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THERMODYNAMIC STUDIES OF THE SILICON TRANSPORT IN LPE GROWTH ON 

InP SUBSTRATES 

C. C h a t i l l o n and C. Bernard 

LaboratoiTe de Thevmodynamique et Physioo-Chimie MStallurgiques (AseooiS 
au C.N.R.S.) L.A. N° 29, E.N.S.E.E.G., Domaine Vniversitaire, B.P. 44, 
38401 Saint-Martin d'Heves, Franee 

Resume : L'origine de Vimpurete Si dans les semi-conducteurs a base de InP/In 
CaaAsK Slabores par epftaxie en phase Hquide, a ete Studiee par le calcul ther-
modynamique des equilibres complexes existant dans un reacteur classique : tube 
en quartz, nacelle en graphite et atmosphere d'hydrogene. Le si l ic ium se trouve 
essentiellement sous la forme des molecules SiH», SiO et SiPp, en phase gazeuse 

et du carbure SiC en phase condensee. Lorsque le f lux d'hydrogene est porteur de 
vapeur d'eau, les teneurs en si l ic ium de la phase gazeuse diminuent, et le SiC 
disparaft. Les calculs thermodynamiques prevoient les dopages ou purif ications 
en si l ic ium des substrats InP. Les resultats obtenus expliquent les observations 
experimentales. La meme approche a ete ut i l isee pour etudier le role de la phos-
phine. 

Abstract : Thermodynamic calculations are used to investigate the transport pro­
cesses in a conventional LPE growth reactor on InP substrate. The influence of 
the furnace materials, s i l i ca tube and graphite boat, are analysed during the 
two mains operations : baking and growth. The s i l icon is carried by SiH», SiO 

and SiP- molecules and we have calculated the doping of InP substrates with s i l i ­

con. The experimental determinations are in agreement with our calculations as 

well as for phosphine concentrations in the H~ carrier gas than for the Si impu­

r i t y concentrations without baking and after baking with small H^O vapor content 

in H2. 

1. Introduction. - The si l icon impurity in the InP and InGaAsP compounds may o r i g i -
nate from two sources : the Si contained in the In metal base either for the In 
baths or for elaboration of InP substrates, and the si l icon which may be transported 
in the LPE reactors after the H2 attack of the s i l i ca tube. 

The si l icon which is contained in the metall ic In basic constituant has a 
concentration of about 0.1 to 0.03 p.p.m. and devices bu i l t without further p u r i f i ­
cation have electr ical properties corresponding to 101S to 1017 impurities/cm3. Usu­
a l l y , before LPE growth, the experimentalists bake the whole device (In baths and 
InP substrates) and the f ina l resul t is a decreasing impurity content towards about 
1015 impurities/cm3. Two basic chemical problems are intermixed to obtain si l icon 
low concentrations. F i r s t , what kind of puri f icat ion is occuring before growth in 
the LI>E reactors ? Second, is the reactor conception a l imi t ing factor to the pur i ­
f ication,by introducing a constant and low si l icon equilibrium concentration in the 
InP/InGaAsP devices ? These two aspects are probably competitive in the LPE growth 
reactors, quite contrary to the lone puri f icat ion process that seems to occur in 
GaAs growth reactors (1). 

The impurity concentrations are so low that more often the chemical analysis 
is not possible and the electr ical properties must be correlated to the elaboration 
process to gess what is the main e lect r ica l ly active impurity. Another solution is 
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t o  use thermodynamic ~ a l c u l a t i o n s  t o  i n v e s t i g a t e  what are the gaseous species res- 
ponsi b l e  o f  the t ranspor t  processes and est imate t h e i r  vapor pressures t o  q u a n t i f y  
the p u r i  f i c a t i o n l i m i  t which i s  t h e o r e t i c a l l y  poss ib le  t o  reach. These computer ca l -  
cu la t ions  are able t o  evidence very low concentrat ions because there i s  no theore- 
t i c a l  l i m i t s .  These ca lcu la t ions  suppose the gaseous species are known and the ther -  
modynami cs o f  a1 1 the poss ib le  condensed phases we1 1 establ ished. 

2. CONDENSED PHASES AND GASEOUS SPECIES WHICH ARE KNOllii 

The e p i t a x y .  furnace 's  mate r ia l s  which are maintalned a t  h igh  temperature du- 
r i n g  e i t h e r  the ep i  t a x y  growth o r  the baking time, are genera l l y  s i l i c a  f o r  the 
tube and g raph i te  f o r  the boat. The furnace atmosphere i s  H2 (Pressure = 1 Atm.) 

and sometimes mixtures H2 + n e u t r a l  gas o r  vacuum. I f  ep i taxy  temperatures are close 

t o  600°C, the outgasing may be done a t  h igher  temperatures, up t o  800 or 90C0 C. 
The condensed phases and the gaseous species t h a t  may e x i s t  i n  the h igh  temperature 
zone come from the complex chemical system I n  - Si - P - C - 0 - H. The excess o f  
Si02, graphi te ,  I n  and InP phases invo lves  thermodynamic forces t h a t  are cons t ra i -  

n ing  the whole s e t  o f  gaseous chemical e q u i l i b r i a  

2-.JC,-the_,known_-con__de_ns_e_!-eh,as_e_sL 
The condensed phases come from the furnace mater ia ls ,  Si02 and C (graphi te) ,  

from the load, I n  and InP and a lso  from the poss ib le  formation o f  o ther  condensed 
phases l i k e  Sip, Sic, S i  and In203 combining the  chemical const i tuants  o f  the l i q u i d  

epi taxy reactors.. Because the e q u i l i b r i u m  I n  (sa t .  w i h t  P); InP(so1id) i s  a necessa- 
r y  cond i t i on  f o r  the growth, P ( red)  cannot be formed i n  the furnace. The thermo- 
chemical datas come from (2) (3)  and (4),  whi le  those f o r  InP and S ip  have been es- 
t imated (Annexe I ) .  The In203 phase which has already been studied by us (5 )  i s  qu i -  

t e  s i m i l a r  t o  the proposed value (4) .  
Mhen c a l c u l a t i n g  the complex equi li b r i  urn, we assume the condensed phases are 

n o t  m i s c i b l e  ( t h e i r  a c t i v i t i e s  are = 1) .  This assumption i s  c o r r e c t  i n  t h i s  low tem- 
perature range. Thermochemi ca l  i n fo rmat ion  are presented i n  Table I. 

l. zl-Ihe-known-saseo~s_-molecule_~I 
~ 6 e  gaseous molecules i n  t i ie I n  - S i  - P - C - 0 - H chemical system are nu- 

merous and so we w i l l  e l im ina te  the hydrocarbons t o  avoid some unuseful l  ca lcu la -  
t ions.  The ca lcu la t ions  were performed on ly  w i t h  the CH4, C2H4 molecules. The low 

- .  
p a r t i a l  pressures o f  C2H4 and C2H2 show ti poa.tZ.&o& t h a t  h igher  hydrocarbons are 

n o t  important.  
Thermodynamic datas f o r  the gaseous species come from JANAF tab les (2)  o r  

from o r i g i n a l  measurements as presented i n  Table I and annexe 11. 

3. THE EPITAXY REACTOR AS A CHEMlCAi EQUILIBRIUM SYSTEM. 

The H2 f l o w  ( 1  Atm.) r a t e  i s  usua l l y  very s m a r t h e  gas residence time i n  

the h o t  zone being about 1/2 t o  1 minute_; The t ime which i s  necessary t o  reac t  be t -  
ween two gaseous species being about 10 t o  10 s ~ .  we assume the chemical e q u i l i -  
brium i s  reached between the gaseous species. This cannot be assumed f o r  s i l i c a  
and g raph i te  react ions w i t h  gaseous species, b u t  we know t h a t  a k i n e t i c  e f f e c t  
w i l l  decrease the S i  and C based molecules concentrat ions (SiO, SiH4, Sip2, CH4, CO) 

i n  the furnace. The same phenomenon occurs i f ,  according t o  a la rge  isothermal zone 
i n  these furnace, any d i f f u s i o n  process l i m i t s  the mix ing i n  the gaseous phase. 

Our ca lcu la t ions ,  i n  the e q u i l i b r i u m  s ta te ,  represent always the maximal con- 
centrat ions f o r  the gaseous molecules t h a t  we can encounter i n  a LPE reac to r  (6 ) .  



t 

i 

T A B L E I : 

LPE growth reac to r  

Phases 

I n  ( l i q u i d )  
S i  ( s o l i d  ) 
C I 
S i c  I 

In203 ( 
InP 
S ip  I 
SiOZ (quar tz)  
I n  (gas) 
P 

P2 
1 

1 
C P 

O2 1 
I 

SiO 
CO 1 
C0z , 
H2 I 
PH 
pH2 I 

pH3 1 
SiH 
SiH4 1 
CH4 , 
CzH2 

'zH4 1 
CHP 
H20 1 
Si  P 
Sip2 1 

Si2P 

I CPSi 

P2Si2 I 
CzP 

I 
CPSi2 

CP2 , 
C7P7 -. 

thermodynamic datas f o r  the  

- (  G;-H;98 )IT 

( c a l  . ~ - ' m o l - l )  

13.820 
4.498 
1.359 
3.940 

25.800 

15.000 
8.320 
9.910 

41.507 
38.980 
52.110 
66.893 

51.661 
49.005 

53.218 
60.450 

50.542 
47.217 
51.072 

31.207 

46.900 
50.800 

50.238 

47.306 
48.789 

44.490 

48.004 

52.396 

51.375 
45.106 

55.502 
64.320 

65.465 

62.212 
76.316 

57.857 

71.298 
63.052 

66.327 

complex e q u i l i b r i u m  

AH O 

298 

(ca l  .rnol-l) 

0 
0 
0 

-17100 
-221300 

-13500 
- 8077 

-217700 
58000 
79795 
42680 
30771 

128200 
0 

-2900 
-63560 

-24000 
-26417 
-94051 

0 

60600 
30 100 

5470 

90000 
7800 

-17895 

54190 

12540 

36250 
-57795 

100260 
104120 

74550 

120600 
110330 

152200 

122876 
96100 

103230 

c a l c u l a t i o n  o f  the  
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2 
4 

Anncxe I 
I/ 
2 
3 
2 
2 
2 

2 Annexe I1 
2 

2 
2 

2 
2 
2 

2 

2 
2 

2 

2 
2 

2 

2 

2 

2 
2 

Annexe I1 
I 

1 

1 

1 
1 
1 

I 

1 



C5-360 JOURNAL DE PHYSIQUE 

Theore t i ca l l y ,  the e q u i l i b r i u m  s t a t e  would be reached when stopping the Hz f low, 

b u t  p r a c t i c a l l y  t h i s  equi li b r i  um can be achieved w i t h  low f low r a t e  o f  Hz. 

3.1. SiO, + graphi te  + H7 gas w i t h  I n  + InP load. - - .............................................. 
f 6 e  equi li b r i  um composi t i o n s  are deduced by min imisat ion o f  the f ree  energy 

o f  the whole chemical system (7) .  This min imisat ion i s  done w i t h  a SiOz, C (graphi te)  

I n  and InP excess and w i t h  the i n i t i a l  pressure equal t o  1 Atm. The whole pressure 
o f  the reac t ing  system i s  maintained a t  1 Atm. The c a l c u l a t i o n  accuracy i s  f i x e d  
a phiahi a t  10- ID o r  10-l1 moles (compared t o  5 moles of H2 o r  S i0 2....) and corres- 

ponds t o  a concentrat ion threshold above which any condensed phase o r  gaseous mole- 
cu le i s  p a r t i c i p a t i n g  t o  the ca lcu la t ion .  So, when some gaseous species disappears 
i n  our ca lcu lat ions,  i t  means i t s  concentrat ion i s ,  a t  equ i l i b r ium,  lower than our  
accuracy l i m i t .  For the  condensed phases t h i s  means they d o n ' t  e x i s t .  

The r e s u l t s  are presented on the f i g u r e  1 i n  the temperature range 900 - 
1100 K. I n  the gaseous phase, the s i l i c o n  based molecules (SiH4, SiO, Sip2) e x i s t  

F ig .  1 : equ i l i b r ium p a r t i a i  pres- 
sures o t  gaseous species I n  a LPE 
growth reac to r  con ta in ing  Si02 
( tube) ,  C (graphi te  boat) ,  I n  ana 
I n p  as i n i t i a l  condensed phases i n  
excess. The t o t a l  pressure i s  1 Atm. 
and the i n i t i a i  gas f l ow i s  pure 
hydrogen and the S i c  phase i s  
formed. 

w i t h  a very low concentrat ion. We a l so  observe the format ion o f  the S i t  s o l i d  phase. 
As we know the S i c  usua l l y  coats the dense graphite, the product ion o f  a  c e r t a i n  
q u a n t i t y  o f  t h i s  carbide can e l i m i n a t e  the c o n t a c t  o f  the g raph i te  phase w i t h  our  
chemical system. The s i l i c o n  a c t i v i t y  must move upwards and a new c a l c u l a t i o n  i s  
necessary. 

3.2. Si02 + S i c  + Hz gas w i t h  I n  + InP load. .................... ---- ------ -- -------- 
Results are presented on T igure 2. As we observed, the formation o f  pure Si  

phase s h i f t s  the complex chemical system towards an extreme l i m i t  where the  a c t i v i t y  
o f  s i l i c o n  i s  u n i t  ( i t s  maximum value). I n  the ep i  taxy reac to r  the tvue working con- 



di tion of our system i s  probably between the chemical limits as defined by 3.1. and 
3.2. cases. In the l a s t  one, the si l icon based molecules concentration (mainly SiH4) 

i s  very important and the pollution of In + InP baths would occur instantaneously. 

Fig. 2 : equilibrium part ial  pressures 

of gaseous species in a LPE growtn 
reactor when the Sic condensed phase 
coats entireiy the grapnite boat. i n  

t h i s  case, tne pure si l icon phase i s  
formed and the pressures ot  s i i icon 
based gaseous species increase dras- 
t i ca l iy  as compared to  Fig. 1. 

3.3. Controling the ohosphorus pressure t kmugh PH (Phosphi ne) additions . 1I~ISoun~9~tS~reilT~333f6ii~~or'~fiorus~zu~T~6xu~~6~~sGre3B6~ jeethG3Tfi3- 
InP two phases system i s  established mainly through the P2,  P4,  pH3, pH2, PH, CHP 

and Sip2 molecules. The part ial  pressures of P2 ,  P4 and In are imposed by the 

1n; InP equilibrium, since pH3, pH2, PH part ial  pressures are imposed by th is  equi- 

librium and the H2 pressure (quite equal to the total  pressure). The CHP molecule 

i s  very important when the graphite boat i s  not coated w i t h  S ic  ( f ig .  I ) ,  but beco- 
mes negligible when th i s  carbide coats the boats. 

When working under H2 flow in the furnace, a1 1 these species consume the 

phosphorus included in  the InP substrates and expiain tha t  some experimen~alist  
t r ied  to counteract th i s  process by introducing Pn3 in the H2 flow. Tnis introduction 

must be done taking into account the pH3 decomposition and reaction with the furna- 

ce ' s  materials as shown on f ig .  3 an& Table 11. To avoid the attack of the InP 
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substrates, the pH3 concentrat ion i n  H2 f low must be s u f f i c i e n t  : on f i g .  3, the 

e q u i l i b r i u m  pressures o f  pH3 i n  the furnace are compared t o  the i n t r o d u c t i o n  pressu- 

res i n  the Hz flow, f o r  a g raph i te  boat and a S i c  coated boat  (as the t o t a l  pressure 

i s  1 Atm., the p a r t i a l  pressures are the molar concentrat ions).  The threshold concen 
t r a t i o n s  as experimentaly determined (8)to(,11) t o  avoid substrates degradation agree 
w i t h  our  thermodynamic ca lcu la t ions .  Moreover, the Clawson and Co l l  . (10) (11) va- 
lues agree w i t h  us, b u t  t h e i r  i n t e r p r e t a t i o n  w i t h  an hypothet ic  PH, decomposition 

k i n e t i c  low r a t e  below 710°C cannot be conf i rm and probably comes From t h e i r  thermo- 
dynamic da ta ' s  choice. 

log P 

-2P 
Fig. 3 : equ i l i b r ium pressures o t  

phosphine (peq) and i n i t i a l  pressures 
o f  pHg (P ) which i s  necessary t o  

in t roduce i n  view o f  counteract1 ng 

the  thermai d issoc ia t ion  and reac t ion  

o f  Pn3 w i t h  the  furnace mater ia ls .  

Experimental tnreshoi ds t o r  InP 

degrat ion : x Ref. 10, d Ref. 11, 

0 Ref. 9 and+Ref. 8. 

A general r e s u l t  f o r  the two prev ious cases C excess o r  S i c  excess, i s  we 
never observed some S i p  o r  Inp03 s o l i d  phases formation. Th is  can be expla ined by 

the I n  + InP excess and the very low oxygen p o t e n t i a l  i n  the furnace as we have cal- 
cu l  ated from the equi li b r i  um : 

H2(g) + ; 02(g) = H*O(g) ( 1 )  

< P(02) < loJ4 w i t h  S i c  + S i  excess 

and P(02) < with C r S i C  excess. 



T A 6 L E I1 : Equilibrium concentrations of pH3 i n  the reactor and i n i t i a l  

concentrations wnicil are necessary to  counteract the substrates degradation. 
(Total pressure = 1 Atm.) 

4 .  HYDROGEN PRESSURE INCIDENCE ON THE SILICON TRANSPORT PROCESS 

In part  3, we have observed tha t  the si l icon i s  mainly transported through 
the SiH4 molecule and w i t h  lower efficiency through SiO and Sip2 molecules. As the 
SiH4 pressure i s  directly bounded to  the H2 pressure, the influence of the H2 decre- 
asing pressure has been studied. Pratically,  t h i s  condition can be realised with Hz 

and rare gas mixtures a t  a 1 A t m .  to ta l  pressure. As in par t  3, we calculated fo r  
the two chemical system : SIC + C o r  SiC + Si .  

4.1. !_urna_c_e_ jth_-C_-exc_:~~. 

The results  show that  the Sic formation occurs, b u t  i t s  amount decreases 

with the H2 pressprc and so we suppose the coating of the boat cannot be done 
completely. We also calculated the l imi t  which i s  the absolute vacuum (Table 111). 

In fac t ,  even i f  there i s  no contact between the s i l i c a  tube and the graphite boat, 
the residual gases (H2. CO, C02, H20, CH4.. . . ) i n i t i a t e  the exchange reaction and 
the Sic formation i s  quite possible. 

Reactor with C excess 

T (K) 

900 
1000 
1100 

0 

I 
PH3 

% - 
pH3 + pH2 + PH + HCP 

65 

26 

8 

Reactor w i t h  an excess of SIC 

P 
pH3 equil. 

(Atm) 

3,2 
1,l 

2,5 

900 

1 o,eo 
1100 

i 

P 
pH3 to 
introduce 

4,9 
4 , l  
3 , l  1 0 ' ~  

99 

98 
52 

4,s 
1,2 lom4 
2,6 1 0 ' ~  

4 ,s  
1 , ~  
2,8 

C 
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As the Hz pressure decreases, a1 1 the gaseous species containing H have the i r  
pressures decreasing as shown on the figures 4 and 5 : 

Fig. 4 and 5 : influence of decreasing to ta l  H2 input pressure (as compared to  Fig. 1) 

on the equilibrium part ial  pressures in  the LPE furnace when graphite (boat) and 
Sic part ial  coating ex i s t  a1 1 together. 

The SiH4 pressure becomes lower than the SiO pressure a t  900 K and 
P(H2) < 10-I A t m .  All the gaseous species which are  lower than the accuracy l imit  of 
the calculations are  calculated through the equil ibria : 

Si02(s) + P2(g) + ZC(s) 2 SiP2(g) + 2CO(g) (11 

The oxygen part ial  pressures are  calculated through : 

CO(g) = C(s) + 1/2 o2 (g)  (IV) 
02(g) = 2o(g) ("1 



4.2 : Sil icgn-carb jde-clgpted-t+ci. 

As i n  p a r t  3 ,  when S i c  coats  t h e  g raph i te  boat,  the  pure S i  s o l i d  phase 
appears and the  s i l i c o n  a c t i v i t y  i s  a t  i t s  maximal value (a = I ) ,  the  chemical 

system being S i c  + Si .  Evidently, the  gaseous spec ies  with t h e  S i  atom have t h e i r  

T A B L E I11 : p a r t i a l  pressures  of gaseous species  i n  a LPE reac to r  under 
vacuum and condensed phases which e x i s t .  

Gaseous 

Species 

In  

P2 

P4 
P 

SiO 

Si  P2 

CO 

O2 
0 x 

Reactor with Cexcess : Si02 + C + s ic ( ' )  + In  + inP 

P a r t i a l  Pressures  (Atm. ) 

T = 900 K 

4.04 lom9 

1.71 

5.01 
- 

7.00 lo-14 

5.04 10-16 

1.87 lo-' 
2.13 

7.79 

Reactor with an excess of S i c  : Si02 + S i c  + ~ i ( ' )  + In  + InP 

In 

P2 

P4 
P 

SiO 

Sip2 

CO 

O2 * 
0 * 

1 000 K 

9.44 

8.64 

6.42 
- 

1.14 10-'I 

3.77 10-l3 

1.11 lo-' 

1.49 

6.01 

1 100 K 

1.24 

2.12 

3.34 

9.5 10-l1 

7.4 10-lo 

8 .7  lo-'' 

3.09 lom6 

1.34 

9.07 

(1)  S i c  and Si  a r e  t h e  phases which a r e  formed. 

& These pressures  a r e  ca lcu la ted  from P and the  e q u i l i b r i a  11, 111, IV and V 
, CO 

ib. excess C 

i b  8 ,  

i b  I, 

i b  Il 

5.19 1 0 ' ~ ~  
2.75 10-l2 

1.35 lo-15 
1.01 

1.69 

I 

ib. excess C 

i b  I, 

i b  I1 

i b  I1 

5.19 10-lo 

7.68 10-lo 

1.67 lo-14 

5.1 

3.51 

ib. excess C 

i b  " 
i b  " 
i b  " 
2.32 

8.09 

1.19 lo-13 

9.68 

7.70 
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pressures increasing ( f ig .  6 and 7 ) .  A$ 900 K ,  the SiH4 molecule remains the more 
vol a t i  1 molecule when A t m .  Under vacuum, SiH disappears and SiO 
and Sip are  the ( table 111). This transp& process is the one 
which h$s been observed (13) when outgasing a t  high temperature (1100-1200 K), and 
analysing the s i l icon included in the In + InP baths. As shown i n  table 111, the 
calculated oxygen pressures are  very low, corresponding t o  f ree  si l icon in  the fur- 
nace. This i s  not r e a l i s t i c  because leaks, diffusion through s i l i c a  or  gasket's out- 
gasing must occur even w i t h  a very low rate.  So the SiO and Sip2 pressures have 
the i r  maximal value but probably never attained. 

As a conclusion the lone advantage for  working with reduced H pressure i s  
the decreasing PH PH and CHP part ial  pressures and consequent16 less  degra- 
dation of the sub$;r::~;. 

'09P, 

0 

Fig. 6 and 7 : influence of decreasing total  H input pressure (as compared to Fig.?) 
on the part ial  pressures in the LPE furnace wh6n Sic coats the graphite boat. 
5. ADDING WATER IN Hz= 

Several experimentalists (8)(42)(13) introduced some water in the H2 flow 

' -1 
S i ~ ~ + ~ i ~ + S i t H ~ t l n t l n P  PT=10 Atm. 

- 

'ogpl 

to move the equilibrium reaction : 

' -2 
Si02+S1C+Si+H2+ln+lnP PT=10 Atm. 

s io2(s)  + H2(g) 2 SiO(g) + H20(g) (Iv) 
towards reduced SiO(g) pressure. Eastman and Coll. (14) proposed a theoretical l imit  

3 (4.10'~ impurities/cm ) ,  based on the ac t iv i ty  coefficient  of Si a t  i n f in i t e  dilution 
in Indium calculated by Thumond (15). As the water vapor pressures which are intro- 
duced are  generally higher than those calculated a t  equilibrium w i t h  pure H2 flow, 
we have to recalculated the new equilibrium s t a t e  which i s  imposed by i n i t i a l  water 



concentrat ion i n  the Hz f low. On the f i g u r e s  8 t o  11, the r e s u l t s  are such than the 

S ic  phase disappears and the SiH4, SiO and Sip2 gaseous species decrease when the 

water content increases. I n  t a b l e  I V  the t h e o r e t i c a l  values f o r  these species are 
ca lcu la ted  through the  equi 1 i b r i  a : 

SiO2(s) + P2(g) + 2H2(9) t 2H20(9) + s i ~ 2 i s ~ j  (VIII) 
where the main gaseous species pressures a re  known by the  complex equ i l i b r ium calcu- 
l a t i o n .  The CO, O2 and 0 pressures are deduced from the  e q u i l i b r i a  I, I V Y  V and : 

The decreasing p a r t i a l  pressures o f  s i l i c o n  gaseous species i s  due t o  the lowering 
s i l i c o n  a c t i v i t y  i n  s i l i c a  when increasing water content  i n  the  H2 f low, as shown i n  
f ig .  12. As a consequence the S ic  phase i s  no longer  e x i s t i n g .  

Fig. 8 t o  11 : in f luence  on the e q u i l i b r i u m  p a r t i a l  pressures o f  the water content  
i n  H2 f low. The S i c  condensed phase disappears and the s i l i c o n  based gaseous 

species p a r t i a l  pressures decrease. 

-5 ' 
S I O ~ + C + I ~ + I ~ P  P;~=IO pT= l  ~ t m  

+H2 
H2 - 

-2 - 

900 1000 1100 TCK) 900 1000 1100 TCK) 

'ogp, 

0 -  

log p, 

0 

- ' -6 ' 
SICQ+C+I~+I~P P; 0 = ~ ~  pT=l ~ t m  

- +H2 
2 I 

/ I H2 - 
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Fig.  12 : logarithms o f  the  molar f r a c t i o n  o f  S i  i n  the gaseous phase as a funct ion 
o f  i n i t i a l  water content i n  H2 flow. The domains o f  ex istence a r e  represented f o r  

the  d i f f e r e n t  condensed phases. 



+ r 

T A B L E IV : par t ia l  pressures of gaseous species w i t h  oxygen or/and s i l i con  as  a 
function of i n i t i a l  water content i n  Hz flow (PT = 1 atm.). The pressures lower 

than 10-l1 a m .  a r e  calculated through the  equilibrium constants o f  known react tons 

T(K) 
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1 000 
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SiO 
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SiH4 

s i  p2 
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O2 

0 
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6 - ESTIMATED SI POLLUTION OF THE InP SUBSTRATES AND In BATHS 

The calculation of the Si concentration in  the  l iquid In saturated with 

phosphorus (In + InP coexisting phases), o r  tne  S i  contamihation of In? substrates 
can be fu l ly  performed i f  the thermodynamic properties f o r  Si and P d i lu t e  solutions 
in  In a re  known. A s  these values a re  not available,  the calculations a r e  done trom 
the In-Si binary system. 

The i n f i n i t e  dilution ac t iv i ty  coeff ic ient ,  y-si(In), of s i i i con  i n  Indium 

i s  estimated from the Si-In phase diagram assuming the l iquid  solution is pseudo- 
regular (15)(16)(17), i-e the a = a c b i  coeff ic ient  i s  variing w ~ t h  the temperature. 
From the a coeff ic ient  , the -i is  deduced : 

The assumption of a pseudoreguiar solution has been checked successfully by 
calorimetric measurements (18) of the  par t ia l  enthaipy of S i  i n  In a t  i n f i n i t e  

OJ 

dilution dHSi(In). Ihe ac t iv i ty  coeff ic ient  of S i  i n  the  so i id  inP phase is deduced 

from the >i(In) and tine d is t r ibut ion coeff ic ient  (19) 
xSi(in InP) 

k = % 4 
' ~ i ( i n  In s a t .  with InP) 

hH,,,(Si) = 12 000 cal.mo1" (2)  melting enthalpy of Si,Tm(Si) = 1685 K (2) melting 

temperature of Si . We deduce the  ac t iv i ty  coefficient  of s i i  icon i n  so i id  InP 
(Table Y )  

The s i l icon concentration i n  the l i q u ~ d  In bath saturated with InP o r  the  
InP substrates are  calculated through any equilibrium reactions because tine s i  1 icon 
ac t iv i ty  has a unic value in  the l iquid  epitaxy reactor : 

1 

T A 6 L E V : calculated values of the s i l i con  i n f i n i t e  dilution ac t iv i ty  
coefficient  in  l iquid indium o r  i n  so l id  InP substrates.  

Y" 
Si ( in  sol id  InP) 

627 

168 

58 

T(K) 

908 

1 000 

1 i00 

Y"Si(in In l iq . )  

110 

58 

54 



The est imated S i  concentrat ion i n  InP i s  presented on the  Fig. 13 and 
t a b l e  V I  f o r  d i f f e r e n t  chemical environments. On Fig.  13, we a lso  quoted the  concen- 
t r a t i o n s  which are repor ted by authors (i2)(13) betore and a f t e r  baking o r  water 
addi t ions.  The agreement between these r e s u l t s  and our  ca lcu la t ions  proves the  t r u e  
chemical behavior a t  the LPE reac to r  i s  c lose t o  Si02 + C excess + 5 iC w i thou t  H2D 

vapor, and c lose t o  Si02 + C excess when adding water i n  the H2 f low.  

F ig .  13 : logari thms o f  the molar 

f r a c t i o n  o f  s i l i c o n  i n  rnP subs- 

t r a t e s  as a func t ion  o f  water 

content i n  Hz flow. Experimental 

determinat ions : O Ret. (iZ), 
0 Ref. ( 13). Upper va i  ues a re  

w i thou t  baking, iower values 

a t t e r  baking wich H20 i n  H2 fiow. 



#
 

T
A

B
L

E
 V

I 

S
il

ic
o

n
 m

ol
ar

 f
ra

c
ti

o
n

 a
t 

e
q

u
il

ib
ri

u
m

 f
o

r 
In

P
 s

ub
st

ra
te

s 
as

 a
 f

u
n

ct
io

n
 o

t 
th

e
 c

he
m

ic
al

 
en

vi
ro

nm
en

t 
in

 th
e 

LP
E 

re
a

ct
o

r 
: 

S
i0

2 
tu

be
 +

 g
ra

p
h

it
e

 b
oa

t 
+ 

H
2 

(c
he

m
ic

al
 s

ys
te

m
 S

ic
 +

 C
 + 

H
2)

 o
r 

w
it

h
 S

ic
 c

o
a

ti
n

g
 (

S
ic

 +
 S

i 
+ 

H
z)

 
o

r 

va
cu

um
, 

an
d 

w
it

h
 w

at
er

 c
on

te
nt

 i
n

 th
e 

H
2 

fl
ow

. 
T

o
ta

l 
pr

es
su

re
 =

 I
 A

tm
. 

m
ol

ar
 

fr
a

c
ti

o
n

 

'S 
i
 

90
0 

K 

1
 O

UO
 K

 

1 
10
0 

K 

R
ea

ct
or

 w
it

h
 

S
ic

 +
 S

i 
+ 

H2
 

1.
2 

8.
5 

4.
4 

lo
-2

 

R
ea

ct
or

 w
it

h
 

S
ic

 +
 

C 
+ 

H
2 

2.
7 

1
0

'~
 

4.
2 

4.
4 

lo
e5

 

R
ea

ct
or

 

un
de

r 

va
cu

um
 

2.
5 

10
" 

4.
2 

1
0

'~
 

4.
4 

W
at

er
 i

n
p

u
t:

 N
(H

20
)/

N
(t

i2
) 

lo
q3

 

3.
3 

1
0

-l
7

 

5.
1 

lo
-1

3 

3.
0 

lo
e9

 

10
-6

 

3.
3 

1
0
-l

1
 

5.
1 

4.
4 

10
-5

 

3.
3 

1
0

-l
3

 

5.
1 

lo
-' 

3.
0 

3.
3 

10
-l

5 

5.
1 

lo
-''

 

3.
0 

lo
-' 



7 - CONCLUSION 

The o r i g i n  o f  the  S i  p o l l u t i o n  o f  InP substrates semi-conductor 
devices growth by LPE, i s  e i t h e r  the i n i t i a l  s i l i c o n  composition o f  I n  o r  the  a t tack  
o f  furnace's quar tz  tubes. Tne t ranspor t  o f  S i  i s  done through the SiH4, SiO and 

Sip2 gaseous species i n  conventionai devices w i t h  pure H2 t low. When us ing g raph i te  

boats the  S i c  s o l i d  phase i s  formed. I n  a conventionai device, the s i l i c o n  a c t i v i t y  
i s  f i x e d  by the  complex chemical system SiOp + C + S i c  and the  con tam~nat ion  o f  t h e  

- 

InP substrates i s  about 1016 i m p u r i t i e s  per cm3, t h i s  l a s t  value being i n  agreement 
w i t h  experimental datas i t  = 640°C). 

The a d d i t i o n  o f  water i n  H, f l o w  enhances adecreasing s i i i c o n  contaminat ion 
i n  the reactor .  The S ic  phase i s  n6 longer  formed and the  S i  i m p u r i t y  concentrat ion 
decreases. Then the SiH4, SiO and Sip2 p a r t i a l  pressures are so low than the  s i l i c o n  

content  o f  Indium bath o r  TnP substrate produces t h i s  species and a purification 
process s t a r t s  dur ing  the baking time. There i s  no t h e o r e t i c a l  l i m i t s  fo r  t h i s  
p u r i f i c a t i o n  ( i n  the  des i red range f o r  e l e c t r o n i c  devices), a1 though an experimental 

l i m i t  has been reached : 4.10'~ t o  1015 impuri t ies/cm 3 

E i t h e r  t h i s  l i m i t  corresponds t o  o ther  i m p u r i t i e s  o r  t o  p r a t i c a l  features 
l i k e  a too long baking time. Perhaps i t  would be more convenient t o  p u r i f y  the  pure 
I n  bas ic  cons t i tuan t  independantly before InP substrate preparat ion and m u l t i l a y e r s  
ep i taxy  growth from Indium baths. 
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ANNEXE I : CONDENSED PHASES 

I - The InP compound 

0 0 - The Cp and Hi-HZJ8 from Pankratz's measurements ( a )  between 394 and 1097 K. 
0 - SZJ8 extrapolated to  0 K from Piesbergen's measurements (b) between 12 and 

273K. 
- AHf(InP, s ,  298 K) : two groups of calorimetric measurements, one about 13-14 

I(cal.mo1.-l, the other around 17-18 Kcal.mo1-I., are discriminated by consistency 
0 0 

w i t h  SZgg and AG (Ink', 1000 K) obtained from P2 and P pressure measurements. The 
f 0 4 

second and third law caiculatlons of AH from pressures measurements are consistent 
wi.th the PRATT and Col i. ( c )  calorimetri l  determination. Our  value i s  quite similar 
to  the KNACKE and bARllJ compilation (Ref. 4) as presentea in  table : 

Solid-solid transformation a t  T=910 K, AHT=90 cal .  

* 

2 - The Sip compound 
0 0 - C and HT-nZg8 are estimated similar to InP from 298 to  l i O O  K because no expe- 

P 
rimental data are available. 

0 - SZg8 i s  trom Goncharov and Coll . id) measurements. 

I nP 

KNACKE and 

BAR1 N 

Our values 

- AHfzg8 has been estimated by Barin (Ref. 4)  and Goncnarov (a )  respectively 

0 

'298 
~ a i  .~-'.mol.-' 

14.280 

15.00 

0 

AHf 298 

Cal .moi-l. 

-i3830 

- 1350~  

-A 

t 



-14800 and -10850 c a ~ . m o l - ~ .  The reference i s  P red. We recalculated w i t h  the new 
SGg8 value, our C estimate and from the phase diagram ( to ta l  phosphorus pressure = 

P 
1 A t m .  j ( e ) .  In the table our value appears different from the others : 

- Cp : the same as fo r  InP 

Si P 

Barin and Knacke (4) 

Goncharov and Coli. (d) 

Our value 

3 - References 

a - L.B. PANKRATZ, Bureau of hines RI 6592, (1965), Bureau of Mines, P.O. Box 70, 
Albany, Oregon 97321, U.S.A. 

0 

Cal .~-'.moi". 

7.80 

8.32 

8.32 

b - U. PIESBERGEN, Z.Naturtorsch., 18a, (1963), 141-147. 

0 

i\H 
f298 

~ a l  .mol-l. 

- 14800 

- 10850 

- 8077 

- 

c - S. MARTASUDIRJD, J.N. PRATT, Thermochimica Acta, 10, j1974), 23-31. 
d - UGAI Ya.A., DEMINDENKO A.F. , KOSHENKO V . I . ,  YACHMENEV V . E .  , SOKOLOV L. I . ,  

GONCHAROV E . G . ,  Izv.Akad;Nauk SSSR, Neorg.Mater. , 15, (1979), 739-743. 

e - ti. GlESSEN, R.  VOGtL, i.Metallkunde, 50, (1979), 274-277. 

ANNEXE 11: GASEOUS SPECIES 

These thermodynamic properties are  establisea from originai l i t t e ra tu re  
datas for  tne gaseous molecules which are not compiled in thermodynamic tabies. 

1 - ihe systems Si-P and Si-C-P 
romb. M S ,  K , J. DROWART, Rev.Int.Hautes Temper. e t  Refract., 

9, ( i97i r ,  i 7 1 - l ~ 6 ~ L t h e D ~ i ~ ~ Y S ~  , Sip1, S i t $ ,  SiCP and SiPCSi molecules have been 
measured. The thermodynam~c datgs prov de f o part ial  pressure measurements by mass 
spectrometry. The molecular parameters are estimated to  caicuiate the entropy.. When 
various structures are available, we chose the most stable. So the pressure of tn i s  
species in the reactor i s  maximai. The difference between the structures leads to 2 

or  3 ~ c a 1  .mol-'. s h i f t  in AH;, and so the pressure may vary by a factor of lo.  

('This is available only f o r  complex molecules). 

2 - The i - P  system 

Two references: a - SMOES b., EiYERS C . E . ,  DROWART J . ,  Cnem.Phys. l e t t e r s ,  8, (1971), 
i0-12. 

b - KORDIS J . ,  GINGERICH .K.A., J.Chem.Pnys., 58, (Z973), 5056-5666. 
where the CP,  C2P, CP2 and C2P2 molecuies are investigated. For the CP molecuie, the 

0 

structure i s  known (see JANAP tables) but i t s  AHf i s  not accurately known (f  23 Kcal. 

moi-I.). Ye chose the mean value f o r  AH; coming from the  two references a and b. 


