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Heavy Ion Radiation Effects in VLSI

I. U~TkODU(i’ION

N onunifdrrn distr ibut ion elli’t’ts dboW up t v a n) . I t i r a l l y  in dosim etry when the
dimensions of the region of interest  are approxim at e ’ to the  rangeS of the  elect rona

involved. Recent dev elopment of t n t e r i . I c ( ’  dose cnlm. ince n eut phenomena at tes ts  to

that fact. in the cont inuing si te  reduction ,issoci . i t e ’ ,l w i th  microelectronic c i rc u i t  rv -

‘

a dimension is being approached in which unit ’ rm ,leisc testing w i l l  be inappropr iat e
to specify response on hardness. The electrons gener ated by heav~- ton (for example .
cosmic ray  ‘I t ray e rsa 1 are a case in point. 1’he ion — etc et ron col lisions gene rate a

flux w ith  I / E2 spectrum and m ax i m u m  energy of about 10 ke\ • l’hc r ange ’ in

si licon of a 10 ke\’ electron is 1. 4 microns .  l’hiis . when ni icroe ’ie’ctronic ~lc vic e ’a

reach this s i te . local ~~~~ .itit)III,& I te ’s (‘~ifl occu r. \ cry I a rge ’ Sc,i It ’ integr at ion
(Vi  .S1) crosses the threshold into this  domain.

2. 1WVICE SIZES IN V 1.51

1.51 technology l i e s  incre ’ascd t he densi ty  of c i rcui t  elements to about 70 . 000

per chip wi th  a device  size of about 1— mu squar e ’ . Present masking techniques
(optical) lead to edge aceiit ie s of 2500 1. ‘l’his means that the j ut r a i l c v i ce ’ dimen-

sions are greater than .t f ew micron s t25 ~~ = I mill .  As .e result,  the energy depo-
sition profile normal to an energetic h eavy ion track occupies an ar ea small  in
(Received for publication 18 M a y  1978)
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comparison with device clement  cross sectiona l areas.  Hence, a single Ion track
cannot influenc e a devi ce ’  of 1 .51 dimensions except in the moat contrived anti extreme
circumstances. This is due to the fact that  the energy loss mode of a heavy ion
is electron collisions. ‘I’hat collision process produces a spectrum of electrons

which has a few members of energy 10 keV and thi ’ range’ of a 10 keV electron in

silicon is I. 4 microns. —

In consequence of the foregoing, a d r a m a t i c  effect of single heavy ion energy
deposition will nut become apparent unt i l  device ’ sizes approach I or 2 microns.

Th is situation will occur with the advent  of \ 1.51. ‘l’he projections a rt ’ fo r edge
a~~t i i t ies  of 50 1 that t ’oulel lead to element st:es of severa l hundred A and devices
about I ~ on edge. The t r a n s i t io n  is macic possible by use of soft x — r ay  or elect ron
bea m masking techniques.

3 SIZE ANt ) DOSE DISTIUIII~TIONS NEAR HEAVY ION TRACK S

When a fast heavy ion penetrates condensed matter some of th e  orbital electrons

are stripped from the  ion and a beam of such ions then has a mean ioni ’ charge .
a t has been measured wide ly  as a function of energy and ve loci ty  of the Ion

and Is given by Harkas4

~ = Z (I  e~~
2
~ 

P~~~~~~ 1 (1)

The ion loses energy through electron collisions and generates an electron flux at
a rate given by

dn 2s N z ~~e4 
, 1 

(i - ~~2 WIlA ) m ~ 
W I1 

(1 - ~L) 1 (2)

where

~ the number of electrons of energy ~~~,

w + dw generated per cm of ion track in
matter containing N electrons/cm 3,

I, Binder, D. St at (1975) IEEE Trans. Nuc. Sc NS-22(N o . 1h2675 .
2. Ashley. J .( .  et al ( 1966) RAI)C-TR-76-125 .
3. Hotton. W. C. ( 1977 ) The large scale integration of microelectronic circuits,

Sd. Am.
4. Rarkas. W. H. ( 1963) Nuclea r Research Emulsions, Vol. I Academic Press.
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and

= 2 in c2j3 2y 2 e. m are electron charge , mass.

Integration of this equation y ields the number of electrons between two energies

~~~ ~~2’

f dn/dw = 2nN(e 2 /m c2 ) 2 f ~~~~~~~~~ 

- 

~~~ 

L~~/(3 2 (3)

(see Reference 5).
Thus, the integral spectrum fails of f  like ~~r .  Evaluation of the integral above

S keV yields

j
5

dn/~~ = 2rN 
(;;~
.:2) 

2 

f m
2 

- 
~~~~~ 

~~~~~

which for Fe56 cosmic rays with j3 0.5 in silicon gives 4. 3X 1O5 electrons/cen-
timeter.

Thus in a slab of Si 1500 A thick only 6 electrons are liberated with energ ies

greater than 5 keV. The range of a 5 ke~’ electron in Si is 4400 A so the electrons
a re confined to a radius <4400  A (ignoring diff usion).

The energy loss rate in the target is obtained from the Livingston- Bethe
formalism

d E / d x  = 
417 e4 Z 2 

NZ 
f~~~ 

2rnv2 
- ( f lU  ~ 2i~~~~2~

For Fe56 cosmic rays this can be 30 Ge’ V / c m  so that im ~ a slab 1500 A thick
450 keV could be dumped.

A much less probable but more dramat ic  energy loss occurs in the nuclear
reactions that can result (p. n : p. 2n; p. a , etc. ). When protons or a particles are

F the projectile, these reactions lead to “star ’ reactions that can deposit much more
ioniz in g energy locally than the primary proton.

‘rhe above electron generation mechanisms can be coupled with electron trans-
port models to produce a relat ively detailed pic t u r e of the dose ~nd electro n flux
near a h eavy ion track. Katz 6 has made extensive calculations of the energy
deposited near  an ion track with the following result~
5. \Iott .  N. ( 1929) Proc. Roy . Soc. 124-425.
6. Kobetlch, E. • and Katz. H. (1968) Phvs.  Rev. 170. No. 2.

7
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U a k z / r  , (5 1

th a t  is th~ energy deposition in er ga/g ,ct radi ce s r from a cylindrical t rack falls off

.is 1 / r 2 .t~ d is proportional to a 2 , whe re from above ’. ~ is the mean ionic’ charge
of the con or coaflue r~iv .  Roth ~ and k are functions of ~i . Recent measurements
at Llroukhaven7 have ’ veri fied  the I / r dependenc e. e ’ v e ’r a range of I to 300 urn
( 10 I to 3000 11 .

The 1 / ch aracter can b~ cle ’vel opech approximately as follows~

(1)  The in i t i a l  electron spectrum is cr eated w i t h  1/ K 2 pr obability
— •~~~t.:

— . (6)

(2 )  The stopping power d E - ~dx he — at Ion e ’te e eg c t ’s .  ( 7 )

0) The’ r ang e’ ~ t an electro n at low euee ’rg ie’s. H K K I .  ~~
, (8)

14 t h e  electron attenuati on rate is ~ ( rI e ~‘ H , ( 9)

Therefore the total energy lois rate at a radius r is given by
Emax

a - J •(r. E)4~ dE dr

- ~~~ ~- r / R  k / E 0 ~ dE dr • 
( 10)

E k$ 0 ~r / k E L 7
a - ! e’ dE dr .

0 E

The dose (energy deposited in a shell di’ thi ck d ivided  by the mass of the shell)
E . .1.7max - r I K F ,

L ) ( r ) a 
2lrpdr !~i~p k~ 0 f ( - ) -~~

-- , - --

L ~r /R max ukK ~ 0e L a  21p ‘ - ( I l l

hence since is of the order of I M. l)~r ) wIll follow as ~~~~ for the f irst

fraction of a mIcron.

7. Va rma . ~I. N. et at ( 1 9 7 7)  Ra d ial dose for 016 in N 3. Had. Res. ~~ :5l l .
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In par t icular  the dose pro file in quart z for Fe56 cosmic rays (see Figure 1)

shows

(a) at ~ a 0. 02 1) 1 .4  \ 10 10 I at r = 4 A
7 \ 1O~ rad at r = 160 1

(b) .ct ~ = 0. 1 1) a 7 \ 10~ rad at r a 4 A
7 ~ I O~ rad at r = 1400 1
7 ~~ 102 rad at r a 1.4  ~

RAO4AL DOSE FROM Fs~~ lOPdi $.O.I

/ - - ...
‘ 

Fi gure 1. Radial  Dose
/ — Distribution Around h eavy
/ - 

~~~~~~~~ \ ton T rack Normal  to Pla ne
- 

of an MUS Device’. VLSI( • ) 
) 

dimensions are ’ approximate

$
-
“-‘ S. 

-

_ _ _

SOURCE GAT E DRAIN

Th us , the picture that describes the generated electron energy ~le ’ pos’ition is an
intense central core ~~~ A in radius with dosc~ — 10 ’ -10 rad for heavy ion s and l0~
tad for protons and mesons, that dose falling off as r~~ with a 100 rad radius of
about I ~z in  silicon.

9 
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.1. ST -VFIS TI (~S OF TIlE LNERG ~ UEPOSIi ’K)~ PROCESS

When a h e a vy  ion t r a v e r s e s  a t ar g et  the  to t al  energy loss is the  sum of the

ind iv idua l  electron col l is ion losses,  If the  n u mb e r  of c o l l i sions  is large and the

total energy loss is larg e compared to the m a x i m u m  loss to an electron in a single

encounter, then the energs  loss dis tr ibut ion  is a ga u s s i a n .  if not, if the total

collision loss is compa rabLe to the m a x i m u m  sing le toss , th en  the d i s t ribu t ion  is

skewed by the weig ht of improbab l e  hut  Ia rge ene rgv loss sing le col lis ions and a

d is t r ibu tion  dese ’ribed 1w 1 nW.u . V ~ i lov  or S~ mon rcs i l t s .  Thu s , in computing

the energy loss of a heav e n t  i g e t i c  ion t rave i - s in g  a th in  t arge t . out ’  mus t  t ak e  care

to inc lude  the produc t ion  ( energe t i c  de l ta  ray s  and not s imp h use the cont inuous

slowing down app rox imat i on .

Since it is the high energy elect rons  that  a re  r a r e ly  produced . one must  i~se’ the

appropriate statistics to describe them.  The’ g e n e r a t i o n  ra te  of electrons of energy
— greater than some E0 

is given by Eq. (3 ) . If one’ take ’s th is  as the a v e r age r i t e

(delta rays/cm) is

= w h e r e  ~iI is the Mut t 5 r e s u l t .

Fo r example, in the case described in Section 2 , M = 6 electro ns > 5  k e V / 1 5 0 0  A)

P(6) = 0. 13 for  examp le , on e get s 6 electrons only 130 o of the  cases ,

P110) = 0. 05 for examp le , one get s 10 electrons in 5’~ of the  cases.

The point here is that the actual yield is subject to considerable variation and

usin g only the mean value misrepresents the situation.

5. SOURCES

Sour ces of fa st heavy ions a re the naturall y occurr ing fluxes in space and the

man-made accelerated variety. The cosmic , sola r , and trapped eart h protons and

ions have been studied and measured but not in elaborate detail. The proton comp-

nent varies due to magnetospheric and solar act ivi ty and is hard to describe with

a single profile. The heavier component s are reasonably stable and quite energetic. 
8

For radiation effects purposes the fluxes and energy profiles seem well enoug h

known to make calculations on the number of event s to be expected in a satellite due

to natural  background of cosmic rays. At least one attempt is in the IEEE literature.

8. A pparao , M. M. V .  ( 1975) Component s of cosmic radiation , Topics in Astro
Phy sics, Vol. 11.

10
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The fluxes of particles can be made into S groups: protons; a particles (He ) ;  C. 0, N;

Mg . Si; i c , Ni , Co. Protons constitute —90% of the total flux; He about 9%. The LET
rates range up to 30 GeV cm 2 /g . The energies of the most energetic 10% are

rt~ 
greater than I 0eV/nucleon , sufficient to penetrate one to several inches of alumi-

I 
num.

Manmade fluxes can be generated by a variety of accelerators. Proton linacs
capable of intense beams of 1 GeV are in operation and the Berkeley Bevalac has
recently achieved I 0eV/nucleon Fe 56 beams.

The cosmic fluxes can be evaluated by their kerma as follows:

D o s e = k f ~~~~~~~~’ dE ,

in particles/cm 2 MeV , in M eV cm2 /gm

K = l . 6 X  1O~ r a d / g / M e V

This has been done for tissue with the following results: 9

i)ose rate rad /year
Proton Z- = 1 4 .6
Re ion Z =  2 3.5
M i o n 6~~ Z 5 9  1.9
LH ion 105 Z �  14 1.3

V R ion 2 6 s  L 5 2 8  1.3

- 
- 6. EFFECTS

The effects of fast heavy ion energy loss are the same as routinely encountered
in radiation hardening; pseudo permanent damage (for example, displacement, ox ide .
and insulator charge up) and transient (induced conductivity, electron-hole pair
creation, diffusion , and collection). In that sense the description is unchanged.
What is different has alread y been alluded to in the determination of the sizes of the
affected areas. The following differences occur:

(a) Higher doses than any proposed for hardness are
achieved in the central core of an ion track. Higher
by three orders of magnitude for heavy ions (Fe) .

(b) In the no ura l background case, the doses are delivered
randomly in time and location in the satellite.

9. Curtis, S. B. ( 19 16) IEEE Trans. Nu c. Sci. NS-23-1355- 1360.

11
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It ’) A v e ’e ’ .e g .’  th eses du~ tee cosmic baekg t’ounel U i r  I et c I .e l v  smal l

~et e ’ae ’ti i e c ’t t v t d c i a t  e ’vent wIn ch  would  c .i i ise ’ ne c e’ffee ’t i i i  551,
Ma~- t r igger  I SI ci e c o i t  e’ c’s poecsi ’ (see’ h u n t , ’  e- IITI ui potent iii !

a Cliii hi t a t i e c c u  of a ci I’i ’u(t et ence ’iit in \ I SI.

~,h l I hue ’ c I t  e a se ’ I I I  S i t e ’  eel a ~‘tr e ’ut t e’Ie ’eiie ’eit le ’ e I s  t e e  s i i c , i ( h , ’ e
probabi l ity of he avy  ton hit ,  tact t he’ peirpe ese ’ oh I SI is
to % etei ’ e’ase’ the e total  fl t if l ihe ’i’  of ci i’e’t i l t s  i i i  iii. ’ s c i ~~ .’ I ee ’ , 1pc e r t le ~t l ,
hen ce’ the ‘‘tlte’g ’t ° l i e n  i’e’nie t t n s  f ix e” ) ,

(e ’) I’Ic i’t ’shohel t ’fft ’e ’t s I e ’hn i’g t’ e’e’qut r e t  to fI ip— fl ip,  c t , ’at he iii

l e n c l e c g t e . e l  et ’hI . t he a e’g.’ r c ’le ’n ss ’  fle’, ’chi ’’l leer ‘lue ’I rc t r te -
h i . ’ c k1l~c w c e )  ~~a t i  c f q n ’ a t  ii’hiielt cc e e e i i . t  ic. ’e c ’, be seen in t o t a l

S e e ’ le . t  t ie ’ . :\s i i i  e ’ x c i i c p h c ’ , if  a lc ’e ,el e ’i ee ’rgc ,hiui 1e ~
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) t t l~I 5 e’ 5~’. l t e ’ I i l ) c ’ e’t lc ‘ii a t t h  l l s t  hi e’ . c c  , cua  I .
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of the pci et tele speet l a  t oe’ protons , c-cc e’bccn, eec. )  cro ci ci t ie l  I bet i i c ’s ) ce ’ c I  t e  e ’ I I I~~ es
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Thus, the average dose from each particl e to any convex object can be obtained
from:

l, 6X io 8 . 
~~~~(MeV cm2/gY j

~ 
= D rad .

A is the total surface area , not projected cross section. For the example above

A = 2 (2X 1 + 1 X 0 ,2  + 2X 0. 2)M 2 
= 5,2  X i0 8 cm 2 ,

and for a maximum LET particle = 6. 5)< J~~
3 MeV cm 2

1 . 6 X 1 0 8 X 6 . 5 X 1 0 3 X ~ 
8 = 8 X l O 3 rad ,

5. 2 X 10
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However , as previously mentioned this represents the average of a distribution
that varies from l0~ rad to 102 rad over I M radius from the ion track.

The maximum energy transfer  in a single collision between ion and electron is

E = 4 (me/M 10~ )E 10~ -

For F’e56 at 1 GeV this is 35 k e V ,  Hence, those energy dump s ~ 7 0 keV can
be expected to show the Vavitov distribution.

8. SIMU LATIO N OF HEAVY ION EFFEC TS

Experimental simulation of the effects of cosmic ion irradiation can be achieved
to a large extent (not displacement effects and restricted to thin targets , t < few
microns) by the electron beam in a scanning electron microscope. Those effects
deriving from low energy electron collisions such as electron-hole pair production
and subsequent trapping would be reproduced well. Others, some more lethal ,
would not . (For instance the creation of a pin hole punch through leading to .c gate-
substrate short. ) In Table 1 the comparisons are indicated for various important
parameters of simulation.

F’igure 6 shows the differential free space flux of large LET particles. One
can use the graph to determine the relationship between SEM current  and the cosmic
ray flux at each LET rate, Figure 7 shows the radial dose profiles from a SEM
operated at 10 and 20 keV as computed by Ch’adsey 1 and the previously mentioned
work of Katz 6 and of Vax-ma.

Galloway and Poitman ’2 have indicated the pertinent parameters for an SEM
as a device to deliver uniform exposure to LSI/ MOS devices , but nonuniformity is
the characteristic of radiation effects in the small.

11. Chadsey, W. L. ( 1973) NA t )  Crane Technical Report ‘7024-C74 -69 .
12. Galloway, K .,  and Poitman, P. ( 1977) IEEE Ti-ans. Nuc.  Sci.

NS-24 (No . 6) :2066.
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9. CONCLUSIONS

Nonequi librium dosimet ry effects become apparent when region s of int erest
(devices) have dimension s approximate to the ranges of the elect rons Involved.
Total dose concepts fail in that domain , VLSI radiation effect s testing and analysis
will require elevated sensitivities amongst the radiation effects community to cope
wit h these phenomena , The cosmic ray Interaction s in space applications are a
case in point.
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The numbers suggest an enhanced vulnerabil i ty to damage and device mode

change in VLSi size d evices. 1’Iie’ Sl- M simulation offers a partial solution to the

assessment problem.
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