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ABSTRACT 

The incomplete pyrolysis of PH3 is shown to have a significant effect on the growth rate and morphology of InP grown 
by hydride vapor phase epitaxy. Using ultraviolet absorption spectroscopy to determine the extent of PH~ pyrolysis, the 
growth rate of InP is shown to increase with decreasing PH~ pyrolysis. Incomplete PH3 pyrolysis is also shown to dramati- 
cally increase the formation of growth hillocks on < I00> InP epitaxia] layers. The use of various metal catalysts to expe- 
dite PH3 pyrolysis to eliminate hillock formation during InP growth is described, and a qualitative model of PH3 induced 
hillock growth is presented. 

Hydride  vapor phase epi taxy (VPE) is an impor tan t  
t echn ique  for the growth of InP  and lattice matched al- 
loys in the system In~Ga, xAs~P,_~ (1). The technique de- 
rives its name from the use of the hydrides AsH.~ and PH3 
as sources for the group V e lements  in these materials.  
While both hydrides  are uns tab le  at tempera tures  typi- 
cally used for hydride VPE, PH~ pyrolysis is much  
slower than AsH3 pyrolysis (2), suggest ing that PH.~, as 
well as its pyrolysis products P2 and P~, can be present at 
sufficiently high concent ra t ions  in the growth region of 
the reactor to participate in the growth process. 

Thermal  decomposi t ion  of PH3 under  VPE growth 
condit ions has not been studied in detail in the recent lit- 
erature. Spectroscopic (2) and mass spectrometric (3) in- 
vestigations suggest that PH~ pyrolysis is usually incom- 
plete, but  the effect of unpyrolyzed PH.~ on the growth of 
InP  has not been reported. Early studies (4, 5) of PH3 py- 
rolysis kinet ics  show that pyrolysis occurs heterogene- 
ously (i.e., at surfaces), and that  the absolute  rate of de- 

1 Present address: Institute of Microwave Technology, Stock- 
holm, Sweden. 

composition is dependent upon the type and prior his- 
tory of the surface involved. 

This report discusses the effect of PH3 pyrolysis on the 
growth rate and morphology of InP epitaxial layers. 
Using ultraviolet (UV) absorption spectroscopy (6) to de- 
termine the concentrations of PH3, P2, and P4 in situ just 
prior to layer growth, reduced PH3 pyrolysis is shown to 
increase the InP growth rate and reduce the quality of 
the surface morphology of <i00> InP epitaxial layers. 
More specifically, the incomplete pyrolysis of PH3 re- 
sults in extensive hillock formation on <i00> InP 
epitaxial layers. By using various metal catalysts, the py- 
rolysis of PH3 can be expedited to the thermodynamic 
limit, allowing routine growth of hillock-free InP layers. 

The effect of PH3 on the InP growth rate is qualita- 
tively explained in terms of the thermodynamics of 
growth from PH3, P2, or P4 species. A simple model is 
also presented for the growth of hillocks caused by PH3, 
and is supported with some general observations about 
hillock growth on <190> InP epitaxial layers. The possi- 
ble ramifications of incomplete PH3 pyrolysis on repro- 
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d u c i b l e  g r o w t h  of  I n P  a n d  r e l a t ed  q u a t e r n a r y  com-  
p o u n d s  are also d i scussed .  

Experimental 
S t u d i e s  o f  t h e  e f f ec t  of  PH3 d e c o m p o s i t i o n  on I n P  

g r o w t h  w e r e  c o n d u c t e d  in two d i f fe ren t  reac to r  sys tems .  
The  h y d r i d e  V P E  reac to r  u sed  for UV in situ m o n i t o r i n g  
o f  PH3 p y r o l y s i s  has  b e e n  d e s c r i b e d  e l s e w h e r e  (6). T h e  
f lows of  all  i n p u t  gases  w e r e  s e l e c t e d  u s i n g  e l e c t r o n i c  
m a s s  f low c o n t r o l l e r s  f rom m i x t u r e s  o f  5% HCI/H~ a n d  
2% PH3/H2. The  reac to r  des ign  p e r m i t t e d  the  va r i a t ion  of  
t he  e x t e n t  of  PH3 py ro lys i s  w i t h o u t  a l t e r i ng  In(~) s o u r c e  
cond i t i ons  by  us ing  the  a r r a n g e m e n t  s h o w n  in Fig. 1. In  
o r d e r  to e x p e d i t e  PH3 pyro lys i s ,  ca t a lys t s  f a b r i c a t e d  
f rom W, Mo, or  Ta wi re  were  p laced  in t he  cen te r  of  PH3 
s o u r c e  tube .  Spec i f i c  a m o u n t s  of  PH3 d e c o m p o s i t i o n  
cou ld  be  se lec ted  by con t ro l l ing  the  re la t ive  a m o u n t s  of  
i n p u t  PH3 f lowing  a r o u n d  or  t h r o u g h  the  ca ta lys t .  The  
deg ree  of  pyro lys i s  was d e t e r m i n e d  f rom UV opt ica l  ab- 
s o r p t i o n  m e a s u r e m e n t s  at  185, 203, and  230 n m  u s i n g  
p r e v i o u s l y  r e p o r t e d  abso rp t i on  data  for PH3, P~, and P4 at 
t h e s e  w a v e l e n g t h s  (6). T h e s e  m e a s u r e m e n t s  w e r e  m a d e  
pr ior  to t he  add i t ion  of  InC1 to the  g rowth  reg ion  because  
s t r o n g  a b s o r p t i o n  by  InC1 b e l o w  200 n m  p r e c l u d e d  de- 
t e c t i o n  o f  PH3 and  P~ d u r i n g  g rowth .  The  a d d i t i o n  of  
InC1 to the  g rowth  reg ion  was  a s s u m e d  no t  to in f luence  
the  e x t e n t  of  PH3 pyrolysis .  

All  g rowth  e x p e r i m e n t s  were  p e r f o r m e d  on <100> I n P  
L E C  s u b s t r a t e s  w h i c h  w e r e  h a n d  p o l i s h e d  j u s t  p r io r  to 
g r o w t h  w i t h  a 1% B r - m e t h a n o l  so lu t ion .  S a m p l e s  w e r e  
t h e n  p l aced  in t he  r eac to r  and  inse r ted  to the  g rowth  po- 
s i t ion  wi th  PH3 f lowing at the  cond i t ions  se lec ted  for that  
g r o w t h  e x p e r i m e n t .  Af te r  d e t e r m i n i n g  the  e x t e n t  of  PH3 
p y r o l y s i s  d u r i n g  the  p r e h e a t  p e r i o d  ( - 5  rain), t he  sub-  
s t ra te  was e t c h e d  by  c o m b i n i n g  a smal l  f low of HC1 wi th  
the  PH3 used  for p rese rva t ion .  The  g rowth  was  in i t i a ted  
by  pass ing  HC1 t h r o u g h  the  In,,) source  region.  The  total  
f low ra te  in th i s  r e a c t o r  was  2100 s c c m  w i t h  i n p u t  HC1 
and  PH3 par t ia l  p re s su res  of  3.9 • 10 3 and  2.7 • l0 3 atm, 
r e s p e c t i v e l y .  The  I n P  g r o w t h  t e m p e r a t u r e  was 700~ 
F o r  m o s t  runs ,  no  e v i d e n c e  o f  e x t r a n e o u s  d e p o s i t i o n  of  
I n P  on t h e  r e a c t o r  wa l l s  ( d e t e r m i n e d  op t ica l ly )  was  
obse rved .  

S o m e  I n P  g rowth  runs  were  p e r f o r m e d  in an u n m o n i -  
t o r ed  V P E  s ingle  barre l  r eac to r  s imi la r  to tha t  de s igned  
by  J o h n s t o n  and  S t rege .  ~ T h e  r e a c t o r  was  u s e d  to g r o w  
n-p-n  I n P  s t ruc tu res  used  in t he  fabr ica t ion  of  V-g roove  
lasers  (7) and p e r m i t t e d  g rowth  on two  subs t ra tes  s imul-  
t aneous ly .  This  fac i l i ta ted  c o m p a r i s o n  of  subs t ra te  prep-  
a r a t i on  t e c h n i q u e s  on the  g r o w t h  of  h i l l ocks  on < 100> 
I n P  surfaces .  For  m o s t  e x p e r i m e n t s ,  final sur face  prepa-  
r a t i o n  c o n s i s t e d  o f  a s e q u e n t i a l  d e g r e a s i n g  in b o i l i n g  
ch lo roe thane ,  ace tone ,  and m e t h a n o l  fo l lowed  by a 3 m i n  
dip in H2SO4:H20~:H~O in the  rat io  5:1:1. 

2 This reactor is described in Ref. (1). 
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Fig. 1. Schematic of the optically monitored VPE reactor used to 
study variations in PH3 decomposition and their effect on InP epitaxial 
growth. 

The growth sequence in this reactor consisted of a 5 
rain preheat in a PH3/H~ ambient, an in situ etch using 
HCI and PH3, and the growth of n-p-n junctions using 
H2S and elemental zinc as the n- and p-type dopants, re- 
spectively. The total flow rate was 6450 sccm with typical 
input HCI and PH3 partial pressures of 1.5 • 10 -3 and 3.8 
• 10 -3 atm, respectively. The InP growth temperature 
was 695~ The growth runs were performed both with 
and without a W catalyst in the input PH3 source region. 
While the extent of pyrolysis could not be measured in 
this reactor, increased pyrolysis efficiency was inferred 
from the substantial increase in white P4 in the reactor 
exhaust line whenever the pyrolysis catalyst was in use. 

Results and Discussion 
In i t i a l  e f fo r t s  to g r o w  I n P  in t h e  u n m o n i t o r e d  r e a c t o r  

sy s t em invar iab ly  p r o d u c e d  ep i tax ia l  layers  wi th  ex ten -  
s ive  h i l l ock  fo rma t ion .  S o m e  genera ]  o b s e r v a t i o n s  re- 
g a r d i n g  h i l l ock  g r o w t h  on <100> I n P  w h i c h  led  to t he  
consideration of incomplete PH3 pyrolysis as a possible 
cause of hillock formation are described. This is fol- 
lowed by spectroscopic monitoring results which con- 
clusively show the correlation of InP growth rate and 
hillock formation to the extent of PH~ pyrolysis. An eval- 
uation of various metal catalysts for expediting PH3 py- 
rolysis is also discussed. Finally, the observed correla- 
tion between InP growth rate and PH3 pyrolysis is 
explained using a simple thermodynamic model, and a 
mechanism for PH3 induced hillock formation is pre- 
sented. 

Observations regarding hillock formation.-- Ini t ial  ex-  
p e r i m e n t s  on I n P  g rowth  in wh ich  no ef for t  was m a d e  to 
inc rease  PH3 pyrolys is  y i e lded  I n P  ep i layers  con t a in ing  
a h igh  dens i ty  of  h i l locks  (from 1 to -100/cm2). Occas ion-  
ally, v e r y  b road  (100 ~m diam), low (1-2 ~m high)  h i l locks  
( r e fe r r ed  to as m o u n d s )  w e r e  o b s e r v e d  i n s t e a d  of, or  in 
a d d i t i o n  to, h i l locks .  In  m o s t  cases ,  t he  h i l l ock  d e n s i t y  
va r i ed  wi th  pos i t ion  on the  wafe r  su r face  and  was  repro-  
d u c i b l e  f r o m  run  to r u n  for  t he  s a m e  r e a c t o r  o p e r a t i n g  
c o n d i t i o n s  ( sa tu ra t ion ,  f low rate ,  and  t e m p e r a t u r e ) .  T h e  
p lanar  g rowth  rate  (de t e rmined  f rom a s ta ined  cross  sec- 
t ion  b e t w e e n  hi l locks)  was usua l ly  t he  s a m e  for h igh  and 
low h i l lock  dens i ty  reg ions  of  the  s a m e  wafer .  Var ia t ions  
in t he  I I I /V rat io b e t w e e n  0.4 and 1.3 (with PpH.~ + P,,c~ = 
cons tan t )  did no t  s igni f icant ly  affect  t he  h i l lock  densi ty .  
The  reg ions  of  h igh  h i l lock  dens i ty  cou ld  be  m o v e d  to a 
d i f fe ren t  po r t i on  of  the  wafe r  by chang ing  the  pos i t ion  of  
t he  s ample  in the  g rowth  zone  (i.e., t he  d i s t ance  f rom the  
InC1/PH3 m i x i n g  baffle), or  by c h a n g i n g  the  re la t ive  flow 
ra tes  in t he  r e ac to r  s o u r c e  r eg ions  u n d e r  c o n d i t i o n s  of  
c o n s t a n t  s a t u r a t i o n  and  to ta l  f low ra te  in t h e  g r o w t h  
region.  

T h e s e  o b s e r v a t i o n s  s u g g e s t  t ha t  h i l l o c k  f o r m a t i o n  is 
c o r r e l a t e d  to v a r i a t i o n s  in gas  p h a s e  s t o i c h i o m e t r y  
across  the  wafe r  surface.  S u c h  va r i a t ion  cou ld  be  caused  
by local  va r ia t ions  in the  I I I /V rat io due  to poor  m i x i n g  of  
InC1/H~ and  PH3 (P2, P4)/H2 gas s t r eams  f rom the  reac to r  
source  region,  bu t  this  e x p l a n a t i o n  is no t  cons i s t en t  w i th  
t h e  o b s e r v a t i o n  of  a u n i f o r m  p l a n a r  g r o w t h  ra te  ac ross  
t he  s ample  i n d e p e n d e n t  of  the  local  h i l lock  densi ty .  

E x p e r i m e n t s  p e r f o r m e d  to e x a m i n e  t h e  e f f e c t  o f  su r  
face  p r e p a r a t i o n  on h i l l ock  f o r m a t i o n  s h o w e d  tha t  Br-  
m e t h a n o l  and  d e g r e a s i n g / e t c h i n g  su r f ace  p r e p a r a t i o n  
t e c h n i q u e s  are essen t ia l ly  e q u i v a l e n t  wi th  regard  to hil  
l o c k  d e n s i t y  and  I n P  p l a n a r  g r o w t h  rate.  Th is  equiVa- 
l e n c e  is p r o b a b l y  due  to t he  use  of  an  in si tu e t c h  s tep  
j u s t  p r i o r  to l aye r  g r o w t h  for  b o t h  t y p e s  of  s u b s t r a t e  
p r e p a r a t i o n .  R e g i o n s  of  c o n t a m i n a t i o n  a p p a r e n t l y  
caused  by the  tweeze r s  u sed  to load the  wafers  w e r e  oc- 
cas iona l ly  o b s e r v e d  to cause  smal l  r eg ions  of  h igh  hil- 
l o c k  d e n s i t y  n e a r  t he  wa fe r  edge ,  b u t  no o t h e r  su r f ace  
p r epa ra t i on  ef fec ts  cou ld  be  found  to cor re la te  to t he  oc- 
c u r r e n c e  or dens i ty  of  hi l locks .  

T h e  g r o w t h  o f  n-p-n  I n P  s t r u c t u r e s  was  u s e f u l  for  
d e t e r m i n i n g  the  p o i n t  d u r i n g  g r o w t h  at w h i c h  h i l l ock  
g r o w t h  s t a r t ed  or  s t opped .  F i g u r e  2 s h o w s  two  h i l l o c k s  
w i t h  t h e  c o r r e s p o n d i n g  s t a ined  c ross  s ec t i ons  s h o w i n g  

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.108.9.184Downloaded on 2014-11-08 to IP 

http://ecsdl.org/site/terms_use


472 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  February 1987 

Fig. 2. Normarski contrast micrographs of hillocks formed during the growth of n-p-n InP epitaxial layers. The top view and cleaved/stained 
edge view are shown for two hillocks formed at different times during epilayer growth: (a, left) during the n-buffer layer; and (b, right) during the 
p-lnP layer. 

t h e  n -p -n  s t r u c t u r e  at  t he  h i l l ock  sites.  B o t h  h i l l ocks  a re  
o f  c o m p a r a b l e  s ize  a n d  o n  t h e  s a m e  wafe r .  F i g u r e  2a 
s h o w s  a h i l l o c k  w h i c h  g r e w  d u r i n g  t h e  f i r s t - t o - g r o w  
n - I n P  l aye r ,  a n d  is c o v e r e d  u n i f o r m l y  b y  t h e  g r o w t h  of  
s u b s e q u e n t  p- a n d  n - l a y e r s ,  w h i l e  t h e  h i l l o c k  c r o s s  sec-  
t i o n  s h o w n  in  Fig. 2b revea l s  h i l l o c k  f o r m a t i o n  i n i t i a t e d  
d u r i n g  t h e  p - I n P  l a y e r  g r o w t h .  H i l l o c k s  f o r m e d  d u r i n g  
t h e  g r o w t h  of  t h e  f ina l  n - I n P  l a y e r  w e r e  a l so  o b s e r v e d .  
T h i s  s h o w s  t h a t  h i l l o c k  g r o w t h  c a n  b e  i n i t i a t e d  d u r i n g  
ep i  l aye r  g r o w t h  a n d  n e e d  n o t  s t a r t  a t  t h e  V P E - s u b s t r a t e  
in t e r face .  

T h e  u n i f o r m  I n P  c o v e r a g e  of  t h e  h i l l o c k s  s h o w n  in  Fig. 
2 b y  I n P  ep i  l ayers  of  d i f f e r e n t  d o p i n g  s h o w s  t h a t  hi l-  

locks ,  o n c e  s ta r ted ,  do  n o t  c o n t i n u e  to g row for  t h e  r e s t  
of  t h e  g r o w t h  run .  Th i s  is c o n s i s t e n t  w i t h  t h e  m e c h a n i s m  
p r o p o s e d  b y  J o y c e  a n d  M u l l i n  (8) for  G a A s  c h l o r i d e  V P E  
in  w h i c h  h i l l o ck  g r o w t h  is i n i t i a t e d  b y  t h e  c o n d e n s a t i o n  
of  Ga  d r o p l e t s  o n  t h e  sur face ,  f o r m i n g  h i l l o c k s  v ia  v a p o r -  
l i q u i d - s o l i d  (v-l-s) (9) g r o w t h .  T h e  s a m e  m e c h a n i s m  h a s  
a lso b e e n  u s e d  to e x p l a i n  h i l l o ck  g r o w t h  o b s e r v e d  in  I n P  
c h l o r i d e  V P E  (10). I n  t h i s  m e c h a n i s m ,  t h e  h i l l o c k  s ize  
w o u l d  b e  d e t e r m i n e d  by  t h e  size of  t h e  m e t a l  d r o p l e t  o n  
t h e  s u r f a c e ,  a n d  h i l l o c k  g r o w t h  w o u l d  c e a s e  o n c e  t h e  
f r ee  m e t a l  o n  t h e  s u r f a c e  is c o n s u m e d .  U n i f o r m  l a y e r  
g r o w t h  c o v e r i n g  t h e  h i l lock ,  as o b s e r v e d  in  Fig. 2, w o u l d  
c o n t i n u e  a f t e r  h i l l o ck  g ro w t h .  
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Fig. 3. A comparison of the relative rates of PH3 pyrolysis for W, Mo, 
Ta, and Ta~H catalysts at 500~ The rate measured for quartz wool at 
700~ with - 5  times the available surface area is shown for compari- 
son. 

PH3 pyrolysis and InP growth.--Catalytically expe- 
dited PH3 pyrolysis.--In o r d e r  to s t u d y  t h e  e f fec t  of  PH3 
p y r o l y s i s  on  I n P  g r o w t h  s p e c t r o s c o p i c a l l y ,  i t  was  neces -  
sa ry  to e x p e d i t e  t h e  p y r o l y s i s  ca t a ly t i ca l ly .  P r e l i m i n a r y  
o p t i c a l  m e a s u r e m e n t s  w i t h o u t  a c a t a l y s t  in  t h e  PH~ 
s o u r c e  r e g i o n  r e v e a l e d  t h a t  PH3 p y r o l y s i s  r e a c h e d  o n l y  
80% of  t h e  t h e r m o d y n a m i c  l im i t  ( -96-98%),  a n d  t h a t  t h e  
e x a c t  a m o u n t  of  py ro ly s i s  o b t a i n e d  d e p e n d e d  m a r k e d l y  
o n  t h e  p r i o r  t h e r m a l  h i s t o r y  of  t h e  r eac to r .  T h e  ca ta ly t i c  
b e h a v i o r  of  W a n d  Mo (5) was  s t u d i e d  p r ev i o u s l y ,  b u t  n o t  
u n d e r  c o n d i t i o n s  t y p i c a l l y  e n c o u n t e r e d  in  h y d r i d e  VPE.  
T h e  ca ta ly t i c  ac t iv i ty  of  Ta  was  also s t u d i e d  on  t h e  bas i s  
o f  i t s  u s e  as  a p y r o l y s i s  c a t a l y s t  in  m o l e c u l a r  b e a m  epi-  
t a x y  (MBE)  (11). A c o m p a r i s o n  of  t h e  e x t e n t  of  PH~ py-  
ro lys i s  a t  500~ as a f u n c t i o n  of  t h e  PH3 r e s i d e n c e  t i m e  in 
t h e  c a t a l y s t  t u b e  ( e x p r e s s e d  as  t h e  i n v e r s e  of  t h e  f low 
ra te)  for  t h e  v a r i o u s  m e t a l s  is s h o w n  in  Fig. 3. Th i s  l o w e r  
t e m p e r a t u r e  w as  s e l e c t e d  to i l l u s t r a t e  v a r i a t i o n s  in  t h e  
c a t a l y t i c  a c t i v i t y  of  v a r i o u s  m e t a l s  o v e r  a w i d e  r a n g e  of  
PH~ r e s i d e n c e  t imes .  Da t a  for  q u a r t z  woo l  a t  700~ is a lso 
s h o w n .  T h e  q u a r t z  w o o l  s u r f a c e  a r ea  w as  a b o u t  5 t i m e s  
l a r g e r  t h a n  u s e d  for  t h e  m e t a l  c a t a l y s t s  t e s t e d ,  
d e m o n s t r a t i n g  t h e  h i g h  ca ta ly t i c  ac t iv i ty  of  t h e  m e t a l  rel-  
a t ive  to  SiO2 for  t h e  py ro ly s i s  of  PH3. 

Two c u r v e s  for  Ta  are  s h o w n  in  Fig. 3. I t  was  o b s e r v e d  
t h a t  a f t e r  h e a t i n g  Ta to -700~  in  H2, t h e  ca ta ly t i c  ac t iv-  
i ty  was  s i gn i f i c an t l y  h ighe r .  U n l i k e  W or Mo, Ta is k n o w n  
to f o r m  a h y d r i d e  u n d e r  t h e s e  c o n d i t i o n s  (12). E x a m i n a -  
t i o n  of  t h e  Ta  f o l l o w i n g  t h e  p y r o l y s i s  e x p e r i m e n t s  re- 
v e a l e d  t h a t  t h e  Ta  w i r e  i n i t i a l l y  p r e s e n t  h a d  c r u m b l e d  
i n t o  s m a l l  p i e c e s  of  w h a t  w as  a s s u m e d  to  b e  TaH~. (x < 
0.5). I t  w as  n o t  p o s s i b l e  to  d e t e r m i n e  i f  t h e  i n c r e a s e  in  
c a t a l y t i c  a c t i v i t y  w as  d u e  to t h e  f o r m a t i o n  of  t h e  hy-  
d r i d e ,  t h e  i n c r e a s e  in  t h e  a v a i l a b l e  s u r f a c e  a r e a  d u e  to 
h y d r i d e  f o r m a t i o n ,  or s o m e  c o m b i n a t i o n  of  t h e  two.  Al- 
t h o u g h  Ta  e x h i b i t s  t h e  h i g h e s t  ca ta ly t i c  ac t iv i ty  for  PH~ 
pyro lys i s ,  t h e  p o w d e r i n g  a f te r  h y d r i d e  f o r m a t i o n  m a d e  it  
d i f f icu l t  to p r e v e n t  Ta f r o m  g e t t i n g  b l o w n  o u t  of  t h e  cata-  
lys t  t ube .  F o r  t h e  I n P  g r o w t h  e x p e r i m e n t s  d i s c u s s e d  be-  
low, W w as  u s e d  as a ca ta lys t .  
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I n  al l  m e a s u r e m e n t s ,  t h e  PH3 d e c o m p o s i t i o n  k i n e t i c s  
w e r e  f o u n d  to b e  f irst  o r d e r  in  PP.3 (e.g., t h e  r a t e  of  pyro l -  
y s i s  is p r o p o r t i o n a l  to  t h e  PH3 c o n c e n t r a t i o n ) ,  i n  ag ree -  
m e n t  w i t h  p r e v i o u s  s t u d i e s  (4, 5). Th i s  s u g g e s t s  t h a t  t h e  
u s e  of  a c a t a l y s t  m i g h t  b e  a v o i d e d  b y  u s i n g  l a r g e r  v a l u e s  
o f  i n p u t  PP.a a t  l o w e r  f low r a t e s  ( b u t  c o n s t a n t  t o t a l  f low 
in  t h e  g r o w t h  r eg ion ) .  W h i l e  t h e  u s e  of  h i g h e r  v a l u e s  of  
PPH3 a t  p r o p o r t i o n a l l y  l o w e r  i n p u t  f low r a t e s  p r o d u c e s  
t h e  s a m e  p h o s p h o r u s  m o l e  f r a c t i o n  in  t h e  g r o w t h  reg ion ,  
t h e  f a s t e r  d e c o m p o s i t i o n  ra t e  at  h i g h e r  i n p u t  PP.3 va lues ,  
as we l l  as t h e  l o n g e r  r e s i d e n c e  t i m e  in t h e  r e a c t o r  s o u r c e  
r e g i o n  m a y  p e r m i t  py ro ly s i s  to  t he  t h e r m o d y n a m i c  l im i t  
w i t h o u t  t h e  u se  of  a ca ta lys t .  

Effect of  PH3 pyrolysis on InP hillock growth.- -The 
f i r s t  s e t  of  e x p e r i m e n t s  d e s i g n e d  to s t u d y  t h e  e f f e c t  o f  
PHa p y r o l y s i s  on  h i l l o c k  f o r m a t i o n  was  c o n d u c t e d  in t h e  
u n m o n i t o r e d  V P E  reac tor .  V a r i a t i o n s  of  t h e  s o u r c e  t e m -  
p e r a t u r e  b e t w e e n  640 ~ a n d  850~ w e r e  f o u n d  to h a v e  no  
p r o n o u n c e d  e f f e c t  o n  e i t h e r  t h e  h i l l o c k  d e n s i t y  or  t h e  
I n P  g r o w t h  ra t e  (8-14 ixm/h d e p e n d i n g  o n  gas  p h a s e  sa tu-  
ra t ion) .  T h e  r e a c t o r  d e s i g n  e m p l o y e d  a n a r r o w  (0.7 c m  id) 
PH3 i n l e t  t u b e  in t h i s  r e g i o n  of  t h e  fu rnace ,  a n d  la rge  var-  
i a t i o n s  in  t h e  e x t e n t  of  PH3 p y r o l y s i s  fo r  t h i s  r a n g e  of  
s o u r c e  t e m p e r a t u r e s  w e r e  n o t  e x p e c t e d  b e c a u s e  of  t h e  
s h o r t  PH3 r e s i d e n c e  t i m e  (<0.5s) in  t h e  PH3 in l e t  t ube .  B y  
i n c r e a s i n g  t h e  t e m p e r a t u r e  of  t h e  r e a c t o r  m i x i n g  zone  to 

1100~ to  i n c r e a s e  PH3 p y r o l y s i s ,  h i l l o c k - f r e e  s u r f a c e s  
a n d  a n  I n P  g r o w t h  r a t e  of  - 4  txm/h w e r e  o b t a i n e d .  T h e  
g r o w t h  r a t e  was  r e d u c e d  f r o m  t h a t  o b t a i n e d  w i t h o u t  t h e  
h i g h  t e m p e r a t u r e  m i x i n g  z o n e  for  e q u i v a l e n t  gas  p h a s e  
s a t u r a t i o n .  A l t h o u g h  h i l l o c k - f r e e  g r o w t h  w a s  o b t a i n e d  
iniLially,  t h e  f o r m a t i o n  of  h i l l o c k s  b e g a n  to o c c u r  a f t e r  
s e v e r a l  r u n s ,  a c c o m p a n i e d  b y  a n  i n c r e a s e  in  t h e  I n P  
g r o w t h  ra t e ,  s u g g e s t i n g  a g r a d u a l  r e d u c t i o n  in  t h e  ca ta -  
ly t ic  a c t i v i t y  of  t h e  r e a c t o r  wal l s  for  PH3 pyro lys i s .  S imi -  
l a r  a g i n g  e f f e c t s  w e r e  r e p o r t e d  for  PH3 p y r o l y s i s  in  a 
q u a r t z  v e s s e l  b y  H i n s h e l w o o d  a n d  T o p l e y  (4). 

S u b s e q u e n t  e x p e r i m e n t s  e m p l o y i n g  a t u n g s t e n  w i r e  
c a t a l y s t  y i e l d e d  e s s e n t i a l l y  h i l l ock - f r ee  w a f e r s  at  a n  I n P  
g r o w t h  r a t e  of  - 5  fxm/h. T h e  g r a d u a l  i n c r e a s e  w i t h  
i n c r e a s i n g  n u m b e r  of  r u n s  in  b o t h  h i l l o c k  d e n s i t y  a n d  
g r o w t h  r a t e  u s i n g  t h e  t u n g s t e n  c a t a l y s t  for  PH3 p y r o l y s i s  
w a s  n o t  o b s e r v e d .  M e a s u r e m e n t  of  t h e  b a c k g r o u n d  car-  
r i e r  c o n c e n t r a t i o n  for  n o m i n a l l y  u n d o p e d  I n P  l a y e r s  
g r o w n  w i t h  t h e  t u n g s t e n  ca t a ly s t  gave  v a l u e s  of  no - nA 
c o m p a r a b l e  to  t h o s e  o b t a i n e d  in  t h e  a b s e n c e  of  t h e  cata-  
lys t  (5-9 x 10 ~5 c m  3). 

F o r  I n P  g r o w t h  e x p e r i m e n t s  in  t he  m o n i t o r e d  reac to r ,  
t h e  r e l a t i o n s h i p  b e t w e e n  I n P  g r o w t h  ra t e ,  s u r f a c e  m o r -  
p h o l o g y ,  a n d  t h e  e x t e n t  of  PH3 p y r o l y s i s  c o u l d  b e  
q u a n t i f i e d ,  as  s h o w n  for  t h r e e  c o n s e c u t i v e  g r o w t h  r u n s  
in  T a b l e  I. W h e n  PH3 p y r o l y s i s  w as  a t  t h e  t h e r m o d y -  
n a m i c  l imi t ,  t h e  su r f ace  m o r p h o l o g y  was  q u i t e  good  a n d  
a l m o s t  a l w a y s  f r ee  o f  g r o w t h  h i l l o c k s .  As  t h e  e x t e n t  of  
p y r o l y s i s  was  r e d u c e d  s l i gh t ly  h i l l o c k  g r o w t h  was  r a t h e r  
s e v e r e  (~1000  h i l l ocks / cm2) .  T h e  g r o w t h  r a t e s ,  a l so  
s h o w n  in  T a b l e  I, c o r r o b o r a t e  t h e  g e n e r a l  t r e n d s  ob-  
s e r v e d  for  I n P  g r o w t h  in  t h e  u n m o n i t o r e d  V P E  r e a c t o r  
s y s t e m .  

T h e  e f f e c t  of  i n c o m P l e t e  PH3 p y r o l y s i s  o n  t h e  g r o w t h  
r a t e  of  I n P  m a y  b e  e x p l a i n e d  b y  e x a m i n i n g  t h e  r e l a t i v e  
e q u i l i b r i u m  c o n s t a n t s  g o v e r n i n g  t h e  d e p o s i t i o n  of  I n P  
f r o m  PH3, P~, a n d  P4 as s h o w n  in T a b l e  II  (13). S i n c e  t h e  
g r o w t h  of  I n P  is far  m o r e  f a v o r a b l e  u s i n g  PH3 t h a n  e i t h e r  
P~ or  P4, i t  m a y  b e  r e a s o n a b l e  to e x p e c t  a h i g h e r  g r o w t h  
r a t e  w h e n  PH3 d e c o m p o s i t i o n  is i n c o m p l e t e .  S i n c e  ki- 
n e t i c  f ac to r s  i n f l u e n c i n g  t h e  g r o w t h  of  I n P  f r o m  PH3, P~, 
a n d  P4 a re  n o t  k n o w n ,  a m o r e  d e t a i l e d  t h e r m o d y n a m i c  
t r e a t m e n t  is n o t  w a r r a n t e d .  

The mechanism of  PH3 induced hillock f o r m a t i o n . -  
A n y  m e c h a n i s m  of  h i l l o c k  g r o w t h  c a u s e d  b y  i n c o m p l e t e  
PH3 p y r o l y s i s  m u s t  r e ly  o n  a d e t a i l e d  u n d e r s t a n d i n g  of  
t h e  I n P  g r o w t h  p r o c e s s  at  a m o l e c u l a r  level .  Whi le  l i t t le  
is k n o w n  a b o u t  t h e  de t a i l s  of  I n P  g r o w t h  at  t h e  su r f ace /  
v a p o r  in t e r f ace ,  t h e  g r o w t h  of  G a A s  by  V P E  h a s  b e e n  ex- 
t e n s i v e l y  s t u d i e d  (14-16). I n  t h e  f o l l o w i n g  d i s c u s s i o n ,  a 
f o u r - s t e p  m e c h a n i s m  is p r o p o s e d  for  t h e  g r o w t h  of  hi l-  

Table I. The dependence of hillock density and growth rate 
on the extent of PH3 pyrolysis for three consecutive InP 

growth runs. The extent of PH3 pyrolysis was determined using 
in situ UV absorption spectroscopy as described in Ref. (6) 

PH3 
decomposition Growth rate Hillock density 

(%) (~tm/h) (cm 2) 

70.2 15.8 9200 
86.7 13.0 1000 
97.9 9.0 0 

Table II. Chemical equilibrium constants for the deposition 
of InP from the reaction of InCI with PH3 P2, and P4 

Reaction K~, ~ (700~ 

InC1 + PH~ --* InP + HC1 + H2 163 

1 1 
InC1 + ~ Pz + ~- H2 --* InP + HC1 2.74 

1 1 
InC1 + ~- P4 + ~ H2 --* InP + HC1 0.238 

a Calculated from data in Ref. (13). 

l ocks  on  < 1 0 0 >  I n P  su r f ace s  d u e  to i n c o m p l e t e  PH3 py- 
ro lys is ,  w i t h  s u p p o r t  d r a w n  f r o m  t h e  de t a i l s  of  t h e  G a A s  
g r o w t h  p r o c e s s  as wel l  as o b s e r v a t i o n s  of  h i l l o c k  g r o w t h  
o n  InP .  

T h e  p r o p o s e d  h i l l o c k  g r o w t h  m e c h a n i s m  is. s h o w n  
s c h e m a t i c a l l y  in  Fig. 4a-d. In  Fig. 4a, InC1 is e h e m i -  
s o r b e d  o n  t h e  < 1 0 0 >  I n P  s u r f a c e ,  s i m i l a r  to t h a t  f o u n d  
for  c o n v e n t i o n a l  G a A s  g r o w t h  (15). T h e  c o n t i n u e d  
g r o w t h  r e q u i r e s  t h e  f o r m a t i o n  of  a t o m i c  h y d r o g e n  for  re- 
m o v a l  of  c h l o r i n e  as HC1, or t h e  d i r e c t  d e s o r p t i o n  of  HC1 
b y  m o l e c u l a r  H2 as  r e c e n t l y  p r o p o s e d  (16). T h e  r e m o v a l  
of  c h l o r i n e  as HC1, w h i c h  i n c l u d e s  t h e  s t ep  of  a t o m i c  hy-  
d r o g e n  f o r m a t i o n ,  is g e n e r a l l y  r e g a r d e d  as t h e  ra te -  
l i m i t i n g  s t ep  in  t h e  G a A s  g r o w t h  p roces s .  In  t h e  ease  of  
i n c o m p l e t e  PHa p y r o l y s i s ,  a t o m i c  h y d r o g e n  c a n  b e  
s u p p l i e d  m o r e  r a p i d l y  f r o m  PH3 d e c o m p o s i n g  a t  t h e  
g r o w t h  su r f ace  t h a n  b y  d i s s o c i a t i o n  of  m o l e c u l a r  H2, a n d  
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Fig. 4. Schematic diagram of the proposed mechanism of PH~ induced 
hillock growth on < ! 00>  InP. (a) The initial growth surface is satura- 
ted with chemisorbed InCI by analogy to proposed mechanism for GaAs 
growth. (b) PH3 pyrolyzes at the CI-saturated surface, forming HCI, 
which desorbs to leave the In-rich region shown in (c), which subse- 
quently condenses to form an In m droplet resulting in hillock formation 
(d). 
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can compete  with the convent iona l  growth mechan i sm 
postula ted for GaAs. This is cons is ten t  with the pro- 
posed mechan i sm of growth rate e n h a n c e m e n t  for I nP  
when PH3 is added to a trichloride (PC13) reactor system 
(17). In  Fig. 4b, excess PH3 in the vapor reacts with ad- 
sorbed InC1 at the InP  surface to form HC1. While re- 
moval  of adsorbed chlorine by PH3 may proceed via an 
intermediate  state such as that shown in Fig. 4b, it is only 
in t ended  to show that  adsorbed chlorine is removed by 
PH3 pyrolysis at the growth interface at a rate faster than 
the addition of phosphorus atoms required for cont inued 
layer growth. This is par t icular ly true if some of the 
phosphorus from PH3 reacts to form P2 and does not sub- 
sequent ly  part icipate in the growth process. The re- 
sul t ing surface, shown in Fig. 4c, contains  ind ium-r ich  
regions which are assumed to be unstable  with regard to 
hillock formation. 

Cons is ten t  with a previously proposed mechan i sm of 
hi l lock growth on GaAs involving condensa t ion  of Ga(~ 
droplets at the surface (8), the indium-rich surface in Fig. 
4c may nucleate  In(,~ droplet  condensa t ion  from the gas 
phase via 

InCl~g~ + I/2H2 --~ In~i~ + HCI~g~ 

or by coalescing surface indium atoms, or both. Hillock 
growth proceeds until the available indium is consumed 
and the higher growth rate planes exposed when the hil- 
lock is nucleated are terminated by lower growth rate 
facets which appear as hillock growth proceeds. The in- 
dium-rich surface regions shown in Fig. 4c may also re- 
act with P4 or P2 to continue epitaxial growth, or re- 
adsorb HCI from the gas phase to form the original 
chlorine stabilized surface shown in Fig. 4a. 

The proposed mechanism for hillock growth is consist- 
ent with generally accepted techniques used to reduce 
hillock formation. For InP growth, the addition of extra 
HCI has been found to reduce hillock formation on 
<i00> growth surfaces (18). Additional HCI would sup- 
press HCI desorption from the growth surface reducing 
the extent of indium-rich regions which may tend to 
form hillocks. Growth on nominally misoriented (2~ ~ 
off of <i00>) substrates has also been found to reduce 
the tendency for hillock formation in InP (19) as well as 
GaAs (20). Since growth on misoriented substrates re- 
sults in a higher growth rate by providing a large number 
of kinetically favored step sites for layer growth, hillock 
growth is suppressed because the higher conventional 
growth rate would also reduce the extent of indium-rich 
surface regions available for hillock formation. 

Conclusion 
The effect of incomple te  PH3 pyrolysis on the mor- 

phology and growth rate of <100> InP  epitaxial  layers 
has been s tudied us ing in situ optical absorpt ion  spec- 
troscopy to measure the extent  of PH3 pyrolysis in the re- 
actor growth region. Increasing PH3 decomposi t ion was 
found to reduce the InP  growth rate and improve the sur- 
face morphology.  The most  drastic effect of incomple te  
PH3 pyrolysis was found to be the formation of hi l lock 
defects. The same correlat ion be tween  InP  growth rate, 
hillock formation, and PH3 pyrolysis was also found for 
the growth of n-p-n InP  structures in an unmoni tored  re- 
actor. Hillocks grown on these structures were found to 
start at various points during epitaxy without correlation 
to various substrate preparation techniques. 

El iminat ion of hillocks is favored by complete PH3 py- 
rolysis, which requires the use of W, Mo, or Ta catalysts 
instal led in the reactor source region. Without  metall ic 

catalysts,  PH3 pyrolysis was observed to depend  upon  
the thermal history of the reactor, with pyrolysis gradu- 
ally becoming less complete as the t ime spent  by the re- 
actor at normal  operat ing tempera tures  increased.  For 
undope d  InP  epilayers,  the addi t ion of the W catalyst 
was found to have no effect on the residual  carrier con- 
centration, and for n-p-n layers, no effect on device per- 
formance was observed. The effect of incomple te  PH3 
pyrolysis on the InP  growth rate can be qualitatively un- 
derstood in terms of the relative thermodynamics  of InP  
growth from PH3, P2, or P4. Failure to attain equi l ibr ium 
PH3, P2, and P4 concent ra t ions  reproducib ly  in t roduces  
addit ional uncertainty in hydride VPE reactor operation, 
and should be avoided to obtain reproducible growth of 
InP  and related quaternary alloys. 
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