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ABSTRACT 

The use of Lewis acid-base adducts as  MOC'JD precursors f o r  1 1 1 - V  compounds i s  

described and i n  p a r t i c u l a r  the use of ImYe3.PEt3 f o r  the growth of I d .  A 

simple, small-scale  apparatus, which u t i l i s e s  t h e  s a f e t y  and handleab i l i ty  of 

these  adducts is  described. The InP e p i t a x i a l  l ayers  obtained were of good 

c rys ta l lographic  q u a l i t y  with background c a r r i e r  concentrations down t o  2 x iO 1s c;3 

The r e l a t i v e  advantages of adducts over conventional metal a lky ls  is  discussed, as  

wel l  as the  i d e a l  requirements of metallo-organic sources f o r  NOCVD. The fu ture  

p o t e n t i a l  of  both the  s impl i f i ed  growth system and the adducts is considered. 

1 INTRODUCTION 

MOCVD has developed rap id ly  i n  recent  years  following the e a r l y  work of Manasevit 

and co-workers (1,2) .  The process has mainly been concerned with gallium arsenide 

and gallium-aluminium arsenide and t h e  success achieved with these mate r ia l s  has  

encouraged inves t iga t ions  i n t o  t h e  growth of  o t h e r  I L I - V  and 1 1 - V I  compounds (3) .  

The bas i s  of the  MOCVD process is the  simultaneous thermal decomposition of 

v o l a t i l e  compounds containing the cons t i tu ten t  elements of the  required mater ial .  

His to r ica l ly ,  the  metallo-organic compounds used a s  sources have been the  a lky ls  

f o r  the  groups 111 and I1 elements and the hydrides f o r  the groups V and V I  elements. 

Although these types of  sources work wel l  f o r  GaAs and CGa,Al)As, extension t o  the  

growth of indium containing compounds has not  been s o  success fu l ,  due t o  s i d e  

reac t ions  of t h e  vapour species  a t  room temperature ( 4 ) .  Indium a lky ls  r e a c t  with 

the group V hydrides t o  form an adduct which is  unstable  a t  room temperature; i t  
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el iminates  the corresponding alkane and deposi ts  an i n v o l a t i l e  polymer on the surfaces 

of the  gas i n l e t  tubes (5) , e .g. I M e 3  + PH + InMe .pH3 + C - I ~ M ~ P H - ) ~  + 2Me9. 
3 3 

The ex ten t  of  t h i s  s i d e  reac t ion  is var iab le ,  being catalysed by t h e  s i l i c a  and 

s t a i n l e s s  s t e e l  sur faces  of the  i n l e t  tubes ; t h i s  causes v a r i a b l e  growth r a t e s ,  poor 

morphology and poor e l e c t r i c a l  p roper t i es  of t h e  desired semiconductor. Furthermore 

when growing ternary o r  quaternary compounds containing indium, e .  g. ( ~ a  , I n l . 4 ~  and 

c G a , I n ) ( ~ s , P ) ,  p rec i se  composition control  is impossible due t o  the  uncontrolled 

var ia t ions  i n  the  concentration of  the  indium a l k y l  i n  the vapour r e s u l t i n g  from 

the unwanted s i d e  react ions.  

We have previously reported (6,7) a technique f o r  completely el iminat ing the above 

problem. The indium a l k y l  vapour i s  f i r s t  &xed with a sa tura ted  group V Lewis base 

t o  form a s t a b l e  adduct which does not  decompose a t  room temperature nor reac t  with 

the group V hydride u n t i l  i t  reaches the heated zone near the subs t ra te .  

Lewis ac id  Lewis base 

6 5 0 ' ~  
InMe3.PEt3 + PHs + InP + 3 MeH + PEt 

3 

We have demonstrated t h a t  t r i e t h y l  phosphine (PEt3), t r ie thylamine (NEt3), t r imethyl  

phosphine (PMe3) and t r imethyl  a r s i n e  (AsMe ) a r e  all  s u i t a b l e  Lewis bases f o r  
3 

'blocking' the  reac t ions  of t r imethyl  indium with e i t h e r  phosphine o r  a r s ine .  However, 

they a r e  no t  a l l  un iversa l  reagents: N E t 3  is  s u i t a b l e  f o r  the  growth of I d ,  but  no t  

(Ga,In)As; &Me3 can be used f o r  the  growth of arsenides bu t  because it a l s o  a c t s  a s  

a source of a r sen ic  (8) i t  cannot be used f o r  InP. PEt3 however is  s u f f i c i e n t l y  

s t a b l e  t o  pass through t h e  r e a c t o r  without s i g n i f i c a n t  decomposition while ac t ing  as  

a blocking agent. It is there fore  possible  t o  grow (Ga,In)As i n  the  presence of  

PEt without  contaminating i t  with phosphorus ( 6 ) .  3 

This technique has now been shown t o  be s u i t a b l e  f o r  growing a l l  compounds of t h e  

Ga-In-As-P system a t  atmospheric pressure using group I11 a lky ls  a s  vapour sources ( 7 ) .  

Howe-rer i t  involves the  ' i n  s i t u '  ioxmation of an adduct which can be prepared 

d i r e c t l y  by s tandard chemical synthesis  techniques. 



I n  1978 we commenced a programme of research i n  col laborat ion with D C Bradley (9), 

inves t iga t ing  metallo-organic compounds which would act a s  s u i t a b l e  precursors f o r  

MOCVD and be s a f e r  t o  prepare and use than metal a lky ls .  Amongst those compounds 

inves t iga ted  were the dialkylamide compounds of indium e .  g. ( c H ~ ) ~ I ~ N ( c H ~ ) ~  and 

adducts of the  type described above; we have shown t h a t  both types of  compound can 

be used as  soufESs f o r  t h e  growth of InP. h e  higher  vapour pressures  of the adducts 

compared with the amido compounds and the success of the method described above have 

encouraged us t o  concentrate on the  use of adducts as sources f o r  MOCM. 

2 PRE-PREPARED ADDUCTS AS SOURCES FOR MOCM 

We report  here  on the  use of adducts f o r  the  growth of InP and (G~,IU)AS i n  a 

small and simple e p i t a x i a l  growth system. The use of Lewis acid-base adducts f o r  

e p i t a x i a l  growth has been reported before,  Benz e t  a 1  i n  1980 ( 1 0 , l l )  used an 

indium-phosphorus adduct (InMe3.PMe3) a s  a s i n g l e  source f o r  t h e  formation of InP, 

bu t  decomposition gave a mixture of indium and InP; by adding phosphorus t r i c h l o r i d e  

(PC13) t o  the  vapour stream, they were a b l e  t o  el iminate  the  formation of indium, 

presumably by forming indium chloride with HC1 derived frwa the  PC13. Zaouk e t  aL 

(12,13) reported preliminary r e s u l t s  on the use of monochlorodialkyl gallium 

adducted t o  t r i a l k y l  a r s i n e s ,  phosphines and d n e s  f o r  the growth of GaAs and 

r e l a t e d  compounds. 

I n  the present  work we have used an adduct as a d i r e c t  replacement f o r  the group III 

a l k y l ,  mixing i t s  vapour with a group V hydride and then decomposing the  mixture 

on a ho t  subs t ra te .  This approach avoids the use of chlorine containing compounds 

and o f f e r s  considerable advantages over t h e  use of conventional a lky ls .  

Metal a lky ls  a r e  pyrophoric mate r ia l s  and consequently hazardous t o  prepare and handle. 

Their extreme r e a c t i v i t y  a l s o  makes pur i f i ca t ion  d i f f i c u l t  and they general ly  need 

t o  be contained i n  s t a i n l e s s  s t e e l  vesse l s  f o r  s a f e t y  reasons. Adducts a r e  f a r  l e s s  

reac t ive ,  n o n - ~ ~ r o ~ h o r i c  mate r ia l s  which can be pur i f i ed  by a v a r i e t y  o f  techniques 

and can be  contained s a f e l y  i n  g lass  vessels .  Transportat ion is a l s o  e a s i e r  because 

of t h e i r  l e s s  hazardous nature.  
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For the growth of indium containing compounds, indium a lky ls  present  th ree  p a r t i c u l a r  

problems: ( i )  the s ide-react ions a t  room temperature discussed above ( i i )  t h e i r  

thermal i n s t a b i l i t y  ( i i i )  t h e i r  l imi ted  commercial a v a i l a b i l i t y .  There have been 

reports  of severa l  explosions i n  d i f f e r e n t  l abora tor ies  i n  the preparat ion of InMe 
3 

and i ts commercial a v a i l a b i l i t y  has been sporadic  and unre l iab le .  InEt does not  3 

form a s u f f i c i e n t l y  s t rong  adduct with PEt3 o r  NEt3 t o  prevent s i d e  reac t ions  with 

PH although i t  has been used success fu l ly  a t  low pressure by Duchemin e t  a t  with 3 

prepyrolysis of pH3 (14). InMe adducts avoid unwanted s i d e  react ions;  can be made 3 

s a f e l y  by s tandard chemical techniques (without needing t o  i s o l a t e  InMe3); can be 

used i n  conventional MfXVD systems a t  atmospheric pressures;  and, because of t h e i r  

lower r e a c t i v i t y ,  p o t e n t i a l l y  o f f e r  opportuni t ies  f o r  obtaining purer source mate r ia l s .  

3 EXPERIMENTAL SYSTEM DESIGN 

I n  order  t o  t e s t  the s u i t a b i l i t y  of novel MOCVD source mater ials ,  a system was 

designed i n  which s impl ic i ty  and minimum cos t ,  comensurate  with s a f e t y  requirements, 

were primary considerations. The advantages conferred by t h e  use of  adduct 

precursors considerably a s s i s t e d  i n  achieving t h i s  goal.  The apparatus i s  shown 

schematically i n  F ig  1. The adducts a r e  contained i n  Pyrex g lass  bubblers, sea led  

with Teflon valves and maintained a t  the  required temperature (70 - 1 0 0 ~ ~ )  with a 

small o i l  bath. At these temperatures the adducts a re  l i q u i d  and high p u r i t y  

ni t rogen is used a s  the  c a r r i e r  gas f o r  the  vapours. The gas flows a r e  con t ro l led  

with needle valves and measured with conventional b a l l  flow meters. The main c a r r i e r  

gas flow i n t o  the r e a c t o r  i s  palladium-diffused hydrogen and the  adduct vapours 

a r e  mixed with t h i s  together  with a stream of 5% phosphine ( o r  a r s i n e )  i n  hydrogen. 

The i n l e t  tubes t o  t h e  reac tor  a r e  warmed with h e a t e r  tape t o  prevent condensation 

of  the adduct. With the  exception of  the group V hydride l i n e ,  a l l  the  i n l e t  tubes t o  

t h e  reac tor  a r e  made of glass .  The group V hydrides were supplied f r o m  cyl inders  

ou ts ide  the bui lding and piped d i r e c t l y  i n t o  t h e  vented cabinet  housing the  equipment. 

Mass flow cont ro l le r s ,  though not  e s s e n t i a l  f o r  the  growth of InP o r  ( ~ a , I n ) A s ,  were 

used on the. hydride l i n e s ,  s ince  they involved l e s s  j o i n t s  then needle valves and 

flowmeters. 
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Figure 1. Schematic diagram of system 

For g r e a t e r  s impl ic i ty  a small  f l a t  res i s tance  heater . ,  s i m i l a r  i n  p r inc ip le  t o  t h a t  

of Springthrope e t  a1. (15), was used i n  preference t o  an r . f .  hea te r .  It was 

constructed from platinum - 10% rhodium wire on an alumina support and posi t ioned 

aga ins t  the lower f l a t  sur face  of the  r e a c t o r  tube. A small  block of aluminium 

was s i t u a t e d  within t h e  reac tor  t o  a s s i s t  i n  providing a uniform temperature p r o f i l e  

f o r  the s u b s t r a t e ,  which res ted  on the  top sur face  o f  the aluminium. No evidence 

of reac t ion  between the  InP subs t ra tes  and the aluminium support was observed; 

presumably the oxide layer  present  on t h e  aluminium sur face  was s u f f i c i e n t  t o  

provide an e f f e c t i v e  b a r r i e r  t o  in te rd i f fus ion .  The s u b s t r a t e  temperature was 

maintained a t  6 3 0 ~ ~ .  

The design of the  reac t ion  chamber was based on the  r e s u l t s  of holographic s t u d i e s  

of  flow pa t te rns  i n  hor izon ta l  reac tors  by Gil ing (16). I n  m C M  i t  i s  not  possible  

t o  maintain the  long hot  zone a t  the entrance t o  t h e  reac tor  f o r  s t a b i l i s a t i o n  of 

flow pa t te rns  a s  recommended f o r  s i l i c o n  CVD systems; such an arrangement would r e s u l t  

i n  s u b s t a n t i a l  deplet ion of the gas s t ream due t o  pyrolysis  on the hot  r e a c t o r  walls.  
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However,Giling showed t h a t  s t a b l e  uniform flow pa t te rns  were obtained when a 

rectangular  sect ioned tube was used, with the  heated susceptor  a t  the  bottom an6 a 

water-cooled sur face  a t  t h e  top. This b a s i c  design has been used i n  the present  

system: the  gas streems a r e  thoroughly mixed then passed along a tube under laminar 

flow conditions with a smooth t r a n s i t i o n  t o  t h e  rectangular  sect ioned reac tor .  It is 

possible  t h a t  the  presence of  ni t rogen i n  the  gas stream may introduce some 

turbulence above the  heated zone, bu t  i f  t h i s  should occur it could be regarded as  

a replenishable source f o r  t ranspor t  of the reac tan ts  t o  t h e  s u b s t r a t e  (16) .  How 

c lose ly  t h e  flow pa t te rns  i n  our s h o r t  r e a c t o r  approach those observed by Gil ing 

can only be  ascertained by d e t a i l e d  holographic measurements, but  the  appearance 

and q u a l i t y  of the ep i layers  grown, suggests t h a t  the design i s  appropriate .  An 

addi t iona l  advantage of  the water-cooled top sur face  of  the  reac tor  is  t h a t  l i t t l e  

deposi t  occurs on i t ,  thus permit t ing observation of the s u b s t r a t e  during growth. 

The b u t t r e s s  j o i n t  used f o r  loading t h e  s u b s t r a t e s  is sea led  using a Viton O-ring. 

The waste gases a r e  passed through p a r t i c u l a t e  f i l t e r s  before en te r ing  an ac t iva ted  

carbon f i l t e r  t o  remove any unreacted pH3 o r  AsH3, and then i n t o  the exhaust system. 

The whole apparatus i s  s u f f i c i e n t l y  compact t o  be located i n  a s tandard 1.2m chemical 

work s t a t i o n .  

4 RESULTS AND DISCUSSTON 

I n i t i a l  experiments were d i rec ted  towards es tab l i sh ing  the  growth condit ions f o r  InP 

using the InMe.,.PEt3 adduct. Adopting s i m i l a r  concentrations of  the  adduct vapour 

and pH3 t o  those i n  t h e  'conventional '  system where t h e  adduct i s  formed ' i n  s i t u '  

( 6 ) ,  e p i t a x i a l  l ayers  of good morphology could be read i ly  obtained. Under high 

power Nomarski microscopy the sur face  was found t o  have a s l i g h t  t ex ture  (Figure 2 ) .  

The s u b s t r a t e  q u a l i t y  and preparat ion p r i o r  t o  growth were a l s o  shown t o  be c r i t i c a l ,  

growth h i l locks  which appeared t o  emanate from the  subs t ra te -ep i layer  i n t e r f a c e  being 

observed i n  some cases. Similar  fea tures  have been noted i n  t h e  growth of  InP and 

( G a , I n ) ~ s  by LPE and VPE. The layers  grown were f r e e  from gross defects  and 

transmission in f ra - red  microscopy confirmed t h a t  there were very few regions of s t r a i n  

the ep i layer  caused by d i s loca t ions  o r  inclusions.  X-ray rocking curve l i n e  widths 



Figure 2. ~omar sk i  in te r fe rence  micrograph of InP 

of l e s s  than 30 secs of a r c  a l so  ind ica te  good crystal lographic qual i ty.  

The layers  were n-type and t h e  background ca r r i e r  concentrations were i n i t i a l l y  

i n  the range 1016 - 10 l7 ~ r n - ~ ,  but vacuum r e d i s t i l l a t i o n  of the adduct samples 

- 3 
reduced t h i s  and layers  with doping leve ls  i n  the low lo1' cm region have now 

been read i ly  obtained. An electrochemical p ro f i l e  p lo t  i s  shown i n  f igure 3. 'Ihe 

room temperature mobil i t ies  of samples grown on an i r on  doped subs t ra te  were 

~ 3 8 0 0  cm2 V" s" a t  N,, = 3 r 10 l6 ~ r n - ~ .  

A low temperature cathodoluminescence spectrum is shown i n  f igure  4. The r e su l t s  

a re  typ ica l  of good qua l i t y  InP, with narrow peak widths; the small peak a t  

904 nm i s  a t t r i bu t ed  t o  a zinc acceptor leve l  and is commonly observed i n  InP. 

Generally one concludes t h a t  the qua l i ty  of the  InP layers  grown using InMe3.PEt3 

adduct precursor i s  good and comparable with mater ia l  obtained by other  techniques. 

This i s  pa r t i cu l a r l y  encouraging since l i t t l e  a t t en t i on  was paid t o  pur i ty  aspects 

during the adduct preparat ion and a simple vacuum d i s t i l l a t i o n  brought s i gn i f i c an t  

improvements i n  background doping leve ls .  Further work on pur i f ica t ion  and the  

determination of r e l i ab l e  vapour pressure da ta  i s  being pursued i n  conjunction with 

Bradley and Faktor ( 9 ) .  
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Figure 4. Low temperature cathodoluminescence spectrum of InP 



Typical conditions used f o r  the  growth of InP were a s  follows: 

Substrate  Temperature : 6 3 0 ' ~  

Nitrogen flow r a t e  through adduct : 4.8 1 h-I  

Total hydrogen flow r a t e  : 45 1 h - l  

5% pH3 i n  H2 flow r a t e  : 15 1 h-' 

Temperature of InMe3.PEtj : 10oOc 

Under these conditions growth r a t e s  of  2-3 vm h-' were obtained and the layer  

uniformity was b e t t e r  than 5% over a s l i c e  'L 15 x 15 nun. 

Preliminary r e s u l t s  on t h e  growth of (Ga,~n)As using GaMe3.PEt3 i n  add i t ion  t o  

lnMe3.PEt3 ind ica te  t h a t  t h e  method described i s  s u i t a b l e  f o r  t h e  growth of s o l i d  

so lu t ions .  

I n  o rder  t o  assess  t h e  s u i t a b i l i t y  of adducts as source mater ials ,  i t  is necessary 

t o  s t a t e  the  i d e a l  requirements f o r  an MOCVD precursor .  They may be l i s t e d  as 

£01 lows: 

i. The mater ia l  should be s t a b l e  a t  room temperature without spontaneous 

decomposition. 

ii. It should be s u f f i c i e n t l y  unreactive t o  allow simple handling and s to rage .  

iii. It should be v o l a t i l e ,  without decomposition, a t  a conveniently low 

temperature (e.g. c 1 0 0 ~ ~ ) .  

i v .  The r a t e  of  homogeneous pyrolysis  should be low compared with heterogeneous 

decomposition (approx 1:1000). 

v. The r a t e  of heterogeneous reac t ion  on a s u b s t r a t e  should be grea te r  than 

on o ther  hot  surfaces (such as  s i l i c a  confining wal l s  o r  susceptor) ;  

i . e .  t h e  reac t ion  should be catalysed by t h e  subs t ra te .  

vi. The precursors must be adsorbed on the  subs t ra te ;  a t  l e a s t  one of the  

reac tan ts  should be chemisorbed 
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To some ex ten t  these  requirements may be incompatible, e.g. f o r  s t rong  adsorption, the  

p roper t i es  leading t o  high i n t e r a c t i o n  energies  with a sur face  w i l l  be those which 

a r e  responsible f o r  intermolecular  in te rac t ions  and hence may cause low v o l a t i l i t y .  

It is  thus l i k e l y  t h a t  some compromise must be made t o  achieve the most usefu l  

precursor  mater ials .  The f a c t  t h a t  the  use of  t h e  adduct precursors described here 

has been s o  successful  i s  encouraging a d  InMe .PEt3 obviously meets many of the  
3 

c r i t e r i a  l i s t e d  above. 

InMe .PET and severa l  o ther  r e l a t e d  adducts a r e  dimeric, the assoc ia t ion  of  two 
3 3 

molecules s a t i s f y i n g  t h e  co-ordination requirement of t h e  indium atoms: 

Because of the s t a b i l i t y  and sh ie ld ing  e f f e c t  of the  organic groups i n  the  dimer, 

molecular i n t e r a c t i o n s  between dimers a re  reduced and therefore v o l a t i l i t y  is 

enhanced. 

This sh ie ld ing  e f f e c t  of the dimer might be expected t o  reduce the  r e a c t i v i t y  and 

adsorption of  the molecule onto t h e  s u b s t r a t e  b u t  f o r  the f a c t  t h a t  d i ssoc ia t ion  

of t h e  dimgr occurs on hea t ing  and i s  probably complete a t  the growth temperature (17). 

This dimerisat ion ( o r  f o r  GaMe3.PEt3, t r imer i sa t ion) ,  which is  a l so  c h a r a c t e r i s t i c  

of  t h e  amido mater ials  mentioned e a r l i e r ,  may wel l  be a s i g n i f i c a n t  f a c t o r  i n  the  

success achieved with these precursors .  It would a l s o  imply t h a t  a sharp thermal 

gradient  i n  the  v i c i n i t y  of the  susceptor  o r  s u b s t r a t e  h e a t e r  is  a des i rab le  fea ture  

of  a reac tor .  

The design features  of the small s c a l e  MOCM apparatus described here a r e  c l e a r l y  

not  s p e c i f i c  f o r  the use of  adducts. It incorporates  a number of  fea tures  and has a 

degree of s impl ic i ty ,  which makes i t  of  i n t e r e s t  f o r  various research appl ica t ions  

where the  high cost  of  a conventional MOCVD system would not  be j u s t i f i e d .  The 

degree of success achieved a l s o  c l e a r l y  ind ica tes  t h a t  adducts a re  not  exclusive 

t o  t h i s  small s c a l e  system, but  could be incorporated i n t o  a conventional system 



with the minimum of  a l t e r a t i o n s  being necessary. 

The chemical problems encountered i n  MOCM of indium containing compounds a r e  

a l s o  overcome by using adducts and this, coupled with the  supply problems of 

trimethy 1 indim, qake them p a r t i c u l a r l y  a t t r a c t i v e  f o r  the  growth of  mate r ia l s  i n  t h e  

Ga-In-As-P system. I f  the expectat ion of obtaining adducts of higher  p u r i t y  than 

can be achieved f o r  the metal a lky ls  is  rea l i sed ,  then extension of the use of  

adducts f o r  the  Ga-A1-As system and f o r  o ther  1 1 1 - V  and 1 1 - V I  compounds w i l l  be 

advantageous. Preliminary r e s u l t s  ce r ta in ly  support t h i s  suggestion. 

5 CONCLUSIONS 

The work reported here  leads t o  t h e  following conclusions: 

i. adducts a r e  s u i t a b l e  precursors f o r  the growth of 1 1 1 - V  compounds; 

ii. the use of  adducts overcomes the  chemical problems encountered i n  the 

mCVD by indium compounds; 

iii. adducts have considerable advantages over a lky ls  i n  terms of sa fe ty ,  ease 

of  preparat ion and t ransportat ion;  

iv .  adducts o f f e r  t h e  p o s s i b i l i t y  of purer s t a r t i n g  mate r ia l s  f o r  MOCVD, 

v. t h e  advantageous proper t i es  of the adducts helped considerably i n  

achieving a simple, inexpensive growth apparatus) 

v i  adducts may be used i n  l a r g e r  conventional systems with only s l i g h t  

modification of  the equipment; 

v i i .  the  bas ic  design fea tures  of the reac tor  tube are good and make i t  s u i t a b l e  

f o r  a wider range of app l ica t ions .  
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