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ELECTRICAL RECOMBINATION BEHAVIOUR AT DISLOCATIONS IN GALLIUM PHOSPHIDE AND SILICON 

G.R. Booker, A. Ourmazd and D.B. Darby 

Departement o f  MetaZZurgy and Science  o f  Mater ials ,  U n i v e r s i t y  o f  Oxford, U.K. 

Resume.- On r e v o i t  i c i  l e s  recen ts  r e s u l t a t s  s u r  l a  recombinaison de p o r t e u r s  aux d i s l o c a t i o n s  dans 
S i  e t  Gap. Les m6thodes u t i l i s e e s  son t  TEM, SEM EBIC e t  CL. Les methodes SEM o n t  une r s s o l u t i o n  spa- 
t i a l e  j u s q u ' d  1 pm e t  l e s  i n f o r m a t i o n s  P l e c t r i q u e  e t  luminescente peuvent 6 t r e  obtenues pour  des d i s -  
l o c a t i o n s  i n d i v i d u e l  l e s .  En examinant l a  m6me r e g i o n  p a r  TEM e t  SEM, l e s  i n f o r m a t i o n s  s t r u c t u r e 1  l e ,  
61 e c t r i q u e  e t  1  uminescente peuvent e t r e  comparees. Les r e s u l  t a t s  i n d i q u e n t  que l e s  taux  de recombi- 
na i son  s o n t  c o n t r o l l 6 s  p a r  l a  d i f f u s i o n  des p o r t e u r s  vers  l e s  d i s l o c a t i o n s  p a r  l e  Gap, e t  pour  un 
m6canisme de recombinaison avec d i s l o c a t i o n  pou r  l e  S i .  Pour l e  S i ,  l e s  t aux  de recombinaison s o n t  
net tement  d i f f e r e n t s  pour  l e s  d i s l o c a t i o n s  d i ssoc iees  e t  nond issoc iees.  

Abst rac t . -  Th i s  paper rev iews some o f  t h e  r e c e n t ' r e s u l t s  ob ta ined  r e g a r d i n g  e l e c t r i c a l  recombinat ion  
a t  d i s l o c a t i o n s  i n  S i  and Gap u s i n g  t h e  TEM method and t h e  SEN EBIC and CL methods. The SEM methods 
have s p a t i a l  r e s o l u t i o n s  down t o  1 pm, and so e l e c t r i c a l  and luminescent  i n f o r m a t i o n  can be ob ta ined  
f rom i n d i v i d u a l  d i s l o c a t i o n s .  By examining t h e  same areas by TEM and SEM methods, s t r u c t u r a l ,  e l ec -  
t r i c a l  and luminescent  data  can be compared. The r e s u l t s  i n d i c a t e  t h a t  t h e  recombinat ion  e f f i c i e n c y  
i s  c o n t r o l l e d  by  t h e  d i f f u s i o n  o f  c a r r i e r s  t o  t h e  d i s l o c a t i o n  f o r  Gap, b u t  by  t h e  recombinat ion  me- 
chanism a t  t he  d i s l o c a t i o n  f o r  S i .  For S i  , marked1 y  d i f f e r e n t  recombinat ion  e f f i c i e n c i e s  occu r  a t  
d i s s o c i a t e d  and und i ssoc ia ted  d i s l o c a t i o n s .  

1. 1n t rodue t i on . -  The p resen t  paper i s  concerned 

w i t h  t h e  recombinat ion  o f  e l e c t r i c a l  c a r r i e r s  a t  d i s -  

l o c a t i o n s  i n  Gap and S i .  The emphasis i s  on r e c e n t  

exper imenta l  r e s u l t s ,  b o t h  by  t h e  au tho rs  and o t h e r  

i n v e s t i g a t o r s ,  us ing  t h e  methods o f  e l e c t r o n  micros-  

COPY. 
Considerable advances have been made i n  t h i s  

f i e l d  by u s i n g  the  SEY i n  t h e  e l e c t r o n  beam-induced 

c u r r e n t  (EBIC) and cathodoluminescent (CL) modes t o  

examine b u l k  specimens. EBIC micrographs can be ob- 

t a i n e d  which e x h i b i t  l e l e c t r i c a l '  c o n t r a s t ,  t h e  da rk  

areas cor respond ing t o  specimen reg ions  where enhan- 

ced e l e c t r i c a l  recombinat ion  occurs.  T h i s  method 

was o r i g i n a l l y  used by  f a b r i c a t i n g  a  p-n j u n c t i o n  

w i t h i n  t h e  specimen, b u t  i s  now a l s o  be ing  used by 

making a  su r face  Scho t t ky  b a r r i e r .  Such a  b a r r i e r  

can be prepared w i t h  v i r t u a l l y  no specimen heat -  

t rea tment ,  and so meaningful r e s u l t s  can be ob ta ined  

d i r e c t l y  f rom s t a r t i n g  m a t e r i a l s  e. g. me1 t-grown 

c r y s t a l s ,  e p i t a x i a l  1  ayers.  

CL micrographs can be ob ta ined  which e x h i b i t  

' 1 uminescent l  c o n t r a s t ,  t h e  dark areas correspon- 

d i n g  t o  specimen reg ions  where enhanced n o n - r a d i a t i v e  

recombinat ion  occurs.  Th i s  method can g e n e r a l l y  be 

used w i t h o u t  any specimen p repa ra t i on ,  b u t  cannot 

be a p p l i e d  t o  m a t e r i a l s  where the  luminescence i s  

low. 

For  bo th  t h e  EBIC and CL methods, s p a t i a l  r e  

s o l u t i o n s  down t o  1 pm can be obta ined,  and c o n t r a s t s  

down t o  l e s s  than 1% observed and measured. I n d i v i d u a l  

d i s l o c a t i o n s  can be imaged as da rk  spots  o r  l i n e s ,  

t h e  c o n t r a s t  f o r  each d i s l o c a t i o n  be ing  an i n d i c a t i o n  

o f  i t s  recombinat ion  e f f i c i e n c y .  M i n o r i t y  c a r r i e r  d i -  

f f u s i o n  l e n g t h s  and l i f e t i m e s  can be measured, and 

1  uminescent spec t ra  obta ined,  f rom smal l  s e l e c t e d  

areas o f  t h e  specimen. Specimens can be subsequent ly 

t h i nned  f o r  TEM s t u d i e s ,  and t h e  p r e v i o u s l y  observed 

de fec t s  and areas examined. I n  t h i s  way, e l e c t r i c a l ,  

luminescent  and s t r u c t u r a l  da ta  can a l l  be ob ta ined  

f rom t h e  same i n d i v i d u a l  de fec t s  o r  l o c a l  groups o f  

de fec t s .  

2. =.- SEM CL images ob ta ined  f rom a  Si-doped, 

(100) l i q u i d  phase e p i t a x i a l  (LPE) Gap l a y e r  showed 

dark  spo ts  w i t h  a  d e n s i t y  o f  5 x  l o 5  c K 2  / I / .  Com- 

p a r i s o n  w i t h  TEM images o f  t h e  same specimen area 

showed t h a t  t h e r e  was a  p r e c i s e  1 : 1 c o r r e l a t i o n  

between dark  spots  and d i s l o c a t i o n  l i n e s ,  i . e .  each 

dark spo t  corresponded t o  a  d i s l o c a t i o n ,  and each 

d i s l o c a t i o n  gave a  da rk  spot .  There was i n  genera l  

no marked d i f f e r e n c e  i n  t h e  c o n t r a s t  o f  t h e  i n d i v i -  

dua l  da rk  spots ,  and an a n a l y s i s  o f  17 d i s l o c a t i o n s  

showed t h a t  a  complete range o f  d i s l o c a t i o n  charac- 

t e r  was p resen t  (screw, 30°, 60' and edge). I t  was 

concluded f o r  t h i s  specimen t h a t  a l l  t h e  d i s l o c a -  

t i o n s  ac ted  as n o n - r a d i a t i v e  recombinat ion  cen t res  : 

t h e  recombinat ion  e f f i c i e n c y  d i d  n o t  depend s i g n i f i -  

c a n t l y  on d i s l o c a t i o n  cha rac te r ,  and was h i g h  f o r  

a l l  d i s l o c a t i o n s .  
SEM EBIC and CL images ob ta ined  f rom t h e  same 
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areas o f  an undoped, (100) vapour phase e p i t a x i a l  

(VPE) Gap l a y e r  e x h i b i t e d  da rk  spots  cor respond ing 

t o  a  d i s l o c a t i o n  d e n s i t y  o f  2  x  l o 6  /2/ .  There 

was a  p r e c i s e  1 : 1 c o r r e l a t i o n  between t h e  numbers 

and p o s i t i o n s  o f  t h e  i n d i v i d u a l  spots  i n  t h e  two types 

o f  image. Th i s  r e s u l t  i s  t o  be expected f o r  d i s l o c a -  

t i o n s  a c t i n g  as n o n - r a d i a t i v e  recombinat ion  cen t res .  

None o f  t h e  r a d i a t i v e  recombinat ion  cen t res  respon- 

s i b l e  f o r  t h e  luminescence were i n d i v i d u a l l y  detec- 

t e d  ( t hese  would have appeared as b r i g h t  spots  i n  

t h e  CL images and da rk  spots  i n  t h e  EBIC images), 

presumably because these cen t res  were t o o  numerous 

t o  be r e s o l v e d  . 
SEM CL images ob ta ined  f rom S- and N-doped VPE 

and LPE Gap l a y e r s  showed dark  spo ts  cor respond ing 

t o  a  d i s l o c a t i o n  d e n s i t y  o f  a l o 6  cm-2 /3/ .  CL spec- 

t r a  recorded e i t h e r  a t  o r  away f rom d i s l o c a t i o n s  

showed t h a t  t h e r e  were smal l  d i f f e r e n c e s  i n  t h e  re -  

s u l t i n g  CL peaks. Ana l ys i s  o f  t hese  data  i n d i c a t e d  

t h a t  t h e r e  was an i m p u r i t y  atmosphere assoc ia ted  w i t h  

i n d i v i d u a l  d i s l o c a t i o n s  wh ich con ta ined  N and poss i -  

b l y  a l s o  a  vacancy conplex.  

Several  i n v e s t i g a t o r s  have shown f o r  a  v a r i e -  

ty o f  Gap specimens t h a t  t h e  room temperature  mino- 

r i t y  c a r r i e r  l i f e t i m e  T decreases as t h e  d i s l o c a t i o n  

d e n s i t y  p increases.  When T i s  p l o t t e d  a g a i n s t  p a l l  

o f  t h e  da ta  t e n d  t o  f a l l  on a  ' s t a n d a r d '  curve /4/. 

SEM CL images from an undoped, i s o t h e r m a l l y -  

grown (100) LPE Gap l a y e r  showed dark  spots  w i t h  a  

wide d e n s i t y  range (D.R. Wight, I.D. B l e n k i n s o ~  and 

d.R. Harding, 1978, p r i v a t e  communication). 4 spec i -  

men area w i t h  a  d i s l o c a t i o n  d e n s i t y  o f  4  x 10' ~ m - ~  

was s e l e c t e d  because i t  had p r e v i o u s l y  been shown 

t h a t  T f o r  t h i s  area was c o n t r o l l e d  by p /4 / .  T was 

measured f o r  t h i s  area by m o n i t o r i n g  t h e  luminescence 

as t h e  i n c i d e n t  e l e c t r o n  beam was r a p i d l y  swi tched 

o f f .  The exper imenta l  r e s u l t s  showed t h a t  T inc reased 

i n  a  r e g u l a r  manner as t h e  specimen temperature  i n -  

creased f rom 100 t o  300K. C a l c u l a t i o n s  o f  T based 

s o l e l y  on t h e  d i f f u s i o n  o f  c a r r i e r s  t o  t h e  d i s l o c a -  

t i o n s ,  and u s i n g  p r e v i o u s l y  pub l i shed  c a r r i e r - d i f f u -  

s ion / temperature  d a t a  f o r  Gap, agreed p r e c i s e l y  w i t h  

t h e  exper imenta l  r e s u l t s  obta ined.  I t  was concluded 

f o r  t h i s  specimen t h a t  t h e  e l e c t r i c a l  recombinat ion  

behav iour  o c c u r r i n g  a t  t h e  d i s l o c a t i o n s  was d i f f u s i o n  

c o n t r o l  l ed .  

A l l  o f  t h e  above r e s u l t s  f o r  Gap a r e  compati- 

b l e  w i t h  one another .  They i n d i c a t e  t h a t  t h e  e l e c t r i -  

c a l  recombinat ion  mechanism o c c u r r i n g  a t  a l l  o f  t h e  

d i s l o c a t i o n s  i s  ex t remely  e f f i c i e n t .  The recombina- 

t i o n  r a t e  does n o t  depend marked ly  on t h e  cha rac te r  

of  t h e  i n d i v i d u a l  d i s l o c a t i o n s ,  o r  on assoc ia ted  im- 

p u r i t y  atmospheres. I t i s  c o n t r o l l e d  by t h e  d i f f u s i o n  

o f  c a r r i e r s  t o  t h e  d i s l o c a t i o n s .  

3. S i l i c o n . -  Severa l  i n v e s t i g a t o r s  have shown f o r  a  

v a r i e t y  o f  S i  specimens t h a t  t h e  room temperature  

m i n o r i t y  c a r r i e r  l i f e t i m e  T decreases as t h e  d i s l o -  

c a t i o n  d e n s i t y  p increases.  However, u n l i k e  Gap, when 

T i s  p l o t t e d  a g a i n s t  p, t h e  data  t aken  t o g e t h e r  exh i -  

b i t  a  w ide s c a t t e r .  C a l c u l a t i o n  o f  T based s o l e l y  on 

t h e  d i f f u s i o n  o f  c a r r i e r s  t o  t h e  d i s l o c a t i o n s  g i ves  

va lues which a r e  much t o o  smal l .  These r e s u l t s  i n d i -  

c a t e  t h a t  f o r  d i s l o c a t i o n s  i n  S i ,  t h e  e l e c t r i c a l  r e -  

combinat ion  r a t e  i s  c o n t r o l l e d  n o t  by d i f f u s i o n ,  b u t  

by t h e  recombinat ion  mechanisms o c c u r r i n g  a t  t h e  d i s -  

l o c a t i o n s .  D i f f e r e n t  behav iours  m igh t  be expected i n  

S i  f o r  d i f f e r e n t  types o f  d i s l o c a t i o n .  

A h e a v i l y  P-doped, (111) S i  specimen compri- 

s i n g  t h e  e m i t t e r  r e g i o n  o f  a  b i p o l a r  t r a n s i s t o r  was 

i n v e s t i g a t e d  /5,6/. I t conta ined a  d i s l o c a t i o n  ne t -  

work l y i n g  on t h e  (111) p lane  p a r a l l e l  t o  t h e  sur -  

face. The d i s l o c a t i o n s  were m a i n l y  a long  <211> d i r e c -  

t i o n s  w i t h  a/2 <110> Burgers vec to rs ,  and were o f  

edge cha rac te r .  S tack ing  f a u l t s  ex tend ing  down f rom 

t h e  surface on i n c l i n e d  {111) p lanes were p resen t  

a l so .  They were e x t r i n s i c  and bounded on t h e i r  l ower  

s i d e  by a/3 < I l l >  Frank p a r t i a l  d i s l o c a t i o n s .  The ve t -  

work depth was ~1 pm, t h e  em i t t e r / base  j u n c t i o n  depth  

a 1.8 pm, and t h e  s t a c k i n g  f a u l t s  reached maximum 

depths o f  2  t o  3 um. 

SEM EBIC images showed da rk  l i n e s  correspon- 

d i n g  t o  i n d i v i d u a l  d i s l o c a t i o n s .  The d i s l o c a t i o n  EBIC 

c o n t r a s t  v a r i e d  over  a  range o f  6 : l .  TEM images o f  

t h e  same area enabled t h e  same d i s l o c a t i o n s  t o  be 

examined. Stereo-v iewing showed t h a t  t h e  d i f f e r e n c e s  

i n  EBIC c o n t r a s t  were n o t  due t o  d i f f e r e n c e s  i n  d i s -  

l o c a t i o n  depth.  F u r t h e r  t h i n n i n g  o f  t h e  specimens 

enabled h i g h - r e s o l u t i o n  weak-beam TEM images t o  be 

ob ta ined  which showed t h a t  t h e  i n d i v i d u a l  d i s l o c a -  

t i o n s  c o n s i s t e d  o f  segments t h a t  were a l t e r n a t e l y  

d i s s o c i a t e d  and und issoc ia ted,  t h e  fo rmer  compr is ing  

p a i r s  o f  a/6<211> Shockley p a r t i a l  d i s l o c a t i o n s  sepa- 

r a t e d  by nar row areas o f  i n t r i n s i c  s t a c k i n g  f a u l t .  

Comparison o f  t h e  TEM images w i t h  t h e  cor respond ing 

EBIC images showed a  p r e c i s e  1:l c o r r e l a t i o n .  Those 

d i s l o c a t i o n s  which were h e a v i l y  d i s s o c i a t e d  gave t h e  

g r e a t e r  e l e c t r i c a l  c o n t r a s t ,  and v i  ce-versa. The 
same e f f e c t  was a l s o  shown by  t h e  d i s s o c i a t e d  and 
und i ssoc ia ted  nodes o f  t h e  network. 

The EBIC c o n t r a s t  f o r  bo th  t h e  d i s s o c i a t e d  and 

und i ssoc ia ted  d i s l o c a t i o n s  v a r i e d  markedly as t h e  
temperature was changed i n  t h e  range 100 t o  300 K. 

However, t h e  v a r i a t i o n s  i n  t h e  two cases f o l l o w e d  
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comple te ly  d i f f e r e n t  curves. SEM EBIC images o f  t h e  

s t a c k i n g  f a u l t s  gave i n s i g n i f i c a n t  c o n t r a s t .  EBIC 

images o f  t h e  bounding Frank d i s l o c a t i o n s  gave good 
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