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Analysié of Transport Proceéses:in*Vertical
Cylinder Epitaxy Reactors :

C. W. Manke and L. F. Donaghey
'Materials and Molecular Research Divison, Lawrence Berkeley Laboratory
and Department of Chemical Engineering, University of California,
‘Berkeley, California 94720

June, 1976

, Abstract

Momentdﬁ, heat and mass transfer prodesses were studie& in a
vertical cylinder reactor for the epitaxial'growrh of Si from‘ SiCl4
in HZ by chemical.vapor deposition. An anaiytical solution to
. the problem of heat and maes transfer in a tapered annulus is
presented basedkon constaet transport properties.ane fully-developed
laminar flow. The meén gas;phase temperature and deposition rate
bdistribution of silieon are celculated within the reactor using the
deveioping temperature model. Results of experimental studies of
silicon‘depesition from SiCl4 ‘in H2 at 1200°C in a vertical
cylinder reactor are compared with the analytical results, and with‘
orher models of diffusion—controlled chemical vapor deposition. This
stgdy prbvides an analytical basis_for epitaxial depositioh rate
distriﬁutions in vertical cylinder reactors; and for-reactor design

to improve the yield and uniformity of epitaxial growth.

'*This report was done with support from the United States Energy
Research and Development Administration:.- Any conclusions or opinions
expressed in this report represent solely those of the authors and
not necessarily those of The Regents of the University of California,
the Lawrence Berkeley Laboratory or the United States Energy Research
and Development Administration.
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1I. ANALYSIS OF TRANSPORT PROCESSES IN A VERTICAL CYLINDER REACTOR

INTRODUCTION
Vertical cylinder (barrel) reactors have been developed recently

for the epitaxial growth of semiconductor layers by chemical vapor

-deposition. This type of reactor has already demonstrated the

potential for scale-up of the epitaxial growth process. The increased
through-put of the vertical cylinder reactor as compéred to the |
horizon;ai.reactdr is particularly imﬁoitant in the semiconductor
industry where high volumes of silicon bipolar devices are involved.

Growth rate uniformity of epitaxial silicon by chemical vapor

~ deposition is of great importance for semiconductor applications.

The yield of finished devices is sharply diminished by non-uniformity

of the thickness of the epitaxial silicon layer either on the

-individual wafers or from wafer to wafer within the processing batch.

Growth rate uniformity, of coursé, must be accomplished ﬁsing an
economical quantity of reactant gas. Succéssful processing,
therefqre;,réquires the development of réactor design principles_fpr
échiéving op timum growth rate uniformity at reasonable reactant flow
rates. The development of mathematical mddels.for the descripfion
of transport processes and the deposition rate distribution of silicon»
in the vertical cylinder reactor is éxamined in this papér.

Models for the chemical vapor deposition rate of silicon have
been studied by a pumbe; of investigaﬁors. Evgrsteijn and coworkers(l,2)
and Ruﬁdle (3,4) have developed models for the:gfowth réte of silicon
in horizontal reactors by considering diffusion th:ough a laminar

sublayer adjacent to a turbulent flow region; ‘Fujii etvalg (5)



developed;a qqantitative-model of siiicon deposition rates in vertical
cylinder reactors, gnd quéntitative studies‘were reported'b& Dittman (6).

In the above works, the éas temperature profile was considered
to be constant over the entire length of the reactor. In a real
reactor, however, the temperature, velocity and concentration profiles
can bé expected to change rapidly in the entfance region near the
leading edge of the_constant—température susceptor'before.achéiving
the constant, or fully developed distributions assumed by the above
models.

Sevéral‘of the abové ﬁédels.recogﬁize the need for incorporating
'bouﬁdary layer- theory iﬁtové growth rate ﬁodel. For examble, EQefsteijn
assumes a boundary layer thidkneés equal to a fraction of the channel
width, and Dittman used a-modified form of the Chilton-Colburn
énalogy to obtain éropérties of boundary layer flow over a'flaf plate.
Unfortunately, the geometry and transport phenomena of the vertical
cylinder reactor are not wéll described by either of these models.

It will be shown in this paper ﬁhat mass tfansfer analdgies béséd on
turbulent flow over a flat plate do not givé a satisfactory prediction
of the silicoh growth rate in the vertical cylinder reactor, and that
what is needed is a method for predicting the grdwth'raﬁe based on
the théory of transport in the-laminaf; developing flow'rggime, the
Graetz problem in .an annular passage.

Important theoretical methqu for assessing tranquft in a
fluid in fully developed laminaf flow can bevfound in the fluid

mechanical literature. Graetz (7) solved the problem of developing

.
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heat transfer in tube by means of an eigenfunetion expansion, and
Nusselt (8) improyed the accuracy ef his calculation of tﬁe first
three eigenvalues. Brown (9) solved the Graetz problem in akflat
quct, and the'exeension to a right circular annulus has been studied
by Hatton and Quamby (10), and by Reynolds and co-workers (11,12).

In this paper, a solutioﬁ to the Graetz probelﬁ of heat transfer
in an annular_passage will be used to deﬁonstrete that the temperature
-profile in the vertical cylinder reactor developes over a significant
pqrtion of the susceptor length; the mean temperature of the gas
increases wieh downstream position until the fully developed'value
is a;tained. Mass transfer will be shown to have a pesitive temperature
dependence resulting ip enhancement of the growfh rate asbtemperatute
increeses. Finally, a method for calculating the growth raﬁe will be
'v.preeegted which aecountS‘for the effects of developing flow in the

_Jeqnular passage. This method, based on'the results of an extensive
analysis of heat trensfer in annular passages 1s used to study the
) effects of gas-flowlrate and susceptor tilt angle on growth rate
uniforeity and reactant yield. Finally, growth rate calculations are
eompared to these predicted by,otherApublishedvmodels and to
experimeneal results obtained in a c0mmerciel ﬁertical eylinder

reactor.
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THEORY

The Vertical Cylinder Reactor -

‘For silicon epitaxial growth from SiCl,, a dilute mixture of SiCl

4 4
in hydfogen is passed through an annular passage between a cylindrical
.outér quartz wall of‘the reactor and an dctaanal silicon carbidé—
coated, graphite susceptor, idealized here as the f?ustrum of a cone
‘or as a.right—circular.cylinder; The vertical cylinder reactor is
shown schematicélly'in Fig;l.

In practice; silicon substrate wafers aré placed oh the faces of the
susceptor which is radiantiy he;ted by qgartz lamps during bperatiqn,
with forced air used to cool the lamps and the outer wéll of the reactor.
Typical.bperating conditions for silicon epitaxial grdwth ffom SiCi4 are
a susceﬁtor.tempgrature near 120006, a gas mixtqre contaihing about
one percent SiC14 in hydrogen, and a flqw’rate.yielding_Refnolds numbers
near 100. Under those conditions ﬁhe fluid is in laminar flow. ‘Shaﬁ(13)
reports that the temperature at which mass transfer control of the groﬁth
rate predominates over kinetic control is not érecisely known; however,
several experimental studies indicate that deposition of epitaxiai
sili@on frqm a dilute SiCl4 reactant ié.entirely diffugion-controlled
at 1200°C. The silicon deposition’reaction_is surface—cafalyzed and
therefore occurs only at the surface of the heated suscépto:. Silicon
deposition occurs on all parts of the susceptor surface. Caiculation of
the growth rate, then, is a matter of determining the rate of ﬁasé trans-

fer of the reactant from the gas stream to the susceptor surface..

Since the mass transfer fate‘is dependent on the velocity and temperature

2+
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distributions in the gas phase, equations governing all three transport
phenomena must be solved.

Transport Equations

The steady_ state equations governing transport are:
1) The momentum equatioh in the axial direction:
v
aVz o z oP

J’ra +v————az =-az +pg,

W
9.,%z i | .
rér(r 3, ) : S :

2) The energy equation in the axial direction:

;)T
, 31,

Lt
r 9r za

1 9 .
-O(;é—( ar) . (2)

3) The equation for continuity of the diffusing species,aaxial

direction:

99X 8X_, 1 9 3T |
vr ar'+ Vz az_DIZr ar (r ar) ' (_3)
4) The equation of continuity:
19 ' 3 ’
T3 (prv.) +<§—; v, ) =0 . (4)

The fluid physical properties in the above equatioms, p , P> d ., D12
are assumed to be constant, a necessary condition for a simplified

analytical treatment.

" The radial velocity distribution for fully.developed laminar flow.
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is the solution to Eq. (1). In a cylindrical annulus the solution has
the form,
o
U(r) =——(1 - r
M

2 +‘Bln§), . ' (5)
vherefM’and B are constants. The buoyanqy term, g, of Eq.(l) is
negiected in deriving Eq.(5); this assumptipn.léads to an error at
the susceptor leading edge where a large thermal gradient is present,
but the omission of the buoyancy:term is a simplificétion necessary
for analytical treatment. The condition of stable, fully developed
laminar flow in the réactor’is the basis for the following mathematical
description of transpértvp:ocesses.

The following dimensionlves‘s faarameters are useful in redixci;ng

the transport equations to simple forms:

\
r= r/ro
_ T~-Ti _ - . :
8(x) = —— X = o0 o (6)
T -Ty , RePrdh _
: X -X
r N i - z
X(z) = , Zomof
o Xe Xi RQScdh

‘In addition, it is useful to define the bulk-mean reduéed tempera;ure

and reactant mole fraction as follows;



_ -1
o = (AU) .{UGdA
(7)
_ -1
X = (AU {UX dA

. where the integral is over the area of the annulus at a givenyaxiai
position.

Forrfully developed velocity, the energy equation, Eq. (2), can -
be reduced to the dimensionless temperature equation which follows.
Using the dimensionless mole fraction above, the_reac;ant mass continuity |

equation can be reduced to a similar form:

2 s '

gvg_+1a_e=U(r),_a_0% (8)
orar A % |
%x | 1ax _u@ X | )

The bogndary value‘problemsvfor solving Egs (8)maﬂd'(9).can be
made homogeneous by subtracting the fﬁlly_aeveloped‘solutibns which
vare valid as % andlz tend to infinity. The complete solutions ﬁo
Egs (8) and (9) can thén be solved by separation qf variables in the

form:-

a7t ZC F 'exp( 7\"x)> . - (10.)'_
where the functions F satisfy a dlfferentlal equatlon of the Sturm—

i
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Liouviile type.

.Solution-of the transport equations for developing flow is a
. difficult problem. Reynolds, McCuen, ana LUndberg (11,12),thWever,
have obtained solutions for the coefficients Cn by numerical integration .
using an iterativé method developed by Berry and de Prima (14). As a
result of their work, Gm and the Nusselt number,Nu,(énd by analogy
Xm and Sh for mass trénsfer) are given for severai types of boundary
conditions in an annular passage; These functions will be used in a
différential material balance expression to éélculate'the growth rate
of silicon in the vertical cylinder reactor, taking into account ;he.
effects of developing heat and mass transfer in a fully developed .

 velocity distribution.

' Boundary Conditions and Initial Values

Heat Transfer

Heating of the susceptor in the vertical cylinder reactor is
typicélly acheived with high-intensity quartz—iodide lamps, which
‘hold the entire susceptor at a comstant temperaﬁufe. The outer wall
is air-cooled but éubject'to'radiant heating from the hot susceptor
and:from the quartz lamps as well as:to convective heating both
"“inside and qutside the reactor. As a result the boundary condition at
thiS'wall is quite difficult to determine. Experimgntal measurements
_of the outer wall temperature indicate that thg quartz wall reaches:a:
temperature near 773°K over the major portion of thé wall (15).
Therefore the. temperature boundéry'condition can be approximated by

. 3 - X : . o
assuming the entire outer wall to be at a constant temperature of 773 K.
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Thus,

1473 %, r = r,, 0<z (11)
T =} . ' :

773 %k, «r

I

T, 0¢z ' (12)

Since the gas enters the reactor at room temperature, the initial value
- o . .
is taken as 298 K.
For the boundary conditions of specified temperatures at both
walls of the annulus, the mean temperature of the gas at a downstream -
location is determined from dimensionless temperature functions

according to the following equation:

T (x) = em.i(;c)-('ri - Tg) +e (x)(T - T)
+T | ' (13)
Mass Transfer
| The boundary condition for mass transfer at the susceptor surface
is specified by chemical reaction equilibria at the temperature of the
susceptor, since for susceptor temperatures near 1473 °k the growth
rate is limited By diffusion rather than by(the kinetics of the.

- surface reactions. The deposition reaction equilibria are primarily:

i

sicl, + 28 Si, . + 4HC1 . (14)

2 (c)

SlCl4 + H2 SiCl2 + 2HC1 o (15)

Sirtl, Hunt, and Sawyer (16) indicate that a very low partial pressure;of Ny
31014'(.u10_5) exists in the equilibrium compoéition at 1473°k for the
Si—HeCl system at low values df_the'Cl/H ratio (0.02327 for 1.15% SiCl

4

in‘HZ). Since the driving force for diffusion of the reactant to the
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susceptor surface is the difference between the partial pressure in

the bulk gas stream. (~ 10—2) and the partial pressure at the susceptor
. surface (f~10_5), the boundary condition for mass transfer at the

‘ inngr surface can be approximated very well by taking the reactant
concentration‘to be zero. Since depositiaon does not occur at the

outer wall, a flux équal to éefo is-specified. The boundary conditions

for mass transfer are then:

X=0, L ,\-zl)_O (16)
g£=v0, r=ro,z)0.b . ‘ (17)

For an inlet gas containing 1.15% (vol.) SiClA, the initial condition
is: ‘
X = .0115 at z = 0 and 1, TET - (18)

i
Thermodynamic Yield From Reactant Gas

While Eq.(14) is the overall reaction for silicon deposition, the 

gas species SiCl, will also be formed in an equilibrium'mixture by the

2 _ .
competing side reaction given in Eq.(15). The yield of epitaxial

‘silicon prodﬁced from the reactant diffusing to the susceptor will

be réduced if SiCl2 is formed in significant quantities. Sirtl et al.

report the equilibrium yield of solid silicon from SiCl, as a. function .

4 ,
of the SiCl4 mole fraction. For a SiCl4 mole fraction of .0115 and a
témperatufe of 1400 oK, the yield of silicon is approximately séventy
b , . .

percent. To account for the reductioﬁ in deposition gfficiengy

caused by the side reaction forming SiCl,, the flux of SiCl, to the 

2 4
susceptor surface must be multiplied by a deposition efficiency, m,

1) Determined from Fig. 3b of reference 16.



-12-

to obtain the yield of deposited silicon from the reactant gas.
Since reaction kinetics are assumed to be very fast at the temperature

of the susceptor, 1473 ?K, the deposition efficiency used‘in.this

4 mole fraction of .0115,

study is the equilibrium yield for a SiCl

which is 0.7.

Growth Rate Equation.

" The growth rate can be claculated directly.from fhe dimensionleés
. fiux of reactant fqr a given value of the Sherwood numbér, The
dépendence of the growth rate on axial distance can be easily developed
by taking a material balance on a differential ring element of the

- reactor annulus. The‘molar flow rates of reactant entéring-and leaving
the element are & i,z and ﬁ ilz+ 2’ respectively. The molar reaction
rate ﬁithin the element is then:

[

D ‘
“12 =
2wr 8z Sh === (X - X)) P/RT) - (19)

4

where Xi = 0. By balancing the above rates one obtains the differential

equation for the reactant concentration:

12 ¢

P 27yr; Sh D ,
= X (20)

dz dh R_Tm

After integration this equation becomes:
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z Y .
r, Sh D
S K=x expd- 2P _i___T_LZ z¢ @D
: M R _ dh m : :

0

The flux to the surface is then given by

o = D v

P % _ P 12 o

RT D12 dr, RT S_hdh X - %)) (22)
m r=ri m .

From Eqs (21)'and (22) and the deposition effiéiency,fb the linear

growth rate expression becomes:

5 MS.i P Sh D12 P £7 ri‘Sh D

X expd- =
Psi RTy 4 o MR), 4 To

12

G = 77-6x10 dz§ (23)

Transport Properties

Transport properties are evaluated for the composition of the

4 and’98f852 HZ on a molar basis.

For heat transfer, the viscosity, density, thermal conductivity

inlet gas containing 1.15% SiCl

"and heat capacity of the above mixture are evaluated at 298 %.
These propefties are summarized in Table 1. An important result

of the evaluatioﬁ of properties for'héat transfer is that.the Pfandl
.Number for the mixturé is 0.44 at 298 OK, much lower than the value
of 0.7 usually used for gases. For the growth rate equatiop,
propertiés weré evaluatéd at average temperatures determined frop |
the results of the heat transfer céltulations. Viscosity;.denSity,

and the diffusion coefficient are given at different temperatures
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in Table 1.

 E4uations used to defermine the values of trangort properties were
generally those recommended by Reid énd Sherwood (17). A complete
description of the evaluation of properties is given in Appendix II.

-

Temperature Dependence of the Growth Rate

The temperature dependence of the transport coefficients can be
utilized to estimate the dependenée of the growth réte on temperature.
As explained in Appendix II, the diffusion coefficient is calculated
by the equation: |

-5 T3/2

/9, . (25)

Dy, = 7. 08§1x10

The approximate temperature dependence of the diffusion coefficient. in
the temperature range of interest is T1'674 . If the effect of the
eprneﬁtiél term §f Eq. (21), the reactant depletion term, is neglected,
the temperature dependence of the growth rate éqﬁation, Eq. (23),

is T0°674 . The growth rate will therefore be enhanced-as the temﬁerature
increases. A limit to this increase is established by thermodynaﬁic
conditions, however, sincg the amount of SiCl2 in the vapor phase

increases with temperature, causing the thermodynamic yield to reach a

maximum at about 1430°K.
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Table I

Transport coefficients for a reactant mixture

of 1.15% SiCl, - 98:85% H,.
"T,(’K) U , (céntipoiSé) p(g/cm3) D (cm?/a)
mix 12

298 .00979 .0001511
592 .01611 .00007606 1.162
726 .01870 .00006202  1.648
912.' .02195 00004937 2.426

| 997 0.2337 00004516 2.818

Mol. Wt. of Mixture: - 3.695

>Therﬁal Conductivity of Mixture at 298°K: 9.ZOX10-

Heat Capacity of Mixture at 298°K: 7.039

Pr at 298°K: 0.44

cal

g-mole®K

4 cal

cm sec’K

Sc

1.823

14830

1.833

1.836
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RESULTS AND DISCUSSION.

Flow Regime |

The range of Reynolds numbers for the operating conditions considered
in this study is from 50 to 500. Bird et al.‘(18) indicate that laminar
flow will prevail in annular passages for Réynolds numbers 1ess than
2000. Flow‘instability in the presence of a large,thermal gradient cén
occur even in laminar flow, however. Curtis and Disﬁukes (19) and
Fuji et al. '(5) discussvthis poésibility and conciﬁde that flow instabilfties
do not 6ccur for hydrogen rich systems under the conditions for epitaxial

silicon deposition.

Temperature Variation Along the Susceptor

Calculation of the mean temperéture of the gas from Eq.'(13)
is described on Appendix III. For average Reynolds Numbers of 50, 100,
250, aﬁd 500 at 1 atm,v298°K the results of these calculations éré shown
in Fig. 2. All of the curves in Fig. 2 show.the characteristics‘of
developing heat tran$fer.- In a region of deVelqping‘hgat traﬂsfer,
the teﬁperaturé of the gas increases very.rapidly with diétance near
the 1eading_edge; The increase‘in temperature with distance is more
gradual ét intermediate distances from the'leading edge. At large
disﬁances-downstreamvthe meén'temperature approachées the fuil&
developed value and tempefature ﬁo longer changesbwith distance. For o }
the barfellreactor previousiy described, the fully developed &alué for
the mean temperature is 1088°K. The‘caléulated-mean temperétufe of the
gas is less than 90% of the fully deyeloped value along the first lb.cm'

of the susceptor at Re = 50 and the first 20 cm of the susceptor at
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FIGURE 2

* VARTATION OF THE MEAN TEMPERATURE OF
THE GAS WITH POSITION ALONG THE SUSCEPTOR
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Re = 100 . For Re of 250 and 500, the mean temperature is well below

~ the fully developed value for the entire 40 cm length of the susceptor.

As these results indicate, entry region temperature development occurs

over a significant portion of the susceptor at Reynolds numbers greater

than 50. Since the growth rate is roughly proportional to T0'674 » the

effects of axial temperature variation on growth rate are expected

to be large.

Qualitative Effects of Entry Region Temperature Development on

Growth Rate

Because of the positive temperature dependence of the growth.rate,
entry region temperature development can be expected to affect:the.gfbwth'
rate in three important ways: | |

1) vaerall gréwth rates will be lower than those predicﬁéd by
theories.which consider température to be at the maximum, fully
developed value.

. 2) Lower than averége temperatures at upstream positions and
higher than average temperatures at downstream locations wiil enhance
deposition on the downstream portion of the susceptot, partially
compensating for the negative effect of reactant depletion on growth
rate. Deposition will therefore be more uniform than predicted by
growth rate models’whichAevaluate gas tempgrature at the fully
developed value or a constant length ave?aged Qalue.

3) Im séite of the décrease in reactant depletion with increaséd
velocity, the 0verallbgrowth>ra;e should reach a'maximum‘value as
vélocity is increasedvand then decrease with further increasgs.in’

velocity due to the decrease in average gas temperature. these three



s

00w 0450659

&
&
o

-19-

expected results will be discussed further as quantitative growth rate

expressions and experimental results are presented.

A Constant Temperature Method for Growth Rate Calculation

Because of ﬁhe analogy between heat and mass'tfansfer equations
discussed in the theory section, the dimensionless ﬁeat transfer solutions
of Reynolds et al. (11,12) can be applied directly in the calculation of
the growtﬁ rate using Eq.'(23). With this analogy, developing mass
transfer rates in thé annular pass#ge are determined subject to the
cdnditions of laminar flow, constant fluid and transport properties,
aﬂg a fully developed velocity field. Results are showﬁ in Figure 3 for
Reynqlds Numbers of 50, 100, 250, and 500. High deposition at upstream
susceptor,positions and low deposition at downstream positions are
characteristic of all of the predicted curves. At thevlower Reynolds'
Numbers 50 and 100, the decrease in growth rate with distance is largely
a result of reactant depletion. For the higher Reynolds'Numbers, however,
reactant depletion is a less important faétor.. Lower resistance to
radial diffusion reflected in high values of the Sherwood number in the
leading edge flow region results in the pred;ction of high growth rates
for the front portion of the susceptor at. the higher veloéities. This
method considers the effect of developing mass transfer profiles, howéver,
it does not include the effect of simultaneously developing heat transfer

in the reactor.

The Developing Temperature Model for Growth Rate.Calculation
The heat -transfer solutions of Reyﬁolds et al. (11,12) are valid
only for constant property flow. Strict application of the solutions

to Eq. (23) requires that all parameteré be evaluated at a coﬁstant



-20-

FIGURE 3.

VARIATION OF GROWTH RATE WITH POSITION ALONG A

- CONSTANT DIAMETER SUSCEPTOR ACCORDING TO THE'

_ CONSTANT TEMPERATURE MODEL. TRANSPORT PROPERTIES
ARE EVALUATED AT THE AVERAGE MEAN TEMPERATURE OF
THE GAS.
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tenperature-as described‘abore. The heat transfer calculation, howéver,
indicate that temperature will increase with downstream position. An
approximate Caloulation of the growth rate Qith variable temperature.can_
bepmade bxpusing Eq. (23) with Dié and T evaluated at tﬁe’local

Tm of the(gas. The basie for.this approximation is the aSSumption_that
_the Sherwood number at a downstream 1ocation for flow with changing
propertiee will be nearly equal to the valne evaluated at the length
aﬁerage mean temperature. The assuﬁption should be fairly good if
the‘temperature variation:in.the region of interest along the eusceptor
is;amall, but less accurate as temperature variation from the iength |
average value increases. The developing temperature model isltherefore
expeeteo to.work better for low velocities. The accuracy of the methoq_
for flow in the barrel reactor_atv Re of 92.6 is supported by comparison
to experimental results which will be presented.

Details of the developing tenperature model are given in Appendix Ii,
ResoltsAof growth rate ealculatione are shown in Figure 4. Lower
temperatures.in the upstream region of‘the reactor result in calculated
lgronth rates which are lower than those predicted by the eonetantp
property nethod. Deposition in the downstream region is higher because
the temperature is greater tnan.the length average-value and because
the'lower predicted‘values in tne upstream portion result in a emeller
depletion of the reactant. |

A comparison of the developiné tenperature modeivtovtne constant
temperature.method issshOWn in Figure_S for the high'and low flow rates.

The difference between the two methods is more pronounced for the high
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FIGURE 4. VARIATION OF GROWTH RATE WITH POSITION.ALONG A CONSTANT DIAMETER
S "SUSCEPTOR ACCORDING TO THE DEVELOPING TEMPERATURE MODEL.
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FIGURE 5.
COMPARISON OF THE GROWTH RATE VARTATION PREDICTED

BY THE CONSTANT TEMPERATURE MODEL (----) AND THE
‘DEVELOPING TEMPERATURE MODEL (——) :
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flow rate singe the.varia;ion of the lo;él temperature from.tﬁe length.:
avérage value is greater. For . Re = 50, fléw.is close ﬁo.being fully
déveloped-and the grthh raﬁes predicted by'the,two methods are similar.
‘As expected'the ﬁariable temperature method.predicts'a more uniform
growth rate distribution than the constant témperature method.,

 Growth Rates for a Reactor with a Tapered Susceptor

"The Sherwood number varies slowly with the parameter, 1:‘1/1',0 .
If the taper angle is small, the approximate growth rate for a ﬁapéfed
susceptor reactor can be calculated by Eq. (23) using the Sherwood number

diStributibn for the average value of r /rd'. Growth rates for a

i
reactor with an average inner diameter of 8.25 cm and a tapef angle pf

3.58 degrees are presented'in Figufe 6. Growth rates were calculated by
the variable temperature,mgthod. Mass transfer t0'thebsuéceptor is
enhanced by the increasing iﬁner radius. For Re of 250 apd 500, the
result is higher predicted deposition at downstream positions. For Re

of 100, enh;ncement of the growth‘rgte due t§ thé increasing inner

radius offsets the effect of reactant depletiop»andva nearly uniform growth
rate distribution is predicted. The constant.diaméter'growth rate is
shown'fof comparison. The Re value of 100 is very close to the design
flow for the‘réactor for which Re 1s 92.6. At Re = 50 the

enhancement due to taper angle is insqfficient to compepsate rea;tant

depletion and the growth rate declines with distance.

Yield, Overall Growth Rate, and quwth Rate Nonuniformity
Table II summarizes yield,}overall‘growth rate, and growth rate
nonuniformity predicted by ‘the developing temperature method. Valugs

are calculated for (5< z < 40) , the approximate useful area of the
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FIGURE 6.

VARIATION OF GROWTH RATE WITH POSITION éLONG
A TAPERED SUSCEPTOR (TAPER ANGLE = 3.587) :
ACCORDING TO THE DEVELOPING TEMPERATURE MODEL.
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Table II

Yield, overall growth rate, and growth rate non-uniformity.

Constant Diameter Susceptor

Susceptor Re : -
Dia. 298 Yield % G(u/min) AG (%)
Constant 500 7.42 1.43 10.8
" 250 14.5 1.42 13.2
.o 100 29.8 1.13 25.9
" 50 42,7 0.81  53.0

Tapered Susceptor

Tapered 3.58° 100 33.7 1.25 5.9
Tapered 3.58° ‘ 1.21 4.7

92.6 35.5
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susceptor. Growth rate non-uniformity is evaluated by Eversteyn's®

method (1):

G -G ..
max min
G + G

x 100z . . (26)
max min @ . ' :

AG =
For a.gonstanf diaméter susceptor, depositiéﬁ uniformity 1s achieved
by iﬁcreasiﬁg the flow rate at the éxbense of reactant yiéld. Predicted
results indicaté low grqwth ;éte non-uniformity at Re = 250 and 500{
but Qery poor.reactant yiélds. The choice of floﬁ rate fér a constant
diametér reactor V?uld involve‘a.compromise Befweéh the cost of ﬂigher.
reactaﬁt throughput at low reactant yield and.thg.cosf_of reduced.
finished device yield dﬁe to non-uniform dépositioh. Tﬁe fapered‘
:suscepfor reac;or foers an attractive altefnative to this’comﬁromise.
Using this iﬁnovatioﬁ, thé taper angie may_se set to minimize growth rate
noh—unifbrﬁity at a specifiéd velocity. Thg“predicted g:owth rate non-—
uniformity for the tapered susceptor reaétor at Reb= 100 1is much smaller-
than for the constant diémetér reactor at Re = 500. At the design-flqﬁA
Re =92.6 , growth.fate non—hnifotmity is furthef reduced. With the .
‘taperéd susceptor, pre&i¢tiohs indicate that a.small grqwth rate non;
uniformity (4.73%) can be attained at an,acceptablé réactaﬁt yield

(35.5%).

Comparison to Experimental Results and Other Growth Rate Models

The growth rate>prédicted By the developing temperature method'fqr
a tapered susceptor-reacfor is compared to_thé calculations of other

models and to_experimental values in Figure 7.
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FIGURE 7.

A COMPARISON OF GROWTH RATE MODELS AND EXPERIMENTAL DATA.
(—) DEVELOPING TEMPERATURE MODEL, THIS WORK;. (----) EVERSTEIJM
AND PEEK; (— -——) FUJII ET AL.; ("°*°) RUNDLE; (— -——) DITTMAN;

 (—— -- —) CHILTON-COLBURN ANALOGY. SQUARES ARE EXPERIMENTAL
DATA. ST T .



;32_ ' e

Experimental data were taken for a commercial barrel reactoi,.
the AMT 740, of the dimensions shown in Fig. 1. The susceptor taper

angle is 3.58 degrees. A flow of 112 1/min of 1.15% SiCl, - 98.85%

4
H2 A:eactaﬁt gas was intrdduced by jets at the top of the reactor, -

which were édjusted to the optimum setting. Coﬁditions of the'éxperiment
are fully described iﬁ Chépter Twé. Reported Values aré wafef center

growth rates averaged for the eight'susceptdt faces. Theoreﬁiéal
pfédictith ére based on a réactor of the same dimensions as the expe;imental
f;actor with the same initial sicl, molg fractiénvat aé”vRe ‘of 9.26
cm/sec cor:esponding to the 112 1/min flow rate of the expefimental'
l?eactor. quwth rate is predicted by the developing tgmﬁeratﬁrg method

. for a tapered annulus. Agreement bgﬁﬁeen the theorétical prediction

and the»expefiﬁen;al data is excellent.

Fujii's model for the growth rate in a ba;rel'réactog with a
tapered‘susceptor predicts values which are highet than observgd.values,
especiélly for. the first 20 cm of the susceptor. This reéult_is
expected, as menﬁioned earlier, because.Fujii's growth rate équation i# '
for the fully developed temperature. The fact that Fujii's growth rate
equation contains adjustable p;rameteré_which were optimized for a barrel
reacfdr ofvdifferent dimensions may also be partly rgsponsible fdr'the
high growth raﬁes; Coméa:ing-Fdjii's model to the results of this work"
shows that the de?eloping ﬁgmpera;ure_method of this wofk is more .
accurate in both predicting vélues for the gfbwth rate and ;eﬁresenﬁing

the variation of growth rate with suééeptor poéition.



- -33-

_ Dittman;s correlation and the Chilton-Colburn analogy to flow
over a flat plate both‘fail.to-represent the data quantitatively or
qualitetively. Dittman's correlation is based oo experimental data
taken ‘on a reactor with a very short eusoeptor and e large separation
betWeen the susceptor and reactor wall.- Apparently, neither Dittman' s.
correlation nor the Chilton—Colburn analogy to flow over a flat
plate.provide a realistic description of the growth rate distribution
in a reactor of industrial dimensions. | |

'Eiof the -horizontal reactor models, Rundle's method:gives growthv
rates thoh;compare'better with the experimental-daté. _Eversteyn’s‘
étagneot leyer model predicts growth rates which_arevmnch higher than
- observed values for the barrel reaotor. JNeither author recommends*
his method for use in predicting growth rates.in the vertical.reactorl

-,r Of the models examined, the developing temperature method proposed

in this work gives the best agreement with the experimental data.
It is the only model which predicts the obseryed lower growth rate values
' et'opetream positions‘on the susceptorf the developing temperature‘method
1ocor§orates tﬁo feetures_not found in the other models studied; it |
accounts for the effect of increasing temperature on growth rate distri—
butioh aod it accouﬁts for the reduction in deposition efficiency due to
side reaction to 'SiCi4 . The excellent 1agreeﬁentvbetween the develooing
temperature‘oethod and the experimental growth ratee deﬁonstrates-the
.importance of consideriﬁg(these'effect inedevelooing an accurate method
for growth rate predietion.

 After compariog the'results‘of_several modelsito'experimental

data, the three predicted effects. of developing heat transfer can_be
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further examined. Experimental growth rates and growth rates predlcted
by the developing temperature method are both lower than those for
Fujii's barrel reacto; model in which temperature is considered‘to be
fully developed. This comparison. confirms the first predietion;
overell growth rates are lower than those predicted for eonstant, folly
developed temperature. Since Fujii's model predicts less uniform growtﬁ
than eitherlyelues pfedicted by the deveioping tempe:eeore method or
those observed experimehteliy,~£he second;expecteo effect is confifmed.
~The third expected effect is that'the overall g?oﬁthﬂrate SHould reach
a maximum value and thenvdecreese as the flow rate is'iﬁcreased.- The
decline in growth rate does not occur in the range of ReynoldsINombers
50 eo SOO,vstudied in'this,papeé{ Fujii et al. (5), however,.heves
‘reported experimental results which show that the oVerall'growth rate

does decreese at'highvflow rates.
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.CONCLUSION
“Calculation of heat transfer using theﬂsolution by'heynolds et al.
(11 12) for developing heat transfer in an annular passage indicates'
that entry region temperature development will occur over a significant
portion of the barrel reactor susceptor at Reynolds’numbers greater

than 50. ,Since barrel reactors tvpically operate atYReynolds numbers
A

" close to 100, the'assumption of a constant temperature or constant

'temperature profile throughout the reactor is clearly unsatisfactory.

Due to the positive dependence of the silicon growth rate on

" ‘mean gas temperature, overall growth rates are expected to be. lower

than those predicted by models which incorrectly assume the temperature '

" of the gas to be fully developed throughout the reactor. Furthermore,

Do

growth rates are expected to be more uniform than predicted by fully '

Vdeveloped temperature models. The enhancement of mass transfer rates

which accompanies the increase in temperature with downstream
position helps to offset the decrease in growth rate caused by reactant
depletion. The decline in overall growth rate at very high reactant

flow rates observediexperimentally by Fujii et al. (5) is also a

' ‘consequence of developing heat transfer and the positive temperature

dependence of growth rate. As the reactant flow rate is increased
beyond flow rates for which reactant depletion is significant, the mean
temperature of the gas becomes the primary factor influencing growth

rate. Further increase in the flow rate results in extension of the

entry length for heat transfer and a lower length average mean gas

‘.temperature for the reactor, hence a. lower overall growth rate.

1



vThe-deVeloping'temperature model for_grpwth réte.calculation
proposed in this ngk gives a gréwtﬁ rate temperatufé depeﬁaence of
T0'674’. ”The developing temperature method'predicts érowth rates
which are in egcelieﬁt agreement with experimental data obtaiﬁed fér
a commercial barrel réactor."The model gives a ﬁofe satisfactory
descfipfioﬁ of the growth,rété in é barfel'réaétor'than_any of the
previdusly published moaels studied. Among ﬁhe'préviOUSly published
modelé, Rundle'svmodel for a horizontal féactor seems to give the _'
best comparison to experimentél growth rate valueé. The model based
on the Chiltqn#Colburn aﬁalogy to boundary layerrflow over a flat
plate gave a particularly ﬁobr cqmparison to the exberimental growth
rates.  This comparison cpnfirms that_thé analogy to flow over a |
fiat.plate is an unsatisfactory‘repreSehfation.of the geometry ;ﬁd
" boundary conditions for mass transfer in a barrel reactor of éommeréial
dimensions.

_ Thé.developing températu:e model wés used to study the effects
of reactant flow réte and susceﬁtor tilt éngie on growth ratev
uniformity éﬁd reéctant yield. Fér reactors with non-tapered susceptors
it was found that high reactant flow rates would be required to obtain
groﬁthbrate non—unifcrmity_of.ten percent or less. With the susceptbr
tilted slightly toban’angle of 3.58 degrees, however, an optimum gfowth ‘ o
rate non—uniforﬁity of about five percent could be achieyed at a much
"1o§er reactant f;ow r;te; jReéctant yield was.found_to drop off~Sha;p1y
with increased flow réte; therefore the.overall perfofﬁan§e~qf the

tapered susceptor reactof'is predicted-to be far Superiot to that of
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the non—tapered reactor. This exercise demonstrates the usefulness
of the developing temperature model in evaluating process design alternatives

in addltion to giving the specific result described above. Hopefully

| this work wlll be useful as a process design tool as well as

contributxng to the understanding of transport in the barrel reactor.
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NOMENCLATURE
o 9 o
B = [(r;/x) *vl]/ln (ri/ro)
diffusion coefficient,-cmz/s.
hydraulic diameter;_dh'= 2(ro - ri), cm
gravitational constant,'980_cm/s2

linear growth rate, i/min

~average linear growth rate, U/min

growth'rate non—unifofﬁity,'z
. .2
M=1+ _(ri/?o) - B
molecular weightvbf silicon, 28 g/mole

/
total molar flow rate, mole/s.

Nusselt number, Nu = EEQE
pressure, atm

‘prundle number, Pr = Cpu/k
r = r/rov

radial distance, cm
inner radius, cm
outer radius, cm

gas coﬁsﬁant, R = 82.06 atm%cm3/g—mole°K
' pdh v S

H

Reynolds number, Re =

Schmidt number, Sc = -
o ' ' - PD.,
: ' 12
S ' ko4 p
Sherwood nqmber, Sh =7

temperature, °K

ihner_wall'temperature, °K

‘outer wall temperature, °K



T ,T

m’ m(x)

U,U(r)

M

td)

41~

entran¢e temperature, °K

mean tempefature,'qK

velocity, cm/s

mean velocity, cm/s

velocity, cm/s

cbmponent-of velocity in radial direction, cm/s
component of velocity in axial direction; cm/s

axial distance, cm-

=%
thePr.

mole fraction SiCl

x
4

mean mole fraction SiCl4

mole fraction_SiCI4 at inner radius
initial mole fraction SiCl,

axial distance, cm:

Zz = 2z
theSc

thermal diffusivity = k/pCp

dimensionlessAtemperature

dimensionless mean temperature functions

absolute viscosity, poise
dimensionless concentration

density, g/cm3

density of'silicon, 2.33 g/cm3

collision integral
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- APPENDIX II

TRANSPORT PROPERTIES

VISCOSITY

PLIRE Ho
‘The viscosity df'pure.H2 is éaiéuléted by the:quatioﬁ of_Maitland
énd Smith (D: i ) _ |
anJ/S)=A1ﬁ(T)+B/T+C/_T2 +D . ’(1);
where: | -

- A=0.68720 -
B=-0.61732
- C=-111.49
" D=-3.9001
| 5=88.0

m is .g'iveh in u poiée.
PURE'S.ile» o

L ~ Viscosity of puré SiCl& is'giveh by the §otresé6ndi§é_state

“method of Stiel aﬁd Thodos.(2;3;4)' | | |

0.94
.

- rE=@oaTh T

. L E 5
f‘?f (17.78)(10- ) (4.58T_ - 1.67)

"r»rs_l.s - (2)‘ :
' /8

where:

pc2/3

=Tc1/6/M1/2
Tr=T/Tc o
Te=critical temp.= 506 K
Pc=critical press.= 37.1 atm
~ M=molecular wt.= 169.9
Ju=viscosity, u poise

PURE HC1 | , o
Experimental values for the viscosity of pure HCl for temperaturés

between 2980K and 700°K were correlated tbvthe followingbequétiOﬁAby'
‘least'squares-linéar fegression analysis;
= 18.794 T!-5 R
A= 28T @
(367.21 + T) o R

T1.5 (3
- .

n



where u is given in u poise. For temperatures above 700°K, viscosity
is extrapoiéted acédrding‘to the appfoximnﬁe tempefatﬁre dependence 6¢f
pﬁe.Stockmayer potentiai collision ihtegral in .tﬁé high Cemperaturé~"
réngé:

| 5 = 2.7827 0-7272 S (s)

» is given in u poise.

MIXTURE VISCOSITY

The viscosity.offthe gas mixture.is calculated by Wilke's

method (5) .
' n e, vy I . . . : e )
Murx z B4 /[1, 2 di.(y-/yi)__] (6
T B =t S ek SR
=i .
where:

S0 s 72,08 4 e o
de= [r Gylpp (Mj/Mi)ﬂ /(8 + 8 /i) .

»; = viscosity of i
yi'é mole fraction of i v
M, =mol.wt.of &

DENSITY OF MIXTURE
F The density of the mixture is calculated acébrding to the ideal gés

law:
n

= P Y. M, : (7
P g |

HEAT CAPACILTY

Heat capacity data for each of the components is given in Ref. (6).

These data were fit to a quadratic form:



Cp_= A + BT + CT? ' : . (8)
Consténﬁs for Eq. (8) are as.follows:

14534

for Hy, A=
-0 B =-0.4023 _,
C = 9.816 (10 )
for SiCl,, A =56L.4
, B = 6.417 (107%)
C = -8.640 (1079)
for HC1, A = 774.61 -3
B = 45,35 (10 )
C = 45.81 (1076)-

Heat capacity is given in units of joule/Kg-dx.
Theiheat capaéitf of the miXtu;é is'deté:mineﬁvby adding the com-
ponent heat capacities wéighted according to mble ffactions: |
Cme=:T_,CPi Gy ey
X ¥Mlxj R o

THERMAL CONDUCTIVITY

" PURE H

—2

Experimental data from the literature has been fit to the ﬁoliow-
. . ° . » L

ing second 6fﬁef polYnoﬁial:
-k = .080796 + 3.7312 (10 )T - 7.4683 (10 )I™ - (10)
k is given in joule/(H sec °K) o

——4

PURE_SiCl, .
. Euken's methqd_(7) is used tb.rélate thermal conductivity to: -

viscosity:

+ 61.18

K v CPag o
s bLFlQ | bLLlA

(11) .

k-is'given'ih joule/(M sec OK).‘ a3



"PURE HC1

VO w0 45006609

)

For temperatures below 700 K, data from the literature is

‘correlated by:

k= 2.104 (1073) + 3.676 (107°) T + 1.462 (10" %) T (12)
S joules/(M sec °K)
for temperatures greater than 7000K,'thermal-conductivity is calcu-

lated by the Euken Method (7)

ko= 9661 (Cpyo) +285.1) pooi - - 1)
{

MIXTURE THERMAL CONDUCTIVITY

The mixture thermalhﬁohdu;fiVity is_calculated bylthé Mason and

Saxena (8) formulation of the Wassiljewa Equation:

_ n n
kmix=iz=:: ki/[l +§;

as
1

Ay (Yj/Yi)]-"

' The parameter Aij may be taken as equal td»the_parame;gr dij used om

Wilke's equation (6) for the mixture viscosity.

BINARY DIFFUSION COEFFICIENTS

Binary diffusion coefficients were estihated'using thé;thedretical
equation (7).
SlCl: - 32

Using the combined potential-parameters:'

c’

g = 4-318
€1 )
T T AKX

the theoretical equation gives

-9..3/2,

Do - | 2, o
Sic1,H, = 7.0861 10T P n . #/sec as)

4 2
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Using 07, = 3.083A and€12/k = 143°K, the theoretical equation
is: | |
_ -8,.3/2 2 o
DHCl—Hz »1.?196 (10 )T ]éLD M"/sec . (16) .

.fLD may be evaluated from tabulated values or by

‘_—n-D=A‘+c' "+ " E__ . . _G (17)
BT* exp (DT*) exp (FT*) + exp (HT*) '
KT .
T* = 12 . :
A= 1.06036 F = 1.52996
B = 0.15610 C = 1.76474
C =0.1930 H = 3.89411
D = 0.47635 v
E =

1.03587

'REDUCED TRANSPORT PARAMETERS

-Reynolds Number:

S

}ﬁnix'

Pranol Number:

CPmix _
Proix = S_wlt )
mix-
Schmidt Number for SiCl, - H.:
- : . ) 4 2
Scgicl, - B = Mpix
- T — : _
Puix Psic W~ Yy
Sqﬁmidt:Number.for HCL - H,:
CHCL - H, = nix

~ Punix Phet - w

A"

2
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