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Many practical chemical vapor transport systems are gaseous diffusion limited. For a single- 
reaction system under moderate supersaturations, the diffusive transport rate is readily expressed 
in a form which enables the effect of surface 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.? The first is what, following Schaefer ( l ) ,  
may be called streaming. The second is due to the fact 
teat 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.) -t- SiC14(g.) = 2 SiC12(g.) (1) 

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

SEALED SILICA TUBE 

REACTIVE GAS MIXTURE 

Fig. 1. Schematic view of closed-tube, vapor- 
growth system. 
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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 
(I), 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 chlorine? 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 thou h he explicitly neglected stream- 

The reason lies in t i e close relationship between the ig usive flux of silicon dichloride and silicon tetrachloride 
relative to the gas stream, and the streaming flux, as 
shown beIow. 

Let the total flux of gas molecules due to streaming be 
IT moles/(sq. cm.) (sec.), y2 and y4 the mole fractions 
of silicon dichloride and silicon tetrachloride, respectively, 
and 12  and l4 the respective total fluxes. From Fick‘s law, 
one obtains 

32 = J T Y ~  - DN dyddz 

14 = I T Y ~  - DN 4 4 / d ~  

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

( 2 )  

+ 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 + Sic14 = 2SiCl2, and equilibrium exists 
at the source. (a) Transport entirely diffusion- 
limited. (b) Transport entirely surface-limited. 
(c) 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 

J s ~  = JT(y2 f y4) - DN(dyJdz 3- dy4/d~) (3)  

Jci = J T ( ~ Y Z  + 4 ~ 4 )  - DN(2dyz/dz + 4dyr/dz) (4 )  

( 5 )  

One sees (9) that the relation 

Ji = ]Tyi - DN dyi/dz 
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, ysi = yz + y4 = 1 
and dyz/dz + dy4/dz = 0. Hence, from the above 

JSi = IT (6) 

(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 c ~  be zero, there being no sources or sinks 
in the system for the chemical component chlorine. Hence, 
putting Jcl = 0 one obtains 

Jcl= IT(  4 - 2yz) + 2 DN dyz/dz 

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. 

In Figure 2 are plotted three possible spatial distribu- 
tions of pz, the partial pressure of silicon dichloride. The 
total pressure P is taken as constant, while p4, the partial 
pressure of silicon tetrachloride, is simply P - p2 .  At any 
point one may define a quantity Q = pZz/p4. 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 energ change associated with dissolving a 

composition, divided by RT (see Appendix C) .  
mole of solute into t -t e vapor phase at constant T, P ,  and 

o=AG/RT=InQ/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, dp2/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, Q = K” at the seed. Curve c 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 
J,,,, 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 c, the fact that 
J < I,,, is clear from the fact that the partial pressure 
gradient is less than in case a, while the fact that v < urnax 
is clear from the fact that p2 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 J is plotted against u. Two curves are drawn. One 
is the crystal growth curve which shows how a crystal 
surface of given orientation, cleanliness, etc., will res ond 

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- 

to a given departure from equilibrium with the gas p K ase, 

CRYSTAL 
CHARACTERISTIC 

J MAX 

3 T3 
CHARACTERISTIC 

%AX 

c--+ 
SUPERSATURATION 

Fig. 3. Graphical representation of growth vs. supersaturation shaw- 
ing how the growth conditions depend on both the crystal character- 

istic and the diffusion characteristic. 
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Fig. 4. Graphical illustration of the relationship 
I-‘ = ID-’  + Is-1, together with the 
definition of Is when the crystal characteris- 

tic is nonlinear. 

tic are linear, then, by similar triangles 

where J D  is the value I,,,,, 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 ulllaX. This point is illustrated in Figure 4. 

In this paper it is shown that the diffusion-limited curve 
has the form J = J,,, ( 1  - u/umaX) and an expression is 
derived for JllIa, 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 )  : 

(11) 
dPs Jrps - Jspr 

dz , NDrs 
-=c 

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,, Js 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. Dr, 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 WD,, 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 alteiiiative forin 
of Equation (11) which is physically more meaningful 
may be written as 

(12) 
-=z- prps (0, - - 0 s )  dPS 

dz r P DTs 

where 0, 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, t J ,  = 0. There are, how- 

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

S 

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 p,: 

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 c o m p -  
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-chIorine 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,, 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- 
tioils in more detail. 

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

M ( s )  = E I A ~  + Q A ~  + . . . . +Ar + . . . . (14) 
The reaction coefficients er are negative for reactants and 
positive for reaction products. They may be taken as zero 
for 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 JM, the flux of 
M ( J ,  = J M c , ) ;  hence,? from Equation (11): 

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

Hence, each Aps is given in terms of JM and the known 
values of e n  Drs, Az and the approximately known value 

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 JM, the existence of reaction (14) also imposes 

of p,. 

+ It Thould 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 3,  terms, not in terms 131, 
hut in terms of me of the species, for example, A in which cLe  ( 4 )  
Ir = Jn(Er/En).  



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

2 c, h p; = ~n K’ + ur 
S 

2 cs In p,” = In K” + u” ( 1 7 )  

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

S 

Hence 2 eS A h  p ,  = A h  K - [T ( 1 8 )  

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

S 

p” = (p”-p”(hp”-Inp’) (19) 
bY 

One then obtains 

A In K -  u = e ,  Ap,/p,” ( 2 0 )  
5 

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

This may be expanded into a series in which each pair of 
species is taken once irrespective of order: 

(+T - €T&) (NDTS) -I ( 2 2 )  
Equation ( 2 2 )  illustrates well one important point, 
namely, that for any species which takes part in the re- 
action (cs + O ) ,  a very small value of ps* will result in 
very slow transport. This is to be expected, since reaction 
( 1 4 )  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 

1 J: d p / p  
( 2 3 )  -= 

‘” l ” d p  

does not have the same value as the spatial mean 

- 
P = -  sl’ dz 

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

where ] = - J M  is the growth rate of the seed and 

Vd. 1 5  M a  6 A.I.CCa,E. 

From the van3 HOE 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 = I,,, 
( 1  - u/uma,) illustrated in Figure 3, where J,,, = A ln 
K / $  Az and umax = A h K .  

Equation ( 2 5 )  represents a limitation on vapor trans- 
port analogous to the effect of the load line on the flow 
of current through an electrical device. The analogy may 
be pursued by defining a crystal growth impedance Z 
equal to u/J(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: 

A l n K  
+AZ+Z 

I =  

One sees that the quantity +Az  appears as a vapor 
transport impedance in series with 2. This is analogous to 
the relation I = V/(Z, + 2,) for the current through a 
device of impedance Z D  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 

M ( s )  = - u A + b B + c C  (28 )  
One then obtains 

( U P S  + bpA)’ ( b p C - T B ) 2  ( T A  + U p C ) ’  
+ =  + -t 

PAPBNDAB ~ B ~ C N D B C  PCPANDCA 
(29) 

If the reaction is stoichiometrically balanced so that 
~ A / U  = p s / b  = pc/c, then the middle term vanishes and 
the first and third term take on their minimum values. 
Hence 

+min = 4ab/NDAB + 4ac/NDAc (30) 
where +,llin 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 more terms will be added to the expression 
for +, representing the interaction between the pairs of 
species AY, BY, and CY but with ey = 0. Hence $ is in- 
creased by 

A+ = ( a 2 p / p a )  /NDAY + ( & Y / P B )  /NDBY + (C’PY/PC)/NDCY (31) 
The increase in the diffusive impedance + AZ is therefore 
directly proportional to p y ,  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 

]=AInK/ (+Az+Z)  (27) 
the remaining question of greatest interest was the value 
of Z(u) or, expressed slightly differentIy, the form of J(u), 
the crystal characteristic. As has been shown, the value of + is readily calculated from the average partial pressures, 
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Fig. 5. Illustrotion of two approaches to measure the crystal chor- 
acterirtic. 

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 u. The first is to operate with a high vapor 
impedance such that + Az >> Z .  This is readily obtained 
in practice by making &z large, 20 cm. for example. In 
this case one has a diffusion-limited growth rate equal to 
A In K/+ Az as shown in Figure 2a and the crystal charac- 
teristic must be determined by measuring a, 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 $min, 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 = A In K / Z .  The value 
of u is imposed experimentally, being equal to A In K ,  
and J ( a )  is measured. The main problem in this case is 
the measurement of A In 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 umax 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, + hz is so small 
that the vapor transport load line is almost vertical and 
u = ulnax. In this case the different behavior of the two 
surfaces is reflected in a difference in observed growth 

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

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 urnax if the crystal char- 
acteristic is linear up to (a,,,, J s ) .  Otherwise, Js is given 
by umaX/Z as illustrated graphically in Figure 4. 

EXPERIMENTS 

The possibility of using the first approach (Figure 5a) 
to measure J ( a )  was seriously considered. In order to 
measure u at a growing surface one must obtain: the 
composition of the gas at the growing surface and hence 
Z ci In pi, the temperature T’, and the e uilibrium constant 

is then obtained by difference as (see Appendix C) 
as a ftmction of temperature K ( T ) .  T 1 e supersaturation 

u = ei In pi  - In K ( T ’ )  (33) 
t 

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.) = - GeI4 + 2 GeIz (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( u) 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 iodine 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 a t  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- 

w SEED CRYSTALS SOURCE 
CRYSTAL 

T 

t- GRAPHITE BLOCK 

Fig. 6. Apparotus 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 

rowth at temperatures near 400°C. the growth 

the ratio 1:3:7, respectively, { llO} 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 {loo}, with (110) growing about 
50% faster. Growth runs made at  450" and 500°C. 
showed intermediate behavior. A single etching run at 
460°C. with the source and seed crystals interchanged 
showed similar behavior. The etch rates of { l l l ) ,  {loo}, 
{112}, and (110) were in the ratio 1:1:2:3, showing a 
variation in the ] vs. u 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 phr .  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 <loo> 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 JI 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 

(35) 

rates (')* For for t a e orientations { l l l ) ,  {112}, and (110) were in 

JI = (pz/pi4 + 4~4/p2 + 4 )  h " 2 4  

where, in this expression, p 2  and p4 are the partial pres- 
sures of GeIz and Gel4 respectively and 0 2 4  is the binary 
diffusion coefficient for the mixture of GeI2 and GeI4. 
Examination of (35) shows that + has a minimum value 
when pz  = 2p4 when + = 8 /ND24  and one may write 

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 
PI, given by 

pz = pz + 2p4 (37) 
where p z  and p 4  denote partial pressures of GeIz and 
Ge14, respectively. A theoretical curve of 3 vs. P I ,  was 
generated by a parametric approach. Values of a ratio 
(p = p z / p 4  were first assumed and were combined with 
the relation p z / p 4  = K derived from reaction (34), the 
value of K being known from equilibrium studies (10). 
Hence p z  = K4-I and p 4  = K(p-2 were calculated and so 
PI,, +, and ] D  were obtained. Examination of the preceding 
equations readily leads to the conclusion that the maxi- 
mum value of I D  occurs at p12 = K ;  that at low values of 
P I ,  where p z  >> p4, J a p12; and that at high values of 

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 p I z .  The theoretical 
curve was moved oertically to obtain the best fit to the 
experimental results. This, in effect, constituted an experi- 
mental determination of NDZ4. The resulting value of D24 
(3.4 x sq. cm./sec.) agreed well with values cal- 
culated from semiempirical formulas (8) (3.9 x 10-2 and 
4.9 x 10-2/sec.). The two experimental points obtained 
at the highest values of prg are high relative to the theo- 
retical curve. This is due to the condensation of Ge12 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. 

I t  is seen that the diffusion theory is quantitatively 
verified by these experiments since the form of the log J 
vs. log p I z  curve is correctly predicted, the value of pI, 
for I,,, agrees with measured values of the equilibrium 

prz where p4 >> pz ,  I a  PI,^'^. 

.TORR AT 296 OK 

Fig. 7. Vapor transport rate vs. iodine content illustlvlting an ex- 
perimental confirmation of the diffusion theory for the germanium- 

iodine system. 
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constant, and the magnitude of I D  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 GeIz 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 (16), 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 J D  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 CVS- 
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 ressures of the germanium-bearing 

that the system was diffusion limited even though it had 
the close-spaced geometry of Figure 6. 

species were very sma P 1, leading to such a high value of + 

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 B or systems where the variations of composition 
in the gas phase are small. The effect of the gaseous dif- 
fusion barrier is that an impedance + as may be added to 
the crystal growth impedance Z defined by Z = u/.J(u) 
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 $I Az and u/R(u) where R is 
some measure of the rate of reaction at the surface. 

The determination of the form of J(u) 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 T 
D = diffusion coefficient, sq. cm./sec. 
J = transport rate of various gaseous species or com- 

ponents, moles/ (sq. cm. ) (sec.) 
JIM = transport rate of M through the gas phase, moles/ 

(sq. cm.) (sec.) 
J = - JM = rate of growth of seed, (moles/(sq. cm.) 

(see.) 
total molar flux due to streaming, moles/(sq. cm.) 
(sec. ) 
e uilibrium constant 

total molar density in gas phase, moles/cc. 
logarithmic mean pressure of species r as defined 
by Equation (23) 
spatial mean pressure of species r as defined by 
Equation (24) 
partial pressure of substance indicated by suffix 
total pressure 
reaction ratio (see Appendix C) 
indices denoting species r and s, respectively 
temperature 
mean velocity of molecules of species T 

mole fraction 
spatial coordinate 
surface impedance, (sq. cm. ) (sec. ) /mole 
reaction coefficient of species T 
supersaturation over solid surface not in equilib- 
rium with the vapor (see Appendix C )  
vapor impedance per unit thickness of vapor, 
( cm. ) (sec. ) /mole 

~ 

so P id undergoing transport (solute) 

Superscript 
It , / = conditions at  source and seed, respectively 
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APPENDIX A: MULTIREACTION SYSTEMS WITH Drs = D 

It has been shown that the assumption, that all binary co- 
efficients D,, 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 

1s = JT y s  - ND dys/dz ( A l )  

where y ,  = p,/P 

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

yc = 2 orcs ys and Jc = S acs Is  
s S 

and hence by summation (9) 

where 

yc = 

Jc = IT yc - ND dyc/dZ ( A 2 )  

number of gram atoms of component c per unit volume 

total molar density 

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

] T / N D  = ( d / d z )  In y (solvent)‘ (A31 

The desired net flux of solute is then given by substituting 
( A 3 )  into ( A 2 ) :  

Jsolute/ND = y (solute) ( d / d z )  In y (solvent) 

- ( d / d z )  y (solute) 

From the above it is ,apparent that flow will always occur in 
the direction of decreasing solute-solvent ratio with a niagni- 
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, JT = 0. In this case, from 
( A 3 ) ,  the quantity ( d / d z )  y (solvent) is zero and ( A 4 )  may 
be written as 

J s O l u ~  = - N D ( d / d z )  y (solute) (A51 

Generally, however, streaming is not absent and Equation 
(A5) 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 g Q S  stream. 

It is worth noting that the solute-solvent ratio is also a 
potential for deposition of solute in flow, or open tube systems 
( 1 1  ). In an open tube system, the flux of any component is 
given by 

J = n A u  ( A 6 )  
where n is the local density of the component in moles/cc., 
u is the local gas flow velocity in cm./sec., and A is the local 
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 ( A 6 )  that one may write 

y (solute) 

y (solvent) 
J (solute) = J (solvent) (A71 

then it follows that a change in the solute-solvent ratio im- 
plies a proportionate ch.ange in J (solute). The foregoing anal- 
ysis assumes that any growth or etch regions are sufficiently 
far apart that regions can be found in between where ( A 6 )  
is obeyed, that is, that material transfer between active regions 
by diffusion is negligible. 

APPENPIX 5: SINGLE-REACTION SYSTEM WITH Drs = D 

If all D,, values are equal to D, then Equation (15) becomes 

dps/dZ = (ps  6 - d‘) JM/ND ( B 1 )  

where 6 = 8 e, and P is the total pressure. This equation 

may be integrated directly ( 4 ) .  
For a stoichiometrically balanced reaction for which 6 = 0, 

streaming is absent, dp,/dz in constant, and J M  is given by 

ES I M  = - ( D/RT A p s / A z  ( B 2 )  

For an unbalanced reaction for which 6 # 0, (B1) may be 
integrated to give 

where A is a constant of integration and p = JGND. It has 
been shown by Hougen and Watson ( 4 )  that an expression 
for J M  may be written 

T 

p ,  = eS P/6 + AeSz ( B 3 )  

ND Aps  - J M  = 
(ps6 - esP)  * AZ 

where the asterisk denotes the logarithmic mean of the quantity 
in brackets, defined by the relation A 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. 

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 

ff = PIP0 (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, 01 is simply the activity of the material in the gas 
phase relative to that in the condensed phase. It has the 
property that a = 1 when the vapor is in equilibrium with 
a plane surface of the condensed phase, condensation requiring 
a > 1 and evaporation a < 1. The mpersatumtion u has been 
defined both as u = a - 1 for crystal growth ( 1 3 )  and as u 
= In a for droplet condensation ( 1 4 ) .  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 

( C 2 )  
and hence 

u = AG/RT ( C 3 )  
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 )  = P e r &  ( C 4 )  

AG = p,,  - ,us = RT In p / p ,  

7 

The free energy change on transferring one mole of M to the 
vapor a t  partial pressures pi, p2, . . . pr  . . is simply ( 15)  

AG = AGO + RT 2 er In pr  ( C 5 )  
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 

In Q = P c r l n p r  (C6) 

One then obtains from ( C 5 )  the relation 

7 

AG Q -= In - 
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) : 

(17)  InQ = In K + u 
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 u = 0 and that the sign of I must be equal 
to that of u. 
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Physical and Chemical Absorption in 

Two-Phase Annular and Dispersed 

Horizontal Flow 
CHARLES E. WALES 

Purdue University, Lofoyette, Indiana 

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 method 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 penetrotion 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 li uid 
is entrained but a majority of it is turbulently pu%ed 
along the wall. In dispersed flow a majority of the liquid 
is entrained as droplets. An increase in either the gas or 
Iiquid 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 

flowing alone (14). 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 

The amount of entrained li uid has been correlated with 

Weber number (10). 
the volume flow rate of the 1 'quid and gas and the critical 

Gas flow rates of 150 to 300 lb./hr. and liquid flow rates 
of 500 to 2,500 lb./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. 
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