. 

complex vacancy configurations with oxygen a_toms , al ways , being in ,_ 
, , , , ·, --, -_ ,• ·. . , . . . ; ' -: . , . 

silicon, ,-the·; so-called A-centres or vacancies with atoms of: hyd-_ 
,'; . \ . : . 

rogen .or phosphor·_which is the ·alloying- impurity .in silicon, _the . 

E-centres and.also multicomponentJ(ci'- and. B-:centr~~ so-called 
,\, . . ;,, ·- . . ,:'• 

(see e.. g. [3]) serve. as such cent_res. 
• •• , •• _' .• • .• I • ' ,. _, .·,:_· .• 

At .the even.distribution of radiation damagesby'.semiconduc-

_tor volwn°e the,param;t~'r degradation ?,·f the 'mate_rial itself and 

of ~he _de'vice made of this ,mat.erial, ir_r_e,:,ersible: increases with 
r _ -· • • ~ I , .,_ 

absorbed_dose:within the increase of the fluence .. As a rule, such 
, ~ "\ . :~ --.1'_ ' ' .. . ' . / 

changes are of-.smooth and monotone nature. Cont,ary to them;,· de-

fect cl~sters an:ci. • the s~-c<J,lled large dest~uclional regionEi·, the 

. , sizes of which are comparable with .macroscopical s'izes_ , of:. ~emi-. 

con~uctor devi6es ~n~ large il;!~grated circui ~s c;uld res~l t inc 

. their functional. failures .• 

Therefore, Jine·cansuppose differentmechanis~s of damages in 

semiconductor . devices. , . One should . note that . the. abo~e~mentione°ct' 

mechanisms can be rec;gnized only in terms.of.dynamical- ,lnvesti-.... ' . ~, . · .. 

gat0io~s. ·i;e. of -~uch when.one can· observe th~, radiation effect 

at all times dur_ing. irradiation of semiconductor.· d.;vice. Howe,:,er, 

to. provide_ such conditions. is a difficult·technii:al problem; 
, . ., . ,l ; . 

n,1, .• -. --. _,,. ,,r .. ..-.. - -i--· ~-•\CA..-r ... ~1,~:•· ~;J .. 1h,nt,} _· __ : 
_uei,mu_ ucc:,~_:rn~iu~l.J 
, ,v1sn~10TEKA \, _ 
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That'_s why the ·basic experlm~nfal results in the region of radi.a­

. tion. stability of' semiconductor· devices to neutron radiation: are 
a • ' •, ,•,• .-• ~ -\ • 

obt,ained by static method. This method ,is in alternating of ir-· 

radiation and measuring of the. effects 'rroin, irradiation, the. dee-·. 

rease of ind_u<;:eci a~tivit;;- is usually achieved ov~~ · this interval. 

. In. the wor~. [4]. which is recognized as the ·,classical one-in this 

· r·egion,. the 'limiting values of absorbed dose at _which the device·· 

begins.te> m~ke enors are obtained. 

Let.us riex't consider the mechanfsms· of radiation-influence on 

pa:_rUcular.'se~iconduct~r devices. 

~The the_ory of radiaUon ~ffects in
1
th": MOS (me~a1:.6xide;-semi­

conductor) structures ·i·s. based ··on . the 'following experime'nts. 

'determined under r'adiatiori in the oxide lay~;::,:· first, ',if>·· th~ 

· __ oxide is,- 'irown on,· the backing · ~r' ;ilico'n of p;-type; then the 
, . ", ·. . , ·. . I·-· , . - . . . -... 

constant space positive charg~ is_formed, if it is g~own on the 

backi;g or' n..'.type; . then' the :negativ~ oiie is formed; ·secondly:· the, 
. . . / . . ' . . . 

val tie or· this, charge depeii'ds ori full integral radiation dose (it 

do~sn' t depend o'n energy. do~e) and' t~nds to' :.~atu~ati~n; thirdly, - '-- . ' , . ' . ' . ' -· - .,. ~ 

saturafiondepends on the ·oxide· nature· ("dry" or.'i'wet" .et al.) and-

on ~sig~ arid value of'e1ectri~:.V()l~age on the gate ( :~t; doesn'.t 
-- \., -- .. -. 

depend·· ori. · the·· value. of electric field -in. the· oxide); fourthly, 
• • . ' ' •.a,•,-.'• • •. •. .:• '.-. • • :~ C..i " -- ••' • •.:.. • • _ 

space charge in· the oxide is concentrated ·near. the-backing even, 
• ·--· ' A c-

; .. . 
there is iio gate. polarizatiop outside·. 

• •, • ~ • .·,. ,·r' •. '-, • •.•• • ..,_ • ,. f, - • • 

Th~ quantitative analysis e>f,.radiation· effects in·· this struc.:. 

ture' has b;;~; perf~rmed 'i
0

n the work ,[SJ. The basic pos\tions of' 

physi~al,-~od',,l ar.e shown,:in f.ig. 1·. -
: Thee electro~-:hoie. pai~~-- symboli~ed as.(+. -(appear. under 

; radiatfon over all' volume of· the oxide layer- of. h thickness. Jhey­

. are· s;para.ted by~the _electric fie~d of- the· gate ·pola.riza:tion with 
' ' ~ \ "\ i 

'voltage: · V--g: the more mobile ' electrons elaps'.' from the oxide 

'through "transparent". corita.ct o( the oxide..:metal gate; 'and - low-' 

...m~bilE{holes are collecting in the ·lay~r of "d''.. thickness near 

the silicon bac~ing: 

The- charge_ inserted ·int~-, the oxide layer by radiation changes 
·-· . " , ' ' ''"'"' - ' ,. ;_ 

- the' value of. threshold-voltage on the gate -V,. = Vth at which- the 
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conducting channel_ in ·silicon being und~r gate. is opened, and it -

. - ' . , ' 

also changes the· _charicteristic slope of,. the F-chaimel coriducti'-­

I 

+· I 
+ 'I -

, - '.J·' + I 
+--· 

\I+ + 
I 

/ '-

s102 · metal 

/ . I II -----:---:-:-i----:::;;:=::::t:====~ + 

+ 

0 

'" . +> -----~­
P-4 

.71 ~ <~---_ . . , . .. ~v; /at !i~/ 

fig:L The~ model ·of radiation effects in the: MOS-structure [5]. 

, vity. In order. to hold the channel open;· one should change the· 
·. ~. : . ~'· ,/ - . - ·-. . , .'' . ' -

·-'.voltage on the gate_by.the'value_ V =.-AVth' which--reaches the 
. - _. 'g ' 

. saturation value AV · ·. equal according ·.to: 
\ sat.th , , : -1 " • 

:•:--.....: 

'~ 

AV 
sat.th 

V 
g 

/, at· V <-0 and·. 
g· ' 

6.V; ·= -v .(2h/d -:- 1) at v' >. 0 
sat.th , ' g ,- , , g 1 · 

.,,,,,, •,· 

The AV-' - difference -can be e'xplained qualitatively ·a:s fol:_ 
sat.th · · 

lows: ~t-_negative gate 'polarity the charg~'·of ra.diati.on' origin is 
' ' ' - ' , "' ' 

···moved to metalic gate electrode and due to high backing_r~mote..: 

ness it effects the -channel conductiv_ity less;effecti~~ly 
, . " ,' • , . • r ·- . \ 

(2 h/d -i j times less effe_c,ti:,,ely) than the, charge, being 

··cqulte 

near the '•. 
backing surface (at-V < OJ. 

. - . . ___ g . _. . . - . . 
For simulating radiation effects :in semic.onductor devices 

- unde!'- the -influence of fast neutrons with the -u~e of. accelerated 

heavy ions on": can state the fo!lo~i~g.basic criteria: 

,._'-

\: 
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ratio between ion fluence ,.and neutron one :has· to be in inverse 

_proportion __ t_o the ratio ,_of ·their damaging - abiiities (defect 

production-cross sections); 

-_ -r~nge of :accel~rated, ions R has to exceed ''the' thicknesi. of 
- ' p -

radiosensi tive region of' seinicond~ctor ,device (h ,~n f ig.l) ;· 

·- ion' irradiation 'should be _carrie_d. out in vacuum an_d on- op~ned 

cry~tal of the device.' 

3. PR0CEDURE>OF IRRADIATION AND:MEASURUMENT OF:SHIFT REGISTER -,,,,.,. - . ' . 

PARAMETERS -

Radiation.resistance of semiconductor ,devices has·been inves-, 

-tigated in vacuum'on heavy ion, extracted beams of the IC-100_ 

-(io~s B11
, Ne2z', Ar40 wi.th the.~nergies.of-13,6 MeV, 26,9 MeV a~d .. --

:· , ·-,- • ' • - · ; ' - - . 12 . • • 
46 MeV, · respectively) and U-200 · ( ions C with the energy of 91 

, ,., - I .- - - , , . -

MeV) accelerators, · and also - on_ .the . IBR-2 · reactor (LNPL In 

table 1 :i.on beam charact~ri!rtics with ~alculated/vai'ues · of proje­

"i:dve range -(R. J · and defect producl:ion cross s~ctions (,r l obtai-
, ~ _, P \. ;-__ - __ . d 

ned using _the_ IBIM-90 program are presen_ted. 

Table· 1. · He
0

avy ion charac;ter.istics 

Ion. I z I Energy R -- ,,. 
(MeV) MeV/amu) __ (µm)P - 2 d 

(dpaxc_m ! 
---

He • ·2· 5.5. 1.375., 21:i . _"1; 0xl0-19· 

lB 5 13, 6_ .1. 2 . 16.-4 s:4xl0-19 

zc. 
- . - . -19' 
6 91. 0 7.6, 162.0 3 .. 2x10 -

z· 
Ne 10 26.9 1. 2 - : _ 13. 5 5. ixio-18

· 

0Ar 18 46:3 L 16 12.3 - L 6xl0~11_ 

The choosing ·of a'neces~ary· defec't:producti.o~ velocity· (flux 

particle: deiisity) has been· .realized by· varying the' {on beam 

/. 

$-.' 

-- 1l1 
·_i_ir 
1.-1 

1,-

' 11 

1 

: I!~-·;. 
, 'l -· 
(I 
'L 

,/ 

intensity_' both at once (direct .ion:beam irradiatio~J- and with 

·using the technique. of ion ·scattering on a - scattering foil -(in 
- - - . '-, - - ': - -5 . ", -- -- . - ' ' 

our case from Au with thickness- less than 5x10 cm). - This ·allowed ... 
' -. - • - ', - - - ' -- - • 3 

one to. _decrease the ion flux densi'ty on ta"rget approximately 10 
~, . . . . - .... _ , 

times in comparison· with' the direct beain. density and . thus,.. to 
' - - _- -- .. '. ' . . . •, . : '. ' - 3- 2 : 

have safely- registered !ow intensities up to 10- ion/_cm-.secl. 

~emiconductor d~tecto~ _has b,_een_ se(to <.regis;tei;- __ the:-·. energy 

and to measure the· ion.flux density ·on the ··target· ~using tlie 

method of scattering· symmetrkally to the · ion beam axis: To 

determine ·parameters of irradiated semiconductor devices while 

collect~ng necessary -fiue,n_ce, a special' holder has been· develop-· 

•· ed. 

In. order to decrease the ion flux density .up to - the valu; 

which ls -reqt;ired . according _to the terms .of<'simuiation . t!1e 

'de{ocu'.sing beam' ha!> be.en used' a_t. irradiation. on the. IC-clO0 

cyclotron.-Fast neutron irradiation has. been'carried out on the 

-IBR-2 r~a~to~ of't~e La;oratorY-~f Neutr~n Phy~ics.' 
, · - - ---- ·, · - - ". · -- .- - 60 

The source "Mineyola"_ on the base of radio<l;ctive_ isot_ope Co 

has been applied for -r-irradlation .(Institute -of Nuclear Chemist-
,.,_ . ,- . ~ ... ,· .•. I. . ' . , ~- , '-..... 

_ry, and Technology· (Warsaw)).,- The -r-quanta energy was L 25 MeV and 

·,, the ene.rg'.>'. of. radiation d_ose was 250 crad/hour, /3-particle irra-

;diation wi-th the energy. in the range from 0. 2 up t~ -·o. 8 MeV on 
.- - - • " 90 ·-. .-.·-. ; - - _ ·- · · .__ -

the source-Sr(Y. J with activity_of. 74 MBk has been:also __ perform-_ 

ed. ·there.- ~..:particle ,- i~radi;tiori _'\l'i th the, energy ~f 5'. 5 '14ey has 
.. • • ' · - ·. ·_ . , . · ··•. : 238 · • . ·' :. ' · 

-- been can;·ied out on ·radioactive.source Pu with_ efficiency of 
- 6 - - . • - - -· --- :· . .:· . ' • 

2x10 particles/min .. During. irradiation .·with the use of radioac-

ti;~ sources ,the square eq;,,_ally irr;dfated has been varie~
0

foriri 
...... - - . 2 ' - ' 
0;5 up.to 1 cm. 

The m~asudng' sys~em is· .ill;,,_strated in . fig;2.;.:' The measured 

·parameter, was· ti and t.r1
- -the voltage at the· output' ·1 and · II · 

, · -' -. "l"," ___ · - ,- .. (_"l" . . _ · . . ,, 

is in a logical 'state-" l'.'Jwhen the gate input ·is shorted with the . - .· . , ... ._ -· r . -._·. -· . . . : ' ·:,• . - '_,. 
key" Kl or- K2, respectively). Fig. 2b shows the principle of - cri-

tic~l flu~~ce d~ter~ination fro~~e~perimentai degradation -~u'rv
0

e.' · 

It_ was assumed that at a supply_voltage of, +5V the critical 

va1u/ of this .;oltage is .+4V. .. . 
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Fig. 2. al Measuring · system of the,output voltage·U ·of logic 
'· . • : ·. . . . "I" <; . . 

NAND gate'of t_he.MCA 54012.type, b) the example of the 

-~e~ult show~ng the princi~le of criUc:al d~~e, ·det"er;i-

natfon: 
' 

...,..-_ 

r 

5. ·_ EXPERIMENTAL,_ RESULTS. \ 

.The processes of pa.'rameter,degradation of shift registers "of_ 

the· MCA ··.•54012 type ·_ (Pol,;nd/ producti~nl . have· been inv~stigated' 
. , ., . . ~, , . . , ' ' . . 

hereof' during· flue'nce collecting-the dynamical mode of operation: 

In ,fig. 3 experimer{tal de·p~ndencl-~s · of decreasing the _h.init" 

. . voltage\ at: uie output oLthe _·"NA_ND" integrated circuits on par-· 

ticle .fluence of different t_ype"! are_ illustrated .. According• to.-

_the .. i1.;cepted_ agreement t~e_ values_ of critical fluences· f~r _ every 

p~rtlcle type' are determined .• 

·.A table. of _radiation effectiveness of'different types'with 

respect to orie for '.3-nother,. whickar'e pfesented in __ table 2, is, 

··constnicted on ~ C experimentally obtained data: Analogous 
C •, \ • ' 

cients from the work [6] are indicated i;;-the brackets. 

coeffi,.;, 
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,-1-·: 
•, , 

,·1 ,· 

Ci~-
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Ar n. s, -.::::: .-.:: • c;: .. 

., Ill . +> 
. .... . 

{;. 2, 

;.1 
=· p 

9,8:i:101 

f;.5x1o11 
1,6x1014 

,1;4x1015 
.l , 

1014 ions/c~~-

·•fig.3 Dependencies of.decreasing the_voltage of'logic _''.unit" at 
. . . ·. . , , , .. ,: . . . / 

·- · t_he output of the "_NAND" logic circui_ts for_ different · · 

particle" types·. The. values of.' critical threshold fluences 

. .:..are. sh'own: 

. )ab!e 2. Coe'fficienls of radiati_on. effectiveness _based on. u,;
1
,. (Vl. 

of logic NAND gat~ 
' f •. ' 

/ 

40 . 
Ar 

!16 MeV 

• ·22 
· Ne 
,27MeV· 

11 · '. 12 4 · • '*) c . > + •) 
B, ·. . _, C He · n e- 1;

0 
13.6 MeV 91 _Mey Pu-238)reactor; Sr(Y) Co" 

-.: 40 ' 
.Ar . 1.5 2.s· 

1:1· 

3. 1 3.5 1600 .: 730 14000 
22Ne:-. ·o.6_ 

11B .. ,0. 4 . 0.6''.. •. 1 .. 

,2c ; 0.3 o.-s 0.8 
4

He 0.3 
I . 

0.43 • -b. 1 _ 
, .. 

·2.0 2.3. 
1. 2 

. b. 9
1 

L4 

1: 1 

. 1 

1100 480 9300 

290 640 5600 

240 ,530 4700 

470 210 ,, •4100 

C140H70Dl C 1soooo) 
- *) ., - . -4 ' - -4 . ' . - -3 · · · -3 . _: -3 . 
n 6. 2x10 9. 1x10 · 3. SxlO , 4. 2xl0 2. lxlO. · _1 0.45 •· 9· 

(50) (1100) 
+ : · . -3 . -3 . -3 · - -:i · -3 ; . . . . .-

, e · -.L 4xl0 2; lxlO 1. 6xl0 1. 9xl0 4. 7xl0 2. 2 • .1 ·"zo 
'°(22)_ 

/ 

•l •. ' -5 . ·. · -4 · . -4 • · -4 . · ~4 
7.1x10. 1.lxlO : 1.7x10 2:2x10_ 2.4x10 ·Q.11 O.os· 

•f IC -c~ps oLO. 2 g/cin3
, for bipolar transistor. after J6]: 



•-\ ~ 

/ 

·' . , 

, . 

in 

bipolar'' transistor~.- This i~ due to different operation of .. d;;vi-
• ,, :• -: ,' ' ,'· -c _:' '. • • , • ' ' • :: ' ·_ •• ; '.__ • - • 

. ces investigated .. The'degradation· of: bipolar . tran~istor .. results,· 

from incir~ase of rricomb~nation vel6cit/'of minority carriers .on 

vacancies, effecUveily produced b; heavy 'par~{;les .. · Wher~as;: in·· 
. . . . . " . is. played by "~h_arge ,:the·MOS)ntegrated circuits the main.role . ..:, .. ·.. <' ,-"· •:,.· ./ . . . . 

centres,,.formed as, a i-es_ult of' ionization in the oxide'.layer. of 

. : the . MOS 'structure, which cause· tne shift. of ·threshoid ·voltage '.of 
- • N ..._ • - • I·,, .. ., . 

-the MOS FET .t~ansistor. These c;nttes ar~ :more effectively 

produced by electrons and ,-rays. 
. \ - ,_, 
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