Korean [ of Chem. Eng, 13(2), 105-114 (1996)

DEPOSITION UNIFORMITIES ON A WAFER AND IN A TRENCH
FOR TUNGSTEN SILICIDE LPCVD IN A SINGLE-WAFER REACTOR

Jung-Hwan Park

Dept. of Chemical, Bio & Materials Engineering and, Center for Solid State Electronics Research,
Arizona State University, Tempe, AZ 85287-6006
(Received 27 September 1994 « accepted 1 November 1996)

Abstract—A transient model of a single-wafer reactor in axisymmetric, stagnation point flow is used to study
the effects of operating conditions on film thickness uniformity and composition uniformity across the wafer during
low pressure chemical vapor deposition of tungsten silicide. Orthogonal collocation on finite elements is used to solve
the transient model equations; continuity, momentum, energy and chemical species balances. A feature scale model
for simultaneous Knudsen transport and heterogeneous reactions is used to predict film thickness in infinite trenches.
Boundary conditions for the feature scale model are established using the reactor scale model. The use of a combined
reactor scale and feature scale model is demonstrated to select deposition conditions which provide both good interwa-
fer uniformity and good intrafeature uniformity. Film thickness and composition uniformity on a wafer are predicted
using a model for a single-wafer reactor. Significant differences in step coverage predicted using partial pressures
in the feed stream and partial pressures at the wafer surface were observed. Step coverage differences between
the wafer center and the wafer edge were also significant under the operating conditions used in this study. Uniformi-
ties of interwafer and intrafeature step coverages inceased as either the wafer temperature or the partial pressure
ratio of dichlorosilane to tungsten silicide in the feed was decreased.
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INTRODUCTION

Film thickness and composition (where applicable) uniformity
across a wafer as well as in features on patterned wafers are
critical film properties in microelectronics applications. Trends
toward large diameter silicon wafers [Bullis and O'Mara, 1993]
particularly when combined with decreasing dimensions in inte-
grated circuits, make these demands become more stringent [Mos-
lehi et al., 1992]. Single-wafer reactors (SWRs) are often preferred
to conventional volume loaded multiple wafer reactors (MWRs),
because they offer the possibility of superior deposition uniformity
at high conversion levels of costly reactants. SWRs also provide
other advantages over MWRs such as; easier automatic wafer
handling, easier adjustment of process variations, higher wafer-
to-wafer consistency and lower capital cost [Moslehi et al., 1992;
Lam and Koch, 1980]. Another important advantage of SWRs over
MWRs is that process upsets will result in misprocessing of only
one wafer instead of an entire batch. Interest in SWRs has grown
recently for chemical vapor deposition (CVD) processes [Kleijn
et al, 1989; Jasinski and Kang, 1991; Rode and Schmitz, 1992;
Dobskin, 1992; Cale et al., 1993], for etching processes [ Econo-
mou and Alkire, 1988; Park and Economou, 1990; Riely and Clark,
19917 and for rapid thermal processing [Wong, 1989; Campbell
et al, 1990; Chatterjee et al, 1992]. On the other hand, SWRs
present new challenges to the process engineer. Higher deposi-
tion rates are required for an SWR, since device throughput must
be competitive with that of a conventional MWR. Unfortunately,
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as deposition rate increases, film conformality in patterned re-
gions of the wafer tends to degrade. Increasing temperature
and/or reactant partial pressure will generally increase deposition
rates; however, this may lead to gas phase reactions, lower depo-
sition uniformity across wafer and poorer film conformality in
features. Therefore, it is critical to know how operating conditions
impact uniformity of the deposited films across a wafer as well
as in features on patterned wafers.

A reactor scale model (RSM) for low pressure chemical vapor
deposition (LPCVD) SWRs of an impinging jet type has been pres-
ented by Kleijn et al. [1989] for silicon deposition from silane.
Their model incorporates multicomponent diffusion, thermodiffu-
sion, and variable gas properties. Homogeneous reactions and the
Dufour effect were not included. Their model was refined with
inclusion of the Dufour effect for tungsten deposition by the hy-
drogen reduction of tungsten hexafluoride [Kleijn et al., 1991] and
with inclusion of gas phase reactions for silicon deposition from
silane [Kleijn, 1991]. In this work, a transient RSM of a stagnation
point flow SWR is used, which has been used to study the inhe-
rent transients which occur during deposition processes [Cale
et al., 1991a, 1992a, b, 1993]. Our model includes multicomponent
diffusion, thermal diffusion, multiple surface reactions, the Dufour
effect and variable gas properties. The RSM is solved with given
boundary conditions to predict the velocity, temperature, and
chemical species concentration fields within the SWR. Reactant
concentrations and perhaps the temperature at the wafer surface
are computed as part of the solution, and these are used as bound-
ary conditions for the feature scale model to predict step cover-
age in trenches on patterned wafers. Computation of local wafer
temperatures are considerably complicated and has been perform-
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ed using the wafer energy balance [Ulacia et al, 1989; Park,
1992]. The wafer temperature, however, is considered as constant
in this study.

Two distinct approaches, continuum-like diffusion reaction mod-
el (DRM) [McConica et al., 1988; Raupp and Cale, 1989; Chatter-
jee and McConica, 1990; Cale et al., 19907 and ballistic transport
and reaction model (BTRM) [Cale and Raupp, 1990; Cale et al.,
1991b; IslamRaja et al., 1991], have been presented to predict
step coverage in features. Qualitative trends in film conformality
with changes in operating conditions were observed by the two
models [Jain et al,, 1993]. Quantitative agreement between pre-
dicted and experimental step coverages can be achieved if the
reaction kinetics and the local deposition conditions are accurately
known. For LPCVD systems, much of the existing disagreement
between experimental and simulated film profiles is bhelieved to
be due to uncertainties in the reactant partial pressures at the
wafer surface and perhaps the wafer temperature. These deposi-
tion conditions are primary variables which determine step cov-
erage and film composition. In the case of cold wall SWRs where
deposition rates must be high in order to obtain high throughput
and reactor walls are cooled, the reactant concentrations at the
reactor inlet can be much higher than their concentrations calcu-
lated at the wafer surface, because of high conversion levels of
the gaseous reactants. Even in the case of low reactant conversion
levels, the concentrations in the feed stream may nct represent
those at the water surface due to byproduct generation and ther-
mal diffusion effects. Local deposition conditions at the wafer sur-
face can be predicted by a validated RSM, when there are no
direct measurements of gas phase composition during deposition.
The DRM is used in this paper, since it is formulated in terms
of transient differential equations and is therefore more consistent
with the RSM used than the integro-differential equations of the
BTRM. The RSM has been combined with both the DRM and
the BTRM for estimating film conformality in infinite trenches
on the wafer [Cale et al, 1993].

The overall goal of this paper is to demonstrate the use of
a combined reactor scale and feature scale model to gain insight
into LPCVD processes. More importantly, an attention is focused
on the possibilities of having thickness, composition and step cov-
erage uniformities across a wafer. The RSM is used to predict
film thickness and composition uniformity on the wafer. The DRM
is simultaneously used to predict step coverage in a trench.

TUNGSTEN SILICIDE LPCVD CHEMISTRY

Tungsten silicide deposition by the dichlorosilane (DCS) reduc-
tion of tungsten hexafluoride is considered. Tungsten silicide ap-
pears to be an excellent candidate material for interconnect appli-
cations. Three deposition reactions which form the three different
phases were proposed [Raupp et al, 1990] in films deposited
in a range of conditions which includes the conditions in the pres-
ent study. The stoichiometric equations used are

I. SiH.CL.—Si+2HCl ¢)]
II. WF,+4SiH,Cl,—>WSi.+8HCl+ SiF, + SiF, 2)
I11. 5WF,+ 11SiH.CL—>W;Si; + 22HCl+ 7SiF, + SiF.. (&)

The surface reaction rates are expressed in terms of the following
generic form

[ By \f Plesblies \ o wwer wrc
= — | R =S, WSH, WS )
R, k.,,exp(\ RT )( 1+ Kpurs ) J=i 1 I
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Table 1. Kinetic parameters for WSi, deposition

Solid ko E, K

j [mol/(cm? s torr'®*®)] (kcal/mol) a B (torr 1)
Sio- 6.6E22 90 2 0 0
WSi, 1.8E30 120 1 1 1
W5Si; 8.3E4 40 05 1 0

where ppes and purg are the partial pressures of DCS and WF,
in torr, respectively. k, and E, are the pre-exponential factor
and activation energy respectively for reaction j. o; and B; are
the reaction order in DCS and WFs respectively, and K; is the
absorption coefficient of WF; for reaction j. The reaction rate is
in gmole/cm?® sec. The values of the parameters for each reaction
are given in Table 1 [Cale et al,, 1991a]. These values were deter-
mined over a range of temperature and reactant partial pressures
which includes the steady state temperature and reactant partial
pressures at the wafer surface.

MATHEMATICAL MODEL FOR A
SINGLE-WAFER RACTOR

A comprehensive representation of a CVD reactor requires a
set of partial differential equations which consists of a momentum
balance, thermal energy balance and species balance equations.
The transient SWR model used in this study has a steady state
version which is similar to that of Kleijn et al. [1989, 1991]. The
mathematical model of the SWR has been described elsewhere
[Cale et al., 1993]. In developing the model, the major assump-
tions used are:

(1) The flow is laminar and axisymmetric.

(2) Gases are ideal.

(3) The fluid behaves as a continuum.

(4) Radiant heat transfer between the solid surfaces is ignored.

(5) Contributions of heat flux from viscous dissipation and pres-
sure changes are ignored.

(6) Gas phase reactions are negligible.

(7) Contributions of mass flux from pressure diffusion and for-
ced diffusion are neglected.

(8) There is no deposition on solid surfaces other than the
reactive surfaces.

1. Transport Equations

Based on these assumptions, the system can be described by
the following governing partial differential equations. Variables
and parameters are defined in the List of Symbols.

Continuity equation
ap
CE 1V (pv)=0 5
at (p¥) )
Momentum balance

2
a%(pv): =V (o) + V- 94+ 99~ ST 1]
~VP+pg ®

Energy balance
%(MT) =~V (pepm¥T)+ V+ (1, 9T)

n T
+V~[RgT > ?n—‘ v(n x,)] %
i+1

i
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Fig. 1. Schematic of single-wafer reactor, along with reactor dimen-
sions. BC number indicates the surface on which the boundary
conditions are applied.

Species balance
ait(pw.')= = V- (pvw)+ V- (pD,n V) + V- [D,/V(In T)]. @®

There are n-1 independent species balance equations, with the
composition of the nth species determined using the constraint
the sum of the mass fractions is one. The last term in bracket
of Eq. (8) represents the thermal diffusion (Soret effect) which
occurs when gas molecules experience a driving force due to tem-
perature gradients. This effect is usually insignificant compared
to ordinary diffusion. However, the Soret effect can play a signifi-
cant role in cold wall reactors due to both steep temperature
gradients near the hot susceptor and differences in molecular
weights among gaseous components. In the presence of tempera-
ture gradients, the heavier and larger molecules tend to concen-
trate in the colder regions, whereas the lighter and smaller mole-
cules move towards the hotter regions. The last term of Eq. (7)
represents the Dufour energy flux resulting from concentration
gradients, which is the reciprocal process to thermal diffusion.

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

p:R%T R ©

TUE o/m

j=1

2. Boundary Conditions and Initial Conditions

The boundary conditions on the SWR are the following, where
the number refers to the position of the reactor shown in Fig.
1, along with the configuration of the reactor

BC 1: v,=0, v,=vp, T=T,, =0 (10

BC 2: v,=0, v,=0, T=T,. pD,,,.aam'*rDT D=0 A

n i
BC 3: v,=0, v,:—% T m z vi®t, T=T,
i=1 j=
oD a‘”’+D? 9 (InD=m z v (12)
BC 4: v,=0, v,&—i % m E v, o,
P o= j=1 0z
00 | 7 a
pD.m oz +D; (ln T=m; Z v R (13)

BC 5: v,=0, ‘ZZ =0, ‘z; 0, %“Z":o a4
BC 6: v,=0, %‘;—‘ =0, ‘;—I =0, %:0 (15)
BC 7: v,=0, v.=0, ‘;T =0, D,m‘""‘ D, i(m T=0  (16)
BC 8: v,=0, v.=0, T=T,, pD,, aa""+1)7 =0 17

It is noted that a uniform gas velocity is used at the reactor inlet.
The use of plug flow is quite reasonable for the showerhead rath-
er than the use of well developed flow [Fitzjohn and Holstein,
1990]. There is a finite normal velocity component at the reactive
surfaces because of the surface reactions. On the reactive sur-
faces, the net mass flux normal to the surface equals the rate
of surface reactions, as indicated in Eq. (12). The local film growth
rate in Angstrom/min, in terms of the sum of the surface reac-
tions, is

3 \
P=( 2 T )60x10 (18)
=1 Py s

where m, is the molecular mass of solid species produced by
reaction j, and py is its density. The silicon to tungsten ratio in
the deposited film is calculated by the ratio of reaction rates

Si_ 911+2‘R2+29_ti‘ (19)

W RN,+5R;

In addition, the total pressure is specified at the reactor outlet,
where it is often measured in practice.

The appropriate initial conditions depend how the process runs.
The susceptor temperature can be ramped up after the reactant
flow rates have been established or vice versa. These startup tran-
sients have been studied [Cale et al, 1991a, 1992a]. However,
these transients are ignored in this paper and calculations focus
on steady state predictions even though the transient equations
are used to solve a set of partial differential equations of the
SWR.

3. Transport Coefficients

The transport coefficients for the gas mixture are functions
of temperature, pressure and composition of the gas mixture. The
calculation of transport properties is based on the Chapman-Ens-
kog theory and on the Lennard-Jones 6-12 potentials [Reid et
al., 1988; Hirschfelder et al., 1954]. The heat capacity of gaseous
species in this system is available [Chase et al., 1985; Pankratz,
1984]. A detailed computation of transport coef11c1ents is describ-
ed in Appendix. For computation, local values for transport coeffi-
cients are calculated at local temperature, pressure and concen-
tration in the gas phase.

4. Numerical Solution

Orthogonal collocation on finite elements (OCFE) with Lagrange
polynomials is used to solve the set of transient partial differential
equations. This approach is a method of weighted residuals and
is very attractive in terms of the required computational effort
and accuracy [Finlayson, 1980; Suwondo et al.. 1991]. In OCFE,
the solution domain is divided into many discrete rectangular
subdomains which fill the entire spatial region. The axisymmetric
half of the cylindrical domain is discretized on a nonuniform
grid, which consists of 31 nodes in the axial direction and 28
nodes in the radial direction. The use of OCFE removes the spa-
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tial derivatives, converting 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 using subroutine DVODE which is available from ode li-
brary at AT&T Bell Labs [Netlib]. The initial values for the de-
pendent variables at each point are determined under no reaction
conditions by solving the steady state of momentum and energy
balance equations using subroutine HYBRD which is the nonlinear
equation solver taken from minpack library at AT&T. The reason
for calculation of initial advance is that deposition pro-
cesses commonly used in the microelectronic devices run with
inert gas until establishing fully developed velocity and susceptor
temperature in the reactor, as mentioned early in this section.

MATHEMATICAL MODEL IN A TRENCH

Consider deposition in a long trench on a patterned wafer. A
one-dimensional continuum-like formulation is used iri which mo-
lecular transport is described by cross sectional averaged Knud-
sen diffusion and deposition by classical heterogenecus reaction
rate expressions. In order to develop a mathematical model for
the LPCVD system in a trench, the following assumptions [Cale
et al, 1993] are made:

(1) The mass transfer within the trench is prevailed by Knud-
sen diffusion or free molecular flow.

(2) Lateral concentration gradients in the trench are assumed
to be negligible.

(3) Surface diffusion is insignificant.

(4) The open end of the trench is exposed to an ideal gas.

(5) The feature is spatially isothermal.

Based on these assumptions and given the stoichiometries, ki-
netic expressions and trench dimensions, two species balances
are required, one for DCS (C) and one for WFs (F). Choosing
DCS as reference species, the dimensionless model equations
are

Dichlorosilane Balance

MBe_ 1 g 98¢
gt WHZ g\ (Wﬂ° aé)

17, 6
’W[( 5 )‘D‘Gl (
Tungsten Hexafluoride Balance

0 I a(w;;, aef)

), 1)
62)¢ZGZ+ - ¢:,Gg] 20)

ot  WH? 3¢ o
17 6 0 O \
— VV[ 5, ~ oGt <AC[-“ gz )¢2G2 + (5/\@,.~~ a )‘I’:xGx} (21)

In the above mass balance equations, the first term in the right
hand side represents the ordinary diffusion flux due to concentra-
tion gradient and the second term represents the net reaction
rate associated with three surface reactions. Variables and param-
eters are defined in the List of Symbols.

Boundary Conditions
8,0, =1 for >0 j=C, F 22)

901 v _ -1 H(® 4
*at 2(lu 8L < [01 (L v +40:6:(1, v

+ 1103Gs(1, ‘C)] for T>0 (23)
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ML, v _ O HE )
ot 2w 841, D L9:Ga(L. ©+505G(1, T)] for >0
(24)

Initial Conditions
0(& =1 for 0<E<1 j=C, F (25)
Trench Width

dWE O (0G| G 0sGa . _
ps = ( 5, + 5, + 5 >w1th WE 0)=1
for 0<E<1 (26)
Trench Height
oHE) _ [}
p 2%[6]{1 Gl DI+ 11-Gult,
2*{1 Ga(l, t)}] with HO)=1 @7)

In the above equations, the step coverage modulus ¢ is defined
as a ratio of characteristic deposition rate to a characteristic diffu-
sive transport rate. The step coverage enhances with decreasing
the step coverage modulus at a constant value of Ace. Acr is
the partial pressure ratio of dichlorosilane to tungsten hexafluo-
ride. Decreasing this ratio improves step coverage at a constant
value of the step coverage modulus. The effects of these parame-
ters on step coverage has been studied [Cale et al., 1990, 1993].
Knudsen diffusivity is estimated as discussed in Appendix.

RESULTS AND DISCUSSION

The reactor dimensions used in the simulation are listed in
Fig. 1. The reactor wall temperatures are assumed to be constant
and uniform at 300 K, which is also the assumed temperature
of the feed gas. The susceptor temperature is 763 K. The total
operating pressure is 0.18 torr. The DCS flow rate is 120 sccm
and the WF; flow rate is 3.8 sccm. The motivation for combined
reactor scale and feature scale models has been presented by
Cale and coworkers [1993]. Startup and shut down transients
are not considered, i.e., it is assumed that the deposition occurs
mostly at steady state [Cale et al., 1991a, 1992a]. Figs. 2-5 sum-
marize the steady state results of the RSM calculations. Fig. 2
shows the calculated gas flow vectors which indicate the magni-
tude and the direction of the local mass velocity in a single-wafer
reactor. The axial velocity component has its same value at the
reactor inlet due to the use of plug flow which is assumed in
the showerhead. The use of showerhead can suppress the recir-
culation in the SWR [Fitzjohn and Holstein, 1990]. Beyond the
susceptor edge the velocity profile is nearly parabolic with a zero
radial component. Fig. 3 shows the isotherms in half of the reac-
tor. The Dufour effect did not impact the calculated temperatures
for the operating conditions used in this study. This observation
is consistent with previous simulation results in LPCVD processes
[Jenkinson and Pollard, 1984; Kleijn et al., 1991]. Figs. 4a-4c illus-
trate contours of the mole fractions of WFs, DCS, and HC], respec-
tively. The mole fractions of the reactants decrease as the wafer
surface is approached due to consumption of the reactant gases
resulting from surface reactions. Significant radial concentration
gradients exist along the wafer. These radial concentration gra-
dients are more pronounced towards the wafer edge. The Soret
effect plays a minor role under the conditions of this simulation.
The mole fraction contours of reaction products SiFy and SiF;
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Fig. 2. Flow velocity vectors in the reactor. The wafer temperature
is 763 K, the total pressure is 0.18 torr, the flow rate of DCS
is 120 sccm and the flow rate of WF, is 3.8 sccm.
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Fig. 3. Computed isotherms in half of the reactor.

are not given here but have the same trends as those of HCL
Fig. 5 shows the total deposition rate as a function of wafer radius.
The increase in deposition rates with radial position is mostly
due to the radial gradients in reactant partial pressures at the
wafer surface, as dictated by Eq. (4). Fig. 5 also shows the ratio
of deposited silicon to tungsten. This ratio changes by 3.2% across
the wafer, even though the deposition rate changes by 13.7%.
The reason for small change of Si/W is due to the fact of that
the rates of deposition of both silicon and tungsten increase with
increasing reaction rates at the wafer surface.

The partial pressures at the wafer surface, computed as part
of the solution from the RSM, provide the concentrations of dich-
lorosilane and WF; for the DRM. Fig. 6 shows the ratios of DCS
to WF; partial pressures at the wafer surface and ratios of WF,
partial pressure at the wafer surface to WF; partial pressure in
the feed stream as functions of wafer temperature when the other
operating conditions are fixed at the values prescribed above.
Significant depletion of WF; occurs for temperature above 770
K. The difference in WFs depletion between the wafer center
and wafer edge increases with increasing temperature, and WF;
depletion at the wafer center becomes much higher than that
at the wafer edge at higher temperatures. The partial pressure
ratios at the wafer surface Acr increase as the temperature in-
creases, but the ratios of WF; partial pressure at the wafer surface

00301

(@)

0.9688 ——

(b)

0.0031

(©)
Fig. 4. Contours of mole fractions of a. WF,, b. DCS, ¢. HCL

to that in the feed stream decrease with increasing temperature.
The differences in these ratios between at the wafer center and
at the wafer edge increase with increasing temperature. Fig. 7
shows the average deposition rate and deposition rate nonuniform-
ity as functions of wafer temperature. Deposition rate and deposi-
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Fig. 5. Deposition rate and the ratio of silicon to tungsten as functions
of wafer radial position. The wafer temperature is 763 K, the
total pressure is 0.18 torr, the flow rate of DCS is 120 sccm

and the flow rate of WF, is 3.8 scem.
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Fig. 6. Ratio of the WF, partial pressure at the wafer surface to the
WF, partial pressure at the reactor inlet as a function of wafer
temperature and ratio of DCS and WF, partial pressures at
the wafer center as a function of wafer temperature.

tion nonuniformity usually increase with increasing temperature.
Nonuniformity is defined in this work as

A={F(r=wafer edge)—F(r=0)]/F(r=0). (28)

Significant deposition nonuniformity occurs above 755 K. of tem-
perature. However, the change in temperature does not signifi-
cantly affect composition uniformity.

Even without solving the model equations, several useful “rules
of thumb” for improving step coverage in LPCVD processes can
be predicted [Cale and Raupp, 1990; Cale et al., 1991b]. Essential-
ly, step coverage increases with decreasing step coverage modulus
at constant partial pressure ratio. Using the step coverage modu-
lus as a guideline, the following parameter adjustment may be
used to decrease step coverage modulus: (i) decrease the feature
height or reaction rate, (it) increase the feature width at constant
reactant concentrations. During deposition process, achieving good
film conformality in features and good step coverage uniformity
across the wafer is important [Cale et al, 1993]. Step coverage
predictions for the DRM depend on knowing the local reactant
concentrations and the wafer temperature, which can be obtained
using the RSM. Fig. 8 shows step coverages predicted using the
partial pressures at the reactor inlet and those at the wafer sur-
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Fig. 7. Average deposition rate and deposition nonuniformity as func-
tions of wafer temperature.
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Fig. 8. Step coverages predicted using inlet partial pressures and par-
tial pressures at the wafer center and wafer edge as functions
of wafer temperature. The initial aspect ratio of trench used
is 1.

face as functions of wafer temperature. Step coverage (film con-
formality in features) is defined as the ratio of the deposited thick-
ness of the side-wall at the bottom of the feature to the deposited
thickness at the feature mouth at the time when the feature
mouth is completely filled. Long infinite trenches having initial
aspect ratio of 1 (1 pmX1 pm) are used before tungsten silicide
deposition starts. In these results, the partial pressures of DCS
and WF; at the trench mouth are calculated by the RSM with
varying the temperature. Step coverages calculated by the feed
partial pressures are substantially higher than those predicted
by the partial pressures at the wafer surface above 760 K of wafer
temperature. The differences in step coverage predicted by the
feed partial pressure and the partial pressures at the wafer sur-
face are more significant at higher temperatures. On the other
hand, step coverage is the same below 753 K, even though any
deposition conditions are used. The reason is that the conversion
of the reactants is considerably low at lower temperatures. In
addition to the dependence of step coverage in trenches on oper-
ating conditions of the reactor, significant differences in step cov-
erage across a wafer are also observed. For the operating condi-
tions and reactor dimensions considered in this study, the step
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Fig. 9. Final film profile of trench of aspect ratio of one for a wafer
temperatre of 763 K.

coverage at the wafer center is lower than that at the wafer edge,
although the deposition rate and reactant concentrations are ac-
tually lower at the wafer center. This degradation in step coverage
results from the higher values of partial pressure ratio A¢r at
the wafer center relative to those at the wafer edge, as shown
in Fig. 6. The differences in step coverage across the wafer in-
crease with increasing the temperature, Fig. 9 shows final film
profile for tungsten silicide in a trench of aspect ratio of one
for a wafer temperature of 763 K. The reactant partial pressures
at the wafer center are obtained by the reactor scale model. The
resulting step coverage is 88% at feature mouth closure. From
a processing view point, higher step coverage is desirable. To
enhance step coverage on patterned wafers and step coverage
uniformity across the wafer, the temperature and the partial pres-
sure ratio DCS to WFs in the feed should be decreased.

CONCLUSIONS

A transient, stagnation point flow, single-wafer RSM is combi-
ned during LPCVD of tungsten silicide to demonstrate deposition
uniformity and step coverage uniformity across the wafer and
film composition. The RSM predicts reactant concentrations and
deposition rates as functions of position on the wafer surface.
These concentrations are used in the DRM to predict conforma-
lity.

The DRM is used in this study to provide insight into the effect
of operating conditions on step coverage. Different step coverages
at radial positions on the wafer were observed in terms of reactor
operating conditions. An assumption of no conversion of reactants
in the reactor scale which is often used for the feature scale model
can cause significant errors in prediction of step coverage. In the
absence of the RSM solution, therefore, some considerations
should be made in determination of reactant concentrations by
accounting for the conversion of the reactants for the feature scale
model.

The use of a combined RSM and feature scale model presented
was used to provide gualitative guidance regarding how to change
operating conditions to improve uniformities of film properties.
The same approach can be used to optimize operating conditions
for other deposition processes; e.g., atmospheric pressure CVD
processes in MWRs, assuming that validated reactor and feature
scale models are available.
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APPENDIX

The viscosity of gaseous species in g/(cm-sec) is calculated
using the Chapman-Enskog theory [Reid et al., 1988]

1 =2.6693% 10" JU[%—I (A1)
H Hr

where o; is the collision diameter in Angstrom and the collision
integral Q, 1s defined by

_ 11645 0.52487
T84 " exp(0.7732T,%)

2.16178
exp(2.43787T,*)

Q, (A2)

where T*=T(x/e). Values of ¢ and e/x for each species in this
system are summarized in Table 2. Values for HCl and SiF, are
obtained from Svehla [1962], and values for WF,, DCS and SiF,
are estimated [ Park, 1992]. The viscosity of the gas mixture is
computed from Wilke’s formula, viz.

b= % (—x—‘i—) (A3)
T x,

i=1
with
1 < m])w’z[ Wi 1/2(m1)1/4]2
== 1+ — + =] (= . A4
@, V8 1 m, 1 ( 1) m “ad
The heat capacity for each species i is described by
ci=a,+BT+y T (A.5)

Values for coefficients in Eq. (A.5), which are available [Chase
et al, 1985; Pankratz, 1984], are given in Table 3. The specific
heat of the gas mixture is calculated by

m= T wcu/m). (A6)
i-1

The thermal conductivity of atomic gases is estimated by Euc-
ken’s correlation [Reid et al., 1988].
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A=t TR B A7

The thermal conductivity of the gas mixture is computed by an
expression analogous to Eq. (A3).

The binary diffusion coefficients are calculated using the Chap-
man-Enskog theory [Reid et al, 1988]

3
D, =0.0018583 Y L /m: * 1/m) (A.8)

P G,jZQD_U

where 6,;=(6i+0,)/2 and (¢/k);=/(e/x){(e/x);.. The collision inte-
gral Qp; is analogous to that used in Eq. (A.2), viz.

0, — 106036 0.19300 1.03587
D T, 00510 T exn(0.47635T,*)  exp(1.52995T,*)
1.76474
exp(3.89411T,%) (4.9

with T;*=T(x/e);. The diffusion coefficient of species i in a multi-
component mixture is calculated by Wilke’s approximation

Da=(-x 3} (A.10)
\ j= ij

j#l

Multicomponent thermal diffusion coefficients are calculated
using the Kinetic theory of gases based on the Lennard-Jones
potential [Hirschfelder et al, 1954; Park, 1992].

Local Knudsen diffusivities for infinitely long trenches are esti-
mated by [Cale et al, 1990].

D':(' 8T )w _lLt)[_ 18+ 7{h(t)/w(x.n} ]
Um0 4 L18+160h(®)/wx,b} + 2{ht)/wix.tF I
(A.11)
NOMENCLATURE
¢ : molar concentration [mol/cm®]
¢,  :molar heat capacity of species i [cal/mole K]

Cm : heat capacity of mixture [cal/g K]
D, :diffusivity of binary species [cm%/sec]
D,, :diffusivity of species i in a multicomponent mixture [cm?

/sec]

Dx  :Knudsen diffusivity of species i [cm?/sec]

B8, :dimensionless Knudsen diffusivity of species i, Dx(x,t)/Di;
0,0

D’ :thermal diffusion coefficient of species i [g cm/sec]

E., :activation energy in rate expression [cal/mol]

F  :deposition rate [A/min]

g :gravitational acceleration vector [cm/sec’]

G, :dimensionless rate of surface reaction j, R,(x,t)/%R,0,0)

h : feature depth [cm]

H :dimensionless feature depth, h(t)/h(0)

1 : identity vector

k, :pre-exponential factor in rate expression

K, :adsorption coefficient of WF for surface reaction j (torr ')

1 : number of solid phase species

m, :molecular weight of species i [g/mol]

m, :molecular weight of solid [g/mol]

n :number of gas phase species

p  :partial pressure [torr]

P : total pressure [atm]

r : radial coordinate [cm]

March, 1996

: universal gas constant [atm cm®/mol K, or cal/mol K]
: surface reaction rate [mol/cm? sec]

: time [sec)

: temperature [K]

: reduced temperature, kT/e

: mass average velocity vector [cm/sec]

: gas velocity in the radial direction [cm/sec]
: gas velocity in the axial direction [cm/sec]
: feature width [cm]

: dimensionless feature width, w(x,t)/w(0,0)

: coordinate into trench [cm]

X; : mole fraction of species i

pA : axial coordinate [cm]

#nEE LT T 8™

Greek Letters

oo :initial aspect ratio in a trench, h(0)/w(0,0)

& :parameter used in Eq. (20), p,,/m;;c(0,0) =1 for Si, j=2
for Wsiz, j:3 for W5Slg)

A :deposition nonuniformity

€ : Lennard-Jones potential energy between two molecules (g
cm?/sec’]

@&  :step coverage modulus for reaction j, 2h*(0)R,(0,t)/w(0,0)cc
(0,0)Dxc(0,0)

®; :function defined by Eq. (A4)
: parameter defined in Eq. (21), Dxr(0,0)/Dkc(0,0)
K : Boltzmann’s constant (=3.30X107% cal/K)
A; :partial pressure ratio at the wafer surface, p/p;
A :thermal conductivity of species i [cal/cm sec K]
An :thermal conductivity of mixture [cal/cm sec K]
u;  :viscosity of species i [g/cm sec]
Wn  :viscosity of mixture [g/cm sec]
vy  :stoichiometric coefficient of species i for reaction j
0, :dimensionless concentration of species i, ci(x,t)/c.(0,0)
p  :fluid density [g/cm?]
p,  :solid phase density [g/cm®]
©  :parameter defined in Eq. (24), cc(0,0)Dxc(0,0)/c0,0)Dx0,0)
o : collision diameter for the Lennard-Jones parameter [A]
T : dimensionless time for the DRM, tDx(0,0)/h%0)
13 : dimensionless distance into trench, x/h(t)
w, :mass fraction of species 1
0, :collision integral defined in Eq. (A.9)
Q, :collision integral defined in Eq. (A.2)

Superscripts

t : transpose

T : thermal diffusion
Subscripts

0 : reactor inlet

C : dichlorosilane

F : tungsten hexafluoride
i : index

] : index

k : index

K  :Knudsen

m  :mixture

S . susceptor

w : wall

Acronyms
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BTRM : ballistic transport-reaction model

CVD :chemical vapor deposition

DCS :dichlorosilane

DRM : diffusion-reaction model

LPCVD : low pressure chemical vapor deposition
MWR : multiple-wafer reactor

OCFE : orthr gonal collocation on finite elements
ODE :ordinary differential equation

RSM :reactor scale model

SWR : single-wafer reactor
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