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(57) Abstract: A method for calibrating alignment of
an end effector with respect to a chuck in a plasma
processing system is provided. The method including
positioning the end effector over the chuck and taking
a still image of the chuck and the end effector. The
method including processing the still image to ascer-
tain the center of the chuck and the end effector-de-
fined center defined by the end effector. The method
including determining a positional difference between
the end effector-defined center and the center of the
chuck. The method also including providing the posi-
tional difference to a robot controller to control a robot
mechanism to adjust the positional difference when the
end effector transports a wafer.
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SYSTEMS AND METHODS FOR CALIBRATING END EFFECTOR
ALIGNMENT IN A PLASMA PROCESSING SYSTEM
BACKGROUND OF THE INVENTHON

[0001] In the processing of semiconductor substrates {e.g., wafers), plasma is ofien
emploved. In plasma processing, the wafers are processed using a plasma processing system,
which tvpically includes a plurality of processing modules. The substrate (e.g., wafer) is
disposed on a chuck inside a processing module during plasma processing.
10002] In order to move a wafer in and out of the process module, the wafer is
typically placed on an end effector and transferved onto the chuck. The end effector isa
structural component configured for supporting the wafer during wafer transfer. The end
effector is typically disposed on arobot arm. Fig. 1 shows a representative prior art end
effector 102 for supporting a waler 104 during wafer transfer. For iHlustration purposes, a
portion of g robot arm 106 is also shown,
[0003] (Generally speaking, during a wafer transfer sequence, the robot anm first
moves the end effector to pick up the wafer from a wafer storage cassette or station. Once
the wafer 1s positioned on the end effector, the robot arm would then move the water into the
plasma process module through a door in the processing module. The robot arm then
positions the end effector and the wafer over the chuck and then places the wafer on the
chuck for plasma processing.
[0004] I order to ensure that the wafer 15 processed properly (thereby ensuring
controliable and repeatable process results), the wafer needs to be centered on the chuck
during plasma processing. I the end effector is perfectly centered relative to the chuck and
the wafer is perfectly centered relative to the end effector, then the wafer would be perfectly
centered relative the chuck when the robot arm places the wafer on the chuck.
FO005] From the robet controller's perspective, it is important to know the center of
the chuck to enable the robot controlier to center the end effector over the chuck for the
purpose of wafer placement. Accordingly, for any given plasma processmg module, the
robot controller needs to be tanght the position of the chuck and the chuck center. In other
words, the robot controller needs to ascertain in its own coordmate system the exact location
of the chuck and the chuck center since each chuck may be positioned slightly differently in
each processing module due to, for example, machining and/or manufacturing andfor

assembly tolerances.
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[0006] To compensate for the end effector/chuck mis-alignment, the typical strategy
during calibration mvelves moving the robot arm to a position where the center defined by
the end effector (herein referred to as the “end effector center”™ or the “end effector-defined
center <} actually aligns with the center of the chuck. To accomplish end effector calibration,
it 1s necessary that the operator be able to ascertain the actual end effector/chuck alignment
position. In the prior art, the alignment of the end effector center to the chuck center is
accomplished using a fabricated mechanical fixture which fits on the edge of the chuck or
attaches to the process module tmtenior, The mechanical fixture has a key featore (essentially
a centermg protrusion for the end effector), which allows the end effector to rest right up
against the key feature of the calibration fixture, Sinee the fixtare 18 centered relative to the
chuck, when the end effector rests against the key featare of the fixture, the end effector
center would be centered on the chuck. Typically, positioning the end effector agamst the key
feature is accomplished by an operator pulling or pushing the end effector against the key

feature so that the end effector rests against the key feature.

[0007) After the operator has positioned the end effector against the key feature, the
operator then registers the robot arm position with the robot control system so that the robot

control system can record, in the robot control’s coordinate system, the position of the robot
arm that achieves this actual end effector/chuck alignment.

[0008] During production, the robot anm moves the end effector to the coordinates
assoctated with this effector/chuck alignment position. I the water 15 contered with respect
to the eand effector, the fact that the end effector center now actually aligns with the chuck
center would cause the water to be centered relative to the chuck when the wafer is placed by
the robot arm on the chuck for wafer processing.

[0009] However, there are disadvantages with the prior art technique for centering the
end effector relative to the chuck for calibration purposes. First of all, there are many types
of chucks and processing modules in existence. Therefore, in order 1o use the mechanical
fixture approach to perform calibration, many different mechanical fixtures must be
fabricated and stocked.  Also, affixing a physical mechamical fixwure, which may have one or
more hard metal edges or surfaces, on the chuck may potentially damage the chuck.
Additionally, if this calibration is done i the field after some plasma cycles have been
executed i the processing module {e.g., in response (0 a concemn that the end effector may
not be centered relative to the chuck following a production runj, the attachment of a physical

calibration fixture on the chuck may cause deposited particles on or near the chuck to flake
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off nto the processing chamber. During the subsequent processing cycles, such particles
constitute particle contamination, which 1s undesirable.
[0010] Additionally, because the calibration is performed at atmospheric pressure, the
prior art calibration technique may not effectively duphicate the conditions that exist during
production. This is because during production, components of the processing module may be
placed under vacuum, causing one or more components to shift due to the pressure
differential between the vacmum environment and the ambient atmosphere. Since the
calibration conditions do not faithfully duplicate the production conditions, accurate
calibration may not be possible.
fo011] Furthermore, 1f the positioning of the end effector at the end effector/chuck
alignment position is performed manually {e.g.. involving the operator pulling or pushing the
end effector to rest up against the kev fearure of the mechanical fixture}, there may be a shift
tn the robot arm position when the operator releases the robot arm to go and register this end
effectorichuck alignment position with the robot controller. This shift may occur for many
reasons, wcluding for example the fact that the robot motors are de-energized. When the
robot arm pulls away, even by a small amount that may be imperceptible to the robot
operator, this shift may result in maccuracy in the calibration process.  If the calibration
process 1s maccurate, inaccurate wafer placement during production may oceur, leading o
decreased vield and an increase in the rgjection andfor fatlure rate for the fabricated products.
SUMMARY OF INVENTION
[0012] The invention relates, in an embodiment, a method for cahbrating alignment
of an end effector with respect to a chuck in a plasma processing system. The method
mcluding positioning the end effector over the chuck and taking a still image of the chuck
and the end effector. The method including processing the still image to ascertain the center
of the chuck and the end effector-defined center defined by the end effector. The method
including determuning a positionat difference between the end effector-detined center and the
center of the chuck. The method alse including providing the positional difference to a robot
controtier to control a robot mechanism to adjust the positional difference when the end
effector transports a water
[0013] The above summary relates to only one of the many embodiments of the
invention disclosed herein and is not intended to limit the scope of the invention, which 1s set
forth in the claims herem. These and other features of the present mvention will be described
in more detai! below m the detatled description of the invention and m conjanction with the

following figures.

Lkt



WO 2009/086027 PCT/US2008/087556

BRIEF DESCRIPTION OF THE DRAWINGS

[0014) The present invention is illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings and in which like reference numerals
refer to similar elements and in which:
[O015] Fig. 1 shows a representative prior art end effector for supporting a wafer
during wafer transfer.
(0016} Fig. 2 shows, in accordance with an embodiment of the present mvention, a
schematic representation of a plasmia processing svstem illusirating a top view of at least a
portion of an in-site optical end effector calibration system for calibrating the end effector in-
situ.
{0017} Fig. 3 shows, in accordance with an embodiment of the present invention, an
iHlustrative flow chart for the in-situ optical end effector calibration method.

DETAILED DESCRIPTION OF EMBODIMENTS
[0018] The present invention will now be described in detail with reference to a few
embodiments thereof as iltustrated 1 the accompanying drawings. In the following
description, numerous specific detads are set forth in order to provide a thorough
understanding of the present mvention. It will be apparent, however, to one skilled m the art,
that the present mvention may be practiced without some or all of these specific details. In
other instances, well known process steps and/or structures have not been described in detail
in order to pot unnecessarily obscure the present mvention.
[0019] Various embodiments are described herein below, including methods and
techniques. It should be kept in nund that the invention might also cover articles of
manufacture that includes a computer readable medium on which computer-readable
mstructions tor carrying out embodiments of the inventive technique are stored. The
computer readable medium may include, for example, semiconductor, magnetic, opto-
magnetic, optical, or other fornss of computer readable medium for storing computer readable
code. Further, the invention may alse cover apparatuses for practicing embodiments of the
mvention. Such apparatus may include circuits, dedicated and/or programmable, to carry out
tasks pertaining to embodiments of the invention. Examples of such apparatus inclode a
general-purpose computer andfor a dedicated computing device when appropriately
programmed and may inclede a combination of a computer/computing device and
dedicated/programmable cireuits adapted for the various tasks pertaining to erbodiments of

the mvention.
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[0020] Embodiments of the invention relate to in-situ methods and apparatus for
performing end effector calibration without using a mechanical fixture or to sufter
disadvantages assoctated with the prior art end effector calibration approach. As
aforementioned, to perform end effector calibration, the end effector center or the end
effector-defined center (i.e., the center defined/determined by the end effector, which may ar
may not necessarily be a mass or geometric center of the end etfector) needs to be aligned
with the chuck center. To determine the actual end effector/chuck alignment, the prior ant
emplovs @ mechamcal fixture, which involves many disadvantages as discussed earlier.
(0021 In one or more embodiments of the invention, an m-situ optical technique 18
employed to determime the getual end effector/chuck alignment position. This determination
process generates data that enables the robot controller to move the robot arm by a requisite
amount during production to account for end effector/chack mis-alignment.

(0022 In one or more embodiments of the invention, the in-situ optical end effector
calibration technique involves taking a still image of the end effector and the chuck when the
end effector and the chuck are in their theoretical end effectorichuck alignment (i.e., the
position the end effector occupies relative to the chuck when the robot controller believes the
end effector 1s theoretically centered with respect to the chuck). The end effector 15 provided
with one or more visual indicators that enable the processing unit to deternuine from the still
nnage taken the end effector-defined center. The chuck sinularly has one or more visual
mndicators (such as the generally circular outline of the chuck periphery) to enable the
processing umit 1o determine the center of the chuck.

[0023] Once the end effector center and the chuck center are determuned by the
processing unit, the offset {.e., the "delta") between these two centers is computed. The
position vector that is required to move the end effector from the theoretical end
effector/chuck alignment position to the actual end effector/chuck alignment position is then
computed. This position vector is then provided to the robot controller to enable the robot
controlier to compensate for end effector/chuck mis-alignment.

[0024) In one or more embodiments, the m-situ optical technigque employs an image
acquisition device (e.g., a camera and/or a lens) that can obtain the optical image of the end
effector and the chuck while the end effector and the chuck are placed in the plasma
processing chamber under production conditions. In other words, duning the end effector
calibration process, the plasma processing chamber may be placed under g vacuum coundition
substantially similar to the vacoum condition that exists during production. The camera

anclior lens may be placed inside the plasma processing chamber or preferably outside the
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plasma processing chamber but has eptical access {(e.g., through an appropriately designed
wingdow or aperture) to an area of the end effector and the chuck that contain the
aforementioned visual indicators. By perfornung calibration under conditions that are
substantially wdentical to the conditions experienced during production, calibration errors that
arise due to pressure differential may be substantially elinnnated.

[0025] In one or more embodiments of the invention, the end effector is provided
with a scribe line. The scribe line 13 positioned on the end effector such that during in-situ
optical calibration, a still image may be taken of the scribe line. The senibe line on the end
effector is configured, in an embodiment, to be an arc of a ¢ircle, the center of which
coincides with the end effector-defined center, By ascertaining the arc and the center of the
cirele of which the scribe linefarc is a part of! the end effector-defined center may be
determined. However, in other embodiments, it is contemplated that any alterpative
reference mark that can be eraploved to derive the end effector-defined center may also be
employed.

[0026] Furthermore, during in-situ optical calibration, the image acquisition apparatus
{camera and/or lens) is positioned such that the image also takes in part or all of the chuck
periphery or visual indicators of or on the chuck that can be used to deduce the center of the
chuck. As i the case with the end effector, one or more visual indicators may be provided
for the chuck to allow the processing unit to ascertain the center of the chock. Inan
embodiment, the outer periphery of the chuck itself constitutes such a desired visual
tndicator.

[0027] By ascertaining the circle that is described by the chuck visual indicator (e.g.,
the chuck circular periphery in ap embodiment), the center of the chuck may be determined in
an embodiment. As mentioned, once the end effector cemter and the chuck center are
determined, the difference ("delta”) may be determined and provided to the robot control
systermn as a correcting factor to compensate for end effector/chuck nus-ghgnment.

[0028] The features and advantages of the invention may be better understood with
reference to the figores and discussions that follow.

{00291 Fig. 2 shows, In accordance with an embodiment of the present mvention, a
schematic representation of a plasma processing svstem 220 iHusirating a top view of at least
a portion of an in~situ optical end effector calibration svstem 200 for calibrating the end
effector m-situ {e.g., in plasma processing svsten 220 under semiconductor device
production conditions) and without the need of a mechanical fixture. As seen in Fig 2, the

in-situ optical end effector calibration system 200 includes an end effector 202 having



WO 2009/086027 PCT/US2008/087556

thereon a scribe mark 204, The scribe mark 204, i the example of Fig. 2, 1s an arc
representing a portion of a circle, the center of which coincides with the center defined by the
end effector 202, The determination of the center of a circle and the scribing of such an arc
associated with the circle are within the skills of one skilled in the art.

[0030] Fig. 2 also shows a chuck 206, representing the chuck withm a processing
module. The in-situ optical end effector calibration technique is configured to detenmine,
using an m-sita optical method, the center of the chuck and the end effector-defined center in
order to generate the necessary correction vector for the robot arm control system 222,
Dhuring calibration, an image acquisition device 250 (e.g., a camera disposed above end
effector 202 and chuck 206} may take at least g stull image of at least a portion of end effector
202, including scribe mark 204, and of at least a portion of chuck 206, Note that a portion of
chuck 206 may be hidden under end effector 202 if the image s taken from overhead from a
carpera andfor lens arrangersent.

[0031] Nevertheless, a processing unit 224 (for example, included in logic module
210} may be able to recoustract the circle that is formed by the circular periphery of chack
206 as well as determine the center of that circle {which represents the center of chuck 202).
Likewise, processing unit 224 (for example, included in logic module 210} may be able to
reconstruct the circle of which seribe line/are 204 1s a part of as well as to determine the
center of that circle. This circle 1s represented in Fig. 2 by dashed circle 212

{0032] Fig. 2 also shows an end effector center 214, representing the end effector~
defined center 202 as determined by the aforementioned processing unit 224, A chuck center
216 is also shown, representing the center of chuck 206. The difference vector 218 from end
effector center 214 to chuck center 210 is then generated. Since end effector center 214
represents the theoretical end effector/chuck alignment position and chuck enter 216
represents the actual end effector/chuck alignment position, the positional difference vector
218 represents the correction that is needed 1o align the end effector center 214 with chuck
center 216. When end effector 214 iz aligned with chuck center 216, the actual end
effectorichuck alignment is achieved. By providing this difference vector 218 1o the robot
control system 222, the robot control system 222 15 able to move the robot by a distance and
direction provided by the positional difference vector 218 from end effector center 214
during production, thereby effectively correcting for the end effector/chuck mis-ahignment.
16033] Fig. 3 shows, in accordance with an embodiment of the present ivention, an
itlostrative flow chart for the In-sita optical end effector calibration method. The method

may be performed by, for example, utilizing one or more of the components discussed with
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[0034] In step 306, image processing is undertaken o acquire the visual indicator on
the end etfector (e.g , the aforementioned scribe mark) and to determine the circle that 13
formed by the outer periphery of the chuck. To assist the processing wait, the camera andior
lens may be configured such that the light frequency, the lighting condition, the aperture, the
focus, andfor the field-of-view, gie., is optimal for the processing unit to acquire the visual
mdicators that provide the data to determine the end effector center and the chuck center.
[0035) In an embodiment, step 308 involves generating a plurality of data points
along contrasting pixels i the tmage and performing curve fitting to re-create the desired
circles. Such image processing techniques and curve fitting technigques are well-known to
those skilted in the art in other fields and can be accomplished using many generic off-the-
shelf processing unit packages (such as for example the Kevence communication software for
use with CV-3002 Series Controller CV-H3N, available from Kevence Corporation of
Woodchiff Lake, NJ}.

[6036] n step 310, the end effector-defined center 18 ascertamned from the circle
recreated by the processing wnit from the end effector visual indicator (e.g., the scribe tine).
In step 312, the center of the chuck s ascertained from the aircle recreated by the processing
anit from the chuck visual indicator {e.g., the outer periphery of the chuck). In step 314, the
difference vector from the end effector center to the chuck center is determined. In step 316,
this difference vector is provided to the robot control system to enable the robot control
system to move the robot arm during production to compensate for the end effector/chuck
mis-alignment,

[0037] As can be appreciated from the foregoing, embeodiments of the invention
achieve end effector calibration in a manner that is substantially free of the disadvantages
assoctated with the prior art mechanical fixture calibration approach. By performung the
calibration in-situ, the conditions during production is faithfully reproduced, resulting tna
more accurate caltbration process. These conditions mclude, for example, similar vacoum
conditions and stmilar robot servo pavameters. Since a mechanical fixtare 1s not emploved,
the cost assoclated with manufacturing and keeping a large mventory of different mechanical

calibration fixtures for different plasma processing modules is ehiminated. Furthermore, the
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use a non-contact, non-physical calibration technique elimmates the possibility of calibration-
related chuck damage and cabibration-related particle contarmnation, making #t possible to
perform the calibration more frequently and/or in the middle of a production run withouat
risking chamber andfor fabricated device While this wvention has been described 1o terms of
several preferred embodiments, there are alterations, permutations, and equivalents, which
fall within the scope of this invention. Although various examples are provided herein, it is
intended that these examples be illustrative and not imiting with respect to the mvention.
[0038] Also, the title and summary are provided herein for convenience and should
not be used to constroe the scope of the claims heremn. Fuarther, the abstract 1s written in a
highly abbreviated form and is provided herein for convenience and thus should not be
employed to construe or limit the overall invention, which is expressed in the claims. If the
term “set” is employed herein, such term s intended to have its commonly understood
mathematical meaning to cover zero, one, or more than one member. It should also be noted
that there are many alternative ways of implementing the methods and apparatuses of the
present invention. {t is therefore mtended that the following appended claims be iaterpreted
as meluding all such alterations, permutations, and equivalents as fall within the troe spirit

and scope of the present invention.
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CLAIMS

What is claimed is:
i A method for calibrating alignment of an end effector with respect to a chuck in a
plasma processing system, said method comprising:

positioning said end effector over said chuck;

taking a still image of said chuck and said end effector;

processing said still image to ascertain a center of said chuck and an end effector-
defined center defined by said end effector;

determining a positional difference between said end effector-defined center and said
center of said chuck; and

providing said positional difference to a robot controller to enable said robot
controler to control a robot mechanism to adjust said positional difference when satd end
effector ransports a wafer,
2. The method of claim 1 further comprising providing a first visual indicator on said
end effector for enagbling a processing unit to determine from said still image said end
effector-defined center, said first visual indicator representing a reference mark employed to
derive said end etfector-defined center.
3. The method of claim 2 wherein said first visual indicator is a scribe lne, said scribe
line configured to be an arc of a circle such that the center of said circle cotncides with said
end effector-defined center.
4, The method of claim 1 further comprising providing a first visual indictor on said
chuck for enabling a processing unit to determine from said still image said center of said
chuck, said first visual indicator emploved to ascertain the circle that is described by said first

visual indicator, thereby enabling said center of said chuck to be determined.

5. The method of claim 4 wherein said first visual indicator is an outer periphery of said
chuck.
6. ‘The method of claim 1 further comprising emploving an image acquisition device to

take said still image of said chuck and said end effector such that said end effector and said
chuck are calibrated 1o production conditions.

7. The method of claim 6 wheremn at least a portion of said image acquisition device is
implemented inside a plasma processing chamber,

8. The method of claim 1 further comprising acquiring said still fmage through an
optical access that permits said still image to mclude both at least a portion of an 1mage of a

first visual indicator of said end effector and at least 3 portion of an image of a first visual

i
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mdicator of said chuck, said first visual mdicator of said end effector representing a reference
mark employed to derive said end effector-defined center and said first visual indicator of
said chuck emploved to ascertain the circle that is described by said first visual indicator of
sawd chuck.
9. An end effector calibration system for calibrating alignment of an end effector with
respect 1o a chuck in a plasma processing svstem, said system comprising:

an image acquisition device, said nmage acquisition device configured to take one or
more still images of at least one of said chuck and said end effector;

a processing unit for performing at least:

processing sakd one or more still tmage 1o ascertain said end effector-defined
center and said center of said chuck;
determining a positional difference between said end effector-defined center

andd said center of said chuck; and

a robot controller, said robot controller configured to use said positional difference for
enabling a robot arm to adjust said positional difference.
10, The system of claim ¢ wherein said end effector is provided with a first visual
indicator, thereby enabling said processing unit to determine from said one or more still
tmages said end effector-defined center, said first visual indicator representing a reference
mark employed to derive said end effector-defined center.
1. The system of clamm 10 wherein said first visual indicator 15 a scribe line, said seribe
ting configured to be an arc of a circle such that the ceater of said circle comcides with said
end effector-detined center.
12, 'The system of claim 9 wheremn said chuck is provided with a first visual indicator,
thereby enabling said processing anit to determine from said one or more still images said
center of said chuck, said first visual indicator emploved to ascertain the circle that is
described by said first visual indicator, thereby enabling said center of said chuck to be
determined.
13, The system of claim 12 wherein said first visual indicator is an outer periphery of at
least one of said chuck.
14, The system of clatm 9 wherein at least a portion of said image sequisition device is
implemented inside a plasma processing chamber,
15, The system of claim 9 wherein saitd one or more still images is acquired through an
optical access that permits said one or more still images to include both at least a portion of

an mage of a first visual mndicator of said end effector and at least a portion of an image of a
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first visual indicator of said chuck; said first visual indicator of said end effector representing
a reference mark emploved to derive said end effector-derived center and said first visnal
indicator said chuck emploved to ascertain the circle that is described by said first visual
tndicator of said chuck.

6. A plasima processing system for performing calibration alignment of an end effector
with respect to a chuck, wherein said end effector configured to be moveable over said chuck,
said plasma processing system comprising:

an optical imaging system, said optical una m configured 0 acquire one or

-~

ging system
maore still images of at feast one of said chuck and said end effector;

a processing unit, said processing unit configured to ascertain said center of said
chuck and said end effector-defined center;

a logic module, said logic modale configured to determine a positional difference
hetween said end effector-defined center and satd center of said chuck; and

a robot controller, said robot controller configured to use said positional difference for
enabling a robot arm to adjust said positional difference.
17, The system of claim 16 wherein said end effector is provided with a first visual
indicator, thereby enabling said processing unit to determine from said one or more still
tmages said end effector-defined center, said first visual indicator representing a reference
mark employed to derive said end effector-defined center.
I8 The system of clamm 16 wherein said chock s provided with a first viseal indicator,
thereby enabling said processing unit to determine from said one or more still images said
center of said chuck, said first visual indicator emaployed to ascertain the circle that is
described by said first visual indicator, thereby enabling said center of said chuck to be
determined.
19, The system of claim 16 wherein at least a portion of said optical imaging system is
tmplemented inside a plasma processing chamber.
200 The system of claim 16 whergin said one or more still images is acquired through an
optical access that permits said one or more still images to include both at least a portion of
an image of a first visoal indicator of sasd end effector and at least a portion of an ymage of a
first visual indicator of said chuck; said first visual indicator of said end effector representing
a reference mark employed to dertve said end etfector-defined center and said first visual
mdicator of said chuck emploved to ascertain the circle that is described by said first visual

indicator of said chuck.
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