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ABSTRACT

It was found that silicon epitaxy from silane (SiH4) can tolerate unexpect-
edly high water concentrations in the gas phase before deterioration of the
growing layer sets in. The extent of boron doping from By;Hg, however, is
shown to be strongly influenced by water vapor concentrations in the ppm
region. It is shown that HCl gas at partial pressures greater than 103 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 equilibria

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 detrimental effect on the quality of the
epitaxial layers (1). In doping the silicon layers, boron
doping (using B;Hg 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
atm in the 1 atm open-tube system used) ; this value is
orders of magnitude higher than the BsHg concentra-
tion of 10—1% 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-handling 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 c¢m in length, of rectangular cross
section (10 X 2.5 cm?2) into which a SiC-coated graph~
ite susceptor (9.5 X 24 X 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 min. The silicon substrates were (111)-oriented,
mechanically and chemically polished, with dislocation
densities less than 500" dislocations per em?2 The sur-
face quality of the slices was such that under normal
conditions a heat treatment prior to epitaxial growth
of the slices in hydrogen at 1250°C 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 chm-cm) n-type substrates were placed on the sus-
ceptor along with the low-resistivity (0.007 ohm-cm)
n-type substrates. It appeared that lower resistivities
were the same on both types of substrates within the
experimental error (+15%). By tilting the susceptor
(1°30') and slightly adjusting the temperature 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
variations were minimized (+5% for thickness, +15%
for resistivity). Thickness and resistivity values on
slices 4 and 10 cm from the leading edge were taken to
be representative 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 um. Unless otherwise stated, the silicon growth
rate was kept at about 1 x/min (psig, = 10-3 atm).
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% SiH4 in Ha, 1%
B.H; in Hz) were diluted with hydrogen to the wanted
partial pressures using calibrated flowmeters. The
water vapor was obtained from an evaporation cell
filled with water at constant temperature (20°C). By
passing a small hydrogen stream (0-100 cm3) over the
surface of the liquid and mixing this with the main
gas stream (75 liters/min) the water vapor concentra-
tion in Hs was varied from 0 to 50 ppm (0-50 X 10—8
atm). In separate runs analysis with a Beckmann
moisture meter showed the measured water content of
the gas to be in good agreément 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 resistivity remained on this level. Pro-
longed annealing of the layers at 500°C shows the
donor activity expected from the oxygen content (6}.
The addition of HCI] showed the resistivity to decrease;
for the highest HC] concentration (2 X 10—2 atm) the
resistivity dropped to 3 ohm-cm (1.6 X 1015 donors/
cm3). Where necessary, corrections for this additional
doping effect were applied.

Experimental Results

Influence of water vapor on silicon epitaxy.—Epi-
taxial runs at 1150°C with increasing amounts of water
vapor showed that up to 40 X 108 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°C before the introduction of silane.
For puso = 10 X 10—8 atm small pits become visible on
the Si surface. This is an aftergrowth effect: when the
silane flow is terminated the freshly grown layer is
etched slightly by the water vapor present in the hy-
drogen. On further cooling, the formation of SiO»
could be expected; this is not observed presumably
because the cooling period is too short. For values of
DHoo greater than 10 X 10—8 atm the onset of gas phase
reactions gave a brown deposit on the relatively cold
upper wall of the reactor. This deposit was accom-
panied by a decrease in epitaxial layer thickness;
the farther the substrate from the leading edge of the
susceptor, the greater the decrease. With pmo = 40 X
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10-% atm, deposition of silicon was present 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 partial pres-
sure of diborane (pgmyng) was kept constant whereas
psing and consequently the growth rate was varied.
The variation of growth rate with psin4 is shown in Fig.
1, and the boron concentration as a function of growth
rate is depicted in Fig. 2. The scatter in the results
shown in Fig. 2 decreased considerably after checking
the apparatus for minor leaks and careful drying of
the quartz tube used. Subsequent experiments then
showed the same behavior, i.e. no distinct increase or
decrease of the concentration of boron incorporated in
the layers as long as peyug is kept constant; only for
the highest growth rates a slight decrease in boron
concentration is found.

The boron concentration in the layers varies linearly
with ppoug (Fig. 3). If the water vapor pressure is
increased for a fixed value of pmgng and psing, a
decreasing boron concentration is found; this effect
occurs for various diborane concentrations (Fig. 4).
For higher values of puso the decrease is proportional
to (puy0)? (Fig. 4).

The boron concentration in the epitaxial layers is
temperature dependent; contrary to the findings for
n-type dopants (7) the concentration increases with
increasing temperature (Fig. 5). There is some indica-
tion of a decreasing influence of water with increasing
temperature.
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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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Influence of HC1 on boron doping.—The introduction
of HCI in the epitaxial reactor shows only a small
influence on silicon growth rate (8): a ratio puc)/Psing
of 1 reduces the silicon growth rate by 04% and a
ratio of 4 gives a reduction of 6%. The presence of
HCl also counteracts the incorporation of boron in
the growing silicon (9).! The influence of the introduc-
tion of HCI on the acceptor concentration is pronounced
if no water vapor is added (Fig. 6, curve puypo = 0).
For an HCI concentration greater than 10~3 atm (puc/

1This effect is used in obtaining pure polycrystalline silicon by
the pyrolysis of chlorosilanes.
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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. 4. Variation of boron concentration in the epitaxial silicon
layers with water vapor pressure in the gas.
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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 pressure 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.

psigg = 1) the boron concentration in the grown layers
is seen to decrease with puci.

For gas mixtures containing H,0, HCI, ByHs, and
SiHy4 in hydrogen the result is depicted in Fig. 6 and 7.
At low values of pyci the influence of water vapor is
more pronounced than at higher values of puci.

Discussion
In this section the influence of water and hydro-
chloric acid vapor on the silicon growth rate and on
the boron doping will be treated, starting from possible

EFFECT OF WATER VAPOR ON BORON DOPING
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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 ocid content as parameter.

reactions in the gas-phase and at the gas-silicon inter-
face. From existing thermochemical data the pre-
dominant reaction products can be inferred, the main
object being to relate the variation of the boron con-
centration in silicon to the variations in the gas phase
composition. It will be assumed that the reactions are
surface catalyzed, i.e. the reactions are thought to pro-
ceed to equilibrium, the equilibrium constants not be-
ing altered by the presence of the surface.

Influence of water vapor on silicon epitaxy.—Two
reactions on the silicon surface are of importance, viz.

Sicsy + 2H20g = SiOa(s) + 2Hag)
K; = (pugo) “2forpuy =1 [1]

Si¢sy + SiOz¢e) = 2 8i0¢g)
K3 = (psio)? [2]

and the combination of [1] and [2]

Si¢sy + HeOy = SiO¢e) 4 o
K3 = psio/Puzo (3]

If equilibrium [3] at the silicon surface is reached
sufficiently rapidly, the value of K3 being about 30 at
1400°K (10), then the equilibrium vapor pressure of
water near the surface will be lower than in the main
gas phase. For a diffusion-controlled reaction rate the
water vapor pressure at the surface is reduced by a
factor Kj, assuming the diffusion coefficients of HaO
and SiO to be the same. In Fig. 8 water and SiO vapor
pressures according to Eq [1] and [2] are given (10),
i.e. values of K1~ * and Kz% as a function of tempera-
ture for pu, = 1. In the regions II and III, formation of
SiO, is expected (Eq. [1]); whereas in region I the
silicon surface will be free from surface oxides. In
region II, however, the SiO; formed on the surface
reacts with silicon to form volatile SiO (Eq. [2]) and
the value of pmo at the surface is reduced below the
value corresponding to the lower curve in Fig. 8 at the
temperature studied. It is only for water vapor pres-
sures higher than the value on the upper curve (Kz%)
that the whole surface will be covered by SiO; that
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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 vae-
por pressure of silicon monoxide in equilibrium with solid silicon
and silicon dioxide. For water vapor pressures in region 1l the for-
mation of volatile SiQ prevents the formation of solid SiO2 on the
silicon surface.

is, the actual water vapor pressure at the surface then
has reached the critical value indicated by the lower
curve. From reaction {1] it would be expected that at
1400°K water vapor pressures greater than 4 ppm
would cause the formation of SiO.. In practice, with
up to 50 ppm no deterioration of the layers was ob-
served because of reaction [2]. Epitaxy 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

28i0 = Si + Si0:

As the vapor pressures of Si and SiO; are low, the gas
phase is easily supersaturated giving rise to gas phase
nucleation of the corresponding compounds. Sub-
sequently decomposition of SiHs; 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
concentration in the epitaxial layers does not depend
on the silicon growth rate under the prevailing con-
ditions.

The silicon growth rate is diffusion-controlled in
the range of temperatures studied (8), but for the
incorporation of boron in the growing layer diffusion
control is not indicated, because otherwise increasing
growth rates due to increasing concentrations of SiH,
would give a decreasing boron concentration. The same
number of boron atoms has to be incorporated in
increasingly thicker silicon layers.

ByH; is reported to decompose rapidly at elevated
temperatures into BHy (11) and BH; (12). This ex-
plains the slope of the curve in Fig. 3, which is about
unity. If BoHg were stable, a slope of 0.5 would be
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expected. The incorporation of boron in silicon can be
given as

Bsz = 2BH3 (g )

Ki=10

BH;(g) = B(g) + 3/2H2(g)
Ks =32 x 10-8

at 1400°K (13) [4]

at 1400°K (13) [5]

B(g) =2Bsi

Ks [61
Bsi =B si+ 0D

K (71

The gas phase segregation coefficient of boron is best
defined as the equilibrium constant of the reaction
describing the incorporation of elemental boron in
silicon giving ionized acceptor centers.?

] _ P _ 73
[B-lsi KeKrz KeKy

As the acceptor may be assumed to be fully ionized,
and the value of p is equal to the intrinsic carrier
concentration, n; at the temperature of the experiment,
for B concentrations well below n; (approximately
1020 cm—3 at 1400°K or 2 - 103 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, ps 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 (ps;ug = Do) to the
resulting acceptor concentration in the grown layer.
With Eq. [4]-[7] we find, in the absence of water or
HC1

vB = [8]

p 1 1
> = —4%BH3 = —— 7B 9]
[B] 2 2K

In the gas phase BgHg is dissociated completely into
BHj, and therefore prus = 2 Po.

Influence of water and HCIl concentration on dop-
ing.—If water vapor and HCl 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
BHO,, BCl, and BCIlO.

BHj3 4 2H;0 = BHO; + 3H»

YB2Hg =

Kijp =2 x 1011 at 1400°K [10]
BH; 4+ HC1 = BC1 + 2H;
Ky =20 at 1400°K  [11]

BC1 + H,0 = BCIO + H;
K12 = 1.5 X 108 at 1400°K [12]

from [10] and [11] we obtain

H; + HBO; + HC1 = BC1 + 2H20 K3 = 10-10
[13]

moreover

2 po = PBH3 + PB -+ PBHO: + PrCl0 + P  [14]

With Eq. [1]-[14] the resulting equilibrium can be esti-
mated for any initial gas composition. As all equilibria
are coupled it is sufficient to take one boron compound
as the source of elemental boron in order to obtain
the amount of boron incorporated in the growing lay-
ers. It is convenient to select BHjz. According to
Brouwer (14), simple linear relations are obtained by
splitting Eq. [14] into a number of limiting cases; e.g.

B
2 The segregation coefficient is often defined as a = (—)
B Si gas
?- . This definition is only meaningful if B and Si are in-
1 “so11d
corporated in the same manner; otherwise a depends on the value
of psin, and thus on the silicon growth rate.
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2Pe = DBH;; 2P = DBHo, in the presence of water or at 1150°C can then be explained with vsu; = 103,
2po = psgci if sufficient HCI is present. In doing this and Ko = 2 X 1013, K3 = 30, K13 = 103; with Eq. [9] we
introducing the values in Eq. [10]-[13] the interrela- find vpoug = 5 X 1074

tions can be depicted as in Fig. 9. The acceptor concen- In conclusion it can be stated that the iqﬂuence of
tration in silicon is proportional to the value of prus. varying amounts of water vapor and HC_I.m the gas
In Fig. 9¢c and 9d it is seen that ppng is constant for not phase on the boron concentration in the silicon can be

too great values of pugo or pmci. If BCIO would be explained semiquantitatively by a_ssuming the gas
present in greater concentrations and a region 2p, phase reactions to come to equilibrium at the silicon
= pscio would appear, then in Fig. 9c¢ the value of interface. The main features of the experimental re-

peuz would be decreasing with puso even in the low- sults are in accord with the predictions given in Fig. 9.
water vapor concentration range. As this is not ap- . . .
parent in Fig. 7, it is expected that the value of K12 has Manuscript submitted Nov. 20, 1970; revised manu-

fo be lower than calculated. In order to bring the  SCEipt received April 12, 1971. This was Paper 374

calculated and experimental results into accord, the lggietgrﬁg;tfg_l%t 1337%‘ Los Angeles Meeting of the

value of K and Ki; have to be taken higher than

given with Eq. [10] and [11] together with a lower Any discussion of this paper will appear in a Discus-
value of Kjp. These corrections are well within the sion Section to be published in the June 1972 JOURNAL.
accuracy of the thermochemical data (e.g. heat of for-
mation of BH; given as 25.5 = 10 kcal mole~1 (12) for LB A ; CREfFéf:EgtiEf 4 43 (1968)
-1 . B. A. Joyce, J. Cryst, Growth, .
BH, as 48 = 15 kecal mole~! (13).) In total we expect 2. L. B, Valdes, Proc. LR.E., 42, 420 (’195_4).
200 3. R. G. Mazur and D. H. Dickey, This Journal, 113,
PeH3 = [15] 255 (1966).
1 4 Kiopugo? + Kupucl 4. W.32G;74§1pé%%r1 )and M. Tanenbaum, J. Appl. Phys.,
By definition, ypus = psus/[BI; also, the actual water 5. F. G, Allen, ibid;, 28, 1510 (1957).
vapor pressure at the interface is lower than in the g %VI\?I Iéﬁomlll’ Pé'qu?}l‘? c.?mmmluclaitsmgzi 1 (1968)
main gas by a factor Ks. pucy, however, will have the g7 'Blc;emeﬁ)igr 117 21%9'?%?5?76) s .
same value at the interface and in the main gas (8). 9. German Pat. 5.’73986 IV ¢/12C, (Siemens) (1961).
Therefore 10. O. Kubashewski and E. LI. Evans, “Metallurgical
2po Thermochemistry,” Pergamon Press Ltd., London
[B] = [16] (1956).
pH20 2 11. E. J. Sinke, G. A, Pressley, A. B. Baylis, and F. E.
ers < 1 4+ Kio + Kupna Stafford, J. Chem. Phys., 41, 2207 (19645.
3 12. T. P. Fehlner and W. S. Koski, J. Am. Chem. Soc.,
. 86, 2733 (1964).
The value of [B] can be transformed into a concen- 13. JANAF Thermochemical tables, Dow Chemical Co.,
tration per cm3 by multiplication with 5 X 1022, the Midland, Mich. (Aug. 1965).

number of atoms per cm3 of silicon. The experiments 14. G. Brouwer, Philips Res. Rept., 9, 366 (1954).
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