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Experimental measurements of wafer temperature in a single-wafer, lamp-heated chemical vapor
deposition system were used to study the wafer temperature response to gas composition. A
physically based simulation procedure for the process gas and wafer temperature was developed in
which a subset of parameter values were estimated using a nonlinear, iterative parameter
identification method, producing a validated model with true predictive capabilities. With process
heating lamp power held constant, wafer temperature variations of up to 160 K were observed by
varying the feed gas H2/N2 ratio. Heat transfer between the wafer and susceptor was studied by
shifting the instrumented wafer off the susceptor axis, exposing a portion of the wafer backside to
the chamber floor. Model predictions and experimental observations both demonstrated that the gas
velocity field had little influence on the observed wafer and predicted gas temperatures. ©2001
American Vacuum Society.@DOI: 10.1116/1.1333076#
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I. INTRODUCTION

Physically based process modeling and simulation m
ods have been gradually adopted as a design tool in the
velopment of semiconductor manufacturing equipment. T
value of process modeling is underscored by its bro
acceptance1–6 in the control systems designed to meet t
more stringent requirements imposed by continually shri
ing device sizes. The flexibility of simulation tools can b
exploited to test the conceptual feasibility of new des
ideas in early stages of equipment development, reduce
cess development cycles by prototyping system parame
in a process recipe, or give experimentally validated phys
models that can be used for optimization of existing syste

Many research studies have focused on modeling tra
port mechanisms in single wafer rapid thermal process
~RTP! systems,7–11 where nonuniform heat transfer mech
nisms can prevent across-wafer temperature uniformity d
ing the process cycle. Typical modeling studies of R
chemical vapor deposition~CVD! systems include a ga
phase transport submodel and a wafer submodel to acc
for the interactions between the gas phase and wafer itse
addition to the dominant radiative energy exchange mo
inside the chamber, it is often found that conductive heat l
from the wafer to the adjacent gas phase is importan
determining wafer temperature in low pressu
reactors.7,12–15 However, the influence of reactant gas co
position on wafer temperature through gas thermal cond
tion has not yet been widely studied; this is partly attrib
able to the difficulty of quantifying the thermal conductio

a!Author to whom correspondence should be addressed; electronic
adomaiti@isr.umd.edu
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flux when a simplified boundary condition@e.g., terms such
ash(Tw2Tg)] at the wafer/gas interface is used. Although
highly detailed, finely discretized gas phase transport s
model with special attention focused on the gas/wa
boundary condition solved simultaneously with the wafer d
namical submodel can provide insightful information on t
gas conductive effect, the intensive computational requ
ments of this numerical solution procedure usually limits t
applicability of such an approach. As an example, previo
research by Hasperet al.13 showed the gas conduction effe
of pure hydrogen, argon, and a 50/50 hydrogen/argon m
ture at different total pressures. Model predictions achie
very satisfactory agreement with experimental data for p
gases without parameter fitting, but the model predictiv
was limited for gas mixtures because the lack of theoret
model parameter values for the gas mixtures.

In this article, we continue our work16 of developing a
low-order gas/wafer heat transfer model with true predict
capabilities. The model accounts for gas flow across the
fer, the three-dimensional gas temperature field, heat con
tion within the wafer, and heat transfer between the wa
gas, and reactor chamber. The gas temperature field
model is solved using a global discretization method,17,18 re-
sulting in a relatively low order and computationally efficie
simulation procedure. This model was used in an iterat
optimization-based parameter estimation procedure to de
mine a subset of the heat transfer parameters, using ex
mental measurements of wafer temperature as a functio
gas composition. Additional experiments were conducted
show the minimal effecttotal gas flow rate had on observe
wafer temperature when gas composition was held cons
This verified the model prediction of the dominance of g
il:
2301Õ19„1…Õ230Õ9Õ$18.00 ©2001 American Vacuum Society
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FIG. 1. Sketch of the tungsten CVD
reactor system.
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conductive heat transfer mechanisms relative to convec
effects. What was produced was a validated process
transfer model with relatively few adjustable parameters t
gave valuable insight into the heat transfer mechanism
this CVD system. The predictivity of this model can be us
for developing a tighter temperature control system for t
reactor19 and for designing better conditioning procedur
for process metrology.20

II. EXPERIMENT

Our research focuses on the ULVAC ERA-1000 select
tungsten deposition cluster tool, consisting of two sing
wafer reactors joined by a buffer and a load-lock chamber
automatic loading and transfer of wafers. Figure 1 dep
the individual reactor configuration. Reactant gases are fe
the reactor from two sources: a gas mixture of silane
tungsten hexafluoride is injected through a two-dimensio
nozzle installed on one side wall, and hydrogen is pumpe
through a transparent showerhead mounted in the top o
reactor chamber. Gases mix in the chamber and react a
surface of a wafer located at the chamber center. Cur
experimental studies use 4 in. diameter wafers, although
tool is capable of processing 8 in. wafers. The wafer is s
ported by a slowly rotating 4 in. diameter quartz suscepto
JVST B - Microelectronics and Nanometer Structures
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assure the azimuthal symmetry of the deposited film.
incoherent tungsten–halogen lamp ring above and out
the reactor chamber is used to heat the wafer to 400
through the transparent quartz showerhead window. Typ
deposition run times last 5 min after operating temperatur
reached.

A SensArray 1530 thermocouple~TC! wafer was used to
measure the true wafer temperature, and the system wa
erated in I/O mode to enable manual loading/unloading
the instrumented wafer. There are five thermocouples,
beled as shown in Fig. 2, attached to the top surface of
instrumented TC wafer. We note that the instrumented wa
is designed to measure thewafer temperature as opposed
wafer surface or thermocouple temperature by bonding
thermocouple leads in an undercut wafer area in a symme
pattern.21,22 A 61.0 °C or better measurement variation b
tween these thermocouples has been reported.21,22 The ther-
mocouple wafer was intentionally shifted about 3.8 cm fro
susceptor center in the downstream direction, and slig
rotated so that thermocouple 5 was not located on top of
susceptor~see Fig. 2!. This shifting was designed to stud
the conductive heat transfer from wafer to the underly
susceptor. The wafer rotation was turned off during the
periments to protect the leads of the test wafer.
t
-

FIG. 2. Top and side views of the tes
wafer position with thermocouple po
sitions marked.
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232 Chang et al. : Influence of gas composition on wafer temperature 232
The temperature data collected from the instrumented
fer were sent to a personal computer based data acquis
system that included a LabView software interface and t
computer boards: a CIO-DAS801 data acquisition boar23

and a CIO-EXP32 extension board.24 Each thermocouple
was connected to a channel on the expansion board, wh
low pass filter with bandwidth 7 Hz was implemented b
tween the high and low ends and a 100 kV resistor was
installed between low and ground to provide ground ref
ence. The temperature signals were then amplified 300-
before being sent to the data acquisition board. An on-bo
semiconductor sensor provides the adjustable cold junc
compensation~CJC! function that subsequently is used as
reference to the measured thermocouple signals in
LabView program. Additional processing variables of t
ULVAC CVD system, such as the system thermocouple te
perature measured near the lamp, lamp power control sig
chamber pressure, and gas feed rates, are collected durin
processing cycle. The sampling rate selected was 20 Hz

Two sets of experiments were conducted to investig
the influence of gas composition and total flow rate on wa
temperature in the ULVAC system. The first experime
designed to study the effect of gas mixture composition
constant total flow rate, began by changing the initial re
tant gases feed rates of 100 sccm pure hydrogen~case 1!, to
several different combinations: case 2: 80 sccm H2/20 sccm
N2; case 3: 60 sccm H2/40 sccm N2; case 4: 40 sccm H2/60
sccm N2; and case 5: 100 sccm N2. The gas flow rates
composition were changed only after the instrumented w
temperature reached steady state in each period~approxi-
mately 20 min!. The wafer temperature set point and cha
ber pressure were maintained at 500 °C and 500 mT
throughout the experiments. The lamp power was obser
to remain constant after the initial fast ramp-up despite
true wafer temperature variations attributable to the chan
in gas composition, as shown in Fig. 3. This lack of mov
ment of the system controller to compensate for true wa
temperature losses can be understood in terms of the fol

FIG. 3. Temperature response of the wafer to reactant gas composition v
tions.
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ing two reasons: first, the system thermocouple is loca
outside the reactor chamber, thus any gas composi
change will have no effect on its temperature measurem
second, the fixed look-up table, designed to factor in the f
gas flows and chamber pressure when converting sys
thermocouple temperature to wafer temperature, was inac
in the I/O operation mode. Therefore, the system wafer te
perature used as the feedback signal in the temperature
trol loop remained constant, producing no net set-point
viation. Detailed discussions regarding the ULVA
temperature control system can be found in Ref. 19.

The wafer temperature time histories for the first expe
ment are shown in Fig. 3. The wafer temperature indica
by the ULVAC control system~measured by the lamp ther
mocouple! is also plotted for reference. Generally, th
steady-state wafer temperature was found to be lower in p
hydrogen than for pure nitrogen, and it gradually increas
with nitrogen fraction. Because the lamp power output w
maintained at a constant level, these temperature differe
are due to the changing gas mixture properties, most imp
tantly the gas thermal conductivity: we note that the pu
hydrogen thermal conductivity is about six times larger th
that of nitrogen at 500 mTorr. This gas property-related te
perature difference is more significant in the measuremen
TC No. 5, where the backside of the wafer contacts reac
gas instead of the quartz susceptor. The temperature de
tion of TC No. 4 from TC Nos. 1–3 is due to the position
TC No. 4, which is close to the susceptor edge and is
fected by the edge heat loss of the susceptor.

The second experiment was designed to study the ef
of gas bulk velocity on wafer temperature, as well as
verify the observations made in the first experiment. In t
experimental sequence, wafer heating was begun in pure
trogen, and the compositional and total flow rates w
changed according to case 1: 100 sccm N2; case 2: 60 sccm
N2; case 3: 40 sccm H2/60 sccm N2; case 4: 40 sccm H2; and
case 5: 100 sccm H2. The experimental results are plotted
Fig. 4. We note that when the wafer temperature respon

ia-FIG. 4. Temperature response of the wafer to reactant gas flow rate
composition changes.
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233 Chang et al. : Influence of gas composition on wafer temperature 233
are compared for the different flow rates of cases 1 and
pure nitrogen, as well as 4 and 5 in pure hydrogen, o
insignificant differences were observed. This result indica
the gas convective heat transfer modeling terms can be
glected in the low pressure processing condition of
ULVAC system. Also, by comparing the temperature me
surements of the second experiment to the first one at t
different gas compositions~100 sccm N2, 60 sccm N2/40
sccm H2, and 100 sccm H2!, the temperature differences a
found to be less than 5 °C for pure nitrogen gas flow and
almost equal in the other two cases, demonstrating the
peatability of the experiments. In addition, it should be no
that the TC No. 5 measurement, represented as the da
curve, responded faster during the initial heating ramp ph
while the other thermocouples, positioned in the wafer a
above the susceptor, showed slower temperature incre
due to the additional energy absorbed by the underlying
ceptor during the ramp-up phase.

III. MATHEMATICAL MODEL

An integrated model of the ULVAC tungsten CVD sy
tem has been developed that describes the interactions
tween gas phase velocity and temperature fields and the
fer thermal dynamics. The coordinates of gas phase
wafer computational domain are defined in Fig. 1. In the c
of pure nitrogen flow, gas enters only through the side w
nozzle. For the operating conditions used in the exp
mented study, we should not expect turbulent or buoyan
induced convective mixing effects;16 therefore the gas will
flow horizontally over the wafer for the pure nitrogen ca
~the case of nonzero hydrogen flow will be discussed late
the article!. The fully developed, laminar velocity profile i
described by the continuity and steady state Navier–Sto
equations

]vx

]x
50, ~1!

]2vx

]y2 1av

]2vx

]z2 5bv , ~2!

subject to no-slip boundary conditions aty50,1 andz50,1.
Because of the short residence time relative to wafer th

mal dynamics, the gas temperature can be described by
steady-state conservation of energy

vx

]Tg

]x
5S dgt

]2

]x2 1bgt

]2

]y2 1ggt

]2

]z2DTg5LTg . ~3!

Gas inlet temperature is assumed equal to the water-co
chamber wall temperature; a zero gradient along flow dir
tion boundary condition is used at the gas outlet. Gas t
perature is set equal to showerhead and wafer tempera
inside the relative areas at the top and bottom chamber
faces. Overall, this gives the gas temperature boundary
ditions:
JVST B - Microelectronics and Nanometer Structures
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Tg50 at x50,

]Tg

]x
50 at x51,

Tg50 at y50,1,

Tg5H Ct~Tsh* ! atz51, ~x20.5!21Rxy
2 ~y20.5!2<Rt

2,

0 atz51, ~x20.5!21Rxy
2 ~y20.5!2.Rt

2,

Tg5H Cb~Tw* ! atz50, ~x20.5!21Rxy
2 ~y20.5!2<Rb

2,

0 atz50, ~x20.5!21Rxy
2 ~y20.5!2.Rb

2.
~4!

The dimensionless parameters and variables are define
Table I. The gas mixture densityr, thermal conductivityk,
heat capacityCp , and viscositym are determined from
mixture-averaged properties25 and the pure species viscos
ties are calculated from the kinetic theory of gases at
reference temperatureTamb5298 K ~which is also the wall
and inlet gas temperature!. The values ofX̄, Ȳ, and Z̄ are
defined in Fig. 1; the wafer and showerhead radii areRw

50.0508 m andRsh50.1206 m.

A. Wafer thermal dynamics model

The one-dimensional wafer thermal dynamics model c
be written as follows:

DZw
rw

]~CpwTw!

]t
5DZw

kw¹2Tw1Qlamp1Qrad1Qtop

1Qbot, ~5!

where the energy fluxes from the lamp heating, radiat
loss, convective/conductive losses from wafer top, and c
duction loss from wafer bottom are defined as

TABLE I. Dimensionless parameters and variable definitions.

Dimensionless variables Dimensionless parameters

x5x* /2X̄ av5Ȳ2/Z̄2

y5y* /2Ȳ bv52PȲ2/(m^v&X̄)

z5z* /2Z̄ agt5k/(rCp)

vx5vx* /^v& dgt5agt /(2^v&X̄)
Tg5(Tg* 2Tamb)/Tamb bgt5agtX̄/(2^v&Ȳ2)

ggt5agtX̄/(2^v&Z̄2)
Ct5(Tsh* 2Tamb)/Tamb

Cb5(Tw* 2Tamb)/Tamb

Rxy5Ȳ/X̄

Rt5Rsh /2X̄

Rb5Rw /2X̄
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Qlamp5aw~Tw!Qlpu~ t !,

Qrad52
FA,tops~Tw

4 2Tsh
4 !

ew
21~Tw!1esh

21~Tsh!21

2
FA,bots~Tw

4 2Tf
4!

ew
21~Tw!1e f

21~Tf !21
,

~6!

Qtop5kg~Tw,z50!
]Tg,z50

]z
,

Qbot52heff~Tw!~Tw2Tf !.

In the model, the subscriptsw, sh, and f represent the stat
variables or physical properties corresponding to the wa
showerhead, and chamber floor, respectively.DZw

is the wa-
fer thickness,s is the Boltzmann constant, andFA is the
geometric factor that is equal to 1 for both wafer top a
bottom surfaces.26 heff is an effective heat transfer coeffi
cient, Qlp is the incident lamp bank emissive power at t
wafer surface, andu(t) is dimensionless time-depende
lamp control signal recorded from the experiments.e is the
temperature-dependent total emissivity interpolated fr
data points of silicon27 and quartz10 for the wafer and show-
erhead, respectively. A constant emissivity of 0.26 is u
for the cooled, oxidized aluminum chamber wall and flo
The wafer absorptivityaw is assumed equal to the emissivi
of silicon.28

To describe the across-wafer temperature variations
served in our experimental data, we use different steady-s
modeling approaches for wafer areas located above and
yond the susceptor outer edge. For the wafer region p
tioned above the susceptor~TC No.1-3!, the governing Eq.
~5! at steady-state becomes

Qlamp1Qrad1Qtop1Qbot50. ~7!

The value ofQtop is computed by numerically differentiatin
the gas temperature at wafer/gas boundary as describe
Eq. ~6!. Because the wafer is not clamped against the s
ceptor, there is no real solid-solid contact,13 and therefore an
effective heat transfer coefficientheff is used to approximate
the combined heat transfer between wafer backside sur
and chamber floor. This empirical, temperature-depend
heat transfer coefficient can be approximated by

heff~Tw!5heff,01a0~Tw2Tw,N2
!,

which includes the nominal heat transfer coefficientheff,0 and
constant of proportionalitya0, that must be determined b
fitting the experimental data to the model. Modeling the h
transfer in this form is equivalent to the Taylor’s series e
pansion of the true function, evaluated atTw,N2

. The wafer
thermal conduction termDZw

kw¹2Tw is neglected becaus
the averaged wafer temperature measurement from the
couple Nos. 1–3 is used for data analysis. This conduc
term proves to be small compared to other energy tran
mechanisms when estimated for the TC No. 5 location
we should expect an even smaller amount of energy to
J. Vac. Sci. Technol. B, Vol. 19, No. 1, Jan ÕFeb 2001
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conducted through the wafer in the region above the sus
tor. Temperature data from thermocouple No. 4 is not c
sidered here because it is affected by the susceptor edge
transfer.

In the wafer region where thermocouple No. 5 is locat
the wafer backside surface is in contact with reactant g
The steady-state model takes the form

Qcond1Qlamp1Qrad1Qtop1Qbot50. ~8!

Qcond is approximated using finite-difference formula

Qcond'DZw
kw~Tw,5!S T̄w,1232Tw,5

DR
20D /DR ,

whereDR is the distance between thermocouple No. 5 a
the averaged position of thermocouple Nos. 1–3.

Under low pressure processing conditions, the heat c
duction between two parallel solid surfaces is proportiona
the molecular mean free path in the gas phase. Becaus
gap distance between wafer and chamber floor is compar
to the gas molecular mean free path in the ULVAC syste
the continuum flow model of the heat transfer must be mo
fied and the correction of heat transfer coefficient is e
pressed as13,14

heff'
kg

DZw, f
12bw, fl

, ~9!

where kg is the mean thermal conductivity evaluated
T̄w, f5(Tw1Tf)/2, DZw, f

is the wafer-floor gap distance, an
l is the mean free path defined by gas mixture molecu
weight M, viscosity, and pressurep25 as

l53.2
m

p
S RT̄w, f

2pM
D 1/2

.

The constantbw, f is defined by thermal accommodation c
efficient a and the ratio of specific heatsg5Cp /Cv at con-
stant pressure and volume:13,14

bw, f5
22a

a

9g25

2g12
,

and is on the order of unity.

B. Parameter estimation

There are several parameters in the wafer energy bala
model for which values are difficult to compute accurate
using published correlations or othera priori approaches.
The lamp radiant flux intensity at the wafer surface,Qlp ,
depends on the true emissive power of the heating lamps
geometry of the reactor and chamber walls, and the ads
tion characteristics of the quartz showerhead window. T
upper limit of Qlp of the ULVAC system, however, can b
estimated by dividing the product of measured maxim
lamp current and voltage by an approximated 0.3 m diam
circular area of the chamber floor.

The thermal accommodation coefficienta, used to define
the constantbw, f in the conductive flux relation for the
wafer/chamber floor gas gap, can deviate from the theore
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TABLE II. Parameter values estimated from experimental data.

Variables
Guide
values Reference

Values identified
in this study

Qlp 46740 W/m2 Maximum value 30341.6 W/m2

bw, f '1 Ref. 14~theoretical value! 17.820
30 Ref. 14~estimated value!

heff,0 .0 3.409 W/~m2 K!

a0 a0,heff,0 /(120 K! 20.048 W~m2 K2)
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value calculated using the hard sphere molecular collis
assumption.13 Here we take the approach of Kleijn an
Werner14 to estimate the value ofbw, f instead. As discusse
in the previous section, the temperature dependent heat t
fer coefficientheff must also be identified by using exper
mental measurements to accommodate the overall heat t
fer coefficient that combines thermal conduction from wa
to susceptor, thermal conduction across the susceptor,
reactant gas thermal conduction between susceptor
chamber floor. The representative guide values of the sys
parameters to be estimated are listed in Table II for re
ence.

C. Solution procedure

To estimate the system parametersQlp , bw, f , heff,0 , and
a0, we developed an iterative solution procedure that sol
Eqs. ~1!–~6! to resolve the interactions at the wafer/g
phase boundary. The overall solution algorithm begins
using the gas composition and measured wafer tempera
to compute corresponding physical properties and to set
flow velocity and temperature field boundary conditions. T
gas flow velocity field is computed using a Galerkin discre
zation technique16 based on globally defined eigenfunction
this solution approach determines the flow velocity com
nentvx and the pressure drop termbv .

By defining the gas temperature as a linear combina
of gas temperature inside the gas domain (TV) and at the
chamber top and bottom boundaries (T]V,t ,T]V,b),

Tg5TV1T]V,t1T]V,b

5 (
l ,m,n51

L,M ,N

blmnf l~x!cm~y!zn~z!

1 (
l ,m51

L,M

almf l~x!cm~y!z

1 (
l ,m51

L,M

dlmf l~x!cm~y!~12z!, ~10!

we can formulate the residual of the gas temperature e
tion by substituting the corresponding trial function expa
sions into Eq.~3! to define the residual function

R5LTV1L~T]V,t1T]V,b!2vx

]Tg

]x
. ~11!
tronics and Nanometer Structures
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In Eq. ~10! the blmn , alm , anddlm are mode amplitude co
efficients, andf l , cm , andzn are eigenfunctions in the thre
physical directions that satisfyLfcz5lfcz and the homo-
geneous form of boundary conditions~4!. The values ofalm

and dlm are computed by projecting the gas temperat
boundary conditions atz50,1 onto f lcm . The residual
function @Eq. ~11!# is then projected onto the eigenfunction
using Galerkin’s method. Because the eigenfunctions are
fined by the eigenvalue problemLfcz5lfcz, we simplify
the first term in Eq. ~11! by replacing it with
( l ,m,n51

L,M ,N l lmnblmnf lcmzn .
Because of the relatively minor contribution of the co

vective termvx]Tg /]x, the mode amplitude coefficients ca
be determined by the convergent, iterative algorithm:

bi , j ,k52 KL~T]V,t1T]V,b!2vx

]Tg

]x
,f ic jzkL Y l i , j ,k .

~12!

The weighted inner product is defined as

^ f ,g&5E
0

1E
0

1E
0

1

f gdx dy dz.

The representative gas temperature contours and wafe
energy transfer rate are displayed in Fig. 5 for the simulat
condition corresponding 100 sccm N2.

Taking the wafer-average gas/wafer heat transfer
@Fig. 5~b!# as theQtop in Eq. ~6!, we compute the wafer
temperature using Newton’s method to solve Eq.~7! for the
TC Nos. 1–3 region and Eq.~8! for TC No. 5 region. The
updated wafer temperature is then fed back to the gas t
perature computation as a new boundary condition at
chamber floor, and the entire computation is perform
again. This iterative wafer temperature computation sche
stops when a prespecified temperature error tolerance is
isfied.

The parameter estimation procedure is based on minim
ing the sum of the squared errors~SSE!, where the error is
defined by the difference between the experimentally m
sured and predicted wafer temperature at each gas com
tion. A MATLAB optimization toolbox function min-
search.m is used for this parameter identification metho
The total identification procedure consists of the two optim
zation substeps:
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FIG. 5. ~a! Gas flow field and temperature contou
where each contour represents a 50 K temperature
ference. ~b! Wafer/gas heat transfer rate at react
chamber centerline for N25100 sccm and 500 mTorr
~c! Difference of heat flux across wafer/gas bounda
between N25100 and 60 sccm, whereDq5qN25100

2qN2560 .
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~1! Estimate the values ofQlp and bw, f by minimizing the
objective function defined by temperature data from
No. 5.

~2! Using the value ofQlp estimated in the first step, calcu
late the effective heat transfer coefficient paramet
heff,0 anda0 based on the minimizing the objective fun
tion defined by mean temperature measurement of
Nos. 1–3.

The empirical showerhead temperatureTsh and floor tem-
perature under the waferTf are assumed to be a constant 1
and 60 °C at steady state, respectively. These values
obtained after a number of parameter identification runs
are consistent with observations made during the exp

FIG. 6. Wafer temperature from experimental data~solid curves with circles
at data points! and model prediction~dot–dash curves and squares!.
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s
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ments. Figure 6 shows the steady-state temperature mea
ments taken from Fig. 3; an extra wafer temperature poin
20% hydrogen was interpolated and used along with th
measurements in the parameter estimation procedure.
estimated parameter values are listed in Table II.

IV. MODEL VALIDATION AND DISCUSSION

We approach the problem of assessing the validity of
CVD simulator from two directions. The first test consists
a direct comparison of the model predictions over the en
gas composition range to the interpolated experimental d
curves. Because the observed wafer temperatures dem
strate a nearly linear correlation with gas H2 fraction, this
test provides a good indication of whether the model str
ture and parameter values correctly reflect the balance
tween the highly nonlinear contributions of radiative he
transfer terms and the composition-dependent heat tran
mechanisms. Comparing the model predictions and exp
mental data reveals a mean model prediction error of
than 3 K for each data set~Fig. 6!. The heat transfer contri
butions from each term in Eq.~6! are plotted in Fig. 7. In
both wafer regions, the radiative heat fluxes (Qlamp andQrad)
dominate in the high temperature range (.300 °C! and show
nonlinear variations relative to the other heat transfer mec
nisms because of the temperature dependency of wafer e
sivity ~absorptivity!. The heat loss fromQbot, which is more
significant in the wafer area outside the susceptor@Fig. 7~b!#,
increases in higher hydrogen fractions due to increased
thermal conductivity and becomes equivalent toQrad around
300 °C @corresponding to 80% H2 in Fig. 7~a! and 60% H2

in Fig. 7~b!#. The thermal conduction through the wafer r
sulting from wafer temperature nonuniformity is negligib
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FIG. 7. Contributions of individual heat transfer mech
nisms for the~a! interior region, and~b! region outside
the susceptor.
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@Fig. 7~b!#, justifying the decision to ignore this term in th
more temperature-uniform wafer interior region.

As the second test of model validity, we compare iden
fied parameter values to values used in other studies, or c
pare our identified values to a range of values that can
theoretically justified. The guide and identified parame
values are compared in Table II. The system-depend
maximum incident lamp radiant fluxQlp , identified using
experimental data, is found to be about 65% of its maxim
theoretical value. The constant parameterbw, f , on the other
hand, is an order of magnitude larger than the theoret
value, but it is close to the value identified by Kleijn an
Werner14 using data obtained from their low pressure CV
reactor. Finally, the overall wafer/chamber floor heat trans
coefficient must be positive. BecauseTw2Tw,N2

,0, the re-
quirementheff.0 translates into an upper limit ofa0 as
defined in Table II; we note that the identified value satisfi
this condition.

A. Solution insensitivity to flow field

In Fig. 5~c!, we compare predicted gas/wafer heat trans
rates at 100 and 60 sccm nitrogen gas flows, correspon
to the experimental conditions used in Fig. 4. While the
simulations are computed based on the averaged the
couple temperature measurements of TC Nos. 1–3, sim
results are obtained when TC No. 5 measurements are
in the computation. The differences of the energy flux acr
the wafer/gas boundary of both gas flow cases are less th
W/m2 and are small compared to the magnitude of the
heat transfer rate itself. These simulation results corrobo
with our experimental observations that the convective h
transfer effects are negligible when compared to gas con
tion. The combination of the model predictions and expe
mental observations of the relative insensitivity of the wa
temperature to the gas velocity field justifies our omission
detailed fluid flow simulations of the combined side inlet a
showerhead inlet streams.

B. Extrapolation of model predictions

The validated model predictions can be directly or in
rectly extrapolated to actual processing conditions. For
ample, because the convective heat transfer has only a
significant effect on the wafer temperature, we can exp
our wafer temperature predictions will not be affected by
4 rpm wafer rotation used during process operation.
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The use of the instrumented wafer limited experimen
observations to tests only with nonreacting gas spec
However, because wafer temperature was directly correla
to gas thermal conductivity in our modeling work, the resu
can be directly extrapolated to process gases containing6
and H2 and/or SiH4 with adjustments made to wafer emi
sivity due to the deposited tungsten film. The model pred
tion of wafer temperature at the start of tungsten deposi
process for various WF6/H2 gas compositions is shown i
Fig. 8. Our current blanket tungsten deposition process
recipe20 consists of 10 sccm WF6 and 40 sccm H2 with a
15–20 min preconditioning period; a wafer temperature
Tw5328 °C is predicted for the deposition period~compared
to 500 °C from the ULVAC system reading!.

V. CONCLUSIONS

The primary objective of this work was to study the i
fluence of reactant gas composition on wafer temperatur
a single-wafer CVD system. Both experimental observatio
and simulation studies showed the wafer temperature w
strong function of the wafer/gas interface thermal conduct
compositional dependency; however, gas convective h
transfer mechanisms only had minimal effect on the wa

FIG. 8. Predicted wafer temperature at the beginning of tungsten depos
process plotted as a function of WF6/H2 gas composition at 0.5 Torr and 5
sccm total gas flow rate.
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temperature. Good agreement was found between the m
predictions and experimental data at various gas comp
tions, and the estimated parameter values were justified w
compared with their guide values.

An important result of this experimental and simulati
work was the validation of the theoretical predictions of p
vious modeling work.16 In the cited paper, the minor contr
butions of convective gas phase transport mechanisms
gas phase nonlinearities~e.g., those important in higher
pressure systems, such as Refs. 29–31! were predicted for
this low-pressure reactor system. Therefore, for the W C
system studied in this work, a global spectral method
proach was chosen over finite element and other local
discretization techniques. This choice was made to take
vantage of the simplicity with which the global projectio
method could be implemented, allowing the researcher
focus on identifying the most important heat transfer mo
in the system through an iterative parameter identificat
method.
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