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Abstract-A mathematical modal for low pressure cheanical vapor deposition in a single-wafer reactor in stagnation 
point flow has been developed to investigate the reactor performance. The Iransient transport equations for a simulated 
reactor include congruity, momentum, energy, and gaseous species balances. The modal equations are simultaleously 
solved by using a nmnerical tectmique of orthogonal collocation on finite element method Simulation studies have 
been performed to gain an understanding of tungsten low pressure chemical vapor deposition process. The modal is 
then used to optimize the deposition rate and uniformity on a wafer, and the effects of operating conditions on de- 
position rate are studied to exanmle how system respoi~ses are affected by changes in process parameters. Deposition 
rate mid mlifonnity calculated at the steady state are observed to be very sensitive to both temperatm-e mid total pres- 
sure. In addition, the model predictions for tungsten deposition from hydrogen reduction of tungsten hexafluoride have 
been compared with available expemnental data in order to demonstrate the validity of the model. 
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INTRODUCTION 

Process simulation plays an important role in integrated circuit 
(IC) development in marly ways. For example, it can assist equip- 
merit designers and process engineers to establish reliable chemical 
vapor deposition (CVD) and other processes in the microelectronic 
field [Wemer et al., 1992]._As more complex and expensive equip- 
merit is adopted in the semiconductor industry, process simulation 
is expected to play an increasing role in the analysis and design of 
novel CVI) systems. Although experimental validation of the pre- 
dieted results is still necessary, computer simulation can reduce the 
required experhnentaI thne and costs. Reactor scale modeling is 
an excellent tool for improving our undez~tanding of the chemical 
and physical phenomena involved in CVD reactors as well as for 
testing new reactor coniigurations without acmally "cutting metal? 
New reactor designs might be inspired through simulation efforts. 
In addition, optimization of CVD reactoz~ and processes could be 
greatly enhanced tiuough simulation. 

In the IC industry, the use of CVD processes during device fab- 
rication is widespread for the deposition of epitaxial silicon, poly- 
silicoil, silicon dioxide, and silicon nilride films, as well as conduct, 
ing materials such as tungsten and aluminum [Skelly et al., 1987]. 
Despite tiffs wide range of applications in the modem IC induslry, 
CVD reactors are perhaps the least understocd dynamic Laits in 
the device manufacmmg process. Although numerous modeling 
studies of CVI) reactors have been peffomled [Hess et aI., 1985; 
Jensen, 1987], this area is not as well established as the modeling 
of coiwentionaI chemical reacto~, such as catalytic packed bed reac- 
toz~. One major reason for this is that infomlation on the kinetic pa- 
rmnetea~ for C'%fI) reactions is relatively incomplete. )nproved C'%fI) 
reactors are critical for present and f i~-e develoixnent of very Imge 
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scale integrated (VLSI) and ultra large scale integrated (ULSI) ap- 
plications. Trench towa-d Ia~ge diameter silicon wafez~, particulaJy 
when combined with decreasing dimensions in integrated circuits, 
make these demancts beconle more slIingent [Bullis and O2vlara, 
1993; Moslehi et aI., 1992]. 

An approach to understanding the behavior of CVD reactors is 
to simulate the reactor models. The main goal of reactor modeling 
is to relate perfonnalce measures (e.g., fihn deposition rate, uni- 
fomfity, compasition) to operating conditions (e.g., pressure, tern- 
peaame, and flow rates) aid reactor geomelry Besides perfomlalce 
predictions, mathematical mcdeling can provide ~iidance for pro- 
cess optimization, chemical kinetic pa-ameter estilnation, aid fin- 
proved reactor designs. A realistic mathematical model provides 
quantitative predictions of film thickness and composition Laiibr- 
mity. To obtain fkns which possess satisfactory properties, it is cru- 
cial to realize which deposition variables affect film properties and 
how the deposition v~iables affect the propmies. Ideally, a model 
predicts process performance as functions of process parmnetez~ 
for different chemistries and reactor designs. Unfortunately, the re- 
latiomhip between Ix-mess results and process vmiables ks often 00111- 
plicated and ks poorly undez~tcod Therefore, it is ccitical to know 
how operating conditions impact the uniformity of deposited films 
across a wafer as well as in features on patterned wafers. 

Single-wafer reactors (S'vVRs), which have flow fields that are 
better defined than coiwei~onaI volume-loaded rnultiple wafer reac- 
tom (Ivllglks), are often prefened to Ivllglks, because they offer the 
possibility of s~_lpenor deposition thickness Laiformity at higher con- 
version levels of costly reactants. Some comparisons between SWRs 
aid IvlWRs have been discussed in the literature [Lain aid Koch, 
1980; McConica, 1988; Gale et al., 1990; Mosletfi et aI., 1992]. Re- 
cently, interest in SWlks has grown considerably for chemical vapor 
deposition processes [Kleijn et ak, 1989; Jasinski and Kang, 1991; 
Rode aid Sdmlitz, 1992; Dobskin, 1992; Cale et al., 1993], for etdl- 
itg processes [Economou and Alkk-e, 1988; Park and Economou, 
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1990; Riely and Clark, 1991] mid for tNoid thermal processing 
[Wong, 1989; Campbell et al., 1990; Chatt~ee et al., 1992]. Math- 
ematical models for ~lgsten deposition in cold-wall SWRs have 
been published recently [Ulacia et al., 1989; Jasinski and Harsh- 
bm'ga; 1989; Hasper et al., 1990; Kleijil et al., 1991; Jasinski and 
Kang, 1991; Wemer et al., 1992; Park, 1996a]. Some models have 
been based on commercially available SWRs mid used simplified 
~ssumptions. In c~xter to model blanket tungsten low pressuie CVD 
(LPCVD) frotn H2-WF, syAem in a SWR, the li~sient twx>dimen- 
sional LPCVD model is discussed in this study. This model has been 
used to study stmmp mmsients [Cale et al., 1991, 1992; Park, 199613], 
but the transients me not considered in this paper, i.e, the trmsient 
reactor model is used to obtain steady state solutions. 

The overall objective of this paper is to demon,'ate how simu- 
lations can be used to gain an understanding of LPCVD processes. 
This goal is achieved in the following two ways. First, a trmsient 
model desa~ing the fluid dynamics, heat and mass transpm, and 
chemical reactions in a stagnalion point flow apparatus, incorporat- 
ing all the relevant phenomena; e.g., multicomponent thermal dif- 
fusion, buoyancy-driven flow, the Dufom" effect, hotnogeneous and 
heterogeneous reactions, and vmable gas properties, is developed 
to study the effects of  opa~ding conditions and reactor geon~etry 
on the wafer film thickness mid conaposition unifomlity. This mod- 
el may be applied to a large vinery of CVD processes and reac- 
tors. Secondly, the prefftctiotlS of deposition rates are compmedwith 
sotne available experhnental dalapublished ha the litetNlre fot- blan- 
ket tungsten deposition in order to ensure the single-wafer reactor 
model used to be reliable. 

T U N G S T E N  L P C V D  C H E M I S T R Y  

Tungsten has received widespread attention for metallizalion IC 
technology [Blewer, 1986; Broadbent, 1987; Blev~" and McCon- 
ica, 1989; Smith aud Blumenthal, 1991; Rana et al., 1992]. Tung- 
sten appeals to be an excellent candidate mataial for interconnect 
applk~itions because of its low resistance, low ~'ess mid confor- 
mal step coverage. Tungsten CVD is peffotmed in either a selec- 
tive or a b~tket  mode. The process mode is daamined  by the pro- 
cess chemimy, the reactor geomel W, the process conditions and the 
pattaned wafer surface. Blanket tungsten LPCVD by the hydro- 
gen reduction of tungsten hexafluot'ide is considered in this study. 
The stoichionretry of  blanket tungsten deposition films by the hy- 
drogen reduction of WF6 is 

WF6+3H2 'W+6I-IF. (1) 

The kinetics of  this reaction have been studied by many researchers 
[Bryant, 1978; Bromtbent mid Ranliller, 1984; Pauleau mid Lami, 
1985; McConica mad Krislmmnani, 1986; van der PuRe, 1987]. For 
sufficiently high coticentr'dlion of WF,, the reaction rote was found 
to depend upon the temperatot'e and the hydrogen partial pressure. 
Most investigaot~ agree that the reaction rate is half order in hy- 
drogen and zero order ha WF6 p~tial lmeSsure at high enough WF6 
pmial pressures. However, at very low pressaares ofWF6, amodi- 
fled rate expressiota has been proposed to make the rate approach 
zero as the WF, partial pressaxre approadres zero [Cale et al., 1993; 
Park, 1996'o]. As aresult, the intrinsic surface reaction late can be 
approximately represented by 

9t - 1.0exp [-  8300/r ]P~162 
1 +4 5 0P w,,~o 

where Ph? and P~s are the local pmtial pressures of hydrogen and 
WFs in Totr. Eq. (2) is based on an analysis of deposition rate data 
in the literatare [Broadbent aid Ramillet; 1984; van der Putte, 1987; 
Keliin et at, 1991]. It is notable that this expression can reduce to 
the usually repotted half order dependence on hydrogen partial pres- 
sure for significant WF6 partial pressures. 

TRANSPORT EQUATIONS F O R  2-D FIX)W IN A 
SINGLE-'WA~'ER R E A C T O R  

A general mathematical model o fa  CVD reactor consists of a set 
of partial differential equations, uhich includes the fluid dynamics 
as well as heat mid mass trmspott phenomena along with bound- 
ary conditions, incotpot'ating all the chemical mid physical pro- 
cesseg e.g., multicompotmnt thermal di_ffusiotL buoyancy di'iven 
flow, the Dufour effect, hotnogeneous mid heterogeneous reactions, 
mid va'iable gas properties. A transient CVD model for an SWR 
in sta/gmtiotl point flow is developed. The reactot- modeled is re- 
presentative of  cotranereial shagle-v:afer reactor designs in which 
tile source gas enters fi~n the top mid flows over the wafermounted 
on the susceptor (Fig. 1), which is similar to that used in the liter-dare 
['Kle~in, 1991; Cale et al., 1993; Pad<, 1996a]. In developing the 
model, the major ass~unptions used m'e: 

1. Gases ~e  ideal. 
2. The gas flow is laminar mad axisymmetric. 
3. The fluid behaves as a continumn. 
4. Radiant heat transfer is negligible. 
5. Conlributions of heat flux froth viscous dissipation mad pres- 

sure changes are ignored. 
6. Gas phase reactions are ignot'ed. 
7. Contributions of  mass flux fix~n pressure diffiusion and forced 

diffusion are neglected. 
8. There is no depositiotl on solid surfaces otha" than susceptor 

mid wafer surfaces. 

1. Transport  Equat ions  
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Based on these assumptions, each of the conservation equations 
can be written explicitly in cylindrical coordinates. Since the flow 
is assumed to be axially syimneb-ic for the modeled vertical CVD 
reactor, all of the dependent variables are independei~t of angular 
direction. The governing equations thus depend only on the coor- 
dinate z in tile axial ds-ection and on the coordinate r in the radial 
direction. Based on this obsen~ation, the modeling equations may 
be mit ten in scalar form as follows: 

Continuity equation 

Op+lO, . . 

a-7 7~ ~p~v') +s =0 (3) 

Momentum equations 
r-direction 

tgv. axS+ av.'~ 8 p + l s F  [ 4 a v . _ 2 ( ~ + a v . ) ~  1 
pt.-D-i-+,,,W i: L I.lg W 3k,.l" OzSi 

2(or, +oval  , o r ,-or +oval  , 
r[:TT-TtW az)j+~zl~t,w az/j (4) 

z-direction 

(0v, Ov, Ov,'~ OP 1O[ (Ov, Ov,'~] 

+oF [40v. 
 zL ll -lt 7 W/j]+pg (s) 

Energy balance equation 

gOT+ OT+ OT'~ 1O(~ OT'~ OAOTh 

Species balance equations 

(0cO,+v0CO,. 0co,'~ I ~ (  ~ 0co,'~ ~ f  ~ 0co A 
'Or 

+1 a (D r ST)~ a (DTOT) 

Variables and parameters are defLned in the List of Symbols. Note 
that there are n-1 independe~t species halance equations, with the 
composition of the nth species detenmned by using the constraint 
that the sum of the mass fi-actions is one. The Iast two terms in the 
bracket of Eq. (6) represent the thermal diffusion (Sorer effect), wbidl 
occurs when gas molecules experience a &Jving force due to tem- 
perature gradients. This effect is usually ~sig~ficant compared ruth 
ordinary diffusion. Howevez; the Soret effect can play a significant 
role in cold wail reactors due to both steep temperature gradients 
near the hot susceptor and differences in molecular weights amo~g 
gaseous components. In the presence of tempera~-e gradients, the 
heavier and larger molecules tend to concentrate in the colder re- 
gions, whereas the lighter and smaller molecules move towards the 
hotter regions. The last two terms of Eq. (7) represent the Dufour 
enelgy flttx resulting fi-om concentration gradients in each direc- 
tion, which is tile reciprocal process to themlal diffusion. 
2. Boundary Conditions and Initial Conditions 
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Boundary conclitions for the velocity, the temperature and tile 
species concer~-afions must be specified at the reactor mlet, the out- 
let, and tile centerline, on the reactor walls as well as on the wafer 
and susceptor surfaces. The boundary conditiorxs on the SWR are 
the following, where the number refers to the position in the reac- 
tor as shown in Fig. 1. 

BC 1: v, =0, v, =vo, T =To, co~ =co~> o (8) 

BC 2: v, :0,  v , : 0 ,  r :T , ,  pD~,,,~_ )'~ +Dr4(hlT) :0  (9) 
~ Z  ~ Z  

BC3: v.=0, v = - = Z m v g l  T = T .  

pD,.,~ +Dr~z(InT ) :m,v,9t (io) 

i n 
BC4: v. =0, v, = -p~my~9l ,  8T 

pD~.,~z )i +D:ffz(InT)=m,v,gt (ii) 

0v. 0T ~ Oco, 
BC 5: v, =0, V/z =0, ~ =o, 57  =0 (12) 

0v, aT ~ 0co, 
BC 6: v. =0, ~ =0, ~r  =o, ~ =0 (13) 

BC 7: v, =0, v, =0, -~  =0, pD~, ,~ +Dr~(InT) =0 (I4) 

0co~ +Dr~r(inT) =0 (I5) BC 8: v, =0, v~ =0, T =T~, pD~,,~- r 

It is noted that an utfifonn gas velocity ks used at the reactor inlet 
The use of plug flow is quite reasonable for the showerhead rather 
than the use of well developed flow [Fitzjohn and Holstein, 1990]. 
There is a finite normal velocity comtxment at the reactive surfaces 
because of the strface reactions. On the reactive surfaces, the net 
mass flux normal to the surface equals the rate of surface reactions, 
as indicated m Eq. (2). The locaI film growth rate m/gJmin, in terms 
of tile surface reaction, is 

G=5.72x I@ ~ 9~. (I6) 

Tile total pressure is specified at the reactor otClet, where it is often 
measured m practice. 

The appropriate initial conclitjorxs depend how the process ruffs. 
Tile susceptor tempera~-e can be ramped up fi-onl a certain tem- 
pera~-e after the reactalt flow rates have been established or vice 
versa. These startup ~-ansiet~ have been s~t ied [Cab et al., 1991, 
1992; Park, 1996b]. However, we ignore these transients and focLts 
on steady state l~-edictions in this paper even though the ~-artsient 
equations are used to solve a set of partial differential equations. 
3. Estimation of Tr-anspol~ Coefficients 

The h-alsport coefficients for the gas mix~-e are fuilctiorxs of 
temperature, pressure, and composition of the gas mixtL:e. The es- 
timation of a-ansport properties is based on reliable theory and em- 
pirical mien [Reid et aI., 1988; Hi~chfelder et aI,, 1954; Chase et 
aL, 1985; Pankratz, 1984]. A detailed computation oDransport coef- 
ficients is described in the appendLx. For computation, local values 
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for t~mspoit coefficients are calculated at local temper-~ure, pres- 
sui'e, and concentration in the gas phase. 
4. Numerical  SolulJon Method 

Orthogonal collocation on finite elements (OCFE)with Lagrange 
polynomials is used to solve a set of transient partial ditthx,mtial 
equations This approach is a method of weighted residuals and is 
vety attractive in tetras of the requked computational effolt and ac- 
curacy [Finlayson, 1980; Suwondo etal ,  1991]. In OC~E, the sol- 
ution domain is divided into many disa~ete rectangular subdonL~fins 
that fill the entire spatial legion. The axisymm~ic half of the cy- 
lindrical domain has been disa~etized on a nonunifomL grid, which 
consists of 31 nodes in the axial direction and 28 nodes in file radial 
direction. The use of  OCFE removes the spatial derix~ives, con- 
vetting the set of nonlinear partial differential equations to a set of 
nonlinear ordinmy diffet~ential equations (ODEs) in thne. The set 
of nonlinear ODEs along with algdn'aic equations resulting fi'om 
the bamdary conditions can be readily solved by using an avail- 
able nonlinear ODE solver, such as IMSL routines. The initial values 
for the dependent variables at each point are detemlined in re]vance 
under no reaction conditions (inert gas feeding condition) by solv- 
ing the steady state momentum aid energy balance equations. The 
reason is that deposition processes commonly used in miffoelec- 
tmnic devices hal with inert gas until establishing fully developed 
velocity and susceptor tetnpet~ture hi the reactor. Mote details 
about the solution technique are available hi the litet~ature |Pail<, 
1992]. 

RESULTS AND DISCUSSION 

1. Results  of  Steady State Simulation 
The dimensions of  the reactor used in the simulatkm are given in 

Fig. 1 in centhneter units. The gases we inWoduced at the top fltr~gh 
a showethead nozzle aid flow towmds a susceptor perpendicular 
to the incoming gas sa~eanl. The wafer is placed on the top of  the 
heated susceptot: The reactor dimensions and operating conditions 
are chosen to be similar to those used in conunercial single-wafer 
reactor designs. A four-inch wafer is considered in this study. Al- 
though either lager or smaller wafers are used in the semiconduc- 
tot" industry, the modeling strategy would be identical. The reactor 
wall temperature is as~mled to be constant and mlifotm at 300 K, 
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Fig. 2. F low v d o d t y  vectors in the reactor. 
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Fig. 3. Calctfl~ted i s o t h e m s  in a half  of the reactor. 

which is also the assumed tenlpetame of the feed gas. The wafer 
tanpetature is assumed to be the sane as the heated susceptor tenl- 
pere~ure, 673 K. The operating outlet pressure is kept as 1.0 totr. The 
I-I2 flow tale is 570 scan, the WFe flow is 30 sccm, and the inert 
gas (argon) flow is 60 scan. 

Figs. 2-6 summmze the steady state results of the mathematical 
model conlputations. Fig. 2 shows the calculated gas flow. The length 
of each arrow indicates the local velocity in arelative scale, and it 
points in the direction of the local mass velocity. The axial velocity 
conlponent has its same value at the reactor inlet due to the use of  
plug flow, which is assumed in the show.erhead. The use of  the 
show.ethead can suppress the tecirculatian of gases in the SWR [Fitz- 
|thai mid Hlostein, 1990]. Beyond the susceptor edge the velocity 
profile is nearly pmabolic with azero radial component. At higher 
pressures and analler flow. rotes, siguificailt buoyancy-driven recir- 
culation might occur in the flow. Fig. 3 show~ the isothetms in a 
half of  the reactotz The tetnpemmre increases as the gas approaches 
the hot susceptor mid a lage local tenlperatm~e gradient is observed. 
The Dufour effect has been proved not to impact the calculated tenl- 
petatures for the operatiug conditions used in this study. This obser- 
vation is consistent with previons shnulalion results in LPCVD pro- 
cesses [Jenkinson and Pollard, 1984; KIe~L et aI, 1991; Kle~l, 1991]. 

The primmy motivatioti fot" calculating the species concentra- 
tion dis~aa~oufions in the reactor is to predict the local film deposi- 
tion l-de and resulting film unifoimity on the substmte s u r g e  as 
well as to predict file step coverage (confonnality) in and over fea- 
trees on pattemed wafers. Species concentralion calculated by the 
reactor model has been used to esthnae the step coverage in a rec- 
tangular Wench for the feature scale model [Cale et aI, 1992, 1993; 
Paik, 1996a, b]. Figs 4a-4b illuslr-de contours of mole fiacfions 
for WF6 and H~ respectively. The concentlatiotl of reactive gases 
deaeases towards the suseeptor due to the tungsten deposition at 
the uafa :  It can be seen that the mole fi'actions of  the reactailts de- 
crease as the wafer surface is g~proached due to consumption of 
the reactant gases resulting fiom sxwface reactions. Significant radi- 
al concetmation gradients exist along file w.afet, becotning more 
pronounced tow.ards the wafer edge Hydrogen cotlceiLlr~es sunLe- 
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TILe deposition rate at any point on the wafer is calculated by Eq. 
(16). Avaage deposition rate across awafer is approximately 493 
min. The dependence of  the reaction rate on the local concenlra- 
tion and temperotm~e above the wafer surface implies that file film 
deposition rate is a s~-ong function of  flow field near the susceptoi: 
TILe local deposition rate ofmngstaL film can be expressed in teams 
of  the local surface reaction rate at the wafer surface, based on Eq. 
(2). 

Highly uniform deposition on the four-inch wafer is obtained 
under operating conditions used iu this study. This result is consis- 
tent w'~h previous simulation results presented by Kle~jn et al [1991]. 
Howeva,  a slight increase iu deposition rates w~h radial position 
is mostly due to the radial gradients in reactant partial pressures at 
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Fig. 4. C o m p m e d  comours of mole  Fractions of gaseous species.  
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what near the hot wafer surface clue to the lmge local temperature 
gradients. Tile Soret effect plays aminor role under file conditions 
offllis simulation. Fig. 4c shows contours of  hydrogen fluoride mole 
fi'action. HF is produced by Eq. (1) on the reactive surfaces and dif- 
fuses back into the reactor zone. 

Fig. 5 shows file total deposition late as afialction of wafer radius 
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Fig. 6. Surface plot of depo~ilion rate ~ts hmciions of pressure and 
~-afer tmtpa-amre. Opcrming conditions are total flow rate 
of 1~00 scent and the ratio of t [  2 to WF~ of 10. 
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the wafer surface. 
Fig. 6 shows the surface plot of deposition rates as a function of  

tempera~-e and pressure for an inlet H2ATCI-I~ ratio of 10 and total 
flow rate of 1,200 sccm, in order to demons~-ate the influence of 
these two independent variables and their interaction. Other pa- 
rm~aeter values were the same as those used in the previous calcu- 
lations. As the temperature and pressure increase, the deposition 
rate inca-eases markedly. Thus, either temperature or pressure or both 
may be adjusted to increase deposition rate. Since the deposition 
rate is exponentially dependent on temperature, as dictated in Eq. 
(2), a slight increase in temperature ca-eates a Ia-ge change in the 
deposition rate. 
2. Compar i son  of Pl~dic~ed and Experimental  Results  

The predicted deposition rates of ~agsten LPCVD have been 
compared with some m~ailable experimental data published in the 
literature, eIg., Bi-oadbeilt and RamilIer [1984], van der Putte [ 1 987 ] 
and Kleijn et al. [1991 ]. For differential gradientless opera~J_ng con- 
ditions or low COl~ersion levels ofreacta_r~, it is meaningful to com- 
l~-e the model results with expez~aental ones even though the reac- 
tor c~afigLrations are not the same. The fi-actional Lalizafion of WF~ 
in ~ g s t e n  LPCVD is quite low for the typical operating condi- 
tions in the expez~aents considered and the reactant compositions 
are fairly Lmform throughout the reactor, as discussed by Arora and 
Pollard [1991]. Under these circumstances, comparison of avail- 
able expet~nental data ruth modeI l:~edictiom is reasonable although 
the SWR Ltsed in this study is different fi-crn expenmental reactor 
types, e.g. a horizontal reactor used by Broadbent and Ramiller and 
a pancake reactor by van der Putte. 

Fig. 7 shows the model predictions and experimental results re- 
ported by Broadbent and Ramiller for the average deposition rates 
as filnctions of the wafer temperatLre. The model predictions agree 
well with the expez]~aental data. The WF~ partial pressure used in 
the expez-hnents is relatively high (31.3 retort-); therefore, the depen- 
dence of deposition rate on the WFa partial pressure is negligible. 
Fig. 8 shows the dependence of deposition rate on hydrogen inlet 
partial pressure. Dt~a~g these depositions, the "vVF 6 inlet partial pres- 
sure was held constant. Predicted deposition rates for various mlet 
hy&ogen compositions agree well with experimental data reported 
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Fig. 7. Deposition rate versus invel~e wafer temperatm'e. Operat- 
ing conditions are the pressm'e of 0.5 ton; the total flow 
rate of 1,700 sccm with H2/~rF~ ratio of 15. Solid line is a 
model prediction and points are experimental data taken 
from Broadbent and Ramiller [1984]. 
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Fig. 8. Deposition rate as a function of hydrogen inlet patCdal pres- 
sure. Operating conditions are the wafer temperatm'e of 643 
K, the total flow rate of 1,700 sccm, and the pal~ial pres- 
sure of WF6 of 0.04 torr Solid line is a model prediction and 
points are experimental data taken from Broadbent and 
Ramiller [1984]. 
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Deposition rates as functions of WF~ inlet pa=lial pressure. 
Solid lines are model predictiorL~ and points are experimen- 
tal data taken from literatm'e: ( ( ) )  Kleijn et al. [1991] for 
the wafer temperature of 673 K, the total flow rate of 1200 
sccm, and H 2 partial pressure of 0.833 torr; ( •  Broadbent 
and Ranfiller [1984] for the wafer temperatm'e of 643 K, 
the total flow late of 1,700 sccm, and H2 pal~ial pressure of 
0.5 tort; ( A ) v a n  der Putte [1987] for the wafer tempera- 
ture of 573 K, the total flow rate of 1200 sccm, and H2 par- 
tim pressure of 0.75 ton: 

by Broadbent and RamilIer Fig. 9 shows the dependence of depo- 
sition rates on VV-F 6 pamaI pressure. The model closely predicts the 
experimental data for deposition rates as a fuilction of VCF~ inlet 
pressure. Tiffs suggests that decreasing deposition rates at low WF6 
mlet pressures could be due to surface kinetics limitations rather 
than mass Iransfer limitations. A small lack of agreement bet-ween 
the model predictions and the data of Kleijn et al. is probably due 
to the reaction kinetic parameter values used. As a consequence, 
quite good agreemelat between the model predicted and experhnen- 
taI data is obtained for the tungsten deposition. 
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CONCLUSIONS 

Process simulation is becoming an importaat tool for the devel- 
opment and opN-nization of CVD reactoz~ and processes in order 
to minimize costly and time-consurning experiments. The main pur- 
pose of this study ks to demonsla-ate how CVI) mathematical mod- 
eling can be used to gain insight into LPCVD processes. The sim- 
ulation is used to optimize operating conditions and reactor dknen- 
siorxs to provide good inter-wafer unifonmty for ~ngsten deposi- 
tion using the hydrogen reduction of tungsten hexafluonde. The same 
approach can be used to optimize opea-ating conditions and reactor 
geome~aies for other deposition processes, e.g., a~anospheric pres- 
sure CVI) (APCVD) processes in multiple wafer reactors, assum- 
ing that validated reactor scale model ks available. Although the sim- 
ulation results are presented for a specific geometry and their valid- 
ity is res~aicted to the range of opeaating l:~anetez~ examined, the 
general approach used should be univez~ally applicable. 

A two-dimensional reactor model that incorporates fluid dynam- 
ics and ~a-artsport phenon~ena in a single-wafer reactor ks success- 
fully applied to the tungsten CVD process over a range of operating 
conclitions. The model solutions show that the gas flow fom~s smooth 
streamlines in the reactor. Simulations also indicate that large gradi- 
ents in the temperature and concenlrations across the wafer can be 
observed in cold wail single-wafer reactors. 

For tungsten LPCVD fi-om the hy&ogen reduction of tungsten 
hexafluonde, the theoretical predictions of deposition rates, using a 
surface reaction rate expression which depends on the tungsten hex- 
afluonde concenlration, agree fairly well with experimental data. 
The good agreement between model predictions and experimental 
data demonstrates the validity of the modified rate expression used 
in this study. 

A C K N O W L E D G M E N T  

Table 1. Intermolecular force constants and molecular weights 

Species g (A) (~/~) (K) m (g/tool) 

Ar 3.542 93.3 39.94 
H2 2.827 59.7 2.02 
HF 3.148 330.0 20.01 
WFa 5.134 342.0 297.86 

Table2. Coefficients for heat capacity in Eq. (A.5) 

Species (x [3 T 

Ar 4.969 -7.670x 10 -6 1.234x 10 -8 
H~ 6.874 9.263 x 10 -s 1.234 x 10 -7 
HF 7.069 -5.401 x 10 -4 6.755 x 10 -7 
WF6 22.074 3.022 x 10 -~ - 1.600 x 10 -s 

are summarized in Table 1. Values for H2 and HF are obtained from 
Svehia [1962], and value for \gFa is esmnated using V~ =85.35 can3/ 
moI and Tb=290 K [Park, 1992]. The viscosity oft_he gas mixture 
is con~puted fi-om Wilke's formula, viz. 

g, =~/~--~-2-~i ] with ~ = + ( I  + m'~-l'2F l +(~-2'~1~(-~1/4-1~ 

(A.4) 

The heat capacity for each species i ks described by 

%,=o~+ ~,T+~,T ~ . (A.5) 

Values for a~ [3 and ? are given in Table 2, which are obtained by 
curve-fitting heat capacities in the literature [Chase et al,, 1985; Pank- 
mtz, 1984]. The specific heat of the gas mixture is calculated by 

The ax~hor appreciates the fm~lcial support of the Center for In- 
duslrial Technology at Inha Technical College. 

APPENDIX 

%,, = ~ co,( % /ra ). (A.6) 

The thermal conductivity of atomic gases is estimated by Eucken's 
con-elation [Reid et al., 1988] 

The density of the gas mixture is calculated by the equation of 
state using the species mass fraction and its molecular weight 

= p f :  co, 
p R = T , ~ % / m /  (A.I) 

j-I 

The viscosity of gaseous st:ecies in ~cm-sec ks calculated by using 
the Chapman-Enskog theory [Reid et al., 1988] 

g, =2.6693x 10 - 5 ~ T  (A.2) 

where ~J~ is the collision diameter in Angstrom and the collision 
integral l-l~ is defined by 

1.1645 0.52487 2.16178 
f)P' = T ;  ~ Jr exp(0.7732T;) F exp(2.43787T;) (1.3) 

where Tj*=T(rJg)~. Values of ~J and s/~: for each species in this system 

The thermal conductivity of the gas mixture is computed by an ex- 
pression analogous to Eq. (A.4) 

The binary diffusion coefficients are calculated by using the CtN> 
man-Enskog theory [Reid et aI,, 1988] 

D,:~ = 0.0018583 ~/T3 (l/re' + 1/m~) (A.8) 
Po~QD~i~ 

where ~J,j =(~J, +~Jj)/2 and (a/~),~ =,4/(e/lr162 The collision 
integral f~a,J is analogous to that used in Eq. (A.3), via 

1.06036 0.I9300 
flD.,: ~ - -  4 

T,;~ ''a'~ exp(0.47635T~,) 
1.03587 1.76474 -~ F (A.9) 

exp(I.52995T;) exp(3.89411T;) 

with T;=T(rJS),j. The diffusion ccefficient of species i in a multi- 
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component mLxa,u-e is calculated by WiNe's approximation 

D,,,, - ( I  x,) D , j  

Multicomponent thennaI diffusion coetticients are calculated by 
using the kinetic theory of gases based on the Le::::ard-Jones poten- 
tial [Hh-schfelder et al., 1954; Park, 1992]. 

NOMENCLATURE 

% " molar heat capacity [caI/mole K or caI/g K] 
D : diffusion coefficient [cm2/sec] 
D r : thermal diffusion coefficient [g cm/sec] 
@ - deposition rate [~/min] 
g - gravitational acceleration [cm/sec 2] 
m : molecular weight [g/moll 
n : number of gaseous species 
p : pressure [to::- or ahu] 
r : radial coordinate [cm] 
Rg - universal gas constant [atm Clrt3/mol :<2, or caI/mol K] 
~R : surface reaction rate [mol/cm 2 sec] 
t : time [sec] 
T : temperatm-e [K] 
T* " reduced temperat::re [~:T/a] 
v : gas velocity [cm/sec] 
x : mole fraction 
z : axial coordinate [cm] 

Greek Letters 
e : Lennard-Jones potentiaI energy be~veen two molecules [g 

cm2/sec 2] 
1~ : Boltzmann's constant [=3.30x 10 -24 cal/K] 
)s : thenuaI conductivity [cal/cm sec K] 
bt : viscosity [g/cm sec] 
v : stoichiomeh-ic coefficient of the surface reaction 
p " fluid density [g/cm 3] 
(J " collision diameter for the Lennard-Jones parameter [A] 
co : 1::ass fraction 

Superscripts and Subscripts 
o : reactor inlet 
i : index or species 
j :index 
m : mixture 
r : radial direction 
s : susceptor 
T : thermal diffusion 
w : wall 
z : axial direction 
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