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APPARATUS AND METHOD FOR OPTICAL CALIBRATION OF
WAFER PLACEMENT BY A ROBOT

Inventors:
Abraham Ravid, Todd J. Egan, Eran Weiss,
Michael R. Rice and Izya Kremerman

CROSS-REFERENCE TO RELATED APPLICATIONS
[001] This application claims priority of U.S.
Application No. 14/806,220 filed July 22, 2015 entitled
APPARATUS AND METHOD FOR OPTICAL CALIBRATION OF WAFER
PLACEMENT BY A ROBOT, by Abraham Ravid, et al.

BACKGROUND
Technical Field:

[002] The disclosure is related to robotic placement
of a workpiece, such as a semiconductor wafer, onto a
workpiece support in a reactor chamber, and improved

calibration of the wafer location.

Background Discussion:

[003] There is a need for a method of calibrating
wafer positioning by a robot under the actual process
conditions of chamber pressure, temperature, etc. The
problem is to resolve calibration challenges due to
inaccessibility of the chamber interior while under
actual process conditions, where there is no way to
perform a mechanical calibration. As an example, there is
a need to calibrate some chambers while at high
temperature, high vacuum or other constraints. Such
constraints prevent performing the calibration by

mechanical means, such as pin dropping mechanisms or



WO 2017/014818 PCT/US2016/028232

micro cameras mounted on a wafer. In some cases, higher
accuracy than what mechanical calibration can achieve may
be required. Misplacement of a wafer in a process
chamber may lead to process excursions, out of
specification results in some areas, and makes it

difficult to optimize the process.

SUMMARY
[004] A configurable assembly comprises (a) a reactor
chamber body having an open top and a workpiece support
in the reactor chamber body, (b) a first 1lid receivable
on the open top to form a seal on the open top, and
comprising plural cameras viewing respective fields of
view inside the reactor chamber body, (c) a second 1lid
receivable on the open top to form a seal on the open top
and comprising process features, each one of the first
and second lids being removable from the open top for
placement of the other one of the first and second lids
on the open top, (d) a workpiece-handling robot for
transporting a workpiece relative to the workpiece
support, wherein the respective fields of view correspond
to respective edge portions of the workpiece when held on
the workpiece support, and (e) a processor coupled to
receive images from the plural cameras and coupled to

control the workpiece-handling robot.

[005] In one embodiment, the process features of the
second 1lid comprise a gas distribution plate and an RF

power applicator.

[006] In one embodiment, the respective fields of
view further correspond to respective portions of a

reference feature in the reactor chamber body.
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[007] In one embodiment, the reference feature is the

workpiece support.

[008] In one embodiment, the processor is adapted to
determine from the images a correction movement of the
workpiece that reduces non-concentricity between the

workpiece and the workpiece support.

[009] In one embodiment, the processor is coupled to
command the workpiece-handling robot to perform the

correction movement.

[0010] In one embodiment, the workpiece and the

workpiece support are each circular.

[0011] In one embodiment, the cameras have respective
fields of view uniformly spaced at periodic intervals
relative to a circumference of the workpiece support. In
one embodiment, the periodic intervals correspond to 90

degree angles.

[0012] One embodiment further comprises respective
viewing ports extending through the first 1id between
respective ones of the plural cameras and the respective

fields of view.

[0013] A method of processing a workpiece comprises
(a) providing a reactor chamber body having an open top
and a workpiece support inside the reactor chamber body,
(b) placing a first 1lid on the open top, setting chamber
pressure in the reactor chamber body to a selected level,
and robotically placing a workpiece on the workpiece
support, and (c) capturing through the first 1id

respective images of portions an edge of the workpiece
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and an edge of a reference feature in the reactor chamber
body in respective fields of view spaced at periodic
locations relative to a circumference of the workpiece
support and determining a non-concentricity between the
workpiece and the reference feature. If the non-
concentricity exceeds a predetermined threshold, the
method proceeds by determining from the respective images
a correction vector representing a change in location of
the workpiece corresponding to a decrease in non-
concentricity between the workpiece and the reference
feature, and robotically shifting the workpiece in
accordance with the correction vector, and then repeating
the capturing, determining and shifting. If the non-
concentricity is less than the predetermined threshold,
the method proceeds by storing in memory the present
location of the workpiece, replacing the first 1lid with a
second 1lid comprising process features, establishing
process conditions in the reactor chamber body, and
robotically placing each one of a succession of
workpieces on the workpiece support at the present

location.

[0014] In one embodiment, the reference feature is the

workpiece support.

[0015] In one embodiment, the process features of the
second 1lid comprise an RF power applicator and a gas
distribution apparatus, and establishing process
conditions comprises providing RF power to the RF power
applicator, providing process gas to the gas distribution
apparatus and activating a vacuum pump coupled to the

reactor chamber body.
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[0016] In one embodiment, determining non-
concentricity comprises measuring in the respective
images edge-to-edge distances along positive and negative
portions of respective axes between the workpiece and the
reference feature, determining differences between edge-
to-edge distances along the positive and negative

portions of each of the axes, and adding the differences.

[0017] In one embodiment, determining from the
respective images a correction vector comprises:
measuring in the respective images edge-to-edge distances
along positive and negative portions of respective axes
between the workpiece and the reference feature,
determining differences between edge-to-edge distances
along the positive and negative portions of each of the
axes, and defining components of the correction vector
along respective ones of the axes as the differences

along the corresponding axes.

[0018] In one embodiment, capturing through the first
1id respective images comprises capturing images through
respective cameras on the first 1lid in respective fields
of view coinciding with intersections between respective

ones of the axes and the edge of the workpiece support.

[0019] In accordance with another embodiment, an
assembly is provided for calibrating robotic placement of
a workpiece having a workpiece edge on a workpiece
support surface having a support edge. The assembly
comprises: (a) a reactor chamber body having a top
opening and containing the workpiece support surface; (b)
a lid removably installable on the reactor chamber body
and comprising top and bottom surfaces, the bottom

surface comprising a sealing shoulder receivable on the
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top opening, and plural viewing ports extending through
the 1lid along a direction transverse to the top and
bottom surfaces; (c¢) plural cameras mounted on the 1id
along respective axes, and having respective fields of
view through respective ones of the plural viewing ports,
the respective fields of view coinciding with respective
intersections of the support edge and respective ones of
the axes; and (d) a processor coupled to receive from the
cameras images of the support edge and of the workpiece
edge, corresponding to workpiece edge-to-support edge

distances along respective ones of the axes.

[0020] In one embodiment, the assembly further
comprises a processor adapted to determine from the
workpiece edge-to-support edge distances a shift in
position of the workpiece for reducing non-concentricity

between the workpiece edge and the support edge.

[0021] In one embodiment, the respective axes are
mutually orthogonal and the plural cameras comprise four

cameras.

[0022] In an embodiment, the assembly further
comprises a workpiece handling robot with the reactor
chamber body, the processor coupled to the workpiece

handling robot.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] So that the manner in which the exemplary
embodiments of the present invention are attained can be
understood in detail, a more particular description of
the invention, briefly summarized above, may be had by
reference to the embodiments thereof which are

illustrated in the appended drawings. It is to be
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appreciated that certain well known processes are not

discussed herein in order to not obscure the invention.

[0024] FIGS. 1A and 1B depict respective
configurations of a reactor having exchangeable lids for
installation on an open top of a reactor chamber body, of
which FIG. 1A depicts a first configuration in which a
process 1lid is installed on the reactor chamber body, and
FIG. 1B depicts a second configuration in which a
metrology 1lid is temporarily installed on the reactor

chamber body instead of the process 1lid.

[0025] FIG. 2 depicts an orthographic projection of
the metrology l1lid of FIG. 1B.

[0026] FIG. 3 represents a partially cut-away top view
of the assembly of FIG. 1B.

[0027] FIG. 4 is a view corresponding to FIG. 3

representing a case in which wafer placement is centered.

[0028] FIGS. 4A and 4B are views corresponding to FIG.

4 in which wafer placement is not concentric.

[0029] FIG. 5 depicts one embodiment of a system for

calibrating wafer placement in a reactor chamber body.

[0030] FIG. 6 consists of successive block diagrams of

FIGS. 6A-6C depicting a method in one embodiment.

[0031] To facilitate understanding, identical
reference numerals have been used, where possible, to
designate identical elements that are common to the

figures. It is contemplated that elements and features of
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one embodiment may be beneficially incorporated in other
embodiments without further recitation. It is to be
noted, however, that the appended drawings illustrate
only exemplary embodiments of this invention and are
therefore not to be considered limiting of its scope, for
the invention may admit to other equally effective

embodiments.

DETAILED DESCRIPTION
[0032] A non-contact optical calibration method and
apparatus is provided for the calibration of wafer
positioning within a reactor chamber under process
conditions. A process 1lid of the reactor chamber is
temporarily removed and replaced with a special 1id,
referred to as a metrology 1lid, A number of cameras
(e.g., four cameras) are mounted on the metrology 1lid.
The cameras view respective areas inside the reactor
chamber that contain the electrostatic chuck or pedestal
or 1lift pins that the wafer is mounted on, and/or other
key features of interest in the chamber, such as masks,
process kits, etc., that are landmarks from which
location may be determined. The wafer may be either a
regular wafer used in production or a specially designed
wafer. In one embodiment, the cameras are provided with
telecentric lenses which allow for high depth of field,
with no geometrical distortion and with fixed
magnification over a large vertical and lateral distance,
which include all the features involved in the
calibration. This allows the determination of the
location of edges of components in the chamber that are
important for the process. The images formed this way are
analyzed, to determine the alignment of the wafer
relative to components or landmarks in the reactor

chamber. In one embodiment, the system may calibrate
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the resolution and the magnification of the optics by
using known dimensions of features on the chuck to
calculate pixel resolution and magnification for each
camera. This calibration may be performed with or
without telecentric lenses. This information is used to
guide the wafer-handling robot during calibration. The
calibration may be automated to reduce tool downtime, and
avoid performance variations due to human errors involved
in the process, and variations due to skill level of the
operator. In embodiments described below, the wafer
position is determined from images of the circular edge

of the wafer and of the edge of the electrostatic chuck.

[0033] Referring to FIGS. 1A and 1B, a reactor chamber
body 100 having a cylindrical side wall 102 and a floor
104 contains a wafer support which may be an
electrostatic chuck 106 with a circular edge 106a for
holding a workpiece such as a semiconductor wafer 107
having s circular edge 107a. A wvacuum pump 108 is
coupled to the interior of the reactor chamber body 100
to control chamber pressure. A robot 110 places the
wafer 107 on the electrostatic chuck 106 in accordance
with a desired wafer location. Ideally, the location is
such that the wafer 107 is centered relative to the

electrostatic chuck 106, as will be discussed below.

[0034] The cylindrical side wall 102 of the reactor
chamber body 100 has a top edge 102a defining an open top
of the reactor chamber body 100. The top edge is capable
of receiving either one of two circular lids, namely a
process 1lid 120 (shown in FIG. 1A as installed on the
reactor chamber body 100) or a metrology 1id 130 (shown
in FIG. 1B as installed on the reactor chamber body 100

instead of the process 1id 120). The process 1lid 120 is
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on the reactor chamber body 100 during processing of the
wafer 107. Installation of either the process 1id 120 or
the metrology 1lid 130 on the top edge 102a completes a
vacuum seal of the interior of the reactor chamber body

100.

[0035] Prior to processing, an end effector or arm 111
of the robot 110 positions the wafer 107 on a top surface
of the electrostatic chuck 106. In one embodiment, it is
desired that the wafer 107 be centered relative to the
center of the electrostatic chuck 106. This result is
desired for each wafer that is introduced into the
reactor chamber body 100, for consistent wafer

positioning for a succession of wafers.

[0036] Wafer positioning on the electrostatic chuck
106 by the robot 110 is calibrated using contemporaneous
images of the electrostatic chuck 106 and of the wafer
107. During such calibration, the metrology 1id 130 is
on the reactor chamber body 100, instead of the process
1lid 120. The process 1lid 120 includes various processing
features such as a gas distribution plate 122, RF power
applicators such as coil antennas 124 fed by an RF power
supply 125, thermal control features (not shown), etc.
The presence of such processing features makes it
difficult to provide an unobstructed field of view
through the process 1id 120 needed to capture the images.
The metrology lid 130 is free of such process features
and therefore can provide an essentially unobstructed
view of the interior of the reactor chamber body 100.
Further, the metrology 1id 130 enables the interior of
the reactor chamber body 100 to be held at actual process
conditions (e.g., chamber pressure, chamber temperature,

etc.) during calibration.

10
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[0037] Referring to FIGS. 1B and 2, a number of
cameras (e.g., four cameras) labelled camera 1, camera 2,
camera 3 and camera 4, are mounted on the metrology lid
130 with support structure 131 and view the interior of
the reactor chamber body 100 through respective ports
132-1, 132-2, 132-3 and 132-4 in the metrology 1lid 130.
As shown in FIG. 3, cameras 1, 2, 3 and 4 are located
along an imaginary circle 136 at respective locations
separated by 90 degrees. Cameras 1 and 2 are located
along positive and negative portions, respectively, of a
Y-axis near its intersection with the imaginary circle
136. Cameras 3 and 4 are located along positive and
negative portions, respectively, of an X-axis near its
intersection with the imaginary circle 136. The X-axis
and the Y-axis define a camera coordinate system, in
which the intersection of the X-axis and Y-axis defines
an origin. In one embodiment, the origin coincides with
an axis of symmetry of the reactor chamber body 100 or of

the electrostatic chuck 106.

[0038] Prior to processing a wafer in the reactor
chamber body 100, a wafer positioning calibration method
is performed, requiring removal of the process 1lid 120
from the reactor chamber body 100 and installation of the
metrology 1lid 130 on the reactor chamber body 100.

During the calibration, images of portions of the
electrostatic chuck 106 and of the wafer 107 are captured
through the metrology 1id 130 by cameras 1, 2, 3 and 4.
From these images, the location of the center of the
electrostatic chuck 106 relative to the center of the
wafer 107 may be determined. In one embodiment, the
images are of different portions of the edge 106a of the

electrostatic chuck 106 and of different portions of the

11
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edge 107a of the wafer 107. 1In the embodiment of FIG. 3,
four images are captured simultaneously corresponding to
four fields of view 150-1, 150-2, 150-3 and 150-4 of the
four cameras 1, 2, 3 and 4, respectively. The four
images coincide with four vertices 152-1, 152-2, 152-3
and 152-4 at which the circle 136 intersects the X-axis
and Y-axis. In the embodiment of FIG. 3, non-
concentricity of the edge 106a of the electrostatic chuck
106 with the edge 107a of the wafer 107 is determined.

In one embodiment, the field of view of each one of
cameras 1, 2, 3 and 4 is sufficiently large to encompass

a corresponding portion of both edges 106a and 107a.

[0039] In one embodiment, the wafer diameter is less
than the electrostatic chuck diameter so that both edges
106a and 107a may be viewed simultaneously and their
images captured simultaneously. Otherwise, the edge
106a of the electrostatic chuck 106 is observed (captured
as an image) prior to placing the wafer 107 on the
electrostatic chuck 106. Thereafter the wafer 107 is
placed on the electrostatic chuck 106, covering the
electrostatic chuck 106, and images of the edge 107a of

the wafer 107 are captured.

[0040] Concentricity of the edges 106a and 107a is
determined from selected edge-to-edge distances between
them. Referring to FIG. 4, a first edge-to-edge distance
V1 between the edges 106a and 107a is along the positive
portion (+Y) of the Y- axis, and is measured in the image
captured by camera 1. A second edge-to-edge distance V2
is along the negative portion (-Y) of the Y-axis, and is
measured in the image captured by camera 2. A third
edge-to-edge distance V3 is along the positive portion

(+X) of the X-axis, and is measured in the image captured

12
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by camera 3. A fourth edge-to-edge distance V4 is along
the negative portion (-X) of the X-axis, and is measured
in the image captured by camera 4. The measuring of the
edge-to-edge distances V1, V2, V3 and V4 may be carried

out by counting the number of image pixels between edges
in the respective images. Each edge-to-edge distance V1,
V2, V3 and V4 is viewed by a corresponding one of camera

1, camera 2, camera 3 and camera 4.

[0041] Perfect concentricity between the edge 106a of
the electrostatic chuck 106 and the edge 107a of the
wafer 107 is depicted in FIG. 4. Such concentricity is
manifested by the edge-to-edge distances V1, V2, V3 and
V4 being equal to one another. Examples of non-
concentricity are depicted in FIGS. 4A and 4B. Non-
concentricity is manifested by a non-zero Y-axis
difference V2-V1 and/or a non-zero X-axis difference V4-
V3. A measure of the non-concentricity (or error in

wafer position) may be defined as |V2-V1| + |V4-V3]|.

[0042] Non-concentricity is caused by an error in
wafer placement on the electrostatic chuck 106 by the
robot 110. Such an error may be corrected (or reduced)
by calculating (using conventional techniques) a
correction vector C as a function of the edge-to-edge
distances V1, V2, V3 and V4. Calculation of such a
correction vector is discussed below. The next step is
to shift the wafer position on the electrostatic chuck
106 in the direction of the correction vector C and by a
distance corresponding to the magnitude of the correction
vector C. After shifting the wafer position in
accordance with the correction vector C, a new
measurement of the edge-to-edge distances V1, V2, V3 and

V4 may be performed and the entire procedure repeated.

13
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Such repetition may be repeated for iterative improvement
in wafer position, until a desired minimization in non-

concentricity is reached.

[0043] One embodiment of a system for performing the
foregoing calibration procedure is depicted in FIG. 5.
The system of FIG. 5 includes the features depicted in
FIGS. 1B and 2. In addition, the system of FIG. 5
includes an image processor 300 coupled individually to
camera 1, camera 2, camera 3 and camera 4. The image
processor 300 controls the operation of each one of
camera 1, camera 2, camera 3 and camera 4, and may be
programmed to analyze each image captured by camera 1,
camera 2, camera 3 and camera 4. For example, the image
processor 300 may determine location of one of the edges
106a or 107a in the image relative to the camera
coordinate system or relative to the other edge, for
example. In addition, the system of FIG. 5 further
includes a robot controller 310 and a measurement

controller 320.

[0044] The robot controller 310 responds to commands
from the measurement controller 320 to have the robot 110
place the wafer 107 at a specified location. This
location may be specified relative to the camera
coordinate system (i.e., the X-axis and Y-axis of FIG. 3)
or relative to another coordinate system such as a
coordinate system of the robot 110, for example. As
stated above, the image processor 300 may be programmed
to analyze each image and compute the magnitude of
respective edge-to-edge distances V1, V2, V3 and V4 from
images captured by respective ones of camera 1, camera 2,
camera 3 and camera 4. This information may be provided

to the measurement controller 320. The measurement

14
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controller 320 may employ the respective edge-to-edge
distances V1, V2, V3 and V4 to determine the magnitude of
non-concentricity. If the magnitude of non-concentricity
exceeds a predetermined threshold, then the measurement
controller 320 computes a correction vector, C,
representing a change wafer position that will reduce (or
eliminate) non-concentricity. In one embodiment, the
correction vector C may be calculated by defining its
component along the Y-axis as V1-V2 and defining its
component along the X-axis as V3-V4. The measurement
controller 320 then translates the correction vector C to
a robot command for shifting the position of the wafer
107 along the direction of the correction vector C by a
distance corresponding to the magnitude of the correction
vector C. The measurement controller 320 then transmits
the robot command to the robot controller 310, so that
the robot controller 310 causes the robot 110 to make the

desired shift in wafer position on the electrostatic

chuck 106.
[0045] This shift lessens (or eliminates) non-
concentricity. Then, non-concentricity is again measured

in the manner described above. If the non-concentricity
is still significant, further correction may be achieved
by repeating the foregoing process. In this manner, an
iterative succession of corrections may be performed if
needed, until a final wafer position is reached at which
non-concentricity is reduced below the predetermined
threshold. 1In some cases, a single iteration suffices to
reach a final wafer position at which non-concentricity
is less than the predetermined threshold. The
predetermined threshold may correspond to an error of 50
microns or less, requiring high resolution images from

the cameras 1-4. Each camera of FIG. 1B, camera 1,

15
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camera 2, camera 3 and camera 4, may be provided with a
telecentric lens for optimum resolution. Telecentric
lenses improve accuracy of pixel scaling, due to
invariant magnification over a range in the working
distance. Thus, in measuring a distance between two

edges by counting pixels, a better accuracy is gained.

[0046] Upon reaching a wafer position at which the
non-concentricity is less than the predetermined
threshold, the current position of the wafer 107 on the
electrostatic chuck 106 is stored in a memory as the
final wafer position. The memory in which the final
wafer position is stored may be a memory in the
measurement controller 320. The final wafer position is
thus available for use during processing of subsequent
wafers. The metrology 1lid 130 is removed and the process

1lid 120 is re-installed on the reactor chamber body 100.

[0047] Thereafter, a succession of wafers may be
processed in the reactor chamber body 100 one at a time.
For each wafer, the robot 110 is commanded (e.g., by the
measurement controller 320) to position the wafer on the
electrostatic chuck 106 at the final wafer position
determined in the calibration procedure described above.
For example, for each wafer in the succession of wafers
to be processed, the measurement controller 320 fetches
the final wafer position from memory and commands the
robot 110 to position the current wafer on the
electrostatic chuck 106 at the final wafer position. The
final wafer position is used unchanged for each
subsequent wafer because the electrostatic chuck 106 is
stationary. This can provide consistent wafer location
for a succession of wafers. During processing, RF plasma

source power may be applied to the coil antennas 124,

16
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temperature control media (e.g., a heat exchange medium
such as a coolant) may be circulated through the process
1lid 120, while process gas is introduced through the gas
distribution plate 122.

[0048] The foregoing description refers to embodiments
employing four cameras. However, any suitable number of

cameras may be employed.

Method:
[0049] FIG. 6 consists of successive block diagrams of
FIGS. 6A-6C depicting a method The method proceeds as

follows:

[0050] Install the metrology 1id 130 on the reactor
chamber body 100 and set reactor chamber pressure to a

desired level (block 802).

[0051] If the wafer diameter is greater than the
electrostatic chuck diameter, then using camera 1, camera
2, camera 3 and camera 4, capture images of the
electrostatic chuck 106 prior to placing the wafer 107 on

the electrostatic chuck 106 (block 804).

[0052] Place a wafer 107 on the electrostatic chuck
106 (block 806).

[0053] Capture images of respective portions of the
wafer edge 107a and of the electrostatic chuck edge 106a

by camera 1, camera 2, camera 3 and camera 4 (block 808).

[0054] Analyze each image and measure the respective

edge-to-edge distances V1, V2, V3 and V4 from images

17
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captured by respective ones of camera 1, camera 2, camera

3 and camera 4 (block 810).

[0055] Compute, from the respective edge-to-edge
distances V1, V2, V3 and V4, the magnitude of non-
concentricity between the edges 106a and 107a (block
812) .

[0056] If the magnitude of non-concentricity exceeds a
predetermined threshold, then compute a correction
vector, C, representing a change in wafer position that

will reduce (or eliminate) non-concentricity (block 814).

[0057] In one embodiment, determine the correction
vector C by defining its component along the Y-axis as
V1-V2 and defining its component along the X-axis as V3-

V4 (block 816).

[0058] Translate the correction vector C to a robot
command for shifting the position of the wafer 107 along
the direction of the correction vector C by a distance
corresponding to the magnitude of the correction vector C

(block 818).

[0059] Transmit the robot command to the robot
controller 310, to cause the robot 107 to make the
desired shift in wafer position on the electrostatic

chuck 106 (block 820).

[0060] Capture new images with camera 1, camera 2,

camera 3 and camera 4 (block 822).

[0061] From the new images, compute the non-

concentricity (block 824).
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[0062] If the non-concentricity still exceeds the
predetermined threshold (YES branch of block 826), return

to block 814 and continue.

[0063] Otherwise, if the non-concentricity is less
than the predetermined threshold (NO branch of block
826), store in memory the current position of the wafer
107 on the electrostatic chuck 106 as the final wafer

position (block 828).

[0064] Remove the metrology 1lid 130 and reinstall the
process 1lid 120 on the reactor chamber body 100 (block
830) .

[0065] Apply RF plasma source power to the coil
antennas 124, circulate temperature control media through
the process 1lid 120, introduce process gas through the
gas distribution plate 122 and set chamber pressure at

the desired level (block 832).

[0066] Process a succession of wafers in the reactor

chamber body 100 one at a time (block 834).

[0067] For each wafer, fetch the final wafer position
from memory and command the robot 110 to position the
current wafer on the electrostatic chuck 106 at the final

wafer position (block 836).

Advantages:

[0068] The method and apparatus disclosed above enable
a robotic system to search and quickly find an optimum
location for a workpiece such as a semiconductor wafer in

a reactor chamber, using only image processing, without
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contacting the workpiece or wafer. The search is carried
out under process conditions in the chamber. The optimum
location may be one at which the workpiece or wafer is
centered relative to the workpiece support. The optimum
location is stored for use during actual processing by
the robotic system to enable it to consistently place
successive workpieces at the same optimum location during

processing.

[0069] Calibration of robotic wafer positioning
requires no special wafer in the disclosed embodiments.
During calibration, the metrology lid is installed, and
the robotic positioning of the workpiece (e.g., a silicon
wafer) is calibrated using a production wafer, to
determine the optimum robot command for positioning the
wafer. Once this is done, a succession of production
wafers, each being identical to the production wafer used
during calibration, is processed with the process 1lid
installed, by positioning each successive production
wafer in accordance with the optimum robot command
previously determined during calibration. Since
calibration and processing both involve identical
production wafers, there are no errors (or only minimal
errors) attributable to differences between the wafers
used in calibration and processing. Other techniques
calibrate the position of a wafer on the workpiece
support using a special calibration wafer having sensors
to determine its position (the sensors representing
additional mass). The characteristics affecting wafer
handling by the robot (e.g., the mass) of such a
calibration wafer differ from those of a production
wafer. Such differences can cause errors in positioning
of the production wafers by the robot. This problem is

solved in the embodiments of FIGS. 1-6 because the
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calibration can be performed with a production wafer, no

special calibration wafer being required.

[0070] While the foregoing is directed to embodiments
of the present invention, other and further embodiments
of the invention may be devised without departing from
the basic scope thereof, and the scope thereof is

determined by the claims that follow.
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What is claimed is:

1. A configurable assembly comprising:

a reactor chamber body having an open top and
a workpiece support in said reactor chamber body;

a first 1id receivable on said open top to form
a seal on said open top, and comprising plural cameras
viewing respective fields of view inside said reactor
chamber body;

a second l1lid receivable on said open top to
form a seal on said open top and comprising process
features, each one of said first and second lids being
removable from said open top for placement of the other
one of said first and second lids on said open top;

a workpiece-handling robot for transporting a
workpiece relative to said workpiece support, wherein
salid respective fields of view correspond to respective
edge portions of said workpiece when held on said
workpiece support; and

a processor coupled to receive images from said
plural cameras and coupled to control said workpiece-

handling robot.

2. The configurable assembly of claim 1 wherein
said process features of said second 1lid comprise a gas

distribution plate and an RF power applicator.

3. The configurable assembly of claim 1 wherein
said respective fields of view further correspond to
respective portions of a reference feature in said

reactor chamber body.
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4. The configurable assembly of claim 3 wherein

said reference feature comprises said workpiece support.

5. The configurable assembly of claim 4 wherein
said processor is adapted to determine from said images a
correction movement of said workpiece that reduces non-
concentricity between said workpiece and said workpiece

support.

6. The configurable assembly of claim 5 wherein
said processor is coupled to command said workpiece-

handling robot for said correction movement.

7. The configurable assembly of claim 5 wherein
salid workpiece and said workpiece support are each

circular.

8. The configurable assembly of claim 1 wherein
said cameras have respective fields of view uniformly
spaced at periodic intervals relative to a circumference

of said workpiece support.

9. The configurable assembly of claim 8 wherein

said periodic intervals correspond to 90 degree angles.

10. The configurable assembly of claim 1 further
comprising respective viewing ports extending through
said first 1lid between respective ones of said plural

cameras and said respective fields of view.

11. A method of processing a workpiece, comprising:
providing a reactor chamber body having an open
top and a workpiece support inside said reactor chamber

body;
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placing a first 1id on said open top, setting
chamber pressure in said reactor chamber body to a
selected level, and robotically placing a workpiece on
said workpiece support;

capturing, through said first 1id, respective
images of portions an edge of said workpiece and an edge
of a reference feature in said reactor chamber body in
respective fields of view spaced at periodic locations
relative to a circumference of said workpiece support and
determining a non-concentricity between said workpiece
and said reference feature;

if said non-concentricity exceeds a
predetermined threshold, determining from said respective
images a correction vector representing a change in
location of said workpiece corresponding to a decrease in
non-concentricity between said workpiece and said
reference feature, and robotically shifting said
workpiece in accordance with said correction vector, and
then repeating said capturing, determining and shifting;
and

if said non-concentricity is less than the
predetermined threshold, storing a present location of
the workpiece, replacing said first 1id with a second 1lid
comprising process features, establishing process
conditions in said reactor chamber body, and robotically
placing each one of a succession of workpieces on said

workpiece support at said present location.

12. The method of claim 11 wherein said reference

feature comprises said workpiece support.

13. The method of claim 11 wherein said process
features comprise an RF power applicator and a gas

distribution apparatus, and said establishing process
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conditions comprises providing RF power to said RF power
applicator, providing process gas to said gas
distribution apparatus and governing pressure in said
chamber body by a wvacuum pump coupled to said reactor

chamber body.

14. The method of claim 11 wherein said determining

a non-concentricity comprises:

measuring in said respective images
corresponding edge-to-edge distances along positive and
negative portions of respective axes between said
workpiece and said reference feature;

determining differences between respective
edge-to-edge distances along the positive and negative
portions of each of said axes; and

adding said differences.

15. The method of claim 11 wherein said determining
from said respective images a correction vector
comprises:

measuring in said respective images
corresponding edge-to-edge distances along positive and
negative portions of respective axes between said
workpiece and said reference feature;

determining differences between edge-to-edge
distances along the positive and negative portions of
each of said axes; and

defining components of said correction vector
along respective ones of said axes as the differences

along corresponding axes.
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FIG. 6A || FIG. 6B| FIG. 6C

FlG. 6

Install the metrology lid on the reactor chamber body
and set the reactor chamber pressure to desired level

L —802

!

If the wafer diameter is greater than the electrostatic
chuck diameter, then using the cameras capture
images of the electrostatic chuck prior to placing

the wafer on the electrostatic chuck

| —804

!

Place a wafer on the electrostatic chuck

_—806

!

Capture images of respective portions of the wafer edge
and of the electrostatic chuck edge with the cameras

L —3808

!

Analyze each image and measure the respective
edge—to—edge distance (V1, V2, V3 and V4) from
images captured by the respective cameras

L —810

!

To 812
FIG. 6B

FIG. 6A
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From 810
FIG. 6A
Compute, from the respective edge—to—edge distances
the magnitude of non-concentricity between the edges
¢ \/'814

If the magnitude of non—concenticity exceeds a
predetermined threshold, then compute a correction
vector (C), representing a change in wafer position

that will reduce(or eliminate) non—concentricity

!

In one embodiment, determine the correction vector (C)
by defining its component along the Y—axis as V1-V2
and defining its component along the X—axis as V3-V4

!

Translate the correction vector (C) to a robot command ]

for shifting the position of the wafer along the direction

of the correction vector (C) by a distance corresponding
to the magnitude of the correction vector (C)

!

_—816

_—818

Transmit the robot command to the robot controller, ~}—820
to cause the robot to make the desired shift in the
wafer position on the electrostatic chuck
¢ \/_822
Capture new images with the cameras
¢ \/_824

From the new images, compute the non-concentricity

!

To 826
FIG. 6C

FIG. 6B
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From 824
FIG. 6B

x

If the non—concentricity still exceeds the predetermined ]
threshold, return to block 814 and continue

!

| —826

3 —828
Otherwise, if the non—concentricity is less than the B
predetermined threhold, store in memory the current
position of the wafer on the electrostatic chuck as
the final wafer position
Remove the metrology lid and reinstall the process 830
lid on the reactor chamber body
¢ ~ 832

Apply RF plasma source power to the coil antennas,
circulate temperature control media through the process
lid, introduce process gas through the gas distribution
plate and set chamber pressure at the desired level

!

Process a succession of wafers in the reactor
chamber body one at a time

!

For each wafer, fetch the final wafer position from
memory and command the robot to position the current
wafer on the electrostatic chuck at the final wafer position

\/_836

FlG. 6C
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