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ABSTRACT 

The f a b r i c a t i o n  and p r o p e r t i e s  of GaAs-Ge,  ZnSe-Ge and 

GaAs-ZnSe h e t e r o j u n c t i o n s  are be ing  s t u d i e d .  The problems 

a s s o c i a t e d  w i t h  autodoping i n  t h e  growth of G a A s  on G e  en- 

countered w i t h  a close-spaced H C 1  process  are d i scussed .  The 

doping and c o n t a c t i n g  of ZnSe l a y e r s  grown by t h i s  p rocess  are 

a l s o  cons idered  i n  depth.  A high-frequency t r a n s i s t o r  measuring 

system w a s  completed and checked on commercial honojunct ion 

t r a n s i s t o r s ,  

o r  GaAs a t  low temperatures  are p r e s e n t l y  be ing  i n v e s t i g a t e d  and 

are considered i n  t h i s  r e p o r t .  

Three methods of growing G e  e p i t a x i a l l y  on ZnSe 

iii 



I. INTRODUCTION 

The r e s e a r c h  i n  p rogres s  comprises a d e t a i l e d  s tudy  of s e v e r a l  

The s t u d i e s  are classes of  semiconductor h e t e r o j u n c t i o n  s t r u c t u r e s .  

aimed a t  o b t a i n i n g  a b e t t e r  b a s i c  unders tanding  of t h e  cond i t ions  f o r  

minor i ty  carrier i n j e c t i o n ,  t h e  t r a n s p o r t  mechanism f o r  carriers a c r o s s  

t h e  i n t e r f a c e  and t h e  photo-vol ta ic  p r o p e r t i e s  of n-p he t e ro junc t ions .  

The h e t e r o j u n c t i o n  p a i r s  be ing  s t u d i e d . a r e  nGaAs-pGe, nZnSe-pGe 

and nZnSe-pGaAs. 

t h e  problems t o  be considered as w e l l  as t h e  b e n e f i t s  t o  p o s s i b l y  be 

obta ined  from h e t e r o j u n c t i o n  were d iscussed .  I n  a d d i t i o n ,  t h e  p r o p e r t i e s  

and t h e  problems t o  be  cons idered  i n  h e t e r o j u n c t i o n  f a b r i c a t i o n  were 

reviewed. 

i n v e s t i g a t i n g  t h e  problems of making good d iode  and t r a n s i s t o r  

s t r u c t u r e s  f o r  t h e  above semiconductor p a i r s .  

I n  t h e  prev ious  report ,")  t h e  gene ra l  n a t u r e  of 

The work t o  d a t e  on t h i s  g r a n t  has  been concerned w i t h  

During t h i s  r e p o r t  pe r iod  t h e  problems concerned wi th  t h e  

f a b r i c a t i n g  of GaAs-Ge h e t e r o j u n c t i o n s ,  p a r t i c u l a r l y  t h e  autodoping 

of t h e  GaAs w i t h  G e  and t h e  G e  w i t h  A s  were i n v e s t i g a t e d .  The problems 

of doping grown ZnSe l a y e r s  and of making ohmic c o n t a c t  t o  them w e r e  

thoroughly cons idered  and  some t e n t a t i v e  conclus ions  reached 

growths of ZnSe on GaAs were accomplished and some d iodes  made. Attempts 

t o  grow t h e  GaAs on ZnSe, however, w e r e  unsuccess fu l  probably because 

of t h e  format ion  of H2Se which i n t e r f e r e d  w i t h  t h e  t r a n s p o r t  p rocess .  

A high-frequency t r a n s i s t o r  measurement c a p a b i l i t y  w a s  developed and 

some measurements w e r e  made on commercial homojunction t r a n s i s t o r s  

p r i o r  t o  those  on o u r  h e t e r o j u n c t i o n  u n i t s .  

t h e  low temperature  growth of G e  on ZnSe by t h e  s o l u t i o n  growth 

method and G e  on G a A s  o r  ZnSe by t h e  d i s p r o p o r t i o n a t i o n  of germanium 

d iod ide  w a s  cont inued w i t h  changes made i n  bo th  systems. I n  a d d i t i o n  

work w a s  i n i t i a t e d  t o  evapora t e  G e  on ZnSe o r  GaAs i n  an  u l t r a -h igh  

vacuum system a t  a low s u b s t r a t e  temperature .  

I n i t i a l  

The i n v e s t i g a t i o n  of 
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2.  - GROWTH OF GaAs-Ge HETEROJUNCTIONS 

During t h e  p a s t  r e p o r t  pe r iod  t h e  work i n  t h i s  area f e l l  i n t o  

t h e  t h r e e  c a t e g o r i e s  as d i scussed  below. 

2.1 Autodopinq of GaAs E p i t a x i a l  Layers 

Although cond i t ions  of growth had p rev ious ly  been e s t a b l i s h e d  

which produced t h i c k  GaAs l a y e r s  of good q u a l i t y ,  some obse rva t ions  

i n d i c a t e d  t h a t  a r eg ion  of comparat ively h igh  r e s i s t i v i t y  o r  a 

b a r r i e r  t o  c u r r e n t  f low e x i s t e d  n e a r  t h e  i n t e r f a c e .  Typica l ly  

t h e  bulk  r eg ion  of t h e  GaAs l a y e r s  has  a mob i l i t y  of 

(V-sec)-' and a carrier concen t r a t ion  of about  5 x 

Even i n  t h e  case of degenera te  n-n h e t e r o j u n c t i o n s ,  however, t h e  

r e s i s t a n c e  between ohmic c o n t a c t s  t o  t h e  G a A s  s u r f a c e  and t h e  G e  s u r f a c e  

w a s  l a r g e r  than  t h e  measured c o n t a c t  r e s i s t a n c e  of t h e  p a r t i c u l a r  ohmic 

con tac t .  The r e l a t i v e l y  ohmic n a t u r e  of n-GaAs l a y e r s  grown on de- 

gene ra t e  p-Ge (so as t o  prevent  convers ion  of t h e  p-layer by arsenic) 

a l s o  i n d i c a t e d  t h a t  t h e  GaAs near t h e  G e  i n t e r f a c e  was h e a v i l y  doped. 

This l e a d  t o  t h e  s tudy  of t h e  carrier concen t r a t ions  i n  t h e  r eg ions  

n e a r  t h e  GaAs-Ge i n t e r f a c e .  

2 about  3000 c m  

eme3 o r  less. 

Carrier concen t r a t ion  p r o f i l e s  w e r e  made of GaAs f i l m s  grown 

on G e  under v a r i o u s  cond i t ions .  

b a r r i e r  d iodes  on t h e  s u r f a c e  and measure t h e  v a r i a t i o n  of capac i t ance  

w i t h  v o l t a g e ,  then  e t c h  away a s m a l l  t h i ckness  and make ano the r  diode.  

The l a y e r s  s t u d i e d  w e r e  grown a t  6OOOC and 65OoC on (100) and 8" o f f  

(111) G e  s eeds .  The HC1 Concent ra t ion  v a r i e d  from .03% t o  .2%. It 

The procedure w a s  t o  fa 'o r ica te  Schot tky 

w a s  found t h a t  f o r  a l l  l a y e r s  t h e  carrier concen t r a t ion  inc reased  

r a p i d l y  w i t h i n  l / o f  t h e  j u n c t i o n .  

from t h e  i n t e r f a c e  t h e  e l e c t r o n  concen t r a t ion  w a s  g r e a t e r  than  

2 x 

w a s  1 t o  5 x 10l6 emm3. 

t h e  carrier concen t r a t ion  n e a r  t h e  i n t e r f a c e  should be  g r e a t e r  t h a n  

10l8  c~y-'. The r e s u l t s  appear  t o  be  reasonably independent of t h e  

growth c o n d i t i o n s  s t u d i e d  and most l i k e l y  are a r e s u l t  o f  G e  auto-  

doping. 

I n  a l l  l a y e r s  a t  0.3 t o  0 . 5 p  

emM3 whereas t h e  concen t r a t ion  a t  a th i ckness  of 2-3# 

An e x t r a p o l a t i o n  of t h e  d a t a  i n d i c a t e s  t h a t  

2 



2.2 AutodopinR of G e x u b s t r a t e  by Arsenic  

W e  have determined t h a t  f o r  normal growth cond i t ions  a t  

moderate H C 1  concen t r a t ions  t h e  concen t r a t ion  of a r s e n i c  incor -  

pora ted  a t  t h e  s u r f a c e  i s  about  1 t o  2 x lo1’ cmm3 which ag rees  

wi th  t h e  s o l i d  s o l u b i l i t y  d a t a .  I n  cases where e x t r a o r d i n a r i l y  

h igh  H C 1  concen t r a t ions  are used t h e  concen t r a t ion  may be such 

as t o  overcompensate a d i f f u s e d  p-type l a y e r  of s u r f a c e  concen t r a t ion  

-5 x lo1’ ~ m ’ ~ .  This  may be expla ined  by concen t r a t ion  enhancement 

of t h e  s o l u b i l i t y  of a r s e n i c .  There appears  t o  be  some s u r f a c e  

l i m i t a t i o n  f o r  d i f f u s i o n  of a r s e n i c  from t h e  GaAs l a y e r  because 

w e  f i n d  t h a t  t h e  s u r f a c e  concen t r a t ion  i s  lower f o r  h ighe r  sub- 

strate growth temperatures  ( longe r  a r s e n i c  d i f f u s i o n  l eng ths )  . 
I n  a previous  r e p o r t  w e  d i scussed  t h e  e f f e c t  of va ry ing  

t h e  growth system s t a r t - u p  procedure on t h e  a r s e n i c  s u r f a c e  con- 

c e n t r a t i o n  of t h e  G e  s u b s t r a t e ,  It w a s  shown t h a t  by doubl ing t h e  

f low rate dur ing  t h e  e a r l y  p a r t  of t h e  run  so  as t o  raise t h e  HC1 

concen t r a t ion  qu ick ly  t h e  A s  s u r f a c e  concen t r a t ion  could be  lowered 

t o  about  8 x 10 l8  

t h e  i n i t i a l  flow rate t o  f i v e  t i m e s  t h e  normal va lue  i n  a separate 

growth run r e s u l t e d  i n  an A s  s u r f a c e  concen t r a t ion  of 2 x 1019 cm 

A f u r t h e r  experiment i n d i c a t e s  t h a t  an H C 1  concen t r a t ion  of .01% 

coupled w i t h  a h igh  enough temperature  g r a d i e n t  t o  achieve  a 

reasonably  h igh  growth rate r e s u l t s  i n  a ve ry  t h i n  a r s e n i c  converted 

l a y e r  i n  p-type G e .  

be made, presumably because of t h e  ve ry  sha l low depth  and proximi ty  

of t h e  j u n c t i o n  t o  t h e  s u r f a c e .  

f o r  s u b s t r a t e  temperatures  of 600°C. I n c r e a s i n g  

-3 . 

No d e f i n i t e  measurements of d i f f u s e d  depth  could 

For growth runs  where t h e  i n i t i a l  gas f low is t w i c e  t h e  normal 

f low f o r  a pe r iod  equa l  t o  t h e  t i m e  c o n s t a n t  f o r  f i l l i n g  t h e  growth 

system, t h e  sha l low d i f f u s i o n  depths  of a r s e n i c  i n t o  p-Ge seeds  have 

been measured by p r e c i s e  ang le  l app ing  and photo-voltage measurements. 

The s h e e t  r e s i s t a n c e s  of t h e  d i f f u s e d  l a y e r s  have a l s o  been measured 

by an analogous technique ,  The a r s e n i c  s u r f a c e  concen t r a t ion  may be  

c a l c u l a t e d  from t h e  d i f f u s i o n  c o e f f i c i e n t  (D) a p p r o p r i a t e  t o  t h e  

temperature  c y c l e  of t h e  growth run and t h e  measured j u n c t i o n  depth  (x.). 3 

3 



It may a l s o  be  c a l c u l a t e d  from t h e  measured s h e e t  resistance and t h e  

measured j u n c t i o n  depths .  For t h i s  purpose publ i shed  curves by 

D.B.  C u t t r i s s  are used. (2) 

j3 The s u r f a c e  concen t r a t ion  (C  ) c a l c u l a t e d  from D and x 
S 18 has  a v a l u e  of about  8 x 10 

ag rees  i n  most cases w i t h  t h e  v a l u e  ob ta ined  from t h e  s h e e t  resistance. 

A p o r t i o n  of t h e  material (nGaAs l a y e r  on pGe) from one such run  w a s  

subsequent ly  d i f f u s e d  i n  a s e a l e d ,  eva lua ted  ampoule of s m a l l  volume 

a t  650°C f o r  6 days.  The r e s u l t i n g  x 

of D i m p l i e s  a v a l u e  of C of 2 - 3 x 10  c m  . The s h e e t  

r e s i s t a n c e s  measured are in  g e n e r a l  agreement w i t h  t h i s  r e s u l t .  

The lowering of t h e  arsenic concen t r a t ion  by pos t -d i f fus ion  i n d i c a t e s  

t h a t  t h e r e  i s  a l i m i t a t i o n  of t h e  supply. of a r s e n i c  t o  t h e  G e  s u r f a c e  

from t h e  G a A s .  The va lues  normally obta ined  f o r  t h e s e  runs  are n e a r  

t h e  s o l i d  s o l u b i l i t y  f o r  t h e  growth tempera ture ,  The s p e c i f i c  cond i t ions  

r e f e r r e d  t o  are a s u b s t r a t e  tempera ture  of 60OoC-65O0C, H C l  concen t r a t ion  

of .036%, i n i t i a l  f low rate of double t h e  f i n a l  rate, and s u b s t r a t e  

o r i e n t a t i o n  of 8" o f f  t h e  (111) p lane  toward (100).  I n  o r d e r  f o r  t h e r e  

t o  be a l i m i t a t i o n  of t h e  a r s e n i c  supply from t h e  GaAs t o  t h e  G e  t h e r e  

cmm3 f o r  runs  made a t  600°C. This  

u s ing  t h e  a p p r o p r i a t e  va lue  
j 18 -3 

S 

must e i t h e r  be a l a r g e  d i f f e r e n c e  i n  t h e  d i f f u s i o n  rates o r  t h e r e  must 

be a b a r r i e r  t o  t h e  d i f f u s i o n  process  a t  t h e  i n t e r f a c e .  

G ~ l d s t e i n ' ~ )  has  measured t h e  s e l f - d i f f u s i o n  of G a  and A s  

i n  GaAs and found a r e l a t i v e l y  temperature  independent d i f f u s i o n  

c o e f f i c i e n t  of 4 x c m  /sec. below 1200°C. However, Kendal l  

has  reviewed t h e  a v a i l a b l e  l i t e r a t u r e  and f i n d s  t h a t  v a l u e s  of Do and 

Q of .7 c m  sec. and 3.2 e V  are i n  b e t t e r  agreement w i t h  t h e o r e t i c a l  

p r e d i c t i o n s .  The v a l u e  of t h e  s e l f - d i f f u s i o n  c o e f f i c i e n t  of A s  i n  GaAs 

c a l c u l a t e d  from Kenda l l ' s  d a t a  i s  3 x 10 c m  sec a t  600°C. The 
2 -1 v a l u e  f o r  A s  i n  G e  i s  c m  sec a t  t h e  same temperature .  From 

simple d i f f u s i o n  theory  t h e  r a t i o  of t h e  concen t r a t ion  a t  t h e  inter- 

f a c e  between t h e  two materials w i l l  be  e q u a l  t o  t h e  squa re  r o o t  of t h e  

r a t i o  of t h e  d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  two materials. The i n t e r f a c e  

Concent ra t ion  r a t i o  c a l c u l a t e d  from t h e  above d a t a  is  1 . 7  x 10  . 
This  y i e l d s  an arsenic s u r f a c e  concen t r a t ion  of about  4 x 10 

2 ( 4 )  

2 -1 

-19 2 -1 

-3 - 
1 9  -3 cm 
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Although t h i s  is  about  an o rde r  of magnitude h ighe r  than  t h e  

observed A s  s u r f a c e  concen t r a t ions  a f t e r  p o s t  d i f f u s i o n  i t  

i s  n o t  unreasonable  t o  suppose t h a t  s i m p l e  t heo ry  accounts  f o r  

t h e  observed behavior ,  e s p e c i a l l y  i n  view of t h e  l a r g e  u n c e r t a i n t y  

i n  t h e  s e l f - d i f f u s i o n  d a t a  f o r  GaAs.  

2 . 3  Device C h a r a c t e r i s t i c s  and F a b r i c a t i o n  

Two growth runs  made dur ing  t h i s  pe r iod  i l l u s t r a t e ,  to- 

ge the r  wi th  prev ious  work, t h e  e s s e n t i a l  l i m i t s  on he te ro-  

j u n c t i o n  t r a n s i s t o r  formation by t h i s  growth system. The f i r s t  

w a s  made a t  0.036% H C 1  concen t r a t ion  and 600°C seed  temperature  

onto two n-type seeds  wi th  a d i f f u s e d  p- layer .  

c e n t r a t i o n  of one w a s  approximately 4 x 10l8 emm3 and of t h e  

o t h e r  2 x 10’’ ~ m - ~ .  
1 9  -3 w a s  converted t o  n-type wh i l e  t h a t  d i f fused  a t  2 x 10 

converted.  

t h e  r e s u l t i n g  nGaAs-pGe-nGe t r a n s i s t o r  showed t h e  t y p i c a l  low 

leakage  and good s a t u r a t i o n  of a good G e  diode.  The emitter- 

base  j u n c t i o n  o r  h e t e r o j u n c t i o n  w a s  very  lossy and none of t h e  

devices  f a b r i c a t e d  e x h i b i t e d  any c u r r e n t  ga in .  

The s u r f a c e  con- 

18 -3 The s u r f a c e  of t h e  seed  d i f f u s e d  a t  4 x 10 c m  

c m  w a s  n o t  

Af t e r  t h e  growth run  t h e  base -co l l ec to r  j u n c t i o n  of 

The second run  w a s  done a t  0.036% H C 1  concen t r a t ion  a t  

a seed  tempera ture  of 57OoC onto a seed  d i f f u s e d  w i t h  a s u r f a c e  

concen t r a t ion  of approximately 5 x 10 c m  . The r e s u l t i n g  

h e t e r o j u n c t i o n  t r a n s i s t o r s  e x h i b i t  very  good base -co l l ec to r  

j u n c t i o n s  and t h e  DC c u r r e n t  g a i n  (p) ranges  from 1 t o  5 w i t h  

t h e  ,6 of most dev ices  l y i n g  between 1 and 2. 

devices  is  reasonably c o n s t a n t  w i t h  i n c r e a s i n g  emitter c u r r e n t .  

18 -3 

The g a i n  of t h e s e  

P rev ious ly ,  t r a n s i s t o r s  have been made i n  our  l a b o r a t o r y  

under cond i t ions  f avor ing  r a p i d  growth and poor GaAs c r y s t a l  

q u a l i t y .  

Some devices  w i t h  r e l a t i v e l y  poor base -co l l ec to r  j u n c t i o n s  show 

g a i n s  up t o  50. 

These t r a n s i s t o r s  e x h i b i t  v a l u e s  of /c3 from 2-10. 
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These devices  a11 had a h igh  resistance emitter.  

t r a n s i s t o r s  made under cond i t ions  f avor ing  good c r y s t a l  q u a l i t y ,  

as above, show low ga ins ,  y e t  have low emitter r e s i s t a n c e s .  

Our r e s u l t s  sugges t  t h a t  i n  t h i s  system, t h e  growth of good 

q u a l i t y  l a y e r s  i s  always accompanied by heavy autodoping of 

Conversely,  " 

t h e  GaAs n e a r  t h e  h e t e r o j u n c t i o n  by G e  as w a s  r epor t ed  previous ly .  

On t h e  o t h e r  hand, by maximizing t h e  growth rate by means of 

i nc reased  H C 1  concen t r a t ions ,  t h e  e f f e c t i v e  carrier concen t r a t ion  

i n  t h e  GaAs a t  t h e  i n t e r f a c e  appears  t o  be lower.  Gain i s  

r e a l i z e d  bu t  i s  t r aded  f o r  h igh  emitter r e s i s t a n c e  due t o  low 

mobi l i t y .  

A l s o  dur ing  t h i s  pe r iod  s t a t i c  cu r ren t -vo l t age  cha rac t e r -  

i s t ics  have been s t u d i e d  f o r  some h e t e r o j u n c t i o n  d iodes  grown 

a t  5 5 0 ° C  and 6 0 0 ° C  on , 0 0 3 A - c m  p-type G e  and f o r  t h e  emitter 

h e t e r o j u n c t i o n s  of t h e  most s u c c e s s f u l  t r a n s i s t o r  run .  The 

t r a n s i s t o r s  were grown a t  570°C on a base  r eg ion  w i t h  an approx- 

imate accep to r  s u r f a c e  concen t r a t ion  of 5 x cm-3. Capacitance- 

v o l t a g e  curves have a l s o  been taken f o r  a few of t h e  he te rodiodes  

which have s u f f i c i e n t l y  low leakage.  

The i n t e r p r e t a t i o n  *of t h e  cur ren t -vol tage  c h a r a c t e r i s t i c s  

of t h e s e  j u n c t i o n s  is unc lea r  a t  t h i s  p o i n t .  I f  t h e  v-i 
r e l a t i o n s  are p l o t t e d  on log-log paper  they  e x h i b i t  a s t r a i g h t  

lice reg ion  i n d i c a t i n g  a power l a w  v a r i a t i o n  f o r  a p o r t i o n  of 

t h e  c h a r a c t e r i s t i c .  

t empera ture  and increases t o  7 o r  8 a t  low temperatures .  

On t h e  o t h e r  hand, i f  t h e  v-i r e l a t i o n s  are p l o t t e d  as In I VS. V 

they  a l s o  e x h i b i t  a s t r a i g h t  l ine  r e g i o n  f o r  a p o r t i o n  of the 

c h a r a c t e r i s t i c  i n d i c a t i n g  t h e  normal thermal  d iode  behavior .  

The exponent varies from 2-4 a t  room 

The power l a w  v a r i a t i o n  is  normally a s s o c i a t e d  w i t h  

space-charge-l imited c u r r e n t  i n  t h e  presence  of t r a p s  i n  h igh  

r e s i s t i v i t y  material. The capac i tance-vol tage  curves  of t h e  

he t e rod iodes  grown a t  5 5 O o C ,  however, show a variation of 

1 / C  VS. v o l t a g e  from which a f a i r l y  cons2s t en t  v a l u e  of about  
2 
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4 x 1017 cm-3 i s  de r ived ,  presumably f o r  t h e  e lec , t ron  con- 

c e n t r a t i o n  i n  t h e  G a A s .  Th i s  va lue  r e p r e s e n t s  a lower l i m i t ,  

s i n c e  any e r r o r s  i n  t h e  e f f e c t i v e  area of t h e  d iode  due t o  

a p o s s i b l e  h igh  va lue  of f i l m  r e s i s t i v i t y  would r e s u l t  i n  

i n c r e a s i n g  t h e  va lue .  Values of moderate r e s i s t i v i t y  might 

r e s u l t  f o r  low va lues  of mob i l i t y  i n  t h e s e  h e a v i l y  autodoped 

t h i n  f i l m s .  The e l e c t r o n  concen t r a t ion  of t h e  s u r f a c e  of 

t h e  GaAs i n  t h e  t r a n s i s t o r s  w a s  found t o  be about  5 x 1017 cm-3 

by Schot tky d iode  measurements. 

One p o s s i b l e  exp lana t ion  is  t o  assume t h a t  cu r ren t -  

v o l t a g e  c h a r a c t e r i s t i c  i s  dominated by t h e  p r o p e r t i e s  of a 

r eg ion  nea r  t h e  i n t e r f a c e  which may be  compensated t o  a moderate 

or h igh  r e s i s t i v i t y  o r  else has  a h igh  concen t r a t ion  

face states which affect  t h e  c h a r a c t e r i s t i c .  I f  t h e  heavy doping 

l e v e l  remains up t o  t h e  j u n c t i o n  i t  would l e a d  t o  a very  narrow 

d e p l e t i o n  r e g i o n  s o  t h a t  t unne l ing  e f f e c t s  may be  important .  

A t  p r e s e n t  w e  are a t t empt ing  t o  a r r i v e  a t  a s a t i s f a c t o r y  explana- 

t i o n  f o r  t h e s e  seemingly c o n t r a s t i n g  obse rva t ions .  

3. DOPING GROWN ZnSe LAYERS 

of i n t e r -  

- 
For some t i m e  a t t empt s  have been made t o  dope l a y e r s  of ZnSe 

2 - 5 p t h i c k  grown on G e  and G a A s  by t h e  H C 1  close-spaced e p i t a x i a l  

p rocess .  Grown ZnSe has  r e s i s t i v i t i e s  of 10  -10 ohm-cm i f  no 

a t t empt  is  made t o  suppress  Zn vacancies  ( accep to r s )  which form 

above 400°C. 

and t h e  ZnSe becomes h igh  r e s i s t i v i t y .  ZnSe can be  doped t o  0.1-10 

ohm-cm by submerging i t  i n  molten z i n c  ( suppress  Zn vacancies )  p l u s  

a donor dopant (Ga, A l ,  I n )  a t  tempera tures  above 900OC.  Such 

a technique  is  n o t  d i r e c t l y  a p p l i c a b l e  t o  grown l a y e r s  of ZnSe 

since Zn a t t a c k s  t h e  G e  and GaAs s u b s t r a t e s  and in t roduces  ex- 

cessive s t r a i n  at: tempera tures  above 900OC. Thus o t h e r  methods 

of doping a t  Lower temperatures  have t o  b e  r e s o r t e d  t o .  

6 8  

These accep to r - l i ke  vacancies  compensate any donors ,  
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High r e s i s t i v i t y  grown ZnSe shows space-charge-limited c u r r e n t  

f low which masks t h e  t r u e  c h a r a c t e r i s t i c s  of ZnSe-Ge and ZnSe-GaAs 

j u n c t i o n s ,  and creates excess ive ly  l a r g e  emitter r e s i s t a n c e s  i n  ZnSe-Ge 

and ZnSe-GaAs t r a n s i s t o r s .  It is  imperative t h a t  t h i s  h igh  r e s i s t a n c e  

ZnSe be made more conducting. 

l a y e r  r e s i s t i v i t y .  A l l  make u s e  of Zn ove rp res su re  t o  suppress  Zn 

vacancies ,  donor inco rpora t ion  by d i f f u s i o n ,  growth from doped sources I  

o r  a combination of a l l  these .  However, a l l  t h e s e  methods have f a i l e d  

t o  produce grown l a y e r  res is t ivi t ies  less than  1000 ohm-cm, f o r  which 

space-charge c h a r a c t e r i s t i c s  are s t i l l  dominant. 

S e v e r a l  methods were used t o  lower grown 

A l i s t  of the methods t r i e d  t o  lower grown ZnSe r e s i s t i v i t y  is  

given below. 

r e s u l t s  fo l lows .  

A b r i e f  d i s c u s s i o n  of each method a long  w i t h  i t s  

Method I. Growth from G a  doped ZnSe sources  followed by 
pass ing  Zn vapor over  t h e  growth as i t  i s  cooled 
t o  room temperature:  

Method 11. Dif fus ion  of Zn from evaporated Zn l a y e r s  i n t o  ZnSe 
grown from G a  doped sources .  

Method 111. Placement of A 1  i n  t h e  H C 1  l i n e  du r ing  t h e  growth 
process .  

Method I V .  Open tube  d i f f u s i o n  of Ga immediately a f t e r  growth. 

Method V. Closed tube  d i f f u s i o n  of G a  and Zn aEter growth. 

Method I. 

g ive  t h e  b e s t  r e s u l t s .  

This  method w a s  p rev ious ly  employed ( 4 ’ 5 )  and appears  t o  

cmm3 g ive  1014 ~ m ’ - ~  G a  grown material (1000 ohm-cm) i n d i c a t i n g  

A 1  doped sources  w i t h  a donor concen- 

G a  sou rces  wi th  a donor concen t r a t ion  of 

a low dopant t r a n s f e r  r a t i o .  

t r a t i o n  of 5 x 1 O I 8  cmM3 y i e l d  l o 5  -10 

t h e r e f o r e  have n o t  been used.  

reacts w i t h  t h e  HC1 t o  form s t a b l e  G a  and A l  c h l o r i d e s .  V-I cha rac t e r -  

i s t ics  of t h e  ZnSe-Ge ( G a A s )  j u n c t i o n s  s o  t r e a t e d  show a h i g h  power 

l a w  (space-charge) forward c u r r e n t  (ZnSe nega t ive )  and a good reverse 

6 ohm-cm grown material and 

It is  be l i eved  t h a t  any f r e e  G a  o r  A l  

c h a r a c t e r i s t i c  ( < l p a ,  1OV) .  

method provides  doped ZnSe as i t  emerges from t h e  growth system a l lowing  

It should be  po in ted  ou t  t h a t  t h i s  

t h e  z i n c  s t e p  t o  occur  du r ing  slow cool-down. 

crack producing h e a t  treatments are necessary .  A l l  t h e  o t h e r  methods 

except  Method I11 r e q u i r e  af ter-growth h e a t  treatments o r  excessive 

temperatures .  

No f u r t h e r  s t r a i n  o r  
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-- Method 11 It w a s  thought t h a t  d i f f u s i o n  of Zn from an  evaporated 

l a y e r  might be more e f f e c t i v e  than  Zn vapor d i f f u s i o n  (Method I).  

I n  t h i s  merliod a t h i n  (1000-2000 A ) l a y e r  of Zn i s  evaporated 

onto the grown l a y e r  s u r f a c e  a long  w i t h  an  ove r l aye r  of p r o t e c t i v e  

A 1  t o  prevent  Zn evapora t ion .  The h e t e r o j u n c t i o n  and i t s  Zn-A1 

l a y e r  i s  then  hea ted  s lowly (Z0C/min) t o  450°C-500°C f o r  pe r iods  

of 10 min. t o  2 hours  and then  cooled a t  t h e  s a m e  rate t o  prevent  

c racking .  ZnSe l a y e r  t h i cknesses  ranged from 1 P t o  8 p o n  (111) 

and (100) G e  s u b s t r a t e s  and on (111) GaAs (Ga-face). V-I  char- 

acter is t ics  i n d i c a t e d  ZnSe resistivities and forward characrer- 

i s t i c s  as good as Method I. However, t h e  reverse c h a r a c t e r i s t i c  

w a s  u s u a l l y  similar t o  a 10K-100K r e s i s t o r  i n d i c a t i n g  a p o s s i b l e  

p i l e  up of Zn a t  t h e  i n t e r f a c e ,  

r e v e r s e  c h a r a c t e r i s t i c s  than  d i d  ZnSe-Ge probably because t h e  

d i f f u s i o n  c o e f f i c i e n t  of Zn in  GaAs is  much l a r g e r  than  t h a t  

f o r  G e  a l lowing  f o r  less Zn p i l e  up. 

0 

ZnSe-GaAs j u n c t i o n s  had b e t t e r  

It appears  t h a t  z i n c  d i f f u s i o n  from t h e  vapor and from 

evaporated l a y e r s  i s  e q u a l l y  e f f e c t i v e  i n  reducing ZnSe resist- 

i v i t y  by Zn vacancy suppress ion .  

f u r t h e r  i t  w i l l  be  necessary  tt, i n c o r p o r a t e  more donor atoms. 

such as A 1  o r  G a  i n t o  t h e  l a t t i ce .  The n e x t  t h r e e  methods 

a t tempted  t o  do t h i s .  

Method I11 ZnSe w a s  grown on G e  u s ing  a G a  doped source  along 

w i t h  some A 1  p laced  i n  t h e  growth system H C 1  l i n e  immediately 

b e f o r e  t h e  growth area. The A 1  would react w i t h  t h e  HC1, be  

c a r r i e d  t o  t h e  growth area as A1C13, and be  inco rpora t ed  i n t o  

t h e  growth as e lementa l  A 1  o r  a c h l o r i n e  compound. 

chosen over  G a  because 1) e lemen ta l  G a  i n  t h e  active p a r t  of t h e  

To reduce t h e  r e s i s t i v i t y  

A 1  w a s  

growth system promotes ZnSe e t c h i n g  and poor ly  grown l a y e r s  and 

2) A 1  dopes ZnSe more h e a v i l y  than  G a  does.  The r e s u l t s  of t h e  

experiments  however, i n d i c a t e d  t h a t  t h e  A l C l  w a s  t o o  s t a b l e  t o  

a l low i n c o r p o r a t i o n  of A 1  i n  t h e  ZnSe. 

w e r e  no b e t t e r  t han  those  grown w i t h  only  G a  sou rce  material 
5 ( lo3  - 10 ohm-cm). 

3 
Layers  grown by t h i s  method’ 
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Xethod I V  G a  vapor  d i f f u s i o n  i n  t h e  growth system appeared attractive 

because s e p a r a t e  experiments  w i t h  vapor  d i f f u s i o n  of G a  i n t o  bu lk  ZnSe 

gave r e s i s t i v i t i e s  of 0.1-0.2 ohm-cm whereas t h e  same expe r inen t  w i t h  

A 1  y i e l d e d  1-10 ohm-cm material - which is  no b e t t e r  than t h a t  ob ta ined  

w i t h  only  a z i n c  vacancy suppres s ion  s t e p .  

G a  i s  less reactive w i t h  S i  than  is  Al, thereby  reducing a t t a c k  on 

t h e  growth system q u a r t z  and S i  b locks .  

Also a t  e l e v a t e d  tempera tures  

A d i f f u s i o n  temperature  of 

900°C w a s  chosen as necessary  f o r  G a  t o  d i f f u s e  through grown l a y e r s  

a few microns t h i c k  i n  a matter of 1 /2  hour.  

r e s t r i c t e d  t h i s  method t o  ZnSe-GaAs s i n c e  G e  m e l t s  a t  940°C and 

might form a s o l i d  s o l u t i o n  wi th  ZnSe, 

by a 2000-3000 A l a y e r  of Sf02. 

This  h igh  tempera ture  

A l l  exposed GaAs w a s  p ro t ec t ed  
0 

The open-tube d i f f u s i o n  w a s  performed i n  t h e  growth system 

immediately a f t e r  growth. The source  and seed  w e r e  brought  t o  

t h e  growth temperature  of 640"C, and then w e r e  s lowly  e l e v a t e d  

from 640°C t o  900°C (2"C/min). During growth t h e  system had 

conta ined  a , q u a r t z  boa t  of G a  p laced  upstream of t h e  growth reg ion  

s o  t h a t  i t  w a s  n o t  i n  d i r e c t  con tac t  w i t h  H C 1  o r  temperatures  g r e a t e r  

than 150°C. 

c a r r i e d  by f lowing H 

l a y e r  f o r  1 / 2  hour .  

t o  f r e e z e  i n  t h e  Ga) t o  800°C and f i n a l l y  s lowly  (l"C/min) t o  room 

temperature .  R e s u l t s  f o r  several runs  showed t h a t  t h e  ZnSe l a y e r  

tended t o  be removed by a combination of G a  and M2 e t c h i n g  a t  

e l e v a t e d  temperatures .  It  w a s  concluded t h e r e f o r e  t h a t  t h i s  method 

of doping w a s  n o t  c o n t r o l l a b l e  and a t t e n t i o n  w a s  tu rned  t o  t h e  

p o s s i b i l i t y  of c losed  tube  d i f f u s i o n  of G a .  

Method V I n  t h e  closed-tube d i f f u s i o n  experiment a grown ZnSe-GaAs 

h e t e r o j u n c t i o n  w a s  s e a l e d  up i n  a q u a r t z  ampoule w i t h  enough Zn ( t o  

suppress  Zn vacancies) and G a  t o  main ta in  t h e i r  equ i l ib r ium vapor 

p r e s s u r e s  a t  900OC. This  method is l i m i t e d  t o  ZnSe-GaAs j u n c t i o n s  

2 '  because G e  i s  s o l u b l e  i n  Zn. 

The ampoule w a s  hea t ed  (2-3'C/min) t o  900°C, he ld  t h e r e  f o r  1 /2  - 2 

hours  (depends on ZnSe t h i c k n e s s ) ,  cooled (4-5"C/min) t o  800"C, 

cooled (2-3OC/min) t o  7OO0C and then  quenched i n  water. 

This  boa t  w a s  then  hea ted  t o  900°C and G a  vapor  w a s  

gas  down t h e  tube  and over t h e  grown ZnSe 2 
Then t h e  ZnSe l a y e r  w a s  cooled qu ick ly  (4-5"C/min 

The GaAs was p r o t e c t e d  by S i 0  

10 



The f a s t  coo l  from 900°C t o  8OOOC f r e e z e s  i n  G a  wh i l e  t h e  quench 

f r e e z e s  i n  Zn i n  t h e  ZnSe l a t t i c e .  

much as l o p o f  G a  doped s k i n  on semi- insu la t ing  bu lk  ZnSe. 

Quenching has  not  produced cracked material, and t h e  r e s u l t i n g  

forward V-I c h a r a c t e r i s t i c  resembles t h a t  of t h e  b e s t  ZnSe-Ge 

d iodes  made us ing  Method I. 

t o  lower t h e  r e s i s t i v i t y  below 1000 ohm-cm. 

This method can produce as 

The presence of Ga has  not  appeared 

The r e v e r s e  c h a r a c t e r i s t i c  is  u s u a l l y  100-200 K/c. 

1 shows such a V-I  c h a r a c t e r i s t i c .  There s t i l l  appears  t o  be  

some degrada t ion  of reverse c h a r a c t e r i s t i c .  

F igure  

To test t h e  e f f e c t i v e n e s s  of t h e  quenching s t e p  one sample 

hea ted  i n  Zn and G a  b u t  no t  quenched w a s  sub jec t ed  t o  a s e p a r a t e  

Zn vapor d i f f u s i o n  s t e p  (Method I).  The r e s u l t i n g  V- I  cha rac t e r -  

i s t i c  and ZnSe r e s i s t i v i t y  was no b e t t e r  than  t h e  b e s t  ob ta ined  

by quenching. Also ZnSe-Ge samples  grown from G a  doped sources  

w e r e  s u b j e c t e d  t o  quenching a f t e r  h e a t i n g  i n  Zn vapor a t  750°C. 

The r e s u l t  w a s  aga in  1000 ohm-cm ZnSe. 

It appears  t h a t  t h e r e  is  s t i l l  some problem of g e t t i n g  G a  

i n t o  t h e  ZnSe la t t ice;  o r  of excess ive  compensation due t o  l a t t i ce  

s t r a i n  d e f e c t s ,  incomplete  Zn vacancy suppres s ion ,  and accep to r  

i m p u r i t i e s ;  

conduct ion.  

t o  see how m o b i l i t y  is  a f f e c t e d  by t h e  G a  d i f f u s i o n  s t e p .  

reduce compensation a ZnSe-GaAs sample w a s  sub jec t ed  t o  Method V 

t rea tment  w i t h  no z i n c  p r e s e n t  and no quenching. Omission of Zn 

should produce more Zn vacancies  i n t o  which G a  might d i f f u s e  thereby  

enhancing t h e  t o t a l  amount of G a  i n  t h e  l a t t i ce .  

d i f f u s i o n  s t e p  could remove any remaining Zn vacancies .  

t h i s  experiment w e r e  n e g a t i v e  because t h e  absence of a Zn overpressure  

al lowed t h e  ZnSe t o  d i s s o c i a t e  and be d i s so lved  by t h e  Ga.  

o r  of l a t t i c e  mob i l i t y  r educ t ion  s e r i o u s l y  hampering 

Mobi l i ty  experiment measurements are be ing  undertaken 

To 

Later a Zn vapor 

Resu l t s  of 

Experiments 

planned on doping ZnSe grown 

due t o  b e t t e r  grown l a y e r s .  

u n t i l  a b e t t e r  method can be 

on (100) GaAs and G e  may prove more f r v i t f u l  

A s  of now doping w i l l  be  done by Method I 

devised .  
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4 .  PLANAR OHAIL CONTACTS TO ZnSe FOR BETEROJUNCTION TRANSISTORS 

By us ing  photomasking techniques i t  i s  hoped t o  produce 

ZnSe-Ge t r a n s i s t o r s  05 c o n t r o l l e d  geometr ies ,  T~ t h i s  purpose 
emitter e t c h i n g  and evaporated metal c o n t a c t s  experiments  were 

c a r r i e d  ou t  on doped bulk  ZnSe c r y s t a l s  t h a t  w e r e  lapped and were 

chemical ly  po l i shed  e i t h e r  i n  HC1-methanol o r  i n  bromine-methanol 

e t ches .  It w a s  soon r e a l i z e d  however, t h a t  t h e  performance of 

t h e  evaporated c o n t a c t s  on ZnSe e tched  i n  t h i s  way w a s  f a r  from 

s a t i s f a c t o r y .  

r e s i s t a n c e  depending upon t h e  c u r r e n t  f lowing through t h e  sample. 

Moreover t h e  r e s i s t a n c e  w a s  several t i m e s  l a r g e r  than  t h e  r e s i s t a n c e  

of a l l o y e d  c o n t a c t s  on t h e  same material. A c l o s e r  examination 

revea led  t h a t  t h e  main.problem w a s  t h a t  of w e t t i n g  the  semiconductor 

s u r f a c e  by t h e  evapora ted  metal. S ince  s a t i s f a c t o r y  c o n t a c t s  i n  

p l a n a r  geometry are needed b e f o r e  proceeding t o  pho to l i t hograph ic  

processes  f o r  making ZnSe-Ge t r a n s i s t o r ,  t h e  problem of making 

ohmic c o n t a c t s  t o  ZnSe w a s  considered as t h e  f i r s t  s t e p .  

I n  gene ra l  such c o n t a c t s  were non-ohmic wi th  a 

Following t h e  g u i d e l i n e s  t h a t  I n  when a l l o y e d  makes ohmic 

c o n t a c t s  t o  ZnSe c r y s t a l ,  i t  w a s  decided f i r s t  t o  evapora te  I n  on 

lapped and chemical ly  po l i shed  ZnSe samples .followed by a h e a t  treat- 

ment a t  300°C s i m i l a r  t o  a l l o y e d  c o n t a c t s . ’  Problems a r o s e  when t h e  

evaporated I n  l a y e r  w a s  heat t r e a t e d  s i n c e  on mel t ing ,  t h e  l a y e r  

broke up i n t o  an a r r a y  of s m a l l  sphe res  t h a t  spread  i n  random on 

t h e  ZnSe s u r f a c e .  Also t h e  w e t t i n g  of t h e  ZnSe s u r f a c e  by t h e  molten 

I n  m e t a l  w a s  found t o  be  poor ,  and could n o t  be  improved by us ing  

H C 1  gas  as a f l u x .  

evapora ted  on t h e  top  of I n  and t h e  h e a t  t r ea tmen t  app l i ed .  

t h e  me l t ing  p o i n t  of A 1  is  h ighe r  t han  t h e  temperature  a t  which h e a t  

t rea tment  i s  c a r r i e d  out  (300-400OC) t h e  breaking  of t h e  In i n t o  ’ 

s m a l l  spheres  w a s  prevented by t h i s  evapora t ion  of Al. 
t h e  w e t t i n g  of ZnSe s u r f a c e  by t h e  . m e t a l  w a s  s t i l l  poor and the 

To cope w i t h  t h e  f i r s t  problem a l a y e r  of A 1  w a s  

S ince  

However, 

r e s u l t i n g  

samples a 

I n  and Al 

c o n t a c t s  w e r e  nonohmic and of poor q u a l i t y .  

t h i n  l a y e r  of N i  w a s  evapora ted  b e f o r e  evapora t ing  t h e  

l a y e r s  b u t  t h e r e  w a s  no s i g n i f i c a n t  improvement. 

For some 
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Sandwich l a y e r s  of Zn, I n ,  A l ,  N i  hea t ed  t o  500°C f o r  a n  

hour o r  two w e r e  a l s o  t r i e d ,  b u t  showed c o n t a c t  r e s i s t a n c e s  o rde r s  

of magnitude h ighe r  than  f o r  a l loyed  c o n t a c t s .  Alloyed c o n t a c t s  

themselves were found t o  s u f f e r  from we t t ing  problems, For c o n t a c t s  

a l loyed  i n  a n  i n e r t  atmosphere us ing  H e 1  gas as a f l u x ,  i t  w a s  found 

t h a t  only those  p a r t s  of t h e  I n  sphe re  where t h e  H e 1  gas i s  a b l e  t o  

p e n e t r a t e  be fo re  mel t ing  of t h e  I n  makes c o n t a c t  w i t h  t h e  ZnSe s u r f a c e .  

Thus on mel t ing  t h e  I n  sphere  and on subsequent  coo l ing  only a p e r i p h e r a l  

r i n g  i s  r e s p o n s i b l e  f o r  t h e  c o n t a c t s .  The c e n t r a l  area where BC1 gas 

f l u x  i s  unable  t o  p e n e t r a t e  i s  n o t  wet ted  by I n  m e t a l  p rope r ly  and 

does n o t  c o n t r i b u t e  t o  t h e  ohmic c o n t a c t  formation.  C lea r ly  t h e r e  

is  some i n s u l a t i n g  l a y e r  on ZnSe s u r f a c e  t h a t  p reven t s  proper  we t t ing  

of t h e  sample by t h e  molten m e t a l  s o  t h a t  c o n t a c t  q u a l i t y  w i l l  be  

s e n s i t i v e  t o  t h e  s u r f a c e  p r e p a r a t i o n .  This  compelled us  t o  examine 

t h e  ques t ion  of s u r f a c e  p r e p a r a t i o n  more c l o s e l y .  

I n  a l l  of t h e  above experiments  t h e  ZnSe sample w a s  prepared 

by l app ing  success ive ly  by 3 p B  1,&) and 0.05/uA1203 and subsequent 

e t c h i n g  i n  5% H e 1  + 95% methanol s o l u t i o n  f o r  a few minutes .  

t h e  sample w a s  d r i e d  i n  methanol and w a s  d i r e c t l y  taken i n t o  t h e  

vacuum system. A f t e r  evapora t ion  and h e a t  t rea tment  a number of 

r e g i o n s  of about  30 t o  40 m i l  d iameter  ( i . e .  of t h e  same orde r  of 

magnitude as t h e  spheres  used t o  make a l l o y e d  c o n t a c t s  t o  ZnSe) were 

covered w i t h  b l ack  wax and t h e  rest of t h e  metal w a s  e tched  away 

thus  l e a v i n g  a few c i r c u l a r  areas which could  be contac ted  by probes.  

F i n a l l y  

A s e a r c h  of t h e  l i t e r a t u r e  on t h e  s u r f a c e  p repa ra t ion  of ZnSe 

r evea led  t h a t  most chemical  t r ea tmen t s  leave a t h i n  i n s u l a t i n g  f i l m  

on t h e  s u r f  ace. (6) 
s i g n i f i c a n t  improvement i n  t h e  c o n t a c t  q u a l i t y  can be  expected un le s s  

t h i s  remnant f i l m  th i ckness  is  reduced. Hence, a s p e c i a l  c l ean ing  

proceedure very  similar t o  one recommended i n  r e f e r e n c e  (6)  is be ing  

t r i e d .  No p r o v i s i o n  w a s  made t o  measure t h e  f i l m  th i ckness  i n  t h e  

l a b o r a t o r y  and t h e  r e s u l t s  r e p o r t e d  i n  r e f e r e n c e  (6) were taken  

as gu ide l ines .  The proceedure is  as f o l l o w s ,  

From t h e s e  f i g u r e s  i t  became obvious t h a t  no 

The s a n p l e  i s  lapped w i t h  l p A 1 2 0 3 ,  e t ched  i n  1/2% bromine 

+ methanol s o l u t i o n  t o  g e t  a smooth looking  s u r f a c e .  A f t e r  removing 
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bromine traces t h e  sample w a s  e tched f o r  t i m e s  ranging from 10 t o  

30 minutes i n  conc. H2S04 -k KMn04 s o l u t i o n  a t  room temperature .  

This  is  fol lowed by a r i n s e  i n  w a r m  de ionized  water and soaking 

i n  w a r m ' K C N  s o l u t i o n  f o r  about  5 minutes and a subsequent r i n s e  

i n  ho t  de ion ized  w a t e r .  Before t ak ing  i t  i n t o  vacuum system t h e  

sample i s  d r i e d  i n  methanol as usua l .  

S ince  t h e  p rogres s  of l oad ing  t h e  sample s u r f a c e  may absorb 

oxygen and o t h e r  i m p u r i t i e s  from t h e  atmosphere,  a pre-evaporat ion 

h e a t  t rea tment  of t h e  sample may be  h e l p f u l  i n  provid ing  a c l e a n e r  

s u r f a c e  than  o therwise .  It w a s  a l s o  a n t i c i p a t e d  t h a t  t h e  remnant 

f i l m  may con ta in  some v o l a t i l e  c o n s t i t u e n t s  t h a t  may evapora te  

upon h e a t i n g  i n  vacuum. To h e a t  t h e  sample, a s t a i n l e s s  s tee l  ho lde r  

w a s  made. A nichrome w i r e  h e a t e r  wrapped i n  mica s h e e t  w a s  sandwiched 

between two s t a i n l e s s  s tee l  p l a t e s .  The h e a t i n g  c o i l  w a s  i n s u l a t e d  

from t h e  m e t a l  by mica s h e e t s .  A number of experimental .  runs  w e r e  

made a f t e r  t h i s  new s u r f a c e  c l ean ing  procedure w a s  adopted and t h e  

p rov i s ion  f o r  h e a t i n g  t h e  s u b s t r a t e  w a s  used. Table (1) shows t h e  

r e s u l t s  ob ta ined .  Although t h e s e  new procedures  b r i n g  cons ide rab le  

improvements i n  t h e  con tac t  q u a l i t y ,  t h e  s ta te  of a f f a i r s  i s  s t i l l  

f a r  from s a t i s f a c t o r y .  

w i t h  roughly l i n e a r  r e l a t i o n  between c u r r e n t  and vo l t age  are obta ined  

on a s u b s t r a t e  hea ted  t o  300°C f o r  about  one and one-half hour b e f o r e  

evapora t ing  I n  b u t  t h e  q u a l i t y  of t h e s e  c o n t a c t s  is 3 t o  5 t i m e s  ' 

i n f e r i o r  t o  t h a t  of t h e  a l l o y e d  c o n t a c t s  on t h e  same material under 

similar cond i t ions .  This  d i screpancy  i s  d e f i n i t e l y  due t o  poor 

we t t ing  and poor  c o n t a c t  area between l i q u i d  In and ZnSe s u r f a c e s .  

The use  of N i  improves t h e  w e t t i n g  of ZnSe s u r f a c e  by t h e  molten 

metal b u t  a l s o  in t roduces  sometlring t h a t  makes t h e  c o n t a c t s  r e c t i f y i n g  

i n s t e a d  of ohmic. These c o n t a c t s  breakdown a t  about  5 v o l t s  and t h e  

p o s t  breakdown v a l u e  of t h e  resistance i s  about  t h e  same as t h a t  of 

t h e  a l l o y e d  c o n t a c t s .  The reason  f o r  t h e  r e c t i f i c a t i o n  is  n o t  very  

clear b u t  probably p a r t l y  l i es  i n  t h e  f a c t  t h a t  the material used 

f o r  evaporat ion-was not pu re  enough, 

As can be  seen  from t h e  t a b l e ,  c o n t a c t s  
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However, when N i  w a s  chemical ly  p l a t e d  i n s t e a d  of evapora t ing  t h e  

r e s u l t s  could n o t  b e  improved e i t h e r .  Two problems must be solved:  

a) 

t h e  molten m e t a l ,  b)  t h e  th i ckness  of t h e  h igh  r e s i s t i v i t y  i n s u l a t i n g  

l a y e r  a t  t h e  ZnSe s u r f a c e  should b e  reduced t o  a minimum. Specula t ion  

cn t h e  n a t u r e  and composition of t h e  i n s u l a t i n g  l a y e r  sugges t s  t h a t  ZnO 

i s  an  important  c o n s t i t u e n t  of t h i s  s u r f a c e  l a y e r ,  The important  p o i n t s  

t h a t  have been brought  i n t o  l i g h t  are: 

a means must be  found t o  g e t  good w e t t i n g  of ZnSe s u r f a c e  by 

( a )  I n  t h e  pre-evaporat ion of sample f o r  making ohmic c o n t a c t s ,  

chemical e t c h i n g  by d i l u t i n g  H C l  o r  bromine-methanol is  t o  be avoided. 

P re fe rab ly  an  unetched and so lvent -c lean  s u r f a c e  should b e  used. 

(b) I f  chemical  e t c h i n g  seems t o  be  necessa ry  a t  some s t a g e  

than an e t c h  i n  K2Cr207 +- H SO s o l u t i o n  a t  80°C followed by a r i n s e  

i n  w a r m  water and subsequent  t rea tment  i n  KCN s o l u t i o n  is adv i sab le .  

To promote w e t t i n g , ' u s e  of N i  o r  some h a l i d e  f l u x  such as 

2 4  

( c )  
NH C 1  + InC13 o r  W4C1 f ZnC12 o f f e r s  promise. These f l u x e s  react 

wi th  ZnO and are expected t o  reduce t h e  i n s u l a t i n g  l a y e r  t h i ckness  

a t  t h e  s u r f a c e  of ZnSe. 

4 

(d) 
be  t r i e d .  

i n s u l a t i n g  f i l m  is  pene t r a t ed  i f  t h e  sample temperature  i s  r a i s e d  t o  

U s e  of l i q u i d  a l l o y s  such as In-T1, Hg o r  Tn-Ga should 

I n  t h e  l a t te r  case t h e r e  are some i n d i c a t i o n s  (7) t h a t  t h e  

above 4OOOC. 

temperature  and su'bequent coo l ing  has  t o  b e  r e l a t i v e l y  r a p i d .  

To avoid the ou t  d i f f u s i o n  of Zn, t h i s  rise i n  

( e )  Ion  bombardment of t h e  semiconductor s u r f a c e  immediately 
(839) p r i o r  t o  metal evapora t ion  has  produced ohmic c o n t a c t s  on CdS 

This  may a l s o  be  h e l p f u l  i n  p rov id ing  ohmic c o n t a c t s  t o  ZnSe s u r f a c e .  

5. FABRICATION OF ZnSe - GaAs J U N C T I O N S  

During t h i s  pe r iod  t h e  f e a s i b i l i t y  of ZnSe growth upon G a A s ,  

and G a A s  upon ZnSe w a s  s t u d i e d  i n  t h e  H C 1  close-spaced e p i t a x i a l  

growth system. nZnSe-pGaAs i s  a n  attractive p a i r  f o r  o p t i c a l  s t u d i e s  

such as t h e  window e f f e c t  and j u n c t i o n  e lec t ro luminescence .  Pre- ~ 

l imina ry  r u n s  i n  t h e  HC1 system i n d i c a t e d  s u c c e s s f u l  growth of ZnSe 

upon GaAs "). In  t h e s e  r u n s  G e  w a s  p r e s e n t  i n  t h e  growth system t o  

enhance t h e  ZnSe growth rate. However i n  t h i s  s tudy  t o  be  r epor t ed  
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h e r e  no G e  w a s  ever p r e s e n t  i n  t h e  growth system. The previous  

6 month r e p o r t  d e s c r i b e s  Che growth of ZnSe upon G e  and t h e  

s a l i e n t  f e a t u r e s  of t h e  H C 1  growth system. The growth morphology 

and s i n g l e  c r y s t a l l E n i t y  of. ZnSe l a y e r s  prepared  i n  t h e  system i s  

shown i n  F igu re  2 f o r  growth on (111) and (100) G e  s u r f a c e s .  The 

(111) s u r f a c e  produces v e r y  n i c e  pyramids w h i l e  t h e  (100) s u r f a c e  

produces a mosaic s t r u c t u r e  of c a n a l s  a few hundred deep. Laue 

s p o t s  on 1 2 p t h i c k  (111) and (100) growths show w e l l  de f ined  

sharp  s p o t s  of 6 f o l d  and 4 f o l d  symmetries r e s p e c t i v e l y .  This  

i n d i c a t e s  good s i n g l e  c r y s t a l  material. 

Seve ra l  growth runs  of ZnSe upon GaAs w e r e  done (F ig .  3) and 

t h e  r e s u l t s  are summarized i n  Table 2 .  I n  a l l  cases t h e  ZnSe w a s  

prepared by lapping  t o  3/(alumina) and e t c h i n g  i n  HG1.  

w a s  hand lapped t o  lp, hand po l i shed  wi th  a 3 : l  s o l u t i o n  of water 

and Chlorox, and p o l i s h  e t ched  i n  H SO -H 0 :H 0, 5:l:l. A l l  GaAs 

areas n o t  grown upon were p r o t e c t e d  w i t h  S i 0  The growth rates on 

A s  (111) f a c e s  are more than  twice t h a t  on G a  (111) f a c e s .  G a  f a c e  

growths c o n s i s t  of s m a l l  pyramids less than  1 / 2 / u i n  h e i g h t ,  and 

A s  f a c e  growths are f l a t  w i t h  i r r e g u l a r  depress ions  of about  1~ 

This  behavior  on t h e  G a  (111) plane  has  a l r e a d y  been observed 

S i n g l e  c r y s t a l l i n i t y  of t h e s e  l a y e r s  h a s  n o t  y e t  been determined, 

s i n c e  most grown l a y e r s  are only a few microns t h i c k .  

GaAs 

2 4 ' 2 2  2 

2' 

(10) 

Figure  4a shows a ch ip  of GaAs from which a l l  b u t  a c i r c u l a r  

p o r t i o n  of grown ZnSe has  been removed by concen t r a t ed  hydroch lo r i c  

a c i d .  Hydrochlor ic  a c i d  e t c h e s  ZnSe about  100 t i m e s  as f a s t  as 

GaAs s o  t h a t  t h e  ZnSe can be  s e l e c t i v e l y  removed. The appearance 

of t h e  G a A s  shows i t  has  n o t  been e t ched  du r ing  t h e  growth process  

as is evidenced by i t s  pre-growth smoothness. This  means t h a t  t h e  

ZnSe-GaAs j u n c t i o n  is as f l a t  as t h e  o r i g i n a l  G a A s  s u r f a c e  and t h a t  

s o l i d  s o l u t i o n s  of ZnSe and GaAs are u n l i k e l y  a t  t h e  i n t e r f a c e .  

F igu re  4b shows t h e  smooth ZnSe s u r f a c e  obta ined  i n  t h e  middle of 

a rough ZnSe growth on a n  A s  f a c e .  This may be  an  anomolous r e s u l t ,  

b u t  a guess  is  that i t  occurred  from a small smooth r eg ion  between 

two twinbands  In t h e  ZnSe source  d i r e c t l y  above i t  dur ing  growth. 

The rest of t h e  ZnSe source  w a s  roughened from HC1 gas e t c h i n g  du r ing  
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Run # 

CS-38 

I 

cs-39 

cs-44 

cs-45 

CS-46 

TR-2 

TABLE 2 Summary of Runs of ZnSe upon GaAs 

Seed ZnS e 
O r i e n t a t i o n  Temp. 

G a  (111) 760°C 

G a  (111) 760°C 

G a  (111) 780°C 

A s  (111) 760°C 

A s  (111) 760°C 

A s  (111) 760°C 

GaAs - Temp. 

640°C 

640°C 

640°C 

640°C 

640°C 

640°C 

H C 1  
Concentrat ion 

.045% 

. lo% 

a 045% 

.045% 

'03% 

045% 

Growth Rate 

1 . 5 4 / h r  

2 .5/d h r  

3.2//hr 

2.5/lb/hr 

3 . 5 f l h r  

Seed t o  source  spac ings  ranged from 12-17 m i l s .  
H2 f l o w  rate w a s  approximately 200 cc/min i n  a r e a c t i o n  t u b e  of 
about 3.8 c m  i n s i d e  diameter .  
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growth. 

t r a n s f e r r e d  t o  t h e  grown l a y e r .  Smooth growths of ZnSe are d e s i r a b l e  

f o r  ZnSe-GaAs t r a n s i s t o r  s c u d i e s  (p l ana r  base  reg ion)  and reasons  

f o r  t h i s  smooth growth are be ing  i n v e s t i g a t e d .  Also growths on ( L O O )  

G a A s  are planned t o  see whether t h e s e  provide  smooth growth s u r f a c e s .  

V-I c h a r a c t e r i s t i c s  of grown ZnSe-GaAs j u n c t i o n s  resemble those  

The morphology of  t h e  H C 1  e tched  ZnSe source  w a s  probably 

of ZnSe-Ge, The forward c h a r a c t e r i s t i c  (ZnSe-) shows a power l a w  

dependence (space-charge) wh i l e  t h e  reverse i s  a f a i r l y  h igh  resistance. 

Figure  1 shows such  a ZnSe-GaAs V - I  c h a r a c t e r i s t i c  a f t e r  Zn and G a  

t rea tment  a t  900°C. 

Seve ra l  runs  i n  t h e  H C 1  system were made t o  determine whether 

o r  n o t  G e  and G a A s  could b e  grown onto doped ZnSe by in t e rchang ing  

source  and seed.  Here t h e  dopant would be  inco rpora t ed  i n  t h e  ZnSe 

be fo re  growth and would remain dur ing  and a f t e r  growth because growth 

tempera tures  are f a r  below dopant o u t d i f f u s i o n  temperatures .  This  

would e l i m i n a t e  t h e  problem of ZnSe doping a f t e r  growth f o r  only a 

s imple z i n c  vapor  d i f f u s i o n  s t e p  would render  t h e  ZnSe conduct ing.  

Chlorox po l i shed  s lngke  c r y s t a l  (110) ZnSe w a s  used a long  w i t h  

p-type GaAs o r  G e  sou rce  material. Source temperatures  v a r i e d  from 

570°C t o  74OOC whi l e  s eed ' t empera tu res  ranged from 460°C t o  625°C. 

H C 1  concen t r a t ions  v a r i e d  from .04% t o  .2%. Source t o  seed  t e m -  

p e r a t u r e  d i f f e r e n c e  w a s  kep t  a t  i t s  maximum of 125°C t o  130°C t o  a l low 

f o r  t h e  maximum material t r a n s p o r t .  

A l l  a t t empt s  t o  grow GaAs on ZnSe f a i l e d .  I n  a l l  cases both  

ZnSe and GaAs were e t ched ,  b u t  no material w a s  deposi te&.on t h e  ZnSe, 

S i  b locks ,  o r  growth tube  n e a r  t h e  b locks .  A l l  d e p o s i t  appeared on 

t h e  growth tube  a t  least 3 i nches  from t h e  b locks .  

e tched  (10-50 mg.) wh i l e  ZnSe weight  measurements i n d i c a t e d  e t ch ing  

of 1-2 microns of material. When both  ZnSe and G e  were s imul taneous ly  

used as seeds ,  t h e  same r e s u l t s  occur red  - e t c h i n g  of GaAs,  ZnSe, and 

G e  w i th  no growth o r  d e p o s i t  except  on t h e  growth tube  3 i nches  from 

GaAs w a s  s e v e r e l y  

t h e  b locks .  When t h e  ZnSe w a s  removed and G a A s  grown only  upon G e  

under t h e  s a m e  c o n d i t i o n s ,  growths of 20-25 r e s u l t e d .  Thus t h e  

presence  of t h e  ZnSe and ZnSe e t c h i n g  is  probably d i s t u r b i n g  t h e  

chemical thermodynamics f a v o r a b l e  t o  e p i t a x i a l  growth. 
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(a) 

(b) 

Fig. 2 Growth of ZnSe upon Ge 

(a) (111) Ge 400X oblique illumination to show pyramids 
(b) (100) Ge 400X normal illumination 
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(a) 

(b) 

Fig. 3 Grmvth of ZnSe upon GaAs 

(a) Ga (111) 400X normal illumination 
(b) As (111) 200X oblique illumination 
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(a) 

(b) 

Fig. 4 Smooth ZnSe Surface Obtained on As (Ill) Face 

(a) ZnSe removed to show undamaged GaAs surface 
(b) Smooth ZnSe surface 
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S i m i l a r  runs  us ing  G e  as a source  y i e l d e d  poor r e s u l t s .  Again 

However a t h i n  (1 /2 ,4)  po lyc rys t a l l i ne - look ing  t h e  ZnSe w a s  e tched .  

l a y e r  of what appeared t o  b e  Ge w a s  depos i t ed  on the ZnSe. 

no e p i t a x y ,  and t h e  l a y e r  w a s  e a s i l y  scraped  o f f .  

n e g a t i v e  r e s u l t s  more work i n  t h i s  l i n e  has  been postponed, o r  

abandoned i n  f a v o r  of ZnSe growth upon GaAs and a t t empt ing  t o  develop 

a b e t t e r  method of doping grown ZnSe l a y e r s .  

There w a s  

Because of t h e s e  

6.  HIGH FREQUENCY TRANSISTOR MEASUREMENTS 

The measuring c i r c u i t  as desc r ibed  i n  t h e  prev ious  r e p o r t  

w a s  p u t  t oge the r  a f t e r  checking t h e  i n d i v i d u a l  components f o r  

ope ra t ion  and a low VSWR. 

t h e  s c a t t e r i n g  parameters  of some commercial t r a n s i s t o r s  and comparing 

them w i t h  t h e  d a t a  given on, or c a l c u l a t e d  from, the d a t a  s h e e t s .  

The whole system w a s  checked by measuring 

O r i g i n a l  measurements were made us ing  a s t rAp l i n e  j i g  as t h e  

t r a n s i s t o r  f i x t u r e .  

ments and those  r epor t ed  on t h e  d a t a  s h e e t .  The emitter could n o t  

be  w e l l  grounded %a t h a t  jig r e s u l t i n g  i n  poor va lues  of Sll and S22 

as shown i n  Table 3 .  A t  t h e  end of t h i s  r e p o r t  pe r iod  a new c o a x i a l  

t r a n s i s t o r  f i x t u r e  o rde red  from H e w l e t t  & Paekard was f i n a l l y  r ece ived  

and t h e  measurements were repea ted  us ing  t h a t  f i x t u r e .  Resu l t s  i n  

much b e t t e r  agreement w i t h  t h e  r epor t ed  d a t a  were obta ined .  

Poor agreement w a s  ob ta ined  between o u r  measure- 

A summary 

of t h e  d a t a  obta ined  us ing  both  t h e  s t r i p l i n e  and new c o a x i a l  f i x t u r e  

is shown i n  Table 3 .  

For t h e  2N918 a l o t  of c a l c u l a t i o n s  w e r e  involved t o  conver t  

t h e  Y parameters  on t h e  d a t a  s h e e t  t o  S parameters  f o r  comparison. 

For t h e  TIXMlOl t h e  S parameters  g iven  on t h e  d a t a  s h e e t  are those  

of t h e  improved v e r s i o n  of t h e  t r a n s i s t o r .  Even s o ,  t h e  agreement 

between t h e  measured and known s c a t t e r i n g  parameters  w i th  t h e  u s e  

of t h e  new j i g  is  q u i t e  good. The improvement made by t h e  new j i g  

is  more c l e a r l y  seen  i n  the va lues  of S11 and 522.  The problem of 

grounding t h e  emitter seems t o  have disappeared.  S parameters  of 

h e t e r o j u n c t i o n  t r a n s i s t o r s  are c u r r e n t l y  be ing  measured. 
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TABLE 3 S Parameter Measurements on Commercial Transistors 

S parameters of epitaxial NPN transistor 2N918 at 
Ic=5ma Vce=10 volts 

S trip 1 ine 
Data Sheet* Fixture Fixture 

New Coaxial 

Measuring frequency 100 NHZ 
512 -05 < 74" .03 < 74" .04 < 74" 
S21 5.3 < 117" 5.8 < 112" 5.5 < 114" 

.49 < -37.8" .58 < -32" .52 < -35" 
S22 .80 < -15" .95 < 2" -85 < -12" 
sll 

Measuring frequency 400 MHZ 

Si2 .12 < 67.8" .1 < 82" .1 < 80" 
S21 2.22 < 75.6" 1.9 < 83" 1.9 < 78" 
s11 .22.< -92.5" .21 < -53" .22 < -85" 
522 .70 < -24.7O .70 < 26' .7 < -15" 

S parameters of PNP epitaxial planar Ge transistor 
TIXMLOI at v,, = -91 I, = -3ma 

Strip line New Coaxial 
Data Sheet** Fixture Fixture 

Measuring frequency 100 MHz 

Si2 .05 < 75" .059 < 74" .055 < 75" 
S21 6.8 < 148" 7.0 < 142" 7.0 < 145" 
s11 .79 < -35" .80 < -10" .80 < -26" 

.86 < -18" .9 < -6" .88 < -15" s22 

* The S parameters were not given directly on the data sheet 
but were calculated from the y parameters. 

%* The S parameters are given for the improved version of TIXMlOl 
(i.e. 2N5063) in the data sheet. 
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7 .  LOW TEMPERATURE GROWTH OF G e  ON ZnSe 

7 . 1  S o l u t i o n  Growth - 
---- 

E p i t a x i a l  growth of G e  on ZnSe s u b s t r a t e s  u s ing  Zn s o l v e n t  

system w a s  cont inued  and improved upon. A new sapph i re  boa t  w a s  

t r i e d  t o  reduce the contaminat ion problems from t h e  g r a p h i t e  boa t  

be ing  used. During t h e  r u n  no s u r f a c e  f i l m  w a s  seen  on t h e  s o l u t i o n  

and the G e  growth looked much c l eane r .  However, t h e  growth had 

f e a t u r e s  similar t o  those  obta ined  us ing  t h e  g r a p h i t e  boa t ,  namely, 

s c a t t e r e d  growth of G e  c r y s t a l l i t e s  (approximately 50 x 50 x 30 m i l s  

s i z e )  over  t h e  ZnSe seed  s u r f a c e .  Moreover, similar looking G e  

c r y s t a l l i t e s  a l s o  grew on t h e  sapph i re  boa t  w a l l s  and adhered so  

w e l l  t h a t  they  had t o  be e t ched  i n  white-Etch. The Zn-solution, 

a f t e r  s o l i d i f i c a t i o n  a l s o  adhered t o  t h e  b o a t  and had t o  be  e tched  

away. These f e a t u r e s  discouraged t h e  u s e  of t h e  sapph i re  b o a t .  It 

developed a c rack  a f t e r  a few more runs  and i t s  use  w a s  d i scont inued .  

A new method w a s  devised  t o  outgas  t h e  g r a p h i t e  boa t  be fo re  

each  growth run.  

l a y e r  w a s  seen  over  t h e  s o l u t i o n  du r ing  t h e  growth run.  

ho ld ing  arrangement w a s  a l s o  designed t o  a l low easy  pour-off of 

t h e  s o l u t i o n  from t h e  seed .  

away t h e  excess  Zn from the seed  f o r  observ ing  t h e  growth s t r u c t u r e .  

Af t e r  t h i s  h e a t  t r ea tmen t  of t h e  boa t  no oxide 

A new seed 

This  reduces t h e  t i m e  r equ i r ed  t o  e t c h  

A s tudy  of t h e  e f f e c t  of d i f f e r e n t  ope ra t ing  conri i t ions on 

growth s t r u c t u r e  r evea led  t h a t  a slow coo l ing  rate ( a l * C / m i n )  en- 

courages growth t o  s t a r t  a t  few p r e f e r r e d  sites and then  t h e  growth 

contir'lues a t  those  sites only ,  r e s u l t i n g  i n  r a t h e r  t h i c k  growth a t  

few sites. 

(-G"C/min) t h e  growth s t r u c t u r e  tends  t o  Ire p l a n a r ,  b u t  t h e  growth 

w a s  u s u a l l y  t h i n ,  patchy and w i t h  x e r y  poor adhesion t o  t h e  s u r f a c e .  

The la t ter  problems w e r e  thought t o  be  because of some oxide f i l m  

on ZnSe seeds  a f t e r  t h e  c l ean ing  process .  The ZnSe s u r f a c e  prep- 

a r a t i o n  p rocess  w a s  t h e r e f o r e  reviewed and a new process  e s t a b l i s h e d  

which seemed t o  leave t h e  ZnSe s u r f a c e  f r e e r  of any oxide f i l m .  

However, i f  t h e  growth is i n i t i a t e d  by a f a s t  coo l ing  rate 

This  

p rocess  invo lves  f i n a l  e t c h i n g  i n  a potassium permanganate - s u l f u r i c  

a c i d  e t c h  and r i n s i n g  w i t h  warm KCN s o l u t i o n .  

t o  air can r e s u l t  i n  oxide  l a y e r  t h i c k n e s s  of t h e  o rde r  of 20 8. 
However, f i n a l  exposure 
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When ZnSe s u b s t r a t e s  were prepared us ing  t h i s  new s u r f a c e  p r e p a r a t i o n  

process  and growth process  s t a r t e d  by a f a s t  coo l ing  rate,  t h e  

r e s u l t i n g  growth w a s  s t i l l - p a t c h y  b u t  t h i s  t i m e  i t  had q u i t e  good 

adherance a t  several p l aces .  This  r e s u l t  i n d i c a t e s  t h a t  t h e  chemical 

c l ean ing  process  above i s  n o t  s u f f i c i e n t .  

I n  o rde r  t o  improve t h e  s u b s t r a t e  s u r f a c e ,  some method which 

c l e a n s  t h e  s u r f a c e  j u s t  b e f o r e  t h e  e p i t a x i a l  d e p o s i t i o n  i s  d e s i r a b l e ,  

A s tudy  w a s  t h e r e f o r e  made of t h e  use  of a z i n c  s o l u t i o n  as an  

e t c h a n t  f o r  ZnSe seed .  A t  t h e  growth temperatures  (5O0-55O0C), 

t h e  s o l u b i l i t y  of ZnSe i n  Zn i s  n e g l i g i b l e .  

p r e s s u r e  of Zn is  h igh  enough t h a t  z i n c  evapora tes  from t h e  b o a t  

and d e p o s i t s  a t  c o l d e r  r eg ions  of t h e  growth tube.  This changes 

t h e  composition of t h e  zinc-Ge s o l u t i o n  and t h e r e f o r e  t h e  ZnSe 

seed  should b e  he ld  i n  c o n t a c t  w i th  t h e  s o l u t i o n  f o r  as s m a l l  a 

pe r iod  as i s  s u f f i c i e n t  f o r  t h e  purpose.  I n i t i a l  experiments 

i n d i c a t e  t h a t  a p e r i o d  of 45 minutes a t  about  55OOC may b e  needed 

t o  g e t  r i d  of t h e  s u r f a c e  f i l m .  This t rea tment  gave a p l ana r  growth 

over  t h e  s u r f a c e  of  t h e  seed  exposed t o  t h e  s o l u t i o n ,  b u t  t h e  growth 

w a s  ve ry  t h i n  (w1& and shows no f e a t u r e s  t o  i n d i c a t e  i t s  

c r y s t a l l i n i t y .  I t . h a s  good adherance t o  t h e  seed.  A t t e m p t s  w i l l  

now be made t o  g e t  t h i c k e r  growths. 

7.2 Vacuum Evaporat ion System 

However t h e  vapor  

Work i n  t h i s  area w a s  s t a r t e d  t o  have an  a l t e r n a t i v e  approach 

t o  o b t a i n  e p i t a x i a l  growth of G e  on ZnSe. It has  been r epor t ed  t h a t  

s i n g l e - c r y s t a l  G e  l a y e r s  can be obta ined  on GaAs s eeds  i n  u l t r a  h igh  

vacuum systems a t  seed temperatures  as low as 320OC. The reason  why 

t h e  minimum seed  tempera ture  f o r  s i n g l e  c r y s t a l  growth of G e  on G e  

s eeds  i s  normally g r e a t e r  t han  600°C i n  10 

thought  t o  be  t h e  r e s u l t  of an  oxide l a y e r  (Ge02) which i n h i b i t s  

proper  n u c l e a t i o n  a t  Lower s u b s t r a t e  tempera tures .  

-6 mm vacuum systems is  

Our exper ience  

wi th  ZnSe seems t o  i n d i c a t e  t h a t  t h i s  material a l s o  may have a v e r y  

t h i n  oxide  l a y e r  (ZnO) cover ing  t h e  s u r f a c e  which must b e  reduced 

be fo re  d e p o s i t i n g  t h e  G e  l a y e r .  
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An u l t r a - h i g h  vacuum system equipped wi th  an ion  pump and 

electron-beam Titanium subl imator  w i l l  be  used.  

t o  go i n t o  t h e  system are be ing  f a b r i c a t e d  and assembled. 

carbon c r u c i b l e  w i l l  be used f o r  h e a t i n g  t h e  source  G e .  

c o i l s  have been wound t o  act as h e a t e r  element f o r  t h e  c r u c i b l e .  

S u b s t r a t e  h e a t i n g  w i l l  be  by a molybdenum r ibbon  h e a t e r  c o i l  wound 

around a one inch  diameter  q u a r t z  tube.  This  tube  has  arrangements 

f o r  ho ld ing  t h e  s u b s t r a t e  and thermocouples. It can a l s o  be  modified 

t o  i n c o r p o r a t e  a f i n e  tungs ten  w i r e  near  t h e  s u b s t r a t e  which can be  

hea ted  t o  produce atomic hydrogen i n  t h e  v i c i n i t y  of t h e  s u b s t r a t e  

t o  reduce t h e  s u r f a c e  ox ide  l a y e r ,  This  system w i l l  b e  i n  ope ra t ion  

soon. 

Various components 

A v i t r e o u s  

Tungsten 

8 .  LOW TEMPERATURE GROWTH OF G e  on GaAs 

The b a s i c  i o d i d e  d i s p r o p o r t i o n a t i o n  system descr ibed  i n  t h e  

prev ious  r e p o r t  w a s  improved du r ing  t h i s  pe r iod  and a dopacr system 

added. The f i r s t  few growths i n  t h e  b a s i c  system i n d i c a t e d  some 

d e f i c i e n c i e s  which r equ i r ed  minor changes i n  t h e  system. I n t r o d u c t i o n  

of q u a r t z  wool p lugs  i n t o  t h e  exhaus t  tub ing  prevented troublesome. 

t r a n s p o r t  of r e a c t i o n  products  beyond that  p a r t  of t h e  system which 

i s  c leaned  between runs .  Extension of t h e  H I  conve r t e r  winding toward 

t h e  i o d i n e  column now p reven t s  i o d i n e  from d e p o s i t i n g  i n  t h e  tube  

between t h e  column and conve r t e r .  

t h a t  i t  i s  impor tan t  t o  provide  a b l eed  f o r  t h e  i o d i n e  column dur ing  

warm-up. This  p reven t s  a n  i n i t i a l  su rge  of hydrogen i o d i d e  down t h e  

Ea r ly  o p e r a t i o n  of t h e  system showed 

growth tube  due t o  a sudden p r e s s u r e  release from t h e  column when 

t h e  exi t  valve is  opened f u l l y .  Without b l eed ing ,  r a p i d  growth 

t a k e s  p l a c e  du r ing  t h e  i n i t i a l  few minutes and causes  low q u a l i t y  

interface mate'rial. 

A f t e r  t h e s e  problems were r e a l i z e d  and c o r r e c t e d ,  a purg ing  

run  w a s  made t o  clear f r e e  i o d i n e  from p a r t s  of t h e  system and t o  

c l e a n  t h e  s u r f a c e  of t h e  germanium source  material. 

of undoped growth runs  posed a paradox: 

l a y e r s  and p-type seeds  grew p-type l a y e r s .  

p rev ious ly  i n  t h i s  l a b  and by o t h e r s  t h a t  good undoped s i n g l e  

c r y s t a l  l a y e r s  always grow n-type. The cause  of t h e  d i f f i c u l t y  

An i n i t i a l  ser-ies 

n-type seeds  grew n-type 

It had been shown 

. 
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w a s  f i n a l l y  t r a c e d  t o  improper s u b s t r a t e  p r e p a r a t i o n  of t h e  p-type, 

b u t  n o t  t h e  n-type, s eeds .  

seeds :  

of bo th  n-and p-types.  A s  expected,  t h e  w e l l  po l i shed  seeds  grew 

n-type l a y e r s  wh i l e  t h e  poor ly  prepared seeds  grew p-type wi thout  

r ega rd  f o r  s u b s t r a t e  type.  

A confirming run  w a s  made w i t h  f o u r  

one adequate ly  po l i shed  and one improperly prepared seed 

A t o t a l  of 8 seeds  from a l l  runs  t o  t h i s  p o i n t  were prepared 

i n t o  Van de r  Pauw samples f o r  r e s i s t i v i t y  and mob i l i t y  measurements, 

and samples f o r  Laue back r e f l e c t i o n  X-rays s t u d i e s ,  The Laue 

p a t t e r n s  i n d i c a t e d  a l l  growths t o  be  s i n g l e  c r y s t a l  w i t h  proper  s p o t  

o r i e n t a t i o n  and no apparent  smear f o r  t h e  W t a r g e t  s h o t s  and no 

v i s i b l e  r i n g s  i n  t h e  Cu t a r g e t  s h o t s .  

Work w a s  done t o  complete t h e  dopant meter ing and i n t r o d u c t i o n  

system. 

dopants  i n  t h e i r  t r i - i o d i d e  form, p a r t i c u l a r l y  t h e  p-type dopants 

s i n c e  a r s i n e  had a l r e a d y  been chosen as t h e  most convenient  n-type 

dopant .  Cons idera t ion  of temperature  dependence of vapor p r e s s u r e ,  

me l t ing  p o i n t ,  w a t e r  vapor  abso rp t ion ,  decomposition (due t o  l i g h t  

and h e a t ) ,  p u r i t y  of a v a i l a b l e  s u p p l i e s ,  and t i m e  t o  d e l i v e r y  l e d  t o  

t h e  choice  of B13. 

material i n  t h e  l i t e r a t u r e .  

An a n a l y s i s  w a s  made of a l l  p o s s i b l e  column IIIA and VA 

Evidence of accomplished doping exists f o r  t h i s  
(11) 

A q u a r t z  end f i t t i n g  which inc ludes  t h e  dopant i n t r o d u c t i o n  

t i p  w a s  made by t h e  glassblower and some f i n a l  shaping  of t h e  t i p  

w a s  done i n  t h e  l a b .  While t h e  system w a s  down and a p a r t ,  many 

o t h e r  replacements  and r ec l ean ings  w e r e  made. These included:  

a new thermocouple gauge tube  and a l a r g e  co ld  t r a p  i n s t a l l e d  i n  

t h e  vacuum l i n e ;  a new growth tube  thermocouple i n s t a l l e d ;  a second 

q u a r t z  growth tube  l i n e r  fashioned;  t h e  i o d i n e  column f i l l e r  tube  

permanently s e a l e d  w i t h  a g l a s s  p lug;  t h e  e n t i r e  vacuum and exhaust  

l i n e s ,  valves, and f i t t i n g s  c leaned  and r e i n s t a l l e d  w i t h  worn f i t t i n g s  

r ep laced .  

e n t i r e  system assembled and l e a k  checked. As  a r e s u l t  of t h i s  

e x t e n s i v e  maintenance and replacement ,  t h e  system i s  now extremely 

l e a k  t i g h t .  

Source germanium and growth tube  w e r e  then  c leaned  and t h e  
~ 
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A run has  been made t o  purge t h e  i o d i n e  column and b r i n g  

t h e  s u r f a c e  of t h e  sou rce  germanium t o  cond i t ions  f o r  growth. 

An undoped c o n t r o l  run has .been made w i t h  a GaAs-seed wi th  a l l  

doping f i t t i n g s  i n  p l ace .  Runs are now be ing  made t o  e s t a b l i s h  

doping level c o n t r o l  f o r  both n-type and p-type germanium l a y e r s  

on G a A s .  
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