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I n  c o n t r a s t  t o  defocusing a high energy l a s e r  beam t o  cover r e l a t i v e l y  

l a r g e  a reas ,  a low energy pulsed  l a s e r  has been focused througn a microscope 

t o  a spo t  s i z e  of  10  microns and used a s  a probe t o  genera te  ion iza t ion  i n  

s e l e c t e d  regions o f  semiconductor devices.  Data a r e  presented  which show 

t h e  magnitude o f  t h e  photocurrent  r e s u l t i n g  from i d n i z a t i o n  introduced a t  

var ious  p o i n t s  i n  t h e  wafer geometry f o r  a diff 'used mesa t r a n s i s t o r .  Also, 

some prel iminary s t u d i e s  of' a monoli thic c i r c u i t  i n d i c a t e  t h a t  t h e  i n f r a r e d  

probe i s  a va luable  t o o l  i .n:understanding tine responses obtained from i n t e -  

g r a t e d  c i r c u i t r y  and developing hardened vers ions  o f  t h e s e  c i r cu i t s . .  



In t roduc t ion  

The s tudy of t r a n s i e n t s  induced i n  semiconductor devices which a r e  

cxposed l o  penet ra t i . ,  g and ion iz ing  r a d i a t i o n  such a s  gamma rays  o r  high 
1 , 2 : 3  energy e l e c t r o n s  i s  we l l  docllmented. , Energy i s  t r a n s f e r r e d  from t h e  

inc iden t  photons t o  t h e  material. throu(.;h s e v e r a l  processes and causes ion i -  

za t ion  and e x c i t a t i o n  of e l e c t r o n s  with t h e  r e s u l t  t h a t  hole .e lec t ron p a i r s  

a r e  generated uniformly throughout t h e  m a t e r i a l .  Some of t h e  c a r r i e r s  gene- 

r a t e d  near  t h e  device  junct ions  t r i l l  t r a v e r s e  t h e  junction and produce t r a n s i e n t  

c u r r e n t s  a t  t h e  device  t e rmina l s .  I n  genera l ,  a t  exposure l e v e l s  below t h a t  , 

r equ i red  t o  conduct iv i ty  modulate t h e  bulk m a t e r i a l ,  only those  c a r r i e r s  

generated wi th in  t h e  dep le t ion  regions and wi th in  one d i f fus ion  l e n ~ t h  of t h e  

,junction a r e  c o l l e c t e d ;  t h e  o the r  c a r r i e r s  recombine before  reaching t h e  

junct ion  and do not  con t r ibu te  t o  t h e  t r a n s i e n t  c u r r e n t .  A t  much higher 

exposure l e v e l s ,  t h e  c u r r e n t s  r e s u l t i n g  from changes i n  t h e  r e s i t i v i t y  of 

t h e  bulk m a t e r i a l  snust a l s o  be considered. i f  t h e  approximate c a r r i e r  l i f e -  

t i n e s ,  d i f f u s i o n  l eng ths  and geometry a r e  knowri, mathematical models can be 

formulated which p r e d i c t  t h e  observed t r a n s i e n t .  

An inpor tan t  p a r t  of  r a d i a t i o n  e f f e c t s  s t u d i e s  i s  t h e  experimental 

determination of t h e  t r a n s i e n t s  produced by ion iz ing  r a d i a t i o n  and thus  

s imula t ion  of t h e  environments i s  requi red .  Pulsed X-ray machines and l i n e a r  

a c c e l e r a t o r s  a r e  a v a i l a b l e  f o r  t h i s  purpose; however, they  r e q u i r e  r e l a t i v e l y  

l akze  i n s t a l l a t i o n s  and have a high c o s t  of opera t ion .  High l e v e l s  of  ion i -  

za t ion  can be  c rea ted  i n  seniconductor devices  by i r r a d i a t i n g  t h e  devices 

wi th  s h o r t  pu l ses  of l i g h t .  I f  a proper l i g h t  frequency i s  s e l e c t e d ,  . s u f f i c i e n t  

and reasonably uniform dnergy deposi t ion  i s  obtained which r e s u l t s  i n  i o n i z a t i o n  

r a t e s  o rde r s  of  magnitude above those  p r e s e n t l y  a t t a i n a b l e  from o t h e r  sources.  

The genera t ion  o f .pho tocur ren t s  i n  diodes which a r e  exposed t o  r a d i z t i o n  

i n  t h e  form of  v i s i b l e  l i g h t  has been s tud ied  t o  some ex ten t  i n  conjunction,  
< z, :: &:;3 

with  s o l i d  s t a t e  photodetector  design; f I n  genera l ,  t h e  mathematical 

model becomes more complicated because absorptfon c h a r a c t e r i s t i c s  of  semi- 

conductors a t  o p t i c a l  wavelengths a r e  r t iP id l i  varying funct ions  of  frequency. 



at infrared wave1en~l;ths penetration depths. sufficient to give nearly uniform I 

, 
7' 

-2- 

The Lse of monochroma.tic light in the infrared alleviates this problem and 

encr,yy de_nosition in typical silicon devices can be. obtained. A Q-switched 

r 

laser is a pnrticularly well-suil;ed source because it.has the, desired mono- 

chrofi~ativity, collimated bean, and. the ability to.deliver hizh energies in 1 
kvery short times (typically 20'-~0 nanoseconds). In addition, through the j 

use of ordinary optics, it can be focused or defocused to cover a desired 

area with.varying mounts'of energy flux. It is a relatively simpie, inex- 

pensive and compact laboratory tool, capable of simulating the high ionization 

levels in serniconductor devices that are of interest in radiation effects work. . . 

Generation of carriers in Silicon by Photon Absorption 
2 Consider a flux of monochromatic light, I (watts/cm ) ,  impinging upon . 

. . 
the surface (x = o) of a material. If the wavelength of the incident light . 

is h (crn), 'the number of photons Q (photons cm2 sec) striking the surface 
/ 

will be 

C/ 2 ;' 
where c = v~locity of light (cy kec) 

I 
h = Planck's constant 

v = the frequency of the light. 

If the reflection coefficient'of the surface is R, the flux entering the 

surf ace wi1.l be 

  he photons are absorbed while traveling throughout the material and .in 
accordance with Lambert's law of absorption, the flux F at 'a distance x 

. ' from the surface will be given by 
-ax F = F,$ e 

where a(X) is the absorption coefficient of the' material. If only intrinsic 
' .  

, ' absorption is considered and if the quantum yield is m (ratio of the hole 

electron pairs produced to the number of photons absorbed) the number of hole 
3 electron pairs per cm per second generated in the semiconductor at a distance 

x will be 
-ax 

g = Woae 3 pairslcm sec 
4 

Figure 1 shows the absorption coefficient of intrinsic silicon a n d - . i t w e -  

-c-i$rocal,' .p enetrat ion... distance - (point.- at-which .-intensity-has,d~rre_a_sed~by~ , 



0.01 ohm ca at which point free carrier becomes prominent and 

the absorption coefficient increases with increasing carrier concentrations. 

Fortunately, expect for the 'emitter regions of some transistors, most devices 

employ carrier concentrations within the above linits, 

Figure 3 shows the percentn~e of input energy at 1.06 microns deposited 

in silicon as a function of wafrr thicltness for an average absorption co- 
1 4 

efficient of hO cm-l . Typical transistor2 and integrated circuit waferd thick- 

nesses range from several microns to about 100 microns, For 100 microns, the 

uniformity of deposition obtained throughout the wafer is about 30%:' a 
r 
reaspnable value for simulation of energetic radiation sources. 

It is informative to 'compare the absorption coefficient of silicon at 

X-ray wavelengths, shown in Figure 11, to the previous results' for light, As 

indicated on the curve, the penetration distance obtained in silicon with the 

ruby and neodynium laser corresponds to the penetration of 2 KeV and 10 KeV 

X-rays respectively, and thus the laser. would accurately ' simulate the energy 
. . 

deposition profile obtained at these energies, 



- 5,- I ;>, 5 .:. 
p l o t t e d  a s  a funct ion  of photon eneri$. Eecause t h e  energy band gap ( Z  ) z 
i n  s i l i c o n  a t  room temperature i s  approximately 1.08 e v ,  very few hole  

e l e c t r o n  p a i r s  can be cenerated by photons with energies  hv < I3 . I n  t h e  
G 

region of  t h e  absorpt ion  edge, where photon energies  a r e  approximately equal  

t o  E , e l e c t r o n s  i n  t h e  valence band cBn be exc i t ed  ac ross  t h e  .forbidden 
G 

gap t o  t h e  conduction band and consequently t h e  absorpt ion  c o e f f i c i e n t  in-  

c reases  r a p i d l y  a s  (&' - E-)*'~: The upper l i m i t  o f  usable  wavelengths 
ti 

f o r  s imula t ion  i s  thus  given by A < - ; t h e  lower l i m i t  i s  determined by ' 

t h e  enerGy deposi t ion  p r o f i l e  des i red .  

For optimuin uniformity o f t ene rgy  deposi ton i n  s i l i c o n ,  t h e  pho%on energy 

should be s l i g h t l y  g r e a t e r  than t h e  band g a p  energy where t h e  absorpt ion  co- 
a 

. e f f i c i e n t  h a ~ ~ r e l i t t i v e l y  low value.  The degree of  uniformity obtained w i l l  , 

be inf luenced t o  a g r e z t  ex ten t  by the  device dimensions, t h e  r a d i a t i o n  dose 

l e v e l s  of i n t e r e s t ,  and t h e  impurity dopin2 concentra t ion  p resen t  i n  t h e  

s i l i c o n .  A t  r e l a t i v e l y  low doses ,  before  t h e  onset  of  conduct iv i ty  modulation, 

t h e  a c t i v e  c a r r i e r  genera t ion  depth of a t r a n s i s t o r  extends only through t h e  

e m i t t e r  and base depths p lus  a d i f f u s i o n  l eng th  i n t o  t h e  c o l l e c t o r  region.  

A t  h igh  i o n i z a t i o n  l e v e l s  t h e  peak photocurrent  response i s  determined by t h e  

change i n  r e s i s t i v i t y  of  t h e  bulk m a t e r i a l  i n  t h e  c o l l e c t o r  region and hence 

t h e  e c t i r e  wafer th ickness  i s  important .  The e f f e c t  of  doping concentra t ion  

w i l l  be considered l a t e r  f o r  t h e  l a s e r  frequency of  i n t e r e s t .  

Although an ever inc reas ing  number of  a v a i l a b l e  l a s e r  f requencies  a r e  

r epor ted  i n  t h e  l i t e r a t u r e ,  t h e r e  a r e  a t  present  only two s o l i d  s t a t e  l a s e r s  

a v a i l a b l e  v j t h  s i ~ f ? i c i e n , t  energy output  f o r  s i n u l a t i n g  r a d i a t i o n  over l a r g e  

a r e a s :  t h e  ruby (wavelength - 0.6943 microns; photon energy - 1 . 0  ev)  and / 

neodyniwn-dope& g l a s s  (wavelength - 1.'06 microns; photon energy - 1.17 e v ) .  

It w i l l  be shown t h a t  t h e  l a t t e r  i s  a reasonable choice f o r  s imula t ion  of 

p e n e t r a t i n g  racl iat ion i n  s i l i c o n .  

Because t h e  absorpt ion  c o e f f i c i e n t  i n  s i l i c o n  i s  e x t r e i e l y  wavelength- . 

dcpcndcnt f o r  phot.on ~ n ~ r g i e s  s l i g h t l y  g r e a t e r  than E experimental va lues  
e; ' 

were determined a t  1.06 microns f o r  pand. IJ-type s,&ples with va r ious  doping 

imsur i ty  concentra t ions .  Figure8 2-a.nd-3 showfthe r e s u l t s  of t h e s e  measurements 

for phosphorous-doped and boron-doped s i l i c o n ,  r e s p e c t i g e l y . ,  It i s  seen t h a t  

t he  ahsorp t ion  reaaina  e s s e n t i a l l y  cons tan t  from 100 ohm cm t o  approximately: 



I n  t h i s  p q e r ,  t h e  r a d i a t i o n  exposure is r e f e r r e d  t o  i n  terms of t h e  dose 

o r  t h e  dose r a t e  depending upon which i s  appropr ia te  f o r  t h e  discussion.  The 

u n i t  of dose used i s  t h e  ra.d nn'd is  defined a s  an  absorbed energy of  100 ergs/gm 

of  t h e  naper ia l .  Because a rad  i s  defined by t h e  e n e r a  deposited i n  t h e  
.- . . 

mater ia l ,  it i s  independent of t h e  r a d i a t i o n  spectrum. Furthermore, f o r  

g m a  rays and high energy el 'ectrons it i s  assumed t h a t  uniform generat ion 

I .  

of hole-electron p a i r s  t akes  p lace  and t h a t  t h e  average energy required  t o  

c r e a t e  a hole-electron p a i r -  i n  s i l i c o n  i s  approximately 3.6 ev, which cor- 

responds t o  a genera t ion r a t e  of 4.3 x 1013 pnirs/cm3 sec  f o r  a dose r a t e  

of  one rad/sec.  

I f  a l i g h t  enerzy f l u x  of B joules/cm2 impinges on a s i l i c o n  wafer t h e  
0 . .  . 

ener,T deposi ted  p e r  u n i t  volume i s  given by 

For ax:<< 1, t h e  deposi t ion  w i l l  be near ly  uniform and t h e  expression becomes 
\ 

(The assumption of uniform deposi t ion  a t  1.06 microns f o r  a t y p i c a l  wafer ' 

th ickness  of 100 microns r e s u l t s  i n  a 30 percent  e r r o r  of ca lcu la ted  dose.) 

- 1 
At. 1. nh mi.rrons a = 40 cm and R = 0.32 s o  t h a t  Ed = 2.72 E - j /cm3 o r  

U 

G 
. . 1.08 x 10 .E rads over an a r e a  equal  t o  t h a t  of t h e  l a s e r  rod. 'Because 

0 

9 t h e  quantum e f f i c i e n c y  i n  s i l i c o n  a t  o p t i c a l  wavelengths i s  near ly  un i ty  , 

f o r  l a s e r  i r r a d i a t i o n ,  one hole-electron p a i r  is c r e a t e d . f o r  every absorbed 

photon leading t o  a generat ion r a t e  of . 

3.6 ev  ' = 1.17 e v  
x 4.3 x 1013 pairs/cm3 sec  = 1.32 x 1014 pairs/cm3 s e c  

. . 

for  an absorbed dose of 1 radlsec .  Thus, when comparing laser-induced t r a n s i e n t s  

t o  those  .obtained using nuclear  r a d i a t i o n ,  t h e  respec t ive  doses must be  weighted . . 

accordingly. 



In  a Q-sr~itched l a s e r  the  gain ]?cr un i t  length of rod, which i s  propor- ' 

\ 
t i o n a l  t o  t h e  exponent of p n ~ u l a t i o n  inversion' achieved, i s  very high a t  t he  

i n s t a n t  of  switch in,^. Tnis cnu.ses. multimode operation i n  which t h e  l a s e r  

,output t r i l l  be phase coherent i n  t he  d i rec t ion  of propagation but  w i l l  not  

be of mi form phase across t he  wave f ron t .  Under these  condit ions the  energy 

f l u c  emerging from the  l a s e r  i s  r e l a t i v e l y  colistant over t he  cross-asct,Jan of  

t h e  l s e e r  rocl. To check. t h i s  e~perimc:i tal ly t h e  l a s e r  beam was diverge5 by 

z sho r t  foca l  length lcns  qnd flu;.: measurements were made across the  beaii 

f r o n t  at a point  where t h e  beam d iane te r  was a f a c t o r  of 16 g r ea t e r  than . 

t h e  rod diameter. The r e s u l t s  ere-.depicted in I i Z g u e a n d  show the  u n i f o m i t y  

t o  be wi thin  a f ac to r  of  two across  t he  diameter. The degree of uniformity ' 

, obtained i s  dependent on t k e  honogeneity of t he  l a s e r  rod ma te r i a l ,  the  

pwpirig..  configuration and t h e  qua l i t y  *of t he  o ther  o p t i c a l  components i n  

t h e  system.. I n  t he  experimental apparatus used here  no attempt was made t o  

s e l e c t  optimum colnponents and hence it i s  felt t h a t  t he  above va r i a t i on  i n  

uni  f ormi t y  could be made cons idera3 l y  l e s s  . Moreover, -ELg%--.b.... Lhat 

i f  only t he  cen te r  por t ion of t he  l a s e r  output i s : u s e d ,  thus  el iminating t h e  

nonuniformity a t  t h e  edges (caused by nonuniforni pumping of the  l a s e r  r od ) ,  

t h e  variance i s  held  t o  a. lourbe reasonable value. 

I n  general ,  i f  t h e  l a s e r  output energy i s , cons ide r ed  nearly uniform over ' 

t h e  cross-sect ional  a r ea  of t h e  l a s e r  rod, it can be focused o r  defocused 

t o  give any des i red  energy f lux  a t  t he  t a rge t .  The energy t h a t  can be 

. deposited ~ ( r a d s )  over an a r ea  .A  is  given by . 

6 A~ 
$ = 1 . 0 8 ' ~  10 Eo rads 

where A ' i s  t h e  a r ea  of t he  l a s e r  rod. L, 



2 For a t yp i ca l  l o s e r  rod of 1 cm cross-sectional  a rea  de l ive r ing  a one 

G 
- 

joule  Q-switched output ,  a dose of 1.08 x 10 rads can be obtained over 1 

2 
cm . This corresponds t o  an equivalent  gamma dose of a?proximately 3 x 10 

6 

rads and compares favorably t o  t he  nrixinurr! a t t a i nab l e  dose of about 2 x 10 3 

rads ( s i1 icon)  over 1 cm2 ava i lab le  from a l i n e a r  acce le ra to r .  P lo t t ed  i n  
,, 8. : 

Figure 6 a r e  curves of t he  equivalent  gama  dose;/that can be del ivered over 

var ious  areas  as  a function of l a s e r  output power. The range of power out- 

puts  considered i s  representa$ive of standard laboratory-type ' l a s e r s  t h a t  

a r e  cur ren t ly  ava i l ab le .  The curves point  out t h e  f a c t  t h a t  e n t i r e  c i r c u i t s  

' c m b e i r r a d i a t e d a t  substantialdoselevelswith r e l a t i v e  ease i n t h e  

laboratory .  

Tnere a r e ,  of course, c e r t a i n  inherent  drat~backs i n  t he  use of ' l a se r  
I : .  

:; , , 1. . . 1 ; ,7  7 1 3 :,. ... -/- 
. c i rcu la t ion  techniques. Metal bbvesings a r e  opaque -;o' o p t i c a l  wavelengths 

and hence containers must be' removed t o  expose ' the s i l i c o n  wafer i t s e l f  t o  

t he  l i g h t .  For t r a n s i s t o r s  and in tegra ted  c i r c u i t s ,  t h i s  poses no g rea t  

pob lem;  t h e  conta iners  can be e a s i l y  removed and operation of t h e  device 

i s  not impaired. The construction techniques used i n  making diodes does not 
. . > 

i n  general  lend i t s e l f  t o  e a s i l y  exposing t he  semiconductor mate r ia l ;  however, 

with proper techniques it can.be done. The percentage of a rea  occluded on 

t h e  wafer by me ta l l i c  contacts  and s t r i p e s  causesshadowing of c e r t a i n  regions 

i n  t h e  device leading t o  unit- to-unit  va r i a t i on  of e f f ec t i ve  dose received;  

hence knowledge of wafer geometry i s  necessary f o r  accurate .predic&ion of t h e  

absorbed dose i n  a given type device. This e f f e c t  w i l l  be considered i n  
1 

nore d e t a i l  i n  t h e  experimental discussion.  



.h 
1;:xpcrimental Results  

. To experi;ncntally deterniine the  effect iveness  of infra-::.ed l a s e r  r ad i a t i on  

i n  simul%ting h i g h  ion iza t ion  r a t e s  caused by energe t i c  gamma rays o r  e lec t rons ,  

t he  time responses of  the  t r an s i en t  emi t t e r  currents  induced i n  t h r ee  types of 

double d i f fused  mesa . s i l i con  t r a n s i s t o r s  binen exposed t o  pulees of 25 ?ieV 
2,:/c;; .?., >.'. 

e lec t rons  and t o  a pulsed l a s e r  were measured over a dose range bz+:~:n,--iy f ron  

3 0.1 rod .I;o 2 x 10 ra36. The dcvices were operated i n  t he  cornon co l l e c to r  

configurLtion (shown i n  figure 7)  with constant current  base dr ive .  This 

conf izurat ion e l iminates  from t h e  measurements t he  secondary e lec t ron  current  

a r i s i n , ~  from e lec t ron  bombardment of t he  t r a n s i s t o r  header and container.  
. . 

Because geolnetrical considerat ions a r e  important a t  o p t i c a l  wavelengths, 

s c a l e  drawings of t he  wafers a r e  sho~m i n  Figure58 throush 10,  t o  ind ica te  

t h e  percentage of base a rea  coverccl by meta l l i c  strip&'and contacts .  T h i s  

p e r c e n t a ~ e  var ies  from 25 percent  f o r  t h e  2N1051 t o  75- percent  f o r  tile 231675. 
// / 3 

~ i g u r e s  and ,8 which depic t  t he  t r an s i en t  emi t t e r  current  waveform 

obtained with t he  two sources at a 101; dose and high dose f o r  t h e  2KlO5l 

uemonstrate t h e  s i m i l a r i t y  i n  response f o r  comparable peak currents .  The 

f a s t e r  r i s e t i n e  noted with l a s e r  i r r a d i a t i o n  i s  Sel ieved due t o  s l i g h t l y  
' 

g ree t e r  absorption i n  the  base and emi t t e r  regions of the  device. The 

/ /J 
' i l i i t i a l  pealc .b t h e  nigh dose waveform due t o  conductivi ty modulation of , 

I 

t h e  co l l e c to r  region demonstrstes t h a t  t h e  l a s e r  i s  e f f ec t i ve  i n  penetra t ing 
1 

! / 3 / y $ ti?:.'/ 
t h e  e n t i r e  depth of t h e  wafer. Figures /l and,.lO;which aave  s im i l a r  waveforms : 

f o r  t h e  2x675 ,  indicate,: t h a t  kbzk t h e  percentage of occluded' a r ea  has l i t t l e  a 
e f f e c t  on t he  device time resnonse, e-~~elower4-tu~a+-i-omu-rrent 

denoted -by-.the-.f-lat-por?.tion -0.f t he  -..w av.e.fom ... imediate~y--afte~~~e-in~ti-?l 



> * ..: .< > ; i/< ;+ /s 
P l o t s  of  pccllc col.1cc:;w current; versus dose, shown i n  Figures -I@, 11 and 

1,. 7 
cl--2 f o r  two o f  each of  t h e  t h r c e  types o f  t r a n s i s t o r s ,  i n d i c a t e  good agreement 

f o r  doses extendin:: over four  decades. To account f o r  t h e  uni t - to-uni t  

v e r i a t i o n  i n  dose due t o  occluded a reas  t h e  dose i n  each case was decreased 

by t h e  r a t i o  of  occluded base a r e a  t o  t h e  t o t a l  base  a rea .  Also, f o r  ?ur?oses 

o f  compari.son, t h e  c a l c u l a t e d  l a s e r  (ldse was increased by an amount equal  t o  

t n e  r a t i o  of c a r r i e r  genera t ion  r a t e s  obtained with t h e  two sources s o  t h a t  
\ 

t h e  a b s c i s s a  r ep resen t s  t h e  equivalent  gamma-ray dose de l ive red  by t h e  l a s e r .  
, 

A diagram of  t h e  experimental apparatus used t o  expose t h e  t r a n s i s t o r  t o  

2 5  j 8, s h o r t  pu l ses  of 1.06 micron l i g h t  i s  schemat ica l ly  .shown i n  Figure > . 
Tine l a s e r  used i n  t h e  experiment employed a 6" x 112" neodyniumcdoped g l a s s  

. . 
I 

rod which was Q-switched by a ro t .a t ing  prism r o t a t i n g  a t  800 rps  t o  ob ta in  

30 n~anosecond pulses .  The l a s e r  output  was monitored by PD an IThT p lanar  1' 

photodiode which had previous ly  been c a l i b r a t e d  t o  a TRG Model ca lor imeter .  

/' A 5 cm focal: l e n g t h l e n s  was used t o  d iverge  t h e  beam t3 a lower energy dens i ty  
I 

1 a t  which po in t  g e l a t i n k  f i l t e r s  were used t o  vary t h e  dose t o  t h e  t a r g e t  i n  

d i s c r e t e  s t e p s .  PD se rves  a s  t h e  r e l a t i v e  dosimeter by measuring t h e  energy 2 

dens i ty  i m e d i a t e l y  preceding t h e  t a r g e t .  

Laser  Probe 

Geometrical s t u d i e s  o f  t r a n s i s t o r  and monoli thic c i r c u i t s  can b e  f a c i l i t a t e d  

by t h e  use of  narrow beams of pene t ra t ing  i o n i z a t i o n  t o  i s o l a t e  t h e  e f f e c t s  

caused by var ious  components o r  r e ~ i o n s  of  a semiconductor wafer.  Extremely 

narrow collimated radiat i~n  sources a r e  nonexis tent  and p resen t  design of  

X-ray &A machines does not  produce beams with t h e  consistancy and d i r e c t i v i t y  . 
. 

necessary . f o r  co l l ima t ing  t o  very sniall  diameters ex te rna l ly .  Shie ld ing of  
.,! ,: 

t,, ,I, \'LC> r: a '  t- :, 
a r e a s  on a wafer where i o n i z a t i o n  i s  wwar.raxC.ed i s  extremely d i f f i c u l t  because 
. )  . 
of t h e  smal l  dimensions involved, 

. .. 



A r e l a t i v e l y  low power continuolls-wave l a s e r  can be used i n  conjunction 

wi th  a microscope t o  cr.?ate ion iza t ion  i n  minute regions of seniconrluctors. 

f Becn~ise a l a s e r ,  is  a well-collimated ano coherent l i g h t  source,  it can be 

focused t o  a spot  s i z e  dc1;ermined by t h e  d i f f r a c t i o n  l i m i t  o f  t h e  o p t i c a l  

\ system. . V i t h  some choice o f  opera t ing frequencies a v a i l a b l e ,  t h e  pene t ra t ion  

depth of thc i o n l z l n ~  radiation can nloo be chosen Lo Bllow e?ez-rn depo$itiori 
1 I ,: .).,..$". ' ". . ;..-.'','>. . . . ;  . . I  

i n  t h i n  l ayers  of a device o r  i n  a near ly  uniform manner,." If an o p t i c a l  

s h u t t e r  such as  a Kerr c e l l  is  used t o  modulate t h e  l a s e r  output ,  any des i red  
. . 

pul.sc width can be s b  s e l c c t e d  and a t  a r e p e t i t i o n  r a t e  l i m i t e d  only 'by  t h e  

c h a r e c t e r i s t i c s  of t h e  s h u t t e r ,  t y p i c a l l y  60 pulses  pe r  second. 

The approxkmate expression f o r  t h e  minimum diameter t o  which l i g h t  wi th  
' 

a uniphas'e wave f r o n t  c:in be 'focused i n  a given o p t i c a l '  system is 

.1.2 Xf D = d . 
. . 

when X = wavelength of l i g h t ,  f = f o c a l  length of t h e  l e n s ,  m d  d = d i z ~ e t e r  
. . 

of l a s e r  beaa (th?:.: assumes t h a t  t:he d.iameter of  t h e  l a s e r  bem. i s  s m j l l e ~  

t h a t  t h e  l ens  a p e r t u r e ) .  For a t ~ i c a l  ielivla ?&on GAS ,~ '&er (6320~') : i i th 
/ ,/ 

a beam diameter of s e v e r a l  mi l l imeters  and focused t h r o u g h ' a  r e l a t i v e l y  low 

power microscope ob jec t ive  ( I ~ x ) ,  t h e  t h e o r e t i c a l  spot  s i z e  would be abo.ut 

one rflicron. This i s  d i f f i c u l t  t o  achieve i n  p r a c t i c e  because of imgerfections 

i n  t h e  o p t i c a l  components and a c e r t a i n  aiiount of l a s e r  bean divergence; however, 

a spot  s i z e  of  10 microns' can be obtained with r e l a t i v e  ease'. 

The absorption c o e f  i c i e n t  i n  s i l i c o n  f o r  h328ff0 is 5 x 10-3 ck, equivalent  

. . t o  a pene t ra t ion  d i s t ance  of  2 microns. I n  t h i s  d i s t ance ,  over a diameter o f  

. 10 microns, a 3 mw l a s e r  w i l l  produce a dose r a t e  of ap?roximately 



A t  these  extremely'hizh ion iza t ion  r a t e s  created nonuniformly i n  very s x 2 l l  
d i  f f j .cult  

volwnes it is  t:??:".:.'::: t o  predict ,  p rec i se ly  t he  inovement of a l l  t h e  c a r r i e r s  

generated. L i f e t i ne s  of  t he  c a r r i e r .  d e f i n i t e l y  w i l l  be reduced and sur face  
:v 

combination$ w i l l  tolte place  w i t h  t h e  r e s u l t  t h a t  a quan t i t a t i ve  ana lys i s  . ,  

of result iny:  t r a n s i e n t  currents  ::.k t h e  device terminals would be impract ica l .  . 

lIowever, a v i s i b l e  wavelength l a s e r  !?~:obc\ can be used i n  a qurrl.itative manner 

t o  determine geometrical cha r ac t e r i s t i c s  of  devices. The measurement of 

e f f e c t i v e  l i f e t ime  i n  regions of a device i s  poss ible  s ince  a  pe1:etration 

depth CJ of 2 microns allows c a r r i e r  generation only i n  volumes immediately 

adjacent  t o  t h e  surface  of the  wafer. I n  p a r t i c u l a r ,  e f f ec t i ve  base l i f e t i m e  

i n  a t r z n s i s t o r  can be obtained from t h e  decay of t he  co l l e c to r  current  response 

vhen t h e  probe energy i s  deposited i n  t he  base region of t h e  device. 

The study of in tegra ted  c i r c u i t r y  requires  t he  a b i l i t y  t o  de l i ve r  uniformly 
. 

deposited doses of  ioniz ing rad ia t ion  t o  ind iv idua l  components of t he  wafer 

and thus  an infra-red probe must be used. It i s  des i rab le  t o  focus a  continuous 

wave l a s e r  r a t h e r  than a l a s e r  through a microscope t o  f a c i l i t a t e  

t h e  alignment problem at t he  i n v i s i b l e  wavelengths. With a  continuous output ,  

inf ra-red f i l m  can be used t o  record t h e  pos i t ion  of t he  exposed wafer port ion.  
S h d . i t  

Infra-red f i l m  s e n s i t i v i t i e s  =...c, a::':L':":I:l':;2:i:::r:;;~2Z a r e  rnuch too low t o  record sket 

pulses  of l i g h t  and t he  , , r epe t i t ion  r a t e  of a  Q-switched l a s e r  is  l imi ted  t o  ' 

pulses.  . 

t h e  ex ten t  t h a t  it i s  n o t  p r a c t i c a l  t o  expose t h e  f i lm t o  a  t r a i n  of $ZZ;.:~. 

The expression developed f o r  t he  i n f r a r ed  l a s e r  dose ca lcu la t ions  shows 

8 
t h a t  t o  obta in  a dose r a t e  of 10 rads/sec an incident  l i g h t  fsux ( a t  1.06 

microns) of about 100 watts/cm2 is required.  Typical areas of  individual  

2 
l a s e r  

monolithic components a r e  about 0.04 mm yie ld ing  a %5-jr output power of 



L:; ; ' ,. 
"Tr0 mil l ivc l ' i s  i f  t h e  sys-Lem l o s s e s  :ire neglected.  There i s  about a 60 

percent  l o s s  a s soc ia ted  with t h e  Kcrr c e l l  s h u t t e r  ( p o l a r i z a t i o n  l o s s e s )  
,/,$ .? .:: 1 

and another 50 percrnt; 2 ~ : : -  assoc ia ted  \r i th t h e  i n t e r n a l  o p t i c s  o f  t h e  

microscope s o  t h a t  t h e  t o t a l  l a s e r  output  of 130 m i l l i v o l t s  i s  requ i red  t o  

n 
p r o h c e  an i o n i z a t i o n  r a t e  of 10 rada/sec .  Thc l a r g e s t  continuous wave ' 

i n f r a r e d  ,gas l a s e r s  have output  povrers of only 25 mw. There i s ,  however, 

a continuous wave s o l i d  s t a t e  nlclterinl , such  ,as. neodyniurn-doped i t trim 

i r o n  g a r r a t e ,  p r e s e n t l y  capable of  producing up t o  500 mv a t  1.06 microns. ' 
' -'. ..<;r i 

: /" I 

I n  genera l ,  -they- do not  have,Tuniphase wave f r o n d  anii thus  cannot be  focused 

m i n t o  'ihe c l i f f r ac t ion  l i m i t  of  an o p t i c a l  system b u t  spo t  s i z e s  s u f f i c i e n t l y  

smal l  f o r  i r r a d i a t i o n  of  monoli thic conlj?onents can be obtained.  

I f  h igher  i o n i z a t i o n  r a t e s  a r e  des i red  t h e r e  e x i s t s  t h e  p o s s i b i l i t y  of 

o p e r a t i n i  an i t t r i u m  i r o n  g a r r a t e  l a s e r  rod i n  I a , dual  purpose czv i ty  where - 
1 :  

. t'.::, , S '  . , , . >  .,.:. 
Q-switched o r  continuous opera t ion  'c.ou.Sd--b.c=rus:ed. This configurati 'on would 

:i' 
allow pos i t ion ing  of t h e  b e m  as i ~ e l l  a s  the-.high,peak powers obtained i n  

/: 

t h e  Q-switched mode. Advances i n  t h e  l ~ e r  s t a t e  o f  a r t  a r e  numerous.so 

tnal; i n  t h e  near  f u t u r e  many o f .  t h e  present  l imi ta t i ,ons  ' w i l l  be nonexistent .  



Exgerimental Probe Res-~lG 

A ~ 3 2 8 . 4 ~  gas l a s e r  was used i n  conjunction with a  microscope t o  de te rn ine  

the rnagnitucie of' photocurrent s resu1't;inc frorn i o n i z a t i o n  produced a t  var ious  

p o i n t s  on t h e  wafei* o f  a  2N1051 dif fused nesa type  t r a n s i s t o r ,  The l a s e r  

bean, gate6 with a ICerr c e l l  t o  g ive  '100 nanosecona p ~ l s e s ~ w t l s  focused t o  a 

spo t  s i z e  of  approximately 10  microns a t  t h e  s u r  a c e '  of  t h e  wafer. and t h e  

c o l l e c t o r  c u r r e n t  response measured when i o n i z a t i o n  was produced a t  70 p o i n t s  
. . . .. 

Figure  shows a c ross  s e c t i o n a l  sketch  of t h e  double d i f fused  mesa 

t r a n s i s t o r .  Because t h e  base depth i s  5.8 a i c r o n s ,  e s s e n t i a l l y  no pene t ra t ion  

of  t h e  c o l l e c t o r  r e ~ i o n  occurs.  This  i s  evidenced in t h e  . c o l l e c t o r  cu r ren t  

response obtained whenathe t ra i l ing . ' ed l :e  d e c ~ y  t i n e  constant  i s  t h a t ' o f  t h e  

base l a y e r  l i f e t i m e ,  about 100 nanoseconds fo ra the  2111051. A p l o t  of t h e  

peak c o l l e c t o r  cu r ren t  obtained as a  funct ion  o f  t h e  po in t  of energy dedposi-tion 

i n  t h e  wafer i s  shown i n  ~ i ~ u r c z s  The cu r ren t  i s  zero everywhere except i n  

t h e  base mesa where it remains r e l a t i v e l y  constant, .  This  i s  e s s e n t i a l l y  a  

measure o f  t h e  a c t i v e  volume which must be used i n  mathematical p red ic t ions  

of t h e  t r z n s i e n t  response of  t r a n s i s t o r s  t o  ion iz ing  r a d i a t i o n .  I f  only t h e  

e f f e c t i v e  base l a y e r  th ickness  and e m i t t e r  junct ion  a r e a s  were known, it might 
\ 

be assumed t h a t  t h e  base l a y e r  c a r r i e r s  which a r e  e f f e c t i v e  i n  producing a  

response are generated i n  a  volume equivalent  t o  t h e  product of t h e  emit teq 

c o l l e c t o r  spacing and t i le  a r e a  o f t h e  base c o l l e c t o r  junct ion .  The above 

measurements show t h a t  t h e  t o t a l  base voluxne must be used and s u b s t a n t i a t e  t h e  

results obta ined i n  computer p red ic t ions2  o f  t h e  photocurrents  i n  t h e  above 

t r a n s i s t o r  wnere it was found' t h a t  a f a c t o r  of  3 e r r o r ?  i n  t h e  base  l a y e r  
I 

component of  primary photocurrent  r e s u l t %  i f  t h e  smaller  volume w a s  useci. 



m  he l a r g e  c u r r e n t s  ob ta ined  when i o n i z a t i o n  i s  in t roduced  i n  t h e  e rg l i t t e r  

r eg ion  do not  ag ree  wi th  t h e  normal assumption made i n  t r a n s i e n t  e f f e c t s  p re -  

d i c t i o n s  t h a t  t h e  e n i t t e r  r e z i o n  l i f e t i m e  is  very  s h o r t  and hence c a r r i e r s  

gene ra t ed  t h e r e  have a n e g l i g i b l e  e f f e c t  on t h e  t o t a l  pho tocu r ren t s .  I n d i -  

catio!Ze t h a t  c a r r i e r s  genera ted  i n  t h e  e m i t t e r  r eg ion  a r e  as ef l ' ec t ive  as t h o s e  

i n  t h e ' b a s e  r eg ion  and consequent ly t h e  e m i t t e r  l i f e t i m e  i s  much longe r  t h a n  

b e l i e v e d .  Piore sophisticu'1;ed measurements could  p o s s i b l y  l e a d  t o  a va lue  f o r  
. . . .. 

t h i s  l i f e t i m e .  ' a,.; s:!.?'~? 

More u s e f u l  measurements could be  .iizAn wi th  a l a r g e r  l a s e r  ou tpu t  power. 

o r  a lower n o i s e  system where pri;nary photocurren t  measurerneniis could be made. 

Tne exper imenta l  appa ra tus  used was l i m i t e d  i n  s e n s i t i v i t y  due t o  e l e c t r i c a l  

n o i s e  gene ra t ed  by t h e  high v o l t a g e  swi tch ing  ( 5 0 ~ )  necessary  t o  gene ra t e  

t h e  Kerr  c e l l  shut t2F-  



. . Conclusion . 
i3ecause t n e  stuby of  t ra11s i~:nt  1-adiation e f f e c t s  i n  e l e c t r o n i c  systems 

involves  p r imar i ly  s i l i c o n  devices,  t h e  l a s e r  could be a valuable a s s e t  t o  

t h e  many who :nust concern themse.lves with r a d i a t i o n  e f f e c t s  .&d y e t  have no 

l a r g e  t e s t i n s  f a c i l i t y  of  t h e i r .  own. Much pre l iminary  t e s t i n g  could be  done 

wi th  a l a s e r  t o  e l imina te  t h e  ~nuny wasted hours a t  t e s t i n g  f a c i l i t i e s  and i n  

t h e  f i e l d  because of 'improper advance experimental planning. I f  t h e  u s e r  

f u l l y  r e a l i z e s  t h e  l i m i t a t i o n s  of l a s e r  s imula t ion  techniques,  i t  i s  a 
' ' .. 

r e l a t i v e l y  inexpensive and . e f fec t ive  means of  obta in ing high i o n i z a t i o n  
I 

l e v e l s  i n  s i l i c o n  devices.  The a b i l i t y  t o  focus o r  defocus t h e  la ,ser  beam 

makes p o s s i b l e  t h e  i r r a a i a t i o n  of  e n t i r e  c i r c u i t s  o r  t h e  smal les t  component 

of  a monoli thic i n t e g r a t e d  c i r c u i t  wafer. The added f l e x i b i l i t y  o f  varying 

pene t ra t ion  depths provides t h e  use r  with an exce l l en t  t o o l  f o r  s tudying 
I.$ 

device c h a r a c t e r i s t i c s ,  such a s  su r face  phenomena, shock and thermal darnage, 

and loca l i zed '  i o n i z a t i o n  e f f e c t s .  

7''V - . 
Although l a s e r s  can be  a h e l p f u l  and powerful l abora to ry  t o o l  i n  t h e 4 5 r -  

,cu la t ion  of r e d i a t i o n  e f f e c t s  t o  semiconiiuctors, they  c e r t a i n l y  cannot r ep lace  

X-ray rilqchines o r  p a r t i c l e  genera tors .  Lasers a r e  l i i h t  sources and a s  such 

cannot p e n e t r a t e  o r  ion ize  most mater ia ls .  i n  a manner s i m i l a r  t o  t h a t  obtained , 
. . 

with  g m a  rays  o r  high energy p a r t i c l e s .  T ie re  a r e  many instances, e s p e c i a l l y  
\ 

a t  high dose levels ,where t h e  e f f e c t s  on. components o t h e r  than semiconductors, 

' s u c h  a s  capac i to r s  and res is tors ,  rnust be considered. The l a s e r  o f f e r s  no 

he lp  i n  t h i s  a rea .  The most s e r i o u s  drawback of l a s e r  s imulat ion i n  s i l i c o n  

devices i s  t h e  dependence of  t h e  absorpt ion  c o e f f i c i e n t  on t h e  impuri ty doping 

concentra t ion .  ' T h i s  i s  f e l t  most seve re ly  i n  high frequency, low vo l t age  

breakdown devices where doping concenLrations a r e  usua l ly  very high. Some 

. . caut ion  riitist; LQ exerc ised  when considering t h e  simulat ion e f fec t iveness  

i n  such devices.  
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