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(57) ABSTRACT

A method of film deposition in a sub-atmospheric chemical
vapor deposition (CVD) process includes (a) providing a
model for sub-atmospheric CVD deposition of a film that
identifies one or more film properties of the film and at least
one deposition model variable that correlates with the one or
more film properties; (b) depositing a film onto a wafer using
a first deposition recipe comprising at least one deposition
recipe parameter that corresponds to the at least one depo-
sition variable; (¢) measuring a film property of at least one
of said one or more film properties for the deposited film of
step (b); (d) calculating an updated deposition model based
upon the measured film property of step (¢) and the model
of step (a); and (e) calculating an updated deposition recipe
based upon the updated model of step (d) to maintain a target
film property. The method can be used to provide feedback
to a plurality of deposition chambers or to control a film
property other than film thickness.
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FEEDBACK CONTROL OF SUB-ATMOSPHERIC
CHEMICAL VAPOR DEPOSITION PROCESSES

RELATED APPLICATIONS

[0001] This application claims priority under 35 U.S.C. §
119(e) from provisional application Ser. No. 60/298,878
filed Jun. 19, 2001, which is incorporated by reference.

[0002] This application claims priority under 35 U.S.C. §
119(e) from provisional application Ser. No. 60/349,576
filed Oct. 29, 2001, which is incorporated by reference.

[0003] This application claims priority under 35 U.S.C. §
119(e) from provisional application Ser. No. 60/366,698,
filed Mar. 21, 2002, which is incorporated by reference.

[0004] This application is a divisional application of and
claims priority from co-pending application Ser. No. 10/174,
377, filed on Jun. 18, 2002 and entitled “Feedback Control
of Plasma-Enhanced Chemical Vapor Deposition Process,”
which is related to co-pending application filed on even date
herewith and entitled “Feedback Control of Plasma-En-
hanced Chemical Vapor Deposition Process,” which is
incorporated by reference.

FIELD OF THE INVENTION

[0005] The present invention generally relates to the pro-
cess control of thin film deposition using sub-atmospheric
chemical vapor deposition (SACVD) and more particularly
to a method, medium and apparatus for providing feedback
control of the SACVD deposition process.

BACKGROUND OF THE INVENTION

[0006] Sub-atmospheric chemical vapor deposition is used
in semiconductor manufacturing to deposit thin films on
substrates, for example, to deposit a silicon dioxide film on
a silicon wafer. One use of sub-atmospheric CVD is in the
deposition of pre-metal dielectrics (PMD). Sub-atmospheric
CVD has a longer processing time than other forms of
chemical vapor deposition, however, it has a much greater
capability to fill trenches that are etched into wafers with
very small dimensions. In these and other processes, the
deposited film properties, i.e., film thickness, chemical
homogeneity, and optical and mechanical properties, are
important to the final device properties.

[0007] In most applications, a layer is deposited over
existing features on a device. The excess coating is removed,
or the variation in the coating is reduced in a subsequent
chemical-mechanical deposition (CMP) step. The deposited
film may also have features that are created on the film using
a lithography process, followed by an etch process. Thin film
deposition is an inherently complex process, thereby making
it hard to simultaneously control film characteristics, such as
optical and electrical properties, stresses in the film, etc.,
while maintaining uniform film thickness. Thin film depo-
sition processes typically “drift” over time, causing the
deposited film to deviate significantly from target values.
Specifically, sub-atmospheric chemical vapor deposition
introduces both radial and azimuthal thickness non-unifor-
mity, both within and among wafers. While film thickness
non-uniformity can be addressed in subsequent processing
steps, the greater the deposition-induced non-uniformity, the
more difficult it is to achieve within-wafer thickness unifor-
mity in subsequent steps.
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[0008] As microelectronics device feature sizes continue
to shrink, it is necessary to have tighter controls in fabrica-
tion to maintain high yields. The semiconductor industry has
developed run-to-run control of the various processing steps
in a semiconductor fabrication process in order to reduce
over process output variation from target. In run-to-run
control, a product recipe with respect to a particular process
is modified between machine runs so as to minimize process
drift, shift, and variability. Post-process measurements are
made periodically and are used along with empirical process
models and drift compensation techniques to suggest new
equipment settings for the next run. The development of
feedback control has been largely empirical, based upon
experimentally observed correlations between input and
output measurements.

[0009] There has been some investigation into feedback
control of plasma etch and deposition processes, both
experimental and theoretical. Implementation of process
control in these operations has been limited due to unavail-
ability of suitable integrated metrology tools, limited pro-
cess understanding and non-automated operational prac-
tices. Improvements in advanced process control and
reduction of run-to-run variability in a sub-atmospheric
chemical vapor deposition process are thus desired.

SUMMARY OF THE INVENTION

[0010] The present invention relates to a method, appara-
tus and medium for process control of sub-atmospheric
chemical vapor deposition of a film onto a surface of a
substrate, for example, a semiconductor wafer, in order to
provide predetermined desirable film properties and
improve wafer-to-wafer and within-wafer uniformity of film
properties. The present invention uses a model (which can
be implemented as a single model or multiple models) of the
film deposition process to predict film deposition rate, film
thickness uniformity and/or other film properties across the
wafer surface. Deviations from the predicted outcome are
used to update the model and set new deposition recipe
parameters, which feed back into the process to enhance
process results.

[0011] The use of multiple wafer regions in the deposition
model that defines the deposited film (as contemplated by
one or more embodiments of the present invention) provides
greater control over the cross-film thickness. Furthermore,
the methods, apparatus and mediums of the present inven-
tion (in one or more embodiments thereof) provide a model
that distinguishes between depositions in different deposi-
tion chambers of the tool and between deposition parameters
that are independently or commonly controlled for each
chamber, thereby providing a better approximation of the
tool behavior of each chamber. The methods, apparatus and
mediums of the present invention (in one or more embodi-
ments thereof also provide a model that defines the relation-
ship between the deposition model variables and film prop-
erties other than film thickness, allowing control of the
chemical, optical and/or material properties of the thin film.
In addition, the methods, apparatus and mediums of the
present invention (in one or more embodiments thereof)
provide models that better approximate tool behavior by
accounting for effects such as tool idle time, the effect of
earlier-processed wafers on the current wafer, or the reli-
ability of a value for a measured film quality. These and
other aspects of the present invention allow for better
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estimation of tool behavior and the prediction of optimal
deposition recipes for achieving a target output, thus over-
coming deficiencies of the conventional technology.

[0012] In one aspect of the present invention, a method of
film deposition in a sub-atmospheric chemical vapor depo-
sition (CVD) process includes:

[0013] a) providing a model for sub-atmospheric CVD
deposition of a film that identifies one or more film prop-
erties of the film and at least one deposition model variable
that correlates with the one or more film properties;

[0014] b) depositing a film onto a wafer using a first
deposition recipe comprising at least one deposition recipe
parameter that corresponds to the at least one deposition
variable;

[0015] c¢) measuring a film property of at least one of said
one or more film properties for the deposited film of step (b);

[0016] d) calculating an updated deposition model based
upon the measured film property of step (c¢) and the model
of step (a); and

[0017] e) calculating an updated deposition recipe based
upon the updated model of step (d) to maintain a target film

property.

[0018] By “deposition recipe” it is meant a set of process
characteristics or parameters used to deposit a film in a
deposition process. One or more of the recipe parameters are
used or varied to control or influence the outcome of the
deposition process. A recipe parameter corresponds or maps
to a deposition model variable when it is a value selected for
the deposition variable.

[0019] In one or more embodiments of the present inven-
tion, the step of providing a model includes:

[0020] () depositing a film in a sub-atmospheric CVD
process on at least one wafer in a deposition step using a
deposition recipe comprising at least one deposition recipe
parameter that corresponds to a deposition model variable;

[0021] (g) measuring a film property for each of the at
least one wafers after the deposition of step (f);

[0022] (h) recording the deposition parameter and mea-
sured film property for each of the at least one wafers on a
recordable medium; and

[0023] (i) fitting the data to a linear or non-linear curve
that establishes a relationship between the film property of
a region of the film and the deposition model variable.

[0024] In another aspect of the invention, a sub-atmo-
spheric chemical vapor deposition tool for deposition of a
film includes a sub-atmospheric chemical vapor deposition
apparatus comprising a pressure chamber, a vacuum system,
means for heating a wafer and a gas delivery system;
controlling means capable of controlling an operating
(recipe) parameter of the deposition process; and a controller
operatively coupled to the controlling means, the controller
operating the controlling means to adjust the operating
parameter of the deposition process as a function of a model
for a film property. The model includes a deposition model
for sub-atmospheric CVD deposition of a film that identifies
one or more film properties of the film and at least one
deposition model variable that correlates with the one or
more film properties.
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[0025] In another aspect of the invention, a computer
readable medium including instructions being executed by a
computer, the instructions including a computer-imple-
mented software application for a sub-atmospheric chemical
vapor deposition process is provided. The instructions for
implementing the process include a) receiving data from a
sub-atmospheric chemical vapor deposition tool relating to
the film property of at least one wafer processed in the
sub-atmospheric chemical vapor deposition process; and b)
calculating, from the data of step (a), an updated deposition
model, wherein the updated deposition model is calculated
by determining the difference between an output of a film
deposition model and the data of step (a).

[0026] In still another aspect of the invention, a sub-
atmospheric chemical deposition tool includes:

[0027] a)modeling means for identifying one or more film
properties of a film and at least one deposition model
variable that correlates with the one or more film properties
in a sub-atmospheric CVD deposition process;

[0028] b) means for depositing a film onto a wafer using
a first deposition recipe comprising at least one deposition
recipe parameter that corresponds to the at least one depo-
sition variable;

[0029] c¢) means for measuring a film property of at least
one of said one or more film properties for the deposited film
of step (b);

[0030] d) means for calculating an updated deposition
model based upon the measured film property of step (c) and
the model of step (a); and

[0031] e) means for calculating an updated deposition
recipe based upon the updated model of step (d) to maintain
a target film property.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] Various objects, features, and advantages of the
present invention can be more fully appreciated with refer-
ence to the following detailed description of the invention
when considered in connection with the following figures, in
which like reference numerals identify like elements. The
following drawings are for the purpose of illustration only
and are not intended to be limiting of the invention, the
scope of which is set forth in the claims that follow.

[0033] FIG. 1A is a schematic view of a sub-atmospheric
chemical vapor deposition apparatus, and FIG. 1B is an
enlarged view of the reaction chamber of the apparatus, for
use in one or more embodiments of the present invention.

[0034] FIG. 2 is a flow diagram generally illustrating
model development.

[0035] FIG. 3 is a schematic illustration showing the
relationship between input and output variables in one or
more embodiments of the present invention.

[0036] FIG. 4 schematic illustration of a wafer showing
regions defined for thickness profile model.

[0037] FIG. 5 is a flow diagram of the feedback loop used
in a SACVD deposition operation, as contemplated by one
or more embodiments of the present invention.

[0038] FIG. 6 is a block diagram of a computer system that
includes tool representation and access control for use in one
or more embodiments of the present invention.
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[0039] FIG. 7 is an illustration of a floppy disk that may
store various portions of the software according to one or
more embodiments of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0040] Sub-atmospheric chemical vapor deposition
(SACVD) has been widely used in microelectronics fabri-
cation to deposit films, such as a SiO,, at low temperatures.
In the SACVD process, reactive gases are introduced into
the reaction chamber at sub-atmospheric pressures. The
reactive gases flow over a heated wafer (e.g., 300-700° C.)
where the desired chemical reactions occur and the product
is deposited. FIG. 1A is a schematic illustration of an
exemplary SACVD system 100. The system 100 includes a
chamber 120, a vacuum system 130, a wafer holder 160 for
supporting wafer 165, a gas or fluid delivery system 150 for
introduction of reactive gases and a heater 168 for heating
the wafer holder 160. Reactive gases are introduced into a
reaction chamber 120 through inlet 125 of the gas delivery
system 150. In order to promote a uniform distribution, the
reactive gases typically are introduced into the chamber at a
source positioned opposite or a distance from the wafer 165.
The heated wafer holder 160 may be rotated for further
uniformity of deposition, as indicated by arrow 170. The gas
delivery system may include heating and cooling means (not
shown) for maintaining a constant gas and chamber tem-
perature. Wafers are transferred into and out of chamber 120
by a robot blade (not shown) through an insertion/removal
opening (not shown) in the side of chamber 120. Two or
more chambers may be connected. In at least some SACVD
systems, the chambers share reactive gases, but have indi-
vidual wafer temperature and showerhead controls.

[0041] FIG. 1B is an enlarged view of the SACVD reac-
tion chamber illustrating an exemplary delivery system for
the reactive gases used in the SACVD process. The gases are
introduced through inlet 125 into a heated gas distribution
head (showerhead) 175, which has outlets 180 at spaced
intervals. As shown by arrows 185 in FIG. 1B, the reactive
gases then flow over the heated wafer, where they are
deposited as a thin film. The elevated temperatures of the
wafer promote reaction of the reactive gases and deposition
of the product film.

[0042] The term “target output” represents the desired
processing outcome of the sub-atmospheric chemical vapor
deposition process. Some tolerance is built into the profile,
so that the profile includes the target value and acceptable
standard deviations therefrom. Film thicknesses or other
measured film property falling within the standard deviation
would not require updating of the deposition recipe. Thus,
use of the term “target output” includes the target value and
the standard deviation therefrom.

[0043] The term “wafer” is used in a general sense to
include any substantially planar object onto which a film is
deposited. Wafers include monolith structures or structures
having one or more layers, thin films or other features
already deposited thereon. “Thin film” and “film” may be
used interchangeably, unless otherwise indicated.

[0044] An exemplary SACVD deposition system includes
two or more chambers in which deposition of material
occurs. The chambers can carry out the same process or
different processes; some CVD systems are based on a series
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of operations, while some use parallel processing schemes.
The SACVD chambers may thus process wafers in parallel,
that is, each deposition chamber deposits a film on a wafer
at the same time. The deposition recipe for each chamber
may be the same or different. In one or more embodiments
of the present invention, the chambers share some process-
ing parameters while others are independently controlled.
For example, gas flow of reactant gases is common to both
(or all), but substrate temperature and showerhead spacing
are independently controlled in each chamber.

[0045] 1In one or more embodiments, the process uses an
SACVD system having twin chambers, which share the
same gas distribution and thus have the same gas flow rates
but which can have different heater temperatures and spac-
ings (distance between the shower head and the substrate).
In one or more embodiments, the SACVD chamber has three
sets of twin chambers for a total of six chambers, such as the
Producer™ available from Applied Materials in Santa Clara,
Calif. The present invention is described with reference to
SACVD, however is it readily apparent that other low
pressure CVD processes are also contemplated. The present
invention also is applicable to CVD systems using either a
batch process or inline process. An inline process refers to
a process in which all wafers going through a system go
through a sequence of steps and those steps may be carried
out in different chambers, whereas a batch process refers to
a process in which a wafer goes to any one of the chambers
in the system, where the entire deposition is then carried out.

[0046] The SACVD processes described above may be
modeled to provide a format for improving the deposition
process. The process model should accurately predict the
thin film characteristics (output) for a given set of input
conditions. The run-to-run film characteristics are improved
or maintained by adjusting the deposition model during
sub-atmospheric chemical vapor deposition to correct for
unmodeled effects or to correct for drift in the deposition
process conditions. Run-to-run control can be defined as
wafer-to-wafer or lot-to-lot, depending upon the processes
being controlled and the available methods for monitoring
output.

[0047] According to one or more embodiments of the
present invention, an initial model is developed based upon
knowledge of the film deposition process, as is shown in a
flow diagram (FIG. 2). An initial understanding of the
system is acquired in step 200, which is used to design and
run a design of experiments (DOE) of step 210. The DOE
desirably is designed to establish the relationship between or
among variables that have a strong and predictable impact
on the processing output one wishes to control, e.g., film
thickness or some other film property. The DOE provides
data relating to process parameters and process outcome,
which is then loaded to the advanced process control system
in step 220. The advanced process control system may be a
controller or computer that uses the data to create and update
the model. The model can be represented as raw data that
reflects the system, or it can be represented by equations, for
example multiple input-multiple output linear, quadratic and
general non-linear equations, which describe the relation-
ship among the variables of the system. Process require-
ments such as output targets and process specification are
determined by the user in step 225, which are combined with
the DOE data to generate a working model in step 230.
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[0048] In developing the model, film properties of interest
302 are identified and outcome determinative processing
model variables 304 are selected for the model, as illustrated
schematically in FIG. 3. The specific film properties of
interest may vary depending upon the type of film deposited,
and thus the film properties of interest 302 and processing
model variables 304 of FIG. 3 are shown by way of example.

[0049] Regardless of the type of film substance for which
a model is created, to obtain DOE data, an experiment is run
which perturbs or varies the values of the processing vari-
ables of interest about a center point (or median value). One
or more processing variables can be varied. The film prop-
erties of interest in the resultant film are measured for each
combination of inputs. Data can be acquired empirically, by
carrying out a series of experiments over a range of values
of the processing variables. The data is fit to the appropriate
curve (linear or non-linear) to define the model.

[0050] Undoped silica glass (USG) is commonly depos-
ited by SACVD and a model development is discussed
below with specific reference to USG, although it is readily
apparent that the methodology can be used to develop
models for any other SACVD film deposition process. In
particular, SACVD is well suited for the deposition of doped
silica glass, such as boron- and phosphorous-doped silica.

[0051] In one or more embodiments of the present inven-
tion, the film properties of interest for USG film include one
or more of film thickness, film thickness uniformity, stress,
wet-etch rate ratio (WERR), and refractive index (RI). In
one or more embodiments of the present invention, the
model is developed for two or more film properties, for
example, the model describes the effect of process variables
on film thickness (deposition rate) and film stress, or on film
thickness and refractive index. Process variables for depo-
sition of the USG film include one or more of ozone flow
rate, reactive gas flow rate, carrier gas flow rate, chamber
pressure, wafer temperature, and showerhead spacing (dis-
tance) from the substrate, as well as total deposition time.
Deposition time is controlled by the time of reactive gas
flow. For the deposition of USG films, reactive gases typi-
cally include ozone (O;), oxygen (O,), and tetraethylortho-
silicate (TEOS) or, alternatively, silane (SiH,).

[0052] Models for other film deposition systems can be
similarly developed using the processing variables and film
properties specific to those films. For example, when doped
silica films are modeled and controlled in a manner similar
to that described for USG films, dopant concentration is
included in the model.

[0053] 1In one or more embodiments of the present inven-
tion, a sub-atmospheric CVD process for deposition of
boron-phosphosilicate glass is modeled. The level of dopant
concentration is controlled by adjusting the flow rates of
triethylborate (TEB) for boron and triethylphosphate
(TEPO) for phosphorus. Gas flow rates for these dopant
gases control the dopant level of boron and phosphorus
incorporated into the final film. Processing variables include
total deposition time, wafer temperature, ozone flow rate,
TEOS, TEB, and TEPO gas flow rates, oxygen flow rate,
nitrogen flow rate, chamber pressure and spacing. Process
outputs (film properties) include film thickness and thick-
ness uniformity, WERR, refractive index, stress, weight
percent boron and weight percent phosphorus. An additional
feature of the deposition of doped silica glass is that a
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change in spacing distance in order to individually control
film thickness in the individual chambers also induces a
change in the dopant concentration of the deposited film,
i.e., the factors are coupled. Thus, if one determines that the
two chambers do not produce matched film thicknesses,
merely changing the spacings may result in films for which
dopant specifications are not met unless TEB and TEPO
flow rates are also adjusted. The model accounts for the
relatedness between spacing and dopant concentration. The
resultant interactions between the inputs and outputs
requires the solution of an optimization problem for both
input variables to determine the recipe which provides
output predictions (targeted output) which best match the
desired values of all film characteristics. Optimization is
discussed in greater detail below.

[0054] On the Producer™ system from Applied Materials,
gas distribution (e.g., gas composition and flow rate) is
common to both twin chambers of the SACVD system.
Deposition time can be controlled individually for each
chamber by controlling the wafer temperature. In one or
more embodiments of the present invention, the model can
distinguish between the two types of processing variables
(individual and common) and account for them accordingly.
As discussed herein below, the model permits simultaneous
optimization of more than one variable.

[0055] 1In one or more embodiments of the present inven-
tion, the model defines two or more different film property,
e.g., film thickness, regions of the wafer. As is shown in FIG.
4, a wafer is divided into annular regions 401 through 405
of varying width and area. The number, size and location of
the regions also can vary and may be selected based upon
any number of factors, including the variability or unifor-
mity of the film property in a given region of the wafer. In
one or more embodiments of the present invention, it is
desirable that the film property in any given region be
substantially uniform, particularly in those cases where, for
example, a number of wafer thickness measurements within
a region are averaged to define the region-averaged thick-
ness profile. Thus, at the edges of the wafer where edge
effects can be dramatic, narrow regions encompassing only
the outer portions of the wafer may be selected. Near the
center of the wafer where deposition effects may be subtler,
a larger region may be defined. In one or more embodiments
of the present invention, the regions are defined such that all
azimuthal variation is averaged out. In one or more embodi-
ments of the present invention, the use of an input value is
contemplated to correct and account for azimuthal variation.
Film property measurements taken within a region of the
wafer are averaged to give the average film property value
for that region.

[0056] By way of example (with reference to film thick-
ness), the five wafer regions of FIG. 4 can be defined as
shown in Table 1 for a wafer that is 95 mm in diameter.

TABLE 1
Region
401 402 403 404 405

Radius, mm 5-40 40-60 60-80 80-92 92-95

With the regions defined as in Table 1, all thin film thickness
measurement points with a radial distance from the wafer
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center greater than 5 mm, but less than 40 mm, are averaged
together to give the thickness of region 401. The thicknesses
for all other regions are similarly calculated, but region 405
includes all points greater than 92 mm and up to and
including 95 mm. Thus, a film is deposited by sub-atmo-
spheric CVD and, based upon post-deposition thickness
measurements and deposition time and/or other processing
variables, a film thickness and deposition rate can be deter-
mined for each region.

[0057] In one or more embodiments of the present inven-
tion, a film property of interest is film thickness and one of
the processing variables is deposition time. If the deposition
time is manipulated through the time of reactive gas flow,
and the gas flow is common to two chambers, then another
variable can be used to account for differences in deposition
rate among the chambers. Since there are separate heating
sources for each chamber in the SACVD system, the sub-
strate heating temperature and heating time in each chamber
can be varied as a means for controlling final film thickness
and as a means for adjusting differences in film thickness
between deposition chambers. This provides the ability to
control thin film final thickness even in the presence of
differences in the chamber performances. Varying the spac-
ing between the showerhead and the wafer also can control
the film thickness, in this case, independently for each
chamber. While film thickness is the measured output, it is
appreciated that the information can be represented as a film
deposition rate (film thickness per unit time) or as a film
thickness profile (film thickness per unit area).

[0058] While film thickness and thickness uniformity are
typically the tool behaviors being modeled, models for other
film properties, such as stress, WERR (a measurement of
film density) and RI, can be developed by manipulating
deposition time, spacing and/or other processing variables.
Multiple models for different film properties can be devel-
oped and used to describe the deposition process.

[0059] Once data from DOE runs are obtained, regression
methods (or any suitable method) may be used to determine
a model that obeys the behavior of the process within the
range of inputs that were used in the experiments. In one or
more embodiments of the present invention, the model for
an i-chamber system is defined as shown in eq. (1),

Film_thickness;=DR;; time (€8]
where i1 is the ith chamber of CVD tool, time is the
deposition time, Film_thickness; is the film thickness in
region j of the wafer in chamber i, and DR;; is the deposition
rate for annular region j of chamber i, where no Einstein
summation has been used for the indices. The model is
determined for each region of the wafer and together the
models define a film thickness profile across the wafer. Thus,
the model can predict a film thickness profile by entering
hypothetical parameters into the model equation. In use, a
measured film thickness profile is used to further refine the
model in order to obtain updated parameters and thus an
updated process recipe.

[0060] The processing variable for a basic model is typi-
cally process time; however, additional deposition model
variables can be included in the model. The relationship can
be expressed generally as:

Q=g Xo - . - Xy (a)
[0061] where Q is some film property in region j on a
wafer in chamber i that is the result of a processing run; g(
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) is some linear or nonlinear function of x,, X, . . . . X, which
are recipe parameters or tool state parameters that affect the
resulting film property Q. If the film property of interest is
thickness, the function g( ) represents the deposition rate as
a function of recipe parameters or tool state parameters. The
thickness for each region j of wafer in chamber i would then
be derived by multiplying the deposition rate by the depo-
sition time as shown below.

Film_thickness;=g(x %5, . . ., X, )y time (2b)

[0062] Models including additional processing parameters
are shown in egs. (2¢)-(2e).

Film_thickness;=(cy;-spacing+cy;"05_ flow;+

¢33 TEOS_flow+cy;; ) time (2¢)
Stress;=(b,;-spacing;+b,;-0; flow;+b3,- TEOS_flow+

b4) @d)
RI=(a;spacing;+a,+0; flow+a; TEOS_flow+a,,) (2e)

where c;; through c,;; are the parameters which provide the
contribution of the particular processing variable to the film
thickness in region j for a wafer in the i chamber; b,;
through b,; are the parameters which provide the contribu-
tion of the particular processing variable to the film stress for
the wafer in the i™ chamber, and a,; through a,; are the
parameters which provide the contribution of the particular
processing variable to the refractive index of the film to the
wafer in the i* chamber. In one or more embodiments of the
present invention, the film property, e.g., film thickness, is
modeled in defined annular regions on the wafer. In one or
more embodiments of the present invention, film properties,
e.g., stress and refractive index, are modeled for the entire
film. The process variables of equations (2¢)-(2e) are exem-
plary; other process variables can be used to define tool
behavior with respect to the noted film properties.

[0063] The exemplary models provided above include
common process variables that affect both chambers and
independent process variables that affect each chamber
individually. The models can describe tool behavior in one
or more regions of the film corresponding to different
annular regions of the wafer. This allows the controller to
perform controls on multiple film regions simultaneously.
This multiple region control provides control of within
wafer uniformity. Thus, the model can account for an
unlimited number of processing variables and permits their
optimization while taking into consideration whether they
affect all or only individual deposition chambers, or whether
they affect different regions of the film differently.

[0064] In one or more embodiments of the present inven-
tion, the model may be further augmented to include the
effect of the tool state. The tool state takes into consideration
the effect of wear and use on the tool, here, a SACVD
apparatus. This function is typically expressed as a scaling
factor that takes the tool state into consideration. Factors that
can affect tool state include idle time (time since last film
deposition) and frequency of cleaning (or number of wafers
deposited between cleaning or other shut down operation,
such as preventative maintenance).

[0065] The first wafers coated after the tool has been idle
typically have a different deposition rate than subsequently
coated wafers, a situation known as the “first wafer effect”.
In one or more embodiments of the present invention, the
model is further modified to account for the effect of tool
idle time on film deposition rate. The model accounts for



US 2007/0169694 Al

such variations on deposition rate by monitoring the idle
time of the system and adjusting the deposition rate accord-
ingly. Thus, a statement is placed within the model, which
reflects the effect of idle time on processing, such as:

If (idle time)>5 min

Deposition time=x; ©)
Else

Deposition time=y.

This captures the idle time dependence within the model. In
one or more embodiments of the present invention, the
model has a more gradual change from one deposition rate
to another and is given by the following equation:

DR, y=DR,._;qie’(dytan™ (dy-idle_time+d;)+d,) 4

where DR, is the deposition rate with the effect of idle
time, DR | ;4. i the deposition rate when there is no idle
time, d, and d, determines the maximum change in deposi-
tion rate which is caused by idle time, d, determines the rate
at which this change occurs, and d; determines at what idle
time the change in deposition rate begins to be significant.
In the general case, the effect of idle time on deposition rate

can be given by the following equation:
DR; =% (DRpo_iqiosidle_timex s, . . . x,) )]

where f( ) is some function which describes how the
deposition rate is a function of the deposition rate when there
is no idle time, the idle time, and other past or current
process parameters related to the controller, tool state, or
wafer state, here denoted by x, x5, . . ., X,.

n

[0066] The “first wafer effect” is a member of a broader
class of events, in which a single wafer measurement differs
significantly from previous and subsequent measurements
run on a specific tool or resource and, as such, does not
represent an accurate representation of the process tool
during normal operation. Accordingly, when these measure-
ments are used in a feedback control system, this erroneous
information may cause the system performance to deterio-
rate. These sudden changes can be the result of abrupt
changes in the processing equipment, such as starting up the
process after the system has been idle for a time, or it can be
due to processing errors, such as an error in the metrology
system. Since these sudden changes do not accurately reflect
the subsequent behavior of the process tool, a methodology
is used to evaluate the reliability of the measurement.

[0067] In one or more embodiments of the present inven-
tion, a methodology is provided within the model for assess-
ing the reliability of the measurement. The methodology (i)
estimates the intrinsic variation in the process, (ii) deter-
mines when a recent measurement is outside normal oper-
ating variation and, if so, marks the data as suspicious, and
(iii) ignores the data until a trend is determined from
subsequent data. This methodology allows the system to be
sensitive to changes that occur over more than one wafer, but
also provides the system with robustness over metrology
failures or situations similar to the first wafer effect.

[0068] Once a process model is available, the model can
be used to calculate an optimal set of recipe parameters in
order to deposit a uniform film to a desired thickness.
Conversely, using models such as those just described, a
prediction for region-averaged film thickness can be calcu-
lated given the deposition time and any other variables that
are measured or varied. By individually optimizing for the
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regions j of the wafer, greater control over the total surface
is attainable. Thus, greater within wafer film uniformity is
achieved.

[0069] An exemplary optimization method, which can be
used in determining an updated model (based on the differ-
ences between measured and predicted values for a target
output) for determining an updated deposition recipe, solves
the equation:

min f(”, g() ®

where x is a vector of recipe parameters and other processing
parameters corresponding to the deposition recipe; g(x) is
the model for the SACVD process which predicts the film
properties based on a recipe and measurements related to
tool state; y** is a vector of the desired average region film
thicknesses and/or other controlled film properties; and
f(y*,g(x)) is some function which is meant to compensate
for the deviation between the model predictions g(x) and the
desired values y**. The updated model is then used to
determine an updated deposition recipe.

[0070] Thus, the optimization method suggests that the
model need not correct for 100% of the deviation from
predicted values. A function may also be used, as contem-
plated by one or more embodiments of the present invention,
to reflect uncertainty in the measured or calculated param-
eters, or to “damp” the effect of changing recipe parameters
too quickly or to too great an extent. It is possible, for
example, that without this “damping” effect the controller
overcompensates for the measured deviations thereby neces-
sitating another adjustment to react to the overcompensa-
tion. This leads to oscillations that may take several runs
before the final, optimized conditions are realized.

[0071] Based upon this control method, the post-deposi-
tion film thickness is measured and the difference between
the predicted thickness and the final (i.e., actual) thickness
is determined. Other controlled film properties are mea-
sured, as needed by the model. In one or more embodiments
of the present invention, the film property is measured on a
lot-to-lot basis. For example, dopant concentration in doped
silica glass can be measured on a lot-to lot basis since it is
often difficult to determine dopant level in-line. In one or
more embodiments of the present invention, the reliability of
the data is assessed before the data is used in updating the
model.

[0072] The error in prediction, also known as a bias, can
then be linearly added into the model such that the actual
final thickness more closely matches the predicted (and
typically targeted) final thickness. This bias is added to each
region j of wafer in chamber 1, which is modeled as is shown
in the following equation:

Film_thickness;=g(x,x, . . . X,); time+e; (7

where e; is the bias term, which arises due to the difference
between the predicted and actual amount deposited for
region j of wafer in chamber i. The process of linearly
updating a model with bias terms based upon the difference
between a model prediction and an actual measurement is
part of at least some feedback control in one or more
embodiments of the present invention.
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[0073] Instead of (and/or, in addition to) use of the afore-
mentioned bias, one or more embodiments of the present
invention contemplate that an updated recipe can be calcu-
lated to optimize the available recipe parameters and to drive
the predictions to a target value. The recipe parameters are
changed such that the film thickness is made constant even
though the deposition rate may be varying. A methodology
that automatically changes the recipe to achieve consistent
film thickness not only improves the consistency of the
resultant film thickness, but also improves the productivity
of the tool, since the system is subject to less frequent down
time for reconditioning. This consistent film thickness then
improves the yield of the resultant product.

[0074] Process model development and optimization are
carried out with reference to a specific deposition system.
That is, conditions that effect the thin film characteristics are
specific to the type of thin film being deposited and the tool
used for deposition. It is recognized that many other films
are and can be deposited using SACVD, and that models for
their deposition can be similarly developed using the meth-
odology and guidelines set forth herein. In one or more
embodiments of the present invention, it is contemplated
that a separate model (or at least a supplement to a com-
posite model) is created for each thin film that is deposited.
Alternatively, a model may be developed in reference to a
previously developed model. This model may be product
specific and take the original model and scale it based upon
the differences between the products.

[0075] An example of the use of an initial model devel-
oped as described herein above to control the run-to-run
average thickness and the thickness uniformity of the depo-
sition process and to provide a feedback loop for updating
the deposition recipe is shown schematically in FIG. 5.
Briefly, one or more wafers is processed according to a first
deposition recipe. The actual number of wafers depends on
the complexity of the model and can be about 10, or as many
as 20-30 or more. A thickness measurement is taken across
the deposited film to obtain a film thickness profile, which
is compared to the predicted film thickness profile calculated
by the model. If the measured film thickness profile indicates
deviation from the predicted results, those deviations are
used to update the model to better reflect the behavior of the
processing tool. The updated model is then used in a
feedback loop to progressively match the behavior of the
processing tool and to optimize the recipe so as to improve
or maintain within wafer film thickness uniformity.

[0076] According to the processing flow diagram in FIG.
5, initial processing conditions (e.g., an initial tool state and
initial wafer state) are identified that will provide a desired
film deposition profile in step 500. The initial conditions
may be determined empirically or by using the processing
model of one or more embodiments of the present invention.
If a processing model is used, a controller can use this model
to calculate step times and processing parameters (i.e., to set
the recipe for one or more incoming wafers) to deposit a film
having a target (in some cases, a flat) profile on an incoming
profile with a desired thickness as shown in step 510. Thin
films are deposited according to the initial deposition recipe
in the SACVD tool at step 520. The thickness of the
deposited film is measured and deviation from the predicted
thickness is determined in step 530. In step 540 it is
determined whether the deviation between the predicted and
observed behavior exceeds an established tolerance. If the
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deviation is within acceptable ranges, no changes are made
to the model and the recipe is unchanged (step 550). If the
deviation is outside acceptable limits, then this information
is marked to trigger a change in the model as described in
step 560 and this information is fed back to the model in step
570 and thus into the controller where the deposition recipe
is optimized according to an updated model that takes the
deviation from the predicted value into consideration. The
deposition step can be repeated and further updates of the
deposition recipe are possible.

[0077] As is the case in most feedback systems, the
process variables that are measured on-line (in this case with
an integrated metrology unit on the tool) are updated in the
model based upon the error between the prediction and the
actual measurement. In the case of SACVD-processed films,
one or more embodiments of the present invention contem-
plate that both uniformity and thickness are measured on-
line and are used for updating the process model. Other
controlled film properties can be measured on-line or off-
line. In some cases these measurements would be performed
on a lot-to-lot basis. That is, upon completion of the lot
(usually 25 wafers) the wafers are brought to an external
metrology tool where several wafers of the lot are measured.

[0078] In one or more embodiments of the present inven-
tion, film properties, e.g., stress and refractive index, are not
measured and are handled in much the same way output
constraints are handled in model predictive control. The use
of output constraints in mode predictive control can be seen
in the following optimization relationship:

min £ (7, g(x) ®

s.t. A(x) <0,

where h(x) is some constraint that is placed on the prediction
of an unmeasured output. In one or more embodiments of
the present invention, output constraints for the SACVD tool
are applied to control the prediction of stress and refractive
index. This optimization formulation constrains the predic-
tion of the model to be within some limit, or set of limits,
while still finding recipe parameters which yield the desired
thickness and uniformity. Thus, as long as the recipe param-
eters are within stated maximum and minimum values, it is
assumed that constrained output values are within allowable
maximum and minimum values.

[0079] In one or more embodiments of the present inven-
tion, a feedback control methodology combines the cham-
bers into a single model using the average of the tool states
for each of the chambers. The single model would use the
feedback approach described above to apportion the bias
adjustment across the different chambers in some predeter-
mined way.

[0080] When multiple process tools perform in series, also
known as being run within a module, the performance of one
tool can have a strong effect on the performance of subse-
quent tools. Accordingly, the performance of subsequent
tools may be optimized by adjusting the performance of
previous tools. For the specific case of ILD CVD, the
standard way of performing the task is to deposit a film that
has the most uniform film possible. Then, the ILD CMP is
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tasked with removing a certain amount of this film with as
uniform a removal rate as possible. Unfortunately, the CMP
removal profile is not as uniform as the deposition profile
from the CVD tool. However, by manipulating the profile
which results from the CVD tool, the shortcomings of the
CMP tool can be addressed by providing an incoming profile
which alleviates the resulting non-uniformities caused by the
CMP tool.

[0081] Also, in one or more embodiments of the present
invention, a feedback control scheme uses the final thickness
measurements to distribute feedback individually to all of
the chambers. Because each chamber can be can be treated
individually, the tool state, i.e., cleaning frequency and idle
time, can be included in the model and feedback can be
specific to the chamber and deposition recipe. This feedback
control scheme is particularly useful when different depo-
sition recipes are being carried out in each chamber or when
drift varies between chambers. The ability to separately
model each chamber provides a greater of degree processing
flexibility, since it allows one to change the processing
recipe in one chamber (perhaps because film properties are
drifting) while keeping the processing recipe at the remain-
ing chamber unchanged (perhaps where film properties are
within target ranges). When changes to the processing recipe
are made to only one chamber, chamber-specific processing
parameters are adjusted.

[0082] Feedback and feedforward control algorithms are
constructed for use in the above control process based on the
above models using various methods. The algorithms may
be used to optimize parameters using various methods, such
as recursive parameter estimation. Recursive parameter esti-
mation is used in situations such as these, where it is
desirable to update the model on line at the same time as the
input-output data is received. Recursive parameter estima-
tion is well suited for making decisions on line, such as
adaptive control or adaptive predictions. For more details
about the algorithms and theories of identification, see [ jung
L., System Identification—Theory for the User, Prentice
Hall, Upper Saddle River, N.J. 2nd edition, 1999.

[0083] In one or more embodiments of the present inven-
tion, the deposition recipe may be updated in discrete
increments or steps defined in the algorithms of the model.
Also, in one or more embodiments of the present invention,
the updated recipes may be determined by interpolation to
the appropriate parameters.

[0084] Additional apparatus utilized to implement the
feedforward and feedback loop include tools for measuring
a film property, e.g., a film thickness measurement (metrol-
ogy) tool to provide thickness data needed to calculate film
deposition rate. The tool may be positioned relative to the
SACVD apparatus so as to provide in-line measurements, or
it may be located remote from the apparatus. The tool may
use optical, electrical, acoustic or mechanical measurement
methods. A suitable thickness measurement device is avail-
able from Nanometrics (Milpitas, Calif.) or Nova Measuring
Instruments (Phoenix, Ariz.). Other tools may be integrated
into the system for the measurement of film properties such
as trench depth, dopant concentration, refractive index, or
any other measurable film property that is modeled and
controlled. The measurement is made wafer-to-wafer or
lot-to-lot and may be provide in-line or off-line measure-
ments.
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[0085] A computer may be utilized to calculate the optimal
film deposition recipe based upon the measured film thick-
ness and calculated deposition rate, employing the models
and algorithms provided herein. A suitable integrated con-
troller iAPC (integrated advanced process control) is avail-
able from Applied Materials (Santa Clara, Calif.).

[0086] Various aspects of the present invention that can be
controlled by a computer can be (and/or be controlled by)
any number of control/computer entities, including the one
shown in FIG. 6. Referring to FIG. 6 a bus 656 serves as the
main information highway interconnecting the other com-
ponents of system 611. CPU 658 is the central processing
unit of the system, performing calculations and logic opera-
tions required to execute the processes of embodiments of
the present invention as well as other programs. Read only
memory (ROM) 660 and random access memory (RAM)
662 constitute the main memory of the system. Disk con-
troller 664 interfaces one or more disk drives to the system
bus 656. These disk drives are, for example, floppy disk
drives 670, or CD ROM or DVD (digital video disks) drives
666, or internal or external hard drives 668. These various
disk drives and disk controllers are optional devices.

[0087] A display interface 672 interfaces display 648 and
permits information from the bus 656 to be displayed on
display 648. Display 648 can be used in displaying a
graphical user interface. Communications with external
devices such as the other components of the system
described above can occur utilizing, for example, commu-
nication port 674. Optical fibers and/or electrical cables
and/or conductors and/or optical communication (e.g., infra-
red, and the like) and/or wireless communication (e.g., radio
frequency (RF), and the like) can be used as the transport
medium between the external devices and communication
port 674. Peripheral interface 654 interfaces the keyboard
650 and mouse 652, permitting input data to be transmitted
to bus 656. In addition to these components, system 611 also
optionally includes an infrared transmitter and/or infrared
receiver. Infrared transmitters are optionally utilized when
the computer system is used in conjunction with one or more
of the processing components/stations that transmits/re-
ceives data via infrared signal transmission. Instead of
utilizing an infrared transmitter or infrared receiver, the
computer system may also optionally use a low power radio
transmitter 680 and/or a low power radio receiver 682. The
low power radio transmitter transmits the signal for recep-
tion by components of the production process, and receives
signals from the components via the low power radio
receiver. The low power radio transmitter and/or receiver are
standard devices in industry.

[0088] Although system 611 in FIG. 6 is illustrated having
a single processor, a single hard disk drive and a single local
memory, system 611 is optionally suitably equipped with
any multitude or combination of processors or storage
devices. For example, system 611 may be replaced by, or
combined with, any suitable processing system operative in
accordance with the principles of embodiments of the
present invention, including sophisticated calculators, and
hand-held, laptop/notebook, mini, mainframe and super
computers, as well as processing system network combina-
tions of the same.

[0089] FIG. 7 is an illustration of an exemplary computer
readable memory medium 784 utilizable for storing com-
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puter readable code or instructions. As one example,
medium 784 may be used with disk drives illustrated in FI1G.
6. Typically, memory media such as floppy disks, or a CD
ROM, or a digital videodisk will contain, for example, a
multi-byte locale for a single byte language and the program
information for controlling the above system to enable the
computer to perform the functions described herein. Alter-
natively, ROM 660 and/or RAM 662 illustrated in FIG. 6
can also be used to store the program information that is
used to instruct the central processing unit 658 to perform
the operations associated with the instant processes. Other
examples of suitable computer readable media for storing
information include magnetic, electronic, or optical (includ-
ing holographic) storage, some combination thereof, etc. In
addition, at least some embodiments of the present invention
contemplate that the medium can be in the form of a
transmission (e.g., digital or propagated signals).

[0090] In general, it should be emphasized that various
components of embodiments of the present invention can be
implemented in hardware, software or a combination
thereof. In such embodiments, the various components and
steps are implemented in hardware and/or software to per-
form the functions of the present invention. Any presently
available or future developed computer software language
and/or hardware components can be employed in such
embodiments of the present invention. For example, at least
some of the functionality mentioned above could be imple-
mented using the C, C++, or any assembly language appro-
priate in view of the processor(s) being used. It could also
be written in an interpretive environment such as Java and
transported to multiple destinations to various users.

[0091] Although various embodiments that incorporate
the teachings of the present invention have been shown and
described in detail herein, those skilled in the art can readily
devise many other varied embodiments that incorporate
these teachings. All references mentioned herein are incor-
porated by reference.

What is claimed is:
1. A sub-atmospheric chemical vapor deposition tool for
deposition of a film, comprising:

a sub-atmospheric chemical vapor deposition apparatus
comprising a pressure chamber, a vacuum system,
means for heating a wafer and a gas delivery system;

controlling means capable of controlling an operating
parameter of the deposition process; and

a controller operatively coupled to the controlling means,
the controller operating the controlling means to adjust
the operating parameter of the deposition process as a
function of a model for a film property, the model
comprising:

a deposition model for sub-atmospheric CVD deposition
of a film that identifies one or more film properties of
the film and at least one deposition model variable that
correlates with the one or more film properties.

2. The tool of claim 1, wherein the model defines a
plurality of regions on a wafer and identifies a deposition
variable and a film property for each of at least two regions
of the wafer.

3. The tool of claim 1, wherein the operating parameter
comprises a parameter selected from the group consisting of
deposition time, wafer temperature, ozone flow rate, oxygen
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flow rate, reactive gas flow rate, carrier gas flow rate, dopant
gas flow rate, chamber pressure and shower head spacing
from the wafer.

4. The tool of claim 3, wherein the film property is
selected from the group consisting of film thickness, stress,
refractive index, dopant concentration, and extinction coef-
ficient.

5. The tool of claim 3, wherein the model defines depo-
sition of a plurality of films onto a plurality of wafers in a
plurality of deposition chambers.

6. The tool of claim 5, wherein the model provides for
independent control of at least one operating parameter for
each deposition chamber.

7. The tool of claim 5, wherein model provides for
common control of at least one operating parameter for all
deposition chambers.

8. The tool of claim 5, wherein the deposition recipe of
step (b) in each chamber is the same.

9. The tool of claim 5, wherein the deposition recipe of
step (b) in each chamber is different.

10. The tool of claim 5, wherein the calculating step of
step (e) comprises calculating updated deposition recipes for
each of the plurality of deposition chambers.

11. The tool of claim 5, wherein the model provides for
the effect of tool idle time of the deposition process.

12. The tool of claim 11, wherein the model defines a first
deposition time when the idle time is more than a predeter-
mined period and a second deposition time when the idle
time is less than the predetermined period.

13. The tool of claim 1, wherein the model evaluates the
reliability of a measurement of a film property.

14. A computer readable medium comprising instructions
being executed by a computer, the instructions including a
computer-implemented software application for a sub-atmo-
spheric chemical vapor deposition process, the instructions
for implementing the process comprising:

a) receiving data from a sub-atmospheric chemical vapor
deposition tool relating to the film property of at least
one wafer processed in the sub-atmospheric chemical
vapor deposition process; and

b) calculating, from the data of step (a), an updated
deposition model, wherein the updated deposition
model is calculated by determining the difference
between an output of a film deposition model and the
data of step (a).

15. The medium of claim 14, further comprising:

¢) calculating, using the updated model of step (b) and a
target output value for the film property, an updated
deposition recipe.

16. The medium of claim 14, wherein the data of step (a)
further includes one or more deposition parameters selected
from the group consisting of deposition time, wafer tem-
perature, ozone flow rate, oxygen flow rate, reactive gas flow
rate, carrier gas flow rate, dopant gas flow rate, chamber
pressure and shower head spacing from the wafer.

17. The medium of claim 14, wherein the film property is
selected from the group consisting of film thickness, stress,
refractive index, dopant concentration, and extinction coef-
ficient.

18. A sub-atmospheric chemical deposition tool, compris-
ing:
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a) modeling means for identifying one or more film
properties of a film and at least one deposition model
variable that correlates with the one or more film
properties in a sub-atmospheric CVD deposition pro-
cess;

b) means for depositing a film onto a wafer using a first
deposition recipe comprising at least one deposition
recipe parameter that corresponds to the at least one
deposition variable;

¢) means for measuring a film property of at least one of
said one or more film properties for the deposited film
of step (b);

d) means for calculating an updated deposition model
based upon the measured film property of step (¢) and
the model of step (a); and

e) means for calculating an updated deposition recipe
based upon the updated model of step (d) to maintain
a target film property.

19. The sub-atmospheric CVD tool of claim 18, wherein
the model defines deposition of a plurality of films onto a
plurality of wafers in a plurality of deposition chambers.

20. The sub-atmospheric CVD tool of claim 19, wherein
the model provides for independent control of at least one
deposition parameter for at least two of said plurality of
deposition chambers.

21. The sub-atmospheric CVD tool of claim 19, wherein
model provides for common control of at least one deposi-
tion parameter for at least two of said plurality of deposition
chambers.

22. The sub-atmospheric CVD tool of claim 19, wherein
the deposition recipe of step (b) in each chamber is the same

23. The sub-atmospheric CVD tool of claim 19, wherein
the deposition recipe of step (b) in each chamber is different.
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24. The sub-atmospheric CVD tool of claim 19, wherein
the calculating step of step (e) comprises calculating updated
deposition recipes for each of the plurality of deposition
chambers.

25. The sub-atmospheric CVD tool of claim 19, wherein
the model provides for the effect of tool idle time of the
deposition process.

26. The sub-atmospheric CVD tool of claim 25, wherein
the model defines a first deposition time when the idle time
is more than a predetermined period and a second deposition
time when the idle time is less than the predetermined
period.

27. A computer-implemented apparatus for controlling
film deposition in a sub-atmospheric chemical vapor depo-
sition (CVD) process, comprising:

a) modeling means for modeling a sub-atmospheric CVD
deposition of a film that identifies one or more film
properties of the film and at least one deposition model
variable that correlates with the one or more film
properties;

b) deposition means for depositing a film onto a wafer
using a first deposition recipe comprising at least one
deposition recipe parameter that corresponds to the at
least one deposition variable;

¢) measuring means for determining a film property of at
least one of said one or more film properties for the
deposited film of step (b); and

d) calculating means for determining an updated deposi-
tion model based upon the measured film property of
step (c) and the model of step (a).
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