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ABSTRACT 

It was found that  silicon epitaxy from silane (Sill4) can tolerate unexpect-  
edly high water  concentrat ions in the gas phase before deteriorat ion of the 
growing layer sets in. The extent  of boron doping f rom B2H6, however,  is 
shown to be strongly influenced by water  vapor concentrations in the ppm 
region. It is shown that HC1 gas at part ial  pressures greater than 10 - s  atm 
has a similar influence on the extent  of boron doping and that  it makes the 
system less susceptible to small variations in water  vapor concentrations. The 
results can be explained by consideration of the various gas phase equil ibria  
at or near  the silicon-gas interface. 

In  the epitaxial  growth of silicon layers it was dis- 
covered early that the presence of oxygen or water  
vapor has a det r imenta l  effect on the quali ty of the 
epitaxial  layers (1). In  doping the silicon layers, boron 
doping (using B2H6 as the doping agent) appeared to 
be a more difficult operation than doping with P, As, or 
Sb compounds. The water  content  of a well-purified 
gas was seen to lie in the order of 1 ppm or less (10 -6 
arm in the 1 atm open- tube  system used) ; this value is 
orders of magni tude higher than the B2H6 concentra-  
t ion of 10 - l ~  atm used in doping. Because the varying  
results in boron doping were thought to be explained 
by small  differences in the efficiency of the gas purifi- 
cation, by small  leaks in the gas-handl ing system, or 
by residual  moisture on the surface of the quartz re- 
actor, it Seemed appropriate to study the effect of trace 
amounts  of water vapor on boron incorporation. 

Experimental Procedure 
The horizontal, air-cooled epitaxial  reactor consisted 

of a quartz tube  80 cm in length, of rectangular  cross 
section (10 • 2.5 cm 2) into which a SiC-coated graph-  
ite susceptor (9.5 • 24 • 1.0 cm3)~was placed. The 
susceptor was loaded with 10 silicon' slices of 38 mm 
diam in two parallel  rows and was R.F.-heated. The 
main  gas stream for all runs was 75 liters hydrogen 
per rain. The silicon substrates were ( l l l ) - o r i e n t e d ,  
mechanical ly and chemically polished, with dislocation 
densities less than  50ff dislocations per  cm 2. The sur-  
face qual i ty of the slices was such that  under  normal  
conditions a heat t rea tment  prior to epitaxial growth 
of the slices in hydrogen at 1250~ for 15 min  was suffi- 
cient to obtain layers free of spikes and stacking 
faults. The resistivities of the epitaxial  layers were 
measured both by the four-point  probe technique (2) 
on reference slices of opposite resistivity types and 
by spreading resistance measurements  (3). When 
p- type  doping was studied, higher resistivity (about 
2 ohm-cm) n- type  substrates were placed on the sus- 
ceptor along with the low-resist ivi ty (0.007 ohm-cm) 
n- type  substrates. It appeared that  lower resistivities 
were the same on both types of substrates within the 
exper imental  error ( •  By t i l t ing the susceptor 
(1~ ' ) and slightly adjust ing the tempera ture  over 
the susceptor (leading edge about 20 ~ cooler than end 
section), depletion of the gas phase was counter-  
acted in such a way that both thickness and resistivity 
variat ions were minimized (___5% for thickness, --+15% 
for resist ivity).  Thickness and resist ivity values on 
slices 4 and 10 cm from the leading edge were taken to 
be representat ive for the run.  

The thickness of the grown layers was measured by 
the infrared interference technique (4). For the thick- 
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ness measurements  layers grown on Sb-doped sub-  
strates (resistivity 0.007 ohm-cm) were  used. The 
thickness of the epitaxial  layers was monitored from 
10 to 20 ~m. Unless otherwise stated, the silicon growth 
rate was kept at about 1 ~ /min  (PsiH4 = 10 -3 a tm).  
The values from the IR interference technique were in 
accord with those obtained by the bevel  and stain 
method. The temperature  of the substrates was mea-  
sured with an optical pyrometer,  and the readings were 
corrected for the emissivity of silicon (5). 

The starting silane and diborane (4% Sill4 in  H2, 1% 
B2H6 in H2) were diluted with hydrogen to the wanted 
part ial  pressures using calibrated flowmeters. The 
water  vapor was obtained from an evaporat ion cell 
filled with water  at constant  tempera ture  (20~ By 
passing a small  hydrogen stream (0-100 cm s) over the 
surface of the liquid and mixing this with the main  
gas stream (75 l i te rs /min)  the water  vapor concentra-  
tion in H2 was varied from 0 to 50 ppm (0-50 X 10 -6 
a tm).  In  separate runs  analysis with a Beckmann 
moisture meter  showed the measured water  content  of 
the gas to be in good agreement  with the amount  
calculated from the vapor pressure of water. Epitaxial  
runs without  diborane doping were performed, and 
silicon layer resistivities higher than 20 ohm-cm, 
n-type,  were consistently obtained. On the addition of 
water  vapor the resist ivity remained on this level. Pro-  
longed anneal ing of the layers at 500~ shows the 
donor activity expected from the oxygen content  (6). 
The addition of HC1 showed the resistivity to decrease; 
for the highest HC1 concentrat ion (2 X 10 -~ atm) the 
resistivity dropped to 3 ohm-cm (1.6 • 1015 donors/  
cm3). Where necessary, corrections for this addit ional 
doping effect were applied. 

Experimental Results 
InfLuence of water vapor on silicon epitaxy.--Epi- 

taxial  runs  at 1150~ with increasing amounts  of water  
vapor showed that  up to 40 X 10 -6 atm of water  vapor 
in the gas did not cause stacking faults in the layers, 
provided that the slices were preheated for 15 min  
in hydrogen at 1250~ before the introduct ion of silane. 
For PH20 ~ l0 X 10 -6 atm small  pits become visible on 
the Si surface. This is an aftergrowth effect: when  the 
silane flow is te rminated  the freshly grown layer is 
etched slightly by the water  vapor present  in the hy-  
drogen. On fur ther  cooling, the formation of SiOe 
could be expected; this is not observed presumably  
because the cooling period is too short. For values of 
PH2O greater than  10 X 10 -6 atm the onset of gas phase 
reactions gave a brown deposit on the relat ively cold 
upper  wall  of the reactor. This deposit was accom- 
panied by a decrease in epitaxial  layer thickness; 
the far ther  the substrate from the leading edge of the 
susceptor, the greater the decrease. With PH20 = 40 >< 
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10 -6 arm, deposi t ion of sil icon was presen t  only  on 
the first row of silicon slices. 

Influence of water  vapor on boron doping.--In order  
to examine  the boron content  of the  grown layers  as 
a function of the  silicon growth  rate,  the par t ia l  p res -  
sure  of d iborane  (PB2H6) was kep t  constant  whereas  
PSiH4 and consequent ly  the  growth  r a t e  was varied.  
The  var ia t ion  of growth  ra te  wi th  PSiH4 is shown in Fig. 
1, and  the boron concentra t ion as a funct ion of g rowth  
ra te  is depic ted  in Fig. 2. The scat ter  in the  resul ts  
shown in Fig. 2 decreased cons iderab ly  af ter  checking 
the appa ra tus  for  minor  l eaks  and careful  d ry ing  of 
the  quar tz  tube  used. Subsequent  exper iments  then  
showed the  same behavior ,  i.e. no dis t inct  increase or 
decrease of the concentra t ion of boron incorpora ted  in 
the  layers  as long as PBoH6 is kep t  constant;  only  for  
the  highest  g rowth  ra tes  a s l ight  decrease  in boron 
concentra t ion  is found. 

The boron concentra t ion in the  layers  var ies  l inea r ly  
wi th  PB2H6 (Fig. 3). I f  the  wa te r  vapor  p ressure  is 
increased for  a f ixed va lue  of PB2H6 and PSiH4, a 
decreas ing boron concentra t ion  is found; this  effect 
occurs for  var ious  d iborane  concentra t ions  (Fig. 4). 
For  h igher  values  of PH2o the decrease  is p ropor t iona l  
to (pH20) ~ (Fig. 4). 

The boron concentra t ion in the  ep i tax ia l  layers  is 
t empe ra tu r e  dependent ;  con t r a ry  to the  findings for 
n - t y p e  dopants  (7) the  concent ra t ion  increases wi th  
increasing t empera tu re  (Fig. 5). There  is some indica-  
t ion of a decreas ing  influence of wa te r  wi th  increasing 
tempera ture .  

2.0 

1.2 

i 
0.8! 

O~ 

0 
10-4 

J. Electrochem~ 3or S O L I D  S T A T E  S C I E N C E  N o v e m b e r  1971 

Influence of HCl on boron dop/ng . - -The  in t roduct ion 
of HC1 in the  ep i tax ia l  reac tor  shows only a smal l  
influence on sil icon g rowth  ra te  (8) : a ra t io  PHCl/pSIH4 
of 1 reduces the  silicon g rowth  ra te  by  0.4% and a 
rat io  of 4 gives a reduct ion of 6%. The presence of 
HC1 also counteracts  the  incorpora t ion  of boron in 
the  growing silicon (9).1 The influence of the  in t roduc-  
t ion of HC1 on the acceptor  concentra t ion is pronounced 
if no wa te r  vapor  is added (Fig. 6, curve pH~O : 0). 
For  an HC1 concentra t ion g rea te r  than  10 -8 a tm (P~ci/  

This effect is used in obtaining pure  polycrystal l ine silicon by  
the pyrolysis of chlorosilanes. 
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Fig. 1. Growth rate of silicon as a function of the partial pressure 
of silane in the gas phase. 
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Fig. 2. Boron concentration in the epitaxial layers as a function 
of silicon growth rate (constant partial pressure of diborane in the 
system). 
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Fig. 3. Boron concentration in epitaxially grown layers vs. the 
diborane partial pressure introduced into the reactor. 
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Fig. 5. Temperature dependence of the boron concentration in 
epitaxial layers for a constant diborane concentration and various 
water vapor partial p~essure in the gas. 
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Fig. 6. Boron concentration in epitaxial silicon as a function of 
the amount of hydrochloric acid added in the gas phase, with the 
water vapor content as parameter. 

PSiH4 = 1) the  boron concentra t ion in the  grown layers  
is seen to decrease wi th  PHC[. 

Fo r  gas mix tures  containing H20, HCI, B2H6, and 
Sill4 in hydrogen  the resul t  is depicted in Fig. 6 and 7. 
At  low values  of PHCl the  influence of wa te r  vapor  is 
more  pronounced  than  at  h igher  va lues  of PHC]. 

Discussion 
In  this section the influence of w a t e r  and  h y d r o -  

chloric acid vapor  on the silicon growth  ra te  and on 
the boron doping wi l l  be t reated,  s ta r t ing  from possible  
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Fig. 7. Boron concentration in epitaxial silicon for a constant 
vapor pressure of diborane vs. the water vapor pressure, with the 
hydrochloric acid content as parameter. 

react ions  in the  gas-phase  and at  the gas-s i l icon in te r -  
face. F rom exis t ing thermochemica l  da ta  the p r e -  
dominant  reac t ion  products  can be inferred,  the  main  
object  being to re la te  the  var ia t ion  of the  boron con- 
cent ra t ion  in silicon to the  var ia t ions  in the  gas phase 
composition. I t  wi l l  be assumed tha t  the  react ions are  
surface catalyzed,  i.e. the  react ions  are thought  to p ro -  
ceed to equi l ibr ium,  the equ i l ib r ium constants  not  be -  
ing a l tered by  the presence of the  surface. 

Influence of water vapor on silicon epitaxy.--Two 
react ions on the silicon surface  are of importance,  viz. 

Si(s) + 2H~O(g) -- SiO2(s~ + 2Hs(s) 
K1 "- (pH20)-2 for PH2 "- 1 [1] 

Si(s) H- SiOz(s) = 2 SiO(g) 
K2 --  (Psio) ~ [2] 

and the combinat ion of [1] and  [2] 

Si(s) + H~O(g) = SiO(g) "F H~(g) 
Ks - -  PSiO/PH2o [3] 

If  equi l ib r ium [3] at  the  silicon surface is r eached  
sufficiently rapidly ,  the va lue  of K8 being about  30 at  
1400~ (10), then the equi l ib r ium vapor  pressure  of 
wa te r  near  the  surface wi l l  be  lower  than  in the  main  
gas phase. For  a dif fusion-control led reac t ion  ra te  the  
wate r  vapor  pressure  at  the  surface is reduced  by  a 
factor  Ks, assuming the  diffusion coefficients of HaO 
and SiO to be the  same. In  Fig. 8 w a t e r  and SiO vapor  
pressures  according to Eq [1] and  [2] are given (10), 
i.e. values  of K1-1/2 and K2'/2 as a funct ion of t e m p e r a -  
tu re  for PH2 --  1. In  the  regions I I  and III ,  fo rmat ion  of 
SiO~ is expected (Eq. [1] ) ;  whereas  in region I the  
silicon surface wi l l  be free f rom surface oxides. In  
region II, however ,  the  SiO2 formed on the surface 
reacts w i th  silicon to form vola t i le  SiO (Eq. [2]) and 
the  va lue  of PHeO at the  surface is reduced  be low the 
value  corresponding to the  lower  curve in Fig. 8 at  the  
t empe ra tu r e  studied. I t  is only  for wa te r  vapor  pres-  
sures h igher  than the  value  on the upper  curve (K2 F2) 
that  the  whole  surface wi l l  be covered by  SiO2, tha t  
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Fig. 8. Water vapor pressures that can be allowed in the gas 
phase growing epitaxial silicon layers. Curve 1 gives the water 
vapor pressures at the silicon surface in equilibrium with solid 
silicon dioxide as a function of temperature. Curve 2 gives the va- 
por pressure of silicon monoxide in equilibrium with solid silicon 
and silicon dioxide. Far water vapor pressures in region II the for- 
mation of volatile SiO prevents the formation of solid Si02 on the 
silicon surface. 

is, the actual  water  vapor pressure at the surface then 
has reached the critical value indicated by the lower 
curve. F rom reaction [1] it would be expected that  at 
1400~ water  vapor pressures greater than 4 ppm 
would cause the formation of SIO2. In  practice, with 
up to 50 ppm no deteriorat ion of the layers was ob- 
served because of reaction [2]. Epi taxy becomes im-  
possible, however, because of another  reason, i.e. ex- 
cessive gas phase reactions. 

Water  vapor can react  with silane in the gas phase 
or etch the silicon surface. In  both cases gaseous SiO 
is formed. It  is postulated that  this SiO diffuses into 
colder parts of the gas stream and decomposes accord- 
ing to 

2SiO = Si -{- SiO2 

As the vapor pressures of Si and SiO2 are low, the gas 
phase is easily supersaturated giving rise to gas phase 
nucleat ion of the corresponding compounds. Sub-  
sequent ly  decomposition of Sill4 occurs on the solid 
nuclei  leading to a serious depletion of silane in the 
gas phase. 

Boron doping . - - In  Fig. 2 it is shown that the boron 
concentrat ion in the epitaxial  layers does not depend 
on the silicon growth rate under  the prevai l ing con- 
ditions. 

The silicon growth ra te  is diffusion-controlled in 
the range of tempera tures  studied (8), but  for the 
incorporat ion of boron in  the growing layer diffusion 
control is not indicated, because otherwise increasing 
growth rates due to increasing concentrat ions of Sill4 
would give a decreasing boron concentration. The same 
number  of boron atoms has to be incorporated in 
increasingly thicker silicon layers. 

B2H6 is reported to decompose rapidly at elevated 
temperatures  into BH2 (11) and BH3 (12). This ex- 
plains the slope of the curve in Fig. 3, which is about 
unity. If B2H6 were stable, a slope of 0.5 would be 

expected. The incorporation of boron in silicon can be 
given as 

B2H6 = 2BHs (g) 
K4 = 7.0 at 1400~ (13) [4] 

BH3(g) : B (g )  -{- 3/2 Hs(g)  
Ks = 3.2 X 10 - s  at 1400~ (13) [5] 

B (g) : Bsl 
Ks [6] 

Bsi = B - m  + p 
K7 [7] 

The gas phase segregation coefficient of boron is best 
defined as the equilibrium constant of the reaction 
describing the incorporation of elernental boron in 
silicon giving ionized acceptor centers, s 

PB p nl 
. . . .  - -  [ 8 ]  

~B = [ B - ] s i  KsK~ KsK~ 

As the acceptor may be ass~ned to be fully ionized, 
and the value of p is equal to the intrinsic carrier 
concentration, ni at the temperature of the experiment, 
for B concentrations well below ni (approximately 
102o cm -s at 1400~ or 2 �9 10 -8 acceptors per Si atom), 
K7 is a constant giving the number density of states 
in the valence band of silicon. As the ambient pres- 
sure is unity, PB in Eq. [8] is equal to the mole ratio 
of boron in the gas phase close to the silicon surface. 
The concentration of acceptor centers in silicon will 
further be denoted by the symbol [B]. 

A practical segregation coefficient relates the con- 
centration of dopant in the system (PBsHB = Po) to the 
resulting acceptor concentration in the grown layer. 
With Eq. [4]-[7] we find, in the absence of water or 
HCI 

Po 1 1 
~'BzH6 - -  - -  - -  "YBH3 : ~B [9 ]  

[B] 2 2K~ 

In the gas phase B2H6 is dissociated completely into 
BHs, and therefore PBHs = 2 Po. 

Influence of water and HCI concentration on dop- 
ing.--If water  vapor and HC1 are present  in the gas 
phase, then reactions with the highly reactive boron 
hydrides can be expected. According to thermodynamic  
data (13), the most probable reaction products are 
BHO2, BCI, and BCIO. 

BH3 + 2H20 = BHO2 -{- 3H2 
K ~ 0 = 2 •  1011 a t l 400~  [10] 

BH3 -{- HC1 = BC1 -{- 2H2 
K11 "- 20 at 1400~ [11] 

BC1 + H20 = BC10 -{- H2 
K12 = 1.5 • 10 s at 1400~ [12] 

from [10] and [11] we obtain 

H2 + HBO2 -{- HCI = BC1 ~ 2H20 KIS : i0 - I~  
[13] 

moreover 

2 Po : PBH3 .gf_ PB ~- PBHO2 J r  PBClO J r  ~0'BCl [14] 

With Eq. [1]-[14] the resul t ing equi l ibr ium can be esti- 
mated for any  init ial  gas composition. As all equi l ibr ia  
are coupled it is sufficient to take one boron compound 
as the source of e lemental  boron in order to obtain 
the amount  of boron incorporated in the growing lay-  
ers. It is convenient  to select BH3. According to 
Brouwer (14), simple l inear  relations are obtained by 
spli t t ing Eq. [14] into a n u m b e r  of l imit ing cases; e.g. 

2The segregation coefficient is often defined as a= I ~ - )  / 
gas 

~--~--~ ) s o l i d ' o , - -  This definition is only meaningfu l  if B and Si are in- 

corporated in the same manner ;  o therwise  a depends on the value 
of PSIH~ and thus on the silicon g rowth  rate.  
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Fig. 9. Schematic representa- 
tion of the variation of the par- 
tial pressures of boron com- 
pounds in the gas phase as a 
function of the water and/or 
hydrochloric acid content of the 
gas: A = variation with p H 2 o  
for pHC! - -  0, B - -  variation 
with pHC1 for pH20 = 0, C - -  
variation with P]~20 for pHC! --- 
constant ( ~  Kl1-1) ,  and D - -  
variation with pHC1 for pH2O --" 
c o n s t a n t  ( >  KlO-  Y2). 

2Po = PBH3; 2po = PBHO2 in the presence of water  or 
2po = pacl if sufficient HC1 is present. In  doing this and 
int roducing the values in Eq. [10]-[13] the in terre la-  
tions can be depicted as in Fig. 9. The acceptor concen- 
trat ion in silicon is proport ional  to the value of PBH~. 
In  Fig. 9c and 9d it is seen that  PBHs is constant  for not 
too great values of Pn2o or PHCl- If BC10 would be 
present in greater  concentrat ions and a region 2po 
---- Psclo would appear, then in Fig. 9c the value of 
PBH3 would be decreasing with PH2O even in the low- 
water  vapor concentrat ion range. As this is not ap- 
parent  in Fig. 7, it is expected that  the value of K12 has 
to be lower than calculated. In  order to br ing the 
calculated and exper imental  results into accord, the 
value of K10 and Kl l  have to be taken higher than 
given with Eq. [10] and [11] together with a lower 
value of K12. These corrections are well  wi thin  the 
accuracy of the thermochemical  data (e.g. heat  of for- 
mat ion ot BH3 given as 25.5 ___ 10 kcal mole-1 (12) for 
BH2 as 48 _ 15 keal mole -1 (13).) In  total we expect 

2p. 
PBIt3 = [15] 

1 ~- K1oP~2o 2 ~ KnPHC[ 

By definition, "YBHa = PBH3/[B]; also, the actual water  
vapor pressure at the interface is lower than in the 
main  gas by a factor Ks. PHCl, however, will  have the 
same value at the interface and in the main  gas (8). 
Therefore 

2po 
[B] = [16] 

\ Ks + KllPHCl J 

The value of [B] can be t ransformed into a concen- 
t rat ion per cm 3 by mult ipl icat ion with 5 X 1022, the 
n u m b e r  of atoms per cm s of silicon. The experiments  

at 1150~ can then be explained with "YBH3 -- 1 O-a, 
K10 : 2 X 1013, K3 : 30, K n  : 103; with Eq. [9] we 
find 7B2ns ---- 5 X 10 -4. 

In  conclusion it can be stated that  the influence of 
varying amounts  of water  vapor and HC1 in the gas 
phase on the boron concentrat ion in the silicon can be 
explained semiquant i ta t ively  by  assuming the gas 
phase reactions to come to equi l ibr ium at the silicon 
interface. The main  features of the exper imental  re-  
sults are in accord with the predictions given in Fig. 9. 

Manuscript  submit ted Nov. 20, 1970; revised m a n u -  
script received April  12, 1971. This was Paper  374 
RNP presented at the Los Angeles Meeting of the 
Society, May 10-15, 1970. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the June  1972 JOURNAL. 
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