Chemical Transport in

Nonconvective Systems

R. F. LEVER and F. P. JONA
IBM Watson Research Center, Yorktown Heights, New York

Many practical chemical vapor transport systems are gaseous diffusion limited. For o single-
reaction system under moderate supersaturations, the diffusive transport rate is readily expressed
in @ form which enables the effect of surfoce kinetic limitations to be included. Attempts to
observe surface limitations in a closed-tube experiment are described together with experiments
which confirm the diffusion theory. The treatment of multireaction systems is briefly discussed.

This paper is concerned primarily with one-dimen-
sional, diffusion-controlled vapor transport in which one
reaction is dominant, with some attention, however, being
given to multireaction systems. The system under con-
sideration is illustrated in Figure 1. The solute (for ex-
ample, a metal) dissolves at temperature T” in the vapor
phase under the influence of a vapor solvent (for example,
a halogen) and is transported by diffusion to the seed at
temperature T”. Solute is deposited on the seed while sol-
vent diffuses back to the source. In place of the source,
one may postulate a boundary on which the composition
of the gaseous mixture is known.

In such a system, common sense would seem to suggest
that transport should occur from regions where there is a
high density of solute atoms (combined or uncombined)
to regions where this density is smaller. One’s first ap-
proach therefore is to attempt to relate the growth rate
of the seed to the total concentration gradient of the solute
in the vapor phase. That this cannot be done is due to
two effects.t The first is what, following Schaefer (1),
may be called streaming. The second is due to the fact
that it is not always a valid approximation to treat the
gases in contact with the seed as if they were in equilib-
rium with it. In fact, gaseous transport rates cannot be
calculated without allowing for streaming, while the con-
sideration of the overall transport rate should include the
effect of possible surface limitations. These two points will
be illustrated with reference to a specific example, namely,
the silicon—chlorine system in which transport of silicon
occurs by means of the reaction

Si(s.) + SiCly(g.) = 2 SiCly(g.) (1)

$ It is shown later that a potential for vapor transport is provided
mlgre nearly by the solute-solvent density ratio, not by the solute density
alone.
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STREAMING

Since each molecule present in the gas phase contains
one silicon atom, and since the pressure in the system is
constant, there is clearly no appreciable concentration
gradient of silicon in the system. Indeed, the concentra-
tion of silicon will be slightly higher near the seed because
of the temperature gradient and the operation of the gas
laws. Nevertheless, diffusive transport occurs by means of
reaction (1) down the temperature gradient (from hot to
cold). This is explained by noting a significant feature of
(1), namely, that the number of gaseous species are not
conserved in the reaction. For every molecule of silicon
tetrachloride that disappears at the source, two molecules
of silicon dichloride are created, while for each two silicon
dichloride molecules which disappear at the seed, only one
silicon tetrachloride molecule is released. There is, there-
fore, a net drift or streaming of the gas between source
and seed which is responsible for the transport of silicon.
Such streaming will occur for any reaction in which depo-
sition or dissolution of solid causes a change in the total
number of molecules in the gas phase. The amount of this
streaming, however, is determined by the requirement that
there be no net flux of chlorinet in the system, that is, that
each silicon tetrachloride molecule moving toward the
source be balanced by two silicon dichloride molecules
moving away from the source in accord with reaction (1).
There is, of course, a very small gradient in the total pres-
sure associated with this flow which, however, will be
neglected.

Since the transport of silicon by reaction (1) is entirely
due to streaming, one might wonder how Schaefer (1)
was able to calculate a reasonable value for the silicon
transport rate even though he explicitly neglected stream-
ing. The reason lies in the close relationship between the
diffusive flux of silicon dichloride and silicon tetrachloride
relative to the gas stream, and the streaming flux, as
shown below.

Let the total flux of gas molecules due to streaming be
Jr moles/(sq. em.) (sec.), y» and y, the mole fractions
of silicon dichloride and silicon tetrachloride, respectively,
and J, and 4 the respective total fluxes. From Fick’s law,
one obtains

J2 = Jrys— DN dyz/dz (2)
Is = Irys— DN dy,/dz

The first term on the right-hand side of each equation is
the flux due to streaming and the second is the flux due

{ Here is meant, of course, chlorine as a component of the system
and not a species, that is, total chlorine, not free chlorine.
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Fig. 2. Composition vs. distance in closed-tube

system where transport occurs by the reaction

Si 4 SiCly = 25iClp, and equilibrium exists

at the source. (@) Transport entirely diffusion-

limited. (b) Transport entirely surface-limited.

(¢) Transport both diffusion- and surface-
limited.

to diffusion relative to the gas stream. The total fluxes of
silicon and chlorine are then obtained by addition as

Jsi = Jo(y2 + ya) — DN(dyz/dz + dys/dz)  (3)
Jo1 = Ir(2yz + 4ys) — DN (2dys/dz + 4dys/dz) (4)
One sees (9) that the relation

Ji = Jryi— DN dy;/dz (5)

applies equally well to the species silicon dichloride and

silicon tetrachloride and to the components chlorine and

silicon. As shown in Appendix A, this is generally true in

any multispecies system if all the binary diffusion coeffi-
cients are considered to be equal (9).

For the system under consideration, ys; = ys + y4 = 1
and dyy/dz + dy,/dz = 0. Hence, from the above

Iss=1Ir (6)
Jor=Jr(4 — 2y3) + 2 DN dy,/dz (7)

The diffusive contribution to the silicon flux is zero and
the entire transport is due to streaming. However, this
streaming is essentially diffusion controlled via the re-
quirement that J¢; be zero, there being no sources or sinks
in the system for the chemical component chlorine. Hence,
putting Jo; = O one obtains

22—y, dz

Jsi=Jr=

(8)

SURFACE LIMITATIONS

Another factor of major concern in vapor transport is
the composition of the gas in contact with a growing or
etching crystal surface. If equilibrium at the crystal sur-
face can be assumed, the transport process will be en-
tirely diffusion limited. However, for a single-reaction
transport process, it is possible to include in the theory
the supersaturation over the growing surface and the
undersaturation at the etching surface. The nature of the
problem may be illustrated by reference to Figure 2. In
order to simplify the discussion, equilibrium will be as-
sumed to exist at the source, that is, the composition of
the gaseous mixture will be taken as known at the source
plane, The undersaturation which exists at the source may
readily be included when required.
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In Figure 2 are plotted three possible spatial distribu-
tions of py, the partial pressure of silicon dichloride. The
total pressure P is taken as constant, while p,, the partial
pressure of silicon tetrachloride, is simply P — p,. At any
point one may define a quantity Q = py2/ps. It is as-
sumed for simplicity that the gas is in equilibrium with
the source, so that at the source Q = K(T”), where
K(T”) is the equilibrium constant of reaction (1) at tem-
perature T”. At the seed, allowance is made for the fact
that, in practice, the crystal will not grow unless Q >
K(T’), that is, there must be a finite supersaturation over
the surface. This supersaturation is defined in general as
the Gibbs free energy change associated with dissolving a
mole of solute into the vapor phase at constant T, P, and
composition, divided by RT (see Appendix C).

o = AG/RT = In Q/K = (Q — K) /K (9)

For curve a the assumption is made that Q — K’ is
negligible compared with K” — K, so that the transport
may be regarded as purely diffusion limited. The gas
composition is shown to vary approximately linearly with
distance, although in the presence of streaming, dp./dz
cannot be both nonzero and constant, so that some curva-
ture is actually present (see Appendix B). For curve b,
on the other hand, the assumption is made that the seed is
in some way poisoned so that growth is extremely slow.
In this case the growth is surface limited, the required
diffusive flux involves negligibly small pressure gradients,
and therefore, ¢ = K” at the seed. Curve ¢ represents a
situation where both surface and gaseous diffusion limita-
tions apply and K’ < Q < K”. In case a, where the super-
saturation over the seed is negligible, the rate of growth is
Jmax, the maximum value permitted by gaseous diffusion
limitations. In case b, where the rate of growth is neg-
ligible, the supersaturation over the seed is the maximum
possible, namely, In (K”/K’). In case ¢, the fact that
J < Jmax is clear from the fact that the partial pressure
gradient is less than in case a, while the fact that o < omax
is clear from the fact that ps is less than in case b and
hence In (Q/K’) at the seed is less than In (K”/K’).

These considerations are best illustrated in Figure 3 in
which [ is plotted against o. Two curves are drawn. One
is the crystal growth curve which shows how a crystal
surface of given orientation, cleanliness, etc., will resgond
to a given departure from equilibrium with the gas phase,
at a given temperature and total pressure. The other is
the diffusion curve which shows how the diffusive flux
drops as the supersaturation over the seed rises. The actual
growth rate in a particular experiment is given by the
intersection of these two curves. It is worth noting that if
both the crystal characteristic and the diffusion characteris-
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Fig. 3. Graphical representation of growth vs. supersaturation show-
ing how the growth conditions depend on both the crystal character-
istic and the diffusion characteristic.
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J=1 = Jp~t 4 Jg~1, together with the
definition of Js when the crystal characteris-
tic is nonlinear.

tic are linear, then, by similar triangles
Jl=Jp +Js! (10)

where J; is the value Ju.x when the system is diffusion
limited and Js is the surface-limited rate which would be
obtained if the seed were exposed to a supersaturation
equal to oyax This point is illustrated in Figure 4.

In this paper it is shown that the diffusion-limited curve
has the form ] = Jnax (1 — 0/0max) and an expression is
derived for Juax in terms of the binary diffusion coeffi-
cients, average partial pressures, total pressure, tempera-
ture, and the standard enthalpy of the transport reaction.

THEORY

The starting point for a discussion of diffusive limita-
tions in vapor transport is the general relation for multi-
component diffusion (2, 3):

dps . Irps - ]spr

= 11
dz ~ ND, (1)

where thermal diffusion has been neglected (6). Equation
(11) gives the gradient in the partial pressure of a par-
ticular species s in terms of the fluxes and partial pres-
sures of all species. J,, J; represent the flux of species r
and s in moles/(sq. cm.) (sec.) and p,, p; represent the
partial pressures of species r and s at any point. Dy is
the binary diffusion coefficient for a mixture of gaseous
species r and s evaluated at the total pressure which is
actually present in the system. The quantities ND,, are
evaluated at the mean temperature of the system and are
taken as constants for the system (6), dependent only on
the nature of the two species r and s. An alternative form
of Equation (11) which is physically more meaningful
may be written as

dps . PrPs (vr—vs)
dz Er: P D

(12)

where o, is the average velocity of molecules of type r.
Each term represents an interaction between the species
s and one of the species r proportional to their relative
velocities and to the product of their partial pressures.

A general analysis of a multicomponent system can be
quite complex (2). If there are n species present, then
there will be (n — 1) independent equations of the form
of Equation (11) to be combined with some constraint on
the J’s, such as, for example, 3 J; = 0. There are, how-

s
ever, two simplifying assumptions which can be made,
either of which greatly facilitate the analysis.

Page 1160

A.1.Ch.E. Journal

A first possible assumption is that all the D, values be
equal (9). This converts Equations (11) into a system of
independent equations in the pq:

p 2P
74

=]Tps‘_JsP (13)
This is particularly convenient in analyzing multireaction
systems, since it can readily be shown that Equation (13)
applies not only to molecular species but also to compo-
nents. It follows directly from this (9) that a potential
for diffusive flow is provided by the solute-solvent ratio
(for example the silicon—chlorine ratio in the case of the
silicon—chlorine or the silicon-hydrogen-chlorine system)
(see Appendix A). That is, in multicomponent systems,
flow is not in the direction of decreasing solute den-
sity but in the direction of decreasing solute—solvent ratio,
Since in such a system many reactions may proceed in
parallel, no simple formalism exists for including the ef-
fects of supersaturation at the seed or undersaturation at
the source. For this reason, the multireaction system will
not be discussed further in this paper and the assumption
of equal D,s values will not be made. The treatment of
a single-reaction system to be given below can, however,
be generalized to multireaction systems, as discussed by
Mandel (5), who also considered surface kinetic limita-
tions in more detail.

A second simplifying assumption is to consider a single-
reaction system where transport is caused by the single
reaction

M(S)=€1A1+€2A2+....€,-Ar+.... (14)

The reaction coefficients ¢, are negative for reactants and
positive for reaction products. They may be taken as zero
tor species which are present, thereby providing a bar-
rier to diffusion, but do not take part in the reaction. All
fluxes J, may then be written in terms of [y, -the flux of
M(J, = Jmer); hence,t from Equation (11):

dps/dz = Inm Z (Erps at Espr)/NDrs

r

(15)

In general, dp,/dz is an unknown function of z. However,
one may, at least conceptually, integrate (15) between
2’ and z” to obtain Aps/Az in terms of the spatial mean
pressures p,, namely

Aps/az = Ju D, (ePs—epr)/NDis  (16)

Hence, each Ap; is given in terms of Jy and the known
values of ¢, D,;, Az and the approximately known value
of pr.

If the assumption were made that all the D,; be the
same for a single-reaction system, then (15) could be
integrated directly as shown in Appendix B. However, it
is instructive to retain the separate D, values in this
treatment at the price of not being able to integrate Equa-
tion (15). While the resulting treatment can be applied
rigorously only to systems where the partial pressure of a
given species never departs by a large fraction from its
mean value, the treatment may nevertheless be applied
to a large number of practical systems.

In addition to enabling all the J; values to be written
in terms of [, the existence of reaction (14) also imposes

4 It should be noted at this point that the following treatment may be
applied to any surface-catalyzed reaction and is not limited to deposition
or etch processes. For a catalytic process that does not involve using up
or depositing solid material, one writes the Jr terms, not in terms Ju,
but in terms of one of the species, for example, A in which c#se (4)
]r = ]u(er/éa).



boundary conditions on the gas composition (see Ap-
pendix C), namely

E eshp/ =InK + o

s

S elnp’ =K +o” (17)

s

where K’ is the equilibrium constant of (14) at the seed
temperature T”, K” is the equilibrium constant at tempera-
ture T”, o’ is the supersaturation over the seed associated
with the growth, and o” is the supersaturation (negative)
over the source associated with the etch process.

esAlnps,=aInK—o
> p

s

Hence (18)

where o = o’ — o”. It is very convenient to write (18) in
an alternative form by using the logarithmic mean defined

by
po = (P”'—P')/(ln pll — Inp’) (19)
One then obtains
Aln K"_O'= z, €5 Aps/psﬁ (20)

Having rewritten (18) in this form, one may now divide
through by Az and substitute for Aps/Az from (16) to
obtain the relationship

AlnK—o - € &rPs — €spP;
= I 2{ Z 2 Ps sPr
Az s Ps I ND s
This may be expanded into a series in which each pair of
species is taken once irrespective of order:

AlnK—o 1 ( €r €5 )
Jubz 2 Z; P ps°
(%ﬁr - fri)—s) (NDrs> -1 (22)

Equation (22) illustrates well one important point,
namely, that for any species which takes part in the re-
action (e 7 0), a very small value of ps* will result in
very slow transport. This is to be expected, since reaction
(14) cannot proceed readily if any one of the species tak-
ing part in the reaction is in short supply.

In general, the logarithmic mean, given by

(21)

-
1 J‘p’ dP/P
—— (23)
p D
f,,. dp
does not have the same value as the spatial mean
S pas
P (24)

- f: dz

except when the pressures have the form p = Ae®. How-
ever, for small values of A In K, the difference between
p* and p will be small and one can write p* ~p ~ p.
Hence, one may write (6) an expression for the growth
in the following form:

AlnhK—o
J=— (25)
Y Az
where J = — Jy is the growth rate of the seed and
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1
b= 2 2 (espr— &ps)2/ (peps NDys)  (26)

From the van't Hoff equation, A In K may be written in
terms of AH, the standard enthalpy of reaction (14), the
average temperature T and the temperature difference
T” — T’ = AT, namely, A In K = (AH/RT?)aT. One
sees that Equation (25) is indeed of the form J = Jnax
(I — 0/0max) illustrated in Figure 3, where Jnmax = A In
K/$ Az and oy = A In K.

Equation (25) represents a limitation on vapor trans-
port analogous to the effect of the load line on the How
of current through an electrical device. The analogy may
be pursued by defining a crystal growth impedance Z
equal to o/ (o). This is, of course, purely a surface prop-
erty dependent on the temperature, pressure, composition
of the gas phase at the surface, and the state of the sur-
face itself. It does not depend on gaseous diffusion co-
efficients or the composition of the gas phase anywhere
except at the surface. One may then write Equation (25)
in the alternative form:

alnK

T YAzt Z

One sees that the quantity ¢ Az appears as a vapor
transport impedance in series with Z. This is analogous to
the relation I = V/(Z, + Zp) for the current through a
device of impedance Zp when a voltage V is applied
through a series resistor Z.

An appreciation of the physical meaning of ¢, the vapor
impedance per unit spacing, is more readily obtained by
writing out in full the value of ¢ for a specific reaction.
Consider, for example, the reaction

(e7)

M(s) = —aA+ bB + ¢C (28)
One then obtains
(app + bpa)? (bpc— cps)? (cpa + apc)?
- PapsNDyg pepcNDac PcpaNDca
(29)

If the reaction is stoichiometrically balanced so that
pa/a = ps/b = pc/c, then the middle term vanishes and
the first and third term take on their minimum vahues.
Hence

‘{’min = 4ab/NDAB -+ 4ac/NDAc (30)

where Y corresponds to the maximum possible growth
rate by virtue of Equation (25).

The effect of adding an inert gas Y is readily apparent
(6). Three mare terms will be added to the expression
for y, representing the interaction between the pairs of
species AY, BY, and CY but with ey = 0. Hence ¢ is in-
creased by

Ay = (a®py/pa)/NDay + (b?py/pp)/NDgy
+ (c¢*py/pc)/NDcy (31)
The increase in the diffusive impedance ¥ Az is therefore

directly proportional to py, the partial pressure of the
added inert gas.

DISCUSSION

After it had been shown that a crystal growing from the
vapor phase by means of a single reaction obeys the equa-
tion

J=AImK/(y sz + Z) (27)

the remaining question of greatest interest was the value
of Z(o) or, expressed slightly differently, the form of J(o},
the crystal characteristic. As has been shown, the value of
¥ is readily calculated from the average partial pressures,
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Fig. 5. Illustration of two approaches to measure the crystal char-
acteristic.

the reaction coefficients, and the binary diffusion coeffi-
cients. The average pressures which exist in the sys-
tem can be calculated from the experimentally imposed
vapor solvent density and the temperature, provided that
the equilibrium constant of the transport reaction is known
as a function of temperature. The value of A In K is ob-
tained from the standard enthalpy of the reaction and the
experimentally imposed temperatures. On the other hand,
as was discussed in detail by Mandel (5), the nature of
the crystal characteristic is not readily analyzed theo-
retically. The experimental determination of the crystal
characteristic is also a matter of considerable difficulty, as
will be described.

There are basically two approaches to measuring J as
a function of o. The first is to operate with a high vapor
impedance such that ¢ Az >> Z. This is readily obtained
in practice by making Az large, 20 cm. for example. In
this case one has a diffusion-limited growth rate equal to
Aln K/ Az as shown in Figure 2¢ and the crystal charac-
teristic must be determined by measuring o, the super-
saturation at the surface. The second approach is to oper-
ate with a low vapor impedance so that & Az << Z. This
may be achieved in practice by operating with ¢ near to
its minimum value i, corresponding to the reactants be-
ing present in nearly stoichiometric proportions, and by
making Az small. In this case the growth is surface limited
as in Figure 2b and is given by J = Aln K/Z. The value
of o is imposed experimentally, being equal to AlnkK,
and J(o) is measured. The main problem in this case is
the measurement of Aln K which requires an accurate
measurement of the source-seed temperature difference.

The two different approaches are illustrated graphically
in Figures 5a¢ and 5b. Suppose one wishes to measure the
growth characteristic of two different crystal surfaces,
one fast growing and the other slow growing. Such a dif-
ference between growth rates of two surfaces of the same
material growing by means of the same reaction could
arise because of difference in crystallographic orientation,
or simply because of the cleanliness of the surface, the
growth of which may be more or less catalyzed by im-
purities. In Figure 5a, ¢ Az is considered large so that the
vapor transport load line is almost horizontal. The differ-
ent behaviors of the two surfaces are then apparent in that
the supersaturation that builds up in order to drive the
growth of the slow surface is higher than that for the fast
surface. It is worth noting that in such a geometry, the
maximum possible supersaturation oax is very large in-
deed, well in excess of the value needed for spontaneous
nucleation of new crystals, and necessarily much greater
than the supersaturation actually present at the crystal
surface. In Figure 5b, on the other hand, ¢ Az is so small
that the vapor transport load line is almost vertical and
& =~ oyax. In this case the different behavior of the two
surfaces is reflected in a difference in observed growth

Page 1162

A.1.Ch.E. Journal

rates. Although opnax will be rather small, the diffusion-
limited growth rate Jp = A In K/¢ Az is very large be-
cause of the small value of ¢ Az, it being essential to the
method that J << Jp. These considerations may also be
discussed in terms of the equation

! = 1 -+ 1 (32)
] I Js

illustrated in Figure 4, provided that the meaning of Js
is remembered. Js may only be regarded as the crystal
growth rate at a supersaturation of oy if the crystal char-
acteristic is linear up to (omax, Js). Otherwise, Jg is given
by omax/Z as illustrated graphically in Figure 4.

EXPERIMENTS

The possibility of using the first approach (Figure 5a)
to measure J(o) was seriously considered. In order to
measure o at a growing surface one must obtain: the
composition of the gas at the growing surface and hence
% ¢; In p;, the temperature T’, and the equilibrium constant
as a function of temperature K(T). The supersaturation
is then obtained by difference as (see Appendix C)

o= Zeilnpi—an(T’) (33)

13

Exploratory work was undertaken to determine the feasi-
bility in the germanium—iodine system of optical absorp-
tion measurements to measure the partial pressures at the
surface. The conclusion was that nothing like the required
precision could be obtained, since the variation of the in-
dividual absorption spectra with temperature could not be
measured. The approach illustrated in Figure 5a was
therefore abandoned as impractical. ‘

Two series of experiments will be described, both on the
germanium~iodine system by using the transport reaction

Ge(s.) = — Gely + 2 Gel, (34)
The first, with the use of the principle of Figure 5b,

established conditions for surface-limited, orientation-de-
pendent growth. Absolute measurements of the J(o) were
not obtained, however. The second series of experiments
utilized randomly nucleated growth with Az = 20 cm.
The observed growth rates agreed well with theoretical
predictions, and constitute a simple test of the diffusion
theory given previously here. In the experiments described
below the jodine was added as germanium iodide and as
iodine, respectively. The form in which the vapor solvent
is added in such experiments is not theoretically signifi-
cant, since equilibrium is soon established. In practice,
the amount of iodine present during transport is negligible.

Measurement of Growth Rate at Constant Supersaturation

In these experiments a very small value of Az was em-
ployed as shown in Figure 6, which shows a sealed silica
tube containing the reactive gas mixture. The tube was
placed in a firebrick insulated horizontal tube furnace ar-
ranged so that the top of the tube was not as well insu-
lated than the bottom, so that a temperature difference was
established between upper and lower wafers. The lower
crystal or source was a slab of {110} oriented single-crys-

SOURCE
CRYSTAL

GRAPHITE BLOCK
Fig. 6. Apparatus for observing orientation-dependent growth rates.
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tal germanium which rested on a silica-enclosed graphite
block. Several differently oriented germanium slabs,
shorter in length than the source, were placed on a sup-
port cut from a piece of silica tubing. The source-seed
spacing was approximately 2 mm.

It was found that the growth rates of the seeds, meas-
ured by weighing, varied appreciably with orientation
(7). For growth at temperatures near 400°C. the growth
rates for the orientations {111}, {112}, and {110} were in
the ratio 1:3:7, respectively, {110} surfaces growing seven
times faster than {111}. Crystals with {100} orientation
were somewhat variable in behavior, sometimes resembling
{111} and sometimes {112} in growth rate. Growth at
550°C. showed much less marked differences, {112} being
similar to {111} and {100}, with {110} growing about
509 faster. Growth runs made at 450° and 500°C.
showed intermediate behavior. A single efching run at
460°C. with the source and seed crystals interchanged
showed similar behavior. The etch rates of {111}, {100},
{112}, and {110} were in the ratio 1:1:2:3, showing a
variation in the J vs. o characteristic with orientation for
etching as well as growth.

The decrease in the orientation dependence of growth
rate at higher temperatures could be associated with two
possible causes. The first is based on the fact that the ob-
served growth rates were considerably higher at higher
temperatures, being about 0.2 p/hr. for {110} crystals at
400°C., 1.0 p/hr. at 450°C., 2 p/hr. at 470°C., 20 p/hr.
at 500°C., and 80 p/hr. at 550°C. These increases were
probably due in part to higher values of AT at higher
temperatures and partly due to an actual decrease in crys-
tal impedance with temperature. Insofar as the latter ex-
planation holds true, one would expect diffusion limita-
tions to become more important as crystal growth im-
pedance decreases so that orientation dependence in the
growth rates would not be as clearly observed, The second
possible cause of this effect is a genuine decrease in the
effect of orientation on crystal growth impedance at higher
growth temperatures. Such a decrease would be expected,
since an examination of the surface morphology showed
a much greater tendency for faceting to occur at the
higher temperatures. Faceting means the tendency of the
crystal to bound itself with low growth rate surfaces. For
a system where faceting is complete, the only effect of
orientation is to change the effective surface area. (For
example, a complete development of {111} facets would
give wafers oriented in the <100> direction an increased
surface area due to the formation of pyramids.)

The orientation dependence of the growth rates clearly
indicates that the growth (and etch) process was surface
limited. Unfortunately, these results could not be put on
a quantitative footing, since no way could be devised to
measure AT, the difference between source and seed tem-
perature. Platinum, platinum-rhodium thermocouples re-
acted with the germanium iodides to form platinum ger-
manides, while attempts to protect them with coatings of
low melting point glasses were not successful. The above
experiments were valuable, however, in demonstrating the
existence of a practical vapor transport system in which
surface effects were dominant.

Measurement of Diffusion-Limited Transport

Having failed to obtain absolute information on growth
rate vs. supersaturation, we next carried out experiments
with a geometry similar to that shown in Figure 1 in order
to verify the predictions of diffusion theory. Since in these
experiments the values of $ Az are approximately 100
times higher than in the preceding, diffusion-limited
growth would be expected. For reaction (34) the value
of ¢, from (26), is given by

Y= (po/ps + 4pa/p2 + 4)/NDy,
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where, in this expression, p, and py are the partial pres-
sures of Gel, and Gel, respectively and Dy is the binary
diffusion coefficient for the mixture of Gel, and Gels.
Examination of (35) shows that ¢ has a minimum value
when ps = 2ps when ¢ = 8/NDj, and one may write

AH AT NDoy
RT? Az 8
All runs were made at T” = 427°C. and T" = 395°C,,
that is, with AT = 32°C. The main independent variable

was the quantity of added iodine expressed as a partial
pressure of iodine at 298°K. Hence we have a given

P12 given by

(36)

Jpmax =

Pz = pz2 + 2ps (37)

where p; and ps denote partial pressures of Gel, and
Gel,, respectively. A theoretical curve of J vs. pp, was
generated by a parametric approach. Values of a ratio
¢ = pa/ps were first assumed and were combined with
the relation py/ps = K derived from reaction (34), the
value of K being known from equilibrium studies (10).
Hence p; = K¢~ ! and p; = K¢~2 were calculated and so
P12, ¥, and Jp were obtained. Examination of the preceding
equations readily leads to the conclusion that the maxi-
mum value of Jp occurs at pr, = K; that at low values of
pi, Where py >> pg, ] < pry; and that at high values of
p1z where py >> ps, | « pr'72.

Seed crystals were not employed in the actual experi-
ments, since A In K was high enough for spontaneous nu-
cleation to take place. If a flat seed is placed across the
tube in the geometry of Figure 1, difficulties often arise
due to nucleation of new seeds on the necessarily colder
wall on the low temperature side of the seed. In these
experiments a large number of small seeds nucleated on
the cold end of the tube, thereby avoiding this problem.

The experimentally observed vapor transport rates are
shown in Figure 7 as a function of pr,. The theoretical
curve was moved vertically to obtain the best fit to the
experimental results. This, in effect, constituted an experi-
mental determination of NDy,. The resulting value of Dy
(8.4 x 1072 sq. cm./sec.) agreed well with values cal-
culated from semiempirical formulas (8) (3.9 X 10-2 and
4.9 X 1072%/sec.). The two experimental points obtained
at the highest values of p1, are high relative to the theo-
retical curve. This is due to the condensation of Gel, with-
in the sample tube at high values of added iodine content,
so that a degree of freedom was removed and addition of
further iodine to the system no longer influenced the com-
position of the gas phase.

It is seen that the diffusion theory is quantitatively
verified by these experiments since the form of the log J
vs. log p1, curve is correctly predicted, the value of py,
for Jmax agrees with measured values of the equilibrium

108

B

T V1711117

@

T T TTTTY

FLUX (moles/cm®sec )
o

ld'o i3 L 3tlir 1o b i prip [ T 3 13 b ataid

10 1 10 102 i03
Py, *TORR AT 298°K

Fig. 7. Vapor transport rate vs. iodine content illustrating an ex-
perimental confirmation of the diffusion theory for the germonium-
iodine system.
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constant, and the magnitude of Jp gives a reasonable value
of the binary diffusion coefficient for the system.

The good agreement of the experimental results with
the predictions of diffusion theory precludes the possi-
bility that convection might play a major role in mass
transport. If the condensation of Gel, did not occur, there-
by preventing the effective iodine pressure from exceed-
ing about 50 torr, natural convection might be expected to
enhance the transport at higher pressures. Approximate
calculations by Keyes (I6), which allowed for the en-
hancement of the variation of density with temperature
due to the chemical reaction, suggest that convection
should become appreciable in the pressure range 0.1 to 1
atm. where a length of 1 cm. is inserted into the Grashof
number (20).

Transport rates considerably in excess of diffusion
theory were, in fact, observed in the zinc sulfide-iodine
system at high values of pi,. The convective nature of this
enhancement was established by the insertion of porous
plugs into the reaction tubes (17) which substantially re-
duced the transport rates. On the other hand, experiments
in zinc sulfide~hydrogen chloride system gave transport
rates in excellent agreement with diffusive transport theory
(18) and porous plugs had no effect on the transport
rates (19).

It is of interest to note that similar experiments with
the germanium-bromine system (8) did not verify the
diffusion theory. In these experiments growth rates were
from 3 to 80 times lower than the calculated Jp values
and also were very nonreproducible. This was taken as an
indication that in the germanium-bromine system, surface-
growth limitations are much more severe, that is, the crys-
tal growth is highly susceptible to poisoning.

Experiments have also been carried out in the germa-
nium-gallium—-iodine system in which transport rates con-
sistent with diffusion limitations were observed (12). In
this case, the partial pressures of the germanium-bearing
species were very smaﬁ, leading to such a high value of ¢
that the system was diffusion limited even though it had
the close-spaced geometry of Figure 6.

CONCLUSIONS

The gaseous diffusive limitations on vapor transport in
nonconvective single-process systems are well understood.
If all binary diffusion constants are taken as equal, explicit
solutions are readily obtained for the partial pressure dis-
tributions and for the growth rate, provided surface limi-
tations are neglected. The treatment given in this paper
preserves the different binary diffusion coefficients and
also enables the effect of the finite supersaturation re-
quired for %rowth to be included. The theory is, however,
only exact for systems where the variations of composition
in the gas phase are small. The effect of the gaseous dif-
fusion barrier is that an impedance ¢ Az may be added to
the crystal growth impedance Z defined by Z = o/J (o)
where Az is the thickness of the diffusion barrier.

This theoretical treatment is written in terms of a vapor
transport reaction in which the reaction rate at the surface
may be measured as the rate of deposition or etching of
solid M. However, it is clear that the treatment is equally
valid for any surface-catalyzed reaction. The problem of
separating out the effects of diffusion and catalytic activity
at the surface would be identical to the problem as dis-
cussed above, amounting to a consideration of the relative
magnitudes of the quantities ¥ Az and o/R (o) where R is
some measure of the rate of reaction at the surface.

The determination of the form of J(o) represents a
formidable task both theoretically and experimentally. For
further discussion of the theoretical problem, the reader
is referred to the work of Mandel (5).
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NOTATION

A, = chemical formula of species r

D = diffusion coeflicient, sq. cm./sec.

J = transport rate of various gaseous species or com-
ponents, moles/(sq. cm.) (sec.)

Ju = transport rate of M through the gas phase, moles/

(sq. cm.) (sec.)
J=—~1Ju = rate of growth of seed, (moles/(sq. cm.)

(sec.)

Jr = total molar flux due to streaming, moles/(sq. cm.)
(sec.)

K = equilibrium constant

M = solid undergoing transport (solute)

N = total molar density in gas phase, moles/cc.

p-* = logarithmic mean pressure of species r as defined
by Equation (23)

pr = spatial mean pressure of species r as defined by
Equation (24)

p = partial pressure of substance indicated by suffix

P = total pressure

Q = reaction ratio (see Appendix C)

r,s = indices denoting species r and s, respectively

T = temperature

v, = mean velocity of molecules of species r

y = mole fraction

z = spatial coordinate

Z = surface impedance, (sq. cm.) (sec.)/mole

€ = reaction coeficient of species r

o = supersaturation over solid surface not in equilib-
rium with the vapor (see Appendix C)

= vapor impedance per unit thickness of vapor,

(cm.) (sec.)/mole

Supersceript

7.’ = conditions at source and seed, respectively

LITERATURE CITED

1. Schaefer, Harold, Herbert Jacob, and Karl Etzel, Z. Anorg.
Chem., 286, 27 {1958).
2. Benedict, Manson, in “Encyclopedia of Chemical Technol-
ogy,” Interscience, New York (1950).
3. Hirschfelder, J. O., C. F. Curtiss, and R. B, Bird, “Molecu-
lar Theory of Gases and Liquids,” Chap. 8, Wiley, New
York (1954),
4. Hougen, O. A., and K. M. Watson, “Chemical Process
Principles 1II, Kinetics and Catalysis,” Chap. 20, Wiley,
New York (1947).
. Mandel, Gerald, J. Chem. Phys., 40, 683-690 (1964).
. Lever, R. F., ibid., 37, 1174 (1962).
. Takabayashi, M., Japan. J. Appl. Phys., 1, 22 (1962).
. Jona, F. P, J. Chem. Phys., 42, 1025 (1965).
. Lever, R. F,, ibid., 37, 1078 (1962).
. Jona, F. P, R. F. Lever, and H. R. Wendt, J. Electrochem.
Soc., 111, 413 (1964).
11. Lever, R. F., IBM J. Res. Develop., 8, 460 (1964).
12, , J. Phys. Chem. Solids, 26, 1629 (1965).
13. Burton, W. X., N. Cabrera, and F. C. Frank, Phil. Trans.
Roy. Soc., A243, 299 (1951).

14. Cloud Chambers in “Encyclopedia Dictionary of Physics,”
J. Thewlis, ed., Pergamon, Oxford (1961).

15. “Textbook of Physical Chemistry,” Samuel Glasstone, 2 ed.,
Chap. 11, van Nostrand, New York (1964).

16. Keyes, R. W., unpublished work (1961).

17. Jona, F. P., and Gerald Mandel, J. Phys. Chem. Solids, 25,
187 (1964).

—
O W0 ~1; U

November, 1966



18, ————— . J. Chem. Phys., 38, 346 (1963).

19. Jona, F. P., J. Phys. Chem. Solids, 23, 1719 (1962}.

20. Groeber, H., S. Erk, and V. Grigull, “Fundamentals of
Heat Transfer,” Chap. 14, McGraw-Hill, New York (1965).

APPENDIX A: MULTIREACTION SYSTEMS WITH Dys = D

It has been shown that the assumption, that all binary co-
efficients Dys may be replaced by a common value D, has
the effect of separating the set of linear equations (11) into the
set of independent linear equations (13), which may be re-

written as
Js =1Jrys— ND dys/dz
where ys = ps/P

(A1)

Since a mole of species s contains a certain number of gram
atoms acs of component ¢, we have

Yo =3 acs Ys and Jo = 2 ag Js
s s

and hence by summation (9)

Je = Jr yje — ND dyc/dz (A2)
where

number of gram atoms of component ¢ per unit volume

Yo = total molar density

For solvent components (for example, chlorine, bromine, iodine,
hydrogen, and oxygen) one may write Jo = 0, since there are
no sources or sinks for solvent in the system. Hence

Jr/ND = (d/dz) In y (solvent)! (A3)

The desired net flux of solute is then given by substituting
{A3) into (A2):

Jsolute/ ND = y (solute) (d/dz) In y (solvent)
— (d/dz) y (solute)

y (solute) )
y (solvent)

Hence
d
Jsolute = — ND y (solvent) — (
dz
(A4)

From the above it is apparent that flow will always occur in
the direction of decreasing solute—solvent ratio with a magni-
tude proportional to the gradient of this ratio. As pointed out
previously, the local solute density is not a potential for flow
unless streaming is absent, that is, Jr = 0. In this case, from
(A3), the quantity (d/dz) y (solvent) is zero and (A4) may
be written as

Jsotute = — ND(d/dz) y (solute) (A5)

Generally, however, streaming is not absent and Equation
{A3) is then incorrect as is obvious in the example given in
the section on streaming. y (solute) can, of course, be regarded
as a potential for the flow of solute relative to the gas stream.

It is worth noting that the solute-solvent ratio is also a
potential for deposition of solute in flow, or open tube systems
(11). In an open tube system, the flux of any component is
given by

]=HAO (AG)

where n is the local density of the component in moles/cc.,
v is the local gas flow velocity in cm./sec., and A is the Jocal
cross section of the containing tube. In such a flow system one
is interested in variations in J (solute), subject to the con-
dition that J (solvent) is constant for all solvent species. Since
it follows from (A6) that one may write

y (solute)

J (solute) = J (solvent) (A7)

y (solvent)

then it follows that a change in the solute-solvent ratio im-
plies a proportionate change in J (solute). The foregoing anal-
ysis assumes that any growth or etch regions are sufficientl
far apart that regions can be found in between where (A8)
is obeyed, that is, that material transfer between active regions

by diffusion is negligible.
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APPENDIX B: SINGLE-REACTION SYSTEM WITH D,; = D
If all Dys values are equal to D, then Equation (15) becomes
dps/dz = (ps & — &P) Ju/ND (B1)

where 8 = 3 e and P is the total pressure. This equation

T
may be integrated directly (4).
For a stoichiometrically balanced reaction for which § = 0,
streaming is absent, dps/dz in constant, and Jy is given by

es Ju = — (D/RT) Aps/Bz (B2)

For an unbalanced reaction for which & - 0, (B1) may be
integrated to give
(B3)

where A is a constant of integration and g = JOND. It has
been shown by Hougen and Watson (4) that an expression
for Ju may be written

Ps = es P70  Aef?

ND Aps
- (psd — &P)® Az

where the asterisk denotes the logarithmic mean of the quantity
in brackets, defined by the relation 4 In f = A f/f*.

It is seen that because of streaming, the partial pressure
gradients are not in general constant between source and seed
but have an exponential form.

I (B4)

APPENDIX C: DEFINITION OF SUPERSATURATION

In considering the growth of crystals or liquid droplets from
their own vapor, a quantity called the supersaturation ratio
is usually defined, namely

a = p/po (C1)

where p is the partial pressure of the condensed material in
the gas phase and po is the saturation vapor pressure. For
ideal gases, « is simply the activity of the material in the gas
phase relative to that in the condensed phase. It has the
property that @ = 1 when the vapor is in equilibrium with
a plane surface of the condensed phase, condensation requiring
@ > 1 and evaporation a < 1. The supersaturation ¢ has been
defined both as ¢ = a — 1 for crystal growth (13) and as ¢
= In « for droplet condensation (14). The latter definition
has the advantage that it relates the supersaturation directly
to the difference in chemical potential between the phases by
means of the relation

AG = py— us = RT In p/po (C2)
and hence

o = AG/RT (C3)

where AG is the Gibbs free energy change in transferring one
mole of material from the solid to the gas phase at pressure p
and temperature T.

The same definition of supersaturation may readily be ap-
plied to chemical vapor transport as follows. Consider the
heterogeneous equilibrium

M(s) = S e Ay (C4)

The free energy change on transferring one mole of M to the
vapor at partial pressures p1, pa, . . . pr . . is simply (15)

AG:AGO—{—RTEGTID}?,- (C5)
r

where the gases are treated as ideal and AGO is the standard
free energy change associated with the reaction at the tem-
perature considered. Let us define the reaction ratio Q by the
relation

IhQ=3elnp, (C8)
T
One then obtains from (C5) the relation
aAG
—=1In <—')- (CT)
RT K

where K is the value of Q at equilibrium, that is, when AG
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= 0. We see that Q/K is the analog of the supersaturation
ratio, while In Q/K is the supersaturation defined according
to {C3) from which one obtains Equation (17):

InQ=hK4o (17)

The form of the dependence of J, the crystal growth rate,
on supersaturation is the province of crystal growth theory, as

discussed by Mandel (5). Thermodynamically, we have only
that J] = 0 when o == 0 and that the sign of J must be equal
to that of .
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Physical and Chemical Absorption in

Two-Phase Annular and Dispersed

Horizontal Flow

CHARLES E. WALES

Purdue University, Lafoyette, Indiano

Overall mass transfer coefficients for physical desorption and chemical absorption of carbon
dioxide in annular and dispersed two-phase flow in a 1-in. horizontal pipe have been measured.
These coefficients have been correlated with gas and liquid flow rates and with the normality

of the sodium hydroxide solutions used.

A new methad of analysis was used to separate overall coefficients into individual gas and
liquid film coefficients. Penetration theory equations were used to calculate the effective inter-
facial surface area and the penetration contact time. Changes in these variables have been ex-

plained in terms of the changes in flow pattern.

Annular and dispersed two-phase flow appear to offer
an excellent vehicle for mass transfer. Both the liquid and
the gas phases are in turbulent flow and the surface area
of the dispersed liquid phase is very high. Research in
concurrent gas-liquid flow has been directed primarily
toward understanding and correlating pressure drop, hold-
up, and entrainment. A comparatively limited number of
mass transfer studies have been reported (I to 3, 18).

TWO-PHASE FLOW THEORY

This work is a study of liquid phase controlled mass
transfer in annular and dispersed two-phase flow in a
horizontal 1-in. pipe. In annular flow some of the liquid
is entrained but a majority of it is turbulently pushed
along the wall. In dispersed flow a majority of the liquid
is entrained as droplets. An increase in either the gas or
liquid flow rate can bring about the transition from annu-
lar to dispersed flow. ‘

Both pressure drop and holdup in two-phase flow have
been correlated with the pressure drop of each phase
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flowing alone (I4). In the range of variables involved in
this work, the holdup is related to the mass flow rates and
the specific volume of the gas by

, (L)213

L= ¢ ———— (1)
(G)2/3(V)113
The amount of entrained liquid has been correlated with
the volume flow rate of the liquid and gas and the critical
Weber number (10).
QL0c¢

E=g = (2)

Gas flow rates of 150 to 300 Ib./hr. and liguid flow rates
of 500 to 2,500 Ib./hr. were used in this work. The change
in flow pattern produced by the change in either flow
rate can be expected to result in a change in the turbu-
lence in both phases and a change in the interfacial sur-
face area, the penetration contact time, the liquid film
coefficient, and the gas film coefficient.

November, 1966



