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Abstract—A mathematical model for low pressure chemical vapor deposition in a single-gafe@r rin stagnation
point flow has been developed to investigate the reactor performance. The transient transport equations for a simulated
reactor include continuity, momentum, energy, and gaseous species balances. The model equations are simultaneously
solved by using a numerical technique 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 model 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 examine how system responses are affected by changes in process parameters. Deposition
rate and uniformity calculated at the steady state are observed to be very sensitive to both temperature and total pres-
sure. In addition, the model predictions for tungsten deposition from hydrogen reduction of tungsten hexafluoride have
been compared with available experimental data in order to demonstrate the validity of the model.
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INTRODUCTION scale integrated (VLSI) and ultra large scale integrated (ULSI) ap-
plications. Trends toward large diameter silicon wafers, particularly
Process simulation plays an important role in integrated circuitwhen combined with decreasing dimensions in integrated circuits,
(IC) development in many ways. For example, it can assist equipmake these demands become more stringent [Bullis and O’Mara,
ment designers and process engineers to establish reliable chemid&93; Moslehi et al., 1992].
vapor deposition (CVD) and other processes in the microelectronic An approach to understanding the behavior of CVD reactors is
field [Werner et al., 1992]. As more complex and expensive equipto simulate the reactor models. The main goal of reactor modeling
ment is adopted in the semiconductor industry, process simulatiors to relate performance measures.,(élgy deposition rate, uni-
is expected to play an increasing role in the analysis and design dérmity, composition) to operating conditions (egessure, tem-
novel CVD systems. Although experimental validation of the pre- perature, and flow rates) and reactor geometry. Besides performance
dicted results is still necessary, computer simulation can reduce theredictions, mathematical modeling can provide guidance for pro-
required experimental time and costs. Reactor scale modeling isess optimization, chemical kinetic parameter estimation, and im-
an excellent tool for improving our understanding of the chemicalproved reactor designs. A realistic mathematical model provides
and physical phenomena involved in CVD reactors as well as foquantitative predictions of film thickness and composition unifor-
testing new reactor configurations without actually “cutting metal” mity. To obtain films which possess satisfactory properties, it is cru-
New reactor designs might be inspired through simulation effortscial to realize which deposition variables affect film properties and
In addition, optimization of CVD reactors and processes could benow the deposition variables affect the properties. Ideally, a model
greatly enhanced through simulation. predicts process performance as functions of process parameters
In the IC industry, the use of CVD processes during device fabfor different chemistries and reactor designs. Unfortunately, the re-
rication is widespread for the deposition of epitaxial silicon, poly- lationship between process results and process variables is often com-
silicon, silicon dioxide, and silicon nitride films, as well as conduct- plicated and is poorly understood. Therefore, it is critical to know
ing materials such as tungsten and aluminum [Skelly et al., 1987]how operating conditions impact the uniformity of deposited films
Despite this wide range of applications in the modern IC industry,across a wafer as well as in features on patterned wafers.
CVD reactors are perhaps the least understood dynamic units in Single-wafer reactors (SWRs), which have flow fields that are
the device manufacturing process. Although numerous modelindetter defined than conventional volume-loaded multiple wafer reac-
studies of CVD reactors have been performed [Hess et al., 198%0rs (MWRS), are often preferred to MWRS, because they offer the
Jensen, 1987], this area is not as well established as the modelipgssibility of superior deposition thickness uniformity at higher con-
of conventional chemical reactors, such as catalytic packed bed reagersion levels of costly reactants. Some comparisons between SWRs
tors. One major reason for this is that information on the kinetic paand MWRs have been discussed in the literature [Lam and Koch,
rameters for CVD reactions is relatively incomplete. Improved CVD 1980; McConica, 1988; Cale et al., 1990; Moslehi et al., 1992]. Re-
reactors are critical for present and future development of very largeently, interest in SWRs has grown considerably for chemical vapor
deposition processes [Kleijn et, d989; Jasinski and Kang, 1991;
To whom correspondence should be addressed. Rode and Schmitz, 1992; Dobskin, 1992; Cale et al., 1993], for etch-
E-mail: jhpark@true.inhatc.ac.kr ing processes [Economou and Alkire, 1988; Park and Economou,
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1990; Riely and Clark, 1991] and for rapid thermal processing - _1.0exfi~8300 TP, P,
[Wong, 1989; Campbell et.all990; Chatterjee et al., 1992]. Math- 1+450R,,

ematical models for tungsten deposition in cold-wall SWRs haveWh .
. ) i L ere p, and R, are the local partial pressures of hydrogen and
heen published recently [Ulacia et al., 1989; Jasinski and Harsi'WFG in Torr. Eq. (2) is based on an analysis of deposition rate data

barger, 1989; Hasper et al., 1990; Kleijn et al., 1991; Jasinski anﬁi1 the literature [Broadbent and Ramiller, 1984; van der Putte, 1987;

Kang, 1991; Wemner et al., 1992; Park, 1996a]. Some models havlSelijn et al., 1991]. It is notable that this expression can reduce to

been based on commercially available SWRs and used simplifiegne usually reported half order dependence on hydrogen partial pres-
assumptions. In order to model blanket tungsten low pressure CV%ure for significant Wipartial pressures

(LPCVD) from H-WF; system in a SWR, the transient two-dimen-

sional LPCVD model is discussed in this study. This model has been  +o A NsPORT EQUATIONS FOR 2-D FLOW IN A
used to study startup transients [Cale et al., 1991, 1992; Park, 1996b], SINGLE-WAFER REACTOR

but the transients are not considered in this pegethe transient

reactor model 'S.”S‘?d to Ob.t an steqdy state solutions. . A general mathematical model of a CVD reactor consists of a set
The overall objective of this paper is to demonstrate how simu-

of partial differential equations, which includes the fluid dynamics

Iatipns can be u.sed © 'gain an undg rstanding of LRCVD PrOCESSEZs well as heat and mass transport phenomena along with bound-
This goal is achieved in the following two ways. First, a transient conditions, incorporating all the chemical and physical pro-

model describing the fluid dynamics, heat and mass transport, an?(reysses; e.gmulticomponent thermal diffusion, buoyancy driven

chemical reactions in a stagnation point flow apparatus, incorporatﬂOW' the Dufour effect, homogeneous and heterogeneous reactions,

ing all the relevant phenomena,; e.g., multicomponent thermal dif'and variable gas properties. A transient CVD model for an SWR

fusion, buyancy-driven flow, the Durfour eflect, homogeneous andin stagnation point flow is developed. The reactor modeled is re-

heterogeneous reactions, anql varlablg gas properties, is devek)pﬁpesentative of commercial single-wafer reactor designs in which
o study the effects of operating conditions and reactor geometr){he source gas enters from the top and flows over the wafer mounted

on the wafer flm thickness and composition uniformity. This mod- on the susceptor (Fig. 1), which is similar to that used in the literature

el mzy be le p";‘\d 0 3. Ia}rge v?zety O.f.CVD processes and (;ea,Eléleijn, 1991; Cale et al., 1993; Park, 1996a]. In developing the
tors. Secondly, the predictions of deposition rates are compared wi odel, the major assumptions used are:

some available experimental data published in the literature for blan-
ket tungsten deposition in order to ensure the single-wafer reactor
model used to be reliable.

@

1. Gases are ideal.

2. The gas flow is laminar and axisymmetric.
3. The fluid behaves as a continuum.

4. Radiant heat transfer is negligible.

. . ! - 5. Contributions of heat flux from viscous dissipation and pres-
Tungsten has received widespread attention for metallization ICsure changes are ignored

Fechnology [Blgwer, 1986; Broadbent, 1987; Blewer and McCon- 6. Gas phase reactions are ignored.

ica, 1989; Smith and Blumenthal, 199.1; Rana.eﬂ'aBZ]. Tung- 7. Contributions of mass flux from pressure diffusion and forced
sten appears to be an excellent candidate material for mterconne&}ffu sion are neglected.

applications because of its low resistance, low stress and contor- 8. There is no deposition on solid surfaces other than susceptor
mal step coverage. Tungsten CVD is performed in either a selec‘,;‘nd wafer surfaces.

tive or a blanket mode. The process mode is determined by the pro-

cess chemistry, the reactor geometry, the process conditions and t{'.eTransport Equations

patterned wafer surface. Blanket tungsten LPCVD by the hydro-
gen reduction of tungsten hexafluoride is considered in this study
The stoichiometry of blanket tungsten deposition films by the hy-

TUNGSTEN LPCVD CHEMISTRY

drogen reduction of Wfs GAS IN- dj__gm* Ad [N
WF+3H,—>W+6HF. @ 1 | i e B2

The kinetics of this reaction have been studied by many researche | "0 |

[Bryant, 1978; Broadbent and Ramiller, 1984; Pauleau and Lami - B W eced

1985; McConica and Krishnamani, 1986; van der Putte, 1987]. Fo [+ 3.1 =

sufficiently high concentration of WRhe reaction rate was found . 55 * BC3 L

to depend upon the temperature and the hydrogen partial pressu pp————

Most investigators agree that the reaction rate is half order in hy BC

drogen and zero order in \Apartial pressure at high enough \WF . 1

partial pressures. However, at very low pressures qf sfRodi- EXIT £ L

fied rate expression has been proposed to make the rate approe + '

zero as the Wipartial pressure.apprc?aches Z€ero [Cgle etal, 1993fjqy 1. Schematic diagram of single-wafer reactor chamber, along
Park, 1996b]. As a result, the intrinsic surface reaction rate can be with reactor dimensions in centimeters. BC number repre-

approximately represented by sents the surface on which the boundary condition is applied.

May, 2002



Modeling for CVD in Single-Wafer Reactor 393

Based on these assumptions, each of the conservation equationsBoundary conditions for the velocity, the temperature and the
can be written explicitly in cylindrical coordinates. Since the flow species concentrations must be specified at the reactor inlet, the out-
is assumed to be axially symmetric for the modeled vertical CVDlet, and the centerline, on the reactor walls as well as on the wafer
reactor, all of the dependent variables are independent of anguland susceptor surfaces. The boundary conditions on the SWR are
direction. The governing equations thus depend only on the coorthe following, where the number refers to the position in the reac-
dinate z in the axial direction and on the coordinate r in the radiator as shown in Fig. 1.
direction. Based on this observation, the modeling equations may

be written in scalar form as follows: BC 1:v, =0, v, =Vo, T=To, @ =W, ®)
Continuity equation BC 2:v, =0,v,=0, T=T,, pD,m%w' +D,Ta—Z(InT) =0 9)
ap +1 a = n
at TrarPrVo (p"z) 0 ® BC 3:v, =0, V;-%Zm,v,D, T=T,
i=1

Momentum equations

. . 0w , 0
- — +D, = =
r-direction PDing, *Dig-(INT) =my0 (10)
v, , 0V, dv,__0P_ 19| [HKov, ov
P Var Va0 or +'_{W or 30 } v =0.v. =13 T _
ot or “70z0 or rof"BBor 30r oz BC 4:v, =0,v,==23 my[1, 5 =0,
4v, _2m9v, , 0v, 0 O rgv, , 0v,
T e e R 0 40 1 -
pD;, 32 D, Z(InT) =myv,0 (11)

z-direction
ov, T __ 0wy

BC5:v, =0 (12)
@izwa_vzwa_vﬂ _oP 190 [_@_Jrav "9z oz oz
Phat "V ar "Vaz0 oz Trar=Tor oz o aT o
+— umav g[Y_r +(.M +p (5) BCE: Ve ' or " or =0, W =0 (13)
97 "Bz 30 o g , , ;
T_ W 1
-— !+
Energy balance equation BC 7:v,=0,v. =0, or =0,PDin7g ar D, (InT) =0 (14)
o1, 9T 4, 010,070, 03910 BC 8:v,=0,v,20, T=T,, pD,y 22 +D7 L (InT) =0 15
PCCot "Vrar "Viaz 0l rarl ar) 2T o701 Ve w PPy *Di5(INT) =0 - (15)
n D axHd. a0 _o DI axd It is noted that an uniform gas velocity is used at the reactor inlet.

LAY SO R, TY =0 ®)

rorg ® me org 0z ° &mx, 0z The use of plug flow is quite reasonable for the showerhead rather

than the use of well developed flow [Fitzjohn and Holstein, 1990].

Species balance equations There is a finite normal velocity component at the reactive surfaces
because of the surface reactions. On the reactive surfaces, the net
pgﬂ ra‘*’ Vza‘*"%: lﬁ%)D.mr%%’fi%) .m%% mass flux normal to the surface equals the rate of surface reactions,
ot "or ozl ror ort oz 0z as indicated in Eq. (2). The local film growth rate in A/min, in terms
i grEQ a'rr% aaz%g ZZ% @ of the surface reaction, is
G=5.72x1¢0 . (16)

Variables and parameters are defined in the List of Symbols. Note

that there are+1 independent species balance equations, with theThe total pressure is specified at the reactor outlet, where it is often
composition of the nth species determined by using the constrainheasured in practice.

that the sum of the mass fractions is one. The last two terms in the The appropriate initial conditions depend how the process runs.
bracket of Eq. (6) represent the thermal diffusion (Soret effect), whichThe susceptor temperature can be ramped up from a certain tem-
occurs when gas molecules experience a driving force due to tenperature after the reactant flow rates have been establistied or
perature gradients. This effect is usually insignificant compared withversa These startup transients have been studied [Cale et al., 1991,
ordinary diffusion. However, the Soret effect can play a significant1992; Park, 1996b]. However, we ignore these transients and focus
role in cold wall reactors due to both steep temperature gradientsn steady state predictions in this paper even though the transient
near the hot susceptor and differences in molecular weights amongquations are used to solve a set of partial differential equations.
gaseous components. In the presence of temperature gradients, fhieEstimation of Transport Coefficients

heavier and larger molecules tend to concentrate in the colder re- The transport coefficients for the gas mixture are functions of
gions, whereas the lighter and smaller molecules move towards tHeemperature, pressure, and composition of the gas mixture. The es-
hotter regions. The last two terms of Eq. (7) represent the Dufoutimation of transport properties is based on reliable theory and em-
energy flux resulting from concentration gradients in each direc-pirical rules [Reid et al1988; Hirschfelder et all954; Chase et

tion, which is the reciprocal process to thermal diffusion. al,, 1985; Pankratz, 1984]. A detailed computation of transport coef-
2. Boundary Conditions and Initial Conditions ficients is described in the appendix. For computation, local values

Korean J. Chem. Eng.(Vol. 19, No. 3)
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for transport coefficients are calculated at local temperature, pres TEMPERATURE CONTOURS
sure, and concentration in the gas phase.
4. Numerical Solution Method

Orthogonal collocation on finite elements (OCFE) with Lagrange
polynomials is used to solve a set of transient partial differential
equations. This approach is a method of weighted residuals and
very attractive in terms of the required computational effort and ac
curacy [Finlayson, 1980; Suwondo et 8991]. In OCFE, the sol-
ution domain is divided into many discrete rectangular subdomain:
that fill the entire spatial region. The axisymmetric half of the cy-
lindrical domain has been discretized on a nonuniform grid, which
consists of 31 nodes in the axial direction and 28 nodes in the radii
direction. The use of OCFE removes the spatial derivatives, con
verting the set of nonlinear partial differential equations to a set of
nonlinear ordinary differential equations (ODES) in time. The set
of nonlinear ODEs along with algebraic equations resulting from
the boundary conditions can be readily solved by using an avail-
able nonlinear ODE solver, such as IMSL routines. The initial valuesFig. 3. Calculated isotherms in a half of the reactor.
for the dependent variables at each point are determined in advance
under no reaction conditions (inert gas feeding condition) by solv-
ing the steady state momentum and energy balance equations. Thdich is also the assumed temperature of the feed gas. The wafer
reason is that deposition processes commonly used in microelet¢emperature is assumed to be the same as the heated susceptor tem-
tronic devices run with inert gas until establishing fully developed perature, 673 K. The operating outlet pressure is kept as 1.0 torr. The
velocity and susceptor temperature in the reactor. More detail$l, flow rate is 570 sccm, the VWWRow is 30 sccm, and the inert
about the solution technique are available in the literature [Parkgas (argon) flow is 60 sccm.

HEATED SUSCEPTOR

1992]. Figs. 2-6 summarize the steady state results of the mathematical
model computations. Fig. 2 shows the calculated gas flow. The length
RESULTS AND DISCUSSION of each arrow indicates the local velocity in a relative scale, and it
points in the direction of the local mass velocity. The axial velocity
1. Results of Steady State Simulation component has its same value at the reactor inlet due to the use of

The dimensions of the reactor used in the simulation are given iplug flow, which is assumed in the showerhead. The use of the
Fig. 1 in centimeter units. The gases are introduced at the top througiihowerhead can suppress the recirculation of gases in the SWR [Fitz-
a showerhead nozzle and flow towards a susceptor perpendiculgohn and Hlostein, 1990]. Beyond the susceptor edge the velocity
to the incoming gas stream. The wafer is placed on the top of therofile is nearly parabolic with a zero radial component. At higher
heated susceptor. The reactor dimensions and operating conditiopsessures and smaller flow rates, significant buoyancy-driven recir-
are chosen to be similar to those used in commercial single-wafezulation might occur in the flow. Fig. 3 shows the isotherms in a
reactor designs. A four-inch wafer is considered in this study. Al-half of the reactor. The temperature increases as the gas approaches
though either larger or smaller wafers are used in the semicondudhe hot susceptor and a large local temperature gradient is observed.
tor industry, the modeling strategy would be identical. The reactorThe Dufour effect has been proved not to impact the calculated tem-
wall temperature is assumed to be constant and uniform at 300 Kperatures for the operating conditions used in this study. This obser-
vation is consistent with previous simulation results in LPCVD pro-
cesses [Jenkinson and Pollard, 1984; Kleijn,et391; Kleijn, 1991].

The primary motivation for calculating the species concentra-
tion distributions in the reactor is to predict the local film deposi-
tion rate and resulting film uniformity on the substrate surface as
well as to predict the step coverage (conformality) in and over fea-
tures on patterned wafers. Species concentration calculated by the

0 reactor model has been used to estimate the step coverage in a rec-

" tangular trench for the feature scale model [Cale et al., 1992, 1993;

33 Park, 1996a, b]. Figs. 4a-4b illustrate contours of mole fractions

i{ for WK; and H, respectively. The concentration of reactive gases
R
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decreases towards the susceptor due to the tungsten deposition at
the wafer. It can be seen that the mole fractions of the reactants de-
crease as the wafer surface is approached due to consumption of
the reactant gases resulting from surface reactions. Significant radi-
al concentration gradients exist along the wafer, becoming more
Fig. 2. Flow velocity vectors in the reactor. pronounced towards the wafer edge. Hydrogen concentrates some-

HEATED SUSCEPTOR
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Fig. 4. Computed contours of mole fractions of gaseous species.
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what near the hot wafer surface due to the large local temperatul
gradients. The Soret effect plays a minor role under the condition:
of this simulation. Fig. 4c shows contours of hydrogen fluoride mole
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Fig. 5. Deposition rate distribution in a four-inch wafer.

The deposition rate at any point on the wafer is calculated by Eq.
(16). Average deposition rate across a wafer is approximately 493 A/
min. The dependence of the reaction rate on the local concentra-
tion and temperature above the wafer surface implies that the film
deposition rate is a strong function of flow field near the susceptor.
The local deposition rate of tungsten film can be expressed in terms
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 in this study. This result is consis-
tent with previous simulation results presented by Kleijn [@O811].
However, a slight increase in deposition rates with radial position
is mostly due to the radial gradients in reactant partial pressures at

2500+

2000 +

e
(5]
Q
(=]
4

Deposition rate (A/min)
=
Q
o

500 +

723

fraction. HF is produced by Eq. (1) on the reactive surfaces and difisjg. 6. Surface plot of deposition rate as functions of pressure and

fuses back into the reactor zone.

Fig. 5 shows the total deposition rate as a function of wafer radius.

wafer temperature. Operating conditions are total flow rate
of 1,200 sccm and the ratio of KHto WF of 10.
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the wafer surface. 1000 g
Fig. 6 shows the surface plot of deposition rates as a function o i
temperature and pressure for an inlg¥\HH; ratio of 10 and total
flow rate of 1,200 sccm, in order to demonstrate the influence of
these two independent variables and their interaction. Other pe
rameter values were the same as those used in the previous cal¢
lations. As the temperature and pressure increase, the depositic
rate increases markedly. Thus, either temperature or pressure or bc
may be adjusted to increase deposition rate. Since the depositic
rate is exponentially dependent on temperature, as dictated in E 10 ol bbbkl
(2), a slight increase in temperature creates a large change in tl 0.1 1 10
deposition rate. H: inlet partial pressure
2. Comparison of Predicted and Experimental Results

100

deposition rate (A/min)

Fig. 8. Deposition rate as a function of hydrogen inlet partial pres-

The predicted deposition rates of tungsten LPCVD have been sure. Operating conditions are the wafer temperature of 643
compared with some available experimental data published in the K, the total flow rate of 1,700 sccm, and the partial pres-
literature, e.g., Broadbent and Ramiller [1984], van der Putte [1987] sure of WK of 0.04 torr. Solid line is a model prediction and
and Kleijn et al. [1991]. For differential gradientless operating con- points are experimental data taken from Broadbent and
ditions or low conversion levels of reactants, it is meaningful to com- Ramiller [1984].

pare the model results with experimental ones even though the reac-
tor configurations are not the same. The fractional utilization of WF
in tungsten LPCVD is quite low for the typical operating condi-
tions in the experiments considered and the reactant compositior
are fairly uniform throughout the reactor, as discussed by Arora an
Pollard [1991]. Under these circumstances, comparison of avail =
able experimental data with model predictions is reasonable althoug £
the SWR used in this study is different from experimental reactor g
types, e.g. a horizontal reactor used by Broadbent and Ramiller ar £ 100 4
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 rate ©
as functions of the wafer temperature. The model predictions agre
well with the experimental data. The Wartial pressure used in
the experiments is relatively high (31.3 mtorr); therefore, the depen

1000

sition

dence of deposition rate on the Yyfartial pressure is negligible. 10 t t

Fig. 8 shows the dependence of deposition rate on hydrogen inl %9901 0.001 0.01 01 1
partial pressure. During these depositions, the iié partial pres- WF¢ Inlet partial pressure (torr)

sure was held constant. Predicted deposition rates for various inlgtig. 9. Deposition rates as functions of WiFinlet partial pressure.
hydrogen compositions agree well with experimental data reported Solid lines are model predictions and points are experimen-

tal data taken from literature: (O) Kleijn et al. [1991] for
the wafer temperature of 673 K, the total flow rate of 1,200

10000 g scem, and H partial pressure of 0.833 torr; (<) Broadbent
F and Ramiller [1984] for the wafer temperature of 643K,

E the total flow rate of 1,700 sccm, and Hpartial pressure of
5 1000 E 0.5torr; (A) van der Putte [1987] for the wafer tempera-
~ ture of 573 K, the total flow rate of 1,200 sccm, and }ar-
*2 100 ' tial pressure of 0.75 torr.
'g 10 by Broadbent and Ramiller. Fig. 9 shows the dependence of depo-
2 E sition rates on Wfpartial pressure. The model closely predicts the

1 . ; . . . experimental data for deposition rates as a function Qf ikt

13 15 1.7 1.9 pressure. This suggests that decreasing deposition rates at Jow WF

1000/T (VK)

Fig. 7. Deposition rate versus inverse wafer temperature. Operat-
ing conditions are the pressure of 0.5 torr, the total flow
rate of 1,700 sccm with HWF ratio of 15. Solid line is a
model prediction and points are experimental data taken
from Broadbent and Ramiller [1984].
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inlet pressures could be due to surface kinetics limitations rather
than mass transfer limitations. A small lack of agreement between
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 agreement between the model predicted and experimen-
tal data is obtained for the tungsten deposition.
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CONCLUSIONS Table 1. Intermolecular force constants and molecular weights
Species oA (e/K) (K) m (g/mol)

Process simulation is becoming an important tool for the devel-
opment and optimization of CVD reactors and processes in order Ar 3.542 93.3 39.94
to minimize costly and time-consuming experiments. The main pur- H, 2.827 °9.7 2.02
pose of this study is to demonstrate how CVD mathematical mod- HF 3.148 330.0 20.01
eling can be used to gain insight into LPCVD processes. The sim- WF, 5.134 342.0 297.86
ulation is used to optimize operating conditions and reactor dimen-
sions to provide good inter-wafer uniformity for tungsten deposi- Table 2. Coefficients for heat capacity in Eq. (A.5)
tion using the hydrogen reduction of tungsten hexafluoride. The same

. : " Species a B Y
approach can be used to optimize operating conditions and reacter
geometries for other deposition processes, e.g., atmospheric pres- Ar 4.969 ~7.670x10° 1.234x10°
sure CVD (APCVD) processes in multiple wafer reactors, assum- ~ H: 6.874 9.263x10° 1.234x10
ing that validated reactor scale model is available. Although the sim- ~ HF 7.069  -5.401x10' 6.755x10’
ulation results are presented for a specific geometry and their valid- ~ WFe 22.074 3.022x10° -1.600x10°

ity is restricted to the range of operating parameters examined, the
general approach used should be universally applicable.

A two-dimensional reactor model that incorporates fluid dynam-are summarized in Table 1. Values forardd HF are obtained from
ics and transport phenomena in a single-wafer reactor is succesSvehla [1962], and value for Wi estimated usiny, =85.35%m
fully applied to the tungsten CVD process over a range of operatingnol and T=290 K [Park, 1992]. The viscosity of the gas mixture
conditions. The model solutions show that the gas flow forms smootlis computed from Wilke's formula;jz.
streamlines in the reactor. Simulations also indicate that large gradi-

ents in the temperature and concentrations across the wafer can be % % s e
observed in cold wall single-wafer reactors. 0 =i5nX'L%with o, =i%+ﬂ% [1+Hﬂ% E]ﬂ% A}

For tungsten LPCVD from the hydrogen reduction of tungsten Py X0 J8= m, B0 Oin,
hexafluoride, the theoretical predictions of deposition rates, using a o= 0O
surface reaction rate expression which depends on the tungsten hex- (A-4)

afluoride concentration, agree fairly well with experimental data. The heat capacity for each species i is described by
The good agreement between model predictions and experimental

data demonstrates the validity of the modified rate expression used Coi
in this study. Values fora, 3 andy are given in Table 2, which are obtained by
curve-fitting heat capacities in the literature [Chase, &1985; Pank-
ACKNOWLEDGMENT ratz, 1984]. The specific heat of the gas mixture is calculated by

=0, +BT+y T (A.5)

The author appreciates the financial support of the Center for In- c,,, =iw,(cp,/m,). (A.6)
dustrial Technology at Inha Technical College. s

The thermal conductivity of atomic gases is estimated by Eucken’s

APPENDIX correlation [Reid et §11988]
The density of the gas mixture is calculated by the equation of A, =%p. +2Rg%_ (A7)

state using the species mass fraction and its molecular weight

The thermal conductivity of the gas mixture is computed by an ex-
. (A1) pression analogous to Eq. (A.4)
lew‘/ m, The binary diffusion coefficients are calculated by using the Chap-

man-Enskog theory [Reid et,a1988]
The viscosity of gaseous species in g/lcm-sec is calculated by using

W,

M=

P
PTRT

the Chapman-Enskog theory [Reid et 5988] D. =0 0018583”3(1/”1 +1/iii) (A8)
! . 0‘5 D.ij .
1 =2.6693¢ 10701 (A2)

whereo; =(o;, t0,)/2 ande/K); =+/(¢/K),(¢/K),. The collision

integral€), ; is analogous to that used in Eq. (A3,
whereg; is the collision diameter in Angstrom and the collision

G; Hi

integralQ, is defined by Q. -1.06036,  0.19300
il T”o,lssm EX[X 0.47635D
1.1645, _ 0.52487 2.16178
Pl + (A3) 4103587 | 1.76474 (A9)
T, exp(0.77321) exp(2.437877) exp(1.529957) exp(3.894117)

where T=T(k/e). Values ol ande/k for each species in this system with T;=T(k/¢),. The diffusion coefficient of species i in a muli-
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component mixture is calculated by Wilke's approximation

X
—(1—
Dlm (l XI) D

Un

[ |

15
i

B

(A.10)

J.-H. Park

1523 (1991).

Blewer, R. S. (el “Tungsten and Other Refractory Metals for VLSI
Applications; MRS Publishers, Pittsburg, PA (1986).

Blewer, R. S. and McConica, C. M. (gd&Tungsten and Other Re-
fractory Metals for VLSI Applications IV MRS Publishers, Pitts-
burg, PA (1989).

Multicomponent thermal diffusion coefficients are calculated by Broadbent, E. K. (el “Tungsten and Other Refractory Metals for VLSI
using the kinetic theory of gases based on the Lennard-Jones poten-Applications Il MRS Publishers, Pittsburg, PA (1987).
tial [Hirschfelder et a) 1954; Park, 1992].

i}

QoL

3@

<1

NX< A4~ OQx»y~O >

NOMENCLATURE

: molar heat capacity [cal/mole K or cal/g K]
: diffusion coefficient [crisec]
: thermal diffusion coefficient [g cm/sec]

: deposition rate [A/min]

: gravitational acceleration [cm/Sgc
: molecular weight [g/mol]

: number of gaseous species

. pressure [torr or atm]

: radial coordinate [cm]

: universal gas constant [atm ¥mol K, or cal/mol K]
: surface reaction rate [mol/érsec]

: time [sec]

: temperature [K]

: reduced temperatureT/e]

: gas velocity [cm/sec]

: mole fraction

: axial coordinate [cm]

Greek Letters

€

€ao<E >x

cnr/sed]

: Boltzmann’s constant [=3.30xf0cal/K]

: thermal conductivity [cal/cm sec K]

: viscosity [g/lcm sec]

: stoichiometric coefficient of the surface reaction
: fluid density [g/cm]

: collision diameter for the Lennard-Jones parameter [A]
: mass fraction

Superscripts and Subscripts

(0]

NS 40—~ g3——

: reactor inlet

: index or species
: index

: mixture

: radial direction

: susceptor

: thermal diffusion
»wall

: axial direction
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