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~~~~~Tr an smi .-is ion e lectron microscopy wa s  used to c h a r a c t e r i z e  de fec t s
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a n n e a l i n g  f rom 600~ to 7OO~(. ~\ l I I ~~t of these defects disappear  upon anne a l ing
to ~l .~O~ (’ when m a x i m u m  eler t r - ica l  a (- t i v I t v  5 achieved.  A t  this  point , most  —

DO 1 j A N 73 1473 EDITION OF 1 N0V 6S IS OBSOLETE

S( C IR IT V  C L A S S I F I C A T I O N  OF ¶105 F ’*GE 145,,,, FI.,. F,, .,.,f~



—~~~

( 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —

‘ - “‘ ‘ v L A S v I F I , A T I C ’ . 01 - I ~~~I’ - 4 ! , , .,. ~~~~~~~~~

\,,J~ 20. Abstract (Cont inued )

( I f  the defects eonsi~ t of narrow dis locat ion dipoles or loops .

I-~ this studs’, we observed at 950°C rows of c~ ost’1v spaced b l Ip s
s imi la r  in d i ame te r  and in length  to th e  rod dofeet s . ‘Ib is led us to the
belief that  they were  derived d i rec t l y by the dissolution of the rod defects .
Small precipitate particles w crc somet imes  a t tached  to the sing le loops .
Cont rast within some of the residual rod defects suggested partial dissolu-
t i on .  These observat ions  can be exp lained by as su ming that  the  rod defec ts
arc ro w s of boron atoms which, upon dissolut ion , leave a na r row di pole or
loop which b a y  p inch off into smal ler  loop.s f o r m i ng  rows of the  type observed~I Loop formation can be exp la ined by the mechan ism suggested by Bicknell
where, as the boron atoms of which the rods a re  con1t I( l

~~I’J na ve into sub-
s t i t u t ion a l  posit ions , in ters t i t ia l  silicon atoms are fo rmed ,  These coalesce
to form di polar loops which  may P inch off into loop rows. A sma l l  percentage

I of the boron atoms may form sil icon borides at the sites of d is locat ion  loops. ~~~~
Ear l i e r  results have shown t h a t  a ttempts  to remove these defec ts  by

hi gher ~empera tu re  anneal ing are not ent i re l y successfu l . Wi th  anneals up
I to l1~~0 C or hi gher 1 the densi ty  of d is locat ions  decreases greatly, but the

n u m b e r  of p rec ip i ta tes  observed may ac tua l l y increase.  F u r t h e r m o r e, there
is an undesio-able r ed i s t r ibut ion  of boron atoms due to d i f fu s ion .
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Electron Microscope Study of Defects in
Annealed Boron Imp ’anted Silicon

I. I~~TRODUCTIO’~

The generation of defects in semiconductors such as silicon during device

processing, is of serious concern because of the deleterious effect dislocations,

precipitates and stacking faults have on the electrical properties of a device.

These defects lead to increased leakage currents, thereby affecting lifetim e and

reliability. Before these defects can be avoided or eliminated , they must be

detected at various stages of processing to determine what causes them. One of

the most powerful tools for doing this is the t ransmiss ion electron mic’oscope .

This report describes the app lication of this instrument to the stud y of defects in

boron implanted silicon.

In the fabrication of devices uti l izing ion implanted silicon where a passivat ing

dielectric layer is required, the dopant , in this case boron , is often implanted

through a thermally-grown oxide film at the surface of the silicon wafer .  In this

way one avoids a high temperature pos t - implantat ion oxidation which would cause

some redistribution of the boron atoms by di f fus ion.  However , it is sti l l  necessary

to anneal the specimen to 950°C to reach maximum electrical activity by causing

the boron atoms to move into substitutional positions in the crystal . Bicknell and

(Received for publication 5 January 1977)7
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A lI en 1 
1 0111 ~ ing  t r a n s m i s s i o n  elect 5’ I I I  m R  o- l l - , r l lp y  found tha t  t I l l ’  t e m p e r a t u r e

- i l l  s- t ’d I I  re u’li t h i s  condi t ion , 1- IlinI’ I l t I ’ ~ w i t h  the d i sappearane l ’  of r o d — l i k e

- t ’,’t S f i  r-~ a p p e a s i n g  a f t e r  a 700°C’ anneal when  boron lo f l S  are  imp lanted m t  I I

h a re  s i l i c on.  These z’ o d — l  ike dc’f t’I t -~ :lre cons ide red  by some to  be I -au se d by S I  15

- 1-41 boron : I t l ’m s .

W h i l e  s to dv in g  sp e c i s l me ns  wh ich  had 11(0 0 i m p lan ted  w i t h  boron th rough  atm

I x o t i - f i l m  and then  annealed to ( 15( )  °( ‘
, 5 0 5 1 : 1  - r e i t i l  51 -

~ were  found t o  C o n t ain  5 ( 1 0

elf s m a l l I I I  p -~ , l I e n  ( I f  t he  same d i am e t e r  :10( 1 e q u i d i s t a n t  f rom each ti cs - , ‘l h i ’ —o-

b l I p s  f l l r m  as th e r d  dc ’k ’ct s  d i s a p p e a r. This r e pa s t  dI S c  r ib e s  t h e se  1oop b’ I I W ~~

I: b ’ -  ~ln v :~s c  s-elated to  t h e  rod d e f e c ts  I I I I ’ ( e r v l ’ I l  I t  l o w e r  t c t ! p n - l - : I t u r l - s .

It a l s o  Ii l ’ s( ’ t ’ I l l I l O l l ’s ’  d e f ec t s  belie ’l-ed t~ be’ r e l a t e d  III the  r I d  d ( ’ t I I ! . - ,

2 F \ I ’ I R I % t F \  l U

‘I t ie  s i l i c o n  sp e c i m e ns  o-ei’e in the fo rm of ( 111)  o r i e n t e d  n — t \ p ( ’  (5 b I t e r - ;  l I f

l O — mils  t h i c k n e s s , h a v i n g  a i s  si~~t i v i t v  of ¶1 0 ¶ 11  100 0c m .  A 2000 \ 1~~ck I l \ I d l

f i lm a I S  ps’ I IW n Ofl the r h i ’n t i c a l l v  poli shed su r i a c e  us i n p  s team ;t P5(1 ’ 0 for  30

n i t l . lk s’ on ‘a s  i m p lan ted  t h r o u g h t h e  ox ide  at 180 key I l l  a dose of lO i l
n

I 
( 1 0 .

A f t s - r  in l p l a n t a t i l l sl , spec im ens w er e  annea l ed  in ni t  so p e n  at P 5 O ”(’ f or 1/ 2  h r .  The

1 I \ l I h e  l av e s’ Was  resf lovCCt in 1:1 l I l - — ! l ,~( . ) m d  .- l I l e ( i ! l en (lOses  5 mm  in d i a m & ’t e s

w e r e  cut u lt r a s o n i c a l ly  and th inned  f o r  t r a n si n is s  m~~n e l e c t r o n  l l m c r I I s c ’ opv  b~ je t

c h e m i c a l  e t c h i n g .  Spe c’ i m e n s  w e r e  e x a m i n e d  in a 3 EM — hI el e c t r o n  mic rI 15 L o p e

I n t a in i n g  a t i l t i n g  a t t a c h m e n t  l i m i t e d  t o  :Islp b cs  of 120 11 . The mic roscope was

op e ra t e d  at  in a c ce l e r a t in g  vol tage  of 100 kV.

Bi cknel l , H . W .  , and ,Allen , H. M. (1 9 70 )  (‘os’ r e l a t i l l n  of e l e c t ron  mic ‘oscope
-(t i l d ie ’ s w i t h  t h e  e lec t r ica l  p roper t i e s  of boron ioip l an t e d  s i l icon , H ad.
E f f e c t s  6 : 4 5_ 4 1 I .

2 . l) av id son , S. M. , and Booker , G. H . (1970)  Damage p ioduced b~’ io n i m p l a n t a —
t i1 ’n  i n s i l i c on , Had.  E f fe ct , s  h:33 — 4 3 .

3 . Chadde r ton , 1 .  ‘F. , and Eisen , F. II .  (1 1 17 1) tIn the annea l ing  of I 0 : l i a ge  pro-
duced 1w boron ion imp l a n t a t i o n  of s i l i c o n  i n p l t -  c s ’v st a l s , Had.  E f f e c t s
7 :12 I — 11 lb .

4. \Vu , \V e i—1 ’ uo , and Wash bu o -n , J . ( 1 1 7 5 )  Jb o i o n  p r e c i p i t a t e s  in lol l  i m p lan t ed
sI l i c o n , I roe . 33rd A n n u a l  1 t l ee t in~ of the  E l ec t ron  b’s l i l ’ roscopv  Soci~~tv of
A m e r i ca , pp. 2 5(~-257 .
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:3. R~:~t I. I ”

3. I I ~.- ~I I )eI,4-t I )b~,’r i e~I

The various defects  observed in these specimens are ca tegor ized  as fo l lows:
2 )  Sing le dislocation ioop.s or’ dipoles are shown in I”igure 1; ( 2)  small  s’ound el t

precip i ta te  par t ic les  shown in Figure 2 : (3) rod-shaped defec t s  gene s- al l y lo ’ho’v ed

t o  be boron ps-ecip i ta tes  and (4) rows of ( ‘l l l se lv  — s p a c e d  loops . The S I  d —

shaped defects f i r s t  appear ing at about 700 °C are shown in Fi gure 3 in bI 5 P ’ c i i( I ’sl

annealed to 800°C where they are al igned along - 1 1 0>  os’ <11 2 -’ d m r ’ ec t  h I l l s .

l- ’i gure 4 i l lus t ra tes  tha t  a f t e r  anneal ing  to 950°C some rod d e f e c t s  i l l ’  — t  11 I t o  - -

ent , but the main  defects  are loops , both l o w s  of cio ’cula s- ones or , l t

sosne’ workes-s  have observed the dipoles to form f r o m  t h e  rod d e f e c t s  upon as~~iv ,i l—

ing I l l this t empe ra tu r e .  -)  As w i t h  t h e  rods , many ~ I t  the dipoles also lie  (I b l i m p
l 1 0 -  or 1 1 2 —  dis-ec ’tions. Both elongated and c is-c u l a r  loops o c c u r r i n g  in I l I W S

li t ’ on { 1 1 l }  p lanes.  The rounded ps ’ecip i t a t e  pas -t icles seen in Fi gure 2 a re

usual l y associated wi th  the  di poles or othe r loops . These pa r t i c l e s  as-c III t I l l  h e

confused w i t h  copper sil icide pas t i c l e s  which  have been found in colonies in s i s n i —

la o -  samp les when cooled r ap id ly  fs’om 959 0( ,  ~ ‘I ’he i d e n t i t y  of the  p rec ip i t a t e s  in

the p r e se l i t  study  has not been es tabl ished.

: 12  l)e~ l- r l p I lon  of th s ’ 1,0111) Ii00~

The lengths of the  loop rows varied from about 0 . 5 pm to 2 pm or w i t h i n  t h e

s i r e ’  range observed for the rod-shaped defects .  S t e r eo  e l e c t i o n  n o c s ’ vs c’I I ( v 
, -

showed t h a t  the s a w s  v a ry  in depth in the sect ion under  examina t ion , ~‘. i t I i  10110

found closer than ‘~ 2500A to the sus -face.  The remarkable  u n i f o r m i ty  in d i am e t e o ’ -’
and spacing of the loops in soni c rows is seen in Figure 4 . But iii othes’ i- ow- ;  the

d i ame te r s  of the 1oops at each end becomes greater  than  those in the ni i dc~le’ , and

as this occurs ther - e  is a corresponding increase in sepas-ation f rom the lle:s l’ e ’st

neighbor. This  t aper ing  e f fec t  is seen in a highl y enlarged image of a row in

F igure 5 . This indicates  that  the  d iamete r  of the  loops is l i m i t e d  by the st s’e’ss

imposed by its nearest  neighbors .

5 . Corner, J .J , , and Roosild , S. A.  ( l P 7 ~~) l r a r l s - ( l s s m a n E l e c t s ’ on l t hc r l l s c (Ipe
St~~~~~~f Oxidat ion-Induced P~~~~i t i t a t e D e t c c O  dl 1~or on -hn j~j an t e d S i l i c m 1 n ,
P resented at E l e c t r o n ic  M a t e s - i a l s  ( ‘o u t ’ 

- , S _ l I t  I b I ke  Ci t\ - , Ut ah , 3 u r i c  2 5 — 2 ,
1976 . Submit ted  t o J. E l ec t ron i c  Sb a t c s ’ i a l s
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Figure 3. Rod-Shaped Defec ts  in I l l I c o n  I m p lanted Si l icon A l t o s ’
Annea l i ng  to 800°C
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I~~01 2 and BC along t h e’ t 02 2 1 lh s ect i l l O
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b - j l l O (

I l l~’ -, — - r i p I i . lI I I I  I ) t h o , ’ r  l ) I ’ I t ’ I ’ t ”

I I I  t 5 ’ L l I I I I l  I ’ I I s ( t n i n  s I l t ’ s o f  loop-i . In fa c t , 11111- i t  l I f  l ie ’ S p ec l n l ( ’ t l

t h i s -  15 ’ ( ’ I l  s t I l I t S  11 i n  1- i gisr’e 1 r i l n t S I i t l I T S L t  l a i - g e r I l l I l i l S , s nIp E ’  I I l ~~ h u I I ’ i l t j I ’ ! l ’ , mob

I I I  s m al l  I ( I  I k i n g  f a u l t s . 1 1 5 1 1 1 1  I m u  - I l ’e d i l  ‘55 sh l ( i tVS1  i l l  1’ i i t i i l t ’  P 5111 I t ’ , “ ( I i p I  I l l ’
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I. I)Ii’ I I —‘ -—l I I \  III- III ‘ I I I’

‘ I t S I l  j11 1 , i l s l e  : t e ’ l - l l : I n i s I l I s  t I l l  I l l ’  t 0 5 ’ l l l ( I t  11 5 1  l I t  I l l s ’  I I I I I j I  ‘ 1 1 ( 5 ,  i t l i t l I e  0 1 , 1 1 , 1 5 1 —

I ’ i ’ t ’ I d  ( 1) ‘I l I e  I l I l I j I s  a l t ’  t ’ r l s ’ l ’ : I e d I I I  I i ’ I l l ’ t  I ’  — t l ’ i ’ S S  s e t  i l l )  a l ’ 1 I l _ 5 n ( l  a I t ’ l l - I T I l l  t b m t ’

m ’ l - V S t ( l l w bdi ’h i  f l ( I \  I l l ’  an a s ’ t i t ’ i c i a l l v  l r l t I ’ I I I f n l , ’  I l T I I t i i - , 1 I I I l  I l l ’  p a s - ( i s ’ l e  i l l  (I  f l r ’l’( s p i —

S 1 ( 1 1 0 1  p h l a s e ;  es s ’ (2 )  b a ’  h l l o j l s  I l I r n i  \ I l l s - O k — U I )  ( I f  a l I p - I l ’  I ’  ‘ - “ - e l -  m l

( ‘ 1( 15 t i l ’ I ’ T I I ’ T ’  5\

I I a s l \  ‘\ : I  I ’ !  p l c— s (I f  I lie f t  s - s t  I \ j l s ’ I I  t~ 1111  I j 1  ( I S’ m a t  ion are  t I i S,S S I l l  i n  t I l l ’  l i t  ‘ s - I t  1: 5 1 ’

t I I r  v : o ’ i I I I l s  s i l a t e r i a l s  in c l u d i l l E t  s i h i r o n . 
1 , In each cast ’  t h i s ’  LII I l l ! ’ i I t i I I s I  of l l l ’ l 5

t O l t i l ’ 111 15 15 1 5 0 5  i s l it i a t e l l  b’1 u i  I I I ’ I ’ l ’ I l t l a l  t ’ \ j l ( I l l s i I ) Y ) , I I I ’  \ ‘ I I h l l I ( I I ’  ( ‘ I 1 ( I t l i t s ’  I I I  a j i s ’~~’r i j s i —

I t t , I l l ’  is i c l u s t o n  clue to  l ’ap id c o o l i n g  ( i f  I l l -  s p e l ’ i I L s ’ I i , and it h i a s  I l l ’ I ’ l l  s tmp i 1e~~t e d

I ( ( “1 f l i r m m l l I t  I t ( ’ c e ru ’ i ’ ( ( t  1 , 111  ( I f  I I I S I I I c O !  1 1 1 1 1  h t e t n - c s .

In (I  t h i t ’  - l - I ’ t i c a l  I s ’ e - a t l t i e n t  l t I ’ a l in g  ss’ith t h e  spac ings  l I f  11w—i c I l l  j i ~~ , l i u h i l l u g h

and \ l \ V I i l i I s i  l l e s ’ i \ ’ed t ’ se st  s’e ’ s scs  and di p l ace ’ me n t  a s s l l( ’ i a t s ’ ( I  ‘, t I t I I  SI S l I m p I l ’

c i s ’ cu la s ’  c I h c - l ’  p S ’ i — i l : L l l t i ’  lo~~i of 511- el I  t t l  h foI l  s ’ ( 1 I t i ( l ~~ I’  I I I  a c \ h i I 0 t 5 ’ i I ’ f l l  L 5 1 1 h ’  5 ( 5 ’ - —

t a d ’ s ’ . Hlt ’\  -~~t 1l l t \ l’ l l  I l l  I tV the s h i en s ’  51 l e s s  l a s’? a r o u n d  a 51 11(31’ I I l l I j i  del - c e ’

s’a p idl~’ o i t bi d i s t a n c e  z f ront  the  1oop. Ac e-os’d ing I I I  t l l e t  1’ i n t e l ’ p s - e b a t  ion , wlie’ n a

1ti0 ~) iS u i e I l I ’ s ’ at e ( I  I t  a p rec i p i t a t e  it pt ides on the p1 ide  c’~- I in dez ’  5 1 ( l ’ l ’: l I ’ s ’  mu l e s ’

a x i a l  s I r e ’ s - b  and caus I’ - - i  the  othi es ’ loops in t h e  ‘1 I t ’ , I I I  L I I I  l ye  fu s ’t  1 c r  a w ay  is l i t  i l  a

t’itlal e q u i l ib r i u m  contigi ,ss ’at ion is a t t a i n e d .  ,- \ t  t h i s  1R I i t I t , t h e  s h e - a s ’  St s ’ ( ’ s ~ In I ’ ( I I ’ I l

loop due to hO s ieighbou’ s  is equal  te l t lie c s’it i c a l  shea r  s t Ie s  5 t’eqis i s-ed t a 1111 1 5 ’ s ’  t h e

loop. The cs ’i t i c ’a l  s h e a r  s t r ess  is given as

l’ s-! cr 1 1 . Vb p -~ i L I I (  1 — i-- b

ss-ise s-c p is t lie s t~~ a s’ m odulus , v Pois S O 5 l ~~5 s-a t  i l l , a t h e  loop ‘a duss , an d U ( I

d i s i lensior i le ss p a r a m e t e r  w h i c h  is a fune ’t ios i  of the  loop s-adios .

Rega l-d ing  t h e  second i i t e t h i ocl of loop t o s ’ n l ( I t  1 1 1 5 1 , w h i c h  I n V o l v e ’ -’ t I m e  t l l ’ 5 ’ : 1 k 51 1)

of d ipole- ;  t o lowe  t - t h e i r  ci :ss t  ic cisc s-gv , b oth  B i ekn e l b  asid 11 l i t - r i , 
I and ( ‘ I l a l I l t e  I I l l

and I _ I i s c n ’t 
I d ’sC u ’v es l  t h e  t r a ns  f o r si l a t i o n  I I I  ‘ad d e t e c t s  i n t o  c i m ’ -u l a t ’  I l I l I p s  (11)05 1

a n n e a l i n g  b I l l - on i rup lanted s i l i c o n , but there  im’as 11(1 r ep a s t  ( I f  11 111 1) S’ l I t S  I I t ’ t I l e  I sp e

under -  d i s c u s- s  ion he re . In the’ pr ’es ent studs ’ , a la n  e x a m p les of d ipl  Ic- i j s i s i ch i s i g

( 1 f f  in to  loops a es’e’ bound as il lus t s-at ed e’ar l i e r  in l - i g u r - o  P , I l l I s t  Id  t he s e  I ’ V I I l \ ’ l ’ d

6 . Jone ’s , I) . A. , and it l i t c h i e l l , 3. IV. (1 1 1511 ) l b I s I ’ s ’ v b l t t I I r l — , I I I  he l i c a l  I l l  I I 1 I ’ O l I I I l _

in s i l ve r  c h u l o r i l b s ’ , P h i l . Ibag .  2 : 1 —

7 . Ba rnes , H. S. , asici I l l - - I ’ s , D .J.  ( 1 1 1 0 3 )  St r e s s — p e s l s ’ r a t e d  p s’i s s I l : l t s c ’  d i s l l - l ’ a —
t iofl h - s ops in quenched  (‘ i I l s r s e s ’ , A t~ • I I e t .  11:2 11 1 — 2 h 1 I ,

II . Dash , II i l l ianl  ( ‘ . ( 11 1 111) G e m i t ’ s ’ : I t i 1 s l u  I I I  j 1 l i ~~~I ( 1 a t R ’  d i s l l l e a t i  I n  I I I I l j l  in s i l i c o u m ,

~ j~~’s. Rev .  1, et t e l ’ s 1 : 4 ( 1 ( 1— - I l l S.

5 , l i l loup h . R.  , and ‘t O t S  1 1 1 ( 1 1 1 , I I .  ( ‘ . I U I l i t i b  ‘l I ss ’ s I s a ( - l s i p o f  I ’ m - l O Ot  s c  I i i  - I ,  c a t  I l t I
I l l I l l s , 1 131 . I la~~ o lS  1 — P 2 7 .
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i n to  I s ’ s ’ e’ p t u l a s ’ l \  .~ lm p I ’ I t  l o o j s — ~ ( I I  \ ‘ ( ) 5 ’( ( I5 ,I5 5 1 / 1 ’ , fu ll S l t I I l l h l ( ’ l ’ S  l I t  t i l l  l lppal ’( nt I I ’ l O

t i on s h si p  I I I  l i s t.’ r i -u l I l ’ R L I ’ t  -
~~. I t  appear ’s tha t  She ’ e v l l l ut i o f l  l i t  t h e’ l I p  I l l S’, 1 l ’ c p u i r b e l l

i t s  t h us stud s- is a u n i q u e  llc ’ c’uru ’enc’e r e p r ’ e s e’ nt i sl p  a l l l i l u s t  a -~~p I l l i t a s s m e l I u - L ’ I ’ T I s ’ l ’ Z t t I l I I l

of loops h’ro rr l  the  s’od det ec t-s. ‘l’lij, s is s i m g p es t c s t  I I I  t h e  S l l I l s l : u l ’ l t \  in  I e o s g t l u s  I t

loop 111W-s  ansi i’eIcL( a.s sve ll  as t heir ’ d iameter s

Obviously , (lie i d e s i t i t y  of t he  s o d — l i k e  de l’ea’(s is 11115 ii-’ t i l  u n d e r s t a n d i n g  t h e

annealing cha s-acte o ’ is t ics  of I R I I - o n — i s r i p l a s i t e d  si h I - I n  ss it bin t l ie  t e l I r p i -  t ’a tu i - e  range

under  discussion . There  is no s-ead~’ anal yt ica l  t e c h n i q u e  w l i i c l m  can he app l i e d  I I I

s I l l / C  this problem. A t t emp t s  b~- worke r s  1( 1 obtain selected au-ca ( Ii t t s ’ a c t i o n  js a t  —

te rns  have been unsuccessfu l , and because of i ts  low atool ic  nun ibe r  hos ’oss c ann l l t

be identified in t ransmission  electron microscopes us ing e n er gy  ths pe s ’sive b r I m -

niques . Therefore, at the present  t ime , osoi i-an onl y speculate as to the  i d e n t i t y

of tile rod defects on the basis of i n d i r e c t  ev i (he n ( ’ c  obtained by t r a s i s s i l i s s i on  015 ’ -

t s’on n-d c roscopy c-oupled wi t h  elect s’ical ineasus’enieots .

The rod-shaped defects  have been lsbser ’ved over’ a range of t empe s ’a tc m i ’es

fi-om (t OO to 000°C w i t h  some pers i s t ing  to lu ~0°C os’ noire. T i m e  a r e  clOt e f  ( ‘ I I l 1 ~~

t r a st  only when g, the reciprocal l a t t i c e  vector’ of the c l i f f r ac t c l t  beam usest  in image

format ion , is paral le l  to the long dir -ect ion of the  u’od . This indicates  a cy lin-

dr icall y symmet r i c  s t ra in  field , suggest ing to var ious workers bloat  the rods are

boron precipi ta tes , s’ows of i sl te rs t it ia ls , vacancies , or some other form of i t l i p u r —

it \ ’ . The disappearance of roost of the rods , ce l inc id ing  w i t h  the a t t a i n n i cr s t  oh ’

m a x i n r u s i t  e lectr ical  ac t iv i ty , indica tes  tha t  511051 of the boron a toms 1105-c ~ I l l i e  (Ot is

s u b s t i t u t i o n a l  pos itions and f u r t h e r  supports  tI le  v i ew  tha t  these  d e t e c t s  c o s s l u i n

h1 I l ’ l I l l ,

- ‘ Ree’ent lv , \\‘u and Washbus’n 4 in s tudies of boron , imp lante d  s i l i con  annealed

in the  electr’on snics-oscope and app lied anneal ing k ine t i c s  to i den t i f y t h e  ( t e l l - i ts in

quest ion . On hcl ld l i ng  the specimen at 800°C, t h e y  observed d i f fe rences  in t h e  s- a te

of -elus ’ink age of the s-ocls. Fos- one type they derived air ac t ivat ion enco-gy of

3 5 t 0. 1 eV and concluded t h a t  the ra te  cont l- o ll i slg process was  l)Oi ’e)li d i f f u s i on ,

leading to the conclusion tha t  at  least o n e  type of rod defect  is composed of bos’on

111005 . l li€ ’i s ’ obse s’vation that  some s oIls s- i - s ta te  off  t he  1 10’ ill s’ect P si to a - l 1 2 -

d i rec t  ion is in agi ’een sent  wi th  our obse rv a t ion  of bent  loop rows.  A l  tho u sg h r  tre

ob se rved  bending from one <110> d i rec t ion  to asioth ler , the  resu l t s  suppoo ’t 0511’ v i et v

t h a t  the loop rows as - c  derived from d i s s o l u t i o n  of (iso ’ rods where  hlse l i I d I j s  t ’ OSVS

m a i n t a i n  the  os’iginal  posi t ions of the rods .
While  most  of tile resu l t s  obtained in th is  s tudy  are  mere ly  in agi’ee ’n ient w i t h

resul ts  repo r ’teel ea i ’h ie r by (it  lie m ’s , we feel that  t I r e  new evidence ei f loop 5 1 w

- s r spj ) ( s l ’ t s  the idea tha t  ti le s’od defects ~u s’e composed elf rows oh ’ boron atoms . In

sun in ia  r iz ing  the 1-ves l I s t h a t  I Ice -u r upon anneal ing,  it is ob~ ei-ved I b ra t  S l i t s ’  rod

18
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O i l -  11111 1 11  0 ( 11 I I I C  1 1 0 0  I~~~ % 1 ’ I~~ - 
t t l I ’I I l l / I l  I I  I l l  ( I I ’ l l ’  ss j ll s h s ’ i s ik  sc i t h i l l r u t  I c I v I l l e  f

I I I  0’ ’ I ’ I  s I ~~c I t _ I t t ’ I l l l ’ l I I l ’ : l t s ’ I l l i p i l l e ’  0’ l I s p  1 ( 5  s’ct ’Iee ’t i t r g  t h i s ’  b I l ’ h a v II s ’ I I I  t I l l ’

I I  ‘I t - , . l T i : I t t ’ w  - \ i I  - 1 15 ’  — - O s ’  ( I  V I ’  11 - 1(5 1 11 j I I l~~~~ I i  I l ’ V I I I t ’ I l l I ’ I I t  (I  t 5 0515 I t i l  ~tia I

l e t  LI - I t  Y O l t  (11111 I I I  II lIe’ (IS — i l l  I W O  so I 121 1’ s ’  1 10 atid 1 1 (VIII ’ 5 , 5 ’  t I l e’ (‘I l I l t  1 ( 1 S t  SI f t  ~~l ’ — l

- Is — —a’lu t I l l  I I I  ( I  1 1 , 1 1  I 1 l ’ t t ’ r t  I S  S i  p a l  of i t  I 1 ’ l l L i t h ’ l r ’athe ’s ’ t han t l \  sh r i n ka g e .
‘l ’I ~s ’ l ’ l ’ e ( I k — 1 l 1 1  I l l ( I  s l i p u u l e  I l l  I I I \ S l, ’ i ’ I t -s t ’l z e-dir I ’ l I I ’ l~~~\ is s e e n it s  l ( ’ v e s ’ ( l l  S i l l d ’ I ’ I I —

p I ’ ( l j I t I s  i l l  I i - ’  l ’ I l I I t ’ t . ,- \ l t l l l l l l g h  it .s 11111 ku ows i  ah l\- I l i p l I l t ’  l I t ’  I t - op  I’o t ’ l r l ; I I I I I I I  is

i i ,  t : I l O ( I \  -, -~ ( ‘ i ’ l l  I’ ‘I l o ~~~s t i  ~ I I mt’ di salilue’ a 1 ( 1 0 1 1 ’ uf a i- lid (lefect , it is t io t  s_ s t r u , s u a l  o s ’

t h 1 ’ — t ’  l t 1 ’ i ~~~l t  —‘ I l l  I I  r I O  t i  I 0 0 1 1 1 1 1 1 1  ‘ s I-i t s - s - - i s  in  l i t ’  ‘( ‘g i l  I i i .  The l u I s ’ s l e a t  Run I I I  s’ows of
1 1 1 1  l j l  _ 1 I l ’ ’_ i ’ 1 ’ 5  h e - I t  i ts I t s - i  r ’ t ’p~ ’ P i- i  51111 0 I I  l f l l t i t o 5 i  I 1111 ’U T ’  ‘( ‘nI -I ’ , ve t  it af)~)ears frdu sll

‘ I ,  i ( ‘V h u l l ’  p l - I ’ ~~ es l t s ’ I t  t h a t  th e ’s e vI l ftc t 5 ’ e l l i i  t h e  di s~~ I I I 5 I t i I I t l  or b r e a k — u p  ( I f  t h e  s- i-I d
I I ° I ’ct -, . ‘I I I I ’ 1 1 ( 1 1 1 )  ‘I 1 0 ,  e ’ l I I, c l v  l ’ u’ — i I ’ l l t I l l t ’  1111 1-i t ’  j l 5 I l I t U l ’ t ’ l I  I1\ ~l I’ i ssi 0etic ~)Il1 ( ’ l si si g;
lo t ’ s ’X ( l  0 j l I I , l i t  I ’  (“,m VI’II jO ’ ol hue l t io p tapes ’s  I t t  e i t h e r  s i l t s ’ ( I f  t h s e  ‘ow e’eslts ’ r

i 5 Ie~ j l  ( 1 1 ( 1 01’ S i ’ 5 ’  (1111 1 5 J I ( i I ’ u I l l ’  l~ ’t \s 1 ( 1 1  1111 I j I S  j t i e ’i ’ l ’ O  ~ 1 ,- S i l l l U l l  a s i e ’ II u s l \ -  t u  l l i a i t l t a h t l

( ‘ i l ( l h l t l t ’ s u t l u . 
I — 

I l  ‘ I t  ‘I ’, I 5  esii i I l e s i l  1t s’s (1 f a’ T I  115 5 a l I ’  s’t ’pel led by liii ’ it ’
li I ’ I L i i i I l l ’ -,, 11150 I I I ’  I l - i ’s’  I I I  1t 1 l l ’ ( ’( l S t ’  t I l l ’ I l ’  ( b i u t l u e t e ’ I ’  I S  ( ‘1151111 . ‘I Ill s Isles i l l u s t  - ( t e l l
in l ’i p’iu . I I t , i l — p I t s ’  t hi s ’  I’ I ’ - ls ’ i i I d ( I l l l ’ l  t I l  1 ( 1 1 1 1 )  1 1 1 0 - S  I’l l  i ’ i i L I ’ I i  b\- p t ’ i s I i t a t i e ’ p i n c h —

111 2. t I l t ’ I ’t’ I ,’ T I I ’  ‘ t i l e ’ S ’  C V i I t 1 ’ S i l ’ e  I I I  s u pl l o l ’t  I tle s i l e a  I I I  t h is t\’pe of I l l I p  p e ’ n I ’ s ’ a t i s I t l .

i l o w e v e r, (N I l l s - I - I ’  is I ”l ’ i I I l ’ l l c ( ’  I I I  l l q u I I I ~ ’ f o s ’ s i l a t  i 1 sr t o h l o w i ng d i s — . I l o t  ion 1f bite ’ I - I ’ l l

I I I ’ f e ’c t s , i t  s o c t t t  l i k e  Is t h a t t h e  1 1 1 1 1 1 )  I ’  ‘0 t e s s _ s I t  t
’

l ’l I l a  t h i t . ’  I t s ’ e ’ a k — s _ u p  o t ’ the’ e’h o n g a —

ted h l l l l j u s . Bill I 1st’ u n u s u a l  c e u n t  s ’ast be ’ha~1os’ I I t  Sl i t ’  l o q  s e w s  isas s t i l l  s i I I t  I t s ’ s - t i

s’\ j s l l i n e l I .  ‘I he rows behave as t iru u i - mg h t l l c v  tt t i e  p I l o t  I l l  a s ing le ’  edge- ll i s l l l l ’ ( l t u e l n

I t  1 O u X i l l s u l l i  i ’ont r -a s t  S i t h i  g n o r m a l  t u u  the ’  1 111 d i s ’ e e - t i o n .  ‘1 105 su ggt ’s I  s t h m a t  t h e ’
l~ ~ ‘ j I  h ave  ;s s t r a i n  v e c t l l s ’  norsrs ;s l  to t l i t -  1001) p l an t ’ . ‘1 111 ( ‘o d d  occ ur ’ i f  t h e  1 1 1 I 1 j 1

a c t u a h l s  S ’ l l l ’ I I I s e d  t h i n  d iscs  I I I  i s t i p u u ’ i t i e s  h u a v i t r g  t h r e i  s’ d i sp lacement  Vt ’ct cus’ s r o r i s t l I
I I I  I h a -  1 I I ( l T l ( ’  t l i e  lOse. In l I s t —  (‘051 ’ I I t  t l l o se  loops w I n c h  lOvt ’  bee-n s l e t e ’ s ’ s l l i l r e d  I I

m l  o I l , r ’ l l  u i l s  ‘( ‘c l i I s I S  ( l l l ,l l m ’ j u t  m I l l s  I t  i n t e r s t i t i a l  (50 1115 . Sissce  e’lectrie’al

111101 S S l l O ’ l i l s ’ l t t  I S ¶ h i s  t a p e  i n d i e ’ : t t s - t b s :it Itt ost I l t ’ ‘ l I e’ ‘L o u t o n  I l t O l l i S  ai’e in s u b s t i t u —

t i l ( t r a i  ‘(1 5  I t l o S i ’ , it iS  l ’t n s ’ l u l b e u t  t h a t  t h e  loops ci ss i ta in  s i l i con  i i t ( 1 1 1 i 5  ~ b l t’ esPeused
1( 5

h t s  I l t I l s ’ I ’ ’b .

‘l’ Ise II a t k i n s  I t l s ’ c t l ; l n i s n l ’ 1 
I l , I ~~ ( ‘ ( ‘ I i proposed by flicknell and Allesi ’ as a I511 ~~~

sib le  s ’ X l I l ( u s m ( l t l I I l I  1sf  bias t I l t ’  S ’ l l I t  - l u - t i ’s ’ I —’ b’Ils’ t ls . Bs- t h i s  i r i c ’c h a n i s ni , i n t t ’ s - s t i t i a l

sih le- lun I t l I i t l — i  p ‘ ‘I l u b e l l  115 I I I I p I ( 5 1 S I I  1 1 1 1 1  u h i 5 l I l 0 ~~5 ’  e jec t  s5Iils tit 5itudl slIil hos’eun 1 1 1 1 1 1 1 5

10. 1bh’kne’li , lb . II’. (11 1 1 1 1 1 ‘I l i t -  I t S I I I  1 1 1 1 1 1 1  ‘ I I  I l l  l I I t l l t l ’ I i S e I l  s i t ’ f t ’t ’t  4 t t ’ t i t ’ t t i l ’ l’ , t l l r t l l t ’d
i tS (lImIisOlht’(l lllll’ l l l l _ i lll l )lOTi t Vli slIii ’on , P t t s t ’ . 11111 . Sea’. A 3 1 1 : 7 1 — 7 1 1 .

11. I t a t k i n s , ; , I I . ( I t ) ;— ; ) -\ l s’Viel( I I I  1 : 1 - I l  - t u d i -s in  s l ’ r u I I i I I t I ’ l I  ~ l h i c I I t l  5 ’ ( I I I I , I l l , I l i

u l a l t l I p I ’  10 S e l l t l I ’ I I I l I t t l c t O I ’ , 7 t h  I t m t s ’ r . ( ‘s l n t ’. ‘Ti t I l l ’  P l l ~, 551’S  I I I  S e I I t i l ’I I 5 i I I u l I ’ ”
t I l l ’ ., Sel ’ ( I I I s ’ I l l l c  h ’ s’ s - s ~~ , ~~~ 11 7 — I  1 1. -

i l l
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upon annealing S I  about 755p 1 1

(,
~ ‘I l u i s  is at ’ t ’ l l t ss pant t ’d  i s v  - h u m . -~t e t ’ i s i p  lI l t  j I  ‘ i I l ’ (l  —

tion of ll t l t ’ Os l  (I t l I I t N  w h i l e  t i r e  s i lic o n  g I l l ’s S t i t l I  , u l u s t i t u t i o s u a i  5 1 1 5 1 5  i n . —,.  1 Ir e s a t - i s ’

t s r c c ha n i s m  S Z I S  s - l - c e l i t l v  p t’oposed l l v  l I I t k s ’ r  ( 15 (I 1 1 , 1 1 1 5  ( I f  , t ud i l  l u l l I d e  l I f  the

5 ’ C d I s t I ’ l t l t I t i t , f l  Of I I I ’ ’ s m by ‘It ’ I ’ I I I l ( I ( s I ’ V  5150 510555 5 j I l ’ l ’ t l ’ l l t ! l S ’ I S’ S .

:\S.Ss_m lsii n g that tiuis lltee -h lllTo s Irl is l ’ s ’ V t ’ i s I l) l t ’ , th us  11 11110 i I m L  s ’\p I a s i a l  I l - I l  f e (r

the rod l I e b t ’ l ’ts I., l l t f e s ’s ’I l .  ‘ I l I t — i t ’  I I I ’ t I ’ r t  , ( ‘ l l s i s i , st I s ig  uf 110’ S I I I  i n t - i - .~ ’ 1 1 1 ( 1 1  I I l l ’ , I i

a t es t t i s  a re  no h 1 ’ s l g t - r  st a b l e at  l t ’ l l l p I ’ l ’ a t l l ’e’ -~ I I I  700 °C 1( 1’ hi i ~ li 5 0  ( 1 5 1 1 1  515 V I ’  s i l l

—l s,mh.—i t ltu titl nm i l Ixs s lt il- n s t o  rep lace .s i l I l ’I l l s  , l b I I l l l s . ‘I lls ’ 1 1 5 1 1 1 1 1 1 ’  and  I I  1 I 1 j 1  I

ft - o n-i a (- Ilalesc e-suce I l l ’ l i l t -se j n t t ’ s ’,— i t i t l u I  s i h s c l l s i  ( 1 5 ( 1 1 1 1 5 . A c t u a l l y , t i l l ,  lIt s’ ,l 1(111

h see ’ n p I ’ O i ( I I . t ’ l I  by l i l c kt i e ll - (‘V I ral y e a r s  ago . 10 1 he j l i ’ t ’~~l ’ t1I ’c ( ( f  s m a l l  ps ’ec ipl  —

I l l s ’ p a r ti e ’ h t ’.. ( 5  d s , I I I c l I t j o n  sl t i ’ -, ( I t  S Si
l
t oi~ abov e is h t e h s t ’vi - ’ii s l a t s - I I I I  l I t , -

I r s l r , l I  0 sr I I I ’ a -i I r l a l  I a l rou t I t  i t ’ - s i l l  cel t l  1)() r i de . It is q u i t e  l I I 5 ’ i l l I h ’  I I I  I I  1 1 5 1 1  1 0111

p I l t I t i l i ”  . , ucb l  (N Sill ,1 I I I ’  SsB~; at b s ’ u t t j l c l ’ a t l l l ’ e’s al s l lv e ’ I l t i t I ’ 5 . 1\ t ’  L I I , \ : lk a t l i u s - a  11 ,1

‘ L s ’ s ’u I l I m ’ ’ l a  t l ( I V I ’ j t l’ S c I i t t ’ l i  t ’ l s ’ c t  1 1 1 1  d i f f r a c t i o n  ev ide nce- I I I ’ -s u c h  cl I t i j l l l u i r d  I’ll r t-1( s—

t R I l l  I l  time’ intet’fa cs’ (If l1 ., ( l , and sjlie’l I l i  w i t l r i n  (l ie  t e ’ l i lp e ’ s’ a tu l’ I ’  l , l I l 5 s ’ ‘ ‘ ( t l l ’

1 2( I I I ’( . A l s l I , bl ue j Is’ s ’-it ’Ilt a u t h o rs Im a v e  ide t it i f ied  by -~u -l ecteu I ( I r s -a  c i  1 1 1 1 1 11 s l i t —

s’a ct is u s l -111 2 1 ’ - l ’ l ’V s l ( l l  j i r i ’ c i p i t a t s -~~ ( i f  S i I i~ , f o lb u w i t i g  a I 2 , 0 I l ( .  l O l l - l i  I i
’ b o l ’ 1 ’ 5 l

i sop l at i t eu l -s s I P -  ‘ I I . 
14 ‘l Ire- ps ’ t ’se’t ic l ’  of p s ’ e ’ c i p i h u thi -’ s I’o l lo t ~ t s r 5  ( f l m I l s ’( i k  up  t i -u 5111

1 1
5

Il ls 11111 b eets  i ’ s ’ j l l l l ’ t I ’ l l  tr1’ l ’ l l l O l ’ ’., l h i - s w e’v e u ’ , t h r e s -  ( I I I ’ I lOt  ( I t l l l j i i u ’ I l l  I 1 ’ l 1151t15i5

i m p l a n t e d  t I n - I ‘(1 5 11 an ( ‘X I I I ’ t i l n i  ( St i l l  h z sv e  l)et ’sl ( l b l s ( ’ s ’ v e l i  t m p s l s i  i o lp l a l r t I t  n u n  in  h l a  s-c

S i l i c l  In  11 1 1 110 ed Its asisie-aling to  1100 °C. 14

‘I l l s ’s’e ( I s ’ — ’ f l l ( i t l ’.’ ( i ( ’.s t i o s r s  s - e l i l ( I i n i t i p  t o  115 ’ a n I - e t e’ i ’ u ’I I .  I ’ l l ’  ex a l lu p he , I t is not

kn oo’ti o I m v  S d l S O C  5 011 , I 5 ’ t I ’l ’ I . s s i s s ip l’ slit-ink 05 (5 d t s ( l h l p e ’as’  t V i t h i O i l l t I C t ’ , ( 5 ’  I l l s

SoniC s ’l l I h S  h ’ s - i l l S i’1l4 d i i l s ’ i ’en t  p l a T o ’ s . 1” I’ o st i  I l t l - , u ’ l ’V a t I I I n s  01 P u’  111 111 l, II I j l  1 1 1 0 5 ,

ts -h nr c ll ( S I ’ S ’ ( ( , s u l l l s ’’I i l l  I l I r t l i  I 5 1 1 1 1 1  1st—sit 1 1 1 1 1  I I I ’ i I . ’ l ’ t S , I t  u j l p t ’( I i’s tIr(slt l ’ I ’ I I I I I I S p  15 1)51 — ’

I l l  t ‘O tiS ts ’s’s ’c tics - 1 , 1  t t i i l N ’ I i (ll t o  (S Il i f h -c s - l I t  I lh it le ’ ill a li i ff c-5 -t- n t c i - v — t I l h l l g l ’ a p l l i c

(Ii s’ s l t l l I I l .  I lle ’ I I ’ 1 1 1 1 1  l I d  -
~ t ’ p ’ t t l  t p r t , — of l t l (  ‘p 101w. , Ii on u l jIlt’ ri-n I 111 } p 1 1  us ’— . 1 1w

f o s ’ l l s a t s i l s r  ( S f  l i t ’  l 1 1 15)  I ’l l  5 r e l n l - 5” - - i t ’ n t  ( I  t ( l 5 1 ’ i t i  t h e  d i s s o l u t i o n  I l l  l iii’ s- oil l I u ’ l S ’ l ’ i S

wiricl u 1 1 1 ( 15 l I t ’  -‘e l I  11011 rmtidt ’ s l ’t ’ s ’t ( I i ti I - I l I i I I i t i O s i s  ( I t ’ sp e ci n h&’ n a nn e : e h i t i g  l u s ’  1 1 1 1 1 1 1 1 1 4 ,

12 . III ‘Ike I’ , , K. 1 1 1 1 7  ‘1 P tj s l a si t (Itt I I  I l l  I ’ I  I ’ l l  I I  I l l  I i i  .11 i l l  111 , I 5 1 5 1  l j l .  Il ~ ‘ ‘ . 11c I 5 1 I I’S .
Slipjul . 8:1—7. 

— -  —

1 1 . ,- \ I ; I t h . \ l k f s I l s _ s I - 0 , i i . , ( (1111 h ( ’ s ’ i l I l u l I l ( l , I I . ( 1 1 1 7 5 )  P 1 1 , 1 1 ,  I c , ’ t I ’ Il ’t , I I l - , 01
l i _ Si I l _ SI .5  - ¶ ( ‘ 1 1 1  ( 1 1 1 1 1  I I I 5 ’ I I I I  ( 1 1 1 1 1 1 .  S I l T S  11101 ii i l l  fl , J .  1 : 1 - - c t  ‘ I c  15 t h  , S I I , ’ ,

I. 10: l I ’ t 0 _ 11 117 —
~~ 

-

14. ( ‘ e l ces ’ , ,L J .  , ( i l l I l  h i l l o . s i i , I , ‘-‘. A .  ( 1 5 ’ ,) b h , ’ c l l , l l i  I r i s  ( ‘ i ’ I l c I I j I l ’ Ot1Se I’V( iti, l lsS I I I

l ’ l ’ I l ’ 1 1I 1 : l t l l , l l  t t i  i t o s ’ s, si  i I l t j I h ( ( I I I S ’ l i  . 1 1 1 1 1 11 ‘ , . I I  I ’ I ’ t ’  2. ’ : 2 7 ’ — 2 7 7 . 



~~, t O’\ :l,l ~IO\~

The resul ts  reported here support  the view t h a t  boron atoms coalesce to

form the rod defects  observed on annealing boron imp lanted si l icon to 700 °C. A t

higher tesiiperatus’es the de fects beconie unstable and eventually most of the boron

atoms move into subs t i tut iona l  posi t ions.  Associated w i th  this  dissolut ion is the

format ion of dipoles and loops r -esu lting from the coalescence of s i l icon atoms

which  are disp laced into i n t e r s t i t i a l  positions . A small number of boron atoms

interact  wi th  si l icon to form snn a l l  part ic les , possibl y a si l icon boride , occurring

mainl y at the sites of d is locat ions . The ioop rows , seen infrequently, are gen-

erated by the break-up of the rod defects .  The end loops grow by climb, increas-

ing theit -  d ianreter- s  and separ ation f rom their  neighbors , and eventually breaking

free of the a t t r ac t ive  forces holding them to the row.
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