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DEVELOPMENT OF ALUMINUM ALLOY COMPOUNDS 

FOR ELECTROLUMINESCENT LIGHT SOURCES 

By R. J .  Chicotka,  L .  M.  F o s t e r ,  M .  R .  Lorenz, A. H .  Nethercot ,  and 
G .  D .  P e t t i t  

INTRODUCTION 

The o b j e c t i v e  of t h i s  r e p o r t  is t o  d e s c r i b e  t h e  work done under Contract  
NAS 12-2169 between May 28, 1969 and May 15, 1971 on t h e  development of aluminum 
a l l o y  compounds f o r  e lec t ro luminescent  l i g h t  sources  and o the r  dev ice  appl ica-  
t i o n s .  It w i l l  broadly cover t h e  p repa ra t ion  of t h e s e  w i d e  band gap s e m i -  
conductors , t h e i r  phys ica l  p r o p e r t i e s  ( p a r t i c u l a r l y  t h e i r  band s t r u c t u r e s )  , work 
done on t h e  f a b r i c a t i o n  of d iode  s t r u c t u r e s  from t h e s e  a l l o y s ,  and t h e  electrical  
and l i g h t  emi t t i ng  p r o p e r t i e s  of t h e s e  d iodes .  

A chief  mot iva t ion  of t h i s  work w a s  t h a t ,  i n  order  t o  improve t h e  v i s i b i l i t y  
of e lec t ro luminescent  d iodes ,  i t  is important  t h a t  t h e  l i g h t  emit ted have a 
frequency c l o s e l y  matching t h a t  a t  which t h e  human eye has  its maximum s e n s i t i v i t y .  
This  can b e  accomplished i n  an  optimum fash ion  by us ing  a semiconductor material 
which has  a band gap s u b s t a n t i a l l y  l a r g e r  than  t h i s  frequency and which can be  
doped wi th  e f f i c i e n t  r a d i a t i v e  recombination c e n t e r s  t o  which t h e  i n j e c t e d  
carriers w i l l  be  f a i r l y  deeply bound such t h a t  t h e  emit ted l i g h t  has  t h i s  optimum 
frequency. Two such materials are t h e  t e rna ry  a l l o y s  (Ga,Al)P and (In,Al)P. I n  
a d d i t i o n  t o  t h i s  i n t e r e s t  i n  t h e  l i g h t  emi t t i ng  p r o p e r t i e s  of t h e s e  materials, 
l i t t l e  w a s  p rev ious ly  known about t h e i r  b a s i c  chemical p r o p e r t i e s  , t h e i r  s t a b i l i t y  
i n  t h e  atmosphere, t h e i r  phys i ca l  p r o p e r t i e s ,  t h e  behavior  of dopants ,  and t h e  
d i f f i c u l t i e s  involved i n  f a b r i c a t i n g  devices  and dev ice  s t r u c t u r e s  from them. 

It w a s  a l s o  p r a c t i c a b l e  dur ing  t h e  course  of t h i s  work t o  s tudy  t h e  similar 
a l l o y s ,  (Ga,Al)As and (In,Al)As, i n  more d e t a i l  t han  had previous ly  been poss ib l e  
wi th  l i t t l e  a d d i t i o n a l  expendi ture  of e f f o r t .  

PHASE DIAGRAMS 

A complete understanding of t h e  111-V semiconductor a l l o y s  would r e q u i r e  
a very  ex tens ive  t h e o r e t i c a l  and experimental  i n v e s t i g a t i o n  of a l l  of t h e  
thermodynamic p r o p e r t i e s  of t hese  systems. Much of t h e  b a s i c  information t h a t  
would be necessary  f o r  such a s tudy  is n o t  y e t  ava i l ab le .  
s i d e r a b l e  i n s i g h t  i n t o  t h e  n a t u r e  of t h e s e  systems can b e  go t t en  from t h e  in-  
t e r p r e t a t i o n  of c e r t a i n  f e a t u r e s  of t h e  temperature-composition diagrams t h a t  
have been determined. 

Nevertheless ,  a con- 

The mel t ing  po in t s  and d i s s o c i a t i o n  p res su res  of t h e  t e rna ry  a l l o y s  in-  
vo lv ing  Alp are very  h igh  and it has n o t  y e t  been poss ib l e ,  t o  determine t h e  
temperature-composition diagrams i n  much d e t a i l .  However , f o r  these  materials , 
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some information on t h e  end members i s  e i t h e r  a v a i l a b l e  o r  has been found 
during t h e  course of t h e  c o n t r a c t  work. This  d a t a  a long wi th  similar d a t a  
on t h e  a r s e n i c  a l l o y  end members is presented  i n  Table  I. 

A new and r ap id  method of ob ta in ing  s o l i d u s  curves ( i - e . ,  t h e  composition 
of t h e  s o l i d  t h a t  can be grown from t h e  m e l t  a t  va r ious  temperatures) has  r e c e n t l y  
been developed a t  our labora tory . '  Using t h e s e  techniques ,  i t  has  been p o s s i b l e  
t o  o b t a i n  r e l i a b l e  d a t a  on t h e  s o l i d u s  curves of t h e  (Ga,Al)As and t h e  (In,Al)As 
t e r n a r y  systems i n  t h e  course  of t he  c o n t r a c t  work. Since these  systems should be  
r a t h e r  similar t o  t h e  (Ga,Al)P and t h e  (In,AlP) systems and s i n c e  ex tens ive  work2 
has been done s e p a r a t e l y  from t h e  c o n t r a c t  on o t h e r  homologous systems such as 
t h e  (In,Ga) V a l l o y s  (wi th  V = Sb,As,P), i t  is p o s s i b l e  t o  draw some gene ra l  
i n fe rences  about t h e  expected behavior  of t h e  (Ga,Al)P and (In,Al)P systems t h a t  
should be of importance i n  understanding t h e  c r y s t a l  growth of t hese  systems. 

I n  gene ra l ,  i t  has  been found t h a t  t h e r e  is a l a r g e  d i f f e r e n c e  between 
t h e  composition of t h e  s o l i d  which can be formed a t  a given temperature  and 
t h e  composition of t h e  l i q u i d  from which i t  is grown. Such s o l i d u  and 
l i q u i d u s  curves are shown i n  Fig.  I f o r  t h e  a l l o y  system (In,Ga)P.' These 
experimental  curves  show a s u b s t a n t i a l l y  l a r g e r  d i f f e r e n c e  between t h e  s o l i d u s  
and l i q u i d u s  than  would have been p red ic t ed  i f  t h e  r u l e s  of i d e a l  s o l u t i o n  
mixing had been obeyed. This causes  t h e  experimental  s o l i d u s  curve t o  be much 
f l a t t e r  on t h e  InP r i c h  s i d e  and t o  e x h i b i t  a sharp  "knee" on t h e  GaP r i c h  
s i d e  of t h e  diagram. For t h e  gene ra l  (A,B)C compound, where A and I3 are 
group 111 elements and C i s  a group V element,  t h e s e  f e a t u r e s  become more pro- 
nounced t h e  smaller t h e  element C i s  o r ,  more impor tan t ly ,  t h e  g r e a t e r  t h e  
d i s p a r i t y  i n  covalen t  r a d i i  between elements A and B. Thus, f o r  both reasons ,  
t h e  depa r tu re  of (In,Ga)P from i d e a l i t y  is g r e a t e r  than  f o r  (Ga,Al)As, as can 

4 be seen  from t h e  diagram3 f o r  (Ga,Al)As shown i n  Fig.  11. The s o l i d u s  curve 
f o r  (In,Al)As shown i n  Fig.  I11 a l s o  e x h i b i t s  f e a t u r e s  c h a r a c t e r i s t i c  of a 
s u b s t a n t i a l  depa r tu re  from i d e a l i t y  which is caused by t h e  d i f f e r e n c e  i n  t h e  
covalen t  r a d i i  of I n  and A 1  of about % 13% 

It would be expected t h a t  t h e  s o l i d u s  and l i q u i d u s  curves f o r  (Ga,Al)P 
should be similar t o  those  f o r  (Ga,Al)As, whereas those  f o r  ( In ,Al)P should 
be r a t h e r  s i m i l a r  t o  t hose  f o r  (In,Al)As and (In,Ga)P. 

A number of conclusions can be drawn from t h e  shapes of t h e  experimental  
temperature-composition diagrams of t h e s e  pseudobinary 1 1 1 - V  a l l o y  systems. 
A l l  those  i n v e s t i g a t e d  show complete m i s c i b i l i t y  i n  t h e  l i q u i d  and i n  t h e  
s o l i d .  I n  a d d i t i o n ,  even f o r  ( In ,Al)P,  examinations of c r y s t a l s  conta in ing  
t h e  complete range of compositions showed no evidence of second phase forma- 
t ion.  

I f  experimental  d a t a  f o r  bo th  t h e  l i q u i d u s  and s o l i d u s  boundaries are 
a v a i l a b l e  and c e r t a i n  parameters  of t h e  pure  end components are known, t h e  
depa r tu re  of t h e  systems from "ideal"  behavior  can be c a l c u l a t e d  and c e r t a i n  
in fe rences  can be made from t h e  n a t u r e  and magnitude of t h i s  depa r tu re .  The 
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TASLE I 

Melting Points and Dissociation Pressure of End Member 111-V Compounds 

A1P 

GaP 

InP 

AlAs 

GaAs 

InAs 

Melting Point Dissociation Pressure 

1 

2 

3 

1 

> 1850°C1 > 15 atm. 

1485 O C1 35 atm. 

1 0 6 4 " ~ ~  18 atm. 

1770°C1 1.7 atm. 

1.238'~~ 

943"c4 

4 

4 
0.9 atm. 

0.33 atm. 
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Sol idus  a n d  l i q u i d u s  boundaries  of t h e  InP-GaP system. 
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Sol idus  and l i q u i d u s  boundaries  of t h e  GaAs-AlAs  system. 
curves  were c a l c u l a t e d  f o r  i d e a l  s o l u t i o n  mixing. 
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theory under ly ing  these  c a l c u l a t i o n s  i s  a v a i l a b l e  e lsewhere.2 
w a s  concerned wi th  o the r  111-V a l l o y s  and t h e  work w a s  n o t  c a r r i e d  o u t  
under t h i s  c o n t r a c t ,  i t  g ives  t h e  framework wi th in  which t h e  somewhat sparse 
informat ion  on t h e  aluminum a l l o y s  can b e  viewed. 
t h a t  comes from these  t h e o r e t i c a l  c a l c u l a t i o n s  is  the  parameter B i n  t h e  
t e r m  Bx x which is  def ined  as the excess  f r e e  energy of mixing when an 
a l l o y  is  made between t h e  two pure end components of mole f r a c t i o n  x and x 
This t e r m  appears  i n  t h e  express ions  f o r  t h e  t o t a l  f r e e  energy of mixing f o r  
the  l i q u i d  and s o l i d :  

Although Ref. 2 

The p e r t i n e n t  q u a n t i t y  

1 2 '  
2'  1 

R A F ~ ( ~ )  = R T ( ~  l n x  + x lnx2)  + B x x 1 1  2 1 2  

and 

AFM(~) = RT(x 1nx + x21nx + x L (T/T - 1 )  + X 2 ~ 2 ( ~ / ~ 2  - 1 )  + B'X x 1 1  2 1 1  1 1 2, 

where L and L are t h e  l a t e n t  h e a t s  of f u s i o n  of t h e  two pure components and 
T and +2 are t h e i r  me l t ing  po in t s .  

BS o r  B . 
b u t  conclusions based on t h e  t h r e e  (In,Ga)V a l l o y  systems are a p p l i c a b l e .  

2 
1 

Bo h t h e  l i q u i d u s  and s o l i d u s  curves are requ i r ed  t o  d e r i v e  va lues  f o r  e i t h e r  E These d a t a  are no t  a v a i l a b l e  f o r  t h e  aluminum a l l o y  b ina ry  systems, 

It is  seen  (Fig.  IV) t h a t  the  q u a n t i t y  B/RT is  e s s e n t i a l l y  independent of x 
f o r  bo th  the  l i q u i d  and the s o l i d  phases of a l l  t h r e e  systems. 
s u b s t a n t i a l  f o r  the  s o l i d  phase of t h e s e  materials because t h e  l a t t i ce  
parameter mismatch between t h e  two end components i s  l a r g e .  

Also, B/RT is 

Since  Bx x i s  t h e  excess  f r e e  energy of forming t h e  a l l o y  and B/RT is 1 2  e s s e n t i a l l y  a cons t an t  c h a r a c t e r i s t i c  of each system, t h e  excess  f r e e  energy 
c o n s i s t s  almost completely of an excess entropy, TAS. Although t h e r e  i s  
s t i l l  some u n c e r t a i n t y  i n  t h e  i n t e r p r e t a t i o n  of t h e s e  r e s u l t s  s i n c e  t h e  theory  
of t h e  c o n s t i t u t i o n  of molten salts a t  high temperature  i s  n o t  on a f i r m  
foundat ion ,  t h e r e  is a s t r o n g  impl i ca t ion  t h a t  t h e r e  may b e  a tendency towards 
formation of some kind of s t r u c t u r e  i n  t h e s e  a l l o y s  such as o rde r ing  o r  seg- 
r e g a t i o n  t h a t  i n c r e a s e s  i n  e x t e n t  w i th  t h e  i n c r e a s e  i n  s i z e  d i s p a r i t y  be- 
tween the  two components of t h e  a l l o y .  Of these  l a r g e  band gap 111-V a l l o y  
systems, any such tendency should be t h e  l a r g e s t  i n  the  (In,Al)P system and 
should b e  r a t h e r  small f o r  (Ga,Al)P. Although no e x p l i c i t  e f f e c t s  have been 
observed t h a t  c'an be  a t t r i b u t e d  t o  such changes i n  s t r u c t u r e ,  it is p o s s i b l e  
t h a t  more d e t a i l e d  i n v e s t i g a t i o n s  might r e v e a l  some d i f f i c u l t i e s  of t h i s  
genera l  na tu re .  Thus, a l l  o t h e r  t h ings  be ing  equal,  t h e s e  thermodynamic con- 
s i d e r a t i o n s  po in t  t o  a l l o y s  such as (Ga,Al)P and, of course,  (Ga,Al)As, which 
have e s s e n t i a l l y  no l a t t i c e  mismatch, as p re fe r r ed  cand ida te s  f o r  semiconductor 
dev ice  i n v e s t i g a t i o n s .  In  a d d i t i o n ,  i t  is  clear t h a t ,  f o r  t h o s e  a l l o y s  
where t h e  l a t t i ce  cons t an t s  of both components are similar, s u b s t r a t e s  of 
e i t h e r  end member can be used f o r  t h e  d e p o s i t i o n  of overgrowth l a y e r s .  For 
t h e  case of (Ga,Al)P, GaP s u b s t r a t e s  can convenient ly  b e  used,  a l though it  
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is important t o  no te  t h a t  t h e  i n i t i a l  growth cannot t a k e  p l ace  under equi l ibr ium 
thermodynamic cond i t ions .  

This a n a l y s i s  g ives  us  some i n s i g h t  i n t o  t h e  expected growth behavior  of 
t h e  two t e rna ry  systems (Ga,Al)P and (In,Al)P.  A s  mentioned before ,  t h e  pseudo- 
b ina ry  phase diagram of t h e  (Ga,Al)P system should c l o s e l y  approximate the  
pseudo-binary (Ga,Al)As system and thus  should a l s o  approximate t h a t  p red ic t ed  
f o r  an i d e a l  s o l u t i o n .  On t h i s  b a s i s ,  t h e  composition of (Ga,Al)P material  grown 
from a l i q u i d  m e l t  of some g iven  average composition would be expected t o  change 
r a t h e r  slowly and g radua l ly  wi th  d i s t a n c e  i n  the  d i r e c t i o n  of s o l i d i f i c a t i o n .  
t h e  composition of any s m a l l  volume s e l e c t e d  from a reasonably s i z e d  ingot  should 
be very nea r ly  cons tan t .  Widely d i f f e r e n t  compositions can be obta ined  from a 
s i n g l e  ingot  a t  d i f f e r e n t  p o s i t i o n s  along i t s  axis. 

Thus 

However, f o r  t h e  (In,Al)P system i t  would be  expected t h a t  t h e  s o l i d u s  and 
l i q u i d u s  l i n e s  w i l l  d e v i a t e  markedly from i d e a l i t y  s i m i l a r l y  t o  the  (In,Al)As system 
o r  t h e  (Ga,In)P system. Due t o  t h e  presence  of t h e  very  sharp  "knee" i n  t h e  s o l i d u s  
curve,  t h e  f i r s t - t o - f r e e z e  s o l i d  w i l l  be  ve ry  r i c h  i n  Alp and d e f i c i e n t  i n  InP. 
This cond i t ion  w i l l  pers i s t  over  t h e  major p a r t  of t h e  temperature  drop and hence 
most of t h e  ingo t  w i l l  be  Alp r i c h ,  w i th  a composition vary ing  from perhaps 

decfease 'very  r ap id  y w i  i s t a n c e ,  g iv ing  r i se  to very  inhomogeneous material 
which would be  very d i f f i c u l t  t o  c h a r a c t e r i z e  o r  t o  use.  A s  w i l l  be  seen  la te r ,  
a l l o y  compositions i n  which t h e  A1P mole f r a c t i o n  exceeds 0.44 have an  i n d i r e c t  
band gap, which is not  as f avorab le  from a l i g h t  emission po in t  of view. Thus, 
i t  can be  seen  t h a t  t h e  p o s s i b l e  advantages of t h e  d i r e c t  band gap of ( In ,Al)P 
over t he  i n d i r e c t  band gap of (Ga,Al)P would be very  d i f f i c u l t  t o  r e a l i z e  i f  t h e  
mater ia l  is grown by any bulk method o r  by l i q u i d  phase ep i t axy .  The only p o s s i b l e  
way of producing reasonably homogeneous d i r e c t  band gap (In,Al)P is by chemical 
vapor depos i t i on  and t h e  many s u b s t a n t i a l  t e c h n i c a l  problems inhe ren t  i n  t h i s  
approach would be d i f f i c u l t  t o  so lve .  

A t  t h e  l a s t - to - f r eeze  end, t h e  p ropor t ion  of A1P w i l l  Ino  lAIO 9P t o  I n  0 p o  p;*d 

On t h e  b a s i s  of t h e  phase diagrams, i t  should be p o s s i b l e  t o  grow highly  
A1P r i c h  a l l o y s  of e i t h e r  (Ga,Al)P o r  ( In ,Al)P i n  homogeneous form. I n  f a c t ,  
dev ia t ion  from i d e a l i t y  i s  h e l p f u l  i n  t h i s  r e s p e c t  because t h e  composition of t h e  
s o l i d  i s  less dependent on t h e  exact growth temperature  and on t h e  exact m e l t  
composition than  o therwise  would have been t h e  case. 

I n  summary, knowledge of t h e  phase diagrams of t h e s e  aluminum a l l o y  compounds 
i n d i c a t e s  t h a t  u s e f u l  d i r e c t  band gap (In,Al)P material w i l l  be extremely d i f f i c u l t  
t o  ob ta in .  I n  t h e  i n d i r e c t  band gap range, it should b e  much easier t o  grow high 
q u a l i t y  (Ga,Al)P than (In,Al)P due t o  t h e  a v a i l a b i l i t y  of s u i t a b l e  s u b s t r a t e s  and 
t h e  absence of p o s s i b l e  high i n t e r n a l  l a t t i c e  s t r a i n s .  

BULK GROWTH OF POLYCRYSTALLINE ALLOYS AND COMPOUNDS 

The syn thes i s  and c r y s t a l  growth of bu lk  ingo t s  of t h e  aluminum binary  
compounds and t e r n a r y  a l l o y s  i s  d e s i r a b l e  f o r  several reasons :  F i r s t ,  s u f f i c i e n t  
material  is obta ined  t o  o b v i a t e  t h e  need t o  eva lua te  ve ry  small  p l a t e l e t s  o r  
e p i t a x i a l  l a y e r s  and t o  e l i m i n a t e  t h e  problems inhe ren t  t o  t h e i r  handl ing.  
Second, t h e  c h a r a c t e r i s t i c  parameters  such as band gap, composition and t r ans -  
p o r t  p r o p e r t i e s  are more e a s i l y  determinable  experimental ly  and wi th  a g r e a t e r  



- 10 - 

degree of confidence i n  t h e i r  i n t e r p r e t a t i o n .  
under i n v e s t i g a t i o n  can be  r ep resen ted  by a b ina ry  c u t  i n  t h e  t e rna ry  phase 
diagram y i e l d i n g  a pseudo-binary diagram and t h e  r e a l i z e d  ingo t s  w i l l  have 
a composi t ional  p r o f i l e  which fol lows approximately t h e  s o l i d u s  l i n e  of t h e  
pseudo-binary system under i n v e s t i g a t i o n ;  t h a t  is, a s i n g l e  bulk grown ingot  
w i l l  vary i n  composition along i t s  growth axis thereby enabl ing  many de termina t ions  
of experimental ly  important  parameters  t o  be  performed a t  va r ious  compositions.  

L a s t ,  t h e  mixed c r y s t a l  systems 

The c r y s t a l  growth technique  t h a t  w e  have employed is  a modified two- 
zone Bridgman drop.  This  method w a s  s u c c e s s f u l l y  app l i ed  t o  t h e  growth of 
t h e  gal l ium indium phosphide system previous ly  and allowed us  t o  experimental ly  
c h a r a c t e r i z e  t h i s  mixed c r y s t a l  system wi th  regard t o  t h e  energy gap, l a t t i c e  
parameter,  etc. and t h e i r  v a r i a t i o n  wi th  composition. 

Crys t a l s  of aluminum a r sen ide ,  aluminum phosphide, ga l l ium aluminum 
phosphide, indium aluminum phosphide and indium aluminum a r s e n i d e  were pre- 
pared by t h i s  technique.  
a r sen ide  necessary  f o r  subsequent phase diagram s t u d i e s  w e r e  a l s o  grown i n  
t h i s  manner. 

I n  a d d i t i o n ,  c r y s t a l s  of indium phosphide and indium 

A schematic  diagram of t h e  appara tus  used is shown i n  Fig.  V. It cons i s t ed  
of a heavy w a l l  qua r t z  ampoule (18 mm I . D .  x 2 4  mm O.D.)  w i t h i n  which t h e  
c r u c i b l e  con ta in ing  t h e  group I11 o r  mixed group I11 elements and a s e p a r a t e  
r e s e r v o i r  conta in ing  an excess of group V charge were s e a l e d  i n  vacuo. The 
ampoule w a s  pos i t i oned  w i t h i n  a ver t ica l  tubu la r  fu rnace  as shown. 
r a t e l y  hea ted  zones were used t o  independent ly  c o n t r o l  t h e  temperatures  of t h e  
m e l t  and of t h e  group V element r e s e r v o i r  and hence t h e  p re s su re  of t h e  group V 
element i n  t h e  r e a c t i o n  tube.  

Two sepa-  

Synthes is  and c r y s t a l  growth were done i n  s i t u .  Synthes is  w a s  achieved 
by induc t ive ly  h e a t i n g  t h e  m e l t  contained i n  t h e  c r u c i b l e  whi le  slowly e l e v a t i n g  
t h e  temperature  of t h e  group V element (and hence i t s  pressure)  u n t i l  t h e  volume 
of t h e  m e l t  no longer  inc reased  wi th  t i m e .  For example, f o r  t h e  b ina ry  compound 
aluminum phosphide, t h e  p r e s s u r e  i n  t h e  system could be he ld  a t  15 atmospheres 
of phosphorus and t h e  m e l t  temperature  a t  1800°C. 
estimate t h a t  t h e  composition of t h e  l i q u i d  w a s  approximately 0.45 atom f r a c t i o n  
of phosphorus. S o l i d i f i c a t i o n  w a s  ob ta ined  e i t h e r  by s imultaneously lowering 
t h e  ampoule and t h e  phosphorus c o n t r o l  thermocouple o r  by r a i s i n g  the  RF c o i l .  
Clear t r a n s p a r e n t ,  s i n g l e  phase c r y s t a l s  were obta ined  a t  f r e e z i n g  rates a t  
about 1 cm/hr f o r  t h e  b ina ry  compounds and 0 .5  cm/hr f o r  t h e  t e rna ry  a l l o y s .  
These i n g o t s  were sound and i n c l u s i o n s  of t h e  group I11 m e t a l s  were no t  apparent .  
By a weight ga in  de te rmina t ion ,  t h e  average composition of t h e s e  c r y s t a l s  w a s  
equ iva len t  t o  t h e  v a l u e  p r e d i c t e d  by s to ich iometry  cons ide ra t ions .  

For t h e s e  cond i t ions ,  w e  

Occasional ly ,  t h e  i n g o t s  had a s m a l l  r eg ion  a t  t h e  f i r s t - t o - f r e e z e  p o r t i o n  
t h a t  w a s  da rk  i n  c o l o r  and r i c h  i n  t h e  group I11 element. This w a s  sometimes 
observed a t  t h e  t a i l  p o r t i o n  as w e l l .  I n  bo th  cases ,  t h i s  w a s  caused by r a p i d  
f r e e z i n g  a t  t h e  f r o n t  end due t o  c o n s i t u t i o n a l  supercool ing ,  and a t  t h e  t a i l  
end of t h e  c r y s t a l  because of r a p i d  l o s s  of EV coupl ing t o  t h e  m e l t .  However, 
i n  most cases when t h i s  occur red ,  no more than  about 10% of t h e  c r y s t a l  w a s  
s o  a f f e c t e d  and a t  least 35 grams of sound material was obta ined  i n  each run. 
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The c r y s t a l s  ob ta ined  were of c i r c u l a r  c ros s  s e c t i o n  and had a diameter  
of 1 .5  cm and a l eng th  of approximately 7.5 c m .  The weights  of t hese  ingo t s  
corresponded t o  t h e  s t o i c h i o m e t r i c  weight as def ined  by t h e  volume t i m e s  t h e  
average dens i ty .  
r e spec t  t o  t h e  dimensions wh i l e  t h e  compositions of t h e  t e r n a r y  compound v a r i e d  
a long  the  growth a x i s .  

The compositions of t h e  b ina ry  compounds were i n v a r i a n t  wi th  

The b ina ry  compound i n g o t s  of aluminum a r sen ide ,  aluminum phosphide, indium 
phosphide and indium a r s e n i d e  produced by t h i s  method w e r e  p o l y c r y s t a l l i n e .  
F igure  V I  shows a t y p i c a l  c r o s s  s e c t i o n  of an ingo t  of A 1 A s .  
c r y s t a l l i t e s  w e r e  columnar and were a r rayed  w i t h  t h e  long axis p a r a l l e l  t o  t h e  
d i r e c t i o n  of growth. 
of 3 x 1 x 1 mm. For t h e  t e r n a r y  a l l o y s  of ga l l ium aluminum phosphide, indium 
aluminum phosphide and indium aluminum a r s e n i d e  t h e  g r a i n  s i z e s  were t y p i c a l l y  
smaller, being on t h e  o rde r  of 1 mm i n  a l l  dimensions. 

I n  gene ra l ,  t he  

Typica l  g r a i n  s i z e s  of i n d i v i d u a l  g r a i n s  were on the  o rde r  

Two changes were r equ i r ed  t o  o b t a i n  such g r a i n  s i z e s .  F i r s t ,  f o r  t h e  b inary  
compounds such as aluminum phosphide, an  i n c r e a s e  i n  t h e  r e a c t i o n  temperature  
and t h e  overpressure  of t h e  v o l a t i l e  component tends t o  b r i n g  t h e  system nea re r  
t o  t h e  s t o i c h i o m e t r i c  l i q u i d .  From knowledge of t h e  c r y s t a l l i z a t i o n  process  
based on p a s t  exper ience  on t h e  growth of b ina ry  compounds, i t  should be necessary  
f o r  optimum s i n g l e  c r y s t a l  growth t o  grow from a near  s t o i c h i o m e t r i c  l i q u i d  o r  
t o  have t h e  m e l t  s l i g h t l y  enr iched  w i t h  t h e  v o l a t i l e  component. 

The second change involved t h e  use  of i n t e r n a l  r a d i a t i o n  s h i e l d s  t o  reduce 
t h e  r a d i a l  h e a t  l o s s e s ,  t hus  maximizing t h e  temperature  g rad ien t  a long t h e  bulk  
grown material. Normally wi thout  t h e  use  of r a d i a t i o n  s h i e l d s  t h e  f r e e z i n g  
i n t e r f a c e  during s o l i d i f i c a t i o n  is concave toward t h e  s o l i d  phase.  Such an 
i n t e r f a c e  permi ts  growth of c r y s t a l l i t e s  nuc lea t ed  a t  t h e  crucible-melt-sol id  
i n t e r f a c e .  The u s e  of i n t e r n a l  r a d i a t i o n  s h i e l d s  tends  t o  reduce such s t r a y  
nuc lea t ion  on t h e  s i d e s  of t h e  c r u c i b l e  and a l s o  should enhance t h e  growth of 
t hose  g r a i n s  which have c e r t a i n  f avorab le  growth o r i e n t a t i o n s ,  thereby inc reas ing  
t h e i r  c ros s  s e c t i o n a l  areas. 

Aluminum phosphide w a s  synthes ized  and grown us ing  a combination of both 
methods. The l a r g e r  g r a i n  s i z e s  were obta ined  when t h e  r e a c t i o n  temperatures  and 
p res su res  were 1800°C and 15 atmospheres phosphorus than when t h e  growth con- 
d i t i o n s  were 1 5 O O O C  and 8 atmospheres phosphorus. 
roughly s t o i c h i o m e t r i c  by a weight ga in  measurement. 
proximately 3 x 1 x 1 mm. However, a complicat ion a r o s e  when f u r t h e r  i nc reases  
i n  growth temperature  were at tempted i n  t h a t  a second phase appeared which w a s  
i d e n t i f i e d  as boron phosphide. 
s i z e  by inc reas ing  t h e  m e l t  temperature  were hampered t o  some ex ten t  by a 
p a r t i a l  d i s s o l u t i o n  of t h e  boron n i t r i d e  c r u c i b l e  and t h i s  obviously reduces 
t h e  chemical p u r i t y  of t h e  compound. 

The r e s u l t i n g  ingot  w a s  
The g r a i n  s i z e  w a s  a l s o  ap- 

Thus a t t empt s  t o  f u r t h e r  i n c r e a s e  t h e  g r a i n  

E s t i m a t e s  of t h e  dependence of mel t ing  temperature  and d i s s o c i a t i o n  p res su re  
on t h e  m e l t  s to ich iometry  were made during t h e  s y n t h e s i s  of t h e  A l A s  i n g o t s .  
The aluminum a r s e n i d e  m e l t  s u r f a c e  w a s  observed wi th  an  o p t i c a l  pyrometer during 
s y n t h e s i s .  S ince  t h e r e  is a l a r g e  d i f f e r e n c e  i n  t h e  s p e c t r a l  emis s iv i ty  be- 
tween s o l i d  and l i q u i d  aluminum a r sen ide ,  i t  was r e l a t i v e l y  easy t o  d i s c e r n  
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FIGURE VI 

Cross s e c t i o n  of an  A l A s  c r y s t a l .  The diameter  of t h e  wafer i s  

1 .5  cm. 
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and measure t h e  temperature  of t h e  s o l i d  phase t h a t  formed as a func t ion  of 
a r s e n i c  p re s su re .  This dependence w a s  ob ta ined  by al lowing an aluminum m e l t  
a t  some temperature  t o  s a t u r a t e  with a r s e n i c  from t h e  vapor phase. S ince  t h e  
s p e c i f i c  volume of t h e  s o l i d  is g r e a t e r  than  t h e  s p e c i f i c  volume of t h e  l i q u i d ,  
s o l i d  aluminum a r s e n i d e  forms on t h e  s u r f a c e  of t h e  m e l t  i f  t h e  a r s e n i c  p re s su re  
is too  high. 
i nc reas ing  the  a r s e n i c  p re s su re  i n  s m a l l  increments ,  and then  mel t ing  t h e  sur -  
f a c e  by inc reas ing  the  temperature  through s m a l l  i n t e r v a l s ,  t h e  d i s s o c i a t i o n  
p res su re  and maximum mel t ing  temperature  can be found experimental ly .  
maximum mel t ing  temperature  corresponds t o  t h e  cond i t ion  when t h e  las t  s o l i d  
t o  form is d i s so lved  and no f u r t h e r  s o l i d i f i c a t i o n  occurs  as a r e s u l t  of 
changing t h e  a r s e n i c  p re s su re .  The d i s s o c i a t i o n  p res su re  corresponds t o  t h a t  
p re s su re  j u s t  below t h e  maximum mel t ing  p o i n t  where a s o l i d  phase re-forms. 
The va lues  of t h e s e  parameters are 1770°C f o r  t h e  m a x i m u m  mel t ing  p o i n t  and 
1.7 a t m  f o r  t h e  d i s s o c i a t i o n  p res su re .  

By a l t e r n a t e l y  al lowing t h e  s u r f a c e  of t h e  m e l t  t o  s o l i d i f y ,  by 

The 

Some observa t ions  on r e p r e s e n t a t i v e  macro-samples of t h e  b inary  and t e rna ry  
c r y s t a l  systems showed t h e  fol lowing:  

(1) Gallium aluminum phosphide: The c r y s t a l  w a s  t r a n s p a r e n t  and v a r i e d  
The i n  c o l o r  from yellow-green t o  yellow t o  yellow-orange t o  reddish-orange. 

composition of t h e  i n g o t s  v a r i e d  both t r a n s v e r s e l y  and l o n g i t u d i n a l l y  t o  t h e  
growth d i r e c t i o n .  
gradual  from t h e  per iphery  of t h e  wafer t o  i t s  cen te r .  This  w a s  evidenced by 
a series of concen t r i c  r i n g s  of varying co lo r .  The wafers  were e a s i l y  pol i shed  
by convent ional  techniques and showed no degrada t ion  a f t e r  d i r e c t  exposure t o  
t h e  a i r  o r  t o  w a t e r .  

The v a r i a t i o n  i n  composition i n  any one wafer ,  however, w a s  

( 2 )  Indium aluminum phosphide: The c r y s t a l  w a s  t r a n s p a r e n t  and yellow 
i n  co lo r .  The composition of t h e  ingo t  w a s  e s s e n t i a l l y  cons tan t  near  t o  t h a t  
of pure  aluminum phosphide and t h e  composition a b r u p t l y  changed t o  t h a t  of 
almost pure  indium phosphide. Across any one wafer t h e  composition w a s  con- 
s t a n t  from t h e  per iphery  t o  near  t h e  c e n t e r  of t h e  ingot .  However, a s m a l l  
amount of secondary phase w a s  p re sen t  i n  t h e  c e n t e r  of t h e  wafer as evidenced 
by a sharp  d i s c o n t i n u i t y  i n  t h e  co lo r  and t h e  t ransparency of t h e  c r y s t a l .  
Wafers c u t  from t h e  c r y s t a l  which contained more than  20% InP were e a s i l y  
pol i shed  by o rd ina ry  lapping  techniques and showed no r a p i d  degrada t ion  on 
exposure t o  a i r  o r  water. 

(3 )  Aluminum phosphide: The e n t i r e  c r y s t a l  w a s  t r a n s p a r e n t  and yellow 
i n  co lo r .  Wafers c u t  from va r ious  s e c t i o n s  o f . t h e  c r y s t a l  showed no evidence 
of any second phase material  (such as metal l ic  aluminum o r  an aluminum sub- 
phosphide).  The g r a i n  s i z e  of t h e  c r y s t a l s  w a s  apprec iab ly  l a r g e r  t han  i n  
t h e  mixed c r y s t a l  systems and w a s  of t h e  o rde r  of 2 mm x 2 mm i n  c ros s  s e c t i o n .  
These wafers  r eac t ed  very  r e a d i l y  wi th  mois ture  i n  t h e  a i r  and immediately 
upon con tac t  wi th  water y i e lded  aluminum oxide  and phosphine. 
of s t a b i l i t y  i n  a normal atmosphere may be  inhe ren t  i n  pu re  A1P al though it  is 
p o s s i b l e  t h a t  by inc reas ing  t h e  g r a i n  s i z e  of t h i s  compound i t  might be  more 
s t a b  le.  

This  l a c k  
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( 4 )  Aluminum a r sen ide :  The e n t i r e  c r y s t a l  w a s  t r anspa ren t  and red-orange 
i n  co lo r .  There w a s  no evidence of any metal l ic  i n c l u s i o n s  and t h e  composition 
corresponded t o  t h e  s t o i c h i o m e t r i c  propor t ions .  Again t h e  g r a i n  s i z e  showed 
an  improvement over  t h e  o t h e r  c r y s t a l  systems, t h e  smallest g r a i n s  being of t h e  
o rde r  of 2 mm x 2 mm i n  c r o s s  s e c t i o n .  These wafers  r eac t ed  slowly when ex- 
posed t o  mois ture  and more r a p i d l y  when i n  con tac t  wi th  water. Observations 
on t h e  a t t a c k  by water w e r e  evidenced by a darkening of t h e  g r a i n  boundaries  
and subsequent f r a c t u r i n g  of t h e  wafer wi th  t h e  release of a r s i n e .  The sta- 
b i l i t y  might be improved by en la rg ing  t h e  g r a i n  s i z e  i n  t h e  growth process .  

(5) Indium phosphide: The ingo t  w a s  sound and inc lus ion - f r ee  and 
corresponded t o  s t o i c h i o m e t r i c  p ropor t ions .  
a g r a i n  s i z e  of approximately 1 mm x 1 mm i n  c ros s  s e c t i o n  and s u f f e r e d  no 
degrada t ion  when exposed t o  mois ture  o r  water. 

Wafers c u t  from t h e  ingo t  showed 

Spec ia l  handl ing  techniques  had t o  be devised and implemented i n  t h e  
case of t h e  aluminum phosphide and aluminum a r s e n i d e .  
i n  dea l ing  wi th  aluminum compounds we  a n t i c i p a t e d  t h a t  they  might be uns t ab le  
i n  a normal atmosphere. The i n g o t s  t h a t  w e  ob ta ined  were immediately coated 
w i t h  several m i l l i m e t e r s  of g lycol -phtha la te  i n  o rde r  t o  preserve  them. The 
aluminum phosphide and aluminum a r s e n i d e  coa ted  i n  t h i s  manner were s t a b l e  
i n  t h e  atmosphere. Wafers were c u t  from t h e s e  i n g o t s  under kerosene and were 
s t o r e d  i n  d r i e d  kerosene.  
kerosene o r  a kerosene petroleum e t h e r  mixture .  
f i r s t  hea t ing  g lyco l -ph tha la t e  on a lapping j i g  immersed i n  kerosene, hea t ing  
t o  8 0 ° C  and then  applying t h e  sample. 
t h e  samples s u f f e r e d  no d e l e t e r i o u s  e f f e c t s .  

From previous exper ience  

A l l  subsequent lapping  ope ra t ions  were done under 
The samples were mounted by 

This  procedure worked very  w e l l  and 

A s i g n i f i c a n t  r e s u l t  r e a l i z e d  by comparison of t h e  phys ica l  p r o p e r t i e s  
of t h e  aluminum phosphide, ga l l ium aluminum phosphide and indium aluminum 
phosphide c r y s t a l s  i s  t h a t  a d d i t i o n s  of ga l l ium o r  indium t o  aluminum phosphide 
s t a b i l i z e s  t h e  compound. The p ropens i ty  towards deg rada t ion  through exposure 
t o  t h e  atmosphere and t o  water is  g r e a t l y  reduced. The impl i ca t ion  is t h a t  
t e r n a r y  aluminum phosphide compounds wi th  ve ry  high band gaps which do no t  
decompose i n  a i r  may be  synthes ized  and grown by t h i s  method. Although t h e  
b ina ry  compounds aluminum phosphide and aluminum a r s e n i d e  are u n s t a b l e  and 
react wi th  t h e  moi s tu re  i n  t h e  a i r  o r  w i th  water un le s s  s p e c i a l  p recaut ions  
are taken  i n  t h e i r  handl ing and s t o r a g e  and t h e  t e r n a r y  compounds aluminum 
indium phosphide, aluminum gal l ium phosphide and aluminum indium a r s e n i d e  
are a l s o  u n s t a b l e  a t  h igh  aluminum concen t r a t ions ,  t h e s e  t e r n a r y  a l l o y s  become 
p rogres s ive ly  less reactive wi th  mois ture  and water as t h e  concen t r a t ion  of 
aluminum is monotonical ly  reduced. 

A number of samples of aluminum indium phosphide, aluminum gal l ium phosphide 
and aluminum indium a r s e n i d e  were analyzed by atomic abso rp t ion  spectroscopy 
t o  determine t h e i r  aluminum concen t r a t ions .  The samples s e l e c t e d  t o  be analyzed 
w e r e  chosen from va r ious  s e c t i o n s  of t h e  c r y s t a l  and appeared t o  be homogeneous 
wi th  no metall ic o r  second phase inc lus ions .  
t h e  c r y s t a l  con ta in ing  less aluminum are shown i n  t h e  second column of Table I1 
and w e r e  q u i t e  s t a b l e .  

Samples chosen from t h e  end of 

These samples showed no s i g n s  of degrada t ion  a f t e r  
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exposure t o  t h e  atmosphere f o r  per iods  i n  excess  of fou r t een  weeks. The 
samples  shown i n  column t h r e e  are less s t a b l e ,  showing t h e  formation of a 
s l i g h t  p a t i n a  when l e f t  i n  t h e  atmosphere f o r  a per iod  of a week o r  longer .  
The samples  shown i n  column fou r  were s e l e c t e d  from t h e  edge of t h e  obviously 
uns t ab le  reg ion  of t h e  ingo t .  These samples degraded r ap id ly ,  showing a whi te  
aluminum oxide c r u s t  when l e f t  i n  t h e  atmosphere longer  than  approximately t en  
minutes.  However, t hese  wafers  can be handled and processed us ing  s p e c i a l  
techniques.  Values of t h e  energy gaps measured f o r  t hese  c r y s t a l s  are given 
i n  column f i v e ,  showing t h a t  t h e s e  c r y s t a l  compositions are a l l  i n  the  i n d i r e c t  
band gap range. From Table  I1 i t  can be seen  t h a t  c r y s t a l s  conta in ing  less 
than approximately 90% aluminum are reasonably s t a b l e  and t h a t  gal l ium may 
s t a b i l i z e  t h e  aluminum a l l o y s  somewhat b e t t e r  than  indium. Af te r  a s t o r a g e  
per iod  of one year  o r  more, i t  w a s  observed t h a t  t h e  (In,Al)P a l l o y s  had de- 
t e r i o r a t e d  s u b s t a n t i a l l y  wh i l e  t h e  (Ga,Al)P a l l o y s  w e r e  i n  many cases r e l a t i v e l y  
unaf fec ted .  

I n  o rde r  t o  apply ohmic a l l o y  c o n t a c t s  t o  e lec t r ica l  devices ,  i t  is 
necessary t o  have c l ean  oxide-free su r faces .  This is e s p e c i a l l y  t r u e  i n  t h e  
case of aluminum a r sen ide .  On exposure t o  t h e  atmosphere aluminum a r sen ide  
r ap id ly  develops an impervious oxide f i l m  which i n h i b i t s  e f f o r t s  t o  prepare  
normal a l l o y  c o n t a c t s .  

Two methods of s u r f a c e  p repa ra t ion  have been found which y i e l d  c l e a n  oxide- 
f r e e  su r faces  s u i t a b l e  f o r  e lec t r ica l  con tac t ing :  The f i r s t  method c o n s i s t s  of 
hea t ing  a sample of aluminum a r sen ide  coated wi th  cesium f l u o r i d e  t o  approximately 
600°C under an argon atmosphere. The cesium f l u o r i d e  m e l t s  and completely w e t s  
t h e  aluminum a r s e n i d e  su r face ,  r e a c t i n g  wi th  t h e  s u r f a c e  oxide and thus  removing 
t h e  oxide l a y e r  and a l s o  p a r t  of t h e  aluminum a r s e n i d e  su r face .  Surfaces  prepared 
i n  t h i s  manner w e r e  e a s i l y  a l l o y  contacted.  

The second method makes use  of a w e l l  known e t chan t  f o r  1 1 1 - V  compounds: 
A s a t i s f a c t o r y  concen t r a t ion  w a s  found a bromine i n  methyl a l coho l  s o l u t i o n .  

t o  be 2% bromine i n  methyl a l coho l  by volume. 
a g i t a t e  t he  e t chan t  s o  as t o  remove a scum which appeared on t h e  aluminum a r sen ide  
su r face .  
aluminum a r sen ide  su r f  ace .  

It w a s  necessary t o  u l t r a s o n i c a l l y  

The scum is probably a f i l m  of aluminum bromide which adheres  t o  t h e  

Samples of aluminum a r s e n i d e  were analyzed f o r  i m p u r i t i e s  by m a s s  spec t ro-  
graphic  techniques.  Samples which were nominally undoped, z inc  doped, phosphorus 
doped and n i t r o g e n  doped were included. The fol lowing is  a summary of t h e  r e s u l t s :  

A l A s  Sample Impur i t i e s  (ppm) 

B N 0 Mg N a  P c1 

und oped 300 30 10,000 30 30 < 3  10 

z inc  doped 100 100 3,000 30 30 3 10 

phosphorus doped major 'L 3% 30,000 10,000 < 3 < 3  major 'L 1% 10 

n i t rogen  doped 100 30 3,000 10 . 30 10 10 
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These were t h e  only major i m p u r i t i e s  de t ec t ed  and apparent ly  t h e r e  seem 
t o  be no major d i f f e r e n c e s  i n  t h e  samples t h a t  were nominally undoped, z i n c  doped, 
and n i t rogen  doped. The only anomalous r e s u l t  w a s  i n  t h e  sample doped wi th  
phosphorus i n  which boron becomes a major contaminant.  T h i s  may be due t o  
t h e  h igher  growth temperature  used i n  t h e  growth of t h i s  aluminum a r sen ide  
phosphide ps eudo-b ina ry  . 

A z inc  doped and an undoped A l A s  sample w e r e  a l s o  analyzed f o r  impur i t i e s  
by r a d i o f g t i v a t i o n  a n a l y s i s .  The z inc  doped sample had a c c e n t r a t i o n  of 
1 .3  x 10 atoms/cc and t h e  undoped sample had less than  10 atoms/cc. The z i n c  
doped fgmple had been grown from a m e l t  of i n i t i a l  dopant concen t r a t ion  of 
6 x 10 
m e l t  and t h e  grown c r y s t a l  probably cannot be accounted f o r  by normal segrega- 
t i o n  a lone .  Apparently,  t h e  v o l a t i l e  z i n c  dopant is expel led  from t h e  m e l t  due 
t o  i t s  r e l a t i v e l y  l a r g e  vapor p re s su re  i n  t h e  m e l t  and i t  then  condenses i n  a 
coo le r  p a r t  of t h e  r e a c t i o n  tube.  Since most shal low p and n dopants are q u i t e  
v o l a t i l e ,  it w i l l  probably be very  d i f f i c u l t  t o  dope such aluminum a r s e n i d e  o r  
aluminum phosphhide m e l t s  wi th  e i t h e r  n-type o r  p-type dopants.  

P4: 

atoms/cc. The very l a r g e  change i n  dopant concen t r a t ion  between t h e  

I n  summary, i t  has been found p o s s i b l e  t o  grow bulk ingo t s  of t h e s e  aluminum 
compounds and a l l o y s  which are s u i t a b l e  f o r  va r ious  measurements and c h a r a c t e r i z a t i o n  
procedures.  The major problems found were d i f f i c u l t i e s  i n  doping t h e s e  bulk  c r y s t a l s  
and v a r i a t i o n s  i n  composition f o r  t h e  t e r n a r y  a l l o y s .  This composi t ional  v a r i a t i o n  
w a s  p a r t i c u l a r l y  severe f o r  d i r e c t  band gap (In,Al)P.  These d i f f i c u l t i e s  should 
be less s e r i o u s  i n  t h e  l i q u i d  phase e p i t a x i a l  growth of t h i n  (Ga,Al)P f i l m s  on 
GaP s u b s t r a t e s  and t h i s  approach w i l l  be  d iscussed  l a t e r  i n  t h i s  r epor t .  

BAND STRUCTURE AND OPTICAL PROPERTIES 

Although t h e  o p t i c a l  p r o p e r t i e s  of many 1 1 1 - V  compounds had been ex tens ive ly  
s tud ied  a t  t h e  s ta r t  of t h e  c o n t r a c t  per iod ,  t h e r e  w a s  a l a c k  of d e f i n i t i v e  d a t a  
on such b a s i c  p r o p e r t i e s  as t h e  fundamental energy gap of A l A s  and Alp. To 
understand t h e  t e r n a r y  1 1 1 - V  a l l o y s  conta in ing  A 1  i t  w a s  a l s o  necessary t o  s tudy  
t h e  b ina ry  compounds A l A s  and Alp. For a complete understanding,  no t  only t h e  
fundamental energy gap is  important  b u t  a l s o  h ighe r  l y i n g  conduction band 
minima. Using o p t i c a l  measurements, t h e  abso rp t ion  edge of A l A s  and A l P  w a s  
measured a t  300°K and 2°K.  By d e t a i l e d  a n a l y s i s  of t h e  onse t  region,  t h e  
fundamental gap w a s  determined. From a t h e o r e t i c a l  a n a l y s i s  of t h e  abso rp t ion  
beyond t h e  onse t  r eg ion  t h e  h ighe r  l y i n g  d i r e c t  gap of A l A s  w a s  a l s o  obtained.  

The d i r e c t  t r a n s i t i o n  r eg ion  of t h e  I n  A 1  P and I n  A 1  A s  a l l o y  systems 
w a s  s tud ied  us ing  t h e  e l e c t r o n  microprobe couple3 wi th  cakzdo!fuminescence 
measurements. From t h i s  i n v e s t i g a t i o n  t h e  energy gap dependence on composition 
w a s  determined and t h e  important  crossover  p o i n t ,  t h e  p o i n t  where t h e  d i r e c t  
gap and the  i n d i r e c t  gap are degenera te ,  w a s  l oca t ed .  

1-x 

Opt i ca l  Absorption and Photoemission of A l A s  and A1P.- The o p t i c a l  t rans-  
mission of A l A s  w a s  measured on samples  of va r ious  th icknesses  from 0.58 cm t o  
0.028 cm. The A1P d a t a  were obta ined  from samples 0.127 t o  0.032 cm t h i c k .  
The absorp t ion  c o e f f i c i e n t s ,  a , w e r e  c a l c u l a t e d  from t h e  t ransmiss ion ,  T , using 
t h e  expression:  
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2 -ax (1-R) e 

1-R e 
T =  2 -2ax 

where R is the  r e f l e c t i v i t y .  W e  used 0.28 f o r  R. This va lue  w a s  determined 
f o r  A l A s  by an apparent  t h i ckness  measurement under microscopic  examination 
which gave an index of r e f r a c t i o n  of 3 .3  f o r  s i g h t  i n  the  yellow t o  green s p e c t r a l  
region.  This  v a l u e  has s i n c e  been confirmed. A l l  t h e  c r y s t a l s  measured had 
apprec iab le  t ransmiss ion  l o s s e s  i n  waveleng-th reg ions  f a r  removed from the  
abso rp t ion  edge. W e  assume t h a t  s c a t t e r i n g  from g r a i n  boundaries  and t h e  i m -  
p e r f e c t  s u r f a c e s  can account f o r  t hese  l o s s e s  s i n c e  they were e s s e n t i a l l y  in- 
dependent of wavelength. Therefore ,  t h e s e  l o s s e s  w e r e  sub t r ac t ed  as background 
absorp t ion .  

I n  Fig.  7 w e  have p l o t t e d  t h e  square  r o o t  of t h e  abso rp t ion  c o e f f i c i e n t ,  
a , as a f u n c t i o n  of t h e  photon energy hv f o r  A l A s  a t  2" and 300"K, and f o r  
A1P a t  6°K and 300°K. The d a t a  f o r  A l A s  a t  2', 77°K and 145°K are a l s o  shown 
i n  Fig.  8, bu t  on an  expanded energy scale. It a n  b e  seen  i n  Fig.  7 t h a t  
f o r  A l A s  a t  abso rp t ion  c o e f f i c i e n t s  above 10 cm t h e  dependence on photon 
energy is g iven  by: 

-€ 

= A(hv - Eo> (2) 

This is t h e  dependence expected f o r  i n d i r e c t  o p t i c a l  t r a n s i t i o n s  a d is i n  
agreement wi th  t h e  r e s u l t s  and i n t e r p r e t a t i o n  of Mead and S p i t z e r .  For in-  
d i r e c t  t r a n s i t i o n s  we a l s o  expect t o  see a t  low abso rp t ion  o e f f i c i e n t s  s t r u c t u r e  
due t o  f r e e  exc i ton  abso rp t ion  a s s i s t e d  by v a r i o u s  phonons. This  s t r u c t u r e  
should be more c l e a r l y  observed a t  low temperatures ,  e .g .  i n  Fig.  8. The r e s u l t s  
on A1P i n  Fig.  7 appear similar t o  those  on A l A s  i n  t h e  dependence on photon 
energy, a l though t h e  s t r u c t u r e  nea r  2.5 e V  is apprec iab ly  less w e l l  def ined .  
We conclude from t h e s e  d a t a  t h a t  both A l A s  and A1P have lowest  conduction 
band minima no t  a t  k = (O,O,O) and t h a t  t h e  abso rp t ion  edge is dominated by 
i n d i r e c t  t r a n s i t i o n s .  

8 
? 

We now cons ide r  t h e  s t r u c t u r e  i n  t h e  abso rp t ion  edge reg ion  of A l A s  a t  
low temperature ,  shown i n  Fig.  8, f o r  t h e  de te rmina t ion  of t h e  energy gap. We 
start  t h e  a n a l y s i s  wi th  t h e  abso rp t ion  l i n e  marked A i n  t h e  2°K d a t a .  This  i s  
a bound exc i ton  l i n e  of unknown o r i g i n  b u t  be l i eved  t o  be due t o  an  i s o e l e c t r o n i c  
impuri ty .  This l i n e  has f o u r  r e l a t i v e l y  weak phonon r e p l i c a s  a t  approximately 
13, 27, 42 and 50 meV h i g h e r  energy. From t h e  energ ies  of t h e  f o u r  observed 
phonons we cannot dec ide  whether t h e  e x c i t o n  is bound t o  a d e f e c t  a s s o c i a t e d  w i t h  
conduction band minima i n  t h e  (1 ,0 ,0)  o r  (l,l,l) d i r e c t i o n .  However w e  can 
d e s i g n a t e  t h e s e  phonons i n  t h e  o rde r  TA, LA, TO and LO r e s p e c t i v e l y .  The l i n e  
A and i t s  phonon r e p l i c a s  are marked accord ingly .  

A s t r i k i n g  f e a t u r e  of t h e  abso rp t ion  edge is an  abso rp t ion  th re sho ld  about 
6 meV above t h e  A l i n e  and each of i t s  a s s o c i a t e d  phonon r e p l i c a s .  I f  w e  
assume t h a t  t h e  A l i n e  is a zero  phonon process ,  then  t h e  f i v e  abso rp t ion  
th re sho lds  correspond t o  E E + TA, E + LA, E + TO and E + LO where 
E X' is t h e  e x c i t o n  energy gap. g?he fou r  f%onon-ass!?Eted compone#8!s are expected 

gx 
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The O p t i c a l  absorp t ion  spectrum of AMs and A1P c r y s t a l s  
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The near-edge abso rp t ion  spectrum of A l A s  a t  2 " ,  7 7 " ,  and 1 4 5 ° K .  

The e x c i t o n  energy gap, E 

t h e i r  phonon r e p l i c a s  a r e  ind ica t ed .  

and t h e  bound exc i ton  l i n e ,  A ,  and 
gx 
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f o r  an i n d i r e c t  t r a n s i t i o n  mater ia l  according t o  t h e  theory of E l l i ~ t t . ~  
somewhat s u r p r i s i n g  f e a t u r e  is t h e  observa t ion  of a zero phonon f ee exc i ton  
absorp t ion .  However t h i s  phenomenon has been observed previous ly  i n  GaP 
when doped wi th  Sb, B i  o r  A s ,  presumably due t o  weak i n t e r a c t i o n s  of t h e  f r e e  
exc i tons  wi th  t h e s e  dopants.  On t h e  b a s i s  of t h e  experimental  r e s u l t s  i n  A l A s  
t h e  l o c a l i z a t i o n  energy f o r  t h e  A bound exc i ton  is about 6 meV. 
t h a t  t h e  d e f e c t  r e spons ib l e  f o r  t h e  A l i n e  abso rp t ion  is a l s o  t h e  c e n t e r  which 
l eads  t o  t h e  no-phonon f r e e  exc i ton  component s i n c e  t h e s e  f e a t u r e s  have t h e  
same r e l a t i v e  s t r e n g t h  f o r  c r y s t a l s  from s e v e r a l  d i f f e r e n t  i ngo t s ,  a l though a 
p r i o r i  they need n o t  be t h e  same. 

The 

tj 

It is probable  

It is i n t e r e s t i n g  t o  no te  t h a t  t h e  no-phonon f r e e  exc i ton  abso rp t ion  component 
is r e l a t i v e l y  s t rong  compared t o  t h e  TA, LA and TO phonon a s s i s t e d  components. 
Only t h e  component E + LO appears  comparable t o  E . Eowever, by comparing 
t h e  r e l a t i v e  s t rengt f iz  of t h e  phonon-assisted boundg?xciton absorp t ion  and t h e  
corresponding phonon-assisted f r e e  exc i ton  components w e  conclude t h a t  t h e  
l a t te r  are  produced l a r g e l y  by i n t r i n s i c  t r a n s i t i o n s .  The s t r e n g t h  of t h e s e  
i n t r i n s i c  t r a n s i t i o n s ,  however, i s  less than i n  Gap. This  is c o n s i s t e n t  wi th  
l a r g e r  energy denominators i n  t h e  t r a n s i t i o n  matrix elements,  a consequence of 
t h e  l a r g e r  rl - X energy s e p a r a t i o n  i n  A l A s .  1 

Since t h e  i n t r i n s i c  exc i ton  absorp t ion  i s  dominated by the  LO phonon-assisted 
component and on t h e  b a s i s  of s e l e c t i o n  r u l e s ,  w e  suggest  t h a t  t h e  conduction 
band minima occur a t  X o r  a t  least near  t h e  zone boundary i n  t h e  (1,0,0)  
d i r e c t i o n .  Recent ly  t h e  suggested conduction band symmetry w a s  confirmed from 
measurement of t h e  l o n g i t u d i n a l  p i e z o r e s i s t a n c e  of G a  A 1  As i n  t h e  h igh  A 1  9 1-x x conten t  range. 

Our model p l aces  t h e  2°K exc i ton  energy gap i n  A l A s  a t  2.228 ? 0.001 eV.  
I f  ou r  model is c o r r e c t  w e  should observe a t  h ighe r  temperature  t h e  ant i -Stokes 
l i n e  of t h e  s t rong  LO component. The abso rp t ion  c o e f f i c i e n t  a t  145°K is a l s o  
shown i n  Fig. 8 and shows both t h e  Stokes and ant i -Stokes compodent of t h e  TA 
and LO phonons, t hus  lending  f u r t h e r  suppor t  t o  our  model. I f  w e  assume a 
free exci tonlhinding effrgy f o r  A l A s  of about 0 .01  e V  c o n s i s t e n t  wi th  a s i m i l a r  
va lue  i n  GaP and S i ,  t h e  energy gap f o r  A l A s  a t  2°K is  2.238 eV. From t h e  
measurements a t  h ighe r  temperatures  w e  deduce t h e  energy gaps g iven  i n  Table  11. 
The 300'K va lue  of 2.16 e V  is i n  reasog;p$e agreement wi th  t h e  experimental  
va lues  r epor t ed  previgys ly  (% 2 .1  eV) . These r e s u l t s  on A l A s  have been 
publ ished s e p a r a t e l y .  

The th re sho ld  abso rp t ion  energy a t  t h e  fundamental edge i n  A1P i s  masked 
by a broad absorp t ion  band o r  t a i l  of unknown o r i g i n  extending almost 0.5 e V  
t o  lower energy. 
s i n c e  t h e  low energy edge of t h e  broad band (no t  shown i n  F ig .  7 f o r  sake  of 
c l a r i t y )  s h i f t s  t o  lower energy wi th  i n c r e a s i n g  temperature  similar t o  the  
s h i f t  of t h e  fundamental edge. I f  w e  e x t r a p o l a t e  t h e  broad band i n t o  t h e  
a b s o r p t i  edge reg ion  and t h e  s t r a i g h t  l i n e  p o r t i o n  of t h e  absorp t ion  edge 
toward app2 = 0 w e  f i n d  t h e  ex t r apo la t ed  l i n e s  c r o s s  a t  % 2.50 e V  f o r  t h e  6°K 
d a t a  and a t  2.425 e V  f o r  t h e  300°K da ta .  The q u a l i t a t i v e  s i m i l a r i t y  i n  t h e  
f i n e  s t r u c t u r e  of t h e  low temperature  A l A s  and A1P s p e c t r a  i n  Fig.  7 l e a d s  

This band appears  t o  be  due t o  abso rp t ion  i n  t h e  bulk  of A1P 
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t o  t h e  sugges t ion  t h a t  t h e  broadened th re sho ld  near  2.57 e V  (not  e a s i l y  seen 
i n  Fig.  7) i n  t h e  A1P spectrum is due t o  t h e  onse t  of LO phonon-assisted in -  
d i r e c t  t r a n s i t i o n s .  The fundamental  l a t t i c e  v i b r a t i o n a l  energ ies  of A1P should 
be  of t h e  order  of t hose  i n  S i Y l $ s  evidenced by t h e  zone c e n t e r  f requencies  
obta ined  from Raman s c a t t e r i n g .  
d i r e c t  t r a n s i t i o n s  is probably % 60 meV. Thus t h e  e x c i t o n  energy gap of A1P 
is % 2.51 e V  a t  6 ° K  i f  w e  have c o r r e c t l y  i d e n t i f i e d  t h e  2.57 e V  abso rp t ion  
threshold .  
i n  Fig.  7, f u r t h e r  emphasizing t h e  s i m i l a r i t y  wi th  A l A s .  From t h e s e  con- 
s i d e r a t i o n s ,  w e  sugges t  t h e  va lues  of E f o r  Alp shown i n  Table  111. There is 
no evidence f o r  d i r e c t  o p t i c a l  t r a n s i t i g n s  t o  t h e  r 
t h a t  i t  l ies  a t  l eas t  2.9 e V  above t h e  va l ence  band m a x i m u m  a t  6°K. 

The energy of t h e  LO phonon r e l e v a n t  t o  in-  

Note t h a t  t h e r e  is a th re sho ld  nea r  2.51 e V  i n  t h e  6°K A1P spectrum 

minimum i n  Alp, sugges t ing  1 

The i n d i r e c t  in te rband o p t i c a l  abso rp t ion  of GaP and A l A s  beyond t h e  
abso rp t ion  th re sho ld  r eg ion  has been measured and analyzed a t  phonon energ ies  
up t o  2.85 and 3.05 e V  r e s p e c t i v e l y .  
a t u r e s  and included abso rp t ion  cons t an t s  up t o  approximately 3 -10 cm . 
Deviat ions from a s imple  i n d i r e c t  abso rp t ion  l a w  are understandable  i n  terms 
of t h e  e f f e c t s  of h ighe r  conduct ion minima on t h e  absorp t ion .  This d e v i a t i o n  
i n  t h e  abso rp t ion  below t h e  d i r e c t  band gap can be expla ined  by t h e  decreas ing  
energy denominators involv ing  t h e  r states a t  t h e  c e n t e r  of t h e  B r i l l o u i n  zone. 
The a n a l y s i s  of t h i s  inc5Tase y i e l d s  d i r e c t  band gaps of 2.86 e V  f o r  Gap and 
3.13  e V  f o r  A l A s  a t  6°K. I n  GaP and A l A s  t h e r e  is evidence of a h igher  set 
of extrema g iv ing  rise t o  an  a d d i t i o n a l  i n d i r e c t  abso rp t ion  component 0.34 and 
0.20 e V  r e s p e c t i v e l y  above t h a t  due t o  t h e  lowest  conduct ion minima. 
s t r e n g t h  of t h e  abso rp t ion  duelso t h e s e  h ighe r  v a l l e y s  i n d i c a t e s  t h a t  they 
con ta in  states of X symmetry. 

The measurements were made af low temper- -1 

2 

The 

3 

Fur the r  in format ion  on t h e s e  compounds has  been obta ined  from photoemission 
s t u d i e s .  The b e s t  d a t a  were obta ined  f o r  A l A s ,  where donor-acceptor p a i r  bands 
have been observed. 

Undoped A l A s  t y p i c a l l y  e x h i b i t s  two such p a i r  bands, one a t  about 2.15 e V  
and t h e  o t h e r  a t  about 2.10 eV. Samples doped i n t e n t i o n a l l y  wi th  Zn show an  
a d d i t i o n a l  band a t  about 2.065 eV. The v a r i o u s  p o s s i b l e  o r i g i n s  of t h e s e  bands 
are a s i n g l e  donor and two accep to r s ,  a s i n g l e  accep to r  and two donors,  o r  ( l e s s  
l i k e l y )  two accep to r s  and two donors ( i n  t h e  l a t te r  case  one would probably 
expect  four  p a i r  bands).  W e  c i t e  as evidence f o r  t h i s  conclusion t h e  f a c t  t h a t  
t h e  i n t e n s i t y  r a t i o  between t h e  2.15 e V  band ( t h e  peak energy v a r i e s  depending 
on sample from 2.145 t o  2.155 eV) and t h e  2.10 e V  band (2.095 - 2.105 eV) is n o t  
cons t an t  from sample t o  sample. I n  f a c t ,  some samples show the  2.100 e V  peak t o  
be t h e  dominant one. Fu r the r  evidence f o r  t h e s e  two peaks having s e p a r a t e  o r i g i n s ,  
and thus  not  being phonon r e p l i c a s ,  is t h e  obse rva t ion  of i n d i v i d u a l  p a i r  l i n e s  
on t h e  h ighe r  energy s i d e  of bo th  peaks. 
of t h e  o t h e r ,  t h e  phonon r e p l i c a s  of t h e  i n d i v i d u a l  p a i r  l i n e s  should have been 
too  weak t o  be observed. 

I f  one peak had been t h e  phonon r e p l i c a  

The pectrum of a Zn doped sample is shown i n  F ig .  9 (ho le  concen t r a t ion  17  
% 3 x 10 /cc).  
is ev ident .  The express ion  f o r  such donor-acceptor p a i r  recombination i s :  

A series of sha rp  p a i r  l i n e s  n o t  p re sen t  i n  t h e  undoped sample 
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Material 

TABLE I11 

Energy Gaps of AlAs and A1P 

AlAs 2" 2.228 ? 0.001 2 .238 

77" 2 .223 If: 0.002 2 . 2 3 3  

145"  2.205 2 0.002 2.215 

300 O 2.16 

A1P - 6" 2 . 5 1  2 0 . 0 1  2.52 

300 2 .45  
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2 

g E r  

e hv = E - (ED + EA) + - . 
of only those l i n e s  introduced by doping wi th  Zn v s  - (r being t h e  donor- 

acceptor  p a i r  s epa ra t ion )  assuming t h e  donors and acceptors  are on oppos i t e  
l a t t i c e  s i tes ,  i . e . ,  type  I1 p a i r  s p e c t r a .  W e  have ind ica t ed  s h e l l  assignments 
f o r  t h e  higher  energy l i n e s  of t h e  series and i t  can be seen t h a t  t he  agreement 
is good up t o  a t  least  s h e l l  number 24. The gap i n  t h e  series a t  s h e l l  number 
9 can be explained as due t o  t h e  presence of t h e  two s t rong  l i n e s  occurr ing  a t  
2.16 e V  and 2.1684 e V  (Lines A-B, Fig.  2 ) .  This  doub le t ,  which is probably 
e x c i t o n i c  i n  o r i g i n ,  has a phonon r e p l i c a  a t  2.118 e V  and 2.1169 e V ,  which 
g ives  a va lue  of 51.5 meV f o r  t h e  l o n g i t u d i n a l  phonon energy. These l i n e s  
are not  connected wi th  t h e  p a i r  l i n e  systems s i n c e  t h e i r  r e l a t i v e  i n t e n s i t i e s  
vary  from sample  t o  sample. 

I n  F i g .  10 w e  have p l o t t e d  t h e  energy p o s i t i o n  
1 
r 

From t h e  s l o p e  of t h e  l i n e  j o i n i n g  t h e  p o i n t s  i n  F ig .  10 w e  can c a l c u l a t e  
f o r  A l A s  an e f f e c t i v e  d i e l e c t r i c  cons tan t ,  E , of 11.8. A more a c c u r a t e  va lue  
has been obtained r e c e n t l y  from index of r e f r a c t i o n  measurements5 which p laces  
the  s t a t i c  d i e l e c t r i c  cons t an t  a t  10.06 k 0.04. 

The p o s i t i o n s  of t h e  broad p a i r  bands enable  us  t o  set  l i m i t s  on t h e  va lues  
f o r  t h e  donor and acceptor  binding energ ies  a s soc ia t ed  w i t h  each peak. These 
are shown i n  t h e  fol lowing Table .  

P a i r  Band 

I 
I1 

I11 

(E - hv Peak) Peak hv (eV) 

2.150 
2,100 
2.060 

.088 

.138 

.178 

Since  t h e  a d d i t i o n  of Zn in t roduces  a type  I1 p a i r  s p e c t r a ,  t h e  undoped A l A s  
must conta in  a donor impuri ty  which occupies  an  A s  s i te .  
a group V I  element,  most probably s u l f u r .  I f  t h i s  same donor is a s soc ia t ed  
wi th  t h e  p a i r  band emission of Peaks I and 11, w e  can set some l i m i t s  on t h e  
i n d i v i d u a l  binding ene rg ie s :  
binding energy > .050 e V ;  a ccep to r  (Zn bindiqg energy > .090 eV. 

e would be correspondingly increased  by t h e  - 
E r  

s e p a r a t i o n  corresponding t o  t h e  p a i r  band maximum. 

This s t rong ly  sugges ts  

donor binding energy < ,088 e V ;  acceptor  (band 11) 
These energ ies  

a d d i t i o n  i f  w e  knew t h e  p a i r  

The Dependence of t h e  Energy Gap and Conduction Band S t r u c t u r e  Composition 
i n  t h e  Ternary Alloys.- Alloy semiconductors are  b e s e t  by t h r e e  sets of problems. 
F i r s t  is t h e  problem of prepar ing  t h e  material. 
impossible  t o  prepare  l a r g e  s i n g l e  c r y s t a l  s amples  of uniform composition by 
any method. The second set of problems comes i n  de f in ing  t h e  composition of 
such less than  p e r f e c t  samples,  
measuring t h e  phys ica l  p r o p e r t i e s  of t h e s e  samples and r e l a t i n g  them t o  a l l o y  
composition. 

It is  d i f f i c u l t  and sometimes 

F i n a l l y ,  t h e  t h i r d  set of problems c o n s i s t s  of 

A very  convenient and powerful technique f o r  simultaneous composition 
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FIGURE x 
Tndividual  p a i r  l i n e  ene rg ie s  a t t r i b u t a b l e  t o  unknown donor - Zn 
accep to r  p a i r s  as func t ion  of t h e  r e c i p r o c a l  p a i r  s epa ra t ion ,  
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a n a l y s i s  and a l l o y  band s t r u c t u r e  measurement is t h e  q u a n t i t a t i v e  a n a l y s i s  of 
x-ray emission and measurement of cathodoluminesence by a focussed e l e c t r o n  
microprobe beam. W e  have used t h i s  technique t o  s tudy  t h e  I n  A 1  P and 
I n  A 1  A s  t e r n a r y  a l l o y  systems. 1-x x 

1-x x 

The composition was determined by a n a l y s i s  of x-ray emission generated 
by an  e l e c t r o n  beam focussed down t o  about a 0.5 pm diameter  us ing  an  EMX-SM 
Applied Research Labora tor ies  e l e c t r o n  microprobe. The cathodoluminescence, CL, 
w a s  measured s imultaneously on t h e  e l e c t r o n  microprobe us ing  a monochromator 
and pho tomul t ip l i e r .  
analyzed t o  y i e l d  a l l o y  compositions whi le  s imultaneously t h e  v i s i b l e  and 
near - inf ra red  luminescence w a s  analyzed by a Perkin-Elmer model 98 monochromator 
wi th  a DF g l a s s  prism, t h e  d e t e c t o r  being e i t h e r  an  S-20 or-3-1 pho tomul t ip l i e r .  
A 12-kV e l e c t r o n  beam wi th  a s a m p l e  c u r r e n t  of about 3 x 10 A w a s  used.  The 
e l e c t r o n  beam w a s  focussed t o  a spo t  of about 0 .5  p i n  diameter .  The composition 
a n a l y s i s  w a s  based on t h e  i n t e n s i t i e s  of t h e  InL A1K , AsL and PK l i n e s  
i n  t h e  a l l o y ,  e lemental  s tandards ,  and InP, A l A s ,  and k P .  
w e r e  co r rec t ed  f o r  e l e c t r o n  back-sca t te r  and p e n e t r a t i o n  and f o r  x-ray absorp t ion ;  
t h e  e f f e c t  of secondary f luorescence  w a s  found t o  be  n e g l i g i b l e .  

The x-ray emission produced by t h e  e l e c t r o n  beam w a s  

a' c1 !?he r a w  x-ray d a t a  

The CL s p e c t r a  of Inl  - x A l  P a t  room temperature  f o r  va r ious  va lues  of t h e  
composition parameter x are &own i n  Fig.  11. The maximum i n t e n s i t y  f o r  
each composition, x , is normalized t o  t h e  same va lue .  The s p e c t r a l  r e s o l u t i o n  
i n  t h e s e  measurements, cons t an t  except f o r  t h e  x = 0.97 trace, w a s  such t h a t  
no more than  about 10 meV of t h e  l inewidths  shown ( rl, 60 meV) i s  a t t r i b u t a b l e  
t o  l i m i t e d  s p e c t r a l  r e s o l u t i o n .  Under d e f i n i t e l y  non-resolut ion-l imited con- 
d i t i o n s  l inewidths  of 45 t o  50 meV have been observed i n  t h e  room temperature  
CL of t h e  same n-type InP used here .  The f a c t  t h a t  l inewidths  observed i n  t h e  
a l l o y  are no wider  than  t h a t  of t h e  InP is h e l d  as s e l f - c o n s i s t e n t  evidence 
t h a t  t h e  composition a n a l y s i s  and CL s p e c t r a  are r e p r e s e n t a t i v e  of homogeneous 
a l l o y  material. 
room temperature  exc i ton  gap of 1.3475 eV determined by Turner e t  a l .  
d i r e c t  band gap range of t h e  a l l o y  system t h e  Te-doped I n  
p o l a t e  p e r f e c t l y  t o  t h e  CL peak of InP. 
is wi th in  10 meV of t h e  energy gap as i n  InP. 
i n  F ig .  12  as a f u n c t i o n  of a l l o y  composition and g ives  

I n  InP t h e  CL peak is  observable  a t  1.34 eV. This i y6c lose  t o  t h e  
I n  t h e  

Thus i n  t h e  allo$-?heXCL peak probably 
A 1  P CL peaks extra- 

This CL peak has  been p l o t t e d  

A 1  P) = E (InP) 4- 2 . 2 3 ~  (ev) .  
Egr(lni-x x gr 

With e x t r a p o l a t i o n  beyond x = 0.5, t h i s  equat ion  g ives  E f o r  A1P as 3.6 eV.  
g r  

The i n d i r e c t  (X-conduction band) gap is i n t e r p p j a t e d  l i n e a r l y  between 
t h e  gap i n  A1P (2 .45 )  and t h e  gap i n  InP (2.25 eV) . 
d i r e c t  conduction band minima are degenera te  near  x = 0.44 and E 
The Inl  xAlxP a l l o y  t h e r e f o r e  has  t h e  h i g h e s t  d i r e c t  gap of t h e  Q I I - V  terTifry 
a l l o y  systems. 

The d i r e c t  and in-  
= 2.33 eV. 

These r e s u l t s  on (In,Al)P have been publ ished s e p a r a t e l y .  

I n  t h e  f g s i g n  of a l l o y  semiconductors t o  have as l a r g e  a "crossover" energy 
as p o s s i b l e ,  
minimum of t h e  d i r e c t  gap semiconductor should be s m a l l  and t h a t  t h e  h igher  l y i n g  

i t  has  been poin ted  ou t  t h a t  t h e  zone c e n t e r  conduction band 
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w 1 In,-xAlxP, -300°K 

1.5 2.0 
PHOTON ENERGY (eV) 

2.5 

FIGURE XI 

Cathodoluminescence spectra of In A 1  P for various values of the 

composition parameter x. The spectra have been normalized to the 

same maximum value. 

1-x x 
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-300°K 

FIGURE X I 1  

Cathodoluminescence peak energy versus a l l o y  composition f o r  
I n  The l i n e s  have been drawn on t h e  b a s i s  of about 30 
d a t a  po in t s ;  on ly  t h e  d a t a  obta ined  on one sample are shown i n  
t h e  i n t e r e s t  of g raph ic  c l a r i t y .  

A 1  P. 1-x y 
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s u b s i d i a r y  minima should have as l a r g e  an  energy as p o s s i b l e .  
i t  w a s  suggested t h a t  t h e  I n  
than  t h a t  i n  t h e  G a  
smaller than G a A s .  % hgve some l i m i t e d  d a t a  i n  t h e  I n  
is shown i n  Fig.  13. 

On t h i s  b a s i s  
A 1  A s  system may have a crossover  energy h igher  

system even though t h e  d i r e c t  gap of InAs is2Buch 
which 

1-x x A 1  
A 1  A s  system 1-x x 

On t h e  b a s i s  of t h e  cathodoluminescence, t h e  sgrlier p r e g j c t i o n  appears  
t o  be  confirmed, i . e . ,  ET (Ga A 1  As) = 1.92 e V  , 1.99 e V  , versus  

( I n  AlXAs) = 2.05 km%e s k E i d i a r y  minima i n  t h e  InAs system. I f  w e  assume a l i n e a r  i n d i r e c t  
gap i n  t h e  a l l o y ,  s t a r t i n g  wi th  E = 2.16 e V  i n  A l A s  and pass ing  through 
E 
0!€~2ts f o r  E i n  ~ n ~ s .  

Tiexdata  i n  t h i s  system can a l s o  shed some l i g h t  

X 
= 2.05, an ex tens ion  of thg  l i n e  t o  InAs p r e d i c t s  a va lue  of 1 .82 t 

gx 
The conduction band minima of 1 1 1 - V  compounds c o n s i s t e n t  wi th  t h e  a l l o y  

measurements and where p o s s i b l e  measured independent ly  are  shown i n  Table  I V .  

DEVICE FABRICATION 

1) Formation of p-n j u n c t i o n s  by l i q u i d  phase ep i taxy . -  A s  descr ibed  
earlier,  t h e  growth of (Ga,Al)P is  i n  g e n e r a l  no t  as d i f f i c u l t  as t h e  growth 
of (In,Al)P. 
t h e s e  t e r n a r y  a l l o y s  on a s u b s t r a t e  wafer ,  s i n c e  GaP i s  a p a r t i c u l a r l y  s u i t a b l e  
and r e a d i l y  a v a i l a b l e  s u b s t r a t e  f o r  t h e  growth of (Ga,Al)P. Thus, t h e  primary 
o b j e c t i v e  of t h i s  phase of t h e  r e sea rch  has been t o  o b t a i n  homogeneous e p i t a x i a l  
l a y e r s  of (Ga,Al)P wi th  h igh  aluminum concen t r a t ions  and t o  inco rpora t e  both 
donor and accep to r  i m p u r i t i e s  f o r  subsequent dev ice  eva lua t ion .  

This is e s p e c i a l l y  t r u e  f o r  t h e  LPE growth of t h i n  l a y e r s  of 

I n i t i a l l y ,  a vertical  l i q u i d  phase ep i t axy  process  w a s  used i n  an  a t tempt  
t o  grow (Ga,Al)P e p i l a y e r s .  However, cons ide rab le  d i f f i c u l t y  w a s  encountered 
i n  ob ta in ing  both  p-type and n-type doping us ing  t h i s  v e r t i c a l  LPE technique.  
I n  f a c t ,  w e  w e r e  only a b l e  t o  g e t  n-type behavior  by massive doping w i t h  s i l i c o n ,  
and t h e  p-type doping w i t h  z i n c  w a s  u n c e r t a i n  due t o  t h e  h igh  background doping 
n a t i v e  t o  t h e  growth process  and appara tus .  Considerable  e f f o r t  w a s  expended 
i n  t r y i n g  t o  develop and implement a l t e r n a t i v e  methods t o  e l imina te  o r  con- 
s i d e r a b l y  reduce e f f e c t s  caused by t h e  v o l a t i l i t y  of t h e s e  dopants (Te ,  Se ,  Zn, 
Cd, e t c )  a t  t h e  r a t h e r  h igh  growth temperatures  involved. Severa l  new des igns  
of t h e  v e r t i c a l  l i q u i d  phase ep i t axy  process  appara tus  were t r i e d ,  bu t  no sub- 
s t a n t i a l  improvement w a s  noted.  Other procedures  were t r i e d  such as adding 
t h e  e lementa l  dopant j u s t  p r i o r  t o  e p i l a y e r  growth and us ing  s o l i d  phase aluminum 
compounds such as A 1  S and A 1  T e  as doping sources .  I n  each in s t ance ,  t h e  
h igh ly  v o l a t i l e  n a t u r e  of t h e  iopan t  l e d  t o  t h e  r a p i d  d e p l e t i o n  of dopant i n  t h e  
m e l t  r e s u l t i n g  i n  a p-type e p i t a x i a l  overgrowth. 

2 3  3 

I n  o rde r  t o  circumvent t h e  inhe ren t  v o l a t i l i t y  of t h e  commonly used dopants ,  
w e  s u c c e s s f u l l y  app l i ed  a modified s e a l e d  system growth appara tus .  
p rocesses  and growth v a r i a b l e s  were approximately t h e  s a m e  f o r  t h e  s e a l e d  system 
technique  as f o r  t h e  prev ious  ver t ica l  l i q u i d  phase ep i t axy  technique,  b u t  
w i t h  t h e  d i f f e r e n c e  t h a t  t h e  dopant w a s  confined t o  a r e l a t i v e l y  s m a l l  i so -  
thermal  volume and thus  could n o t  d i f f u s e  away and condense i n  a coo le r  region.  
Thus, d i f f i c u l t i e s  a s s o c i a t e d  w i t h  main ta in ing  t h e s e  h igh ly  v o l a t i l e  dopants i n  

The growth 
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t h e  s o l u t i o n  are  obviated.  However, a minor disadvantage is a l s o  apparent :  t h e  
v e r t i c a l  l i q u i d  phase ep i t axy  technique is an i n t e g r a t e d  technique wherein t h e  
m e l t  may be e a s i l y  counterdoped any number of t i m e s ,  whi le  i n  t h e  sea l ed  system 
technique t h e  m e l t  cannot be counterdoped e a s i l y  i n  one run. I n  order  t o  f i r s t  
dope the  e p i t a x i a l  l a y e r  w i th  a donor impuri ty  and then  subs.equently wi th  an  
acceptor  impur i ty  i t  is necessary  t o  make two overgrowth runs .  

The sea led  system e p i t a x i a l  s o l u t i o n  growth process  w a s  used f o r  prepar ing  
p-n j u n c t i o n s  i n  (Ga,Al)P. 
evacuated ampoule a long sea l ed  c ruc ib l e ,  one end of which contained a s a t u r a t e d  
Ga-Gap-A1 m e l t  t oge the r  wi th  t h e  i n t e n t i o n a l  dopant,  t h e  o t h e r  end of which 
contained the  s u b s t r a t e  (Gap). 
i n  c o n t a c t ,  bu t  were then  caused t o  come i n t o  con tac t  a f t e r  equi l ibr ium had 
been a t t a i n e d  a t  an e leva ted  temperature .  This  c o n t a c t  of t h e  m e l t  and s u b s t r a t e  
w a s  caused by t i p p i n g  t h e  m e l t  onto t h e  s u b s t r a t e .  Epi layer  growth w a s  then 
i n i t i a t e d  by lowering t h e  temperature  of t h e  s a t u r a t e d  m e l t  whi le  t he  m e l t  
w a s  i n  con tac t  w i t h  t h e  s u b s t r a t e .  It w a s  then  necessary  t o  r epea t  t h e  above 
process  us ing  t h e  a l t e r n a t e  dopant.  

The method cons i s t ed  of enc los ing  wi th in  a sea l ed  

I n i t i a l l y  t h e  s u b s t r a t e  and the  m e l t  were not  

A l l  t h e  components a s s o c i a t e d  wi th  t h e  c r u c i b l e  and t h e  c r u c i b l e  i t s e l f  
were made of p y r o l y t i c  BN. A schematic diagram of t h e  c r u c i b l e  is shown i n  
Fig.  1 4 .  The c r u c i b l e  w a s  a hollow r i g h t  c i r c u l a r  c y l i n d e r  s ea l ed  a t  one end. 
The c r u c i b l e  dimensions were 1 7  m O.D. x 15 m I . D .  x 4 inches long. The 
open end of t h e  c r u c i b l e  w a s  s ea l ed  by us ing  a t i g h t  f i t t i n g  cap which pre- 
vented t h e  m e l t  from s p i l l i n g  when t h e  c r u c i b l e  and charge were inve r t ed .  
The GaP s u b s t r a t e  w a s  u l t r a s o n i c a l l y  c u t  t o  f i t  t h e  i n s i d e  diameter of t h e  
c r u c i b l e  and w a s  supported between a r e t a i n i n g  r i n g  and t h e  c r u c i b l e  cap. 
A s m a l l  ho le  1 / 3 2 "  diameter  w a s  d r i l l e d  midway along t h e  l eng th  of t h e  c r u c i b l e  
so  t h a t  t h e  c r u c i b l e  could be evacuated w i t h i n  t h e  qua r t z  envelope. Typica l ly  
t h e  load up and growth of a c r y s t a l  of composition G a  A 1  P involved t h e  
fol lowing s t eps :  0.3 0.7 

The BN c r u c i b l e  w a s  he ld  v e r t i c a l l y  and t h e  charge of Ga 10 gms, GaP 
700 mg, A 1  55 mg and dopant w a s  added ( f o r  an  n-overgrowth Q, 5 mg of T e  w a s  
used) .  The GaP w a s  added f i r s t  i n  t h e  form of s m a l l  chunks; t h e  Ga w a s  then 
placed i n  the  c r u c i b l e  followed by t h e  a d d i t i o n  of t h e  A 1  and dopant. 
BN r e t a i n i n g  r i n g  w a s  t hen  i n s e r t e d  and an  n-type <111> o r i e n t e d  GaP s u b s t r a t e  
w a s  placed on t h i s  support .  The GaP s u b s t r a t e  was i n s e r t e d  wi th  t h e  G a  f a c e  
down. The BN cap w a s  then  put  on, f o r c i n g  t h e  GaP s u b s t r a t e  and r e t a i n i n g  
r i n g  f u l l y  i n t o  t h e  c r u c i b l e .  This  ensemble was then  placed w i t h i n  a n  18 mm 
x 20 mm qua r t z  tube  toge the r  w i t h  a sea l -of f  plug and was then evacuated. 
When t h e  p r e s s u r e  i n  t h e  system w a s  approximately 10 Tor r ,  t h e  ampoule w a s  
hea ted  by e i t h e r  a fu rnace  o r  a hydrogen-oxygen t o r c h  t o  approximately 600°C. 
The system w a s  then  allowed t o  coo l  t o  room temperature  and w a s  s ea l ed  o f f .  
The ampoule w a s  then  pos i t i oned  i n  a v e r t i c a l  furnace,  w a s  heated t o  1O7O0C, 
and w a s  then  allowed t o  e q u i l i b r a t e  a t  1070°C f o r  1 1 / 2  hours .  The fu rnace  
and ampoule w e r e  then  r o t a t e d  through 180", causing t h e  m e l t  t o  con tac t  t h e  
s u b s t r a t e ,  and then  h e l d  a t  temperature  f o r  15  minutes.  The temperature  w a s  then 
r a i s e d  3°C and allowed t o  e q u i l i b r a t e  f o r  30 minutes.  The furnace  w a s  then 
cooled a t  a rate of 8°C p e r  hour.  
r e a l i z e d ,  t h e  cool ing  c y c l e  w a s  h a l t e d  and t h e  temperature  w a s  allowed t o  

The 

-6 

When a temperature  drop of 100°C had been 
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remain cons tan t  a t  973°C f o r  15 minutes.  
an a r c  of 180°C and then allowed t o  cool  t o  room temperature .  
and doped e p i t a x i a l  l a y e r  were then  removed from t h e  c r u c i b l e .  
G a  w a s  removed from t h e  e p i t a x i a l  l a y e r  by scrubbing t h e  s u r f a c e  wi th  a co t ton  
swab and w a r m  acetone.  

The furnace  w a s  aga in  r o t a t e d  through 
The s u b s t r a t e  

Any adherent  

This s u b s t r a t e  and n-doped e p i l a y e r  then served  as t h e  s u b s t r a t e  f o r  t h e  
counter  doped e p i l a y e r .  Exac t ly  t h e  same procedure w a s  followed except t h a t  
t h e  a l t e r n a t e  dopant w a s  added t o  t h e  c r u c i b l e  ( f o r  a p overgrowth % 25 mg Zn 
w a s  added). The c r y s t a l  w a s  then 
cleaved (110 plane)  a t  r i g h t  angles  t o  t h e  overgrowth (111 plane) .  Microscopic 
i n v e s t i g a t i o n  of such a c leavage  p lane  a t  90" t o  t h e  s u r f a c e  reveals t h e  he te ro-  
j u n c t i o n  p lane  and t h e  p-n j u n c t i o n  p lane  without  any s p e c i a l  t rea tment .  

The same c leaning  s t e p  w a s  then followed. 

The composition of t h e s e  (Ga,Al)P e p i t a x i a l  l a y e r s  was determined by e l e c t r o n  
microprobe a n a l y s i s  and t h e  A 1  concent ra t ion  w a s  found t o  be  e s s e n t i a l l y  con- 
s t a n t  (decreasing only slowly wi th  d i s t a n c e  from t h e  s u b s t r a t e ) .  
t i o n  f o r  a l l  t he  doped G a  A 1  P e p i l a y e r s  and p-n j u n c t i o n  s t r u c t u r e s  growth w a s  
g r e a t e r  than o r  equal  t o  x - 0.70. F igure  15 shows a p l o t  of t h e  aluminum con- 
c e n t r a t i o n  x i n  t h e  a l l o y  G a  A 1  P as a func t ion  of d i s t a n c e  away from t h e  GaP 1-x x s u b s t r a t e  i n t o  t h e  e p i t a x i a l  overgrowth. E lec t ron  microprobe d a t a  f o r  two samples 
LPE-5 and LPE-8 are shown. 

The A 1  concentra- 

1-5 x 

For sample  #5 t h e  i n i t i a l  mole f r a c t i o n  of aluminum i n  t h e  m e l t  w a s  0.028. 
The r e s u l t i n g  s o l i d  has a composition of 0 .91 A1 and is e s s e n t i a l l y  homogeneous 
i n  composition f o r  70 microns,  dropping t o  a va lue  of 0.88 mole f r a c t i o n  aluminim. 
Al so  t h i s  sample w a s  s t a b l e  i n  t h e  atmosphere and showed no apparent  s i g n s  of 
decomposition a f t e r  30 days i n  t h e  l abora to ry  environment. The i n i t i a l  mole 
f r a c t i o n  i n  t h e  m e l t  f o r  sample #8 w a s  0.021. The r e s u l t i n g  A 1  composition i n  
t h e  e p i t a x i a l  l a y e r  w a s  0 .77  mole f r a c t i o n .  The composition g rad ien t  found i n  
t h e  s o l i d  aga in  is s m a l l  and t h e  e p i l a y e r  is e s s e n t i a l l y  cons tan t  i n  compo- 
s i t i o n  f o r  t he  f i r s t  60 microns.  A t  t h i s  p o i n t  t h e  composition changes from 
0.73 t o  0.17 mole f r a c t i o n  aluminum i n  t h e  s o l i d  i n  approximately 2 microns.  
This i s  due t o  some of t h e  m e l t  being r a p i d l y  f rozen  a t  t h e  te rmina t ion  of t h e  
e p i t a x i a l  growth cyc le .  The seg rega t ion  c o e f f i c i e n t  f o r  aluminum is approximately 
35 based on t h e  i n i t i a l  composition of t h e  e p i t a x i a l  l a y e r  and on t h e  aluminum 
composition of t h e  m e l t .  

I n t e n t i o n a l l y  doped as w e l l  as nominally undoped l a y e r s  of G a  
x > 0 .7  mole f r a c t i o n  A1 were grown us ing  t h e  sealed-system technique. 
donor, acceptor  and amphoteric impur i t i e s  were i n t e n t i o n a l l y  added t o  t h e  
c r u c i b l e  charge and t h e  e p i l a y e r s  were grown onto semi- insulat ing s u b s t r a t e s  
of Gap. 
t e n t i o n a l  dopant w a s  added, s o  an  estimate of t h e  re la t ive background impuri ty  
concent ra t ion  could be made. 

A1 P wi th  1-x x Various 

Addi t iona l  e p i l a y e r s  w e r e  a l s o  grown from charges t o  which no in-  

The donor dopants used were s u l f u r ,  t e l l u r i u m  and selenium; good s i n g l e  
c r y s t a l l i n e  d e p o s i t s  were obta ined  wi th  s u l f u r  and t e l l u r i u m  doping. 
selenium doped sample had many i n c l u s i o n s  and could n o t  be analyzed f o r  phys i ca l  
and e lec t r ica l  p r o p e r t i e s .  
Good c h a r a c t e r i z a t i o n  d a t a  could only be  taken on t h e  z i n c  doped e p i l a y e r .  

The 

The acceptor  impur i t i e s  used were z inc  and cadmium. 



1 - 37 - 
0 
0 
73 

D 
'13 
- 

0 
cn 

z 
0 
m 

- 
2 
n 

F 
U 

i 
I a 
1 
a 
I 
0 
I 

I 

a 
1 
0 
I 

i 

e 
I 

I 
I O -  - 
I -  

- 

I I I I I I .  I 1 I 

FIGURE XV 

Composition of A 1  i n  G a  

away from t h e  GaP s u b s t r a t e .  

A 1  P a l l o y s  a s  a func t ion  of d i s t a n c e  1-x x 
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The cadmium doped samples  were u n s a t i s f a c t o r y .  
were s i l i c o n ,  carbon, t i n  and germanium. The carbon doped sample  w a s  grown i n  
an a l l  g r a p h i t e  system and a good e p i l a y e r  w a s  r e a l i z e d .  The q u a l i t y  of t h e  
s i l i c o n  doped and t i n  doped samples w a s  a l s o  very  good, t h e  overgrowths being 
c l e a r  and t r a n s p a r e n t  wi th  no apparent  i nc lus ions .  
could no t  be  obta ined  wi th  t h e  h o r i z o n t a l  LPE appara tus .  
doped samples  were obta ined  wi th  t h e  earlier ver t ica l  LPE appara tus ,  b u t  only 
on conducting s u b s t r a t e s .  

The amphoteric dopants used 

Germanium doped overgrowths 
However, some germanium 

An estimate of t h e  " e f f e c t i v e  e l e c t r i c a l  s eg rega t ion  c o e f f i c i e n t s "  f o r  some 
of t h e  dopants w a s  made and t h e  r e s u l t s  are  shown i n  Table V. These " e f f e c t i v e  
e l e c t r i c a l  s eg rega t ion  c o e f f i c i e n t s "  were c a l c u l a t e d  by t ak ing  t h e  r a t i o  of t h e  
c a r r i e r  concen t r a t ion  of t h e  s o l i d ,  as determined by e l e c t r i c a l  measurements, and 
t h e  i n i t i a l  impur i ty  concen t r a t ion  i n  t h e  l i q u i d .  For t h e s e  t h r e e  dopants ,  t h e  
car r ie r  concent ra t ions  i n  t h e  samples grown w e r e  cons iderably  i n  excess of t h e  
background l e v e l s  ob ta ined  f o r  nominally undoped materials. 

2 )  Electr ical  Measurements.- E l e c t r i c a l  measurements using t h e  H a l l  
The technique were made on v a r i o u s l y  doped e p i t a x i a l  l a y e r s  of (Ga,Al)P. 

problem of i s o l a t i n g  t h e  overgrowth l a y e r  from t h e  s u b s t r a t e  l a y e r  w a s  over- 
come by growing t h e  e p i l a y e r s  onto semi- insu la t ing  chromium doped GaP sub- 
strates. The s u b s t r a t e s  used w e r e  checked bo th  be fo re  and a f t e r  t h e  over- 
growths w e r e  made by reverse breakdown probe measurements and w e r e  v e r i f i e d  
t o  have remained semi- insu la t ing .  S ing le  c r y s t a l  H a l l  samples were u l t r a s o n i c a l l y  
c u t  from t h e  overgrowth l a y e r s  and e l e c t r i c a l  con tac t  w a s  made us ing  e i t h e r  
an e i g h t  po in t  p re s su re  con tac t  H a l l  specimen holder  o r  by a l loy ing  ohmic con- 
tacts  t o  t h e  samples. 

Good ohmic c o n t a c t s  have been made t o  samples of G a  A 1  P wi th  va lues  1-x of x ranging from x = 0 t o  x = 0.88 mole f r a c t i o n  aluminum. 'ft w a s  found t h a t  
an  Au-Ge e u t e c t i c  wi th  a composition of 88% Au and 12% G e  w a s  s a t i s f a c t o r y  f o r  
room temperature  and l i q u i d  n i t r o g e n  measurements. 
a t  3 5 6 " C ,  which is cons iderably  lower than  most of t h e  a l l o y s  used t o  d a t e .  
On s o l i d i f i c a t i o n  t h i s  a l l o y  expands, r e s u l t i n g  i n  "sprouting" r a t h e r  than  
con t r ac t ing  i n t o  a b a l l .  Thus t h e  Au-Ge e u t e c t i c  w e t s  t h e  G a  A 1  P w e l l  and 
provides  good mechanical and electrical  con tac t .  

The e u t e c t i c  a l l o y  m e l t s  

1-x x 

Measurements were made a t  room temperature  and a t  77°K and r e p r e s e n t a t i v e  
r e s u l t s ,  some of which show the extremes of t h e  v a r i a t i o n s  observed, are shown 
i n  Table V I .  

These va lues  f o r  t h e  m o b i l i t i e s ,  carrier concent ra t ions  and resist ivit ies 
of t h e  (Ga,Al)P samples doped wi th  S ,  T e ,  o r  Zn ag ree  reasonably w e l l  w i th  
comparably doped samples of Gap. Although t h e s e . m o b i l i t i e s  are perhaps some- 
what lower than  f o r  Gap, they are not  s u b s t a n t i a l l y  reduced as might have been 
expected. 

However, t h e  Sn doped sample shows an anomalously h igh  mob i l i t y  a t  room 
temperature .  The reasons f o r  t h i s  apparent  anomaly are no t  known a t  p re sen t .  
Typica l ly ,  t h  maximum n-type m o b i l i t i e s  observed f o r  ltpurel '  GaP are i n  the  
150 t o  200 cm /V s e c  range a t  room temperature  and are of t h e  o rde r  of 1000 5 
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TABLE V 

"EFFECTIVE ELECTRICAL SEGREGATION COEFFICIENTS" FOR VARIOUS IMPURITIES 

Dopant XYES E f f e c t i v e  S e g r e g a t i o n  Coe f f i c i en t s  

S n 4.0 

T e  n 0.033 

Zn P 0.006 
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TABLE V I  

ELECTRICAL PROPERTIES 

P 

undoped 0.204 

2.611 

S 0.00576 

T e  0.0388 

0.75 

Zn 0.132 

0.365 

Sn 0.189 

S i  2.24 

C 0.373 

300 O K  

u 

130 

58 

36 

59 

13 

61  

97 

4 20 

164 

62 

N 
17 

16 

19 

18 

17 

17 

17 

16 

1 5  

17 

2.2 x 10  n 

4 . 1  x 10 n 

3 x 1 0  n 

2.7 x 10 n 

6.0 x 10 n 

7.7 x 10 p 

1 .8  x 10 p 

8.1 x 10 n 

1 .7  x 10 n 

2.7 x 10 n 

P 

4.69 

29.09 

0.00999 

0.0112 

14.55 

0.087 

12.10 

41.5 

8269 

14.47 

77°K 

v N 
15 

14  

19 

18 

178 7.5 x 10 n 

32 5 6.6 x 10 n 

37 1 . 6  x 10 n 

25 2.2 x 10 n 

15 4 10 1.2 x 10 p 

477 3.1 x l O I 4  n 

852 8.8 x 10 n 

15 2.9 x n 

11 
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2 t o  2000 cm / V  sec a t  l i q u i d  n i t r o g e n  temperatures .  
doped samples would be of i n t e r e s t  s i n c e  t h e  m o b i l i t i e s  measured i n  t h i s  material 
are s o  unusual .  The S i  doped sample a l s o  seems somewhat anomalous. The 
m o b i l i t i e s  are c l o s e  t o  those  expected f o r  GaP a t  the  same doping l e v e l s ,  but  
are much h igher  t han  observed i n  t h i s  s tudy  f o r  nominally undoped (Ga,Al)P. 
However, f o r  a l l  t h e  amphoteric dopants,  t h e  level of doping observed w a s  s o  
l o w  t h a t  r e l i a b l e  conclus ions  are n o t  poss ib l e .  

Fu r the r  work on the  Sn 

I n  summary, by s u i t a b l e  precaut ions  i t  has been found t o  be p o s s i b l e  t o  
dope (Ga,Al)P wi th  t h e  donors S and T e  and wi th  t h e  accep to r  Zn and t o  c o n t r o l  
t h e  l e v e l  of t h i s  doping a t  va lues  which would be  expected t o  g i v e  good e l e c t r i c a l  
p r o p e r t i e s  t o  p-n j u n c t i o n  d iodes .  

3)  Opt ica l  Measurements.- O p t i c a l  abso rp t ion  measurements w e r e  made on 
a r e l a t i v e l y  t h i c k  overgrowth l a y e r  (LPE-36) which w a s  removed from t h e  sub- 
strate and mechanical ly  po l i shed  t o  a th ickness  of 0.002 i n .  I n  F ig .  1 6  w e  
have p l o t t e d  t h e  abso rp t ion  c o e f f i c i e n t  r a i s e d  t o  t h e  one-half power as a 
f u n c t i o n  of t h e  photon energy a t  77°K and 300°K. Also shown f o r  comparison is 
t h e  room temperature  abso rp t ion  curve f o r  A1P determined and r epor t ed  p rev ious ly .  
Using t h e  Tame c r i t e r i a  t o  d e f i n e  t h e  band gap f o r  Alp as f o r  GaP ( i . e . ,  where 
a = 20 cm- ) , w e  t e n t a t i v e l y  a s s i g n  t h e  band gap of t h i s  a l l o y  t o  be 2.41 e V  
compared t o  E = 2.45  e V  f o r  pure  Alp. Based on previous c a r e f u l  ana lyses  of 
t h e  compositigns and composition g r a d i e n t s  of similar overgrowths , w e  expect  
t h a t  t h e  average composition of t h i s  a l l o y  should be G a  A 1  74P. I f  w e  
assume a l i n e a r  v a r i a t i o n  of t h e  energy gap from GaP tooaf$ t k n  2.41 e V  f o r  
t h e  above a l l o y  corresponds t o  x = 0.75, i n  very  good agreement wi th  t h e  above 
est h a t e .  

Shown i n  F ig .  17 are t h e  photoluminescent s p e c t r a  a t  2°K of two LPE samples  
doped w i t h  Sn. Both samples show p a i r  band type  s p e c t r a  which peak a t  2.245 e V  
and 2.202 e V  and a t  2.300 e V  and 2.275 e V  r e s p e c t i v e l y .  For t h e  two t i n  doped 
samples, t h e  more aluminum r i c h  has  t h e  h igher  photoluminescent frequency as 
expected. The l a r g e  s h i f t  of 'L 0.070 V corresponds roughly t o  what would be 
expected f o r  t h e  known change i n  aluminum mole f r a c t i o n  from % 20% t o  % 70% 
between t h e s e  two samples.  The shapes and ha l fwid ths  of t h e s e  bands are  similar 
t o  t h e  donor-acceptor p a i r  band s p e c t r a  commonly observed i n  Gap, bu t  do not  
e x h i b i t  sha rp  s t r u c t u r e  due t o  i n d i v i d u a l  donor-acceptor p a i r s  o r  due t o  phonons 
a t  low temperatures .  
o t h e r  i m p u r i t i e s ,  i t  is d i f f i c u l t  t o  s p e c u l a t e  on t h e  o r i g i n  of t hese  bands. The 
s h i f t  downward from t h e  band edge amounts t o  about  0.120 e V  and, i f  t h i s  arises 
predominantly from t h e  b inding  energy of t h e  e l e c t r o n  t o  t h e  t i n  donor, i t  is  
a somewhat f avorab le  i n d i c a t i o n  f o r  t h e  use  of t h i s  donor i n  LED's t o  improve 
t h e i r  e f f i c i e n c i e s  (a l though a s t i l l  l a r g e r  binding energy would be  d e s i r a b l e ) .  

Lacking sha rp  l i n e s  and s u f f i c i e n t  in format ion  about  p o s s i b l e  

The luminescence s p e c t r a  observed f o r  a germanium doped sample may w e l l  
have o r i g i n a t e d  from t h e  GaP s u b s t r a t e  s i m i l a r l y  t o  t h e  samples descr ibed  next  
and hence t h i s  may be  an i n d i c a t i o n  e i t h e r  t h a t  germanium i s  no t  an  e f f i c i e n t  
recombination c e n t e r  o r  t h a t  t h e  doping l e v e l  w a s  n o t  very high.  

Other photoluminescence measurements were a l s o  made on e p i t a x i a l  samples 
doped wi th  v a r i o u s  combinations of Zn and T e  o r  S and on nominally undoped 
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samples. 
f o r  pure GaP wi th  an emission peak a t  2.192 e V .  Two d i f f e r e n t  e x c i t a t i o n  
sources  were used ( t h e  A r  4880 A l i n e  and t h e  Hg 3650 A l i n e )  i n  order  t o  
a s c e r t a i n  whether t h i s  e f f e c t  could be due t o  t h e  p e n e t r a t i o n  of t h e  excita- 
t i o n  l i g h t  t o  t h e  GaP s u b s t r a t e .  It appeared t h a t  t h i s  emission w a s  somewhat 
weaker wi th  the  Hg e x c i t a t i o n ,  which would be  more heav i ly  absorbed i n  t h e  
e p i l a y e r .  However c a l i b r a t i o n  of t h e  i n t e n s i t y  of t h e  two sources  w a s  no t  
performed and hence t h i s  observa t ion  is only a q u a l i t a t i v e  one. Thus, t h e  
observed luminescence probably o r i g i n a t e d  from t h e  GaP s u b s t r a t e  and t h e  
luminescence from t h e  doped e i p l a y e r  must have been s o  weak t h a t  i t  w a s  no t  
observed. 

A l l  t h e s e  samples showed very  s i m i l a r  s p e c t r a  which resembled t h a t  

In summary, t h e  LPE l a y e r s  of (Ga,Al)P show t h e  expected l a r g e  band gaps 
Photoluminescence spectra w e r e  observed from the  i n  abso rp t ion  measurements. 

Sn doped samples, but  no t  from t h e  Zn, T e ,  S o r  G e  doped samples. As expected, 
t h i s  i n d i c a t e s  t h a t  a l though use  of Zn and T e  o r  S t o  form a p-n j u n c t i o n  w i l l  
g i v e  good e lec t r ica l  p r o p e r t i e s  they do no t  n e c e s s a r i l y  opt imize r a d i a t i v e  
recombination processes .  The decrease  i n  t h e  emission frequency of t h e  Sn 
doped samples from t h e  measured band edge appears  t o  be on the  o rde r  of 120 meV. 

It would be  expected t h a t  t h e  emission from Sn as a donor on a group I11 
s i t e  would be phonon a s s i s t e d  and hence would n o t  be  p a r t i c u l a r l y  s t rong .  
from our measurements t o  d a t e ,  t h e  s t r o n g e s t  emission l i n e s  s o  f a r  observed i n  
photoluminescence are from t i n  doped material and hence t i n  might w e l l  enhance 
t h e  e f f i c i e n c i e s  of LED's  made from (Ga,Al)P. 

However, 

4 )  Dif fus ion  Studies . -  Attempts have been made t o  inco rpora t e  Zn i n t o  
n-doped G a  A 1  P e p i l a y e r s  by d i f f u s i o n .  Ep i l aye r s  doped wi th  e i t h e r  S i  o r  
S were d i fkgedxunder  va r ious  cond i t ions .  E i t h e r  e lementa l  Zn o r  Zn P w e r e  3 2  used as sources  of t h e  d i f f u s a n t  f o r  d i f f u s i o n  i n t o  t h e  S i  doped l a y e r s  (LPE-15). 
The Zn o r  Zn P w a s  loaded i n t o  an  ampoule toge the r  w i th  t h e  G a  A 1  P sample 
bu t  phys i ca l ly  s e p a r a t e  from t h e  samples. 
and sea l ed  o f f .  Di f fus ions  were c a r r i e d  out  a t  700"C, 800"C, 900°C and 1000°C 
f o r  va r ious  t i m e s .  In each in s t ance ,  t h e  Zn d i f f u s e d  i n t o  t h e  GaP s u b s t r a t e  
and t h e  G a  The s u r f a c e  of t h e  e p i l a y e r  degraded dur ing  the  
d i f f u s i o n  
f r o n t .  
temperatures ,  b u t  w a s  badly p i t t e d  a t  1000°C. 
Zn i n t o  G a  
diodes couhxbexmade from t h e  d i f f u s e d  junc t ions  , al though diode c h a r a c t e r i s t i c s  
w e r e  observed wi th  high breakdown vo l t ages .  

2 1-x x The ampoules were evacuated, outgased 

A I  P e p i l a y e r .  
t k s  extended i n t o  t h e  e p i l a y e r  and terminated a t  t h e  d i f f u s i o n  

The GaP s u b s t r a t e  d i d  no t  degrade dur ing  d i f f u s i o n  a t  t h e  lower 

N o  l i g h t  emi t t i ng  
The d i f f u s i o n  depth f o r  t h e  

A 1  P w a s  approximately 1/3 of t h a t  of pure Gap. 

Addi t iona l  d i f f u s i o n s  have been made i n t o  S doped (LPE-36) G a  A 1  P 1-x 
e p i l a y e r s  us ing  an  Ga-Zn mixture  as a d i f f u s a n t  source .  Di f fus ion  has  geen 
c a r r i e d  out  a t  800°C and 900°C f o r  16 hours .  The d i f f u s i o n  depths  w e r e  very  
shal low,  however, i n d i c a t i n g  t h a t  e i t h e r  h ighe r  temperatures  o r  longer  d i f -  
f u s i o n  times are necessary .  
Ga 
by%E methods , f u r t h e r  d i f f u s i o n  s t u d i e s  w e r e  terminated.  

There w a s  apparent ly  no s u r f a c e  degrada t ion  of t h e  
AlxP l a y e r s .  I n  view of t h e  f a c t  t h a t  good p-n junc t ions  can be made 
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5) Diode Contact ing and Mounting.- Most of t h e  s u b s t r a t e  s i d e  of t h e  c r y s t a l  
was  lapped o f f ,  l eav ing  a th i ckness  of about 8 m i l s  so  t h a t  t he  c r y s t a l  could be 
e a s i l y  c leaved i n t o  small  t r i a n g u l a r  p l a t e l e t s  less than  1 mm on a n  edge. 
Ohmic c o n t a c t s  t o  t h e  c r y s t a l  w e r e  made by s imultaneously a l l o y i n g  a t a b  of 
I n  5% Au a l l o y  i n t o  t h e  p-side and a t a b  of Au 38% Sn i n t o  t h e  n-side i n  a 
stream of forming gas .  The a l l o y i n g  was done on a ho t  s t a g e  a t  an  a l l o y i n g  
temperature  of about  360°C. The sample w a s  he ld  a t  t h i s  temperature  f o r  no t  
more than  a few seconds.  
convent ional  header  (TO-5). 

The c r y s t a l  w i t h  c o n t a c t s  w a s  then  mounted on a 

Some of t h e  v a r i o u s  combinations of dopants used f o r  t h e s e  diodes and 
t h e i r  concen t r a t ions  are  shown i n  Table  V I I .  These overgrowth runs  were a l l  
s u c c e s s f u l  and r e p r e s e n t a t i v e  diodes could be f a b r i c a t e d  from t h e  e p i t a x i a l  
l a y e r s .  
f o r  LPE-25, which w a s  grown by t h e  v e r t i c a l  l i q u i d  phase ep i t axy  process .  
doping levels i n  t h e  c r y s t a l  shown f o r  t h e  Zn and T e  dopants  were determined 
a p o s t e r i o r i  based on t h e  seg rega t ion  c o e f f i c i e n t s  f o r  t h e s e  dopants prev ious ly  
g iven  i n  t h i s  r e p o r t .  For t h e  samples doped w i t h  n i t r o g e n  v i g  NH3, i t  yas 
es t imated  t h a t  t h e  m e l t  composition w a s  approximately 2 x 10 
Some samples were doped s imultaneously w i t h  B and Sb on t h e  n-side and t h e  
m e l t  concen t r a t ions  are g iven  i n  Table  V I I .  N o  estimate of t h e  amount of B and 
Sb incorpora ted  i n  t h e  c r y s t a l  l a t t i c e  has  been made. 

These e p i l a y e r s  w e r e  a l l  grown by t h e  sealed-system technique except  
The 

atoms/cm . 

A number of d iodes  have been made of G a l  x A l  P material wi th  x > 0.7 
and wi th  d i f f e r e n t  levels of T e  and Zn doping: 
when grown on p-type GaP s u b s t r a t e s  had optimum electrica and r a d i a t i v e  
p r o p e r t i e s  when t h e  T e  carrier concentr  i o n  w a s  % 1 x 10 /cm3 and t h e  Zn 
carr ier  concen t r a t ion  a l s o  w a s  % 1 x 10 /cm . Such diodes emit ted e a s i l y  
v i s i b l e  greenish-blue l i g h t .  

If w a s  found t h a t  suxh diodes 

$8 
fil6 3 

The emission s p e c t r a  of several such diodes were measured and t h e  spectrum 
at  300°K f o r  one of t h e  diodes is shown i n  F ig .  18; t h e  emission s p e c t r a  a t  
77°K is shown i n  Fig.  1 9 .  The room temperature  measurements were made wi th  
t h e  diodes b i a sed  i n  t h e  forward d i r e c t i o n  a t  100 m . a .  The h igh  energy emission 
band wi th  t h e  peak a t  2.385 e V  had a width a t  h a l f  i n t e n s i t y  of about 150 meV. 
The peak energy of t h e  diodes w a s  independent of app l i ed  v o l t a g e  and occurred 
a t  approximately 30 meV below our  e s t i m a t e  of t h e  band gap. 
w a s  s e p a r a t e l y  determined on a s i m i l a r l y  grown sample of approximately t h e  same 
composition (see Fig.  16) .  A ve ry  broad emission w a s  a l s o  p re sen t  cen te red  
a t  1.58 e V .  

This band gap energy 

The h igh  energy emission (2.385 eV) is t e n t a t i v e l y  i n t e r p r e t e d  as being 
an e x c i t o n  type  recombination because of i t s  s i m i l a r i t y  t o  t h a t  seen  i n  Gap. 
For example, i n  GaP t h e  e x c i t o n  bound t o  N s u b s t i t u t e d  on P si tes occurs  a t  
30 meV below t h e  band gap i n  e lectroluminescence,  has  a width a t  h a l f  i n t e n s i t y  
of 75 meV and is  v o l t a g e  independent.  

The r a t i o  of t h e  peak h e i g h t s  of t h e  h igh  energy peak t o  t h e  i n f r a r e d  
peak v a r i e d  from 0 . 1  a t  5 m a  t o  0.6 a t  100 m a .  
t h e  expected behavior .  

This  is i n  agreement wi th  
The b r i g h t n e s s  of t h e  diodes w a s  20 foot- lamberts  a t  



- 46 - 

TABLE VI1 

Diode 

LPE - 25 

- 35 

- 38 

- 48 

- 54 

- 58 

- 58 

- 62 

- 62 

- 66 

- 67 

Dopant and Doping L e v e l  

~ e :  5 x 

Zn: 4 x 10 18. 

Zn: 1 x 10 18. 

Te:  1 x 10 18. 

Zn: 1 x 10 18. 

Zn: 1 x 10 18. , 

Heat t rea t  a t  

Zn: 8 x 10 17 .  , 

Heat t reat  a t  

Zn: 7 x 10 1 7 .  

Zn: 6 x 10 1 7 .  , 

1 7  

18 

18 

Zn: 8 x 10 

Te :  2 x 10 

Te :  1 x 10 

Zn: 1 x (m3) 

Te: 2 x 10 (NH3) 1 7  

T e :  5 x (NH3) 

700°C f o r  1 hour 

T e :  2 x (BSb: 3 x 10 ) p GaP 20 

Sub s tr a t e 

n GaP 

p GaP 

p GaP 

n GaP 

p GaP 

p GaP 

800°C f o r  4 h o u r s  

T e :  2 x 1017 (BSb: 5 x lo1’) 

Te: 3 x 1017 (BSb: 5 x 10 ) 

p GaP 

p GaP 18 

A l l  of t h e  above e p i t a x i a l  overgrowths were grown having  a n  a v e r a g e  
composi t ion G a  A1 P e x c e p t  f o r  LPE-48 which c o n t a i n s  no A l .  0.3 0.7 
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FIGURE XVIII 

The emission spectrum at 300°K for a Ga A 1  P Te-Zn doped d i o d e .  1-x x 
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FIGURE XIX b 

The emission s'pectrum a t  77°K f o r  ;he same G a  1-x A 1  x P diode.  
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-5 50 m a  wi th  e x t e r n a l  quantum e f f i c i e n c i e s  of approximately 2 x 10 . Such 
e f f i c i e n c i e s  are f a i r l y  comparable t o  those  o r i g i n a l l y  observed f o r  green 
donor-acceptor doped Gap. E f f i c i e n c i e s  of up t o  0.1% have been observed f o r  
improved S and Zn doped GaP low r e s i s t a n c e  diodes wi th  a very  good b r igh tness .  
There is no apparent  reason why wi th  f u r t h e r  development s imi l a r  improvements 
could no t  be made f o r  t h e s e  (Ga,Al)P d iodes .  

A t  77°K (see Fig.  19) t h e r e  w a s  only a s i n g l e  dominant peak and t h i s  occurred 
a t  2.100 e V .  
No i n t e r p r e t a t i o n  has  been made as y e t  as t o  t h e  o r i g i n  of t h i s  emission. 

The ha l fwid th  w a s  115 meV and t h e  peak w a s  v o l t a g e  independent.  

Measurements on t h e  N doped and on t h e  I) and Sb doped c r y s t a l s  are as y e t  
s o  fragmentary t h a t  no conclus ions  can be drawn about t h e  e f f e c t s  t h e s e  dopants 
have on t h e  r a d i a t i o n  emi t ted  by t h e s e  d iodes .  

The r e s u l t s  on t h e  T e  and Zn doped diodes a re  encouraging s i n c e  i t  has 
been demonstrated t h a t  i t  is p o s s i b l e  t o  f a b r i c a t e  p-n j u n c t i o n  diodes from 
(Ga,Al)P material which have good e lectr ical  p r o p e r t i e s  and which e m i t  l i g h t  
of a s u b s t a n t i a l l y  h ighe r  frequency than  can be  obta ined  from Gap. Although 
t h e  e f f i c i e n c i e s  s o  f a r  ob ta ined  are r e l a t i v e l y  low, improvements i n  t h e  LPE 
growth technique o r  i n  t h e  amount and type  of dopants might w e l l  be  expected 
t o  l e a d  t o  a g r e a t l y  improved e f f i c i e n c y  of l i g h t  emission. Hence a b r igh tness  
of 20 foot- lamberts  can b e  considered a f avorab le  i n d i c a t i o n  t h a t  (Ga,Al)P has  
t h e  p o t e n t i a l  f o r  overcoming some of t h e  l i m i t a t i o n s  of p r e s e n t l y  used 1 1 1 - V  
materials i f  more f avorab le  dopants can be i d e n t i f i e d  t o  opt imize t h e  l i g h t  
emission p r o p e r t i e s  of t h i s  material. 

CONCLUSIONS AND RECOMMENDATIONS 

It has  been found p o s s i b l e  t o  grow bulk  c r y s t a l s  of t h e  compounds A l A s  and 
A1P and, by s tudying  t h e i r  o p t i c a l  p r o p e r t i e s ,  t o  measure and t o  understand 
t h e i r  band s t r u c t u r e s  and some of t h e  r a d i a t i v e  t r a n s i t i o n  processes  which can 
occur i n  t h e s e  compounds. 

S imi l a r ly ,  i t  has  been p o s s i b l e  t o  grow c r y s t a l s  of t h e  t e rna ry  a l l o y s  
(In,Al)As and (In,Al)P and t o  s tudy  t h e i r  band s t r u c t u r e s  as a func t ion  of 
a l l o y  composition. For t h e  former,  t h e  r a d i a t i v e  t r a n s i t i o n s  remain d i r e c t  
up t o  t h e  "crossover" p o i n t  a t  the composition I n  
is 2.05 eV.  
band gap of 2.33 e V .  This is t h e  h ighes t  d i r e c t  band gap energy nown i n  a 
1 1 1 - V  compound o r  a l l o y  which can be r e a d i l y  doped both  p-type and n-type. 

A 1  68As where the  band gap 
P and a 32 

. 5 p .  44 For t h e  l a t te r ,  t h e  r tc rossover t l  p o i n t  o c c k s  a t  I n  

However, from informat ion  obta ined  on t h e  phase diagrams of t h e s e  (In,Al)V 
a l l o y s  and from our  experience i n  growing t h e s e  two a l l o y s ,  it is apparent  
t h a t  it is no t  p o s s i b l e  t o  reproducib ly  grow by any m e l t  o r  s o l u t i o n  technique  
reasonably homogeneous bulk  c r y s t a l s  o r  e p i t a x i a l  l a y e r s  which have a d i r e c t  
band gap and which would be  u s e f u l  i n  dev ice  a p p l i c a t i o n .  

Both bulk  c r y s t a l s  and e p i t a x i a l  l a y e r s  of (.Ga,Al)P were grown and i t  

Such l a y e r s  w e r e  doped p-type wi th  z inc  and 
w a s  p o s s i b l e  t o  reproducib ly  grow homogeneous e p i t a x i a l  l a y e r s  of t h i s  a l l o y  
i n  t h e  h igh ly  A1P r i c h  range.  
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n-type w i t h  s u l f u r  o r  t e l l u r i u m  and p-n j u n c t i o n  diodes w e r e  formed which 
emit ted greenish-blue l i g h t  w i t h  a peak energy a t  2.385 eV.  

It is recommended t h a t  subsequent work should c o n c e n t r a t e  on t h e  (Ga,Al)P 
a l l o y  r a t h e r  than t h e  (In,Al)P a l l o y .  Although it should be  p o s s i b l e  t o  grow 
s u f f i c i e n t l y  homogeneous and reproducib le  e p i t a x i a l  l a y e r s  of e i t h e r  material  
i n  t h e  h ighly  aluminum r i c h  i n d i r e c t  band gap range, t h e  d i f f i c u l t i e s  of pro- 
v i d i n g  a compatible s u b s t r a t e  f o r  (In,Al)P and t h e  p o s s i b l e  adverse e f f e c t s  of 
l o c a l i z e d  l a t t i c e  s t r a i n s  a r i s i n g  from t h e  d i s p a r i t y  i n  t h e  s i z e  of t h e  I n  and 
A 1  atoms make (In,Al)P t h e  less promising material .  

It  should be  p o s s i b l e  t o  s u b s t a n t i a l l y  improve t h e  e f f i c i e n c i e s  of t h e  
(Ga,AlL! diodes doped wi th  Zn and S i  o r  T e  from the p r e s e n t  va lues  of % 

2 x 10 
condi t ions  ( s i m i l a r  GaP diodes e x h i b i t  e f f i c i e n c i e s  of % 10- a t  2.190 eV). 
Such work is a t  p r e s e n t  only i n  i t s  very  e a r l y  s t a g e s  and a c a r e f u l  i n v e s t i g a t i o n  
should b e  made t o  e s t a b l i s h  t h e  r a d i a t i v e  mechanisms and t h e  binding energ ies  
connected w i t h  t h e s e  dopants.  

by opt imizing both  dopant concent ra t ions  and the e p i t a x i a l  growth 

The major d i r e c t i o n  of subsequent work on (Ga,Al)P should b e  t o  i d e n t i f y  
dopants which have s u b s t a n t i a l l y  deeper binding energ ies  than  S o r  T e  and which 
form e f f i c i e n t  r a d i a t i v e  recombination c e n t e r s .  Although t h e r e  is no assurance  
t h a t  such dopants exist f o r  (Ga,Al)P, t h e r e  are several p o s s i b i l i t i e s  which 
should b e  c a r e f u l l y  explored. I f  t h i s  search is s u c c e s s f u l ,  l i g h t  e m i t t i n g  
diodes made from t h i s  a l l o y  material  should b e  cons iderably  b r i g h t e r  than  any 
diodes p r e s e n t l y  a v a i l a b l e .  



- 51 - 

Papers  Publ ished o r  Submitted Under Contract  NAS 12-2169 

1. "The Fundamental Absorpt ion Edge of A l A s  and AlP , "  M. R. Lorenz, R. J.  

Chicotka,  G. D. P e t t i t ,  and P. J. Dean, So l id  S ta te  Comm. - 8, 693 (1970). 

2. "Conduction Bands i n  I n  A 1  P,"  A. Onton and R. J .  Chicotka,  J.  Appl. 1-x x 
Phys. - 4 1 ,  4205 (1970).  

"E lec t ron ic  S t r u c t u r e  of 111-V Alloys from Luminescence," M. R. Lorenz 

and A. Onton, Proc.  Tenth I n t e r n a t i o n a l  Conf. Phys ics  Semiconductors, 

Cambridge, Mass., 1970, p .  444 .  

3 .  

4 .  "Solidus Boundary i n  t h e  GaAs-A1As Pseudobinary System," L. M. F o s t e r ,  

( t o  be submit ted f o r  p u b l i c a t i o n ) .  

"Solidus Boundary i n  t h e  InAs-A1As Pseudobinary System," L. M. F o s t e r  

and J. E. S c a r d e f i e l d ,  J. Electrochem. SOC. 118, 495 (1971). 

"The E f f e c t  of Higher Lying Conduction Band Minima on t h e  Op t i ca l  

Absorption i n  GaP and AlAs , "  W. P. Dumke, M. R. Lorenz, and G. D. P e t t i t ,  

(Submitted f o r  p u b l i c a t i o n ) .  

5.  

6. 



- 52 - 

KEFERENCES 

1. 

2. 

3. 

4.  

5. 

6. 

7. 

8. 

9. 

10.  

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

L. M. F o s t e r  and J. E. S c a r d e f i e l d ,  J. Electrochem. SOC. 117, 534 (1970). 

L. M. F o s t e r  and J. F. Woods, J. Electrochem. SOC.,  t o  b e  publ ished 

( J u l y  1971) .  

L. M. F o s t e r  ( t o  be  submitted f o r  p u b l i c a t i o n ) .  

L. M. F o s t e r  and J. E. S c a r d e f i e l d ,  J. Electrochem. SOC. 118, 495 (1971). 

R. E. Fern and A. Onton, J. Appl. Phys., t o  b e  published. 

C. A. Mead and W. G. S p i t z e r ,  Phys. Rev. Letters - 11, 358 (1963). 

R. J. E l l i o t t ,  Phys. Rev. - 108, 1384 (1957). 

P. J.  Dean, J. Luminescence - 1 , 2 ,  398 (1970). 

J. C. McGroddy, M. R. Lorenz, and J. E. Smith, Jr.,  J. Appl. Phys. _. 42, 

1852 (1971). 

P. J.  Dean and D. G. Thomas, Phys. Rev. - 150, 690 (1966). 

G. G. MacFarlane, T.  P. McLean, J. E. Quarrington, and J. Roberts,  

J.  Phys. Chem. S o l i d s  - 8, 388 (1959). 

W. Kischio,  Z .  Anorg, Allgem. Chem.  - 3 2 8 ,  187 (1964). 

M. R. Lorenz, R. J. Chicotka,  G. D. P e t t i t ,  and P. J. Dean, S o l i d  S t a t e  

Comm. - 8, 693 (1970. 

S. Z .  Beer, J. F. J a c k o v i t z ,  D. W. Feldman, and J. H. Parker ,  Jr., Phys. 

L e t t e r s  - 26A, 331 (1968). 

W. P. Dumke, M. R. Lorenz, and G. D. P e t t i t  (submitted f o r  p u b l i c a t i o n ) .  

W. J. Turner,  W. E. Reese, and G. D. P e t t i t ,  Phys. Rev. - 136, A, 1467 

(1964). 

W. P. Dumke, M. R. Lorenz, and G. D. P e t t i t ,  Phys. Rev. - B 1 ,  4668 (1970). 

A. Onton and R. J. Chicotka,  J. Appl. Phy. - 41, 4205 (1970). 

- 



- 53 - 

1 9 .  M. R. Lorenz, Proceedings of t h e  Conference "Materials and Charac te r iza-  

t i on , "  Chania, Crete, 1969.  

20. M. R. Lorenz and A. Onton, Proc. Tenth I n t e r n a t i o n a l  Conf. Physics  

Semiconductors, Cambridge, Mass. 1970 ,  p .  444. 

21. H. C. Casey, Jr .  and M. B. Panish ,  J. A p p l .  Phys. - 4 0 ,  4910 ( 1 9 6 9 ) .  

22. A. Onton, M. R. Lorenz, and J. M. Woodall, Bu l l .  A .  Phys. SOC. 11, 

Vol .  1 6 ,  371  ( 1 9 7 1 ) .  


