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Tank-Mixing Methods for Producing Time-Varying
Reactive Gas Mixtures '
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Abstract
Tank-mixing methodé are explored toward producing controlled,
time—varying reactive gas mixtures for epitaxial reéctors. The
transient output concentrations of single and multiple mixing tank
systems with series and parallel flow are simuiatéd for discrete
changes in the input concentration, input flow rate or tank volumes.
A simple transient tank mixing éystem is proposedAfor composition
grading ternary III-V compound alloy epitaxial layers on binary -

substrates. The system proposed requires changes in both gas

composition and mixing tank volume.

-

+Electrochemica1 Society, Active Member.
* . '
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Key Words: chemical vapor deposition, programmihg reactant concentration,
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Introduction

The epitaxial growth of_sgmiconducting.compound alloy layérs
with composition gradation through the layers h#sibecome important
in é number of solid-state device applicationé(});l Because tlie
lattice.parameters of III;V compound alloys vary Qifh alloy composition,
composition grading of the ternary alloy duriﬁg épitaxial, Qapdr
phase growth on binary compound sgbétrates is knOwh to.reduce
significantly the déhsity of léttice mismatch‘dislocations and_

residual lattice stress(2’3).

Indeed, epitaxial layers of the
composition GaAs0 6P0'4 with improved electrbluminéscence properties
have been epitaxially grown on GaAs by gréding the GaP mole

fraction from O to 407% over 25 to 50 um in»orderlto distribute the

(2,4)

dislocafions geherated By the 1.47 lattice misfit froper
control over the graded composition profile, furthermére, is esséntial
to minimiie defect generation differential expansion differences
between the alldy layer and the substrate. Defécﬁ'generation by
differential thefmal expansion has been shown.ﬁhéA:etically to be
proportional to the slope of the composition grédation(s). |
Meﬁhods'of precisely controlling the time—deégndent, reactive
gas compositions needed in chemical vapor deposi;ion reacforé ﬁas
received relatively little study in spite of fhe gfowing néed for
- such methods. Harris et al. (6) utilized a series of étep changes
in input flow rates to producélgraded erC depoéits by chemical

vapor deposition. Such discrete changes in reactant gas composition

can produce polycrystalline deposits, however, and are to be avoided




in III-V compound epitaxial reactors. Rosler and Benzing utiliéed
a time;sequenced, automatic flow controller modulated by a Data Trak-type
time variant controller to program phosphiﬁé flow to a GaASl—xPx
reactor")..Such automatic programmers are costly and require high
precision because flow rate ﬁeasurement and meéhéﬁical control are
difficuit at low flow rates.

| The #rogramming of reactant gas compositibné.ﬁy passive, gas
phaée mixing is supé;ior to electfomechanical programming in a number
of ways. Passive gas compositioh'programming b#séd on the output

89

response characteristics of stirred tanks , requires simple

apparatus, involves no continuous motion and is low in cost. Tietjen
_and Amick utilized a mixing tank as a ballést vessel to smooth
fluctuations in input gas composition to a GaA;l_xPx reactor(q{
Recently Baley and Rogers studied the use of a single mixing

l ‘AS' epitaxial depqéits with HC1 - H2

1-x
. : (i9)
reactive'gas mixtures and metal sources .

tank to produce graded GaxIn

Beéause of their relative simplicity and 1ow cost, passive
mixing ténks should be applicable to a wide range of epitakial processes
where graded-composition layers are required, pro&ided that a tank-
mixing ménifold can be devised which prodﬁces ﬁhe required concentration
time dependence for abgiven process. In this paper.the applications
-of tank-mixing methods are explored toward defining the range of
output responses that can be expected from a limited number of discrete
changes in input éonditions to single and multiple tanks. Based on the

general study a simplified tank mixing system for composition grading



of QaASi;xPx layers on GaAs is proposed. It‘will_be sthn that
discréte'changes in more than one'opefétional variable of the mixing
manifold is required for eliminating long terminél'transients and
that_changés in both input concentration and either flow rate or tank
volume is required to prevent discontinuities in £he timg—dépendent
output concentration. Series tank arrangements are shown to offer

advantages for adjusting the time-dependent output concentration

function from completely mixed tanks.

Step—Input Concentration Responses from Stirred Tanks

When a step-function increase of tracer with concentration Co
is introduced at time ¢t = 0 into the constant flqw stream entering
a tank-mixing system, the system output-concentration time.dependence
is described by the step-input response functidh F(t) = C(t)/Co .
This function was. introduced by Danckwerts for the treatment of

. . (11) : .

nonideal reactor flow distributions . The output concentration
increases from 0 to Co following the step with the time dependencé

Cog(t).; 'Thus, for the application of tank-mixing methods to

"controlling flows of reactive components to chemical reactors, a

tank system must be found which provides the desired output concentration

function.

The step—input response function for severaitiimiting steady-state
conditions of reactor flow are shown in Fig. 1. -Backmix, 6r.totél
backmix, flow occurs when the reaétor volume ié completely mixed; the’
output concentration is then the same as that within the reactor. Plug

.



flow denotes one-dimensional flow without lateral,mixiﬁg, so that a
step increase in input concentration is transmitfed to the output.
Dis?ersive'flow represents an intermédiéte degfee ofvmixing between
these extremes. For linear gradation of concentfations input to

chemical vapor deposition reactors, a linear step-inlet response

function is required from a mixing tank system.

The outbut concentratioﬁ of a tank-mixing system which is
initially\subjected to a step‘change in inputycén;be readily calculated
provided that the mixing efficiency i§ kno@n asgé function ofvflow rate.
Inlthevfollowing, complete mixing will be assqmed'for all flow conditions,
since efficient mixing is readily achieved experimentally, especially |
for the mixing of gases. Step—input responsesvfunctions for several
tank—mixiné systems are explored below. |

Single Tank Response

The application of a single mixing tank has been appiied effectively

to composition grading of ~GéxInl_xAs epitaxial,layers(lo). A mixing

tank system which accepts a step increase in a reactive component

while maintaining a constant input flow rate v  is shown schematically

: in‘Fig. la. Following an initial purged with carrier gas A through

control value CVO and volumetric flow control values Fl ‘and F2 .

value Ccvo is switched at time t = 0 , allowing a step increase in

- the concentration of a reactive gas' B to be admitted to the tank.

The concentration C of the reactive component leaving the
completely mixed tank of volume V is determined by a differential

mass balance,
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Transient output concentrations from a

single mixing tank: (a) schematic of mixing tank
system; (b) output concentrations versus reduced
time for backmix, plug, dispersive and linear
response flow.



vdc = v(C_ - C)dt . } 1)

-

The general solution of this homogeneous differential equation is

Ae ( /V)tv. Because C varies from 0 at t =0 to Co at t > >,

the integral solution is

e—t/T 2)

_b:(t)=5%=1-
, where T is the mean residence time of fluid:in the system, ;T =V/v .
'This output response is that for backmix flow, sﬁbwn'graphically'in
. Fig. 1b. The slope of this function decreésed’monotonically, and
convergence to 1 is slow. Note that the time rate of increase in C
can be,adjustéd by varying the input coﬁcentration, the total input
flow rate or the tank_volume. The total molat:iﬁput of a reaétive
- gas to a chemical Qapor deposition reactor, de’; is often specified
by supersaturation requirements of the deposition reaction, while
the tank‘#olume is limited by equipment desigﬁito a fixed size.
Therefore, for the mixing tank method to remainusimple thg fransient
time constant T can be adjusted most effectivé1§ by varying the
volumetric flow rate v . |

Series Mixing Tank Response

Se;ies mixing-tank systems have_been applie& efféctively to
represent nonideal velocity dispersion in chemical reactors. A series
of equal siéed backmix reaction vessels is the‘sfmplést repreéentation.
‘A more elaborate‘system of backmix reactors of'different size;.and
in a two-dimensional network, was applied by Deanband Lapidus to

: v (12)
model nonisothermal, nonideal flow in packed bed reactors



~The step input response function from a series of mixing tanks
différs from that of a single tank in several important respects: -With
several tanks it is possible to adjust thevindiﬁidual tank volumes to
vary the mixing time constants = Vi/V . Also, the output function
from a given tank is modified by passage through»suécessive miéing tanks
along the flow path. A series tank-mixing system is shown schematically
in Fig.vZa, In this systém it is possible to change the total system
volume incrementally by introducing the input'gas mixture to tank 1
through values CVi .

Consider a step function increase in the mass flow of gas B with
input.céncentration Co entering tank 1 at time t = 0 , pfeceeded by
a purge of all tanks. . The output concentratiohvfrom the first tank

is again given by Eq. 2 with V replaced by V The differential

1°
mass balance for tank n is related to the output concentration

from tank n - 1 by

vac® = yc® D - cMyq, | (3)

&8 (1)

= Co' at t > fér all
—t/‘ri

where again C =0 at t=0 and C
tanks i . Thus, the particular solution contains the terms Bie
for all tanks i < n , while the general solution contains the term

-t/rn (@)
Ae .. The solution for C

will then contain the constant Co
and (n - 1) exponential terms. It can be readily shown that the

outlet concentration function for the nth tank is
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A series tank mixing system of n tanks with
volumes Vi = V/n : (a) schematic of the series

tank mixing system; (b) transient output concentrations -
versus reduced time for n = 1,2,3,5 and 10.



for tanks of unequal volume.
‘When all n tanks have the same volume v, = V/n , then the
system output concentration function solving_Eq;.3 for tank n

.has the form

: n~-1 m
pege- SRR e
This function is shown graphiqally in Fig. 2b for different values

of n . It can be shown by Taylor series expansion, that C varies
as (nt/'l')..n near t = 0 . Therefore,.the series tank arrangement is
useful_in eliminating the large discontinuity in the time rate of
change of the output concentration at t = OA."Ihe maximum slope

in the response function of Eq. 5 increases with' n , but the rate of
convergeﬁce near C - C0 is nearly constant when normalized to the
maximum slope of this function. Therefore, the addition of tanks

to the series while holding the residence time f  constant does not
increase the rate of convergence of the output coﬁcentration function
to a steady state value.

Parallel Mixing Tank Response

A'parallel arrangement of mixing tanks is also capable of
'modifying the output concentration function over that from a single
tank. Such an arrangement is shown schematically in Fig. 3a. With

control values CVi it is possible to admit a step increase in gas B



-

) %
into tanks 1 to j while gas A enters ténks jj +1 to n for an
q—tank.system. As with-tank—ﬁixing with tanks in series, the mixing
time constant for a given tank, Ti/fi , where fi is the fraction of
the total volumetric flow to tank i , éan be adjusted through the
flow metering values Fi . The overall time constant for the parallel
tank arrangement as well as C{(«) can also be épdified by switching
the number bf tanks connected to the source ofureactive gas B , thereby
changing in effect the system volume. When j <'n the final concentration

reached after long mixing times is less than <, by the factor

J | - |

z: fi . Obviously, only those tanks whose inputs are altered contribute
i=1 = ' '

to the time dependence of the output response function.

The éarallel mixing tanks offervlimited‘#dfantage over a single
tank for modifying the time-dependence of the cutput concentration.
In facf, when all n tanks have the same volumé‘ Vi = V/n , as well
as the‘saﬁe flow rate Vfi»= v/n , then the ocutput function C is
identical fo that given in Eq. 2 for a single'miﬁing tank. The
advantage of the parallel.tanksvlies in indeﬁendent control of the
mixing time cénstants for different tanks. Because thevtankvvolumes
V. can be chosen independentiy from the flow rates to each tank,  the
step-input response function for n tanks in general form is |

—fit/ti

c n
_F_ = —é— =1 - E fie . (6)
o i=1 v
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Figure 3. A parallel tank mixing system of 'n tanks:

(a) schematic of the series tank miking system;
(b) transient output concentrations versus reduced
time for a system of two tanks.
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The initial tramsient output functions from two parallel tanks
under different conditions are shown in Fig. 3b, where the overall
time constant is held constant while the flow rate fractions and

tank volume fractions are varied. vWith parallei mixing tanks, the

‘time rate of change in F is always increased relative to that for

a single mixing tank for short times. Howevet; the rate of convergence
of C to Co is always decreased when parallel"tanks are substituted

for a Single tank with the same volume.

Intermediate Transients

The transient output concentrations froﬁ'series or parallel mixing
tanks cén be further modified by additionél step-increases in input
reactant Poncentrations at fixed times. Intérmédiate transient
modification can be achieved by resetting Co" ; or V . VWherever
the molaf flow rate from the ténk mixing sysféﬁ is to be continuous;
however, as in chemical vapor déposition fe;ctors, it is necessary to
carry out the intermediate transients so as to maintain the total
molar flow rate a continuoﬁsvfunction of time. In the following,‘the
conSeQuénces of discrete changes in C0 with fixéd v and V afé

presented.

For a single mixing tank, the initial concentration is given

by Eq. 2. Ifvat time ¢t the input concentration is changed from

1

Co to .Col with the input flow rate left uhchanged; then the tank

output at times t > t1 becomes
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( -(t—"tl.)/r> |
C = Cl + (Col - Cl) 1~ e (7)
where .Cl'.= C(tl) from Eq. 2. This concentrafiéﬂ function is
discontinuous in slope at times t = 0 and t = ti , and converges
slowly td Co ;-

For é‘series system of n mixing tanksIWifh equal volumes

Vi = V/n , the output concentration from tank n ufollowing'a change

in input concentration to the first tank from C0 to Col at tl
becomes
n n-i |
= {nt/v) | -nt/t
c= Col Co[.}_: % - i)t € Y
i=1 :
where

The series tank éystem allows the elimination of discontinuities in
the output concentration functibn at time t, ; and_maihtains the
‘total molar flow rate, vC ; a continuousxfuncﬁion of time.
Finally, for a parallel systeﬁ of n tanks,:a;change in input
concentration fgom Co .to ‘Coi for the Ith tank at time t will

1

produce an intermediate output concentration transient given by

Coi Coi PV B P |
C=2¢C E -1+ - e Tle . 9)
o o ! C v

i=1 o :

.
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The time aependence of this intermediate tranéien; remains unchanged

if the floﬁ rate through each tank is held constaﬁt; The isolation of
one or several tanks from the system at tl will decrease the transient
time constant by increasing the flow rate through the remaining tanks;
at the same time, however, the total molar flow téte'from the system

changes discontinuously. Such discontinuities are generally avoided

in chemical vapor deposition reactors.

Terminal Transients

In many chemical vapor depésition processes where alloy ¢omposition
g;adieﬁts are required in the depbsitéd léyer; a definite compdsition
of the final material deposited must be established. Furthermore, in
epitaxial layers of electro-optical alloy coﬁpouﬁds>such as GaAsl_xPx .
a layer of constant composition is required over the composition-graded
layer fof device fabrication. The establishment.of a controlled
composition following the initial or intermediété:transient in reactant
- concentration requires a rapid terﬁiﬁal transieﬁt ih thébtaﬂk mixing
systém.withla time constanf considerably shorﬁer:ﬁﬁan that for deposition
of the graded alloy layer.

F&r-both series and parallel mixing tank systems thé time constanﬁ
required for the major concentration traﬁsient'is-Sufficiently large
‘that the'fate_of approach to the tank input concentration is slow. A
single tank will require a time period of 4.61 hixing time constants
- for the output concentration to attain 997% of its asymptotic value. The

mixing constant V/v can be reduced, however, by either decreasing
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ﬁhe tank volume or increasing the volumetric flow rate affer the
tank concentration has reached a value less than'SOZ of tﬁe input
concentration. At the same time, if is neceéséry to maintain the
molar flow rate of the reactant species a coﬁtinuous function of time,
i.e.,‘wiph constant vC0 for a series tank system, or constant
E:fiC;‘ for a parallel tank system. The two requifements(cannot be
met unless either the input concentration or éystem flow rate ié
changed at the same time that the system volume is reduced. |

A simple, series'mixing tank system for ééhieving a rapid terminal
concentra;ion transient ié shown in Fig. 4a. 1Initially the two tanks
are filled with the non-reactive gés A, During‘;he iﬁitiai transient
gas B 1is admitted through values. CVl and CV2 as shown iﬁvthe

figure, so that the input concentration of gas B is C0 = (v1 + vz)/v .

1

Co ,» values CV2 and CV3 are repositioned to replaée gas B with

After the output concentration has reached C, which is less than

gas A ‘ip the central line and to by pass the.first mixing tank. The
new input concentration is,then Cél = vl/v . fipally, if 'Col and
vCl are equél,‘the steady state conditionvwill have been réached, This
processvis_exemplified by the dotted line at C01‘= 0.7Co in Fig..4b

for which V1 = 2V2 .
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Figure 4. Terminal transients, showing the effect of

simultaneous changes in tank input concentration
and tank system volume for convergence to a- :
steady-state concentration"C01 : (a) schematic

of flow system; (b) output concentration as a
function of time.

L



- GaAs

-18-

The abrupt discontinuity in C(t) for the forgoing example can
be avoided by repositioning values CV2. and CV3I in Fig. 4b at a
time when Cl < Col . The terminal transienfs resulting from this
procedure are shown in Fig. 4b.fqr valugs of C;l/co = 0.8, 0i9'and
1.0. Because the system volume has been.decreaséd by a factor of 3
during the terminal transient, the rate of appfdéch to steady sﬁate

is more rapid by the same factor.

Composition Grading in Binary Alloys

The tank mixing processes explored in the foregoing sections
provide a simple basis for controlling reactive gas mixtures for
alloy composition grading in chemical vapor deposition processes.

For binary alloys with the chemical formula AXB , or for binary

1-x

compound solid solutions, (AC) (BC) , the gaseous reactants are
R X 1-x g -

volatile forms of components A and B , such as hydrides, halides

or organometallic compounds. Generally, both reactive gas concentrations

must be programmed as a function of time to achieve a deéosited

layer with graded composition, with the range.in gas compositibn of
each dictated by thermodynamic constraints. 'Wheh the alloy is to be
-depositéd.onto one of its components, such aé W3C onto graphite, or
O.6P0.4 onto GaAs ., the gradation is from_the reactive gas .

composition in equilibrium with the pure component to that in

equilibrium with the .alloy.
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| A simplified mi#ing tank manifold for’programming binary
reactive gés mixtures is shown in Fig. 5. ;n this manifold the inert
gas He 1is substituted for reactive components A or B whenever
congentrations of the latter are reduced, in order to maintain the

total flow rate a constant. Series tanks are recommended

to minimize the discontinuity in initial transients, while a by pass

of all but the final mixing tank provides afshort time constant for
the terminal transient to a steady state. | |

Wheﬁ thevvolumetric flow rates of reactaﬁts A and ‘B are
programmed as shown in Fig. 5b, phe normaliéed éutput concentrations

are those shown in Fig. 5c. " The solid curves show the consequence of

flow rate changes at times O and tl s witH tanks 1 and 2 by passed

at time t1 . The dashed curves show the effect of introducing

the final flow rates required for steady state at time 0 , followed

by the above flow programming at time té ,» with the total tank

volume reduced at time ¢t} . As the dashed curves show, the initial

1

_time rate of change in reactant concentration is‘thereby reduced.

The total tank volume required for composition gradihg of a
binéry alloy is a function of the'gradation fi@é-period and the
total flow rate changes required. For the system shown in Fig. 5,

the ténk;vOlume required is.

: 3 o v2 vz
vV = vié l+—vt1=——th. (10)
i=1 1 V3/). - |
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. Figure 5. Time—varying.composition progrémming of a binary

reactive gas mixture: (a) schematic of flow system;
(b) flow rate programming for components A and-
B ; and (c) output concentrations as a function

of time. o
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The appfoximate total tankAvolume required for the flow programming
shown by the dashed lines in Fig. 5 is.also given‘by this expression
if (ti - té) is substituted for vtl..' |

-Tﬁe tank volume V3 required for the fihai.transient must be
small compared to the total volume of all tanké-to make the transition
to steady state rapid. Diécontinuities in tﬁe time rate of change
in concentrationé at tlz can be minimized byvgquating the time

derivatives of the intermediate and final transient concentrations.

at tl'. Thus, for two mixing tanks in series,
V3 N Col - C1 Ztl/T _ .
T—"—————""4C e ',». (1)
: o

In principal, the ratio V3/V can be made afbitrarily small provided
that the terminal transient is initiated at a time when (C01 - Cl)/co
‘has a correspondingly small value.

Application to the GaAs xPx System

1-

for epitaxial, chemical vapor‘depositionvdf ‘GaA_so.6P0.4 onto
GaAs substrates the concentration of AsH , entering the reactor
is commoniy held copstant, while the conCentratibn of PH3 is
programmed to increase slowly from a null valge‘during‘ap initial
- period of growth to minimize dislocation generation in the epitaxialb

"alloy layer. The PH, concentration is then iﬁcreased linearly to

3

20% of the constant AsH, concentration over a time period of approxi-

3
mately one hour. The PH3 concentration is then held constant for

an additional hour during which the compound alloy GaAs0 6P0 4 is

_deposited{ _
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The simplified mixing tank system of Fig;'é can be applied to
program the molar flow rate of PH3 to the reactor by programming

the jPH3 flows of Vi vy + v2‘ and v, as shown by the dashed

line in Fig. 5b. Here, gases A and B are :Hz and PH3 respectively.
The mixing tank output concentration of PH3“ ié;then ehown by the

dashed curve in Fig. 5c."For a total volumetric flow rate of

10 2/min of .sz containing 1% of ASH3’ to fhe reactor, a total

PH3 .flqw,rate of 0.04 2/min will be ?equired from the mixiﬂg tank
system at steady state. For a grading period tl. the ﬁotal mixing

tank volume required is |

. v, .
V= vl +—]t, . : (12)
vy 1 _ .

Thus, for vl = 1.5 Vo s V3 = 0 and t1 = 60 min', a total tank

volume of 4 % 1is required. The gradation time t, can be reduced

by increasing the added H2 flow rate V3 . to a finite value..

Discussion
' ! . (10)

The experimental study of Bailey and Rogers has shown that
the output concentration from a single mixing'tank corresponds ciosely
to theoretical expectations, and that simple tank mixing methods are
applicable: to reactant concentration programming in chemical wvapor
deposition reactors. For industrial applications it is essential
that the mixing tanks be well mixed so that the butput response from

incremental input programming can be described by the complete mixing
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assumption. Whereﬁer ténk flow rates are low éﬁd incoﬁplete mixing
likely, then the terminal transient time'constan; should be increased
to minimize discontinuities in the timé dépendent'output conéentration
from the.tank—mixing system. ’ |
It was shown earlier that time dependent éoncentration

programming can be produced by discrete changes in , V or V

Cinput
for both series and parallel mixingftank systéms; _In order.to avoid
discontinuities in molar flow rates, however,.it'is ﬁecessary to
change two -of these paramgterS‘simultaneously. ‘This' requirement is
essential for achieving rapid convergence to a éteady state féllowing
composition programming. An alternate procedure to the one outlined
in this study is the simul;aheogs change in Cinput: and Vv ; ‘A third..
alternative in which v and V are changed impoSgsvrestrictiéns on
the sysﬁem time cénstants.‘ |

The tank-mixing methods described in this study can be applied
to liquid flow systems as well as gaseous floﬁ s&stems. The use of
series and parallel mixing tank systems pfovidéé'enhénced flexibility

in the applicétion of such methods to- time-dependent, reactant

composition programming.
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List of Symbols

molar qoncentration, moles/cm3

molar concentration of tank n , moles/cm3
flow control value 1

fiow rate fraction passing througﬁ tank i

flow metering value i

time following an initial step-function input of reactant, s

transient mixing time, s
volumetric flow rate, cm3/s
volumetric flow rate through value 1 ,'cm3/s
tank system volume, cm
; 3
volume of tank i , cm

mean residence time, (=V/v) ,'s

mean residence time for a tank of volume Vi s S
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