
EP 0339845 B1 Description BACKGROUND OF THE INVENTION 5      The present
invention relates to the field of deposition of layers on a substrate, and
more particularly, to a novel system for computer-controlled realtime
monitoring and feedback control of deposition of films pos- sessing an
arbitrary refractive index profile. In various optical systems, it is often
necessary to provide a filter In order to remove undesired radiation while
at the same time allowing desired radiation to be efficiently transmitted
or reflected. One such filter is 10 the reflective multiple layer
dielectric filter. U.S. Patent 4,545,646, assigned to the same assignee as
the pres- ent application, discloses a process for forming a graded Index
optical material which Is useful for fabricating optical structures such as
diffraction optical elements. One embodiment discussed In that patent
employed manual manipulation of the gas flow to produce an oxide film with
a refractive index that varied in a continuous sinusoidal pattern. 15
Conventional deposition monitoring techniques have employed real-time
monitoring of the deposited film index and/or the deposited film thickness
using various instruments, such as the reflectometer or the quartz crystal
monitor, and a human operator manually controlling the deposition in
response to the monitored data. One technique which has been employed in
the past to monitor the thickness of films deposited on sub- strates
employs individual witness wafer chips. The chips are stacked in a magazine
and dispensed individually 20  during the deposition process by stopping
the process, removing the used witness chip, positioning a fresh one, and
continuing the deposition process. Acommercial system employing individual
witness chips is the 939 chip changer marketed by Dyn-Optics, 23055 Alcade
Drive, Laguna Hills, California. The use of individual wafer chips to
monitor the deposition process is cumbersome and time consuming, and leads
to deposition measurement errors, as a result of the repetitive handling of
the chips. 25      Furthermore, optical monitoring systems employing
individual wafer chips are usually used to deposit mul- tilayerfilms
consisting of relatively thick Individual layers of uniform refractive
index. This monitoring technique is not suited to deposition of a graded
Index film, becausethe rapidlyvarying deposited refractive index requires
changing wafer chips after only a thin film has been deposited on each
chip. However, conventional optical monitoring techniques such as
reflectometry are not able to measure thin films accurately. 30      The
quartz crystal monitoring technique requires knowledge of the density of
the deposited film, which va- ries as a function of refractive index. In a
multilayerfilm where there are only two or three materials and indices
used, the quartz crystal monitoring technique works well. However, In a
graded index film where the material density is continually changing, it is
very difficult to keep track of this changing density. As a result, it is
difficult to accurately monitor the deposition of graded index films using
a quartz crystal monitor. 35      EP-A-0102470 discloses an ellipsometer
system for measuring the thickness of a film as it is being de- posited on
a substrate in a furnace. A laser beam is projected through the furnace
window onto a wafer sample which reflects the beam onto a second wafer and
then out of the furnace to a beam splitter which splits the beam into two
orthogonally polarised beams from which the film thickness can be
determined. It would therefore represent an advance in the art to provide a
system for automatic deposition of a filter 40  having an arbitrary
refractive index profile which does not require human intervention and
which is able to ac- curately monitor the deposition of graded index films.
It would further be advantageous to provide a deposition system which
allows automatic monitoring and feedback control of a deposition without
human intervention. It would represent a further advance in the art to
provide a system allowing accurate monitoring of film of 45  arbitrary
thickness and index profile. According to the invention, there is provided
a system for automated control of the deposition of a film onto a
substrate, comprising: a deposition reactor, means for depositing a given
material or materials on one or more substrates disposed within said
reactor in dependence on one or more deposition control variables; means
for measuring the thickness of the film as it Is deposited, said means
comprising; (i) a witness wafer disposed in 50  said reactor, (ii) an
ellipsometric measuring device for successively measuring the thickness of
the film as it is being deposited on said wafer in real time and without
removing said wafer from the deposition reactor and without disturbing said
depositing means; and (iii) means for providing a film thickness signal
indicative of the film thickness; central controller for automated control
of said depositing means and said measuring means, said controller
comprising means responsive to said film thickness signal for determining
the thickness of the 55  film and means for controlling said deposition
control variables to effectively control said depositing means;
characterised in that said measuring means further comprises a witness
wafer mask arranged to mask the top surface of said witness wafer from the
material deposition, said mask having an opening formed therein, and means
for moving said witness wafer in response to wafer movement commands from
said central con- 



2    EP 0 339845 B1 troller so as sequentially to expose non-deposited
areas of said wafer surface; and said controller further com- prises means
for providing said wafer movement commands so as freshly to expose a
non-deposited area on said witness wafer when the thickness of the film
layer on the wafer area presently exposed to the deposition process exceeds
a predetermined film layer thickness. In the disclosed embodiment, the
material deposition 5   is by a photochemical vapor deposition process. For
this embodiment, the depositing means includes reactant and purge gas
sources, valves and mass flow controllers for controlling the flow of gases
into the reactor, and a vacuum system for evacuating the gases within the
reactor. Preferably, the witness wafer is mounted on a turntable for
rotational movement, with a moveable axis for translation movement. The
mask has the opening formed in it so that only the surface of the wafer
disposed 10  directly beneath the opening is exposed to the material
deposition. The turntable is driven by two stepper motors to allow
selective successive exposure of fresh areas of the wafer surface to the
material deposition. In the disclosed embodiment the central controller is
a computer including a memory forstoring the desired specifications of the
film to be deposited on the substrate. A typical example of an article to
be fabricated by the deposition process is an optical filter, and the
memory includes data defining the specifications of such a 15  filter. By
commanding the measuring means to make successive measurements of the film
thickness as it is being deposited, the central controller can adjust the
deposition control variables to compensate for deposition thickness errors
and obtain an optical structure having the desired characteristics. In a
photo CVD process, the continuously variable refractive Index material is
approximated by a plurality of successive, constant-index layers, the
thickness of each layer is monitored and controlled. 20      These and
other features and advantages of the present invention will become more
apparent from the following detailed description of an exemplary embodiment
thereof, as illustrated in the accompanying draw- ings, in which: FIG. 1 is
a block diagram of a controller system for automated real-time control of a
deposition process in accordance with the invention. 26      FIG. 2. is a
cross-sectional view of the witness wafer, wafer turntable and mask
arrangement employed in the embodiment of FIG. 1. FIG. 3 is a
representative plot of an exemplary desired refractive Index profile (solid
line) and an approx- imation thereof (dashed line) as a function of film
thickness. FIG. 4 is a broken-away view illustrating the deposition reactor
and placement of the ellipsometer heads 30      of the system shown in FIG.
1. FIG. 5 is a top view of the witness wafer mask of the embodimentof FIG.
1, illustrating a presently exposed wafer area being illuminated by the
ellipsometer laser and two exemplary previously deposited spots. FIG. 6 is
a graph plotting the deposition rate and refractive index as a function of
the film thickness for an exemplary optical structure to be fabricated by
the system of FIG. 1. 35      FIG. 7 is a graph plotting the intended and
actual refractive index profile as a function of film thickness for the
example of FIG. 6. FIG. 8 is an exemplary plot of an intended and an actual
refractive index profile for an exemplary optical structure as a function
of film thickness, which is fabricated by a system in accordance with the
present invention which employs both refractive index and thickness
monitoring and control. 40     'FIG. 9 is a simplied flowchart of the
operation of the computer controller of FIG. 1 during fabrication of a
typical optical structure. FIGS. 10A and 10B are simplied flowcharts
illustrating the film deposition subroutine employed in the gen- eral
flowchart of FIG. 9. 45   DETAILED DESCRIPTION OF THE DISCLOSURE The
invention comprises a system for computer-controlled, real-time monitoring
and control of the depos- ition of films possessing an arbitrary refractive
index profile. The embodiment of the Invention illustrated in FIG. 1
employs an ellipsometer as the monitoring instrument and a moving witness
wafer as a means of data sam- 50  pling. In this example, the photochemical
vapor deposition process described in U.S. Patent 4,545,646, is em- ployed
as the deposition process. With this process, by varying the ratio of
silane to nitrous oxide flow rate accordingly throughout the deposition, a
film possessing an arbitrary, predetermined index profile may be de-
posited. However, it is to be understood that the control system described
herein is not limited to use with pho- tochemical vapor deposition
processes but may be applied to a wide variety of deposition processes. 



55 The system 100 of FIG. 1 employs an ellipsometer which measures the
thickness of a growing film on a witness wafer 158 placed in cose proximity
to the main substrate 103 on which the desired layer is to be de- posited.
A mask is disposed overthe witness wafer, and the mask has an opening
formed therein large enough to permit deposition on the exposed spot of the
waferand ellipsometric measurementof the resultantfilm (FIG. 3    EP 0 339
845 B1 2) Although the deposited film may have a graded refractive index
profile, over sufficiently small thickness in- crements, thegraded profile
segmentmay be approximated as a constant-indexfilm, as shown in FIG. 3.
There- fore, the film on a particularspot of thewitness wafer is
ellipsometrically measured, a certain constant refractive index
corresponding to the gas flow rates is assumed, and a thickness i
calculated, which is a valid approx- 5   imation for thin films. When the
film has reached a certain thickness, the witness wafer is rotated so that
a fresh spot on the substrate is exposed to deposition. In this manner the
entire deposition can be monitored segment-by-segment. in general, the
system 100 (FIG. 1) comprises a deposition reactor 102 into which reactant
and purge gases may be admitted through line 104 by respective valves 105,
107 and 109, and mass flow controllers MFC1- 10   MFCN and valve 106.
Preferred purge gases forthis embodiment include nitrogen or argon. The
reactant gases include silane and nitrous oxide. A commercial embodiment of
a mass flow controller suitable for the purpose Is the model UFC 1000
controller, marketed by Unit Instruments, Inc., 1247 W. Orange Avenue,
Orange, Cal- ifornia. Aflow control monitor 116is coupled to the mass flow
controllers MFC1-MFCN to monitor and control the 15 flow of the respective
reactant gases into the chamber 102. A commercial embodiment of a flow
control monitor suitable for the purpose is a set of digital-to-analog
converters included in the model HP 3497 data acquisition system, marketed
by Hewlett Packard, Palo Alto, California. Aline 108 communicates with the
chamber 102 and an evacuation system (not shown), and is used to evac- uate
gases from the chamber 102. A pressure gauge 110 monitors the gas pressure
within the reactor 102. A 20 heater 112 is provided to heat the substrate
103 disposed within the chamber 102, with a temperature control 114
adjusting the operation of the heater. The substrate 103 is the main
substrate on which the desired film is to be deposited. An ellipsometer
comprising generally a laser head 122 and a sensor head 120 is
cooperatively arranged with the quartz windows 124 and 126 formed in the
top plate 128 of the chamber 102 to generate a laser beam 25 by laser head
122 which is reflected from the witness wafer 158 into the sensor head 120.
The witness wafer 158 in this example is a two-inch diameter silicon or
chrome-coated glass wafer having a thickness of 0.254 mm (.01 inches) or
more. A plurality of U.V. lamps 130 are provided to selectively illuminate
the interior of the chamber 102 through shutter 129. 30      A computer 132
is coupled to the flow control monitor 116, the temperature control 114,
the ellipsometer sensor head 120 and pressure gauge 110. A printer 132Aand
memory 132B are coupled to the computer 132 to provide a means for
communicating with a human operator. In this embodiment, the HP 9845B model
com- puter marketed by Hewlett Packard is suitable for the purpose. The
computer 132 monitors and controls the flow of gas into the deposition
chamber 102, the operation of the heater 112, and further monitors the
reactor 35 pressure, the substrate temperature and the ellipsometer sensor
120. The ellipsometer is an optical Instrument which can measure the
thickness and refractive index of trans- parent films deposited on
substrates of known optical properties. It can also measure the refractive
index (both the real and imaginary part) of an unknown polished substrate.
The ellipsometer employed In this embodiment is the model El III
ellipsometer, marketed by Rudolph Instruments, Inc., Fairfield, NewJersey.
The ellipsometer 40 projects onto the sample to be measured a beam of
monochromatic light of known polarization, here a Helium- Neon laser beam.
This beam is projected at a shallow angle ([err] from normal). The
reflected beam is directed toward a receptor containing a polarization
analyzer and a sensor. The polarization of the reflected beam, after
computation in the ellipsometer microprocessor (comprising sensor head
120), is translated into thickness and refractive index data.
Alternatively, if the refractive index of the film is known, the
ellipsometer can be program- 45 med to compute thickness alone. The
ellipsometershould be precisely aligned, in ordertogive reliable results.
In the preferred embodiment, the measurements are made nearvacuum, and
suitable windows 124 and 126 (FIG. 4) are provided in the walls of the
deposition reactor 102 to pass the beam without changing its polarization.
These windows 124 and 126 



are located at the ends of respective narrow tubes 144 and 138
communicating with the respective walls of 50 the deposition reactor 102,
to minimize anydeposition of photo-oxide on the windows. Because of the
increased optical beam length, the position and stability of the two
"heads" 120, 122 of the ellipsometer are important to obtaining reliable
results. In this embodiment, the ellipsometer comprises two heads. One,
head 122, includes the laser and a light polarizer. The other head 120
includes the sensor and analyzer. Each head is supported by a rigid bracket
hav- 55 ing stiffening webs to provide a rigid support. In addition, each
head is mounted on a platform with a horizontal rotation axis and a screw
adjustment allowing at least [err] fine adjustment. These adjustments
permit ready alignment of the two heads so that the beam can be made to
reflect from the stationary witness wafer and into the sensor iris. 4    EP
0 339 845 B1 The deposition reactor 102 is shown in further detail In FIG.
4. Here, the laser head 122 of the ellipsometer Is supported by the rigid
support bracket 134, to direct the laser beam 136 through the quartz window
126 and tube 138 into the reactor interior to impinge on the witness wafer
156. The sensor and analyzer head 120 Is supported on rigid bracket 142, to
receive the reflected laser beam 5   136 through tube 144 and quartz window
124. The laser head 122 Is secured to the support bracket 134 by an
adjustable mechanism which, through a screw adjustment, permits a 2 fine
adjustment in the direction of the laser beam 136 from Its nominal position
as shown in FIG. 3. Similarly, the sensor and analyzer head 120 is coupled
to the bracket 142 by an adjustable mechanism 146 which, through a screw
adjustment, permits a [err] fine adjustment in the orientation of the sen-
10  sor iris. The windows 126 and 124 are fabricated from annealed quartz
in this embodiment, and should be mounted in the respective tubes 138 and
144 so as to avoid stress on the windows in directions transverse to the
ellips- ometer laser beam which would lead to measurement errors. In the
disclosed embodiment, the windows are bonded by epoxy to rigid steel base
washers, which are pressed against an 0-ring seal by a pressure nut. For 15
example, in FIG. 4, window 126 is bonded to washer 126A, which is pressed
against 0-ring seal 126B by pres- sure translating sleeve 126D and pressure
nut 126C threaded onto tube 138. Such a configuration substantially
eliminates stress on the windows in directions transverse to the laser
beam. The only stress applied on the windows is that caused by atmospheric
pressure, In a direction parallel to the laser beam, which does not affect
the ellipsometric measurements. 20      The witness wafer 156 is mounted on
a turntable 1 52 for rotation about an axis. FIG. 2 illustrates the witness
wafer and the turntable in cross-section. A table member 150 is secured
across the interior of the reactor 102 (FIG. 4), and supports the substrate
workpiece 103. The turntable 152 is mounted on a rotatable and translat-
able shaft 154, which is driven by two stepper motors (not shown in FIG. 2)
controlled by the computer 132. The turntable 152 Is fitted into an opening
153 formed in the table 150. The witness wafer 156 is positioned 25  on the
top surface of the turntable 152, and a circularframe 160 is fitted overthe
peripheral edge of the circular witness wafer 156. The mask 158 is in turn
positioned over the witness wafer 156 and the frame 160, and is secured to
the table structure 150 by threaded fasteners 165. The frame 160 is
fabricated from bronze or another low friction alloy, to permit a sliding
fit between the lower surface of the mask 158 and the top surface of the
frame 160 as the turntable 152 Is rotated on shaft 30  154. It is desirable
to mask the top surface of the witness wafer 156 from the reactive gases
and the UV light. The mask 158 is fabricated from stainless steel and is
1.58 mm (.062 inches) thick in this embodiment. The mask 158 is removable
to allow replacement of the witness wafer. Because the mask 158 is
fabricated as a rigid member, the repositioning of the mask 158 allowed
byfasteners 162 and 164 Is reproducible and accurate, 35  minimizing
measurement errors. An opening 166 is formed In the mask 158 to expose a
small portion of the top surface of the wafer 156 to the vapor deposition.
The space between the exposed surface of the wafer 156 and the mask 158 is
minimized, and is about 0.127 mm (.005 inches) in the disclosed embodiment.
The edges of the opening 166 formed in the mask 158 are chamfered to
minimize disturbance of the gas flow and reduce edge effects from the laser
beam 136 striking the exposed spot of the witness wafer. 40      FIG. 5 is
a top view of the mask 158, showing the opening 166 and the exposed
underlying wafer area. The deposited area 168 on the wafer 156 is
illuminated by the laser beam of the ellipsometer head 122. In this
embodiment, the laser spot size Is about 1.016 by 2.032 mm (.04 by .08
inches). Shown in phantom in FIG. 4 



are previously deposited areas 168a and 168b, which have been rotated away
from the opening 166 in the mask 158. 45      The disclosed embodiment has
been employed to control the deposition of afilm on a substrate to
fabricate high-reflectance filters by sensing accelerations and
decelerations in the deposition rate and adjusting the de- position time of
each layer accordingly. For each deposition area 168 or "spot" on the
witness wafer 156, the ellipsometer measures thickness, and the computer
132 calculates the corresponding deposition rate. Each spot 168 is measured
a certain desired number of times, in this example three times, and the
monitored thick- 50  ness information is used by the computer 132 to
predict when the layershould be completed, the wafer rotated, and the gas
flow rates changed to deposit the next layer. An example is illustrated In
FIG. 6 and in Table 1. FIG. 6 illustrates the deposition rate, in Angstroms
per minute, the Intended and actual refractive index, and the re- active
gas flow rate, here silane, as a function of the deposited film thickness
(Angstroms). In Table 1, "N" In- dicates the layer number, "spot" indicates
the wafer spot number, "Base Film" Indicates the index and thickness 55
of the base film deposited on the substrate priorto the present layer
deposition, sil Flow" Indicates the silane gas flow rate, "I" refers to the
measurement number, "N" refers to the layer index, "D" refers to the layer
thick- ness, "Del" and "P" refer to the ellipsometric data, and "D[err]"
refers to the total film thickness.    EP 0 339 845 B1 TABLE I BASE FILM
MAIN FILM 5 Sil                        Dep N Spot  Nox  Dox Flow  I  N
D  Rate  Del    Psi  Dtot Time(H:M:S) 3  1.450 182 16.7 104.25 30.30 8164
05:49:46 10   44 44  1.458  -2 1.88  1  1.513  39 23.8 120.97 27.23 8203
05:51:24 2  1.513 139 21.8 108.88 29.21 8303  05:56:00 45 45  1.518 -10
4.18  1  1.638  38 23.0 122.38 27.40 8341  05:57:40 2  1.638 154 25.1
108.22 29.41 8457  06:02:16 3  1.638 240 24.7  99.63 31.04 8543  06:05:45
46 46  1.638  -5 5.27  1  1.700  46 27.3 120.38 27.32 8589  06:07:27 2
1.700 188 25.0 111.38 28.60 8661  06:10:19 3  1.700 189 24.2 103.72 29.88
8732  06:13:15 47 47  1.700  14 4.14  1  1.637  50 30.3 117.30 27.52 8782
06:14:54 2  1.637 121 24.6 108.63 28.76 8853  06:17:48 3  1.637 192 24.8
101.30 30.04 8924  06:20:40 20 If the actual measured thickness for a
particular layer is larger or smaller than the desired thickness, then the
next layer to be deposited will be made thinner or thicker than originally
planned to correct for this error. This correction is illustrated in FIG. 7
and Table II. 25 TABLE II INTENDED THICKNESS 30     Layer No.  Index
Original  Revised  Actual Thickness  Thickness Error 1         1.45
200A        200A          230A               +30A 2         1.56    200A
170A          165A                -5A 35 3         1.61     200A
205A          200A                -5A 4         1.57     200A        205A
225A               +25A * 5         1.50     200A        175A          178A
+ 3A 40 In this manner, the actual deposited refractive index profile is
made to closely agree with the intended index profile, which is shown in
FIG. 6. This particular deposition example yielded a narrow band, low
transmittance rugate filter having 0.8% minimum transmittance, compared
with 0.5% theoretical minimum transmittance. In the example discussed above
with respect to FIGS. 6 and 7, the system employed the ellipsometric 45
measuring device to measure thickness only, given an assumed refractive
index. The control system in accor- 



dance with the present invention is, however, capable of allowing control
of both the refractive index and the deposited film bycontrolling
deposition time and gas flow rates. Thus, the control system is capable of
detecting notonly fluctuations in deposition rate but also departures in
the refractive index of the deposited material from the assumed values, and
then making appropriate corrections by adjusting the gas flow accordingly.
This illu- 50  strated in FIG. 8. Referring nowto FIG. 9, a simplified flow
chartof the operation of the computer 132, determined bysuitable
programming, is set forth. At step 200, the computer program is
Initialized, and at step 202, the specifications for the optical structure,
a rugate filter, for example, to be fabricated are input into the computer
program, for example, by a tape or through a keyboard. These specifications
comprise the maximum number of measure- 55   ments per spot size on the
witness wafer, the number of peaks In the rugate, the peak wavelength for
each peak and the peak-to-peak index modulation for each peak, the average
Index, filter thickness and the number of layers in the filter. At step 204
the initial values for the wafer are established. These initial values
include such parameters 6    EP 0 339 845 B1 as the initial silane flow
rate, wafer position, refractive Index of the substrate, thickness of any
eventual oxide layer on the wafer, variables used in internal calculations,
and the real and imaginary refractive index values for each point on the
witness wafer that will be measured during the deposition. These latter
refractive Index values are obtained by automatically measuring for each
spot on the wafer before the deposition has begun. 5   Also, the [err] and
[err] corrective factors to be used during the deposition are measured at
this time. Step 206 ensures that the reactive gas flow is turned off. At
step 208, the stepper motors by which the turntable 152 is operated are
ordered to move the witness wafer 156 to its initial position. At step 210
the ellipsometer is prepared to communicate with the computer 132. At step
212, a vacuum is applied to the chamber 102 and at step 214 the leak back
rate Is measured. This determines the rate at which 10  ambient gases flow
into the chamber 102 when a vacuum has been applied, and indicates whether
there is a leak in the system. At step 216 the UV lamp shutter 129 is
closed. The UV lamps 128 are turned on, and the reactive gases are flowed
to establish the appropriate pressure to be used for the first layer of the
deposition process. Typically, the pressure will be allowed to stabilize
for a period of approximately five minutes before the deposition process is
commenced. 15      At step 218 the computer timer Is initiated and the
shutter 129 Is opened. This illuminates the deposition chamber with UV
light; activating the photo CVD deposition process. Step 220 designates the
filer deposition subroutine, shown in further detail in FIGS. IOA and 10B.
Atstep 222, after completion of thefilter, the deposition run is stopped
and at 224 the program is completed. Referring now to FIGS. 10A and 10B,
the filter deposition loop Is shown in further detail. The ellipsometer 20
used in this embodiment does not give instantaneous monitoring, but
requires 15-20 seconds for measuring the film at a particular spot, and
another 15-20 seconds for calculating results for the current measurement.
Therefore, after a measurement, the program structure outlined in FIG. 10
controls the process by predicting (based on previous data) whether or not
a layer is completed, and if so, moving the witness wafer to a new spot
before the results of the just-completed measurement have been calculated.
The filter deposition loop be- 25  gins at step 250, and at step 252 a
determination Is made as to whether the present spot on the witness wafer
has been measured. If not, then at step 254 the system waits fora specified
predetermined number of seconds before the first measurement This time
delay is referred to as [err]. At step 256 the elliipsometer is ordered to
measure [err]and [err], which are the two ellipsometrically measured
variables, and denote the rotated angle of the ellipsometer's polarizer and
analyzer. These are ellipsometer 30  parameters used to calculate the film
thickness d. At step 258 the time of measurement is recorded and at step
260 the total elapsed deposition time thus far is calculated. At step 262
corrected values used for[err]and [er]r are calculated. At step 264 the
mass flow con- trollers are ordered to change flow rates if necessary, in
response to the results of the measurement preceding the most recent one.
35      At step 268, It is predicted whether the filter has been completed.
If not, then at step 270 another test is made to predict whether the
present layer is complete. A certain answer will not be available until the
results of the previous measurement have been calculated. If the answer Is
affirmative, then at step 272, the UV lights are turned off, the witness
wafer is rotated, and the base film on the new spot is measured. If the
determination at step 266 is affirmative, then at step 268 the UV lamps are
turned off, the reactive gases are turned off. At 



40  step 274 the ellipsometer is finally ordered to calculate the film
thickness d based upon the just measured val- ues for [err] and the desired
index for the present layer. This calculation is performed using the
conventional ellipsometry algorithm set forth in Equation 1: [err] where p
is the ratio between the complex reflection coefficients [err] which yield
the values for film 45  Index n and film thickness d, and [err and [err]
are the ellipsometrically measured variables. A reference describing
ellipsometry and Equation I Is the Auto-EI-III Instruction Manual, Rudolph
Re- search, 1982. At step 276 the total film thickness and the deposition
rate since the preceding measurement is calculated. At step 278 the
determination is made whether the filter is complete or whether a new spot
on the wafer 50  was just measured. If affirmative, then at step 280 If
another measurement Is necessary when the loop is f in- ished, the program
control will skip step 308. If the determination at 278 is negative, then
at step 282, several calculations are made. A first calculation is to
predict the time at which the present layer will be completed, [err],
assuming the present deposition rate. Also at step 282, knowing [err] and
the desired number of meas- urements per layer, a prediction is made as to
when the next measurement should occur, [err] Finally, at step 55   282 the
predicted increase in the thickness of the film during the present
increment, i.e., during the present monitoring period ending with the next
measurement, is calculated. At step 284 a determination is made as to
whether the wafer was just rotated. If so, then the final value for the
thickness d for the preceding layer is stored and the program control
branches to step 294. If the de- 7    EP 0 339 845 B1 termination at step
284 was negative, then at step 288 the predicted layer thickness forthe
next measurement is checked to determine whether it Is equal to or greater
than the desired thickness and if not, operation branch- es to step 294. If
the predicted layer thickness is greater than or equal to the desired
thickness, then at step 290 a determination is made as to whether the
filter is completed and if so, program operation branches to 5   step 294.
If the filter is not completed, then at step 292 the flow rate for the next
layer is calculated using Equa- tion 2. [err] where [err] = flow rate of
gas i; n = assumed refractive index of the deposited film for the present
layer, 10        [err] the slope of the flowrate vs. refractive index
function for gas i; and [err] = the intercept of the flowrate vs.
refractive index function with the flowrate axis for gas i. An
exemplaryflowrate/refractive indexfunction forsilane gas is depicted in
FIG. 1 of U.S Patent4,545,646. At step 294 a determination is made as to
whether the filter is completed and if affirmative, then the run is shut
down at step 294 and operation of the filter loop returns to the main
program (FIG. 9). If the filter is not 15  completed, then at step 298 a
determination is made as to whether the wafer was just rotated. If yes,
then at step 300 the program calculates the revised desired thickness of
the next layer [err](and/or the total thickness) based on the thickness
error In the just completed layer, using Equation 3. [err] 20        where,
[err] = initial prediction of desired thickness for the next layer, [err]=
assumed refractive index for the present layer, and [err] desired thickness
for the present layer. At step 302 the program determines whether the
predicted total filter thickness based on the most recent measurement will
be greater than or equal to the desired thickness. If the determination is
affirmative, then 25  after the next measurement, the run is stopped at
step 304. If the answer Is negative, then at step 306 a delay occurs until
the time [err]equals [err]. The program operation then loop back to step
252. The flowchart shown in FIGS. 9, 1OA and 10B assumes that only the
thickness d is measured by the el- lipsometer, instead of both the
thickness and refractive index. Also, the flowchart assumes that a certain
mini- mum thickness of film must be deposited before the ellipsometer
provides accurate readings, and that the el- 30  lipsometer requires
non-negligible amounts of time (err) to measure and to calculate. It is
understood that the above-described embodiment Is merely illustrative of
the possible specific em- bodiments which may represent principles of the
present invention. Otherarrangements may readily be devised in accordance
with these principles by those skilled in the art without departing from
the scope of the invention. 35 



Claims 1. A system (100) for automated control of the deposition of a film
onto a substrate comprising: a deposition reactor (102); 40
means for depositing a given material or materials on one ormore substrates
(103) disposed within said reactor In dependence on one or more deposition
control variables; means for measuring the thickness of the film as it Is
deposited, said means comprising; (I) a witness wafer (156) disposed in
said reactor, (ii) an ellipsometric measuring device for successively
measuring the thickness of the film as It is being 45         deposited on
said wafer in real time and without removing said wafer from the deposition
reactor and without disturbing said depositing means; and (iii) means for
providing a film thickness signal indicative of the film thickness; central
controller for automated control of said depositing means and said
measuring means, said controller comprising means responsive to said film
thickness signal for determining the thickness of the 50      film and
means for controlling said deposition control variables to effectively
control said depositing means; characterised in that: said measuring means
further comprises a witness wafer mask (158) arranged to mask the top sur-
face of said witness waferfrom the material deposition, said mask having an
opening (166) formed therein, 55       and means for moving said witness
wafer in response to wafer movement commands from said central controller
so as sequentially to expose non-deposited areas of said wafer surface; and
said controllerfurthercomprises means for providing said
wafermovementcommands so as freshly to expose a non-deposited area on said
witness wafer when the thickness of the film layer on the wafer 8    . EP 0
339 845 B1 termination at step 284 was negative, then at step 288 the
predicted layerthickness forthe next measurement is checked to determine
whether it is equal to orgreater than the desired thickness and If not,
operation branch- es to step 294. If the predicted layer thickness is
greater than or equal to the desired thickness, then at step 290 a
determination is made as to whether the filter is completed and If so,
program operation branches to 5   step 294. If the filter is not completed,
then at step 292 the flow rate for the next layer is calculated using Equa-
tion 2. [err] where [err] flow rate of gas i; n = assumed refractive index
of the deposited film for the present layer; 10       [err] the slope of
the flowrate vs. refractive index function for gas i; and [err] = the
intercept of the flowrate vs. refractive index function with the flowrate
axis for gas i. An exemplary flowrate/refractive indexfunction forsilane
gas is depicted In FIG. 1 of U.S Patent 4,545,646. At step 294 a
determination is made as to whether the filter is completed and if
affirmative, then the run is shut down at step 294 and operation of the
filter loop returns to the main program (FIG. 9). If the filter is not 15
completed, then at step 298 a determination is made as to whether the wafer
was just rotated. If yes, then at step 300 the program calculates the
revised desired thickness of the next layer [err] (and/or the total
thickness) based on the thickness error in the just completed layer, using
Equation 3. [err] 20        where, [err] = initial prediction of desired
thickness for the next layer; [err]= assumed refractive index for the
present layer, and [err] = desired thickness for the present layer. At step
302 the program determines whether the predicted total filter thickness
based on the most recent measurement will be greater than or equal to the
desired thickness. If the determination is affirmative, then 25  after the
next measurement, the run is stopped at step 304. If the answer is
negative, then at step 306 a delay occurs until the time [err]equals
[err].. The program operation then loop back to step 252. The flowchart
shown in FIGS. 9, 10A and 10B assumes that only the thickness d is measured
by the el- lipsometer, Instead of both the thickness and refractive Index.
Also, the flowchart assumes that a certain mini- mum thickness of film must
be deposited before the ellipsometer provides accurate readings, and that
the el- 30  lipsometer requires non-negligible amounts of time (err) to
measure and to calculate. 



It is understood that the above-described embodiment is merely illustrative
of the possible specific em- bodiments which may represent principles of
the present invention. Other arrangements may readily be devised In
accordance with these principles by those skilled in the artwithout
departing from the scope of the invention. 35 Claims 1. A system (100) for
automated control of the deposition of a film onto a substrate, comprising:
a deposition reactor (102); 40            means for depositing a given
material or materials on one or more substrates (103) disposed within said
reactor in dependence on one or more deposition control variables; means
for measuring the thickness of the film as it is deposited, said means
comprising; (i) a witness wafer (156) disposed in said reactor; (ii) an
ellipsometric measuring device for successively measuring the thickness of
the f ilm as it is being 45         deposited on said wafer in real time
and without removing said wafer from the deposition reactor and without
disturbing said depositing means; and (iii) means for providing a film
thickness signal indicative of the film thickness; central controller for
automated control of said depositing means and said measuring means, said
controller comprising means responsive to said film thickness signal for
determining the thickness of the 50      film and means for controlling
said deposition control variables to effectively control said depositing
means; characterised in that: said measuring means further comprises a
witness wafer mask (158) arranged to mask the top sur- face of said witness
waferfrom the material deposition, said mask having an opening (166) formed
therein, 55       and means for moving said witness wafer in response to
wafer movement commands from said central controller so as sequentially to
expose non-deposited areas of said wafer surface; and said
controllerfurthercomprises means for providing said wafermovementcommands
so as freshly to expose a non-deposited area on said witness wafer when the
thickness of the film layer on the wafer 8    EP 0 339 845 B1
C    L    M    S area presently exposed to the deposition process exceeds a
predetermined film layer thickness. 2. A system according to claim 1
wherein said ellipsometric measuring device comprises means (122) for
directing a laser beam onto the surface of said witness wafer (158) and a
sensor (120) disposed to receive 5       the laser beam after its
reflection from the surface of said witness wafer. 3.  A system according
to claim 2 wherein said means for directing a laser beam comprises a laser
mounted externally with respectto the deposition reactorforgenerating said
laser beam, a first quartzwindow (124) in a f irst wall of said reactor for
admitting said laser beam into said reactor, and means for mounting said 10
first quartz window in or adjacent said first reactor wall for minimizing
stress forces on said window trans- verse to said laser beam, and wherein
said sensor is mounted externally with respect to said reactor, and
furthercomprising a second quartz window (126) in a second wall of said
reactorfor passing said reflected laser beam from the deposition reactor to
said externally mounted sensor, and means for mounting said second quartz
window in or adjacent said second reactorwall so as to minimize stress
forces on said win- 15      dow transverse to said laser beam, whereby
ellipsometric errors resulting from stress on said windows are minimized.
4. A system according to any one of claims 1 to 3, wherein said means for
moving said wafer comprises a turntable (152) and means for rotating said
turntable, said witness wafer being mounted on said turntable. 20  5.  A
system according to claim 4, wherein said means for rotating said turntable
comprises a stepper motor controlled by said central controller for
incremental rotational movements in response to commands from said central
controller. 6. A system according to any one of claims 1 to 5, wherein said
means for depositing a given material or 25      materials comprises a
photochemical vapor deposition system, wherein said deposition control
variables include means for selectively admitting one or more reactant
gases into said deposition chamber, and means for selectively Illuminating
said chamber with light of a predetermined wavelength range. 7.  A system
according to claim 6 wherein said means forselectively admitting reactant
gases into said cham- 30      ber comprises a mass flow controller coupling
a source of a given reactant gas to said chamber. 8.  Asystem according to
claim 6 or claim 7, wherein said depositing means comprises a means for
depositing 



a film having a gradient refractive Index profile as a function of film
thickness, and said system is for au- tomated control of a film having an
arbitrary refractive Index profile. 35 9. Asystem according to any one of
Claims 1 to 8, wherein said central controller comprises means forstoring
the desired specifications of the film to be deposited on said substrate.
10. A system according to any one of claims 6 to 9, wherein said controller
comprises means for controlling said gas admitting means and said
illuminating means to control the rate of deposition. Patentansprliche 1.
Em System (100) zur automatislerten Kontrolle der Deposition einer Schicht
auf ein Substrat, mit. einem Depositionsreaktor (102); einem Mittel zur
Deposition eines gegebenen Materials oder Materialien auf ein oder mehrere
Sub- strate (103), welche innerhalb des Reaktors angeordnet sind, in
AbhAngigkeit einer oder mehrerer Depo- sitionssteuervariablen; einem Mittel
zum Messen der Dicke der Schicht wie sle abgelagert worden ist, wobei das
Mittel (1) sine Hilfewafer (1 56), welche in dem Reaktor angeordnet lst;
(ii) ein ellipsometrisches Melbauteil zum sukzessiven Messen der Dicke der
Schicht, wie sie auf der Waferabgelagertwird, in Realzeitund ohne Entfernen
derWaferaus dem Depositionsreaktorund ohne die Depositlonsmittel zu storen;
und (iii) Mittel zum Bereitstellen sines Schichtdickensignals, weiches die
Schichtdicke anzeigt, aufweist; einem Zentralkontrollerfur automatisierte
Kontrolle der Depositionsmittel und der MeBmittel, wobei der Kontroller
Mittel aufweist, welche auf das Schichtdickensignal zur Bestimmung der
Dicke der Schicht ansprechen, und Mittel zur Steuerung der
Depositionskontrollvariablen zur effeltiven Kontrolle der De-    C   L M
S posltionsmittel; dadurch gekennzeichnet, daB: das Mermittel deswelteren
sine Hilfswafermaske (158) aufweist, welche angeordnet ist, um die obere
Oberflache der Hilfswafer von der Materialdeposition zu maskieren, wobei
die Maske line 6ffnung 5       (168) aufweist, welche darin gebildet at,
und Mittel zum Bewegen der Hilfswafer als Antwort auf
Waferbewegungskommandos von dem Zentralkontroller, um nicht abgelagerte
Gebiets der Waferoberflache folgend auszusetzen; und der
Kontrollerdesweiteren Mittel zum Bereitatellen derWaferbewegungskommandos
aufweist, um zusilzlich ein nicht abgelagertes Geblet auf der Hilfswafer
auszusetzen, wenn die Dicke der Filmschicht 10      auf dem Wafergebiet,
welche gegenwartig dem Depositionsverfahren ausgesetzt ist, eine
vorherbestimm- te Schichtdicke Oberschreiet. 2. Ein System nach Anspruch 1,
worin die elilpsometrische Me~vorrichtung Mittel (122) zurn Rlchten lines
LaserstrahIs auf die Oberflache der Hilfswafer(158) und elnen Sensor (1 20)
aufweist, welcherangeordnet 15      ist, um den Laserstrahl nach seiner
Reflektion von der Oberfliche der Hilfswafer zu empfangen. 3.  Ein System
nach Anspruch 2, worin das Mittel zum Richten eines Laserstrahis einen
Laser aufweist, wel- char extern hinsichtllch des Depositlonsreaktors zur
Erzeugung des Laserstrahis angebracht Ist, ain er- stes Quarzfenster (124)
in einer ersten Wand des Reaktors zurn Aufnehmen des Laserstrahis in den
Re- 20      aktor, und Mittel zurn Anbringen des ersten Quarzfensters in
oder benachbart der eaten Reaktorwand zum Minimieren von Druckkraften auf
das Fensterquerst~ck zu dem Laserstrahl, und worin der Sensor extern
hinsichtlich des Reaktors angebracht worden ist, und welches deswelteren
ein zweites Quarzfen- ster (126) in liner zweiten Wand des Reaktors zum
Durchlassen des reflektierten Laserstrahis von dem Depositionsreaktor zu
dem extern angebrachten Sensor, und Mittel zurn Anbringen des zweiten
Quarz- 25      fensters in oder benachbart der zwelten Reaktorwand, um
Druckkrafte auf das Fensterquerst~ck zu dem Laserstrahl zu minimieren,
aufweibt wodurch ellipsometrische Fehler minimiert warden, welche aus dem
Druck auf die Fenster resultieren. 4.  En System nach irgendeinem
derAnspr~che 1 bis 3, worin des Mittel zurn Bewagen derWafer line Dreh- 30
scheibe (152) und Mittel zum Drehen der Drehscheibe aufweist, wobei die
Hilfswafer auf der Drehacheibe angebracht ist 5. Ein System nach Anspruch
4, worin das Mittel zum Drehen der Drehscheibe elinen Schrittmotor
aufweist, weicher durch den Zentralkontroller fOr inkrementelle
Rotatlonsbewegungen gesteuert wird als Antwort auf die Kommandos von dern
Zentralkontroller. 



35 6.  Ein System nach Irgendelnern der AnsprOche 1 bis 5, worin des Mittel
zur Deposition aines gegebenen Materials oder Matbrialien ein
photochemisches Aufdampfungssystem aufweist, worin die
Depositlonstbuervariablen Mittel zum selektiven Aufnehmen sines
odermehrerer Reaktanzgase In die De- positionskammer, und Mittel zum
selektiven Illuminieren der Kammer mit Licht eines vorherbestimmbtn 40
Wellenlangenbereichs beinhalten. 7.  Emn System nach Anspruch 6, worin des
Mittel zum selektiven Aufnehmen der Reaktanzgase in die Kam- mer einen
Massenflullkontroller aufweist, weicher eine Quelle lines gegebenen
Reaktanzgases in die Kammer koppelt. 45 8.  Ein System nach Anspruch 6 oder
7, worin des Depositlonsmittel ein Mittel zum Ablagern einer Schicht
aufwebt, welche ein Gradientenbrechungszahiprofil als Funktion der
Schichtdicke besitzt, und das Sy- stm der automatischen Kontrolle einer
Schicht dient, welche ein wilIkOrlilches Brechungszahiprofil be- sitzt. 50
9.  Ein System nach Irgendeinem der AnsprOche I bis 8, worln der
Zentralkontroller Mittel zum Speichern der gewunschten Spezifikationen der
Schicht aufweist, welche aufdem Substrat abgelagert werden soil. 10. Ein
System nach irgendelnem der Ansprflche 6 bis 9, worin der Kontroller Mittel
zum Stbuern des 55       Gasaufnehmmittels und der Illuminationsmittbl
aufweist, um die Rate der Deposition zu steuern. 10    EP O 339 845 B1
- !III1i  11111 III! I II!I1I RevendIcatlons 1. Un systeme (100) pour Ia
commande automatis6e du dept d'une pellicule sur un substrat, comprenant:
un rbacteur de d6pot (102); 5            des moyens pourd6poserun mat6riau
ou des materiaux donnes surun ou plusiours substrats (103) dispossa A
l'Intereur du r6acteur, sous la d6pendance d'une ou de plusleurs variables
de command. de d6p6t; des moyons pour mosurer l'epaisseur de la pellicule
au fur et A mesuro qu'elle est depos6e, ces moyens comprenant; 10
(1) une tranche temoin (156) disposee dans le r6acteur; (ii) un dispositif
de mesure ellipsomr6tique pour mesurer successivement l'6paisseur de la
pollicule au fur et a mesure qu'elle ost d6poseo sur l tranche, en temps
rMel, et sans retirer la tranche du reacteur do depot ni perturber les
moyens do d6pdt; et (iii) des moyens destines a produire un signal
d'epaisseur de pellicule indiquant l epaisseur de la pel- 15        licule;
un dispositif de commando central pour la commando automatisee des moyens
de depUt et des moyens de mesure, ce dispositif do commando compronant des
moyens qui r6agissent au signal d'6pais- seur de pellicule on determinant l
6palsseurde la pelilcule, et des moyens qui sont destin6s a commander les
variables de commando de depot pr6cit6es pour commander offectivement los
moyens de d6pot, 20           caracteris6 on ce quo: les moyens de mesure
comprennent en outre un masque de tranche temoin (158) qui esat concu pour
masquerla surface sup6riure de la tranche temoin vis-a-vis du d6p~tde
mat6riau, ce masque ayant une ouverture (166) form6e a l'interieur, et des
moyens pour d6placer la tranche timoin sous la d6pen- dance dordres de
mouvement de tranche qui provionnent du dispositif de commands central,
afin d'ex- 25      poser s6quentiellement des r6glons de la surface de la
tranche qui nWont pas recu de d6pXt et le disposktif de commando comprend
en outre des moyens qui sont destin6s a produire les ordres de mouvement de
la tranche de fagon a exposer nouvellement une r6gion de la tranche t6moin
qui nWe pas recu de d6pot, lorsque 'Apabsseur de la couch. de pellicule sur
la r6gbon de la tranche qui est expos6e presentement au processus de depot
d6passe une 6paisseur de couche de pollicule pr6dterminee. 30 2. Un systeme
selon la revendbcation 1, dens loquel le dispositif de mesure
ellipsom6trique comprend des moyens (122) qui sont destines a diriger un
fabsceau laser sur la surface de la tranche t6moin (158), et un capteur
(120) qul est dispos6 de fagon a rocovoir Is faisceau laser apres sa
r6flexion sur la surface de la tranche t6moin. 



35 3. Un systeme selon la revendication 2, dans lequel les moyens qul sont
destinds A diriger un faisceau laser comprennent un laser mont6
exterieurement au r6actbur de d6pot, pour gon6rer le faisceau laser
precite, une premibre fenetre on quartz (124) dans une premibre parol du
rdactour, pour admettre le faisceau laser dans le r6actsur, et des moyens
qui sont concus pour monter la premiere fenitre en quartz dons la pre-
mibre parol du reacteur ou on position adjacente a cello-cl, atIn de
minimiser des forces de contraintes 'sexergant sur la fenetre
transversalement au faisceau laser, et dons lequel le captbur est monte
extbrieu- rement au reactbur, et comprenant on outre uns seconde fendtre on
quartz (128) dons une seconds paroi du reactbur, pour transmettre le
faisceau laser r6fli6chl, du r6acteur de d6pot vers le capteur monte ext6-
rieurement, et des moyens qul sont destindes A montbr la seconde fenetre en
quartz dans la seconde paroi 45      du r6acteur, ou en position adjacents
a celle-cl, af in de minimiser des forces de contraintes s'exergant sur la
fenetre transversalement au faiscoau laser, ce qul permetde minimisordos
erreurs ellipsomftrlques qui resultbnt des contralntes s exergant sur les
fenitres. 4. Un systbme selon l'une quelconque des revendlcations 1 a 3,
dans lequel les moyens destin6s a deplacer 50      la tranche comprennent
un plateau tournant (152) et dos moyons pour faire tourner ce plateau
tournant, la tranche temoin etant montoe sur le plateau tournant. 5. Un
systbme selon la rovendication 4, dans lequel les moyons destin6s a faire
tourner le plateau tournant comprennent un moteur pas a pas qui eat
command6 par le dispositif de commande central, de fagon a offectuer des
mouvements de rotation incrementiols sous l'effet d'ordres provenant du
dispositif de commande central. 6. Un systeme selon l'une quelconque des
revendlcations 1 a 5, dans loquel les moyens destin6s a d6poser    EP 0 339
845 B1 un matbriau ou des matirlaux donnbs consistent en un systeme de
dbpot photochimique en phase vapeur, dans loquel les variables de commands
de depot precitees sont assoclies a des moyens permettant d'ad- mettre
silectivement un ou plusiours gaz reactifs dans la chambre de depot, et A
des moyens permettant d'illuminer selectivement cette chambre avec de la
lumiere d'une gamnme de longueurs d'onde preddter- 5       minee. 7.  Un
systeme selon la revendication 6, dans Ioquel les moyens permettant
d'admettre selectivement des gaz reactifs dans la chambre comprennent un
regulatbur de debit-masse qui fait communiquer une source d'un gaz reactif
donne avec la chambre. 10 8.  Un systeme selon selon la revendicatlon 6 ou
la revendication 7, dans lequel les moyens de depot comprennent des moyens
qui sont destines A deposer une pellicule presentant un gradient de profil
din- dice de refraction en fonction de l'epaisseurde la pellicule, et le
systeme precitb est prbvu pour la comman- do automatisee d'une pellicule
ayant un profit d'lndice de refraction arbitraire. 9.  Un systeme selon
l'une quelconque des revendications 1 A 8, dans loquel le dispositif de
commando cen- tral comprend des moyens qui sont concus pour memoriser les
specifications desireos de la pellicule A deposer sur le substrat. 10. Un
systeme solon l'une quelconque des revendicatfons 6 A 9, dans loquel le
dispositif de commando 20      comprend des moyens qui sont destines A
commander les moyens d'admission de gaz et les moyens d'll- luminatlon pour
commander la vitesse de depot 25 30 35 0    40 45 50 55 12    


