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Introduction works have addressed experimental conditions, film properties,

conceptual designs, or equipment development, but have lacked

getailed descriptions of processes and transport phenomena occur-
p(g in the reactor, that are needed for appropriate understanding

nd modeling of continuous systems.

Recently, Chiu and Jaluridl0,11] have proposed two types of

Chemical vapor depositiofCVD) is an important method for
manufacturing thin films. Since thin films prepared by CVD hav
many attractive features, such as large area coverage, good cont
of film structure and composition, and conformal deposition, tHe

technology is being employed in a variety of areas. Engmeem&%ntinuous CVD systems based on a horizontal reactor, modeled

applications include the fabrication of microelectronic circuits o . - ]

: . . : : erposmon processes, and assessed their feasibility as alternatives
wear- and corrosion-resistant coatings, recording media, 06 batch processing. One of these systems, where a finite thickness
cells, and optical devices. In view of ever increasing demands h P 9. Y ’

the deposition performance, one of the most important issues o EPor moves along the reactor bottom wall in a straight chan-

the future CVD technology is the productivity. The requirement €l horizontal reactdr1], is spmewhat simpler 6.md more fle?<|ble.
higher throughputs necessitates new or refined designs in C ch a layout allows for uninterrupted operation, precluding the

concern with downtime. Moreover, film uniformity is not of pri-
systems.

From the viewpoint of processing, most of the previous studidday concern since the susceptor moving at a constant speed,

on CVD have dealt with batch systems, where a limited number 8Pder steady state, experiences the same amount of depasition

substrates or wafers placed on a stationary or rotating suscep%?r the entire reactor length. This system resembles practically

are processed at one time. A number of existing reactors that hé\?gd injector-based atmospheric CVD rea¢&dt, 13 in that they

evolved to meet the requirements, especially deposition unif cr(_)mmonly adopt a moving susceptor, on whlchlwafers are con-
nuously and compactly placed, to achieve uniform deposition

mity, arising from various applications belong to the same cat- ) :
egory. Research efforts for modeling transport phenomena occ P—d high throughput. Alth.OUQh some basic aspects have_ a?"eady
ring in these reactors and chemical reactions involved cen presented, t_he con_tlnuous system needs f[o_ be revisited for
deposition processes have been reviewed by Jensen [di]al. etter understan_cilr_]g of Its nature and_for obtaln_lng the perfor-
Kleijn [2], and Mahajari3]. The productivity of batch processing mance characteristics applicable to design. In. addition, the effects
is essentially limited by downtime associated with product Ioac?-; cgnjugate heat transfer and susceptor motion need to be quan-
ing, reactor startup, and shutdown. tified. . .

One of the ways to improve production throughput in CVD Motivated by such necessity, the present study considers the

systems is to adopt continuous processing. The feasibility angm'e continuous system as the previous Wad. The prospect

utility of continuous processing have been exploited in a numb@f 1S gd.opti.on in the practical process seems to be encouraging
of industrial applications. Yamaji et 44] reported that their con- SINc€ it is simpler in layout than the injector-based reactor men-
tinuous CVD siliconizing line succeeded in the manufacture of ipned earlier. We investigate transport phenomena and chemical
silicon-coated steel sheet. Stevenson and Matti&jvsuggested '€actions accompanying the deposition process while paying spe-
design criteria for continuous processing of a plasma-assist@@ attention to the moving susceptor. The numerical model en-
physical vapor depositiofPVD) equipment through cost analysis.SOMPasses variable properties, thermal diffusion, radiative ex-
Onabe et al[6] prepared superconducting tapes using a continGh@nge among surfaces, and conjugate heat transfer between the
ous CVD technigue. In addition, continuous CVD processing h&&S Phase and moving solid susceptor. A useful feature of this

been actively applied to coatings of gldg$and fibef8,9]. These WOrk lies in the use of scale analysis, as complementary to the
numerical simulation, in identifying the characteristic parameters
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enough, we can employ a two-dimensional model. In describing
two-dimensional steady-state transport phenomena occurring in

— Cold Reactor Wall at T, A X
— the reactor, some commonly accepted assumptions have been in-
I T“g » ; y  troduced[1-3,14. The flow is taken as laminar with negligible

Wy Y § AGJY TR - IEE R0 viscous dissipation effects. Note that the present operating condi-

tions correspond to the Reynolds number of 32 when based on the
inlet conditions and channel height. The gases are regarded as
ideal and non-participating for thermal radiation. Since silane is
highly diluted in a single carrier gas, the dilute mixture approxi-
mation can be invoked. It is a known fact that variable property
and Soret effects are important in cold wall horizontal CVD reac-
tors [18]. Despite its negligible effect, the buoyancy term is re-
tained for the completeness of modeling.

In order to place the main focus on thermal characteristics as-
sociated with the susceptor motion, a simple, lumped overall sur-

newly defined parameters, as well as of performance curves &€ reaction is adopted, precluding complicated gas phase reac-
pressed as a function of these parameters, are discussed in ddi@fis- Although many studies aimed at developing CVD chemistry

The optimization of the process in terms of the heat supplied E8odels for silicon deposition from silane-hydrogen have been car-
the system is also addressed. ried out, there is no established model that is commonly accepted

in this area and many uncertainties are involved in using the dif-
ferent modeld14,18. In conjunction with the present susceptor
arrangement, two additional issues need to be considered. One is
Physical System. The continuous CVD system dealt with inthat radiative loss from the susceptor surface is expected to be a
this study is depicted in Fig. 1. It is a horizontal reactor, where @minant heat transport mode when a prescribed heat flux is im-
finite thickness susceptor is allowed to move along the bottopesed from the bottom. The other is that conjugate heat exchange
wall. The moving finite thickness susceptor models the combinbetween the susceptor and gas phase may affect the surface tem-
tion of wafers(or substratgsand a thin conveyor belt carrying perature at which chemical reaction takes place. For a proper pre-
compactly placed wafers on it. Continuous deposition processidigtion of deposition processes, both of these should be incorpo-
is made possible by such susceptor motion. Silicon depositicated in the model.
from silane(SiH,) diluted in hydroger(H,) carrier gas is chosen, Owing to the dilute mixture approach, the governing equations
not only because there have been extensive studies on its cheraigl boundary conditions are substantially simplified. A single
try [2,3,14—18, but also because experimental data for modebncentration equation is enough to describe mass transfer be-
validation are readily availablel7]. cause silane is the only gas species involved in the reaction. Since
Gases flow in and out of the reactor at the atmospheric pressgesneral versions of the formulation are available elsewhere
P,. Note here that continuously moving susceptors are partidd—3,14, specific equations applicable to the present system are
larly suited for atmospheric reactors due to easier sefliggl3. listed in the following:
The susceptor moves at a constant spegih the direction of

Susceptor Moving at ug

Il l |
Heating with Uniform Heat Flux Insulated
Ly L,
f L

Insulated

Fig. 1 Schematic of the present continuous chemical vapor
deposition system

Analysis

bulk gas flow. The bottom wall consists of three zones: entrance, d(pu) " d(pv) -0 1)
heating, and outlet, the first and last of which are thermally insu- IX ay

lated. A uniform heat flux is supplied to the susceptor through the

heating zone, enabling silane to react and deposit silicon onto the d(pue) i d(pv ) _ i( ﬁ i(rﬁ) S @)
surface. The upper reactor wall is composed of silica and mirror- X ay ax\ x| ay\  ay 4

like coating on the outer surface, being radiatively opaque. In
order to prevent unwanted deposition, the upper wall is watd]
cooled to the ambient temperature. Due to conduction and h

Ihere the general dependent varialfiediffusion coefficientl’,
Q’EP source term§,, are defined as

conveyed by the susceptor motion, chemical vapor deposition can é=u,0,T, and o )

take place all along the reactor length, which makes the length of

heating zone an important variable. For a given total heat input, as I'=pu,u,klcy, and pD 4)

an example, changes in the length of the heating zone give rise to

different temperature profiles, thereby altering the overall growth ¢ __ 9P = 9. 8_”) N i( ) 29 L n

rates. T ox Cax\Pax] Tay\Pax) T 3 ax|[Mlox T ay
The present study focuses primarily on the moving susceptor. (5)

All operating conditions and geometric factors, except those rel-

evant to the susceptor, are fixed at typical valligs17,18. The S,—— w9 5_“) N i( v

reactor channel is taken as 0.02 m high by 0.7 m IoHxK(). ay X ’uay ay ’uay

Gas enters the reactor at the average velogityy( of 0.175 m/s

underPy=1 atm andT,=300 K. The cold wall temperaturel ) _ E i[ (‘9_“ I '7_") } _ 6)

is also set at 300 K. The partial pressure of silaRg;(,) at the 39y # ax ay P9

inlet is taken as 124.1 Pa, from which the inlet mass fraatigiis K (T dc JT ¢

calculated. A total heat inpuy;) of 30 kW is chosen so that the :_2(_ P, _P) + @

susceptor surface temperature attains the experimental conditions CpldX ox  dy dy

in the presence of radiation heat excharid€]. Finally, the

lengths of entrancel() and heating zoned. () are taken as 0.1 :i( DT‘“”T N i( DTM” T) ®)

and 0.3 m, respectively, unless specified otherwise. “ox IX ay ay

Mathematical Model.  In horizontal CVD reactors two-
dimensional modeling is valid if the channel width-to-heigas-
pec) ratio is large and forced convection is domingi®]. For the

While the flow and mass transfer equations are solved in the
gas phase onlyH{,<y=<H +H), the energy equation applies to
the combined susceptor-gas region(¥<Hg+ H) to incorporate

system under consideration, buoyancy effects were earlier shoewonjugate heat transfer. The boundary conditions are specified so
to be negligibld.11] Assuming that the present reactor is wideas to cope with such situations. At the inlet, the flow is assumed to
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be fully developed, giving rise to a parabolic profile. The suscep-
tor as well as the gas enter the reactor at the ambient temperature. R=
The flow, temperature, and concentration are regarded as fully 1+APy, T AsPsi,
developed at the exit, so that zero gradient conditions are appli .

there. At the susceptor surface, the gas obeys the dilute mixtl\ﬁgere the rate constant is
approximation, and a species balance on silane yields the mass r=1.25x 10°%e ™~ 180 mol—Si/atm nts] (16)
transfer boundary condition. The upper wall is kept cold, and is

regarded as impermeable. Those conditions are expressed asH‘gl\I'/je rgges:] (r)épsrglt:aonllgtrjyb;e&c;olroséamﬁmdg?gﬂtrl]opatgharacterlstlcs

rPsiy,

[ mol—Si/m?s] (15)

lows:
-~ ~ ~ G=(Mg/pg)R 17
U= (BUayg—3Us) (Y—Y2) +uy(1-Y); v=0; T=Ty; _ _ (Msilps) o an
This quantity needs to be modified to characterize the perfor-
w=wy at x=0 (9) mance in continuous processing. A dimensionless average growth
rate defined as
au—o- =0; ﬁT—o- aw—o t x=L 10 Gl
5_ , V=U, 5_ ’ 5_ a X= ( ) = pSiGL (18)
5 sInT PolUaygoH (Msi/Msiy,)
w
u=ug; v=0; pD v +DTT= MSiH49% at y=Hg can take the place db. This parameter indicates the ratio of the
y y total deposition rate of silicon along the susceptor to the supply
(11a) ) > . X
rate at the inlet. From its physical meaning,can be termed
T deposition efficiencyThe species conservation of silicéar si-
—ksw =0y IN Leg<x<Lc+Lp lang allows us to evaluate it alternatively gk7,23.
Hg+H
s i puwl dy
and WZO elsewhere ay=0  (11b) n=1- T polmgooH (19)
Since the deposition efficiency includes reactor inlet conditions as
) alnT v )
u=0; v=0; T=Ty; pPD—+D"——=0 at u=H +H Well as the film growth rate, it can be used as a general perfor-
Iy ady mance index in CVD systems where film uniformity is not a ma-

(12)  jor concern.

wherey=(y—Hg)/H andq,,=Q,/Lj. _
Although several sophisticated models for radiation heat trarScale Analysis

faces at the ambient temperature, the reactor can be treated a eptor energy balance is carried out. This analysis is based on

enclosltfjre. The susceptor surr]face needshto tf)e;ubdipl/ideq dl:]e 19ff8€assumption that the deposition performance depends primarily
nonuniform temperature, whereas each of the other isothergaf ihe sysceptor temperature, being independent of the species

su[)fgpgg IS tafke?] asdga single ahrea elegmenftNJee Ithe number of ¢, centration. Further assuming constant properties, the energy
subdivisions in thec-direction, therN+3 surface elements Co”St"eq[uation for the moving susceptor can be rewritten as

tute the enclosure. Since the gases are nonparticipating, the ne

radiation method?22] for an enclosure can be used to obtain the dTs PTy  6°T4
net radiative loss from each surface, for which both the upper (Pcp)susgzks W* ay? (20)

reactor wall and the susceptor surface are assumed to be opaque

and gray. The energy balance for surfade terms of radiosity is Where the subscrips is used to denote the susceptor. Equation

(20) is scaled as
N+3

1-en 4 AT AT AT
Qont —- 21 Fo-j(Qon—Goj) =0T} (13) Pt 2s)xw( 2S)XJr ( 2s)y 21)
] L L Hs
Once the radiosity, , is known, the net radiative loss; , is  This relation has two limiting cases depending on the magnitude
calculated by of Pe. From the inlet and outlet boundary conditions, the horizon-
1- tal temperature difference can be estimated A3 gf~Ts max
U 0= 8“(U-|—4_q ) (14) —T,. According to the basic assumptions mentioned here, it is
ey noen deduced that
This loss is incorporated into the energy equation via the source Ks ref Ts,max— To)
term asS, = — q, X (radiating area/volumén every susceptor sub- 7~ 95=q—|_ (22)
w

division located along the surface. Of courSg=0 elsewhere. _ ) N

» where the subscript ref designates the reference conditions. the

Deposition Model. In the present system, there are larggcale of vertical temperature difference can be expressed in terms
temperature variations along the susceptor surface due to uneyethe supplied heat flux SATo),~auHs/ks. Since the analysis

heating, motion, and inlet conditions. This means that the depogincedure is straightforward, only the final results are presented
tion process cannot be simply treated as diffusion-controlled. Algre, je.,

though gas phase reactions were excluded, the silane concentra-

tion can be influenced by the surface boundary conditions. In view n~K™' for Pe<l (23)
of these factors, it is necessary to adopt an overall surface reaction
that depends on the reactant concentration as well as the surface ~51 for Pe-1 (24)
temperature. The mechanism proposed by Claasen [eit5hland K

refined latef16] seems to meet the need. Then, the reaction rateNew dimensionless parametdtsand S are defined, respectively,
expressed as as
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ksHs 0.8 mrrrr

K= Ks refH s ref (25) L ——— present - original ]

—_ ; . - —-— present - reference .

(pC )sUsHs £ - * experimental (Eversteyn et al.) | 1

g= PSS S (26) E [ S Rt numerical (Mahajan & Wei) ]

Ks,re E oaf \\e oo numerical (Chiu & Jaluria) E

In view of the fact that Eq(25) is associated with the longitu- " AN
dinal conduction capability of a susceptés,is termedconduc- ; . Site, 1
tance ratio Although S physically represents the dimensionless % AN vy 1
heat capacity rate of a moving susceptor, we simply cadug- g .

ceptor parameterSince the two parameters are defined in termsg 0.2 |
of the susceptor thickness, material properties, and speed only, tt !
qualitative relations, Eq$23) and(24), remain valid regardless of

the change in heat transfer between the susceptor and gas. T
effect of conjugate heat transfer would appear through the quar

Growt
i

titative dependence of on K andS. (X1 ) FERTETTENT AT TRRTETS FRRETETEL FRSTTTRETS FRARETETE FRTTTn
Although the preceding results need confirmation, it is worth 0.0 0.1 0.2 0.3
noting their implications briefly at this stage. First of all, the Position along the Susceptor, x' [m]

present continuous system may be characterized by the two pa-
rameters. The susceptor Peclet number, which appears in the sggl-2  comparison of the predicted film growth rate with ex-
ing procedure, is irrelevant to the system performance. Next, iling experimental data [17] and numerical results  [11,18]
each limiting case of Pe the deposition efficiency is expressed in
terms of a single parameter. Such a feature may be of practical

importance in data reduction. Finally, differently from Eg3), Numerical Method.  The governing equations and boundary

the deposition efficiency should approach a finite valu&a- o itions are discretized on a nonuniform staggered grid system
proaches zero sincg<1 by definition. using a finite volume method. In correcting the pressure field, an
Properties.  Using the dilute mixture approximation, it is @pproach similar to the SIMPLE algorithi28] has been em-
easy to evaluate both thermophysical and transport propertiesPétyed. As noted earlier, the same energy equation covers the
gases. Since silane is present in small fractions, properties of fifgnbined susceptor-gas region along with individual property val-
mixture are taken as those of the hydrogen carrier gas. The pr&gs, Yielding the conjugate temperature field. Since the species

erties are allowed to vary with temperature[4$,18,24,2% conservation equation is decoupled from the others under the di-
lute mixture approximation, it is solved after the flow and tem-
p=PoM,, [(RT) (27)  perature fields have converged.

A typical grid system consists of 450 streamwise and 40 trans-
Cp=1.44x10'-2.61x 10" 'T+8.67x 10 *T? (28) verse nodes in the gas phase. The number of transverse nodes in
_ 0.648 the susceptor material depends on the thickness considered. For a
w=po(T/To) (29) typical case oHs=2 mm, 10 nodes are used. The grid size was
k=Ko(T/Tg)6% (30) chosen by appropriate grid refinement so that the converged solu-
tions are independent of the grid. It is also confirmed that the
where 1,=8.96<10"% kg/ms andk,=1.83x10 ! W/mk. The numerical results are independent of other user-specified variables
power-law dependence is also used for the binary diffusion coékch as the initial guess and convergence criteria.
ficient of SiH,—H, mixture
D =Dy(T/To) 7 (31) Results and Discussion
A large number of simulations have been performed to investi-
where D=6.24<10"° m?s. For a dilute mixture, the thermal gate the influences of susceptor-related factors. The simulated
diffusion coefficient can be expressed as cases are divided into four groups according to the susceptor ma-
D™= pDaw (32) terial and thickness. Case A just refers to the reference conditions.
Each of Cases B, C, and D designates the changg,irHg, and
The factora is estimated using the Holstein's approximat[@é] both ofks andHg, respectively, while the other variables remain
and curve-fitted Lennard-Jones parameféd. at the reference values.

The density of silicon is taken as;=2330 kg/mi. In response  Model Validation.  In order to validate the present numerical
to the result of scale analysis, a set of reference conditions for tmedel, two sets of the predicted local growth rate of silicon film
susceptor are chosen based on the previous Witkas: Hq s are compared in Fig. 2 with the well-known experimental data of
=2 mm, (pCp)s o= 1.631x 10° JInTK, andks o= 141.2 W/mK. Eversteyn et al[17]. For comparative discussions, the plot also
Noting that the actual susceptor is a composite elenf@nton- includes two representative numerical resiit4,18 that com-
veyor belt and silicon wafgy its properties do not necessarilymonly employed two-dimensional models. A stationary, isother-
correspond to a specific material. The susceptor properties mmagl susceptor at 1323 K is used for this comparison to replicate
have wide spectra and vary diversely with temperature dependithg experimental conditions. The susceptor in Fig. 2 corresponds
on the material combination. Their effects on the deposition prte the heating zone in Fig. 1. Hence,=x—L.. One of the
cess can be assessed by a parametric study as is done in this wadsent predictions, the solid curve, is referred to as original be-
Those values listed here were taken for silicon at the ambietduse it is obtained from the model without any change. The other
temperature as an approximation. Other numerical data used hera reference case for later discussion.
include well-known universal constants and molecular massesExcept near the leading edge, the present simulation favorably
which can be found elsewhere. In view of the previous W@, (within 20 percent boundagrees with the experimental data. The
emissivities of the upper wall and susceptor surfaces are takenesding edge discrepancy seems to originate not from improper
0.7 and 0.6, respectively. For the same reason as mentioned eavdeling but from mismatch in the boundary conditions between
lier, the temperature dependence of emissivity is not taken inttee prediction and the experiment. A steep drop in the growth rate
account. always appears in numerical predictions employing an isothermal
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Fig. 4 A typical result of the conjugate heat transfer analysis:

Fig. 3 Effect of the susceptor surface emissivity on the tem- heat transport modes for a susceptor segment

perature distribution

rEi_needed to maintain a prescribed susceptor temperature. In all

susceptor because silane is depleted sharply from the inlet co : ; S
tion to a very low level there. The other numerical results confirm € Subsequent simulations, the susceptor surface emissivity is set
A the previously noted value of 0.6.

this aspect. In the experiment, the surface temperature at the le he role of radiati 5o b d din Fig. 4. wh
ing and trailing edges would be lower than specified, deviating . e role of radiation can also be understood in Fig. 4, where a
from the isothermal condition. A gradual change at the Ieadirﬁ%ﬁ?‘cal result of the conjugate heat transfer analysis is depicted.

edge and inflective decrease at the trailing edge in the experim IS 1S the_ energy balance for a susceptor segment shown in the
inset of Fig. 4. Four curves represent net conductiQq ,(; ax

tal growth rate support this arguement. . o N
g Pp g ngvX), convection Q.), net radiation Q,), and heat input

Regardless of models, all the numerical predictions show t & velv. The heat | . h
same qualitative trend over the susceptor length. In terms of quéfew), respectively. The heat input &,Ax for a segment on the

titative agreement with the experimdni7], the original curve of eating zone and 0 elsewhere. It is confirmed that radiation is the
the present prediction appears to be inferior to the result of Mdominant heat transfer mode along the susceptor in the heating
hajan and We[18], whereas superior to that of Chiu and Jaluri&One- Two discontinuities in the net conduction curve, which ap-
[11]. This observation, however, needs some explanations. Mar at the borders of the heating zone, correspond to each of
hajan and We[18] used a larger diffusion coefficient than qulnflexmn_ points in the temperature dlstrlbu_tloa;ee Fig. 3 Heat

(31) and other studied2,3,24, and assumed the diffusion- conduction through a thin susceptor contributes to smoothen the
controlled deposition. Both of these effects are known to increal@rizontal temperature variation. Although convection from the
the local growth rate. Using their diffusion coefficient in theSusceptor surface to the gas is much smaller than radiation, it may
present model indeed yielded considerably higher growth rat&dfect the deposition performance when gas phase reactions are
which are depicted as the reference case in Fig. 2. It is also knol@fluded in the model.

[11] that the diffusion-controlled assumption leads to faster film E¢act of Conductance Ratio.

; o The scale analysis yielded a
growth than the present reaction kinetics, Etp). Note that the ySIS ¥

relation between the deposition efficiency and conductance ratio

#r small Peclet numbers. Its validity and utility is examined for

under proper conditions, the predictions might deviate farther_ o pecqyse a stationary susceptor best satisfies the limiting con-
from the experiment than seen here. Meanwhile, Chiu and Jalu§gion of Pe<1. The local growth rates for two cases with the

[1;] negleg:ted thermal diffusion that acts as qbstructing film d.epg'ame value oK, but obtained from different combinations kg
sition in silane-hydrogen system. The inclusion of thermal diff ndH. . are cor’npared in Fig. 5. For each = 1/4 and 4, Case
sion in their model may produce lower growth rates than the plgi; and C yield an identical curve despite the physical difference

ted res_ult. It is deduced f_rom this d|_scu55|on th_at_ the Preselily veen them. Such indiscernible agreements appear in all other
model is capable of resolving the basic characteristics of s'“C(?Bsults, which confirm that the conductance ratio is indeed a char-

deposition occurring in a cold wall horizontal CVD reactor Withinacteristic parameter. On the other hand, the difference in pattern

a reasonable tolerance. among cures that correspond to three valuds imidicates that the
Radiation and Conjugate Heat Transfer. In view of their conductance ratio may affect the overall deposition behavior.
contributions, radiation and conjugate heat transfer in the presentigure 6 delineates the stationary deposition efficiency calcu-
continuous system are addressed first. Results are obtained forl@ted over a wide range ¢ and for as many combinations k§
case of a stationary susceptor. Figure 3 demonstrates the effecaidl Hs as possible. Cases B, C, and D with the safhare
emissivity on the temperature distribution along the susceptor steduced to a single value ofg;, within a bound of numerical
face. The shaded areas in Fig. 3 and plots presented from nowtsmcation. Although theyg, curve does not fit the scale relation,
indicate the part of susceptor that overlies the heating zone. O¥ay. (23), the two results show a similar trend in that they decrease
a wide band of the susceptor surface emissivity, the curves showward zero as increases. At small values &, however, the
similar pattern, but temperature differences among them along terve deviates far from the relation, as noted before. With de-
heating zone are quite large. Noting that the surface temperatareasing the conductance ratio, the curve approaches asymptoti-
directly affects the deposition rates, the large differences sufficedally to the deposition efficiency fdf— 0. Noting that that varia-
illustrate the importance of radiation. The radiation model cation of 7, is steep in a narrow band &f (e.g., 0.X 7<0.5 for
also be used in reactor design to calculate the total heat input thatK<<10), the overall deposition performance may depend
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strongly on the selection of susceptor. From Figs. 5 and 6, along ) .
with Eg. (23), it is evident that the conductance ratio is the onlyFds-(24) and(26), which enable us to deduce that the deposition
parameter representing a stationary system. efficiency can be characterized by the susceptor parameter only.
Although not shown here, the susceptor temperature over thé/Vhen the speeds is converted into the susceptor parameer
heating zone, which primarily affects the deposition rate, déccording to the definition given in E(6), the efficiency curves
creases with increasinig, leading to the pattern of Fig. 6. The With the same value oK nearly_ commde_Wlth each other. The
ns— K plot can be used either to estimate the deposition efffUrves for dlffe_rent valqes df disagree with one another due_to
ciency for a given susceptor or to select the susceptor material 4R@ difference inp;. This problem can be resolved by normaliz-

thickness that meet a prescribed performance criterion. ing » by 75,. Figure 8 depicts the reduced result, i.e., the relation
between the normalized efficiency and susceptor parameter, for

Susceptor Speed. In the present continuous system, the susyhich the data are taken from Fig. 7. Although each set of data
ceptor speed is of fundamental importance. The deposition effiiffers a little from one another, the deviations seem to be small
ciency is readily expected to decrease as the speed increasegniugh to call the result a single curve. Additional calculations for
order to quantify the effect of susceptor spegds plotted as a the wide range oK (as in Fig. 6 and various combinations of
function ofus in Fig. 7 for the same values &fand combinations (pc,).u; yield the same curve. A decrease 4y, over the re-
of ks andH; as in Fig. 5. Regardless of the valuekgfall curves gion of largeS where Pe&1, qualitatively agrees with the scale
show a similar pattern. Ag increasesy, is at first constant, then relation, Eq.(24). From an engineering viewpoint, this curve
decreases gradually, and finally decreases sharply, approachifghg with Fig. 6 can be used for susceptor design. Under the
smoothly to zero. In the region of large, on the other hand, the present conditions, the deposition efficiency is readily obtained
behavior of is affected by both the value & and the combi- for any combinations of susceptor material, thickness, and speed
nation of properties used to obtain a given value. The relatiahrough a simple procedure. On&eand S are known, 7, and
betweenn and us is independent oks, but dependent oils. 7/, can be read in Figs. 6 and 8, respectively. Multiplying them
Such dependence is consistent with the results of scale analygi®duces the requireg. Therefore, with these plots, we can avoid

06 T AL AL L) S B A A 1.2 T o o oy
fa g g = g for K—0 3 _ 2 E
s 05 F 3 c 1.0 § 3
= T F ] = F E
= - E - F E
o 1 o F ]
e 04k 3 o 08 F 3
Q0 - 3 ] 5 ]
8 g E ] E E
w 03 E 3 E 06 F E
- é 5 F Cose A Ko E
= E E 3 E ase A, K= 1 E
8 02 F c B 3 i 0.4 = v Case B; K= 1/4 =
a ase £ F A CaseB;K=4 3
8 E & CaseC E 5 F v  CaseC K=1/4
01 F = CaseD E z 02 3 A CaseC;K=4 E
00 F— ool i o (Y S E U :
1072 107 10° 10’ 102 10 10° 107 107 10°
Conductance Ratio, K Susceptor Parameter, S
Fig. 6 Dependence of the stationary deposition efficiency on Fig. 8 Dependence of the normalized deposition efficiency on
conductance ratio susceptor parameter
Journal of Heat Transfer OCTOBER 2002, Vol. 124 / 943

Downloaded From: https://heattransfer.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



TITTTT T[T T[T TTITTT

P T O I P |

 — - — - — - — e — = .

E10/o J —
%3
. 1200
2
g
2 900
5 -
[0
o
% 600 [
2@ B
(0]
®
£ 300
= [
%) N
0
00 0.1

0.2
Position along the Susceptor, x [m]

-—-- 8=100 H

0.3 0.4 0.5 0.6

Fig. 9 Effect of susceptor parameter on the temperature dis-
tribution along the susceptor surface

0.6

AR R L R A R LA LR,
S=0 e S=0.05 ]
fom A S$=001 ----- S=0.10 ]
5 5
§ °5F ]
Q [ ]
= [ J
w [ ]
= L A e
.0 [
2 04 L 3
[oN |
[0] |
o i LemTTTT R
03 Lol e e s s
0.0 0.1 0.2 0.3 0.4 0.5

Length of Heating Zone, L, [m]

Fig. 11 Deposition efficiency as a function of heating zone
length at four selected values of susceptor parameter

design conditions .that result in low efficiencies. In this sense, .ttﬁge loss from the surface. Although the temperature is still high,
two curves comprise performance curves for the present contifya 4erage deposition rate becomes low because of a short depo-

ous system.

The effect of susceptor speed on the local behavior is brie
reported here. Figure 9 presents the temperature distributiq
along the susceptor surface for five valuesSoWith increasingS
(or equivalentug), a high temperature band narrows, the max
mum value lowers and shifts downstream toward the end of heg
ing zone, and the profile eventually becomes linear. Heat ¢

changes, which in turn leads to the trends seen in Fig. 8. It
unlikely that a value ofS higher than 0.1 will be adopted in thela

design of practical systems.

Length of Heating Zone.

ition length. Wher, is long, the susceptor temperature becomes
1w, thereby heat losses being reduced. Such moderate tempera-
(Fe is ineffective for chemical reaction, decreasing the deposition

efficiency. The optimum length., ., shortens aK increases.
‘Conduction through the susceptor is enhanced with incred&ing

b that intensive heating is more effective for raising the surface
mperature high enough for deposition. If conduction is sup-
Bfessed with decreasirtg, extensive heating yields a longer ef-
ctive deposition length. A shokt, along with smalK leads to a

rge radiative loss. This is why, for a smallK decreases more
sharply from the maximum on the shdr} side than on the large

For a given total heat input, the One.

length of heating zone directly affects the temperature profile dueAnother result is the dependence gfon Ly, at represent-

to q,=Q, /L. The effect on the deposition performance for repative values ofS for K=1, as depicted in Fig. 11. The overall
resentative values d€ andSis investigated. Figure 10 illustratesPicture looks similar to Fig. 10. Each curve shows an increasing-
the dependence of, on L, at four selected values df for S deqreasmg pattern, encompassing the local maximum point. The
=0. For eaclK, there exists an optimum length of heating zongpPtimum length of the heating zone also shorten$ awreases.
that maximizes the deposition efficiency. The reason is clear wh&Re influence ofS on Ly, o, however, is caused by a different

we consider two limiting cases:,—0 andL,—L. WhenL, is

mechanism from that oK. With increasingS the width of the

short, the susceptor temperature on the heating zone tends to $isgceptor at high temperature narrows and the surface temperature
high due to intensive heating, which in turn induces a large radigecreasessee Fig. 9. This means that more intensive heating is
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Fig. 10 Stationary deposition efficiency as a function of heat-
ing zone length at four selected values of conductance ratio

944 | Vol. 124, OCTOBER 2002

needed to raise the temperature high enough for deposition. It is
worth noting that the variation band &f, o in both of Figs. 10

and 11 is relatively narrow. The valug,=0.3 m used so far is
close toL, o for a wide range oK andS. Because of the convex
shape of the efficiency curve, a single valueppbther than at the
maximum, corresponds to two different lengths: one is shorter,
and the other longer thaby, .. The shorter one is preferable
because a smaller reactor is desirable. Other factors, such as mi-
crostructure of deposited film, conveyor drive system, and wafer
loading, should be taken into account in the actual design.

In summary, the dependence of deposition performance on the
length of heating zone stems from how the supplied heat is dis-
tributed along the susceptor and transported to the surroundings.
Since the parameteks and S affect the distribution and transport,
the efficiency curve depends on both of them. It is obvious that
the radiation and conjugate heat transfer play key roles in quanti-
fying such effects in deposition characteristics.

Conclusions

A systematic study has been carried out to investigate the per-
formance characteristics of continuous chemical vapor deposition
of silicon in a horizontal cold wall reactor, in which the main
focus is placed on a moving finite thickness susceptor. The nu-
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merical model used for simulation accounts for temperature- T =
dependent properties, thermal diffusion, radiation among surfaces,
and conjugate heat transfer between the susceptor and gas. The Ug,g =
validity and capability of the model have been confirmed by a

temperature

velocity components i, y-directions
average gas velocity at the inlet
coordinates

uyv =

Xy

reasonably good agreement between the predicted result ?ﬂ%ek Letters
available experimental data, and a fine resolution of the coupled

heat transfer. Scale analysis for the moving susceptor yield two
characteristic parameters and a pair of qualitative relations, which
prove to be useful for understanding the deposition behavior and

analyzing the predicted data.

When the susceptor is motionless, the stationary deposition ef-
ficiency is determined by the conductance ratio only. The effi-
ciency curve monotonically decreases that for the thin susceptor
limit to zero as the conductance ratio increases. When the suscep-

Stefan-Boltzmann constant
dimensionless temperature
= mass fraction of silane

e = emissivity

¢ = stands for, v, T, andw
n = deposition efficiency
M = viscosity

p = density

g

6

w

tor is in motion, the deposition efficiency, normalized by the valugubscripts

under stationary state conditions, is a function of the susceptor

parameter only. With increasing the susceptor paraméter

speed, the normalized efficiency curve remains almost unity and
then decreases sharply toward zero. This variation demonstrates
the feasibility of continuous processing in that the susceptor can
move up to considerable speed without sacrificing deposition ef-
ficiency. Since these two curves represent the performance char-
acteristics of a continuous system, they can be used to determine
the susceptor material, thickness, or moving speed in the design of
practical systems. Finally, an optimum length of heating zone that

0 = inlet or reference state
= convection

k = conduction

r = radiation
ref = reference conditions
ss = susceptor surface

st = stationary susceptor

t = total

w = bottom wall

maximizes the deposition efficiency always exists under a fixed
total heat input and depends on the characteristic parameters. Réferences

justing the length of the heating zone, along with the use of the[l] Jensen. K. E.. Einset. E. O.. and Fotiadis. D. I.. 1991

“Flow Phenomena in

performance curves, can play an important role in improving the ~ chemical Vapor Deposition of Thin Films,” Annu. Rev. Fluid Mec3, pp.

deposition efficiency of continuous CVD systems.

Acknowledgments
This work was conducted during the first authof$.Y.) sab-

197-232.

[2] Kleijn, C. R., 1995, “Chemical Vapor Deposition ProcesseSgmputational
Modeling in Semiconductor Processjnigl. Meyyappan, ed., Artech House,
Boston, pp. 97-229.

[3] Mahajan, R. L., 1996, “Transport Phenomena in Chemical Vapor-Deposition
Systems,” Adv. Heat TransfeR8, pp. 339-425.

batical leave. He would like to acknowledge the financial support(4] Yamaji, T., Abe, M., Takada, Y., Okada, K., and Hiratani, T., 1994, “Magnetic

provided by the Korea Research Foundation under Grant Number

Properties and Workability of 6.5% Silicon Steel Sheet Manufactured in Con-
tinuous CVD Siliconizing Line,” J. Magn. Magn. Materl 33 pp. 187-189.

KRF-2000-EA0005 and the ViSiting position furnished by RUtgerS [5] Stevenson, P., and Matthews, A., 1995, “PVD Equipment Design: Concepts

University. The partial support from NSF under Grant Number

DMI-96-33194 is also acknowledged.

Nomenclature

A; = constant in Eq(15), A;=1.75x10° atm !
A, = constant in Eq(15), A,=4.00x 10* atm !
thermal diffusion factor

specific heat

binary diffusion coefficient

thermal diffusion coefficient
configuration factor

local film growth rate

= average growth rate: [5G(x)dx

= magnitude of gravitational acceleration
= height of reactor

= susceptor thickness

= conductance ratio

thermal conductivity

= reacator length

= length of entrance, heating, and outlet zones
= molecular mass

= number of control volumes in thedirection
= pressure

= partial pressure of speciés

Peclet number, {cp,) sUsL/ks

heat transfer rate

heat flux

radiosity

universal gas constant

chemical reaction rate

= reaction rate constant

susceptor parameter or source term

o
-
([

ITTe 0T Zo
I

r—r=xX
Il

o

-

@
—

=

(/)—x}g;UBQ_QOg—--U'UZZ
Il

Journal of Heat Transfer

for Increased Production Throughput,” Surf. Coat. Techrit¥=75, pp. 770—
780.

[6] Onabe, K., Kohno, O., Nagaya, S., Shimonosono, T., liima, Y., Sadakata, N.,
and Saito, T., 1996, “Structure and Property of ¥BaO, Tapes Formed on
Metallic Substrate by CVD Technique,” Mater. Trans., JI8¥, pp. 893—-897.

[7] Gordon, R., 1997, “Chemical Vapor Deposition of Coatings on Glass,” J.
Non-Cryst. Solids218 pp. 81-91.

[8] Bansal, N., and Dickerson, R. M., 1997, “Tensile Strength and Microstructural
Characterization of HPZ Ceramic Fiber,” Mat. Sci. Technél222, pp. 149—
157.

[9] Lackey, W. J., Vaidyaraman, S., Beckloff, B. N., Moss, IIl, T. S., and Lewis, J.
S., 1998, “Mass Transfer and Kinetics of the Chemical Vapor Deposition of
SiC onto Fiber,” J. Mater. Res13, pp. 2251-2261.

[10] Chiu, W. K. S., and Jaluria, Y., 1999, “Effect of Buoyancy, Susceptor Motion,
and Conjugate Transport in Chemical Vapor Deposition Systems,” ASME
Heat Transferl21, pp. 757-761.

[11] Chiu, W. K. S., and Jaluria, Y., 2000, “Continuous Chemical Vapor Deposition
Processing with a Moving Finite Thickness Susceptor,” J. Mater. R&spp.
317-328.

[12] Dobkin, D. M., 2000, “Injector-based Atmospheric Pressure Reactors,” http://
www.batnet.com/enigmatics/semiconductor_processing/CVD_Fundamentals/
reactors/APCVD_ovvu.html.

[13] Silicon Valley Group, Inc., 2000, Annual Report, Securities Exch. Comm.,
http://www.asml.com/investors/pdf/annual_report_svg00.pdf, p. 7.

[14] Kleijn, C. R., 2000, “Computational Modeling of Transport Phenomena and
Detailed Chemistry in Chemical Vapor Deposition—A Benchmark Solution,”
Thin Solid Films,365 pp. 294-306.

[15] Claasen, W. A. P., Bloem, J., Valkenburg, W. G. J. N., and van den Brekel, C.
H. J., 1982, “The Deposition of Silicon from Silane in a Low-Pressure, Hot-
Wall System,” J. Cryst. Growth57, pp. 259-266.

[16] Jensen, K. F., and Graves, D. B., 1983, “Modeling and Analysis of Low
Pressure CVD Reactors,” J. Electrochem. Sa@0, pp. 1950—1957.

[17] Eversteyn, F. C., Severin, P. J. W., van den Brekel, C. H. J., and Peek, H. L.,
1970, “A Stagnant Layer Model for the Epitaxial Growth of Silicon from
Silane on a Horizontal Reactor,” J. Electrochem. Sa&7, pp. 925-931.

[18] Mahajan, R. L., and Wei, C., 1991, “Buoyancy, Soret, Dufour, and Variable
Property Effects in Silicon Epitaxy,” ASME Heat Transfdd.3 pp. 688—-695.

[19] Quazzani, J., Chiu, K.-C.,and Rosenberger, F., 1988, “On the 2D Modeling of
Horizontal CVD Reactors and its Limitations,” J. Cryst. Grow#d, pp. 497—
508.

[20] Chinay, P. B., Kaminski, D. A., and Ghandhi, S. K., 1991, “Effects of Thermal

OCTOBER 2002, Vol. 124 / 945

Downloaded From: https://heattransfer.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Radiation on Momentum, Heat, and Mass Transfer in a Horizontal Chemical Phenomena in Horizontal Chemical Vapor Deposition Reactors,” Chem. Eng.
Vapor Deposition Reactor,” Numer. Heat Transfer, Partl8, pp. 85—100. Sci., 46, pp. 321-334.

[21] Kadinski, L., Makarov, Yu N., Schaefer, M., Vasil'ev, M. G., and Yuferev, V. [25] Moffat, H. K., and Jensen, K. F., 1988, “Three-Dimensional Flow Effects in
S., 1995, “Development of Advanced Mathematical Models for Numerical Silicon CVD in Horizontal Reactors,” J. Electrochem. Sd35, pp. 459—471.
galcul'?\tgionsR of feadiagv?: H?[atGTrxn?zflear in l\zﬂgéalgl'l%anic Chemical Vaporag) Holstein, W. L., 1988, “Thermal Diffusion in Metal-Organic Chemical Vapor

eposition Reactors,” J. Cryst. Growth46, pp. - . S _

[22] Siegel, R., and Howell, J. R., 199Phermal Radiation Heat Transfe8rd ed., [27] zgsgjg'og jéﬁ;i?rfh;m';%dsjzp% 1/188191%7293“.Empirical Equations to
Hemisphere Publishing Corp., Washington, D.C. o o T !

[23] Tsai, H. C., Greif, R., and Joh, S., 1995, “A Study of Thermophoretic Trans- Calculate 16 of the Transport Collision Integralé"s)* for the Lennard-Jones
port in a Reacting Flow with Application to External Chemical Vapor Depo- (12-) Potential,” J. Chem. Phys57, pp. 1100-1102.
sition Processes,” Int. J. Heat Mass Tran88B, pp. 1901-1910. [28] Patankar, S. V., 198 umerical Heat Transfer and Fluid FlgwHemisphere

[24] Kleijn, C. R., and Hoogendoorn, C. J., 1991, “A Study of 2- and 3-D Transport Publishing Corp., New York.

946 / Vol. 124, OCTOBER 2002 Transactions of the ASME

Downloaded From: https://heattransfer.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



