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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a non-provisional of and claims the benefit of United States provisional application number
62/247,647, filed on October 28, 2015, United States provisional patent application number 62/191,829 filed on July 13,
2015, United States provisional patent application number 62/078,345 filed on November 11, 2014 and United States
provisional patent application number 62/077,775 filed on November 10, 2014.

BACKGROUND

1. Field

[0002] The exemplary embodiments generally relate to substrate processing systems and, more particularly, to cali-
bration and synchronization of components of the substrate processing systems.

2. Brief Description of Related Developments

[0003] Substrate processing equipment is typically capable of performing multiple operations on a substrate. The
substrate processing equipment generally includes a transfer chamber and one or more process modules coupled to
the transfer chamber. A substrate transport robot within the transfer chamber moves substrates among the process
modules where different operations, such as sputtering, etching, coating, soaking, etc. are performed. Production proc-
esses used by, for example, semiconductor device manufacturers and materials producers often require precise posi-
tioning of substrates in the substrate processing equipment.
[0004] The precise position of the substrates is generally provided through teaching locations of the process modules
to the substrate transport robot. Generally the teaching of the substrate transport robot includes detecting a position of
the robot and/or substrate carried by the robot with dedicated teaching sensors added to the substrate processing
equipment, utilizing instrumented substrates (e.g. including onboard, sensors or cameras) carried by the substrate
transport robot, utilizing removable fixtures that are placed within the process modules or other substrate holding station
of the substrate processing equipment, utilizing wafer centering sensors that are located within or externally accessible
at the process modules, utilizing sensors (e.g. cameras) disposed external to the process modules, or by contacting a
target within the process module with the substrate transport robot or an object carried by the substrate transport robot.
These approaches to teaching locations within substrate processing equipment may require sensors being placed in a
vacuum, may require changes to customer processing equipment and/or tooling, may not be suitable for use in vacuum
environments or at high temperatures, may require sensor targets, mirrors or fixtures being placed within the processing
equipment, may disrupt a vacuum environment of the substrate processing equipment, and/or may require software
changes to the code embedded into the substrate transport robot’s and/or processing system’s controller.
[0005] It would be advantageous to automatically teach a substrate transport robot the substrate processing locations
within processing equipment without disturbing an environment within the processing equipment or requiring additional
instrumentation and/or modification to the substrate processing equipment.
[0006] Document WO 2011/082011 A1 discloses a manipulator auto-teach and position correction system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The foregoing aspects and other features of the disclosed embodiment are explained in the following description,
taken in connection with the accompanying drawings, wherein:

Figs. 1A-1D are schematic illustrations of a substrate processing apparatus incorporating aspects of the disclosed
embodiment;

Figs. 2A-2E are schematic illustrations of transport arms in accordance with aspects of the disclosed embodiment;

Fig. 3 is a schematic illustration of a portion of a substrate processing apparatus in accordance with aspects of the
disclosed embodiment;

Fig. 4 is a schematic illustration of a portion of a substrate processing apparatus in accordance with aspects of the
disclosed embodiment;
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Figs. 5A-5E are schematic illustrations of portions of a substrate processing apparatus in accordance with aspects
of the disclosed embodiment;

Figs. 6 and 6A are schematic illustrations of a portion of a substrate processing apparatus in accordance with aspects
of the disclosed embodiment;

Fig. 7 is a schematic illustration of a portion of a substrate processing apparatus in accordance with aspects of the
disclosed embodiment;

Fig. 8 is a schematic illustration of a portion of a substrate processing apparatus in accordance with aspects of the
disclosed embodiment;

Figs. 9 and 10 are flow charts of auto-teach processes in accordance with aspects of the disclosed embodiment;

Figs. 11A and 11B are schematic illustrations for determining a station in accordance with aspects of the disclosed
embodiment;

Fig. 12 is a flow chart of an auto-teach process in accordance with aspects of the disclosed embodiment;

Fig. 13 is a plan view illustrating different configurations of a portion of the processing apparatus;

Figs. 14A-14B respectively are schematic plan views of a substrate end effector having different configurations;

Figs. 15A-15F are schematic elevation and perspective views respectively illustrating different features of the teach-
ing substrate in relation to the end effector pursuant to aspects of the disclosed embodiment;

Fig. 16 is a schematic view of a portion of a substrate processing apparatus in accordance with aspects of the
disclosed embodiment;

Figs. 16A-16D are schematic illustrations of portions of a substrate processing apparatus in accordance with aspects
of the disclosed embodiment;

Figs. 17A-17C are schematic views of a station auto-teach fixture in accordance with aspects of the disclosed
embodiment;

Figs. 18A and 18B are schematic illustrations of a deterministic relationship between a substrate and a substrate
holding location in accordance with aspects of the disclosed embodiment;

Fig. 19 is a schematic illustration of a portion of a substrate processing apparatus in accordance with aspects of the
disclosed embodiment;

Fig. 20 is a graph illustrating an auto-teach process in accordance with aspects of the disclosed embodiment;

Fig. 21 is a flow chart of an auto-teach process in accordance with aspects of the disclosed embodiment;

Figs. 22A-22C are schematic illustrations of an auto-teach process in accordance with aspects of the disclosed
embodiment;

Fig. 23 is a flow chart of an auto-teach process in accordance with aspects of the disclosed embodiment;

Figs. 24A-24B are schematic illustrations of a deterministic relationship between a substrate and a substrate holding
location in accordance with aspects of the disclosed embodiment;

Fig. 25 is a schematic illustration of a portion of a substrate processing apparatus in accordance with aspects of the
disclosed embodiment;

Fig. 26 is a flow chart of an auto-teach process in accordance with aspects of the disclosed embodiment;
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Figs. 27A-27C are schematic illustrations of an auto-teach process in accordance with aspects of the disclosed
embodiment;

Fig. 28 is a flow chart of an auto-teach process in accordance with aspects of the disclosed embodiment;

Figs. 29A-29F are schematic illustrations of an auto-teach process in accordance with aspects of the disclosed
embodiment;

Fig. 30 is a schematic illustration of a substrate / teaching substrate and deterministic stations features for an auto-
teach process in accordance with aspects of the disclosed embodiment;

Figs. 31A and 31B are schematic illustrations of an auto-teach process in accordance with aspects of the disclosed
embodiment; and

Fig. 32 is a flow chart of an auto-teach process in accordance with aspects of the disclosed embodiment.

DETAILED DESCRIPTION

[0008] Referring to Figures 1A-1D, there are shown schematic views of substrate processing apparatus or tools
incorporating the aspects of the disclosed embodiment as will be further described herein. Although the aspects of the
disclosed embodiment will be described with reference to the drawings, it should be understood that the aspects of the
disclosed embodiment can be embodied in many forms. In addition, any suitable size, shape or type of elements or
materials could be used.
[0009] As will be described in greater detail below, the aspects of the disclosed embodiment provide for the automatic
(e.g. without operator intervention) location of substrate holding stations of a substrate processing apparatus and teaching
a substrate transport apparatus the locations of the substrate holding stations. As used herein the term substrate holding
station is a substrate holding location within a process module or any other suitable substrate holding location within the
substrate processing apparatus such as, for example, a load port (or substrate cassette held thereon), a load lock, a
buffer station, etc. The aspects of the disclosed embodiment leverage existing equipment and devices employed in the
substrate processing apparatus such as substrate processing sensors. Substrate processing sensors as used herein
are active wafer centering sensors (AWC), substrate aligners and/or other suitable substrate eccentricity (e.g. relative
to a predetermined substrate holding location on an end effector) detection units used in the aligning and/or centering
of substrates during substrate processing. In other words, there are substantially no additional instrumentation costs
incurred by, for example, the customer after the initial purchase/configuration of the substrate processing apparatus
when the automated teaching in accordance with the aspects of the disclosed embodiment is utilized.
[0010] The aspects of the disclosed embodiment may also be implemented substantially without software changes to
the programming code embedded into the substrate transport apparatus and/or the substrate processing apparatus
system controller. For example, the aspects of the disclosed embodiment may utilize existing commands associated
with the substrate transport apparatus such as "pick and place" commands and/or "substrate alignment" commands.
The aspects of the disclosed embodiments are also operational environment such as vacuum environment (as well as
atmospheric environment e.g. inert gas, filtered clean air) compatible as there are no electronic components (e.g. cables,
printed circuit boards, etc.) located within the processing environment. As may be realized, in an atmospheric processing
environment the AWC centers may be located within the atmospheric processing environment. Accordingly, the aspects
of the disclosed embodiment provide for decreased machine down time during the automatic teaching of the substrate
transport apparatus substantially without disrupting the processing environment (e.g. vacuum or atmospheric) already
established within the substrate processing apparatus (e.g. the substrate processing apparatus and the components
thereof remain sealed or otherwise isolated from an external environment during the automatic teaching process).
[0011] Referring to Figs. 1A and 1B, a processing apparatus, such as for example a semiconductor tool station 11090
is shown in accordance with aspects of the disclosed embodiment. Although a semiconductor tool 11090 is shown in
the drawings, the aspects of the disclosed embodiment described herein can be applied to any tool station or application
employing robotic manipulators. In this example the tool 11090 is shown as a cluster tool, however the aspects of the
disclosed embodiment may be applied to any suitable tool station such as, for example, a linear tool station such as that
shown in Figures 1C and 1D and described in United States Patent No. 8,398,355, entitled "Linearly Distributed Semi-
conductor Workpiece Processing Tool," issued March 19, 2013, the disclosure of which is incorporated by reference
herein in its entirety. The tool station 11090 generally includes an atmospheric front end 11000, a vacuum load lock
11010 and a vacuum back end 11020. In other aspects, the tool station may have any suitable configuration. The
components of each of the front end 11000, load lock 11010 and back end 11020 may be connected to a controller
11091 which may be part of any suitable control architecture such as, for example, a clustered architecture control. The
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control system may be a closed loop controller having a master controller, cluster controllers and autonomous remote
controllers such as those disclosed in United States patent number 7,904,182 entitled "Scalable Motion Control System"
issued on March 8, 2011 the disclosure of which is incorporated herein by reference in its entirety. In other aspects, any
suitable controller and/or control system may be utilized. The controller 11091 includes any suitable memory and proc-
essor(s) that include non-transitory program code for operating the processing apparatus described herein to effect the
automatic location of substrate holding stations of a substrate processing apparatus and teaching a substrate transport
apparatus the locations of the substrate holding stations as described herein. For example, in one aspect the controller
11091 includes embedded pick/place commands (e.g. for the substrate transport apparatus to move the substrate
transport apparatus and bias or tap the substrate so as to generate eccentricity as described herein) and/or embedded
substrate locating commands (e.g. for determining an eccentricity between the substrate and end effector of the substrate
transport apparatus). In one aspect, the controller is configured to move the substrate transport so that the substrate
transport biases (or taps) the substrate supported on the end effector against a substrate station feature (as will be
described in greater detail below) causing a change in eccentricity between the substrate and the end effector. The
controller is configured to determine the change in eccentricity and determine the substrate station location based on
at least the change in eccentricity between the substrate and the end effector. As may be realized, and as described
herein, in one aspect, the substrate station is located inside and the auto-teaching described herein occurs in a process
module having a vacuum pressure environment therein. In one aspect the vacuum pressure is a high vacuum. In one
aspect, the auto-teaching described herein occurs within a substrate station feature located for example within a process
module that is in a state of process security (e.g. for processing substrates). The state of process security for processing
substrates is a condition of the process module wherein the process module is sealed in a cleanliness state ready for
introducing process vacuum or atmosphere into the process module, or a state ready for introducing a production wafer
into the process module.
[0012] In one aspect, the front end 11000 generally includes load port modules 11005 and a mini-environment 11060
such as for example an equipment front end module (EFEM). The load port modules 11005 may be box opener/loader
to tool standard (BOLTS) interfaces that conform to SEMI standards E15.1, E47.1, E62, E19.5 or E1.9 for 300 mm load
ports, front opening or bottom opening boxes/pods and cassettes. In other aspects, the load port modules may be
configured as 200 mm wafer or 450 mm wafer interfaces or any other suitable substrate interfaces such as for example
larger or smaller wafers or flat panels for flat panel displays. Although two load port modules 11005 are shown in Fig.
1A, in other aspects any suitable number of load port modules may be incorporated into the front end 11000. The load
port modules 11005 may be configured to receive substrate carriers or cassettes 11050 from an overhead transport
system, automatic guided vehicles, person guided vehicles, rail guided vehicles or from any other suitable transport
method. The load port modules 11005 may interface with the mini-environment 11060 through load ports 11040. In one
aspect the load ports 11040 allow the passage of substrates between the substrate cassettes 11050 and the mini-
environment 11060.
[0013] In one aspect, the mini-environment 11060 generally includes any suitable transfer robot 11013 that incorporates
one or more aspects of the disclosed embodiment described herein. In one aspect the robot 11013 may be a track
mounted robot such as that described in, for example, United States Patent 6,002,840, the disclosure of which is
incorporated by reference herein in its entirety or in other aspects, any other suitable transport robot having any suitable
configuration. The mini-environment 11060 may provide a controlled, clean zone for substrate transfer between multiple
load port modules.
[0014] The vacuum load lock 11010 may be located between and connected to the mini-environment 11060 and the
back end 11020. It is noted that the term vacuum as used herein may denote a high vacuum such as 10-5Torr or below
in which the substrates are processed. The load lock 11010 generally includes atmospheric and vacuum slot valves.
The slot valves may provide the environmental isolation employed to evacuate the load lock after loading a substrate
from the atmospheric front end and to maintain the vacuum in the transport chamber when venting the lock with an inert
gas such as nitrogen. In one aspect, the load lock 11010 includes an aligner 11011 for aligning a fiducial of the substrate
to a desired position for processing. In other aspects, the vacuum load lock may be located in any suitable location of
the processing apparatus and have any suitable configuration and/or metrology equipment.
[0015] The vacuum back end 11020 generally includes a transport chamber 11025, one or more processing station(s)
or module(s) 11030 and any suitable transfer robot or apparatus 11014. The transfer robot 11014 will be described
below and may be located within the transport chamber 11025 to transport substrates between the load lock 11010 and
the various processing stations 11030. The processing stations 11030 may operate on the substrates through various
deposition, etching, or other types of processes to form electrical circuitry or other desired structure on the substrates.
Typical processes include but are not limited to thin film processes that use a vacuum such as plasma etch or other
etching processes, chemical vapor deposition (CVD), plasma vapor deposition (PVD), implantation such as ion implan-
tation, metrology, rapid thermal processing (RTP), dry strip atomic layer deposition (ALD), oxidation/diffusion, forming
of nitrides, vacuum lithography, epitaxy (EPI), wire bonder and evaporation or other thin film processes that use vacuum
pressures. The processing stations 11030 are connected to the transport chamber 11025 to allow substrates to be
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passed from the transport chamber 11025 to the processing stations 11030 and vice versa. In one aspect the load port
modules 11005 and load ports 11040 are substantially directly coupled to the vacuum back end 11020 so that a cassette
11050 mounted on the load port interfaces substantially directly (e.g. in one aspect at least the mini-environment 11060
is omitted while in other aspects the vacuum load lock 11010 is also omitted such that the cassette 11050 is pumped
down to vacuum in a manner similar to that of the vacuum load lock 11010) with a vacuum environment of the transfer
chamber 11025 and/or a processing vacuum of a process module 11030 (e.g. the processing vacuum and/or vacuum
environment extends between and is common between the process module 11030 and the cassette 11050).
[0016] Referring now to Figure 1C, a schematic plan view of a linear substrate processing system 2010 is shown
where the tool interface section 2012 is mounted to a transport chamber module 3018 so that the interface section 2012
is facing generally towards (e.g. inwards) but is offset from the longitudinal axis X of the transport chamber 3018. The
transport chamber module 3018 may be extended in any suitable direction by attaching other transport chamber modules
3018A, 3018I, 3018J to interfaces 2050, 2060, 2070 as described in United States Patent No. 8,398,355, previously
incorporated herein by reference. Each transport chamber module 3018, 3019A, 30181, 3018J includes any suitable
substrate transport 2080, which may include one or more aspects of the disclosed embodiment described herein, for
transporting substrates throughout the processing system 2010 and into and out of, for example, processing modules
PM (which in one aspect are substantially similar to processing modules 11030 described above). As may be realized,
each chamber module may be capable of holding an isolated or controlled atmosphere (e.g. N2, clean air, vacuum).
[0017] Referring to Figure 1D, there is shown a schematic elevation view of an exemplary processing tool 410 such
as may be taken along longitudinal axis X of the linear transport chamber 416. In the aspect of the disclosed embodiment
shown in Fig. 1D, tool interface section 12 may be representatively connected to the transport chamber 416. In this
aspect, interface section 12 may define one end of the tool transport chamber 416. As seen in Fig. 1D, the transport
chamber 416 may have another workpiece entry/exit station 412 for example at an opposite end from interface station
12. In other aspects, other entry/exit stations for inserting/removing workpieces from the transport chamber may be
provided. In one aspect, interface section 12 and entry/exit station 412 may allow loading and unloading of workpieces
from the tool. In other aspects, workpieces may be loaded into the tool from one end and removed from the other end.
In one aspect, the transport chamber 416 may have one or more transfer chamber module (s) 18B, 18i. Each chamber
module may be capable of holding an isolated or controlled atmosphere (e.g. N2, clean air, vacuum). As noted before,
the configuration/arrangement of the transport chamber modules 18B, 18i, load lock modules 56A, 56 and workpiece
stations forming the transport chamber 416 shown in Fig. 1D is merely exemplary, and in other aspects the transport
chamber may have more or fewer modules disposed in any desired modular arrangement. In the aspect shown, station
412 may be a load lock. In other aspects, a load lock module may be located between the end entry/exit station (similar
to station 412) or the adjoining transport chamber module (similar to module 18i) may be configured to operate as a
load lock.
[0018] As also noted before, transport chamber modules 18B, 18i have one or more corresponding transport apparatus
26B, 26i, which may include one or more aspects of the disclosed embodiment described herein, located therein. The
transport apparatus 26B, 26i of the respective transport chamber modules 18B, 18i may cooperate to provide the linearly
distributed workpiece transport system in the transport chamber. In this aspect, the transport apparatus 26B (which may
be substantially similar to the transport apparatus 11013, 11014 of the cluster tool illustrated in Figs. 1A and 1B) may
have a general SCARA arm configuration (though in other aspects the transport arms may have any other desired
arrangement such as, for example, a linearly sliding arm 214 as shown in Fig. 2B or other suitable arms having any
suitable arm linkage mechanisms. Suitable examples of arm linkage mechanisms can be found in, for example, United
States patent numbers 7,578,649 issued August 25, 2009, 5,794,487 issued August 18, 1998, 7,946,800 issued May
24, 2011, 6,485,250 issued November 26, 2002, 7,891,935 issued February 22, 2011, 8,419,341 issued April 16, 2013
and United States patent application numbers 13/293,717 entitled "Dual Arm Robot" and filed on November 10, 2011
and 13/861,693 entitled "Linear Vacuum Robot with Z Motion and Articulated Arm" and filed on September 5, 2013 the
disclosures of which are all incorporated by reference herein in their entireties. In aspects of the disclosed embodiment,
the at least one transfer arm may be derived from a conventional SCARA (selective compliant articulated robot arm)
type design, which includes an upper arm, a band-driven forearm and a band-constrained end-effector, or from a tele-
scoping arm or any other suitable arm design. Suitable examples of transfer arms can be found in, for example, United
States patent application number 12/117,415 entitled "Substrate Transport Apparatus with Multiple Movable Arms Uti-
lizing a Mechanical Switch Mechanism" filed on May 8, 2008 and United States patent number 7,648,327 issued on
January 19, 2010, the disclosures of which are incorporated by reference herein in their entireties. The operation of the
transfer arms may be independent from each other (e.g. the extension/retraction of each arm is independent from other
arms), may be operated through a lost motion switch or may be operably linked in any suitable way such that the arms
share at least one common drive axis. In still other aspects the transport arms may have any other desired arrangement
such as a frog-leg arm 216 (Fig. 2A) configuration, a leap frog arm 217 (Fig. 2D) configuration, a bi-symmetric arm 218
(Fig. 2C) configuration, etc. In another aspect, referring to Fig. 2E, the transfer arm 219 includes at least a first and
second articulated arm 219A, 219B where each arm 219A, 219B includes an end effector 219E configured to hold at
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least two substrates S1, S2 side by side in a common transfer plane (each substrate holding location of the end effector
219E shares a common drive for picking and placing the substrates S1, S2) where the spacing DX between the substrates
S1, S2 corresponds to a fixed spacing between side by side substrate holding locations. Suitable examples of transport
arms can be found in United States patents 6,231,297 issued May 15, 2001, 5,180,276 issued January 19, 1993,
6,464,448 issued October 15, 2002, 6,224,319 issued May 1, 2001, 5,447,409 issued September 5, 1995, 7,578,649
issued August 25, 2009, 5,794,487 issued August 18, 1998, 7,946,800 issued May 24, 2011, 6,485,250 issued November
26, 2002, 7,891,935 issued February 22, 2011 and United States patent application numbers 13/293,717 entitled "Dual
Arm Robot" and filed on November 10, 2011 and 13/270,844 entitled "Coaxial Drive Vacuum Robot" and filed on October
11, 2011 the disclosures of which are all incorporated by reference herein in their entireties.
[0019] In the aspect of the disclosed embodiment shown in Fig. 1D, the arms of the transport apparatus 26B may be
arranged to provide what may be referred to as fast swap arrangement allowing the transport to quickly swap wafers
from a pick/place location as will also be described in further detail below. The transport arm 26B may have any suitable
drive section (e.g. coaxially arranged drive shafts, side by side drive shafts, horizontally adjacent motors, vertically
stacked motors, etc.), for providing each arm with any suitable number of degrees of freedom (e.g. independent rotation
about shoulder and elbow joints with Z axis motion). As seen in Fig. 1D, in this aspect the modules 56A, 56, 30i may be
located interstitially between transfer chamber modules 18B, 18i and may define suitable processing modules, load
lock(s) LL, buffer station(s), metrology station(s) or any other desired station(s). For example the interstitial modules,
such as load locks 56A, 56 and workpiece station 30i, may each have stationary workpiece supports/shelves 56S1,
56S2, 30S1, 30S2 that may cooperate with the transport arms to effect transport or workpieces through the length of
the transport chamber along linear axis X of the transport chamber. By way of example, workpiece(s) may be loaded
into the transport chamber 416 by interface section 12. The workpiece (s) may be positioned on the support (s) of load
lock module 56A with the transport arm 15 of the interface section. The workpiece (s), in load lock module 56A, may be
moved between load lock module 56A and load lock module 56 by the transport arm 26B in module 18B, and in a similar
and consecutive manner between load lock 56 and workpiece station 30i with arm 26i (in module 18i) and between
station 30i and station 412 with arm 26i in module 18i. This process may be reversed in whole or in part to move the
workpiece (s) in the opposite direction. Thus, in one aspect, workpieces may be moved in any direction along axis X
and to any position along the transport chamber and may be loaded to and unloaded from any desired module (processing
or otherwise) communicating with the transport chamber. In other aspects, interstitial transport chamber modules with
static workpiece supports or shelves may not be provided between transport chamber modules 18B, 18i. In such aspects,
transport arms of adjoining transport chamber modules may pass off workpieces directly from end effector or one transport
arm to end effector of another transport arm to move the workpiece through the transport chamber. The processing
station modules may operate on the substrates through various deposition, etching, or other types of processes to form
electrical circuitry or other desired structure on the substrates. The processing station modules are connected to the
transport chamber modules to allow substrates (the terms workpiece and substrates may be interchangeably used
herein) to be passed from the transport chamber to the processing stations and vice versa. A suitable example of a
processing tool with similar general features to the processing apparatus depicted in Fig. 1D is described in U.S. Patent
No. 8,398,355, previously incorporated by reference in its entirety.
[0020] Referring now to Fig. 3, a schematic illustration of a portion of any suitable processing tool 390 is illustrated.
Here the processing tool 390 is substantially similar to one or more of the processing tools described above. Here the
processing tool includes at least one process module or station 330 (which is substantially similar to process modules
11030, PM described above) and at least one automatic wafer centering (AWC) station 311. The process module 330
is, in one aspect, a location within a vacuum environment of the processing tool 390 while in other aspects, the process
module is a location within a controlled or isolated environment (e.g. an atmospheric environment) of the processing
tool 390. The process module 330 includes or otherwise forms a substrate holding location 331. The substrate holding
location 331 is located in a predetermined relationship with respect to one or more features of the process module 330
or any other suitable fixed location of the processing tool 390. In this aspect, for exemplary purposes, the fixed location
corresponds to one or more reference surfaces RS1, RS2, RS3, RS4, RS5 of the process module 330. Here the substrate
holding location 331 is disposed a distance Xstn from reference surface RS4, RS5 and a distance Ystn from reference
surface RS3. The distances Xstn, Ystn represent process module coordinates where the aspects of the disclosed
embodiment identify (or otherwise transform) these process module coordinates to transfer robot coordinates R, θ so
that a substrate S (e.g. a production substrate) is placed by the transfer robot 314 (that is substantially similar to one or
more of the transfer robots described above) at the substrate holding location 331. The term substrate is used herein
for descriptive purposes and can have any construction. In some aspects the substrate is a silicon waferor generally a
wafer workpiece such as used for fabrication. In one aspect, the term substrate as used herein is not an article for
material deposition (material is not deposited on the substrate) or wafer fabrication such as where the substrate is a
non-fabrication substrate constructed of metal, plastic, glass, or an instrumentation substrate, etc. In other aspects, the
substrate is a dummy wafer such as, for example, a carbon fiber dummy wafer. In one aspect, the dummy wafer may
be any suitable finished article with a configuration similar to or representative of a process or teaching wafer as otherwise
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described herein. In some aspects, the substrate is selected to minimize particle generation upon contact with a reference
surface. As seen in Fig. 13, the teaching substrate (or non-fabrication wafer-like article representing a fabrication wafer
during teaching) may be selected from a number of different substrates. As may be seen from Fig. 13 that illustrates the
substrate in different exemplary configurations 1302, 1304, 1306, 1308, 1310, 1312, in some aspects, the substrate is
a different size (e.g. a smaller diameter) or a different shape than the production substrate. The teaching substrate ST
can be any shape such as round, square, rectangular, oblong, irregular, etc. In some aspects, the teaching substrate
ST or substrate S includes one or more integral projections p or fingers for making contact with reference surfaces of
the tool. In other aspects, the teaching substrate ST or substrate S may be shaped to extend around one or more lift
pins 1500-1502 in a manner similar to substrate 1550 illustrated in Fig. 15F to effect automatic wafer centering (AWC)
and automatic teaching of substrate holding locations as described herein where at least one of the lift pins 1500-1502
forms a deterministic station feature similar to the deterministic station features 1610, 1611 described herein.
[0021] The at least one automatic wafer centering (AWC) station 311 includes any suitable sensors for determining,
for example, at least an eccentricity of the substrate S relative to, for example, a predetermined location of the transfer
robot end effector 314E. In one aspect the at least one AWC station 311 includes one or more sensors 311S1, 311S2
for detecting one or more of a leading edge and a trailing edge of the substrate S (and/or a teaching substrate ST as
will be described below). The one or more sensors 311S1, 311S2 are any suitable sensors such as, for example, non-
contact sensors (e.g. optical reflective sensors, through beam sensors, capacitive sensors, inductive sensors or any
other suitable sensors), cameras and CCD arrays. As may be realized, while a pair (e.g. two) sensors 311S1, 311S2
are illustrated in Fig. 3 in other aspects the AWC station 311 includes any suitable number of sensors disposed in any
suitable arrangement relative to each other and/or a substrate holding location 312 of the AWC station 311. In other
aspects, the at least one AWC station 311 is configured to detect an alignment fiducial of the substrate S and includes
a rotary chuck RC on which the substrate is placed (e.g. by the end effector 314E) for alignment of the fiducial and/or
repositioning of the substrate S relative to the end effector 314E.
[0022] Referring now to Figs. 3 and 4, an exemplary cluster processing tool layout is illustrated. The cluster processing
tool is substantially similar to that illustrated in Figs. 1A and 1B. While the aspects of the disclosed embodiment are
described with respect to the cluster tool 390 it should be understood that the aspects of the disclosed embodiment
described herein are equally applicable to the linear tools illustrated in Figs. 1C and 1D. Generally, a position of the end
effector 314E (e.g. in robot coordinates R, θ) is determined with, for example, feedback from suitable encoder(s) ENC
of the transfer robot drive DR that are connected to drive shaft(s) DS that control movement of one or more of the arm
links 314L1, 314L2 and end effector 314E of the transfer robot 314. In other aspects, the position of the end effector
314E is determined in any suitable manner with any suitable encoders/sensors disposed at any suitable location relative
to the transfer robot 314.
[0023] For exemplary purposes, at least the process modules 330 are connected to the transfer chamber 11025 at
about their respective nominal locations (e.g. the actual positon of the process modules 330 is determined as described
herein) relative to the transfer robot 314. As may be realized, the nominal locations of at least the process modules 330
are known from, for example, CAD (computer aided drafting) models (or other suitable models) of the processing tool
390. In other aspects the locations of the process modules are known from as built measurements of the processing
tool (or components thereof such as the process modules 330). The "robot home position" (e.g. the fully retracted position
R of the transfer robot at a predetermined angle θ where R is substantially equal to a distance of 0 and θ is substantially
equal to an angle of 0) is generally defined with a mechanical homing fixture between the robot arm(s) 314A and a robot
drive flange DF. The drive flange DF generally includes a mechanical interface MI with precision locating features that
position the robot home position at a known nominal location relative to the processing tool 390. In other aspects the
robot home position is defined in any suitable manner. As such, initial or rough locations of at least each process module
330 in robot coordinates R, θ are provided to, for example, the controller 11091 based on the nominal locations (e.g.
obtained from a model of the processing tool 390.
[0024] As may be realized the initial locations of the process modules 330 may not be accurate enough for the transfer
robot 314 to pick or place a substrate S from a substrate holding location 331 of a process module 330. For example,
errors due to mechanical tolerance in the robot homing fixture, encoder accuracy, motor/end effector compliance, arm
link lengths, thermal expansion (or contraction) of transfer robot components and station components are some illustrative
contributing factors for accuracy/positional errors. Referring to Figs. 5A and 5B to compensate for the initial accura-
cy/position errors between the transfer robot positioning/coordinate system and the process module 330 locations, a
smaller size substrate (e.g. teaching substrate ST) is employed to effect the automatic teaching of the disclosed em-
bodiment. For example, the substrate S has a first size (radius R1) while the teaching substrate ST has a second size
(radius R2) where radius R2 is smaller than radius R1 by any suitable amount so that the teaching substrate ST is
capable of being detected by, for example, the sensors 311S1, 311S2 (or any other suitable sensors) of the AWC station
311. In one aspect the substrate S is a 300mm wafer while the teaching substrate is a 200mm wafer while in other
aspects the substrate S and teaching substrate ST have any suitable sizes relative to each other. As can be seen in
Figs. 5A and 5B greater clearance is provided between the teaching substrate ST and, for example, walls/surfaces RS1,
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RS2, RS3 of the process module 330 (see Fig. 5B) than between the substrate S and the surfaces RS1, RS2, RS3 of
the process module 330 (cee Fig. 5A). As may be realized, the smaller size of the teaching substrate ST (compared to
the substrate S) allows the transfer robot 314 to insert the teaching substrate ST into the workspace domain of the
process module 330 without interference (e.g. considering the accuracy errors between the robot coordinate system
and the process module location noted above) between the teaching substrate ST and the surfaces RS1, RS2, RS3
due to, for example, the larger clearances provided by the smaller teaching substrate ST.
[0025] Referring now to Figs. 6 and 7 the automatic (e.g. without operator intervention) location or teaching of substrate
holding stations will be described in accordance with aspects of the disclosed embodiment. To effect the automatic
location of substrate holding stations the teaching substrate ST, it’s center being identified, for example, by location C2
on the end effector 314E (whose center location is represented by location C1) of the transfer robot 314 with, for example,
the AWC station 311 (or any other suitable alignment station) (Fig. 9, Block 900). In some aspects an initial offset may
be induced between C1 and C2 locations. In one aspect the location C1 substantially corresponds to, for example a
predetermined initial point on the end effector 314E (such as a center or any other suitable location including an offset)
that has a known relationship with a center C2 of the teaching substrate (ST) of the end effector 314E having coordinates
Ree, θee in the transfer robot coordinate system R, θ (e.g. transfer robot reference frame). The coordinates Ree, θee are,
in one aspect obtained from transfer robot encoder feedback while in other aspects the coordinates Ree, θee are obtained
in any suitable manner. In other aspects, with respect to the alignment between the teaching substrate ST and the end
effector 314E, all that is needed is placement of the teaching substrate ST on the end effector 314E so that the teaching
substrate ST is within a detection range of the AWC sensors 311S1, 311S2 (or within the range of the sensors of any
other suitable alignment station). The position of the AWC sensors may be previously known, or the transfer robot may
perform a base line pass with the teaching substrate to establish a reference datum (AWC sensor) position.
[0026] A location of one or more of the reference surfaces RS1-RS5 of the process module 330 are identified for
determining the location of the substrate holding location 331 of the process module (Fig. 9, Block 910). As may be
realized, each of the reference surfaces RS1-RS5 has a known location (e.g. from CAD models or as built measurements)
relative to the substrate holding location 331 which allows for the determination of the substrate holding location coor-
dinates Xstn, Ystn. For example, if a location and/or orientation of any non-parallel pair of reference surfaces RS1-RS5
is known, then the location of the substrate holding location 331 coordinates Xstn, Ystn can be determined relative to
the non-parallel pair of reference surfaces RS1-RS5. In the identification of the one or more reference surfaces RS1-
RS5 the transfer robot 314 moves the teaching substrate ST relative to a first one of the non-parallel pair of reference
surfaces, such as for example, reference surface RS1, so as to induce a small mechanical interference between the
teaching substrate ST and the first reference surface RS1 (Fig. 9, Block 915). This small mechanical interference is
effected by instructing, such as with controller 11091, the transfer arm 314 to move the end effector in such a way so
that the teaching substrate ST lightly taps (e.g. at reduced velocity or in order to minimize impact force) or otherwise
engages the first reference surface RS1. Here the teaching substrate ST is biased by the reference surface RS1 so as
to move relative to the end effector 314E on which the teaching substrate ST is carried to create a variance between
location C1 and the resulting location C2 (e.g. a location of the center of the teaching substrate ST after the biased
movement - a contact point) which has coordinates RW, θW in the transfer robot coordinate system R, θ.
[0027] As may be realized, the location C2 of the teaching substrate ST, after being biased by the reference surface
RS1, relative to the end effector coordinates Ree, θee is not known from the transfer robot encoder feedback. As such,
an eccentricity vector e = (Ree, θee) - (RW, θW) is measured by, for example moving the substrate to the AWC station
311 or any other suitable alignment station (Fig. 9, Block 920). As may be realized, the location of the teaching substrate
ST at the second location or contact point C2 (Rw, θw) is known as (Rw, θw) = (Ree, θee) - e. In one aspect, it is determined
whether contact was made between the reference surface RS1 and the teaching substrate ST (Fig. 9, Block 925). For
example, a comparison is made between an eccentricity vector ebf before teaching substrate contact with the reference
surface RS1 and an eccentricity vector eaf after teaching substrate contact with the reference surface RS1. In one aspect,
the eccentricity vector ebf is measured when the teaching substrate ST is substantially centered on the end effector
314E (see Fig. 9, Block 900) while in other aspects the eccentricity ebf is measured at any suitable time before the
teaching substrate ST contacts the reference surface RS1. As may be realized, the eccentricity vector eaf is measured
after an attempt to make contact between teaching substrate ST and the reference surface RS1. The condition to detect
contact is defined as (eaf - ebf) > tolerance where the tolerance is the acceptable predetermined eccentricity measurement
tolerance/error (or any other suitable substrate) on the end effector 314E. If the condition to detect contact is not met
another attempt to establish contact between the teaching substrate ST and the same reference surface RS1 at the
same location Ree, θee is performed (see Fig. 9, Blocks 915-925) and continues to be repeated until contact is established
at that location Ree, θee. Once contact is established the location of the reference surface RS1 at the point Ree, θee is
determined (Fig. 9, Block 930) based on, for example, a known diameter/radius of the teaching substrate, the eccentricity
vector e and the end effector coordinates Ree, θee.
[0028] As may be realized, to determine the coordinates Xstn, Ystn of the substrate holding location 331 in robot
coordinates R, θ a location and/or orientation of a second reference surface RS1-RS5 is determined in a manner
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substantially similar to that described above (Fig. 9, Block 900-930) where the second reference surface RS1-RS5 is
oriented to cross or intersect (e.g. substantially perpendicular) to the first reference surface RS1-RS5. As an example,
in the above scenario the first reference surface is reference surface RS1 which allows one or more of the reference
surfaces RS2, RS4, RS5 to serve as the second reference surface. Determining the location of two intersecting reference
surfaces provides the location of a station reference point SRP1, SRP2, SRP3, SRP4 (e.g. an intersection between the
two reference surfaces which may be offset from (see reference lines RL1, RL2, RL3, RL4, RL5) an actual intersection
of the two reference surfaces by an amount equal to the teaching substrate ST radius R2) that has a known relationship
with the substrate holding location Xstn, Ystn (in process module coordinates) such that the location of the substrate
holding location Xstn, Ystn in robot coordinates R, θ is determined in any suitable manner (Fig. 9, Block 940). For
exemplary purposes only, depending on the determined station reference point SRP1, SRP2, SRP3, SRP4 the incre-
mental distances ΔX, ΔY (e.g. in the process module coordinate system, determined from the known relationship between
the substrate holding location 331 and the reference points SRP1-SRP4, see Fig. 8) are added to or subtracted from
the coordinates of the determined station reference point SRP1 (XSRP12, YSRP14), SRP2 (XSRP12, YSRP23), SRP3 (XSRP34,
YSRP23), SRP4 (XSRP34, YSRP14).
[0029] As may be realized, in one aspect one or more contact points along a common reference surface are used to
determine the location of the common reference surface. Referring now to Fig. 8, the reference surface RS1 is determined
by identifying two or more contact points C2A (having coordinates RW, θW), C2B (having coordinates RW1, 8W1). For
example, a first contact point C2A is identified with respect to reference surface RS1 in a manner substantially similar
to that described above (Fig. 10, Blocks 900-925) and at least a second contact point C2B is also identified with respect
to reference surface RS1 in a manner substantially similar to that described above (Fig. 10, Blocks 900-925) . Once the
two or more contact points C2A, C2B are established, a reference line or contour RL1 is calculated based on the
coordinates of the two or more contact points C2A, C2B and a location and orientation of the reference surface RS1 is
established (Fig. 10, Block 1000).As may be realized, the contact points C2A, C2B establish a respective reference line
or contour RL1 that is substantially parallel to and offset from (e.g. by a distance substantially equal to a radius R2 of
the teaching substrate ST) the reference surface RS1 (which is common to the contact points C2A, C2B). In one aspect
the reference line or contour RL1 is calculated with a Least-squares Fit using a measured sample larger than 2 or in
any other suitable manner. The location and orientation of the reference surface RS1 is determined in any suitable
manner from the location and orientation of the reference line RL1 and the known radius R2 of the teaching substrate ST.
[0030] In a manner similar to that described above the location and orientation of a second reference surface RS1-
RS5 (substantially perpendicular to the first reference surface) is determined to establish one or more of the station
reference points SRP1-SRP3. As an example, in the above scenario the first reference surface is reference surface RS1
which allows one or more of the reference surfaces RS2, RS4, RS5 to serve as the second reference surface. As an
example, the reference surface RS2 is determined by identifying two or more contact points C3A (having coordinates
RW2, θW2), C3B (having coordinates RW3, θW3). For example, a first contact point C3A is identified with respect to
reference surface RS2 in a manner substantially similar to that described above (Fig. 10, Blocks 900-925) and at least
a second contact point C3B is also identified with respect to reference surface RS2 in a manner substantially similar to
that described above (Fig. 10, Blocks 900-925). Once the two or more contact points C3A, C3B are established, a
reference line or contour RL2 is calculated based on the coordinates of the two or more contact points C3A, C3B and
a location and orientation of the reference surface RS2 is established (Fig. 10, Block 1000). As may be realized, the
contact points C3A, C3B establish a respective reference line or contour RL2 that is substantially parallel to and offset
from (e.g. by a distance substantially equal to a radius R2 of the teaching substrate ST) the reference surface RS2
(which is common to the contact points C3A, C3B). In one aspect the reference line or contour RL2 is calculated with a
Least-squares Fit using a measured sample larger than 2 or in any other suitable manner. The location and orientation
of the reference surface RS2 is determined in any suitable manner from the location and orientation of the reference
line RL2 and the known radius R2 of the teaching substrate ST.
[0031] As described above, determining the location of two perpendicular reference surfaces or reference lines RL1-
RL5 provides the location of a station reference point SRP1, SRP2, SRP3, SRP4 (e.g. an intersection between the two
reference surfaces which may be offset (see e.g. reference lines RL1, RL2) from an actual intersection of the two
reference surfaces by an amount equal to the teaching substrate ST radius R2) that has a known relationship (e.g. from
CAD models or as built measurement) with the substrate holding location Xstn, Ystn (in process module coordinates)
such that the location of the substrate holding location Xstn, Ystn in robot coordinates R, θ is determined in any suitable
manner (Fig. 10, Block 940). For exemplary purposes only, depending on the determined station reference point SRP1,
SRP2, SRP3, SRP4 the incremental distances ΔX, ΔY (e.g. in the process module coordinate system, determined from
the known relationship between the substrate holding location 331 and the reference points SRP1-SRP4) are added to
or subtracted from the coordinates of the determined station reference point SRP1 (XSRP12, YSRP14), SRP2 (XSRP12,
YSRP23), SRP3 (XSRP34, YSRP23), SRP4 (XSRP34, YSRP14)(see Fig. 6A).
[0032] As may be realized, the determined location of the substrate holding location 331 in process module coordinates
X, Y is translated to transfer robot coordinates R, θ in any suitable manner. For example, the location of each of the
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station reference points SRP1-SRP4 are known in process module coordinates from for example, a CAD model of the
processing tool 390. As such, the location of the substrate holding location Xstn, Ystn is known relative to each of the
station reference points SRP1-SRP4. The reference lines RL1-RL5 (and the corresponding station reference points
SRP1-SRP4) allow for the identification of the transformation between the transfer robot coordinates system R, θ (and
the tool coordinate system) and the process module coordinate system X, Y given the teaching substrate radius R2.
[0033] In one aspect the locations of two or more reference surfaces are determined and compared to determine the
parallelism (e.g. of side reference surface RS1 with side reference surface RS3, of front reference surface RS4 and/or
RS5 with back reference surface RS2 and/or of front reference surface RS4 with front reference surface RS5) and/or
perpendicularity of the references surfaces (e.g. of side reference surfaces RS1 and/or RS3 with one or more of front
reference surface RS4, RS5 and back reference surface RS2). In addition, the location determination of two or more
reference surfaces provides for the validation/confirmation of the substrate holding location 331. For example, the location
of the substrate holding location 331 is determined in a first calculation/determination from reference surfaces RS1 and
RS2 as described above and verified in a second calculation/determination by determining the location of the substrate
holding location 331 using, for example, reference surfaces RS3 and RS5 in a manner substantially similar to that
described above. As will be described below, in one aspect, the results of the first and second calculations/determinations
are merged or otherwise averaged to define the location of the substrate holding location 331 (or any other suitable
station features of the process module 330) based on the known dimensional relationships between the reference
surfaces and the substrate holding location 331 (or other suitable station features).
[0034] As may be realized, the reference surfaces of the process module 330 are described herein as the side, front
and back walls of the process module 330 however, in other aspects the reference surfaces are teaching features of
the walls such as contoured position deterministic features RS1F1, RS1F2, RS2F1, RS2F2, RS3F1, RS3F2, etc. (see
Fig. 5B - e.g. such as one or more shapes of or on the wall, one or more pins, one or more protrusions, etc.) that cause
a deterministic eccentricity vector e (e.g. the vector direction and magnitude when starting from predetermined initial
substrate locations is constant and does not vary with a contact angle between the teaching substrate and surface) and
the eccentricity vector e is determinative or defines the shape of the wall when, for example, the teaching substrate ST
taps the contoured position deterministic features. For example, referring to Fig. 5C, the wall 330W of the process module
330 (which may be a side, front or back wall) is shaped so as to provide contoured position deterministic (e.g. contact
with a dimensionally known substrate, from a known position on the end effector, produces a deterministic position
relative to contoured features) features F1, F2 which are in the form of one or more pairs of protrusions. Fig. 5D, for
exemplary purposes, illustrates the wall 330W having contoured position deterministic features F1, F2 which are in the
form of one or more pin couples (e.g. two pins form each features F1, F2). As may be realized, the contoured position
deterministic features F1, F2 are in a known position with respect to the wall 330W on which they are located and/or in
a known location with the substrate holding location 331. As such, when the teaching substrate ST is brought into contact
with one or more contoured position deterministic feature F1, F2 (in a manner substantially similar to that described
above) the eccentricity vector e remains constant relative to the one or more contoured position deterministic feature
F1, F2 while the angularity of the eccentricity vector e changes relative to the end effector 314E as the teaching substrate
ST is moved (through contact with the one or more contoured position deterministic feature F1, F2) relative to the end
effector. For example, when the teaching substrate taps the contoured position deterministic features F1, F2 the eccen-
tricity vector e1, e2 is measured by, for example, the AWC station 311. The eccentricity vector e1, e2 is used to determine
the location of the end effector relative to the teaching substrate ST and the wall(s) 330W for determining the location
of the substrate holding location 331 as described herein. As may be realized, the contoured position deterministic
features F1, F2 are, in one aspect, integrated or inherent in the configuration of the process module 330 structure (e.g.
part of the walls 330W) or, in other aspects, the contoured position deterministic features are added to process module
PM structure. As may also be realized, the contoured position deterministic features F1, F2 are positioned so as not to
interfere with the transfer of substrates S to and from the process module 330 or with the processes performed within
the process module 330.
[0035] Referring also to Fig. 5E, the walls of the process module 330 are contoured so as to define a non-deterministic
curved wall or surface (e.g. the radius R2 of the substrate ST is smaller than the radius RW of the wall such that the
location of the substrate upon contacting the wall lacks a predetermined relation with the substrate holding location Xstn,
Ystn) where each curved wall RS1’, RS2’, RS3’ has a respective radius RW and a center point RSC, shown with respect
to wall RS1’ for exemplary purposes only. Each center point RSC has a predetermined spatial relationship with respect
to the substrate holding location Xstn, Ystn such that when the center point RSC is determined the location of the
substrate holding location Xstn, Ystn is also known. In one aspect, the center point RSC is determined in a manner
substantially similar to that described above, such as by determining more than one point along one or more walls RS1’,
RS2’, RS3’ to determine one or more reference lines RL1’, RL2’, RL3’ (that are, e.g., similar to reference lines RL1, RL2,
RL3, RL4 in Fig. 6). The reference lines RL1’, RL2’, RL3’ have radii RW’ that correspond to the respective radii RW of
the walls RS1’, RS2’, RS3’ and as such the center point RSC’ of the reference lines RL1’, RL2’, RL3’ has a known
predetermined relation with the respective center point RSC of the wall RS1’, RS2’, RS3’. In one aspect, because each
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curved wall RS1’, RS2’, RS3’ (and the respective reference line RL1’, RL2’, RL3’)_provides a center point RSC, RSC’
that is in a known relationship with the substrate holding location Xstn, Ystn, once the center point (either RSC or RSC’)
is determined for one of the walls RS1’, RS2’, RS3’ the location of the substrate holding location Xstn, Ystn can be
determined. In other aspects, the center point RSC, RSC’ for subsequent walls is determined to, for example, verify the
location of the substrate holding location Xstn, Ystn.
[0036] Referring now to Figs. 11 and 11A-11B, an exemplary auto-teach calculation will be described in accordance
with one or more aspects of the disclosed embodiment. In the exemplary auto-teach calculation described herein the
substrate holding location 331 will be determined with the teaching substrate ST with respect to reference surfaces RS1,
RS2, RS3 where at least the θ location of the substrate holding location is determined without reliance on the known
relational dimensions of the process module 330 where the result of the position determination of the substrate holding
location 331 is verified. As can be seen in the figures points R1, θ1 and R2, θ2 are illustrated the wafer center locations
at the contact point with reference surfaces RS1 and RS2, respectively. Locations R1, θ1 and R2, θ2 can be determined
as described by the method in Fig 12. The auto-teach calculation is, in one aspect, divided into a theta auto-teach portion
and a radial auto-teach portion where end effector 314E (see e.g. Fig. 3) and hence teaching substrate ST (or any other
suitable substrate) motion is induced (Fig. 12, Block 1200) to purposely establish contact between the teaching substrate
ST and the reference surface(s), thereby causing the teaching substrate ST to slide or otherwise move relative to the
end effector 314E (Fig. 12, Block 1210). The location of the angular location θST of the substrate holding location 331
can be determined (Fig. 12, Block 1235) by averaging the angular locations of each contact point θ1 and θ2 as in:

[0037] The radial location RSTN of the substrate holding location 331 is determined (Fig. 12, Block 1240) using θSTN
where the transfer robot 314 is rotated so that an axis of extension/retraction of the end effector is along a direction
corresponding to θSTN as can be seen in Fig. 11E can be determined based on the radius of the teaching substrate.
Here end effector 314E (and teaching substrate ST) motion is induced generally in the X direction to purposely establish
contact between the teaching substrate ST and the reference surface RS3, thereby causing the teaching substrate ST
to slide or otherwise be displaced by an amount ΔlF relative to the end effector 314E. The radial contact between the
teaching substrate ST and the reference surface RS3 occurs at a radial extension of R-ΔlF, where ΔlF is the displacement
(as determined by AWC station 311 and/or by any suitable sensors mounted on the end effector or any other eccentricity
measuring method (aligner perhaps))of the teaching substrate ST relative to the end effector 314E at an angle of
extension/retraction of θSTN and where R is chosen to assure contact of the teaching substrate ST with the reference
surface RS3 so that the origin of the distance X is determined. It is noted that point 3 (e.g. R3, θ3) in Figs. 11A and 11B
corresponds to the location (R-ΔlF), θSTN. As such, the extension location RSTN of the substrate holding location 331 is
determined based on the radius r of the teaching substrate ST with the following equation

[0038] Referring now also to Figs. 14A-14B, there is shown respective plan views of an end effector 1414E, 1414E’
such as may be included in the substrate transport apparatus or robot 314 (see Fig. 3) of the processing apparatus as
previously described. As may be realized, the end effector 1414E, 1414E’ may include a suitable chuck 1414C, 1414C’
(e.g. a passive ease gripping chuck 1414C, with substrate ease gripping features 1402-1406, a representative example
of which is shown in Fig. 14A). In accordance with another aspect, the end effector 1414E’ may have substrate engage-
ment pads 1408-1412, disposed to engage a backside of the substrates, handled by the robot during production, as
illustrated in Fig. 14B. In accordance with one aspect of the disclosed embodiment, the teaching substrate ST, has
effector offset features that position the teaching substrate ST on the end effector with a vertical offset or gap GP formed
between the substrate ST and chuck 1414C, 1414C’ of the end effector 1414E, 1414E’. This is illustrated in Figs. 15A-
15C, which show respective views of the teaching substrate ST seated on the end effector 1414E, 1414E’ in accordance
with different aspects. The bottom of the teaching substrate ST (Figs. 15A-15C illustrate different representations of the
teaching substrate 1502, 1506, 1510) has projection 1504, 1508, 1512 configured to engage the end effector, and stably
support the teaching substrate ST thereon, without engagement between the teaching substrate ST and chuck features
of the end effector. This facilitates slip between the teaching substrate and end effector, unrestrained by the substrate
retention features of the chuck 1414C, 1414C’. The offset features or projection of the teaching substrate may be
configured to minimize engagement forces/bias (e.g. friction) between teaching substrate and end effector (e.g. projection
1504, 1508, 1512 in Figs. 15A-15B. As seen from Figs. 15D-15E, showing bottom perspective views of teaching substrates
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ST, the projection features 1516, 1518 may be suitably distributed on the teaching substrate so that gripping forces are
evenly distributed on the projections resulting in uniform slip 108 in a single linear direction between substrate and end
effector. The projection may be integrally formed with the substrate, or added thereto. In other aspects, the chuck on
the end effector may be modified to resolve the engagement feature with the teaching substrate.
[0039] Referring now to Fig. 16, a station auto-teach process will be described in accordance with an aspect of the
present disclosure. In one aspect at least two deterministic station features 1610, 1611 are located in a known relation
relative to a substrate holding location Xstn, Ystn to effect auto-teaching the substrate holding location Xstn, Ystn in situ
to the substrate holding station such as the portion of processing tool 1600 as described herein. The portion of the
processing tool 1600 is, in one aspect, substantially similar to process modules 11030, PM described above. In this
aspect, the portion of a processing tool 1600 includes two chambers 1601, 1602 where each chamber 1601, 1602
includes stacked substrate holding supports 1620A, 1620B corresponding to respective substrate holding locations (e.g.
located one above the other at Xstn, Ystn). In other aspects, each chamber 1601, 1602 includes more or less than two
substrate holding supports. In this aspect each substrate holding support 1620A, 1620B is a split support having a portion
1620A1, 1620B1 on one side of the chamber 1601 and a portion 1620A2, 1620B2 on an opposing side of the chamber
1601 where a passage is disposed between the portions 1620A1, 1620A2 and 1620B1, 1620B2 to, for example, allow
an end effector to pass between the portions 1620A1, 1620A2 and 1620B1, 1620B2. In other aspects, the substrate
holding supports are a continuous support spanning between opposing sides of the chamber 1601, 1602. Here the
substrate holding supports 1620A, 1620B are edge gripping supports configured to grip an edge of a substrate placed
on the respective substrate holding supports 1620A, 1620B while in other aspects one or more of the substrate holding
supports 1620A, 1620B includes substrate lift pins, such as lift pins 1500-1502 illustrated in Fig. 15F for supporting a
substrate.
[0040] In one aspect, the deterministic station features 1610, 1611 are connected to a substrate holding support, such
as the bottom-most substrate holding support 1620B and are located outside of a substrate transfer path (e.g. for picking
and placing substrates to and from the substrate holding supports 1620A, 1620A) while being within a range of motion
of a substrate transport apparatus that picks and places the substrates from and to the substrate holding supports 1620A,
1620B. In one aspect, the deterministic station features 1610, 1611 are integrally formed with the substrate holding
support 1620B while in other aspects the deterministic station features 1610, 1611 are coupled to the substrate holding
support in any suitable manner. In one aspect, the deterministic station features 1610, 1611 are removable for replacement
of the deterministic station features 1610, 1611. Referring also to Figs. 16A-16D the deterministic station features 1610,
1611 have any suitable shape which when contacted by, for example, the substrate S or teaching substrate ST locates
a center of the substrate S or teaching substrate ST in a known location. For example, the deterministic station features
1610, 1611 deterministically define a predetermined position of the substrate S or teaching substrate ST in contact with
the deterministic station features 1610, 1611, which predetermined position has a predetermined relation with and
identifies the substrate holding location Xstn, Ystn (e.g. of the substrate holding station).
[0041] In one aspect, the deterministic station features 1610, 1611 are round pins as illustrated in Fig. 16A while in
other aspects the as shown in Figs. 16B and 16C, the deterministic station features 1610A, 1611A and 1610B, 1611B
are discontinuous curved contact surfaces. In still other aspects, the deterministic station features 1610C form a con-
tinuous contact surface configured to contact the edge of the substrate S or teaching substrate ST at two points for
defining the predetermined position of the substrate S or teaching substrate ST. The deterministic station features 1610,
1611 are placed (e.g. spaced apart) on the substrate holding support 1620B and/or configured so as to contact a curved
edge of the substrate S or teaching substrate ST where the substrate is in a predetermined orientation relative to an
end effector 314E of a substrate transport apparatus, such as transfer robot 314, so that a flat or notch on the substrate
S, or teaching substrate ST is located, for example, between the deterministic station features 1610, 1611. In other
aspects, such as where the deterministic station features form curved surfaces as shown in Figs. 16B-16D the substrate,
such as teaching substrate ST includes pins 1650, 1651 that contact the curved surfaces for defining the predetermined
position of the teaching substrate ST with the pins 1650, 1651 of the teaching substrate ST in contact with the deterministic
station features, which predetermined position has a predetermined relation with and identifies the substrate holding
location Xstn, Ystn (e.g. the substrate holding station).
[0042] In another aspect, referring to Figs. 17A-17C, the deterministic station features 1610, 1611 are disposed on or
are integrally formed with an alignment fixture 1700 that can be picked and placed to and from a substrate holding station
by, for example, end effector 314E of the substrate transfer robot 314. In this aspect, the alignment fixture is transported
to and from the substrate holding station by the substrate transfer robot 314 while maintaining the integrity of the
processing environment within the substrate holding station (and any transfer chamber the alignment fixture moves
through - e.g. a frame of the substrate holding station does not have to be opened for placement of the alignment fixture
thereby exposing the interior of the substrate holding station to, for example, an atmospheric environment). In one aspect
the alignment fixture 1700 includes kinematic alignment features, such as for example, at least one slot 1710 and recess
1715 that locate and fix the alignment fixture 1700 in a predetermined position relative to the substrate holding station.
For example, in one aspect, the substrate holding station includes substrate lift pins, such as lift pins 1500-1502 illustrated
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in Fig. 15F, on which a substrate is supported. At least two of the lift pins 1500-1502 engage the at least one slot 1710
and recess 1715 for kinematically locating the alignment fixture 1700. As an example, one lift pin 1500-1502 engages
the recess 1715 to fix the alignment fixture in, for example, the X and Y axes and at least one other lift pin 1500-1502
engages the at least one slot 1710 to fix the alignment fixture in rotation RT so that the deterministic station features
1610, 1611 have a predetermined location relative to the substrate holding location Xstn, Ystn of the substrate holding
station.
[0043] Referring now to Figs. 18A, 18B, 19 and 20, in one aspect, the deterministic station features 1610, 1611 are
provided on or otherwise fixed to a substrate holding station, as described above. The deterministic station features
1610, 1611 are shaped to deterministically define a predetermined position of the substrate S, ST in contact with the
deterministic station features 1610, 1611, which predetermined position has a predetermined relation with and identifies
the substrate holding location Xstn, Ystn of the substrate holding station. In this aspect teaching of the substrate holding
location Xstn, Ystn in situ to the substrate holding station is effected by iterative contact (e.g. bumping or touching where
the iterative contact may be referred to as bump touch) between the substrate S, ST and the deterministic station features
1610, 1611 rather than through a determination of a set of datum features (such as a wall of the substrate station that
has a non-unique or substantially infinite solution relative to the substrate holding location Xstn, Ystn when contacted by
the substrate S, ST). In this aspect a unique solution with respect to the position of the substrate holding location Xstn,
Ystn is algebraically defined from deterministic characteristics (e.g. corners, radii, etc. as described with respect to, for
example, Figs. 16A-16D) of the deterministic station features 1610, 1611 in combination with, for example, the shape
of the substrate S, ST.
[0044] As described above, the deterministic station features 1610, 1611 are located in a known position relative to
the substrate holding location Xstn, Ystn of the substrate holding station. A substrate, such as teaching substrate ST or
substrate S in contact with the deterministic station features 1610, 1611 has a center WC that is a known distance from
each of the deterministic station features 1610, 1611. For example, the center WC of the substrate ST, S is a distance
RD (e.g. equal to the radius of the substrate ST, S) away from the deterministic station features 1610, 1611. As the
distance RD is known and the relationship between the locations XP1, YP1 and XP2, YP2 of the deterministic station
features 1610, 1611 is known relative to the substrate holding location Xstn, Ystn the location of the wafer center WC
relative to the substrate holding location Xstn, Ystn is also known. In one aspect, as will be described in greater detail
below, a substrate transport apparatus, such as those described above, is controlled by any suitable controller, such as
controller 11091, to transport a substrate S, ST on at least one end effector of the substrate transport apparatus so that
the substrate S, ST iteratively approaches the deterministic station features 1610, 1611 until the substrate S, ST contacts
both of the deterministic station features 1610, 1611. In each iteration, the substrate transport apparatus approaches
the deterministic station features 1610, 1611 and the eccentricity e of the substrate S, ST is measured in any suitable
manner, such as with automatic wafer centering sensors disposed in or around the substrate holding station, such as
the portion of the processing tool 1600 illustrated in Fig. 16. In one aspect, each process module or station 330, such
as the portion of the processing tool 1600, includes one or more sensors 311S1, 311S2 as described above for detecting
one or more of a leading edge and a trailing edge of the substrate S to effect automatic wafer centering so that automatic
wafer centering measurements are taken at each station as the substrate S, ST is moved into and out of the process
module or station 330. In other aspects, there is a common automatic wafer centering, such as automatic wafer centering
(AWC) station 311, for more than one process module or station 330. Suitable examples of automatic wafer centering
can be found in, for example, United States Patent numbers 6990430, 7859685, 7925378, 7894657, 8125652, 8253948,
8270702, 8634633 and 8934706 as well as United States patent application number 14/325702 filed on July 8, 2014
the disclosure of which are incorporated herein by reference in their entireties. In other aspects, any suitable substrate
aligner may be used to determine the eccentricity of the substrate S, ST such as for example, a rotary aligner that is
disposed within the substrate holding station or integral with the end effector 314E.
[0045] The iterative process is repeated until the wafer eccentricity e converges to a value within a predetermined
tolerance such as for example, an automated wafer centering sensor measurement / signal processing noise or, for
example, about 6 150 mm (e.g. the eccentricity e reaches a steady state or a common eccentricity with substantially no
change, subject to the predetermined tolerance, between iterations) where the eccentricity e from the iterative touch-
ing/contact with the deterministic station features 1610, 1611 identifies the substrate holding location Xstn, Ystn.
[0046] In one aspect, at least one substrate S, ST is substantially centered at a respective location EC on the end
effector 314E of the transfer robot 314 in a manner similar o that described above, such as with station 311 or with
automatic wafer centering sensors located at or around the portion of the processing tool 1600. In one aspect, the transfer
robot 314 carries at least one substrate S, ST on at least one end effector 314E and iteratively moves the at least one
substrate towards the deterministic station features 1610, 1611 as illustrated by stage 1 of the automatic teaching process
in Fig. 20 (Fig. 21, Block 2100). In one aspect the substrate transfer robot 314 moves the at least one substrate S, ST
towards the deterministic station features 1610, 1611 from a common direction 1816. In one aspect, the common direction
1816 is a substantially straight line path while in other aspects the common direction 1816 is a curved path. After each
iteration the eccentricity e of the at least one substrate S, ST is measured, as described above, relative to the end effector
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314E (e.g. to confirm the eccentricity of the substrate relative to, for example, a transport apparatus coordinate system)
(Fig. 21, Block 2105). In one aspect, where it is determined that the eccentricity has not changed from one iteration to
the next, such as prior to contact with one or more of the deterministic station features 1610, 1611, the substrate S, ST
may remain on the end effector 314E at the previously centered location on teh end effector 314E. In other aspects,
where it is determined that the eccentricity has changed from one iteration to the next, such as after contact with one
or more of the deterministic station features 1610, 1611, the substrate S, ST may be repositioned on the end effector
314E in any suitable manner, such as that described above, so that the center of the substrate WC is substantially
coincident with an end effector reference point EC (e.g. a robot position) at the start of each iteration so that the substrate
is in a known relation to the end effector 314E.
[0047] The location of the substrate transfer robot 314, such as the end effector reference point EC and/or the location
of the substrate S, ST is tracked for each iterative move (Fig. 20 illustrates the iterative locations of the substrate center
WC), in any suitable manner, such as by as controller 11091 connected to at least the substrate transfer robot 314.
Blocks 2100, 2105 of Fig. 21 are repeated until a first one of the deterministic station features 1610, 1611 is contacted
(Fig. 21, Block 2110) as determined by, for example, an initial change in eccentricity e which is reflected in Fig. 20 at
the transition from stage 1 to stage 2 of the automatic teaching process. It should be understood that the eccentricity e
is generated or induced between the end effector 314E and the substrate S, ST as the end effector 314E continues to
move after the substrate S, ST contacts one or more of the deterministic station features 1610, 1611. The first one of
the deterministic station features 1610, 1611 is iteratively contacted (Fig. 21, Block 2115) and the eccentricity e of the
substrate S, ST is determined after each iteration (Fig. 21, Block 2120) until the eccentricity e converges to within a
predetermined range, such as for example, about 6 150 mm or to within the measurement/signal noise of the automatic
wafer centering sensor, such as sensors 311S1, 311S2. Once the determined eccentricity e of the substrate S, ST is
within the predetermined range (e.g. the eccentricity resolves to the common eccentricity) the substrate is determined
to be in contact with both of the deterministic station features 1610, 1611 (Fig. 21, Block 2125). It should be understood
that while two determinist station features are described herein in other aspects there may be more than two deterministic
station features arranged for simultaneous contact with the substrate S, ST.
[0048] Referring to Figs. 18A and 18B one or more of the center WC of the substrate S, ST and the position EC of
the substrate transfer robot 314 are determined in the transport apparatus coordinate system based on the common
eccentricity (Fig. 21, Block 2130). For example, the center position of the wafer WC is substantially equal to the robot
position EC plus the eccentricity e. As such, the centered position Xc, Yc of the substrate transport apparatus reference
point EC can be determined from the following equation:

where ΔX, ΔY is the common eccentricity and Xec, Yec is the location of the end effector reference point EC in the X,Y
coordinate frame of, for example, the substrate holding station (see Fig. 18A). In one aspect, the position of the end
effector reference point EC can be determined in a manner substantially similar to that described in United States patent
numbers 7925378 and 6990430, previously incorporated herein by reference. The location of the end effector reference
point EC corresponding to Xc, Yc is translated to transfer robot coordinates R, θ in any suitable manner for determining
the teach location Rstn, θstn (corresponding to the substrate holding location Xstn, Ystn) (Fig. 21, Block 2135) and because
there is a predetermined relationship between the deterministic station features 1610, 1611 and the station holding
location

where Rc, θc corresponds to Xc, Yc in the substrate transport coordinate system, ΔR is the difference between the
transport apparatus radial extension values RS2 and RS1 (e.g. ΔR = RS2 - RS1) and Δθ is the difference between the
transport apparatus rotation values θS1 and θS2 (e.g. Δθ = θS2 - θS1).
[0049] While the automatic teaching of the station holding location is described above with respect to a single end
effector, it should be understood that the above-described automatic station holding location teaching process is appli-
cable to end effectors having multiple substrates holders where the multiple substrate holders share a common drive
axis. For example, referring again to Fig. 2E, each end effector 219E has, e.g., two substrate holders that hold substrates
S, ST in a side by side arrangement. The respective articulated arm 219A, 219B is controlled by, for example, controller
11091 so as to move the substrates S, ST into their respective processing stations (which in one aspect are each similar
to those described above) so that each substrate S, ST is iteratively moved toward the respective deterministic station
features 1610, 1611 in a common direction, as described above, with at least one common drive of the substrate transport
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apparatus. The eccentricity e is tracked for each respective substrate held by the end effector 219E and the location of
the station holding location for each substrate S, ST is determined in a manner that is substantially similar to that described
above with respect to Fig. 21.
[0050] Referring to Figs. 22A-22C the vertical or Z coordinate of the substrate holding station such as the portion of
processing tool 1600 may be determined or taught in a manner substantially similar to that described herein where the
substrate transfer robot 314 is controlled by, for example, controller 11091 to move the substrate S, ST into contact with
one or more of the deterministic station features 1610, 1611 or one or more lift pins, such as lift pins 1500-1502, of the
substrate station while also moving the substrate S, ST in the Z direction. In this aspect, the substrate S, ST is placed
on the end effector 314E of the substrate transfer robot 314 so that the substrate S, ST has a known relationship relative
to the end effector 314E (Fig. 23, Block 2300). In one aspect, for example, the substrate transfer robot 314 is controlled
to move the substrate S, ST in a combined radial R and Z axis move so that the substrate S, ST contacts one or more
of the deterministic station features 1610, 1611 or one or more of the lift pins 1500-1502 (Fig. 23, Block 2305). The
substrate transfer robot 314 continues the combined radial R and Z axis move to induce movement of the substrate S,
ST (which is in contact with the one or more of the deterministic station features 1610, 1611 or one or more of the lift
pins 1500-1502) relative to the end effector (Fig. 23, Block 2310). The substrate S, ST is lifted by substrate transfer
robot 314 so that the substrate S, ST travels vertically past a top of the one or more of the deterministic station features
1610, 1611 or one or more of the lift pins 1500-1502 at which point the substrate S, ST stops moving relative to the end
effector as the end effector continues to move in the combined radial R and Z directions (Fig. 23, Block 2315). The
relative movement ΔRM between the end effector 314E and the substrate S, ST along the radial R direction (e.g. ΔRM
= RM1 - RM2) is determined in any suitable manner, such as by the automatic wafer centering sensors described above
where ΔRM is compared to the total radial motion TRM of the end effector 314E to determine where the substrate S,
ST stopped moving relative to the end effector 314E (Fig. 23, Block 2320). It is noted that the movement of the substrate
transfer robot 314 end effector 314E in the combined radial R and Z directions is coordinated by, for example, the
controller 11091 such that the Z height of the end effector 314E is known for any given radial position of the end effector
314E so that the Z height of the top of the one or more of the deterministic station features 1610, 1611 or one or more
of the lift pins 1500-1502 (and thus the teach height of the substrate holding station) is determined from the difference
between the total radial movement TRM and the relative movement ΔRM (Fig. 23, Block 2325). As may be realized, the
Z coordinate of the substrate holding station is taught with respect to the substrate holding station reference frame (e.g.
it is dependent on a location determination of a feature of the substrate holding station itself). As such, the resolution of
the taught Z coordinate of the substrate holding station is independent of the as built variances of the arm/end effector
configuration. Examples of the as built variances include arm drop or sag, end effector level, tilt and/or twist. It is noted
that the as built variances are present and are substantially constant during the teaching of the substrate holding station
X, Y and Z coordinates and are in effect cancelled.
[0051] Referring to Figs. 27A-27C the vertical or Z coordinate of the substrate holding station such as the portion of
processing tool 1600 may be determined in a manner substantially similar to that described herein where the substrate
transfer robot 314 is controlled by, for example, controller 11091 to move the substrate S, ST into contact with one or
more of the deterministic station features / lift pins 2710, 2711 (which may be substantially similar to the deterministic
station features / lift pins 1710, 1711, 1501-1502, 1610, 1611 described above) of the substrate station at one or more
heights in the Z direction. In this aspect, the substrate S, ST includes a substantially flat peripheral surface STE and the
free end of the deterministic station features 2710, 2711 is tapered (e.g. includes a first surface SS1 and a second
surface SS2 that are angled relative to each other). In other aspects the substrate S, ST may include a contoured or
rounded peripheral surface as shown in, e.g., Figs. 22A-22C. The peripheral surface STE of the substrate S, ST is
configured so that the substrate S, ST contacts the deterministic station feature(s) 2710, 2711 at a predetermined, known
location on the substrate (e.g. top or bottom edge of the substantially flat peripheral surface STE or on a tangent of the
rounded peripheral surface). The differences in where the substantially flat peripheral surface STE and the rounded
peripheral surface contact the deterministic station features 2710, 2711 are accounted for in the algorithm(s) present in
or used by the controller 11091 to determine the radial position R1, R2, R3, R4 of the end effector 314E. Registration,
of contact and station location (X, Y and Z) thereof, by the controller is effected by detecting post-contact eccentricity of
the substrate S, ST in a manner similar to that described before, and as further noted below.
[0052] In this aspect, the substrate S, ST is placed on the end effector 314E of the substrate transfer robot 314 in any
suitable manner so that the substrate S, ST has a known relationship relative to the end effector 314E (Fig. 28, Block
2800). In one aspect, for example, the substrate transfer robot 314 is controlled to move the substrate S, ST in a radial
R move (that is initiated, for example, from a known position of the substrate S, ST, such as the determined or known
station location, or known substrate location, and for an R distance known, or resolved if initially unknown, to bring the
substrate into contact with a predetermined deterministic station feature to 2710 causing substrate eccentricity resolved
to determine contact location) at a first Z axis height so that the substrate S, ST contacts one or more of the deterministic
station features 2710, 2711 (Fig. 28, Block 2810). The radial extension R1 and height Z1 of the end effector 314E are
recorded (Fig. 28, Block 2820) by, for example, controller 11091 to effect a determination of the substrate holding station
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height Zs as will be described below. The substrate transfer robot 314 is controlled to iteratively move the substrate S,
ST in a radial move R1, R2, R3, R4 at another varying Z axis heights so that the substrate S, ST contacts (determined
as described above) one or more of the deterministic station features 2710, 2711 (Fig. 28, Block 2810). The radial
extension R2 and height Z2 of the end effector 314E are recorded (Fig. 28, Block 2820) by, for example, controller 11091
to effect a determination of the substrate holding station height Zs as will be described below. Blocks 2810-2820 of Fig.
28 are iteratively repeated so as to establish at least two points on each of the side surfaces SS1, SS2 of one or more
of the deterministic station features 2710, 2711 so as to enable, for example, the controller 11091 to interpolate the
location and orientation of the side surfaces SS1, SS2 and determine an intersection between the side surfaces SS1,
SS2 (Fig. 28, Block 2830). In one aspect, the intersection between the side surfaces SS1, SS2 is located at the intersection
height Zf relative to a reference frame of the substrate holding station (or any other suitable reference frame, such as
of the transfer robot 314). It is noted that the distance or height L between the intersection height Zf and the substrate
holding station teach height Zs is known.
[0053] As can be seen in Fig. 27C the Z heights Z1-Z4 and the radial extension positions R1-R4 iteratively obtained
in blocks 2810-2820 of Fig. 28 are used by, for example, the controller 11091 to interpolate the location of the intersection
point Rf, Zf of the intersection between the side surfaces SS1, SS2. The teach height Zs of the substrate holding station
is determined (Fig. 28, Block 2840) from Zs = Zf - L, where L is a known value as described above.
[0054] Referring to Figs. 29A-29F, in another aspect the deterministic station features 2910, 2911 (which may be
substantially similar to those deterministic station features and/or lift pins described above) have a free end that is
substantially flat while the peripheral surface STE of the substrate S, ST includes a first surface SS1’ and second surface
SS2’ that are angled relative to each other. In a manner substantially similar to that described above, the substrate S,
ST is placed on the end effector 314E of the substrate transfer robot 314 in any suitable manner so that the substrate
S, ST has a known relationship relative to the end effector 314E (Fig. 28, Block 2800). In one aspect, for example, the
substrate transfer robot 314 is controlled to move the substrate S, ST in a radial R move at multiple Z heights Zi for
determining the teach height Zs of the substrate holding station. For example, the substrate transfer robot 314 is controlled
to move the substrate in a radial move R1 at a first Z axis height Z1 so that the substrate S, ST contacts one or more
of the deterministic station features 2910, 2911 (Fig. 28, Block 2810). The radial extension R1 and height Z1 of the end
effector 314E are recorded (Fig. 28, Block 2820) by, for example, controller 11091 to effect a determination of the station
height Zs as will be described below. The substrate transfer robot 314 is controlled to move the substrate S, ST in a
radial move R2 at another Z axis height Z2 so that the substrate S, ST contacts the one or more of the deterministic
station features 2910, 2911 (Fig. 28, Block 2810). The radial extension R2 and height Z2 of the end effector 314E are
recorded (Fig. 28, Block 2820) by, for example, controller 11091 to effect a determination of the station height Zs as will
be described below. Blocks 2810-2820 of Fig. 28 are iteratively repeated so as to establish at least two points on each
of the side surfaces SS1’, SS2’ of the substrate S, ST so as to enable, for example, the controller 11091 to interpolate
the location and orientation of the side surfaces SS1’, SS2’ as illustrated in Fig. 29F and determine an intersection Rf,
Zf between the side surfaces SS1’, SS2’ (Fig. 28, Block 2830). In one aspect, the intersection between the side surfaces
SS1’, SS2’ corresponds to the height Zf of the deterministic station features 2910, 2911. As described above, the distance
or height L between the intersection height Zf and the substrate holding station teach height Zs is known such that the
teach height Zs of the substrate holding station can be determined from Zs = Zf - L as described above with respect to
block 2840 of Fig. 28.
[0055] Referring now to Fig. 30 the one or more deterministic station feature 3010, 3011, which may be substantially
similar to those deterministic station features and/or lift pins described above, includes a flared free end (as opposed to
the tapered free end illustrated in Figs. 27A and 27B). In this aspect the taught height Zs of the substrate holding station
is determined in a manner substantially similar to that described above with respect to Fig. 28. For example, the substrate
transfer robot 314 is controlled to move the substrate S, ST radially at various Z heights to determine at least the locations
R1, Z1 - R4, Z4 (e.g. at least two points on each surface SS1’’, SS2’’ of the deterministic station features 3010, 3011)
so that the intersection Rf, Zf of the surfaces SS1’’, SS2’’ can be interpolated or calculated by the controller 11091 in
any suitable manner where the substrate station teach height Zs is determined from Zs = Zf - L as described above.
[0056] As may be realized, the teach height Zs of the substrate holding station may be determined or established after
the X, Y location of the substrate holding station has been determined/taught, while in other aspects the teach height
Zs of the substrate holding station may be determined prior to the determination of the X, Y location of the substrate
holding station. For example, while the above describes the determination of the teach height Zs using one or more
deterministic station features (e.g. such as two deterministic station features), in other aspects a single deterministic
station feature, such as deterministic station feature 2711 (or any other suitable deterministic station feature or lift pin)
may be used to establish the teach height Zs. Referring to Figs. 31A and 31B the substrate S, ST is placed on the end
effector 314E of the substrate transfer robot 314 in any suitable manner so that the substrate S, ST has a known
relationship relative to the end effector 314E (Fig. 32, Block 3200). In one aspect, for example, the substrate transfer
robot 314 is controlled to move the substrate S, ST along an arc R’ (e.g. such as by rotating the end effector about a
wrist joint of the transfer robot or in any other suitable manner) at multiple Z heights for determining the teach height Zs
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of the substrate holding station. For example, the substrate transfer robot 314 is controlled to move the substrate along
arc R’ at a first Z axis height Z1 so that the substrate S, ST contacts but one of the deterministic station features 2711
(Fig. 32, Block 3210) . The rotational movement R1’ and height Z1 of the end effector 314E are recorded (Fig. 32, Block
3220) by, for example, controller 11091 to effect a determination of the station height Zs as will be described below. As
may be realized, after recording the rotational movement R1’ and height Z1 the substrate may be returned to a position
at which the rotational movement of the substrate started (e.g. in effect a home position for the rotational movement) to
provide for a base location or position from which to measure the rotational movement of the substrate ST. The substrate
transfer robot 314 is controlled to move the substrate S, ST in a rotational movement R2’ at another Z axis height Z2 so
that the substrate S, ST contacts but one of the deterministic station features 2711 (Fig. 32, Block 3210). The rotational
movement R2’ and height Z2 of the end effector 314E are recorded (Fig. 32, Block 3220) by, for example, controller
11091 to effect a determination of the station height Zs as will be described below. Blocks 3210-3220 of Fig. 32 are
iteratively repeated so as to establish at least two points on each of the side surfaces SS1, SS2 of the deterministic
station feature 2711 so as to enable, for example, the controller 11091 to interpolate the location and orientation of the
side surfaces SS1, SS2 as illustrated in Fig. 31B and determine an intersection Rf’, Zf between the side surfaces SS1,
SS2 (Fig. 32, Block 3230). In one aspect, the intersection between the side surfaces SS1, SS2 corresponds to the height
Zf of the deterministic station feature 2711. As described above, the distance or height L between the intersection height
Zf and the substrate holding station teach height Zs is known such that the teach height Zs of the substrate holding
station can be determined (Fig. 32, Block 3240) from Zs = Zf - L as described above with respect to block 2840 of Fig. 28.
[0057] In one aspect the station auto-teach processes described herein are performed at substrate processing tem-
peratures of about 200°C to about 850°C. In other aspects, the station auto-teach processes described herein are
performed at temperatures below about 200°C or above about 850°C. In one aspect, the position of the location C1 on
the end effector 314E of the transfer robot 314 is adjusted to compensate for thermal expansion or contraction in any
suitable manner for determining the eccentricity of the substrate S, ST in the station auto-teach processes described
herein. For example, any suitable static detection sensors, such as for example, sensors 311S1, 311S2 disposed
adjacent, for example, any suitable substrate processing module/station detect edges of the substrate S, ST and/or
datum features 401, 402 (Fig. 3) of the end effector 314E as the end effector 314E moves into and out of the substrate
processing module/station. Signals from the sensors 311S1, 311S2 corresponding to the detection of the substrate
edges and/or end effector datum features are received by, for example, controller 11091 and the controller 11091 controls
the transfer robot 314 to adjust the position of the location C1 on the end effector 314E based on the sensor signals to
compensate for the thermal expansion and/or contraction of the transfer robot 314 in a manner substantially similar to
that described in United States provisional patent application number 62/191,863 having attorney docket number
390P015253-US (-#) entitled "ON THE FLY AUTOMATIC WAFER CENTERING METHOD AND APPARATUS" filed on
July 13, 2015, the disclosure of which is incorporated herein by reference in its entirety.
[0058] In one aspect, referring to Figs. 24A, 24B and 25 the substrate holding location Xstn, Ystn is taught with static
or fixed sensors 2410, 2411 rather than the contact deterministic station features 1610, 1611 described above. In this
aspect, the location of each sensor 2410, 2411 has a predetermined spatial relationship with the substrate holding
location Xstn, Ystn. The center of the wafer S, ST can be found with the sensors 2410, 2411 using the following equations:
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[0059] In a manner substantially similar to that described above, one or more of the center WC of the wafer S, ST and
the position EC of the substrate transfer robot 314 are determined in the transport apparatus coordinate system. In one
aspect, the wafer S, ST is centered on the end effector so that there is substantially zero eccentricity between the wafer
center WC and the end effector center EC. In this aspect, the wafer S, ST is moved by the end effector towards the
deterministic station features, which in this aspect are sensors 2410, 2411. (Fig. 26, Block 2600). The wafer S, ST is
sensed with the sensors (Fig. 26, Block 2610) and the determination of one or more of the wafer center WC and the
position of the substrate transport apparatus is determined (Fig. 26, Block 2620). As may be realized, because the
location of the sensors 2410, 2411 relative to the substrate holding location Xstn, Ystn is known and because the wafer
center WC is substantially coincident with the end effector center EC the location of the substrate holding station is also
known relative to the end effector center EC and is taught to the substrate transport apparatus where sensing the wafer
S, ST effects registration of the end effector center EC (i.e. the position of the substrate transport apparatus) relative to
the substrate holding location Xstn, Ystn (Fig. 26, Block 2630).
[0060] In other aspects, there may be eccentricity e between the wafer S, ST and the end effector center EC. Here
for example, as described above with respect to Figs. 18A, 18B and 21, the center position of the wafer WC is substantially
equal to the robot position EC plus the eccentricity e. To find the eccentricity e and the center of the end effector EC,
the respective articulated arm 219A, 219B is controlled by, for example, controller 11091 so as to move the substrates
S, ST into their respective processing stations (which in one aspect are each similar to those described above) so that
each substrate S, ST is iteratively moved toward the respective sensors 2410, 2411 in a common direction, as described
above, with at least one common drive of the substrate transport apparatus. The eccentricity e is tracked for each
respective substrate held by the end effector 219E and the location of the station holding location for each substrate S,
ST is determined in a manner that is substantially similar to that described above with respect to Fig. 21 however, the
contact deterministic station features 1610, 1611 are replaced with the non-contact deterministic station features 2410,
2411. For example, there is substantially zero eccentricity e between the wafer S, ST and the end effector center EC
when it is determined that the sensors 2410, 2411 substantially simultaneously sense the wafer S, ST and the eccentricity
is within a predetermined tolerance as described above (Fig. 26, Block 2640).
[0061] In accordance with one or more aspects of the disclosed embodiment a substrate transport apparatus auto-
teach system for auto-teaching a substrate station location is provided. The system includes a frame; a substrate transport
connected to the frame, the substrate transport having an end effector configured to support a substrate; and a controller
configured to move the substrate transport so that the substrate transport biases the substrate supported on the end
effector against a substrate station feature causing a change in eccentricity between the substrate and the end effector,
determine the change in eccentricity, and determine the substrate station location based on at least the change in
eccentricity between the substrate and the end effector.
[0062] In accordance with one or more aspects of the disclosed embodiment the substrate station location is a Z
location of the substrate station.
[0063] In accordance with one or more aspects of the disclosed embodiment the system further includes a substrate
locating unit connected to the frame.
[0064] In accordance with one or more aspects of the disclosed embodiment the substrate locating unit includes an
automatic wafer centering (AWC) unit connected to the frame.
[0065] In accordance with one or more aspects of the disclosed embodiment the substrate station feature is located
inside a process module having a vacuum pressure environment therein.
[0066] In accordance with one or more aspects of the disclosed embodiment the vacuum pressure environment is a
high vacuum.
[0067] In accordance with one or more aspects of the disclosed embodiment the substrate transport biases the substrate
supported on the end effector against a substrate station feature in the vacuum pressure environment.
[0068] In accordance with one or more aspects of the disclosed embodiment the substrate station feature is located
within a process module that is in a state of process security for processing substrates.
[0069] In accordance with one or more aspects of the disclosed embodiment the controller includes embedded
pick/place commands to move the substrate transport and bias the substrate.
[0070] In accordance with one or more aspects of the disclosed embodiment the controller includes embedded sub-
strate locating commands to determine the substrate eccentricity.
[0071] In accordance with one or more aspects of the disclosed embodiment a process tool includes a frame; a
substrate transport connected to the frame and having an end effector configured to support a substrate; and a substrate
transport apparatus auto-teach system for auto-teaching a substrate station location, the auto-teach system including
a controller configured to move the substrate transport so that the substrate transport taps the substrate supported on
the end effector against a substrate station feature causing a change in eccentricity between the substrate and the end
effector, determine the change in eccentricity, and determine the substrate station location based on at least the change
in eccentricity between the substrate and the end effector.
[0072] In accordance with one or more aspects of the disclosed embodiment the process tool further includes a
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substrate locating unit connected to the frame.
[0073] In accordance with one or more aspects of the disclosed embodiment the substrate locating unit includes an
automatic wafer center (AWC) unit connected to the frame.
[0074] In accordance with one or more aspects of the disclosed embodiment the substrate station feature is located
inside a process module having a vacuum pressure environment therein.
[0075] In accordance with one or more aspects of the disclosed embodiment the vacuum pressure environment is a
high vacuum.
[0076] In accordance with one or more aspects of the disclosed embodiment the substrate transport biases the substrate
supported on the end effector against a substrate station feature in the vacuum pressure environment.
[0077] In accordance with one or more aspects of the disclosed embodiment the substrate station feature is located
within a process module that is in a state of process security for processing substrates.
[0078] In accordance with one or more aspects of the disclosed embodiment the controller includes embedded
pick/place commands to move the substrate transport and bias the substrate.
[0079] In accordance with one or more aspects of the disclosed embodiment the controller includes embedded sub-
strate locating commands to determine the substrate eccentricity.
[0080] In accordance with one or more aspects of the disclosed embodiment the substrate is a representative teaching
or dummy wafer.
[0081] In accordance with one or more aspects of the disclosed embodiment a substrate transport apparatus includes
a frame; a substrate transport apparatus movably connected to the frame and having an end effector configured to
support a substrate; a substrate station connected to the frame and having at least a first station feature having a
predetermined spatial relationship with a substrate holding location of the substrate station; and an auto-teach system
for auto-teaching a substrate station location of the substrate station, the auto-teach system including a control system
operably connected to the substrate transport apparatus and being configured to determine the substrate holding location
with at least one embedded pick/place command from embedded pick/place commands in the controller, wherein the
commanded transport of the substrate transport apparatus, from the at least one embedded pick/place command, effects
movement of the end effector so that the substrate supported on the end effector taps the at least first station feature
causing an eccentricity between the substrate and the end effector through contact with the at least first station feature,
determine an amount of the eccentricity, and determine a location of the substrate holding location based on the eccen-
tricity and the predetermined spatial relationship.
[0082] In accordance with one or more aspects of the disclosed embodiment the at least first station feature is located
inside a process module having a vacuum pressure environment therein.
[0083] In accordance with one or more aspects of the disclosed embodiment the vacuum pressure environment is a
high vacuum.
[0084] In accordance with one or more aspects of the disclosed embodiment the substrate transport taps the substrate
supported on the end effector against the at least first station feature in the vacuum pressure environment.
[0085] In accordance with one or more aspects of the disclosed embodiment the at least first station feature is located
within a process module that is in a state of process security for processing substrates.
[0086] In accordance with one or more aspects of the disclosed embodiment the embedded pick/place commands
move the substrate transport and taps the substrate against the at least first station feature.
[0087] In accordance with one or more aspects of the disclosed embodiment the controller includes embedded sub-
strate locating commands to determine the eccentricity.
[0088] In accordance with one or more aspects of the disclosed embodiment the substrate station includes a second
station feature having a predetermined spatial relationship with a substrate holding location of the substrate station.
[0089] In accordance with one or more aspects of the disclosed embodiment a method for auto-teaching a substrate
station location includes providing a substrate transport and supporting a substrate on an end effector of the substrate
transport; causing a change in eccentricity between the substrate and the end effector by moving, with a controller, the
substrate transport so that the substrate transport biases the substrate supported on the end effector against a substrate
station feature; determining, with the controller, the change in eccentricity; and determining, with the controller, the
substrate station location based on at least the change in eccentricity between the substrate and the end effector.
[0090] In accordance with one or more aspects of the disclosed embodiment the substrate station feature is located
inside a process module having a vacuum pressure environment therein.
[0091] In accordance with one or more aspects of the disclosed embodiment the vacuum pressure environment is a
high vacuum.
[0092] In accordance with one or more aspects of the disclosed embodiment the substrate transport biases the substrate
supported on the end effector against a substrate station feature in the vacuum pressure environment.
[0093] In accordance with one or more aspects of the disclosed embodiment the method further includes moving the
substrate transport and biasing the substrate with embedded pick/place commands of the controller.
[0094] In accordance with one or more aspects of the disclosed embodiment the method further includes determining
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the eccentricity with embedded substrate locating commands of the controller.
[0095] In accordance with one or more aspects of the disclosed embodiment a method includes providing a substrate
transport apparatus having an end effector configured to support a substrate; providing a substrate station having at
least a first station feature having a predetermined spatial relationship with a substrate holding location of the substrate
station; and automatically teaching a substrate station location of the substrate station by determining the substrate
holding location with at least one embedded pick/place command from embedded pick/place commands in a controller,
wherein the commanded transport of the substrate transport apparatus, from the at least one embedded pick/place
command, effects movement of the end effector so that the substrate supported on the end effector taps the at least
first station feature causing an eccentricity between the substrate and the end effector through contact with the at least
first station feature, determining, with the controller, an amount of the eccentricity, and determining, with the controller,
a location of the substrate holding location based on the eccentricity and the predetermined spatial relationship.
[0096] In accordance with one or more aspects of the disclosed embodiment the at least first station feature is located
inside a process module having a vacuum pressure environment therein.
[0097] In accordance with one or more aspects of the disclosed embodiment the vacuum pressure environment is a
high vacuum.
[0098] In accordance with one or more aspects of the disclosed embodiment the substrate transport taps the substrate
supported on the end effector against the at least first station feature in the vacuum pressure environment.
[0099] In accordance with one or more aspects of the disclosed embodiment the method further includes moving the
substrate transport and tapping the substrate against the at least first station feature with the embedded pick/place
commands.
[0100] In accordance with one or more aspects of the disclosed embodiment the method further includes determining
the eccentricity with embedded substrate locating commands of the controller.
[0101] In accordance with one or more aspects of the disclosed embodiment the method further includes providing
the substrate station with a second station feature having a predetermined spatial relationship with a substrate holding
location of the substrate station.
[0102] In accordance with one or more aspects of the disclosed embodiment a method for in situ auto-teaching of a
substrate station location comprises:

providing deterministic station features on a substrate holding station, the deterministic station features determin-
istically defining a predetermined position of a substrate in contact with the deterministic station features, which
predetermined position has a predetermined relation with and identifying the substrate holding station;

determining, through contact between the substrate and at least one deterministic station feature, a common ec-
centricity of the substrate; and

determining a teach location of the substrate holding station based on the common eccentricity.

[0103] In accordance with one or more aspects of the disclosed embodiment determining the teach location of the
substrate holding station comprises:
establishing a location of the station features in a transport apparatus coordinate system by contacting the at least one
deterministic station feature with the substrate and determining an eccentricity of the substrate.
[0104] In accordance with one or more aspects of the disclosed embodiment determining the teach location of the
substrate holding station comprises:
iteratively contacting the at least one deterministic station feature with the substrate to confirm the eccentricity of the
substrate relative to the transport apparatus coordinate system until a change in the eccentricity resolves to the common
eccentricity.
[0105] In accordance with one or more aspects of the disclosed embodiment determining the teach location of the
substrate holding station comprises:
determining the predetermined position of the substrate and a center position of a transport apparatus end effector
holding the substrate based on the common eccentricity.
[0106] In accordance with one or more aspects of the disclosed embodiment determining the teach location of the
substrate holding station comprises:
determining the teach location, in the transport apparatus coordinate system, of the substrate holding station from the
predetermined position of the substrate with respect to the substrate holding station and the center position of the
transport apparatus end effector.
[0107] In accordance with one or more aspects of the disclosed embodiment contact between the substrate and at
least one station feature is from a common direction.
[0108] In accordance with one or more aspects of the disclosed embodiment the teach location of the substrate holding
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station is determined in situ to the substrate holding station.
[0109] In accordance with one or more aspects of the disclosed embodiment the contact between the substrate and
at least one deterministic station feature is an iterative contact and an eccentricity of the substrate is determined for
each iteration.
[0110] In accordance with one or more aspects of the disclosed embodiment the substrate is repositioned relative to
a substrate transport holding the substrate based on the eccentricity for each iteration.
[0111] In accordance with one or more aspects of the disclosed embodiment the common eccentricity is an eccentricity
within a signal noise of a wafer sensor configured to detect the substrate for determining the common eccentricity.
[0112] In accordance with one or more aspects of the disclosed embodiment the method further comprising determining,
with a controller a center location of a substrate transport end effector to effect determining the common eccentricity
relative to the center location, where the controller adjusts a location of the center location to compensate for thermal
effects on the transport apparatus.
[0113] In accordance with one or more aspects of the disclosed embodiment a substrate transport apparatus auto-
teach system for auto-teaching a substrate holding location comprises:

a frame;

a substrate holding station connected to the frame and having deterministic station features that deterministically
define a predetermined position of a substrate in contact with the deterministic station features, which predetermined
position has a predetermined relation with and identifying the substrate holding station;

a substrate transport connected to the frame and being configured to move the substrate; and

a controller configured to

determine, through contact between the substrate and at least one deterministic station feature, a common
eccentricity of the substrate; and

determine a teach location of the substrate holding station based on the common eccentricity.

[0114] In accordance with one or more aspects of the disclosed embodiment the controller is further configured to:
establish a location of the station features in a coordinate system of the substrate transport apparatus by controlling the
substrate transport apparatus so that the substrate contacts the at least one station feature and determine an eccentricity
of the substrate.
[0115] In accordance with one or more aspects of the disclosed embodiment the controller is further configured to:
effect iterative contact between the at least one deterministic station feature and the substrate to confirm the eccentricity
of the substrate relative to the coordinate system until a change in the eccentricity resolves to the common eccentricity.
[0116] In accordance with one or more aspects of the disclosed embodiment the controller is further configured to:
determine the predetermined position of the substrate and a center position of the transport apparatus based on the
common eccentricity.
[0117] In accordance with one or more aspects of the disclosed embodiment the controller is further configured to:
determine the teach location of the substrate holding station, in the coordinate system, from the predetermined position
of the substrate with respect to the substrate holding station and the center position of the transport apparatus.
[0118] In accordance with one or more aspects of the disclosed embodiment the controller is configured to effect
contact between the substrate and at least one station feature from a common direction.
[0119] In accordance with one or more aspects of the disclosed embodiment the teach location of the substrate holding
station is determined in situ to the substrate holding station.
[0120] In accordance with one or more aspects of the disclosed embodiment the controller is configured to effect an
eccentricity determination of the substrate for each iterative contact.
[0121] In accordance with one or more aspects of the disclosed embodiment the controller is configured to effect
repositioning of the substrate relative to a substrate transport based on the eccentricity determination for each iterative
contact.
[0122] In accordance with one or more aspects of the disclosed embodiment the common eccentricity is an eccentricity
within a signal noise of a wafer sensor configured to detect the substrate for determining the common eccentricity.
[0123] In accordance with one or more aspects of the disclosed embodiment the substrate transport comprises an
end effector having a center location, the end effector being configured to hold the substrate, and
[0124] the controller is further configured to determine the center location to effect determining the common eccentricity
relative to the center location, where the controller is configured to adjust a location of the center location to compensate
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for thermal effects on the transport apparatus.
[0125] In accordance with one or more aspects of the disclosed embodiment a substrate transport apparatus auto-
teach system for auto-teaching a substrate holding location comprises:

a frame;

a station fixture connected to the frame and having deterministic station features that deterministically define a
predetermined position of a substrate in contact with the deterministic station features, which predetermined position
has a predetermined relation with and identifying the substrate holding location of the station fixture; and

a substrate transport configured to hold the teaching substrate; and

a controller configured move the substrate transport so that the teaching substrate moves relative to the station
features in a common direction.

[0126] In accordance with one or more aspects of the disclosed embodiment the controller is configured to determine
the predetermined position of the substrate and the substrate holding location, where the position of the substrate and
the substrate holding location are effected by contact between the substrate and the deterministic station features.
[0127] In accordance with one or more aspects of the disclosed embodiment a substrate transport apparatus auto-
teach system for auto-teaching a substrate holding location comprises:

a frame;

a station fixture connected to the frame and having deterministic station features that deterministically define a
predetermined position of a teaching substrate in contact with the deterministic station features;

a teaching substrate configured so that contact with the deterministic station features positions the teaching substrate
in the predetermined position with a predetermined relation with and identifying the substrate holding location; and

a substrate transport configured to hold the teaching substrate; and

a controller configured move the substrate transport so that the teaching substrate moves relative to the station
features in a common direction.

[0128] In accordance with one or more aspects of the disclosed embodiment the controller is configured to determine
the predetermined position of the substrate and the substrate holding location, where the position of the substrate and
the substrate holding location are effected by contact between the substrate and the deterministic station features.
[0129] In accordance with one or more aspects of the disclosed embodiment a substrate transport apparatus auto-
teach system for auto-teaching a substrate holding location comprises:

a frame;

a substrate holding station connected to the frame, the substrate holding station having deterministic station features
that deterministically define a predetermined position of a substrate in contact with the deterministic station features,
which predetermined position has a predetermined relation with and identifying the substrate holding location of the
station fixture;

a transport apparatus connected to the frame and being configured to hold the substrate; and

a controller configured to

effect movement of the substrate, with the transport apparatus, where the substrate contacts at least one of the
deterministic station features,

determine a common eccentricity of the substrate relative to the substrate transport apparatus, and

determine a position of the substrate holding location based on the common eccentricity.
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[0130] In accordance with one or more aspects of the disclosed embodiment a substrate transport apparatus auto-
teach system for auto-teaching a substrate station location comprises:

a frame;

a substrate transport connected to the frame, the substrate transport having an end effector configured to support
a substrate;

a substrate holding station connected to the frame, the substrate holding station having deterministic station features;
and

a controller configured to

move the substrate transport so that the substrate contacts the deterministic station features causing a change
in eccentricity between the substrate and the end effector, determine the change in eccentricity, and

determine the substrate station location based on at least the change in eccentricity where the eccentricity
identifies the substrate station location.

[0131] In accordance with one or more aspects of the disclosed embodiment method for in situ auto-teaching of a
substrate station location comprises:

providing deterministic station features on a substrate holding station, the deterministic station features determin-
istically defining a predetermined position of a substrate interacting with the deterministic station features, which
predetermined position has a predetermined relation with and identifying the substrate holding station;

determining, through interaction between the substrate and at least one deterministic station feature, a common
eccentricity of the substrate; and

determining a teach location of the substrate holding station based on the common eccentricity.

[0132] In accordance with one or more aspects of the disclosed embodiment determining the teach location of the
substrate holding station comprises:
establishing a location of the station features in a transport apparatus coordinate system by contacting the at least one
deterministic station feature with the substrate and determining an eccentricity of the substrate.
[0133] In accordance with one or more aspects of the disclosed embodiment determining the teach location of the
substrate holding station comprises:
iteratively contacting the at least one deterministic station feature with the substrate to confirm the eccentricity of the
substrate relative to the transport apparatus coordinate system until a change in the eccentricity resolves to the common
eccentricity.
[0134] In accordance with one or more aspects of the disclosed embodiment determining the teach location of the
substrate holding station comprises:
[0135] iteratively passing the substrate past at least one deterministic station feature to confirm the eccentricity of the
substrate relative to the transport apparatus coordinate system until a change in the eccentricity resolves to the common
eccentricity.
[0136] In accordance with one or more aspects of the disclosed embodiment sensing the substrate effects registration
of a center position of a transport apparatus end effector, holding the substrate, relative to the substrate holding location.
[0137] In accordance with one or more aspects of the disclosed embodiment a substrate transport apparatus auto-
teach system for auto-teaching a substrate holding location comprises:

a frame;

a substrate holding station connected to the frame and having deterministic station features that deterministically
define a predetermined position of a substrate interfacing with the deterministic station features, which predetermined
position has a predetermined relation with and identifying the substrate holding station;

a substrate transport connected to the frame and being configured to move the substrate; and
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a controller configured to

determine, through interaction between the substrate and at least one deterministic station feature, a common
eccentricity of the substrate; and

determine a teach location of the substrate holding station based on the common eccentricity.

[0138] In accordance with one or more aspects of the disclosed embodiment the controller is further configured to
establish a location of the station features in a transport apparatus coordinate system by effecting contact between the
at least one deterministic station feature and the substrate, and determine an eccentricity of the substrate.
[0139] In accordance with one or more aspects of the disclosed embodiment the controller is further configured to
effect iterative contact between the at least one deterministic station feature and the substrate to confirm the eccentricity
of the substrate relative to the transport apparatus coordinate system until a change in the eccentricity resolves to the
common eccentricity.
[0140] In accordance with one or more aspects of the disclosed embodiment the controller is further configured to
effect iteratively passing the substrate past at least one deterministic station feature to confirm the eccentricity of the
substrate relative to the transport apparatus coordinate system until a change in the eccentricity resolves to the common
eccentricity.
[0141] In accordance with one or more aspects of the disclosed embodiment sensing the substrate effects registration
of a center position of a transport apparatus end effector, holding the substrate, relative to the substrate holding location.
[0142] In accordance with one or more aspects of the disclosed embodiment a substrate transport apparatus auto-
teach system for auto-teaching a substrate holding location comprises:

a substrate holding fixture; and

a teaching substrate, the substrate holding fixture and the teaching substrate having in combination a configuration
that is deterministic with respect to a substrate holding fixture Z teach location that is effected with bump touch;

wherein the configuration of the substrate holding fixture and the teaching substrate

defines at least one feature with a contact surface between the substrate holding fixture and teaching substrate, the
at least one feature having a predetermined variance in both a Z direction and a radial extension direction of a
substrate transport, and

determines, through contact between the teaching substrate and the contact surface, resolution of the substrate
holding fixture Z teach location.

[0143] It should be understood that the foregoing description is only illustrative of the aspects of the disclosed embod-
iment. Various alternatives and modifications can be devised by those skilled in the art without departing from the aspects
of the disclosed embodiment. Accordingly, the aspects of the disclosed embodiment are intended to embrace all such
alternatives, modifications and variances that fall within the scope of the appended claims. Accordingly, in accordance
with the aspects of the disclosed embodiment, any one or more of the features described in the above paragraphs may
be advantageously combined with any other features described in the above paragraphs, such a combination remaining
within the scope of the aspects of the invention. Further, the mere fact that different features are recited in mutually
different dependent or independent claims does not indicate that a combination of these features cannot be advanta-
geously used, such a combination remaining within the scope of the aspects of the invention.
[0144] The invention is defined by the appended claims.

Claims

1. A process tool (390) comprising:

a frame;
a substrate transport (314) connected to the frame and having an end effector (314E) configured to support a
substrate (S); and characterized in that it comprises:

a substrate transport apparatus auto-teach system for auto-teaching a substrate station location, the auto-
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teach system including a controller (11091) configured to move the substrate transport (314) so that the
substrate transport (314) taps the substrate (S) supported on the end effector (314E) against a substrate
station feature causing a change in eccentricity between the substrate (S) the end effector (314E)), determine
the change in eccentricity, and
determine the substrate station location based on at least the change in eccentricity between the substrate
(S) and the end effector (314E).

2. The process tool of claim 1, wherein substrate station location is a Z location of the substrate station.

3. The process tool of claim 1, further comprising a substrate locating unit connected to the frame and including an
automatic wafer center (AWC) unit connected to the frame.

4. The process tool of claim 1, wherein the substrate station feature is located inside a process module having one of
a vacuum pressure environment or a high vacuum therein, wherein the substrate transport biases the substrate
supported on the end effector against a substrate station feature in the vacuum pressure environment or the high
vacuum.

5. The process tool of claim 1, wherein the substrate station feature is located within a process module that is in a
state of process security for processing substrates.

6. The process tool of claim 1, wherein the controller includes embedded pick/place commands to move the substrate
transport and bias the substrate.

7. The process tool of claim 1, wherein the controller includes embedded substrate locating commands to determine
the substrate eccentricity.

8. The process tool of claim 1, wherein the substrate is a representative teaching or dummy wafer.

9. The process tool of claim 1, further comprising:

a substrate holding station connected to the frame and having the substrate station feature, the substrate station
feature being a deterministic station feature that deterministically defines a predetermined position of a substrate
in contact with the deterministic station feature, which predetermined position has a predetermined relation with
and identifying the substrate holding station;
wherein the substrate transport is configured to move the substrate; and
wherein the controller is further configured to

determine, through contact between the substrate and the deterministic station feature, a common eccen-
tricity of the substrate; and
determine the substrate station location of the substrate holding station based on the common eccentricity.

10. The process tool of claim 9, wherein the controller is further configured to:

establish a location of the deterministic station feature in a coordinate system of the substrate transport by
controlling the substrate transport so that the substrate contacts the deterministic station feature, and
determine an eccentricity of the substrate.

11. The process tool of claim 10, wherein the controller is further configured to:
effect iterative contact between the deterministic station feature and the substrate to confirm the eccentricity of the
substrate relative to the coordinate system until the change in the eccentricity resolves to the common eccentricity.

12. The process tool of claim 11, wherein the controller is configured to effect an eccentricity determination of the
substrate for each iterative contact.

13. The process tool of claim 1, further comprising:

a station fixture connected to the frame and having the substrate station feature, the substrate station feature
being a deterministic station feature that deterministically defines a predetermined position of a substrate in



EP 3 218 925 B1

27

5

10

15

20

25

30

35

40

45

50

55

contact with the deterministic station feature, which predetermined position has a predetermined relation with
and identifying the substrate holding location of the station fixture; and
a the substrate is a teaching substrate; and
the controller is configured move the substrate transport apparatus so that the teaching substrate moves relative
to the deterministic station feature in a common direction.

14. The process tool of claim 13, wherein the controller is configured to determine the predetermined position of the
teaching substrate and the substrate holding location, where the position of the teaching substrate and the substrate
holding location are effected by contact between the teaching substrate and the deterministic station features.

15. A method for in situ auto-teaching of a substrate station location, characterized in that the method comprises:

providing deterministic station features (1610, 1611, 2710, 2711, 2910, 2911, 3010, 3011) on a substrate holding
station, the deterministic station features (1610, 1611, 2710, 2711, 2910, 2911, 3010, 3011) deterministically
defining a predetermined position of a substrate (S) in contact with the deterministic station features, (1610,
1611, 2710, 2711, 2910, 2911, 3010, 3011) which predetermined position has a predetermined relation with
and identifying the substrate holding station;
determining, through contact between the substrate and at least one deterministic station feature (1610, 1611,
2710, 2711, 2910, 2911, 3010, 3011), a common eccentricity (Δx, Δy) of the substrate (S); and
determining a teach location of the substrate holding station based on the common eccentricity (Δx, Δy).

Patentansprüche

1. Prozesswerkzeug (390), umfassend:

einen Rahmen;
einen Substrattransport (314), der mit dem Rahmen verbunden ist und einen Endeffektor (314E) aufweist, der
konfiguriert ist zum Tragen eines Substrats (S); und
dadurch gekennzeichnet, dass es umfasst:

ein Selbstlernsystem einer Substrattransporteinrichtung, zum Selbstlernen einer Stelle einer Substratsta-
tion, wobei das Selbstlernsystem eine Steuerung (11091) beinhaltet, die konfiguriert ist zum
Bewegen des Substrattransports (314), sodass der Substrattransport (314) das auf dem Endeffektor (314E)
getragene Substrat (S) gegen ein Substratstationsmerkmal klopft, das eine Änderung des Mittenversatzes
zwischen dem Substrat (S) und dem Endeffektor (314E) bewirkt,
Bestimmen der Änderung des Mittenversatzes, und
Bestimmen der Stelle einer Substratstation basierend auf mindestens der Änderung des Mittenversatzes
zwischen dem Substrat (S) und dem Endeffektor (314E).

2. Prozesswerkzeug nach Anspruch 1, wobei die Stelle einer Substratstation eine Z-Stelle der Substratstation ist.

3. Prozesswerkzeug nach Anspruch 1, weiter eine Substratortungseinheit umfassend, die mit dem Rahmen verbunden
ist, und eine automatische Waferzentrums-, AWC-Einheit beinhaltet, die mit dem Rahmen verbunden ist.

4. Prozesswerkzeug nach Anspruch 1, wobei sich das Substratstationsmerkmal innerhalb eines Moduls befindet, das
eines von einer Vakuumdruckumgebung oder einem Hochvakuum darin aufweist, wobei der Substrattransport das
auf dem Endeffektor getragene Substrat gegen ein Substratstationsmerkmal in der Vakuumdruckumgebung oder
im Hochvakuum vorspannt.

5. Prozesswerkzeug nach Anspruch 1, wobei sich das Substratstationsmerkmal innerhalb eines Prozessmoduls be-
findet, das in einem Zustand einer Prozesssicherheit für Verarbeitungssubstrate ist.

6. Prozesswerkzeug nach Anspruch 1, wobei die Steuerung eingebettete Pick/Place Befehle beinhaltet, um den Sub-
strattransport zu bewegen und das Substrat vorzuspannen.

7. Prozesswerkzeug nach Anspruch 1, wobei die Steuerung eingebettete Substratortungsbefehle beinhaltet, um den
Mittenversatz des Substrats zu bestimmen.
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8. Prozesswerkzeug nach Anspruch 1, wobei das Substrat ein repräsentativer Lern- oder Dummy-Wafer ist.

9. Prozesswerkzeug nach Anspruch 1, weiter umfassend:

eine Substrathaltestation, die mit dem Rahmen verbunden ist, und ein Substratstationsmerkmal aufweist, wobei
das Substratstationsmerkmal ein bestimmendes Stationsmerkmal ist, das bestimmend eine vorbestimmte Po-
sition eines Substrats in Kontakt mit dem bestimmenden Stationsmerkmal definiert, welche vorbestimmte Po-
sition eine vorbestimmte Beziehung mit der Substrathaltestation aufweist und diese identifiziert;
wobei der Substrattransport konfiguriert ist, um das Substrat zu bewegen; und
wobei die Steuerung weiter konfiguriert ist zum Bestimmen, durch Kontakt zwischen dem Substrat und dem
bestimmenden Stationsmerkmal, eines gemeinsamen Mittenversatzes des Substrats; und
Bestimmen der Stelle einer Substratstation der Substrathaltestation basierend auf dem gemeinsamen Mitten-
versatz.

10. Prozesswerkzeug nach Anspruch 9, wobei die Steuerung weiter konfiguriert ist zum:

Etablieren einer Stelle des bestimmenden Stationsmerkmals in einem Koordinatensystem des Substrattrans-
ports durch Steuern des Substrattransports, sodass das Substrat das bestimmende Stationsmerkmal kontak-
tiert, und
Bestimmen eines Mittenversatzes des Substrats.

11. Prozesswerkzeug nach Anspruch 10, wobei die Steuerung weiter konfiguriert ist zum:
Durchführen von iterativem Kontakt dem bestimmenden Stationsmerkmal und dem Substrat zum Bestätigen des
Mittenversatzes des Substrats in Bezug auf das Koordinatensystem bis sich die Änderung des Mittenversatzes in
den gemeinsamen Mittenversatz auflöst.

12. Prozesswerkzeug nach Anspruch 11, wobei die Steuerung konfiguriert ist, um eine Mittenversatzbestimmung des
Substrats für jeden iterativen Kontakt bewirken.

13. Prozesswerkzeug nach Anspruch 1, weiter umfassend:

eine Stationshalterung, die mit dem Rahmen verbunden ist, und ein Substratstationsmerkmal aufweist, wobei
das Substratstationsmerkmal ein bestimmendes Substratstationsmerkmal ist, das bestimmend eine vorbe-
stimmte Position eines Substrats in Kontakt mit dem bestimmenden Substratstationsmerkmal definiert, welche
vorbestimmte Position eine vorbestimmte Beziehung mit der Substrathaltestelle der Stationshalterung aufweist
und
diese identifiziert; und
ein das Substrat ein lernendes Substrat ist; und
die Steuerung konfiguriert ist, um die Substrattransporteinrichtung zu bewegen, sodass sich das lernende
Substrat in Bezug auf das bestimmende Substratstationsmerkmal in eine gemeinsame Richtung bewegt.

14. Prozesswerkzeug nach Anspruch 13, wobei die Steuerung konfiguriert ist, um die vorbestimmte Position des ler-
nenden Substrats und der Substrathaltestelle zu bestimmen, wobei die Position des lernenden Substrats und der
Substrathaltestelle durch Kontakt zwischen dem lernenden Substrat und den bestimmenden Substratstationsmerk-
malen durchgeführt wird.

15. Verfahren zum Selbstlernen vor Ort einer Stelle einer Substratstation, dadurch gekennzeichnet, dass das Ver-
fahren umfasst:

Bereitstellen von bestimmenden Substratstationsmerkmalen (1610, 1611, 2710, 2711, 2910, 2911, 3010, 3011)
auf einer Substrathaltestation, wobei die bestimmenden Substratstationsmerkmale (1610, 1611, 2710, 2711,
2910, 2911, 3010, 3011) bestimmend eine vorbestimmte Position eines Substrats (S) in Kontakt mit den be-
stimmenden Substratstationsmerkmalen (1610, 1611, 2710, 2711, 2910, 2911, 3010, 3011) definieren, welche
vorbestimmte Position eine vorbestimmte Beziehung mit der Substrathaltestation aufweist und diese identifiziert;
Bestimmen, durch Kontakt zwischen dem Substrat und mindestens einem bestimmenden Substratstations-
merkmal (1610, 1611, 2710, 2711, 2910, 2911, 3010, 3011) eines gemeinsamen Mittenversatzes (Δx, Δy) des
Substrats (S); und
Bestimmen einer Lernstelle der Substrathaltestation der Substrathaltestation basierend auf dem gemeinsamen
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Mittenversatz (Δx, Δy).

Revendications

1. Outil de traitement (390) comprenant :

un cadre ;
un transport de substrat (314) raccordé au cadre et ayant un effecteur terminal (314E) configuré pour supporter
un substrat (S) ; et caractérisé en ce qu’il comprend :

un système d’auto-apprentissage d’appareil de transport de substrat pour l’auto-apprentissage d’un em-
placement de station de substrat, le système d’auto-apprentissage comportant un dispositif de commande
(11091) configuré pour
déplacer le transport de substrat (314) de sorte que le transport de substrat (314) cale le substrat (S)
supporté sur l’effecteur terminal (314E) contre un élément de station de substrat provoquant un changement
d’excentricité entre le substrat (S) et l’effecteur terminal (314E),
déterminer le changement d’excentricité, et
déterminer l’emplacement de station de substrat sur la base d’au moins le changement d’excentricité entre
le substrat (S) et l’effecteur terminal (314E).

2. Outil de traitement selon la revendication 1, dans lequel l’emplacement de station de substrat est un emplacement
Z de la station de substrat.

3. Outil de traitement selon la revendication 1, comprenant en outre une unité de positionnement de substrat raccordée
au cadre et comportant une unité de centre de tranche automatique (AWC) raccordée au cadre.

4. Outil de traitement selon la revendication 1, dans lequel l’élément de station de substrat est situé à l’intérieur d’un
module de traitement ayant en son sein l’un parmi un environnement de pression négative ou un vide élevé, dans
lequel le transport de substrat sollicite le substrat supporté sur l’effecteur terminal contre un élément de station de
substrat dans l’environnement de pression négative ou le vide élevé.

5. Outil de traitement selon la revendication 1, dans lequel l’élément de station de substrat est situé au sein d’un
module de traitement qui est dans un état de sécurité de traitement pour traiter des substrats.

6. Outil de traitement selon la revendication 1, dans lequel le dispositif de commande comporte des ordres de sai-
sie/placement intégrés pour déplacer le transport de substrat et solliciter le substrat.

7. Outil de traitement selon la revendication 1, dans lequel le dispositif de commande comporte des ordres de posi-
tionnement de substrat intégrés pour déterminer l’excentricité de substrat.

8. Outil de traitement selon la revendication 1, dans lequel le substrat est une tranche d’apprentissage ou factice
représentative.

9. Outil de traitement selon la revendication 1, comprenant en outre :

une station de maintien de substrat raccordée au cadre et ayant l’élément de station de substrat, l’élément de
station de substrat étant un élément de station déterministe qui définit de manière déterministe une position
prédéterminée d’un substrat en contact avec l’élément de station déterministe, laquelle position prédéterminée
a une relation prédéterminée avec la station de maintien de substrat et identifiant celle-ci ;
dans lequel le transport de substrat est configuré pour déplacer le substrat ; et
dans lequel le dispositif de commande est en outre configuré pour
déterminer, par le biais d’un contact entre le substrat et l’élément de station déterministe, une excentricité
commune du substrat ; et
déterminer l’emplacement de station de substrat de la station de maintien de substrat sur la base de l’excentricité
commune.

10. Outil de traitement selon la revendication 9, dans lequel le dispositif de commande est en outre configuré pour :
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établir un emplacement de l’élément de station déterministe dans un système de coordonnées du transport de
substrat par commande du transport de substrat de sorte que le substrat soit en contact avec l’élément de
station déterministe, et
déterminer une excentricité du substrat.

11. Outil de traitement selon la revendication 10, dans lequel le dispositif de commande est en outre configuré pour :
effectuer un contact itératif entre l’élément de station déterministe et le substrat pour confirmer l’excentricité du
substrat par rapport au système de coordonnées jusqu’à ce que le changement d’excentricité revienne à l’excentricité
commune.

12. Outil de traitement selon la revendication 11, dans lequel le dispositif de commande est configuré pour effectuer
une détermination d’excentricité du substrat pour chaque contact itératif.

13. Outil de traitement selon la revendication 1, comprenant en outre :

un accessoire de station raccordé au cadre et ayant l’élément de station de substrat, l’élément de station de
substrat étant un élément de station déterministe qui définit de manière déterministe une position prédéterminée
d’un substrat en contact avec l’élément de station déterministe, laquelle position prédéterminée a une relation
prédéterminée avec l’emplacement de maintien de substrat de l’accessoire de station et identifiant celui-ci ; et
le substrat est un substrat d’apprentissage ; et
le dispositif de commande est configuré pour déplacer l’appareil de transport de substrat de sorte que le substrat
d’apprentissage se déplace par rapport à l’élément de station déterministe dans une direction commune.

14. Outil de traitement selon la revendication 13, dans lequel le dispositif de commande est configuré pour déterminer
la position prédéterminée du substrat d’apprentissage et l’emplacement de maintien de substrat, où la position du
substrat d’apprentissage et l’emplacement de maintien de substrat sont obtenus par contact entre le substrat d’ap-
prentissage et les éléments de station déterministes.

15. Procédé pour un auto-apprentissage in situ d’un emplacement de station de substrat, caractérisé en ce que le
procédé comprend :

la fourniture d’éléments de station déterministes (1610, 1611, 2710, 2711, 2910, 2911, 3010, 3011) sur une
station de maintien de substrat, les éléments de station déterministes (1610, 1611, 2710, 2711, 2910, 2911,
3010, 3011) définissant de manière déterministe une position prédéterminée d’un substrat (S) en contact avec
les éléments de station déterministes (1610, 1611, 2710, 2711, 2910, 2911, 3010, 3011), laquelle position
prédéterminée a une relation prédéterminée avec la station de maintien de substrat et identifiant celle-ci ;
la détermination, par le biais d’un contact entre le substrat et au moins un élément de station déterministe (1610,
1611, 2710, 2711, 2910, 2911, 3010, 3011), d’une excentricité commune (Δx, Δy) du substrat (S) ; et
la détermination d’un emplacement d’apprentissage de la station de maintien de substrat sur la base de l’ex-
centricité commune (Δx, Δy).
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