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ABSTRACT 

The physical and e l e c t r i c a l  p roper t i es  o f  ion implanted s i l i c o n  
annealed w i t h  h igh  powered ruby laser r a d i a t i o n  a r e  summarized. Re- 
s u l t s  show t h a t  pulsed laser  anneal ing can lead t o  a complete removal 
o f  extendad defec ts  i n  t h e  implanted reg ion accompanied by incorpora- 
t i o n  o f  dopants i n t o  l a t t i c e  s i t e s  even when t h e i r  concentrat ion f a r .  
exceeds the  sol  i d  so lub i  l i t y  l irnlt. Implanted dopants a r e  red  is- 
t r i b u t e d  considerably by pulsed laser  annealing, and parameters 
in f luenc ing t h e  p r o f i l e s  a re  discussed. Ca lcu la t ions  and experi-  
mental r e s u l t s  provide. s t rong evidence t h a t  t h e  pulsed laser  anneal- 
ing mechanism invo lves .mel t ing  o f  t he  c r y s t a l  t o  a depth o f  several 
thousand angstroms, dopant d i f f u s i o n  i n  l i q u i d  s i l i c o n ,  and subse- 
quent I iqu id  ,phase e p i t a x i a l  regrowth from the  under1 y ing substrate. . 
The z p p l i c a t i o n  o f  pulsed laser  i r r a d i a t i o n  t o  m a t e r i a l s  processing 
areas o ther  than ion implantat ion i s  b r i e f  l y d iscussed. 

I. INTRODUCTION 

Recent experiments have shown t h a t  h igh  power pulses o f  laser  
r a d i a t i o n  can be used successful l y  t o  anneal displacement damage i n  
ion implanted sem icon duct or^,'-^ t ransform amorphous t o  s ing  l e 
c rys ta  l layers,' d i sso l ve prec i p i  t a t e s  i n  thermal l y d i f f  used s i l i- 
conJ6,' and t o  form p-n j unc t i ons  i n  s i l i c o n  and ga l  I ium arsenide 
decosited w i t h  dopznts.' In  t h i s  paper we review t h e  r e s u l t s  o f  
ex?eriments c a r r i e d  o u t  a t  t he  Oak Ridge National Laboratory (ORNL) 
t o  determine t h e  physical  and e l e c t r i c a l  p roper t i es  o f  s i n g l e  c r y s t a l  
s i l i c o n  implanted by 6, P, As, Sb, Cu, and Fe and subsequently ir- 
rzd ia ted  by h igh  powsr r a d i a t i o n  from a pulsed ruby  laser. This work 
shows t h a t  pulsed laser  annealing leads t o  a complete removal o f  d is -  
plzcenent damage i n  the  implanted reg ion accompanied by t h e  incorpora- 
t i o n  o f  t h e  implanted dopants (6, P, As, Sb) i n t o  e l e c t r i c a l l y  a c t i v e  
suSst i tu t iona1 l a t t i c e  s i t e s  even when the  dopant concentrat ion 
g r e a t l y  exceeds the  l i m i t  o f  s o l i d  so i ' ub i l i t y .  In  add i t ion ,  implanted 
p r o f i l e s  are  considerably changed by pulsed laser  annealing due t o  the  
formation o f  a I i qu id  layer  several thousand angstroms t h i c k  dur ing  
anneal ing, and subsequent dopant d i f f u s i o n  i n  t h e  l i q u i d  s t a t e  as 
discussed i n  a cornpanton paper.g P r o f i l e s  o f  implanted species a f t e r  
znneal ing are  shown t o  depend on a number o f  fac tors ,  inc lud ing laser 
energy dens i ty ,  number o f  successive pulses, ex ten t  o f  damage and/or 
aocznt concentrat icn,  and segregation c o e f f i c i e n t  from the  mel t .  

Resezrch sponsored by the  D i v i s i o n  o f  Ma te r ia l s  Sciences, U. S. 
Deparlmen t o f  Energy under con t rac t  W-7405-eng-26 w i t h  the  Un ion 
Carbide Corporat ion, 



F i n a l l y ,  a p p l i c a t i o n s  o f  pulsed laser  i r r a d i a t i o n  t o  m a t e r i a l s  
processing and f a b r i c a t i o n  n o t  i nvo l v ing  ion imp lan ta t ion  a r e  
d i scussed . 

Sing le  c r y s t a l  s i l i c o n  wafers, (001) o r i en ta t i on ,  were used as 
substrates.  Implants were c a r r i e d  o u t  a t  room temperature under h igh  
vacuum cond i t ions '  ( 2  x lo-' t o r r )  , a t  energ ies  i n  t h e  range 35 t o  
150 keV ,' and a t  doses i n  t h e  range I  x 10' t o  I  x 10 17/cm 2. - Laser 
anneal ing was accompl ished i n  a i r  us ing t h e  mu1 timode output  o f  a 
pulsed ruby  laser  w i t h  energy d e n s i t i e s  i n  t he  range 0.6 t o  3.0 
~ / c m ~ ,  and pul se du ra t i on  t imes i n  t h e  range 20 t o  60 nanoseconds 
(nsec). Fol lowing annealing, c r y s t a l s  were examined using transmis- 
s ion  e l e c t r o n  microscopy, Ruther ford ion backscat te r ing  and ion  
channel ing, and Van der  Pauw measurements t o  determine t h e  e x t e n t  o f  
remaining damage, t h e  p r o f i l e ,  and l a t t i c e  l oca t i on  o f  t h e  implanted 
species, and t h e  e l e c t r i c a l  ac t i v i t y . .  

I l l .  ANNEALING OF LAlTlCE DAMAGE 

F igure  I  shows t ransmiss ion e lec t ron  micrographs which compare . 

d i r e c t l y  t h e  damage t h a t  remains i n  t h e  l a t t i c e  a f t e r  laser  anneal ing 
and convent ional thermal anneal ing f o r  s i l i c o n  c r y s t a l s  implanted by 
6, P, As. * J ' A f t e r  thermal annea I  ing a t  temperatures up to .  
I 100°C, s i g n i f i c a n t  damage remains i n  t he  implanted- reg  ion i n  t h e  
form o f  d is locat . ion loops as shown i n  the  r i g h t  column o f  micro- 
graphs. By cont ras t ,  a f t e r  laser  anneal ing (- 1.5 J/cm2, 60 nsec) 
nc; damge (d i s loca t i ons ,  d i s loca t i on .  loops, o r  s tack ing f a u l t s )  - 
r ~ m a i n s  i n  t g e  implanted reg ion  down t o  the  r e s o l u t i o n  o f  t h e  ~ n i c r o -  
scspe (- 10 A). D i f f r a c t i o n  pa t te rns  from these same c r y s t a l s  have 
no i r r e g u l a r i t i e s ,  and the  o r i e n t a t i o n  o f  t h e  r e c r y s t a l l i z e d  reg ion  
i s  t h e  same as t h a t  o f  t he  under ly ing substrate,  (001). Extensive 
expa- imental i n ~ e s t i ~ a t i o n s ~ ~ ~ ~ - ' ~  and t h e o r e t i  ca l ca l cu  l at ion^^"^^'^ 
p rov ide  st rong evidence t h a t  pulsed laser  i r r a d i a t i o n  under these 
cond i t i ons  creates a melted reg ion  extsnding from the  sur face t o  a 
dep th  o f  several thousand angstroms, R e c r y s t a l l i z a t i o n  o f  t h e  
mel ied layer  takes p lace by means o f  l i qu id  phase e p i t a x i a l  regrowth 
from t h e  under ly ing substrate,  r e s u l t i n g  i n  de fec t  f r e e  s i n g l e  . . 

c r y s t a l  ma te r i a l  w i t h  t h e  same o r i e n t a t i o n  as t h e  substrate. 
When the  laser  annealed c r y s t a l s  a re  subsequently heated t o  

temperatures o f  900°C t o  study t h e  agglomeration o f  small defects; 
we observe o n l y  a very  low number dens i ty  ( <  5 x 1014/cm3) o f  smal l 
de fec ts  (average d iameter - 30 A )  i n  t h e  implanted region.  This  
shows t h a t  res idua l  damage i s  very small a f t e r  laser  annealing. The 
concl usion from these experiments i s  t h a t  laser  anneal ing i s  much 
more e f f i c i e n t  i n  removing displacement damage than i s  convent ional 
t he rna l  annealing. 

F igure 2 shows th ree  d i f f e r e n t  types o f  m ic ros t ruc tu re  and 
. c r y s t a l  s t r u c t u r e  i n  t h e  implanted reg ion  which was observed a f t e r  
anneal ing w i t h  d i f f e r e n t  laser  energy d e n ~ i t i e s . ~  These r e s u l t s  were 



Fig. I. Comparison o f  
Laser ( l e f t  column) and 
Thermal ( r i g h t  column) 
Annealing o f  Ion Implanted 
S i l  icon, (001) Orientation. 
Implanted Species, Energy 
and Dose were: Top Row - 
"B(35 keV. 3 x 1015/cm2); 
Middle ROW - 3 1 ~ ( 8 0  keV, 
I x 1015/cm2); Bottom Row - 
'=As( 100 keV, I x 
1016/cm2). Conditions fo r  
thermal annealing were 
B,P( 1 100°C - 30 mins); 
As(9000C - 30 mins). Con- 
d i t i ons  f o r  laser anneal- 
ing were 1.5 J/an2, 60 
nsec. 

obtained using s i l i c o n  c r ys ta l s  implanted w i t h  75As(100 keV, 
1.4 x 1016/cm2). Both ion channel ing and transmission electron 
microscopy showed t h a t  a region - 1600 1 deep was made amorphou~~by 
implantation. Anneal lng wi th  0.63 J/cm2 caused a region - 1000 A 
t h i c k  (determined by stereomicroscopy) t o  becone po lyc rys ta i l i ne  as 
indicated by the  d i f f r a c t i o n  pat iern.  This suggests t h a t  the c rys ta l  
was melted t o  a depth o f  - 1000 A and regrowth was not  ep i tax ia l  he- 
cause the  melted region d id  not  extend i n to  the undamaged substrate. 
A f te r  annealing wi th  1.07 J/cm2, which i s  very near the threshold 
fo r  complete e lec t r i ca l  ac t ivat ion,  the electron d i f f r a c t i o n  pat tern 
showed the rec rys ta l l i zed  region t o  be s ing le  crys ta l  ind icat ing epi- 
t ax i a l  regrowth, but  a t h i n  surface layer was observed containing re- 
sidual damage i n  the form o f  d is locat ion loops. Stereomicroscopy 
showed the residual damage was confined t o  a depth o f  - 200 x. The 
o r i g i n  o f  t h i s  damaged layer a t  the surface i s  not  well  understood, 
but it may be re la ted t o  s o l i d i f i c a t i o n  i n  ths  surface region due t o  
rad iant  heat losses during the process o f  l i q u i d  phase ep i t ax ia l  
regrowth from the underlying substrate. Residual damage a t  the 
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7 5 ~ s  (100 keV, 1.4~10'~/ cm2) 

Fig. 2. Micros t ruc ture  Developed i n  S i l i c o n  by Annealing w i th  
D i f f e r e n t  Laser Energy Densi t ies.  The energy dens i ty  used 
f o r  annealing i s  ind ica ted beside each micrograph and corre- 
sponding d i f f r a c t i o n  pat tern.  Pulse dura t ion  was 25 nsec. 

sur face has been observed f o r  9, P and As implants a f t e r  i r r a d i a t i o n  
w i t h  laser  energy dens i t i es ' ve ry  near the  threshold f o r  complete 
annealing (- 1.1 J / c m 2  for our implant  condition^).^^ In Fig. 2, an- 
neal ing w i t h  an energy dens i ty  o f  1.4 J/cmz produced de fec t  f ree  
s i n g l e  c r y s t a l  ma te r ia l  extending throughout t h e  implanted region. 

I V .  EFFECT OF PULSED LASER ANNEALING YN DOPANT PROFILES 

The e f f e c t s  o f  pulsed laser  anneal ing ( 1.5 J/cmZ, 60 
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Fig. 3. P r o f i l e s  o f  Implanted B, P, and As i n  S i l i c o n  

(S IMS) and those ?or  As by 2.5 MeV He ion backscat ter ing.  In each 
cass, t h e  as-implanted p r o f i l e s  a r e  very  nea r l y  Gaussian, bu t  laser  
anneal ing causes a considerable r e d i s t r i b u t i o n  o f  t h e  implanted 
species both toward the  sur face and deeper i n t o  the  c r y s t a l .  Strong 
evidence has been presented t o  show t h a t  dopant r e d i s t r i b u t i o n  takes 
p lace by d i f f u s i o n  i n  I i q u i d  s i  I  i c ~ n . ~ ' ' ~ # ' ~  Ca lcu la t ions  o f  t h e  tern- 
pers ture  d i s t r i b u t i o n  i n  t h e  sample dur ing  and a f t e r  t he  laser pulse 
show t h a t  t h e  c r y s t a l  can be melted t o  a depth o f  several thousand 
angstroms by t h e  laser  pulse. The melted reg ion  then r e c r y s t a l l i z e s  
f ro7  t h e  under1 y ing  subs t ra te  by means o f  I i qu id  phase e p i t a x i a l  re- 
growth which takes p lace i n  a t ime  o f  several hundred nanoseconds. 
During t h i s  t ime, implanted dopants can d i f f u s e  i n  t h e  l i q u i d  where 
d i i f s s i o n  c o e f f i c i e n t s  a re  orders  o f  magnitude h igher  than i n  t h e  
so l  id. 

F igure  4 shows a comparison o f  t h e  As p r o f i l e  a f t e r  laser  
anneal ing t o  a p r o f i l e  ca l cu la ted  assuming l i q u i d  phase d i f f u s i o n ,  
From t h e  ca l cu la ted  p r o f i l e ,  a  value f o r  t h e  q u a n t i t y  (DT)  i s  
obtained, and the  l i qu id  phase d i f f u s i o n  t ime ( 1 can be ex t rac ted  - 
from t h i s  by using a l i t e r a h r e  value17 f o r  t he  d i f f u s i o n  c o e f f i -  
c i e n t  o f  As i n  l i q c i d  s i l i c o n .  The r e s u l t  i s  T - 270 nsec which i s  
i n  reasonable agreenent w i t h  publ ished c a l c u l a t i o n s  o f  t h e  th ickness 
o f  t h e  melted layers as a Yunction o f  t i ~ n e . ' ~ . ' ~  Other examples o f  
p r c f i l e  c a l c u l ~ t i o n s  a re  included i n  a companion paper. 

R e d i s t r i b u t i o n  o f  dopants du r ing  laser  annealing depends on the  
d i f f u s i o n  c o e f f i c i e n t  i n  t he  l i q u i d  and t h e  t ime a v a i l a b l e  f o r  l i q u i d  
phase d i f  f  us ion. The p ro f  i les  a f t e r  I  aser annea l  ing have been found 
t o  depend on a number o f  anneal ing parameters and mater ia l  parameters 
i nc lud ing  laser  energy densi ty ,  implant dose, number o f  successive 
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pu l ses, and the  segregation 
c o e f f i c i e n t  from .the l iquid. 

LASER ANNEALED Figure 5 shows t h e  e f fec t13  * 
CALCULATED o f  laser  energy dens i ty  on 
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- AS IMPLANTED 

loo keV AS IMPLANTED Si - arsenic p r o f i l e s  i n  s i i  icon 
DOSE: 1.26 X 10'~crn-~ c rys ta  l s  i mp l anted by - - - - 7 5 ~ s ( 1 0 0  keV, 1.4 x  1 0 ' ~ / c r n ~ ) .  

- - A t  t he  lowest laser  energy - density,  arsenic i s  observed - 
t o  be r e d i s t r i b u t e d  on ly  i n  a  - 
depth i n t e r v a l  extenqing from 

- - t h e  surface. t o  -950 A. The - - arsenic p r o f i l e  a t  greater  - - - .- depths a f t e r  laser  annea l ing - i s  i nd i s t i ngu ishab le  from 

Fig. 5. Arsenic 
P r o f i l e s  i n  S i l i c o n  
a f t e r  Anneal ing w i th  
D i f f e r e n t  Laser. 
Energy Dens it ies. 
Pulse dura t ion  t ime 
was 25 nsec. 

2 

- 
0 - 400 800 1200 4600 2000 

DEPTH ( A )  
'=AS (400 keV, 4.4 x 4oq6/crn2) IN (100) Si 

Figur.e 6  shows boron pro f  i l es measured ' a f t e r  laser  anneal ing 
(1.6 J/cn2, 50 nsec) s i l i c o n  c rys ta \s , imp lanted to  d i f f e r e n t  boron 

toq9 . 
0 0.1 0.2 0.3 0.4 0.5 preted t o  mean t h a t  a t  t h i s  

DEPTH ( ~ ~ 1  laser  energy dens i t y  (0.63 . 

J/cm 2) t h e  me 1 t grant pene- 
Fig. 4. Compar i son o f  Pro f  i 1 es t r a t e d  t o  -950 A, g  iv ' ing 

f o r  Arsenic i n  S i  l icon w i t h  r i s e  t o  arsen ic  r e d i s t r i b u -  
Calculat ions.  t i o n  i n  t h i s  reg ion only. As 

the  laser  energy dens i t y  i s  
increased, r e d i s t r i b u t i o n  o f  a rsen ic  increases due t o  deeper penetra- 
' t i on  o f  t h e  m e l t  f r o n t  and a  correspondingly longer t ime  a v a i l a b l e  
f o r  d i f f u s i o n  i n  t h e  l iquid. 

- - 

1 :  I I I 

t h a t  o f  t h e  as- imp1 anted 
c rys ta l .  This i s  i n t e r -  
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doses i n  t h e  range I O l 4  t o  
10 16/crn2. The ex ten t  o f  boron re- ' . 1 d i s t r i b u t i o n  and t h e  shape o f  t h e  

AS ! f i n a l  p r o f i l e  i s  almost t h e  same 
f o r  c r y s t a l s  implanted t o  1015 and 

! 1016/crn2, b u t  i s  considerably less 
, loz0 a t  a dose o f  1014/cm2. The in- 

creased red i s t r  i but ion  a t  doses 
' ,.of 1015/cm2 and greater  i s  be- 

, n- , l i eved r e l a t e d  t o  more e f f i c i e n t  
'5 - ; absorpt ion o f  laser  l i g h t  due t o  ' 

% lo'* increased damage and/or dopant 
F concentrat ion i n  t h e s e . c r y s t a f s .  
K I- 

W 0 
The absorpt ion c o e f f i c i e n t  a t  the 

. Z 
o Ruby wavelength i s  a s t rong func? 

0 
m 

- 10" 

;I d. . d. ... 
crease t h e  absorp t ion  c o e f f i c i e n t  

DEPTM t p )  due t o  f r e e  c a r r i e r  a b s o r p t i ~ n . . ~ ~  
. '  Increases i n  absorpt ion c o e f f i -  

F ig.  6. P r o f i l e s  o f  Boron c i e n t  lead t o  more e f f i c i e n t  
Implanted t o  D i f f e r e n t  Doses absorpt ion o f  laser  l i g h t ,  a 
i n  S i  l icon.- The implant  longer m e l t  du ra t i on  t ime, and a 
energy was 35 keV. correspond ing l y  longer t i m e  f o r  

l i q u i d  phase d i f f u s i o n .  
The f i n a l  dopant p r o f i l e  a l s o  depends on .the number o f  succes- 

s i v e  pulses. This i s  shown i n  F ig.  7 f o r  t h e  case o f  s i l i c o n  
c r y s t a l s  implanted by  boron t o  doses o f  1015 and 1016/cm2 and an- 
nezlecl w i t h  one and two successive laser  pulses.(1.7 ;I/cm2, 50 

. nsec pulses) .  Most o f  t h e  r e d i s t r i b u t i o n  takes p lace du r ing  the  f i r s t  
p u ! r s ,  b u t  add i t i ona l  r e d i s t r i b u t i o n  i s  observed du r ing  the  second 
pulse. These r e s u l t s  show t h a t  t h e  c r y s t a l  can be remelted a f t e r  t h e  
firrf laser  pulse. This  may occur due t o  increased. f r e e  c a r r i e r  ab- 
sorp f  ion by t h e  implanted dopant because  calculation^'^ show t h a t  f o r  
pure s i n g l e  c r y s t a l  s i l i c o n  t h e  absorpt ion c o e f f i c i e n t  i s  t o o  low f o r  
me l t i ng  t o  occur under these cond i t ions .  

The p r o f i l e s  a f t e r  laser anneal ing f o r  species w i t h  low segrega- 
- t i o n  c o e f f i c i e n t s  a re  radlca,l.ly d i f f e r e n t  than f o r  t h e  case o f  B, P 

and A ~ . ' ~ J ~ ~ , ~ ~  This  i.s shown i n  F ig.  8 f o r  t h e  case o f  Cu and Fe i n  
t h e  as-implanted and laser  annealed (1.4 J/crn2, 20 nsec) cond i t ions .  
As indicated,  laser  anneal ing causes s i g n i f i c a n t  segregat ion o f  these 
species toward the  surfacei. For copper, a f t e r  l asz r  anneal ing almost 
31 1 o f  t h e  impur i ty  i s  local  ized t o  the  f i r s t  200 A o f  t he  sur face 
region. The i ron  p r o f i l e  i s  d i s t i n c t l y  s h i f t e d  toward the  surface. 
Segregation o f  these impur i t i es  toward the  sur face apparent ly  i s  due 
t o  t h e i r  very low segregat ion c o e f f i c i e n t s  (de f ined as the  r a t i o  o f  
concentrat ions i n  t h e  s o l i d  and l i q u i d  phase, k = Cs/CI), which 

- - '. - 

- - 
- 

t i o n  o f  the. damage i n  t h e  s i l i c o n  
c r y s t a l s ,  being about an order  o f  ' 

magnitude h igher  i n  amorphous 
s i l i c o n  as compared t o  t h e  s i n g l e  
c r y s t a  l case. I n  add it ion, the  
dopant concent ra t ion  should in- 
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a r e  << I n  t h e  process o f  l i q u i d  phase e p i t a x i a l  regrowth, 
these  spec ies w i l  I be r e j e c t e d  i n t o  t h e  l i q u i d  as t h e  m e l t  f r o n t  
app~oaches  t h e  sur face.  The enhanced concen t ra t i on  i n  t h e  l i q u i d  Js 
then  t r anspo r ted  towsrd t h e  su r f ace  by t h e  moving m e l t  f r o n t  and 
segrega t ion  occurs.  The f a c t  t h a t  Fe does n o t  comple te ly  segregate 
t o  t h e  su r f ace  du r i ng  a s i n g l e  laser  pu l se  may be r e l a t e d  t o  a  
r e l a t i v e l y  low s o l u b i l i t y  and/or d i f f u s i o n  c o e f f i c i e n t  i n  l i q u i d  
s i  l icon. Fur ther  exper iments a r e  be ing  c a r r i e d  o u t  t o  c l a r i f y  t h i s .  
'Com?arison o f  t h e  Fe p r o f i l e  r e s u l t s  t o  c a l c u l a f i o n s  a r e  presented 
i n a compan ion  ,paper. 

V. LATTICE LOCATION AND ELECTRICAL PROPERTIES 

- Pulsed l ase r  anneal ing : is a l s o  capable o f  i nco rpo ra t i ng  almost 

a1 I o f  t h e  implanted dopants (B, P, As and Sb) i n t o  e l e c t r i c a l l y  
6 c t i v e  s u b s t i t u t i o n a l  l a t t i c e  s i t e s .  Measurements o f  t h e  l a t t i c e  
I.ocat ion  o f  As and Sb have been made us ing  2 . 5  MeV Hef ion back- 
s c a f t e r  i ng  and channel ing   technique^.^^-^^ Resu l ts  f o r  one o f  ' t h e  
c r y s f a l s  implanted by 1 2 ' ~ b ( 1 0 0  keV, 1.6 x  1016/crn2) a r e  summarized 
i n  F ig .  9. The a1 igned spectrum r e s u l t s  (F i g .  ga l  show t h a t  , t h e  
c r y s t a l  ha? been.made complete1 y  amorphous by t h e  implant  t o  a  depth 
o f  - 1400 A. Laser anneal ing  r e s t o r e s  t h e  s i n g l e  c r y s t a l  o rde r  t o  

. t h e  c r y s t a l  because t h e  a1 igned y i e l d  a f t e r  anneal ing i s  ve ry  c lose  
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Fig'. 8. Profiles for Cu and Fe in Silicon. 

to that of t h e  virgin crystal. The low yield of ions scat.tered from 
Sb after anneal'ing shows that Sb is highly substitutional in the 
lattice. Fig. 9b shows detai led angular scans across tvo of the 
major axial directions. The yield curves of scattering from Sb and 
Si fol low each other very closely,, again showing that Sb is highly 
substitutional in the lattice. Quantitative analysis of this data 
shows that Sb is 98-99% substitutional. in the lattice following laser 

. anneal ing. 
Figure 10 shows ?he measured electrical activity (obtained from 

Van der Pauw measurements) after laser annealing as a function of 
implanted dose for si I icon crystals implanted with 121sb ( 100 keV). 
Lattice 1ocation.measurements on these same crysta.ls show that the 
Sb is 98-998 substitutional in the lattice for all crystals except 
the highest dose case, and Fig. 10 indicates that all the Sb is 
electrical ly active.22 The electrical activity of the sample with 
the highest dose is slightly less than 100% due to precipitation of - Sb in the very near surface.~egion (- 300 A deep) during laser anneal- 
ing, and a correspondingly. lower substitutional fraction (87%). 

Implanted arsenic has also been measured to be 98-99% substitu- 
tional in the 1atti.ce after laser anneal i n c ~ , ~ ~ - ~ ~  and electrical 

. . 
measur.ements...show-.csm; I ete etectr ica I activity.30.' . I i-~ add it ion; . . . ... 

boron1 and phosphor0u5~~ show. fu I l recovery of electr icaS activity 
after laser annealing, although the carrier concentration of boron 
implanted crystals was measured to be somewhat higher than the 
implanted dose. The onset of full. electrical activity correla-tes 
we I I with. the threshold laser energy' density required .for- complete 
removal of lattice damage.10*29 
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Incorporat ion o f  dopants such as Sb i n t o  e l e c t r i c a l l y  a c t i v e  
s u b s t i t u t i o n a l  l a t t i c e  s i t e s  du r ing  pulsed laser  anneal ing occurs 
even when t h e  dopant concentrat ion f a r  exceeds t h e  convent ional l i m i t  
o f  s o l i d  s o l u b i l i t y .  The Sb concentrat ion i n  s u b s t i t u t i o n a l  l a t t i c e  
s i t e s  f o r  t he  c r y s t a l s  used i n  F ig.  10 extends up t o  I  x  1 0 ~ ~ / c m ~  
which i s  much greater  than t h e  l i m i t  o f  s o l i d  s o l u b i l i t y  (-4 x  
1019/cm3). Exceeding t h e  l i m i t  o f  s o l i d  s o l u b i l i t y  by pulsed laser  
anneal ing apparent ly  i s  r e l a t e d  t o  the  very  s h o r t  t ime  associated 
w i t h  t h e  anneal ing process. . A f t e r  the  c r y s t a l  i s  melted t o  a depth 
o f  several thousand angstroms by the  laser  l i g h t ,  l i q u i d  phase epi- 
t a x i a l  regrowth takes place and dopants are  incorporated i n t o  t h e  
s o l i d  a t  concentrat ions determined by t h e  concentrat ion i n  t he  l i q u i d  
a t  t he  moving l i qu id -so l  i d  in te r face .  R e c r y s t a t l i z a t i o n  takes p lace 
i n  a few hundred nanoseconds, and the  r e c r y s t a l l i z e d  reg ion  then 
r a p i d l y  coo l s  toward ambient temperatures i n  a few microseconds 
which i s  t oo  s h o r t  f o r  t he  formation o f  p r e c i p i t a t e s  i n  t he  s o l i d  
phase. 
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Dopant concentrat ion i n  excess o f  t h e  s o l i d  s o l u b i l i t y  l i m i t  
represents a supersaturated o r  metastable c o n d i t i o n  because p rec ip i -  
t a t i o n  o f  t h e  excess dopant w i l l  occur i f  t h e  laser  annealed c r y s t a l s  
subsequently a re  heated thermal l y.2 Th is  i s  shown i n  Fig. I I f o r  
t h e  cese o f  s i l i c o n  c r y s t a l s  implanted by a h igh  dose o f  boron. 
Fol lowing laser  anneeling, t h e  implanted reg ion  i s  d e f e c t  f r e e  ( l e f t  
micrograph). Subsequent thermal heat ing t o  900°C.for 30 mins causes 
p r e c i p i t a t i o n  o f  t he  excess boron as shown by t h e  r i g h t  micrograph. 
From the  average s i z e  and number dens i t y  o f  t h e  p r e c i p i t a t e s ,  it i s  
est imated t h a t  approximately 50% o f  t h e  boron was contained i n  t h e  
p r e c i p i t a t e s .  This  agrees we1 I  w i t h  Van der Pauw measurements which 
showed a 50% decrease i n  t h e  e l e c t r i c a l  a c t i v i t y  a f t e r  t he rma l l y  
heat ing the  laser annealed c r y s t a l .  

Several f a c t o r s  p lay  a r o l e  i n  determin ing the  maximum dopant 
concentrat ion which can be incorporated i n t o  s o l i d  s o l u t i o n  by 
pulsed laser  annealing. One fac to r ,  which dominates i n  t he  case o f  
boron, appears t o  be t h e  con t rac t i on  o f  t he  l a t t i c e  i n  t h e  implanted 
reg  ion ?5926 Pu I sed I  aser anneal ing can I ead t o  a one d imensiona I  
con t rac t i on  o r  expansion o f  t h e  l a t t i c e  i n  t h e  implanted region. 
The s ign  o f  t h e  l a t t i c e  parameter change i s  determined by t h e  s i z e  
o f  t h e  dopant atom (atomic r a d i i )  r e l a t i v e  t o  s i l i c o n .  The r e s u l t -  
ing s t r a i n  i n  t he  contracted o r  expanded l a t t i c e  i s  p ropor t iona l  t o  
dopant concentrat ion and when t h e  s t r a i n  exceeds t h e  f r a c t u r e  
s t rength  o f  s i l i c o n ,  c rack ing  w i l l  occur. C rys ta l s  implanted w i t h  
boron t o  very h igh  doses (r 5 x 10' 6/cm2) are  observed t o  con ta in  a 
h igh  dens i t y  o f  cracks, - Ip wide, in  the  implanted reg ion  a f t e r  
laser  annealing. Presumably t h i s  occurs dce t o  con t rac t i on  of the -  
l a t t i c e  when boron afoms become subst i t u t  iona I  du r ing  laser 
annea I  i ng . 2 5 

For the  case o f  k s  and Sb, o ther  f a c f o r s  l i m i t  t h e  maximum 
obta inab le  concentrat ion i n  s o l i d  so lu t i on .  For very  h igh  dose 
implants o f  these species, p r e c i p i t a t e s  a re  observed i n  t he  near 
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sur face reg ion  a f t e r  laser  annealing. Mechanisms respons ib le  f o r  
t h e  p r e c i p i t a t i o n  o f  these species have n o t  been c l e a r l y  determined, 
b u t  t h i s  may be r e l a t e d  t o  t h e  dopant concent ra t ion  exceeding the  
s o l u b i l i t y  l i m i t  i n  t h e  l i q u i d  phase du r ing  e p i t a x i a l  regrowth. 
D i f f u s i o n  c o e f f i c i e n t s  f o r  these species i n  l i q u i d  s i l i c o n  a r e  la rge  
enough f o r  p r e c i p i t a t e s  o r  dopant r i c h  reg ions  t o  form i n  t h e  l i q u i d  
dur ing  r e c r y s t a l l i z a t i o n  i f  t h e  dopant concent ra t ion  exceeds l i q u i d  
phase s o l u b i l i t y .  P r e c i p i t a t e s  thus formed i n  t h e  l i q u i d  would be 
incorporated i n t o  the  s o l i d  du r ing  r e c r y s t a l l i z a t i o n .  D i f f u s i o n  co- 
e f f i c i e n t s  a r e  t o o  small f o r  these p r e c i p i t a t e s  t o  be formed i n  t h e  
s o l i d  a f t e r  r e c r y s t a l  I  i za t i on .  

Recovery o f  e  l 'ect r  i ca  l a c t  l v  i t y ,  removal o f  l a t t i c e  damage,. and . . 

i ncorpora t ion  o f  dopants i n t o  s u b s t i t u t i o n a l  l a t t i c e  s i t e s  i s  ac- 
complished by pulsed laser  anneal ing w i th  no degradat ion o f  m i n o r i t y  
c a r r i e r  l i f e t i m e  i n  t h e  subs t ra te  ( f o r  f loat-zone c r y s t a l s ) .  The 

- e x c e l l e n t  physical  and e l e c t r i c a l  p rope r t i es  o f  laser  annealed s i l i -  
con are  r e f  l  ected i n  t he  performance o f  mesa d  iodes wh i c h  have good 
diode parameters and low values o f  leakage c u r r e n t  under reverse 

In  add i t i on ,  so la r  c e l l s  fabr ica ted  from boron, implanted, 
I.aser annealed s i  I  icon have. stgn i'f i can t  l y  improved quantum response 
and c e l l  e f f i c i e n c y  as compared t o  s i m i l a r  ce l  I s  fabr ica ted  b y ,  ' 

thermal annealing.31 These improvements a re  due t o  the  b e t t e r  
physical  and e l e c t r i c a l  p rope r t i es  o f  laser  annealed c r y s t a l s .  



Me1 t i n g  produced by pul sed laser  i r r a d i a t i o n  and r a p i d  recrys- 
t a l  l i z a t i a n  o f  t h e  melted reg ion has very i n t e r e s t i n g  p o s s i b i l  i t i e s  
i n  areas n o t  d i r e c t l y  involved w i t h  ion implantat ion.  One app l i ca t i on  
i s  t h e  use o f  pulsed laser  i r r a d i a t i o n  t o  d i sso lve  p r e c i p i t a t e s  i n  
d i f f u s e d   material^.^^^^^^ Th is  i s  demonstrated i n  Fig. 12a which shows 
boron p r o f i l e s  i n  the  as-d i f fused and laser  i r r a d i a t e d  cond i t ions  
f o r  s i l i c o n  c r y s t a l s  d i f f u s e d  w i t h  boron -(IOOO°C - 10 mins). D i f -  
fus ion  o f  boron r e s u l t s  i n  t h e  formation o f  a  layer  - 200 8 t h i c k  
w i t h  a very  h igh  concentrat ion o f  'boron atoms contained in  t h e  form 
o f  e l e c t r i c a l l y  i n a c t i v e  p rec ip i ta tes .  Pulsed laser  i r r a d i a t i o n  
( 1.5 J/cm2, 50 nsec) d isso lves  t h e  p r e c i p i t a t e s  as a  r e s c ~ l  t o f  melt.- 
ing and r e d i s t r i b u t e s  t h e  boron as shown i n  Fig., 12a. Fol lowing 
i r r a d i a t i o n  no p r e c i p i t a t e s  are  present, t h e  boron atoms are  incor- 
porated i n t o  s u b s t i t u t i o n a l  l a t t i c e  s i t es ,  and t h e r e . i s  an order  o f  
magnitude increase i n  t h e  e l e c t r i c a l l y  a c t i v e  c a r r i e r s .  Laser ir- . 
r a d i a t i o n  o f  these d i f f u s e d  c r y s t a l s  improves t h e  p-n j unc t i on  - 
c h a r a c t e r i s t i c s  as determined from measurements on mesa diodes. 
D isso lu t i on  o f  p r e c i p i t a t e s  i n  d i f f u s e d  c r y s t a l s  a l s o  provides a  con- 
venient  technique t o  measure the  depth o f  mel t ing  produced by pulsed 
laser i r r a d  i a t i ~ n . ~ , ~ ~  

Another a p p l i c a t i o n  involves t h e  use o f  laser  i r r a d i a t i o n  t o  
form la rge area p-n j unc t i ons  i n  s i l  icon and GaAs by a  process o f  

Roll;* of Boran Sspositea Silicon 
. - 

F ig. 12. (a )  Eoron P r o f i l e s  i n  Boron Di f fused S i l i con .  
(b) P r o f i l e  o f  Boron i n  S i l i c o n  a f t e r  I r r a d i a t i o n  

o f  a  Crysta l  w i th  Eloron Deposited on the  
Surface. 



l aser  induced d i f f ~ s i o n . ~ , ~ ~  For t h i s  a p p l i c a t i o n  t h e  dopant i s , f i r s t  . . 
. . 

deposited on t h e  sur face as a f i l m  - 100 8\ t h i c k  by evaporation!, The 
' . . 

deposited sur face i s  then i r r a d i a t e d  w i t h  pulsed laser  l i g h t  and dur-. 
ing t h e  t ime  t h e  near sur face reg ion i s  me1 ted, t h e  deposited dopant 
d i f f u s e s  i n t o  the  c r y s t a l  and becomes e l e c t r i c a l l y  ac t ive .  The pro- 
f i l e  o f  boron obtained a f t e r  laser  i r r a d i a t i o n  o f  boron deposited 
s i l i c o n  i s  given i n  Fig. 12b and shows t h e  penet ra t ion  o f  boron. t o  
a depth o f  several thousand angstr0m.s. Th is  i s  a very a t t r a c t i v e .  
method f o r  f a b r i c a t i n g  shallow p-n j unc t i ons  because the  depth o f  
me1 t i n g  and subsequent dopant d i f f us ion can be c a r e f u l  l y c0ntro. l  led 
by t h e  laser  energy density.  

V I I .  CONCLUSIONS 

Pulsed ruby laser  annealing o f  ion implanted s i  l icon can lead t o  
complete removal o f  extended defec ts  i n  t h e  implanted reg ion  by t h e  
mechanism o f  l i qu ld  phase e p i t a x i a l  regrowth. Complete .anneal.ing i s  

. accompanied by incorporat ion o f  dopants i n t o  e l e c t r i c a l l y  a c t i v e  
s u b s t i t u t i o n a l  l a t t i c e  s i t e s  even when the  dopant concentrat ion 
g r e a t l y  exceeds t h e  conventional l i m i t  o f  s o l i d  s o l u b i l i t y .  Prec ip i -  
t a t i o n  o f  dopant concentrat ion i n  excess o f  s o l i d  s o l u b i l i t y  w i l l  
occur i f  t h e  laser annealed c r y s t a l s  a re  subsequently heated t o  tem- 
peratures o f  -.900°C. Pulsed laser  annealing leads t o  s i g n i f i c a n t  
dopant r e d i s t r i b u t i o n  and the  f i n a l  p r o f i l e s  have been shown to  
depend on laser  energy density,  number o f  successive pulses, segrega- 
t i o n  coe f f i c i en ' t  from t h e  melt ,  and t h e  ex tent  o f  damage and/or 
dopant i n  t h e  c r y s t a l .  Comparison o f  c a l c u l a t i o n s  t o  experiments . 

provides st rong evidence t h a t  t h e  pulsed laser annealing mechanism 
involves mel t ing  o f  t he  c r y s t a l  by the  laser  l i g h t ,  d i f f u s i o n  o f  

. . dopants i n  l i q u i d  s i l i c o n ,  and l i q u i d  phase e p i t a x i a l  regrowth from 
t h e  under ly ing substrate. In a d d i t i o n  t o  ion implanted m a t e r i a l s  pro- 
cess.ing, pulsed laser i r r a d i a t i o n  i s  shown t o  have a p p l i c a t i o n  as a 
Reams t o  d i sso lve  p r e c i p i t a t e s  i n  d i f f used  c r y s t a l s  and as a method 
t o  introduce e l e c t r i c a l l y  a c t i v e  dopants i n t o  shal low reg ions  by 
laser induced d i f f u s i o n  using c r y s t a l s  w i t h  dopants deposited on t h e  
surface. 
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