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Homogeneous nucleation of a vapor in the presence of the loss of clusters by diffusion and 
thermophoretic drift is investigated. Analytical results are obtained for the cluster size 
distribution and the rate of nucleation by solving the modified kinetic equation for nucleation. 
The implications of cluster loss by diffusion and phoretic drift on the onset of the homogeneous 
nucleation of silicon vapor in the horizontal epitaxial chemical vapor deposition reactor is 
discussed. The range of conditions under which the loss of subcritical clusters by diffusion and 
drift becomes important for the interpretation of diffusion cloud chamber experimental data of 
the onset conditions of the homogeneous nucleation of vapors is also delineated. 

I. INTRODUCTION 

Many systems in which nucleation occurs are spatially 
nonuniform, and nucleation occurs only in those regions in 
which the supersaturation exceeds the critical value. Subcri
tical clusters formed within this region may leave it by diffu
sion or by drift under the influence of an external potential. 
Such diffusional and drift loss processes compete with the 
growth of clusters to the critical size and may reduce the rate 
of nucleation below that predicted by conventional nuclea
tion theories in which the subcritical cluster loss is not in
cluded. The goal of the present work is to extend classical 
homogeneous nucleation theory to include subcritical clus
ter loss by diffusion and phoretic drift. The implications of 
subcritical cluster loss by diffusion and phoretic drift to the 
possible control of the onset of nucleation of silicon particles 
in a horizontal epitaxial chemical vapor deposition ( CVD) 
reactor is discussed in light of the present theoretical results. 
We will also investigate the implications of subcritical clus
ter loss by diffusion and thermophoretic drift to the interpre
tation of experimental data from the diffusion cloud 
chamber which is often employed to study the onset condi
tions of homogeneous nucleation. 

II. fORMULATION OF THE PROBLEM 

Consider a cluster containingg monomers, within a one
dimensional region of thickness d0 . Such a cluster may grow 
or evaporate or diffuse or drift out of the region. We consider 
the cluster size gas a continuous variable. Then the cluster 
distribution functionf(g,z,t) at position z obeys the continu
ity equation: 

~[(g,z,t) + Jj(g,z,t) + Jh(g,z,t) = O, 
at Jg az 

( I ) 

where we have introduced the fluxes of clusters in the cluster 
size space,j(g,z,t), and in the physical space, h(g,z,t). The 
flux h (g,z,t) is assumed to include contributions from Brow
nian diffusion and thermophoretic drift, 

Jf 
h(g,z,t) = - D(g)-- Vd, 

az 
(2) 

where D(g), the Brownian diffusion coefficient for a g-sized 
cluster, is given by 1 

!2JT(kT)21>g 213 
D(g) = (3) 

8pr.J21Tmc sl 

with m, the mass of a carrier gas molecule which is assumed 
smaller than that of a monomer; and V 1 is the thermophore
tic drift velocity for a cluster of free molecule size, 1 

Vr =-~dinT_ 
4 dz 

Here v is the kinematic viscosity of the carrier gas. 

(4) 

An expression for the flux of the clusters in the cluster 
size spacej(g,z,t) can be written by allowing for the fact that 
the number concentration of clusters is substantially smaller 
than the number concentration of monomers, so that the 
motion along g occurs mainly through the interaction of 
clusters with monomers. Then the expression for the flux 

j(g,z,t) is2 

)= -/3ni..L, (5) 
Jg n 

where n(g,z) is the equilibrium cluster distribution and 

/3=n(l)s 1g21\kT/2JTm 1 )
112 (6) 

with s1 and m 1 the surface area and mass of the monomer, 
respectively. According to the capillary approximation, 
n (g,z) can be written as2 

n(g,z) = n( l,z)exp(g InS- Bg21 '), (7) 

where e is a dimensionless surface tension, 

8 = s 1 o/kT ( 8) 

and where the saturation ratioS= n( l,z)/nc
4

,CT is the sur
face tension of the particle, and nc

4 
(I) is the equilibrium 

number concentration of the monomer. The capillary ap
proximation will be employed because we are only interested 
in the conditions for the onset of homogeneous nucleation of 
vapors. At low rates of nucleation, it is assumed that the 
capillary approximation may be invoked even for the nuclea
tion of silicon vapor at high temperatures. Boundary condi-
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tions are specified at two physical boundaries on z besides the 
usual boundary conditions on g: fIn= l, as g_, l and 
fIn = 0, asg_, oo. Profiles that might be achieved in a diffu
sion cloud chamber and a CVD reactor are schematically 
shown in Figs. l (a) and 1 (b), respectively as examples of 
systems in which nucleation is confined to a thin spatial re
gion. 

The governing equations can be simplified if the satura
tion ratio is sufficiently large in the narrow region of thick
ness d0 where nucleation occurs. The saturation ratio de
creases rapidly on either side of this region, and since the 
concentration of clusters depends strongly on the supersa
turation, virtually no clusters can be assumed exist on either 
side of the region. If the cluster concentrations at the two 
physical boundaries at distances d, and d2 from the thin 
region d0 are assumed to be zero, the gradients for diffusion 
toward the two boundaries can be estimated by f !d, and 
f I d2 • 

2 Then the diffusion loss of g-sized clusters per unit 
time from a unit area will be 

D(g)(-l- + _l_)r 
d 1 d2 

Since the region of nucleation has thickness d0 , the Joss per 
unit time per unit volume will be D(g) (d0 d) - 'J, where 

1 1 1 -=-+-. 
d d, d2 

0 

0 

FIG. I. Schematic profiles in a nonuniform nucleation system: (a) diffusion 
cloud chamber; (b) CVD reactor. 
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The term VrJf /Jz describing the subcritical cluster loss by 
thermophoretic drift per unit time per unit volume will be 
approximated as Vtf /d2 since clusters driven by the ther
mopheretic force will move to the upper surface when the 
temperature gradient is assumed to be along the z direction. 
The gradient set up in this manner will underestimate the 
actual value since a subcritical cluster (which is larger than 
the critical size in the region d0 ) will decompose back to 
monomer immediately outside the region d0 . With these 
simplifications and assuming a stationary state, Eq. ( l) with 
Eq. ( 2), becomes within the region of nucleation 

0 = - Jj(g) - D(g)J...(2.u + - 1-)r- w~(-1- + w \~ 
Jg d 2 d0 4 d 2 f' 

(9) 

where w =dInT !dz. 
To obtain the critical conditions for the onset of homo

geneous nucleation and its rate, it is necessary to determine 
the cluster size distribution by solving the above equation. 
The procedure based on matched asymptotic expansions de
veloped by Shi and Seinfeld1 will be followed in solving Eq. 
(9). 

Ill. CLUSTER DISTRIBUTION FUNCTION 
AND NUCLEATION RATE 

A. Cluster distribution function 

Introducingy =fIn, and x =gig*, Eq. (9) becomes 

ca2y +(~€2+6(1-x i/1>)ay 
Jx 2 3x ax 

= 2(ax 413 + bx 21-')y, ( 10) 

where F=-81g* with 8 and g* given by 

8 = 3g.21'B '12 g = (_l!!_)1 

' * 3ln S · 
( 11) 

Here g* is the critical cluster size above which a cluster 
grows spontaneously. 8 defines the width of the critical re
gion about g* such that the difference between the Gibbs 
formation energy of clusters at size g and those at g* is 
smaller than kT. Also, in Eq. ( 10), 

82 
( 1 3w) D(g* ) 

a= 2{3(g*) --;;;+2 -d-, 

b _ 8
2 

( 1 + w) 3wv (ll) 
- 2{3(g* ) d2 -4-

are two dimensionless time scales. a is the ratio between the 
characteristic nucleation relaxation time4 which is given by 
8212{3(g*) and that of Brownian diffusion of clusters. Thus, 
a large value of a implies that the response time of the nuclea
tion process to changes in the saturation ratio is longer than 
the time it takes for clusters to diffuse out of the region of 
thickness d0 • On the contrary, if a is small, the response time 
of the nucleation process to changes in the saturation ratio is 
shorter than the time it takes for clusters to diffuse out oY tne 
regions of thickness d0 • b is the ratio of the characteristic 
nucleation relaxation time to that for the thermophoretic 
drift of clusters. Thus a large value of b implies that the 
nucleation process responds slowly to changes in the satura-
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tion ratio relative to the time it takes for clusters to thermally 
drift out of the region of thickness d0 , and vice versa. 

To a leading-order approximation in e the nonequilibri
um cluster distribution function obtained by the method of 
matched asymptotic expansions is 

ytx) = --···~ - ··-- exp[b(x · -g )] 
(

x 
1 
'- I)"( I - x

1
n )I> 11> 1n 

g~·' - I I - g* li.' * 

I (x-I) + ZAi" · "erfc -e-

( 
l X)" I h 

-Ar 1(a+b+ 1) ~ , (13) 

where 

A=(~-)'''bf(a+b+l)(g~'-1) a(l-g~') t> 

3g* 

X exp[b(l -g. 11
')] (14) 

and i" erfc (x) is an integrated error function, and r 1 (x) is 
the inverse of the Gamma function, r (x). 

In the limit of a = b = 0, Eq. ( 12) reduces to the correct 
limiting result for the cluster size distribution in a spatially 
uniform system/ 

. 1 ,. (g- g.) j(g) = ln(g) enc ~0-· . (15) 

y(x) is shown in Fig. 2 for a = 0, b = 0, the spatially uniform 
case, and a = I, 3, 5, b = 0. It can be seen from Fig. 2 that 
both the concentration of the critical sized cluster and the 
slope off In at g*, which is related to the rate of crossing at 
g* [see Eq. ( 16) below] significantly reduced in the pres
ence of subcritical cluster diffusion (a#O) compared with 
that in its absence. These two factors directly contribute to 
the reduction in the rate of nucleation. 

B. Nucleation rate 

Then ucleation rate in the presence of subcritical cluster 
loss by diffusion and thermophoretic drift is given by the flux 
of dusters in the size space past the critical size g*, 

c 
~0 50 ..... 

0 00 
0.1 

" " 0 

b=O 

FIG 2. Steady-state nonequilibrium cluster size distributions in the c:ase of 
'ubcritical cluster loss by diffusion. 
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j(g.) = -fJ(g)n(g)_!!__ f(g) I 
Jg fl(g) X • X* 

-·A '2 +u+~>>r l(a+b+l) - lu ..J1T 
2 

' ( 16) 

where 

Ju = /J(g* )n(g*) ( 1/..)JTD) 

is the rate of homogeneous nucleation in the absence of sub
critical cluster loss but with other conditions being the same 
as in the inhomogeneous system (i.e., the same T and S). As 
expected,j(g*) reduces to}u when a= b = 0, and the ratio 
j(g* )liu decreases with increasing values of a and b. It is 
expected thatj(g* )liu tends to zero as a and/or b ..... oo. Eq. 
( 16), however, does not produce this required limit. In fact 
the leading-order perturbation requires that a< 3/E and 
b < 3/E. Thus, Eq. ( 16) underestimates the effect ofsubcriti
cal cluster diffusion on the rate of nucleation for a> 3/E 
and/or b > 3/ e. (In figures presented below, we will indicate 
the calculations beyond these ranges by dashed lines. ) A 
higher-order approximation in € will give a solution that is 
valid over a wider range of a and b. For the present purpose 
of studying the onset of homogeneous nucleation, it is suffi
cient to have this leading-order solution. 

IV. NUCLEATION IN SPATIALLY INHOMOGENEOUS 
SYSTEMS 

A. Particle formation in the horizontal epitaxial CVD 
reactor 

The pyrolysis of silane ( SiH4 ) is widely used in epitaxial 
growth of silicon film. 6 16 Figure I (a) indicates profiles that 
might be achieved in a CVD reactor in which a silicon com
pound is deposited from the gas phase onto a hot substrate. 
The reaction zone in which silicon atoms are formed from 
silane decomposition will be localized in a thin region near 
the hot surface. 6 ·q·

10
·" Most of the silicon atoms will then 

diffuse to the substrate and undergo condensation to form a 
film. The higher deposition rates correspond to higher diffu
sion rates which can be achieved by steepening the concen
tration gradient at the interface, by increasing the silane par
tial pressure and by reducing the diffusion path length 
(reducing the total gas pressure). o-s An increase in silane 
concentration, however, does not always give a proportional 
increase in the deposition rate. There is a competing process 
which can cause nucleation of silicon vapor to form silicon 
particles in the gas phase resulting in a loss of silane and thus 
a reduction of silicon deposition rate, when the concentra
tion of silicon atoms exceed the critical saturation ratio. Par
ticle formed in CVD generally have a deleterious effect on 
film quality. At low gas temperatures the onset of gas-phase 
nucleation can probably be prevented, but to get a good crys
talline quality of the epi-layer, a high substrate temperature 
( 1050 ·c or above) is usually required. 6 "

7 

Most of the work related to the onset of homogeneous 
nucleation of silicon vapor in epitaxial reactors has been ex
perimental. Conventional nucleation theory has been used to 
investigate the temperature dependence of the nucleation 
rate of silicon vapor. 16 However, the main complexity in the 
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use of nucleation theory for such calculations is the great 
nonuniformity of the process when the subcritical cluster 
escapes as discussed in the introduction. With the necessary 
theoretical formulation developed above, we will investigate 
the implications of subcritical cluster loss by diffusion and 
drift on prevent from the onset of homogeneous nucleation 
of silicon vapor in epitaxial reactors. 

First let us consider a case with the gas temperature of 
1027 •c at the nucleation zone in a reactor charged with H 2 

as a carrier gas of atmosphere pressure. Following classical 
nucleation theory, 16 and use the available data for the equi
librium vapor-solid pressure, the critical saturation ratio is 
26.4 in the absence of subcritical cluster loss. At this other
wise critical saturation ratioS= 26.4, a is about 12.846 and 
b is 0.151/' and the dependence of the ratioj(g* )/}"on a and 
b is shown in Figs. 3(a) and 3(b). Here 

A. = _!_(_1 + ~) 
'I' d d

0 
2 ' 

¢'=3w(l!d2 +w), 

10 _, 

10 -· 

0 5 
b 

5 
a 

S=500 

(17) 

( 18) 

10 

10 

FIG. 3. Ratio between the rate of nucleation in presence ofsubcritical clus
ter loss in a horizontal epitaxial CVD reactor and that in its absence (a) by 
diffusion U<g. )/j., vs a for b = 0] and (b) by thermophoretic drift 
UCg,. )/j,, vs b for a= 0]. 
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where the total pressure in the reactor is assumed mainly due 
to the carrier gas and M, is the molecular weight of the 
carrier gas and Rg is the universal gas constant. 

For an atmospheric CVD reactor with H 2 as the carrier 
gas, we can estimate d1 = 0.45 em, d0 = 0.3 em, d2 = 4.25 
em based on available data. 13 If we also take 
dT !dz = 1000 ·c;cm, we can obtain¢ and 1],, thus a and b. 
In this case, a is about 142 and b is 0.04. From Eq. ( 15) the 
ratio j(g* )!Ju is virtually zero for S = 26.4 Thus the onset 
of homogeneous nucleation of silicon vapor at this tempera
ture is totally suppressed by the subcritical cluster loss due to 
the subcritical cluster loss by diffusion. Even at S = 500, a is 
about 7.5 and the ratio j(g* )/}., is about 10 10 while 
iu = 109 em 3 s 1. Thus the critical saturation ratio in the 
presence of subcritical cluster loss is about 20 times larger 
than that in its absence. The thermophoretic drift loss in 
both cases is negligible which is in contrast to previous sug
gestion.6·7 Thermophoretic drift becomes relatively impor
tant for larger particles and becomes at least equally impor
tant as subcritical cluster diffusion at temperature exceeding 
T= 1412 •c. 

In the above calculations, it is clear the thermal struc
ture in the CVD reactor which determines the values of d0 , 

d1, and d2 is central in determining the relative importance 
of subcritical cluster loss to the onset of nucleation. As ob
served by Brei land eta!., 1.1 the maximum Si is very close to 
the substrate within 2 mm in a cell of 5 em height when the 
substrate temperatures is in the range of71 0-1000 •c. As the 
substrate temperature increases, the thermal boundary layer 
extends farther above the surface. The temperature at which 
silane rapidly decomposes thus occurs at larger distances 
(d,) from the surface. Also the spatial range (d0 ) over 
which particles are produced increases with increasing tem
perature as shown by the broadening of the profiles of Si. 13 

Thus at a higher temperature, we expect a smaller ¢ and a 
smaller 1/' and thus a smaller effect of subcritical cluster dif
fusion on the nucleation rate. For example at T= 1412 ·c. 
we take d, = I em, d0 = 0.5 em, d 2 = 3.5 em based on ob
served trends.1.1 In this casej(g* )l}u is 10 2 at the other
wise critical supersaturation ratio S = 16. This calculation 
shows that the kinetic nucleation barrier due to subcritical 
cluster loss by diffusion is also higher at lower temperature. 
Since at relatively low operating temperatures, the subcriti
cal clusters take more time to accumulate in the gas phase, it 
should be relatively easy to suppress the occurrence of possi
ble nucleation by optimizing operating total pressure and 
temperatures and using a light gas as the carrier. 

The effect of carrier gas on the onset of homogeneous 
nucleation of silicon vapor in the CVD reactor can be in part 
explained by the present theory. It is observed that all other 
conditions being equal H2 as a carrier gas suppresses particle 
formation compared to He, which cannot be simply ac
counted for by the chemical kinetic effect of H2 on the gas
phase decomposition of silane." The carrier gas effect is in 
part explained by the fact a is 1.414 times larger and b is 
1.114 times larger in He than in H 2 . It is noted that the effect 
of the possible changes in d0 , d,, and d2 due to different 
thermal structures in the He or H 2 carrier gas is not able to 
be evaluated. 
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According to Eqs. ( 17) and ( 18), a and bare inversely 
proportional to the total system pressure p, as the diffusion 
path lengths are inversely proportional top,. Thus a direct 
effect of reducing total pressure is to suppress the onset of 
homogeneous nucleation in the reactor. However, the posi
tion of the maximum in Si density in the reactor shifts up at a 
reduced pressure. It is observed that the position of this max
imum shifts from I mm at atmosphere pressure to about I 
em above the surface at a total pressure of about 20 Torr 
when the substrate temperature is 84 7 oc. ll The same exper
iment aiso showed that the profiles at the reduced pressure 
become much broader than at an atmosphere pressure. Thus 
particle formation could occur in a much wider region at the 
reduced total pressure. Although a and b increase by a factor 
of 35 when from the reducing the total pressure from 760 to 
20 Torr the change in d", d 1 , and d 2 , could outweigh this 
reduction. 

Purely lowering the total pressure may not prevent the 
onset of homogeneous nucleation if a sufficiently thick ther
mal boundary layer is attained to reduce the efficiency of 
subcritical cluster loss by diffusion. This may have been why 
particle formation in the gas phase was still observed at low
er pressure CVD (LPCVD)-" 10 

It is clear that the thermal structure in the CVD reactor 
is very important in determining the efficiency of subcritical 
cluster diffusion towards the substrate. If the relationship 
between the values of d0 and d 1 and the total gas pressure 
and the substrate temperature is known experimentallyl' or 
by modelling, ll one can use Eqs. ( 16 )-( 18) to select the 
optimal CVD conditions in order to minimize the possibility 
of occurrence of silicon particle formation in the gas phase 
while obtaining a high deposition rate for a given silane con
centration. 

B. Nucleation in diffusion cloud chambers 

The diffusion cloud chamber is one of the principal 
methods for studying conditions for the onset of homoge
neous nucleation. Supersaturation varies with elevation in a 
diffusion cloud chamber [Fig. 1 (b)] and nucleation is ob
served in a thin region within the chamber. The possible 
effects of nonuniformities in the cloud chamber on the nu
cleation rate or the critical supersaturation ratio were sug
gested not to cause serious deviations from behavior in the 
absence of subcritical cluster loss for substances with equi
librium vapor pressures larger than to x Torr. 2 It will be 
shown. however. that substantial deviations can be occurred 
for substances even with much higher equilibrium vapor 
pressures if the cloud chamber is operated at the reduced 
pressures. 17 

Consider a system with a= 30 dyne em 1
, 

s 1 = 1.5417X 10 14 cm 2
, m 1 = 16X 10 22 g, T= 20oC 

and p, = I atm with He as the carrier gas, 13 

a--= 4.6X 10 'N(p,S). where p, is in Torr. As calculated 
earlier, 2 the critical supersaturation in the absence ofsubcri
tical cluster loss is about 12.5 for p,. = 10 5 Torr, and the 
value of a is thus about 10 46. The change of the ratio 
j(g* )!}., with a and b for these conditions is shown in Figs. 
4(a) and 4(b). Thus, there is no effect ofsubcritical cluster 
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0 5 
b 

8=25 

10 

I 

I 

I 

I 
10 

FIG. 4. Ratio between the rate of nucleation in presence ofsubcritical clus
ter loss in a diffusion cloud chamber and that in its absence (a) by diffusion 
U<g. )/j., vs a forb= 0)) and (b) by thermophoretic drift U<g. )/j., vs b 
for a= 0]. 

diffusion on the nucleation rate in this case if we take ¢ = 5 
as adopted by Becker and Reiss. 2 The effect is found to be 
observable for equilibrium vapor pressures smaller than 
10 x Torr. At p,. = 10 x Torr, a= 1.8 and b = 6.6 for 
S = 12.5. Thus, the onset of nucleation in this case would be 
affected by diffusion as well as by thermophoretic. Their 
magnitudes are roughly equivalent, as seen from Fig. 4. Our 
calculations therefore confirm qualitatively the previous re
sults2 in which only the subcritical cluster loss only by diffu
sion was considered. It is also noted that the total pressure in 
the chamber is assumed at 1 atm. 

The diffusion cloud chamber is usually operated at a 
reduced pressure. The total pressure in a chamber is required 
to satisfy the condition 17 

p,. 1-- 1--( Mt)( ~~) 
M, T1 

>P, > 2.5p,., (19) 

where M 1 is molecular weight of the vapor, and T1 , T0 are 
temperatures at the condensing and evaporating surfaces. 
The upper bound for p, is that at which the temperature 
gradient is balanced by a composition gradient in the vapor
gas mixture thus the thermal convection is prevented. The 
lower limit is estimated empirically, for which results are 
supposed to be independent of the amount of carrier gas 
used. 
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To maintain the difference between ju andj(g*) within 
a factor of I02 requires a< I, i.e., Pc > 4 X IO- 4 Torr for the 
organic species considered above. In a similar way we re
quire b <I, i.e., Pe > 1.1 X 10- 3 Torr. Here we have used 
d 1 = 0.71h, d2 = 0.19h and his the height of cell4.23 em as 
reported in Ref. 18. d0 has been taken 0.1h as experimentally 
estimated by Daniel et a/. 19 The resulting¢ is about 4.32 and 
¢is about 0.25. Also we have used the upper bound for p, 
given by Eq. ( 19). We conclude that the onset of homoge
neous nucleation will begin to be affected by subcritical clus
ter diffusion and thermophoretic drift whenp" < 10- 3 Torr. 
Under this condition, the subcritical cluster loss by thermo
phoretic drift becomes more important than that by diffu
Sion. 

It should be noted that the effect of diffusion and ph ore
tic drift on nucleation does not limit to subcritical clusters 
loss. Nucleated particles, for example, can reach the upper 
surface before growing to a free fall size by action of phoretic 
forces at low pressures. Thus higher supersaturations are 
observed to maintain a same rate of nucleation. 20 

V. CONCLUSION 

We have investigated homogeneous nucleation process 
of a vapor in a spatially inhomogeneous system by extending 
classical nucleation theory to include subcritical cluster Joss 
by diffusion and thermophoretic drift. Approximate analyt
ic expressions have been obtained for cluster size distribu
tion and rate of homogeneous nucleation. The primary re-
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suits of this paper are those ofEqs. ( 16)-( IS) which can be 
used to estimate the effect of subcritical cluster loss by diffu
sion and drift in a temperature field on the onset of homoge
neous nucleation. 
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