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SEMICONDUCTOR WAFER ALIGNMENT

Background of the Invention

The invention pertains to machine vision. It has application, by way of example, in

alignment of wafers during semiconductor wafer fabrication.

Semiconductor chip manufacture is a multistage process in which silicon or other wafers
are subjected to a series of processing steps by modular wafer processing units or “systems.”
Those units, each of which typically performs one or more dedicated processing steps, are ar-
rayed along the floor of a factory or “fab.” Wafers are transported among and between the units

by conveyors, robots and so forth.

Before a wafer can be processed by a processing system, the wafer’s position and align-
ment must be established. This insures that lithography and/or other steps performed by the unit
are properly directed, both with respect to features inherent to the wafer (e.g., directionally-
oriented crystalline structures) and with respect to processing already (or to be) performed on it

by other units.

In most of today’s modular wafer fabrication systems, initial alignment of the wafer is
performed by a mechanical pre-aligner that spins the wafer and uses a linear camera to find the
wafer’s alignment indicator (e.g., a notch or “flat” along the perimeter of the round wafer). Once
it finds the notch (or flat), the pre-aligner spins a chuck and platform on which the wafer sits in
order to orient the wafer to a known angle and, thereby, to ready it for processing within the unit.
The pre-alignér may be used repeatedly during processing of a single wafer and/or prior to its

transfer to another unit in the fab.

A problem with today’s pre-aligners is that they are expensive and slow. They can cost
up to $20,000 and typically require up to five seconds to perform an alignment. Since each addi-
tional second consumed during pre-alignment can cost the fab thousands of dollars, or more, it is
desirable to reduce those timés, as well as the cost of the pre-aligners themselves. Another prob-

lem is that they can be inaccurate and/or require touching the backside of each wafer. Since to-
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day’s pre-aligners spin wafers on a mechanical chuck, they can only be as accurate as allowed by

the mechanical tolerances of the spinning chuck.

An object of the invention is to provide improved methods and apparatus for machine vi-

sion.

A related object is to provide such methods and apparatus as can be applied in semicon-

ductor wafer fabrication.

Still further objects are to provide such methods and apparatus as can be applied in
alignment of wafers.

Yet still further objects of the invention are to provide such methods and apparatus as can

be used in wafer fabrication systems.

Still yet further objects of the invention are to provide such methods and apparatus as op-

erate quickly.

Yet still yet further objects of the invention are to provide such methods and apparatus as

can be implemented at low cost.

Further objects of the invention are to provide such methods and apparatus as improve
the accuracy of pre-aligners so as to handle the smaller tolerances of each successive generation

of semiconductor manufacturing technology.

Still further objects of the invention are to provide such methods and apparatus as facili-
tate the use of pre-aligners that avoid touching the backside of wafers that are being processed

and that, therefore, improve yield by reducing contamination.

Still yet further objects of the invention are to provide such methods and apparatus as can

be used with extant and future wafer fabrication processes and equipment.

-2-
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Summary of the Invention

The foregoing are among the objects attained by the invention which provides, in some
aspects, a wafer alignment system comprising an image acquisition device, an illumination
source, a rotatable wafer platform, and an image processor that includes functionality for map-
ping coordinates in an image of an article (such as a wafer) on the platform to a “world” frame of

reference at each of a plurality of angles of rotation of the platform.

Related aspects of the invention provide a wafer alignment system as described above in
which the platform holds the article (e.g., wafer) on a plane having a normal that precesses as the

platform rotates.

Further related aspects of the invention provide such systems in which the platform is
disposed on and rotationally coupled to a chuck, the axis of rotation of which is not normal to the
holding plane of the platform. Accordingly, the platform rotates as the chuck rotates and the

normal to the platform’s holding plane precesses during the course of that rotation.

In other aspects, the invention provides such systems in which the world frame of refer-
ence is independent of one or more frames of reference defined by the platform, e.g., at its vari-

ous angles of rotation. In further related aspects of the invention, the world frame of reference is

planar.

According to further aspects of the invention, the mapping functionality comprises a dis-
crete function, mapping coordinates in an image of an article (e.g., wafer) on the platform to the
world frame of reference for each of two or more discrete angles of the platform. In other as-
pects of the invention, the mapping functionality comprises a continuous function, mapping co-
ordinates in an image of an article (e.g., wafer) on the platform to the world frame of reference as

a continuous function of the angle of the platform.

In still further aspects, the invention provides a system as described above in which the il-

lumination source provides backlighting for the article (e.g., wafer) on the platform. In related

-3-
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aspects, the source provides that backlighting at an angle parallel to the normal to the holding
plane of the platform. In still further related aspects of the invention, the source is disposed in
the holding plane of the platform. In yet further related aspects of the invention, the source com-
prises a planar source that is disposed between the article (e.g., wafer) and the platform. Ac-
cording to further related aspects of the invention, the source comprises an electroluminescent

light source.

Other aspects of the invention provide a system as described above in which the image
acquisition device is arranged to acquire an image of the entire article (e.g., wafer) — or, at least,
of a sufficient portion thereof to enable determination of the article’s (or a characteristic’s

thereof) position and/or orientation — in a single field of view.

Still other aspects of the invention provide a system as described above in which the im-
age processor comprises functionality for determining at least one of a position and orientation of
an article disposed on the platform as a function of one or more features shown in the image
(e.g., in the frame of reference of the image acquisition device and/or in the world frame of ref-

erence).

Further aspects of the invention provide methods for wafer alignment paralleling opera-
tion of the system described above. Such aspects include, for example, acquiring an image of an
article (e.g., wafer) on the platform, determining in the frame of reference of the image acquisi-
tion device any of a position and orientation of the article (or of a feature thereon), and convert-
ing that position and/or orientation to the world frame of reference. The position and/or orienta-

tion so converted can be used, e.g., by a robotic arm (or otherwise) to position the article for fur-

ther processing or inspection.

These and other aspects of the invention are evident in the drawings and in the descrip-

tion that follows.
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Brief Description of the Drawings

A more complete understanding of the invention may be attained by reference to the

drawings, in which:

Figure 1 depicts a wafer fabrication facility of the type in which the invention is prac-

ticed; and

Figures 2A and 2B depict further details of a wafer alignment subsystem (or pre-aligner)
of the type used in a wafer processing system of Figure 1.
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Detailed Description of the Illustrated Embodiment

Figure 1 depicts a wafer fabrication facility 10 including a plurality of wafer processing
units or systems 12 — 16. The facility 10 can be wafer “fab,” foundry, laboratory or any other
fabrication facility of the type known in the art. The wafer processing systems 12 — 16 are also
of the type known in the art for performing processing steps, such as lithography, and so forth,
on wafers. One or more of those units may be adapted to include a wafer pre-alignment subsys-

tem according to the invention, as described below and elsewhere herein.

In the illustrated embodiment, those units 12 — 16 are arrayed along a floor of the facility
10, though, in other embodiments they may be disposed otherwise (e.g., in separate processing
areas of a single facility, dispersed among remote facilities, and so forth). Wafers are transported
among and between the units 12 — 16 by fully-, semi-, or non-automated mechanisms, such as
conveyors (not shown), robotic arms 18, manual labor (not shown) and so forth, all as known in

the art. One such wafer 20 is shown in an end effector of arm 18.

Each system 12 — 16 includes one or more subsystems that perform the wafer processing
steps of the respective system. Four such subsystems 22 — 28 are shown with respect to system
12. These include a wafer alignment subsystem 22 according to the invention, as well as three
other subsystems of the type known in the art for lithography or other wafer processing steps.
Robotic arm 29 or another conveyance (not shown) can be provided within the system 12 for
moving the wafer among and between subsystems, e.g., in the conventional manner known in the
art. A local controller 32 can also be provided, e.g., for controlling operations within the system
12 in the conventional manner known in the art (as adapted to the teachings hereof), as well as

for coordinating operations with the other systems, e.g., via a system controller 34 that controls

-overall system operations (including that of arm or conveyance 18) in the conventional manner

known in the art (again, as adapted to the teachings hereof). It will be appreciated that a greater
or lesser number of subsystems and/or conveyances may be used in system 12, and that the other

systems 14 — 16 may be similarly configured.
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Wafer alignment subsystem (or “pre-aligner”) 22 determines the position and/or align-
ment (preferably, both) of a wafer 30 in the respective system 12. This insures, for example, that
lithography and/or other steps performed by the system 12 are properly directed, both with re-
spect to features inherent to the wafer 30 (e.g., directionally-oriented crystalline structures) and
with respect to processing already (or to be) performed on it by other systems 14 — 16.

More pafticularly, pre-aligner 22 determines a location of a center and/or other feature of
wafer 20. That other feature can be, for example, the wafer’s characteristic “flat” or “notch.” As
well, it can be an alignment mark or other pattern etched or otherwise extent, e.g., on the surface
of the wafer. In addition, the pre-aligner 22 determines an orientation of the wafer. In accord
with convention, in the illustrated embodiment, this represents an angle of rotation of the wafer

flat or notch, though, other embodiments may utilize other features for such orientation determi-

nation.

Once it determines the location and/or orientation of the wafer 30, the pre-aligner 22
communicates that to the controller 32 or other components of the illustrated facility 10 so that
the wafer can be moved by arms or other conveyances 18, 29 and processed further within sys-
tem 12, within one or more other systems 14 — 16, or within the facility 10 as a whole. The pre-
aligner 22 communicates location and/or orientation information in a “world” frame of reference
(FoR) system 36 that is common to the systems 12 — 16, though, in other embodiments it may be
common only to the respective system 12, one or more other systems 14 — 16, and/or the facility
10 as a whole. To this end, pre-aligner 22 converts information discerned from images acquired

by its camera 40 from the FoR of that camera to the world FoR, as discussed further below and

elsewhere herein.

Figure 2A depicts further details of a wafer alignment subsystem (or pre-aligner) 22 of
Figure 1. The subsystem 22 includes an image acquisition device (or camera) 40, an illumina-
tion source 42, a wafer chuck 44 and platform 46 and an image processor 48, all arranged as
shown in the drawing. A frame 50 or other structural element provides rigid support for camera

40 relative to the chuck and platform 44 — 46, also as shown. Notwithstanding the particular
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configuration shown in the drawing, those skilled in the art will appreciate that elements 42 — 50

can be arranged in other ways in accord with the teachings hereof.

Camera 40 comprises a conventional image acquisition device of the type used in the art.
Preferably, it is positioned and configured to obtain an image of an entire wafer 30 in a single
field of view (FoV) 41, thus, eliminating the need to acquire multiple disparate images in order
to discern the position and/or location of the wafer. A benefit of the illustrated pre-aligner is that
camera 40 can be of relatively low resolution, e.g,. with image pixels that resolve to 650 mi-
crons (or better) on the wafer 30 surface and, yet, still permit resolution of wafer location and
position to 20 microns (or better). A preferred camera 40 is an In-Sight® available from the as-

signee hereof.

Source 42 illuminates features of the wafer 30 used for position and/or orientation deter-
mination. In the illustrated embodiment, the source 42 backlights the wafer 30 in order to em-
phasize its perimeter in images that camera 40 acquires and that image processor 48 processes
for position and/or orientation determination. Preferably, as in the illustrated embodiment, such
backlighting is provided by‘a low-profile element providing uniform illumination disposed, e.g.,
at the same level as the platform 46 and just below the wafer 32. Preferably this is accomplished
with a circular-shaped platform with a diameter slightly smaller than the wafer and an annular-
shaped backlight whose inner diameter is larger than the platform and whose outer diameter is
larger than the wafer. Such an element 42 can be fabricated in the manner of the illumination
source described in copending, commonly-assigned United States Patent Application Serial No.
11/162,540, filed September 14, 2005, entitled “Method and Apparatus for Backlighting a Wafer

during Alignment,” the teachings of which are incorporated herein by reference.

Platform 46 holds the wafer 30 for imaging by camera 40 and rotation by chuck 44, To
this end, the platform defines an imaginary plane 52 in which the wafer 30 is held, e.g., by fric-
tion, suction, or otherwise. In the illustrated embodiment, that plané 52 is generally normal to an
axis of a cone defining the FoV 41 of camera 40, though, in other embodiments, the plane and
camera may be oriented otherwise. The plane 52 is, moreover, generally — though, as discussed

below, not fully — normal to an axis of rotation 53 of the chuck 44 on which it (the plane 52) is

-8-
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disposed and to which it is rotationally coupled, in the manner known in the art. The chuck is,
itself, disposed on and rotationally coupled to a computer-controlled motor 54, as shown, in the

manner known in the art.

Referring to Figure 2B, a benefit of the illustrated pre-aligner is that the holding plane 52
defined by the platform 46 need not be normal to the axis of rotation 53 of the chuck (and, hence,
the chuck and 46 can be of the less expensive variety known in the art). Indeed, in the illustrated
embodiment, the holding plane 52 is disposed at a non-normal (i.e., non-90° angle) a to the axis
53, where a is between 0 0.5 degrees and, preferably, not more than 1.5 degrees. As a conse-
quence, a normal 56 to holding plane 52 precesses (or wobbles) as the chuck 44 rotates. As a
further consequence, frames of reference established by the plane 52 vary with the angle of rota-
tion @ of the platform 46. Or, put another way, the world frame of reference is independent
of — though, as discussed below, mappable to — frames of reference established by the rotating

platform at its various angles.

Referring back to Figure 2A, although the chuck and platform 44 — 46 are shown sepa-
rately from other components of the system 12, in some embodiments, they form part of the ro-
botic arm 29 (and, particularly, of the end effector thereof), or of other components of the system
12 or facility 10. .

Image processor 48 comprises a general- or special-purpose digital data processor of the
type known in the art for analyzing images generated by camera 40, e.g., to identify the coordi-
nates of features therein and to perform transformations thereon. To this end, the image proces-
sor 48 includes a ceniral processing unit (not shown), memory (not shown) and input/output in-
terface (not shown), all of the conventional type for executing sofiware, e.g., stored in the mem-
ory. In the illustrated embodiment, that software causes the image processor 48 to perform the

following functions:

1. Trigger camera 40 and capture an image of wafer 30 on platform 46, e.g., in the con-
ventional manner known in the art. This functionality is represented by acquisition

module 60 in the drawing.



10

15

30

WO 2008/024476 PCT/US2007/018752

2. Analyze an image so captured to identify the location of a center of the wafer 30
and/or of other features thereof (such as the wafer’s characteristic flat, notch, or oth-
erwise, as discussed above) in the FoR of the camera (and, particularly, the FoR of
the captured image), e.g., in the conventional manner known in the art (see, for ex-
ample, U.S. Patent 5,825,913, System for Finding the Orientation of a Wafer, the
teachings of which are incorporated herein by reference). This functionality is repre-

sented by analysis module 62 in the drawing.

3. Map the locations so determined from coordinates in the FoR of the image to the co-
ordinate in the world FoR as discussed below. This functionality is represented by

mapping module 64 in the drawing.

4. Determine the orientation of the wafer from the mapped locations. Once the mapped
locations are determined, as discussed above, the orientation can be determined in the
conventional manner known in the art. This functionality is represented by orienta-

tion module 66 in the drawing.

5. Send the mapped location(s) and orientation determined therefrom to the controllers
32 and/or 34 so that the wafer 30 can be moved or processed further as discussed

above.

Of course, it will be appreciated that the functionality of modules 60 — 66 may be com-
bined in fewer modules and/or distributed among a greater number, indeed, including to among

components of the pre-aligner 22 or system 12 or otherwise.

With respect to module 64, the pre-aligner 22 maps locations determined by module 62
using a mapping function that relates coordinates in the FoR of the wafer image acquired by
module 60 to the coordinates in the world FoR. The mapping function, which can be continuous

or discrete, defines that relation as a function of the angular rotation of the computer-controlled

chuck and platform 44, 46, e.g., as expressed below:

-10-
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[xa y]F oR(world) = f( [x7Y] FoR(image)> c‘)playarm) Eq. 1
where,

[X,Y)Forpwortay is @ coordinate in the world frame of reference;
[X,Y]Forfiamge is a coordinate in the image frame of reference;
Wplatform 1S an angle of rotation of the chuck and platform 44, 46

As those skilled in the art will appreciate from the text above, because holding plane 52
established by the platform 46 is not normal to the axis 53, the function f of Eq. 1 varies with .
In the illustrated embodiment, that function f'is determined empirically, e.g., during assembly or
installation of the system 12, pre-aligner 22, by the following steps:

1. placing the chuck and platform 44 — 46 at a known angle of rotation ®;

2. placing on platform 46 a calibration card or plate (e.g., of overall dimensions similar
to a silicon wafer 30) having one or more reference markings whose locations are
known in the world FoR (e.g., as determined by independently measuring the location
of the calibration card/plate and/or its attendant reference markings from a known

reference point or points in the world FoR);
3. imaging the calibration card or plate so marked with camera 40,

4. comparing the coordinates of the reference marks shown in the image (i.e., the image

FoR coordinates) with the corresponding world FoR coordiantes;

5. constructing a discrete look-up table and/or a continuous mathematical function (e.g.,
by quadratic fitting) from the results of such comparison, which function serves in the

manner of Eq. 1, above, for the given angle of rotation w,

-11-



10

15

30

WO 2008/024476 PCT/US2007/018752

6. repeating steps 1 — 5 for at least one other angle of rotation (and, preferably, for many

other angles of rotation) of the chuck and platform 44 — 46.

Of course, steps 1 — 6 represent just one way to create the function . Those skilled in the
art will appreciate that the function can be constructed in other ways in view of the teachings

hereof.

Described above are methods and apparatus meeting the objects set forth earlier, among
others. This includes, among other things, improving pre-aligner accuracy so as to handle the
small and increasingly smaller tolerances of today’s and successive generations of semiconduc-
tor manufacturing technology. Those skilled in the art will appreciate that the illustrated em-
bodiments are merely examples of the invention and that other embodiments incorporating modi-
fications thereto fall within the scope of the invention. Thus, by way of example, it will be ap-
preciated that a pre-aligner according to the invention can be utilized with an edge-gripping rota-
tion station that avoids touching the backside of wafers in process and, thereby, minimizes the

risk of contamination. In view of the foregoing, what we claim is:

-12-
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Claims

A wafer alignment system, comprising
A. a rotatable platform,

B. an image acquisition device having a field of view that includes at least a portion of a wa-

fer on the platform,

C. an illumination source that illuminates at least a portion of the wafer,

D. an image processor that is coupled to the image acquisition device and that processes an
image showing one or more characteristics of the wafer in a first frame of reference, the
image processor determining therefrom a position and/or orientation of the wafer, or a

portion thereof, in a second frame of reference, and

E. the image processor including a mapping element that maps coordinates in the first frame
of reference to coordinates in the second frame of reference at each of a plurality of an-

gles of rotation of the platform.

2. The wafer alignment system of claim 1, wherein the platform holds the wafer on a plane

having a normal that precesses as the platform rotates.

The wafer alignment system of claim 2, wherein the platform is disposed on and rotation-
ally coupled to a chuck, the axis of rotation of which is not normal to the holding plane of

the platform.

4. The wafer alignment system of claim 3, wherein the platform rotates as the chuck rotates
and the normal to the platform’s holding plane precesses during the course of that rota-

tion.

-13-
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10.

11.

12.

13.

The wafer alignment system of claim 1, wherein the second frame of reference is inde-
pendent of one or more frames of reference defined by the platform at one or more angles

of rotation thereof.

The wafer alignment system of claim 1, wherein the second frame of reference is a pla-

nar.

The wafer alignment system of claim 1, wherein the mapping element comprises a dis-
crete function that maps coordinates in an image of the wafer on the platform to the sec-

ond frame of reference for each of two or more discrete angles of the platform.
The wafer alignment system of claim 1, wherein the mapping element comprises a con-
tinuous function that maps coordinates in an image of the wafer on the platform to the

second frame of reference as a continuous function of the angle of the platform.

The wafer alignment system of claim 1, wherein the illumination source provides back-

lighting for the wafer on the platform.

The wafer alignment system of claim 9, wherein the illumination source provides that

backlighting at an angle parallel to the normal to the holding plane of the platform.

The wafer alignment system of claim 9, wherein the illumination source is disposed in

the holding plane of the platform.

The wafer alignment system of claim 11, wherein the illumination source comprises a

planar source that is disposed between the wafer and the platform.

The wafer alignment system of claim 9, wherein the illumination source comprises an

electroluminescent light source.

-14-
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14.

15.

16.

17.

18.

The wafer alignment system of claim 1, wherein the image acquisition device is arranged

to acquire an image of the entire wafer in a single field of view.

The wafer alignment system of claim 1, wherein the image processor further comprises
functionality that determines the position and/or orientation of the wafer, or a portion
thereof, in any of the first and second frames of reference as a function of one or more

features shown in the image.
A method of wafer alignment comprising

acquiring an image of a wafer that is disposed on a rotatable platform, the image showing

one or more characteristics of the wafer in a first frame of reference,

processing the image to determine therefrom a position and/or orientation of the wafer, or

a portion thereof, in a second frame of reference,

the processing step including determining the position and/or orientation by using a map-
ping element that maps coordinates in the first frame of reference to coordinates in the

second frame of reference at each of a plurality of angles of rotation of the platform, and

using the position and/or orientation determined in step (B) to position the wafer for any

of processing and inspection.

The method of claim 16, wherein the platform holds the wafer on a plane having a nor-

mal that precesses as the platform rotates.

The method of claim 16, wherein the second frame of reference is independent of one or
more frames of reference defined by the platform at one or more angles of rotation

thereof.

-15-
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19.

20.

21.

The method of claim 16, comprising backlighting the wafer during acquisition of the im-

age in step (A).

The method of claim 19, comprising disposing an illumination source between the wafer

and the platform.

The method of claim 19, comprising backlighting the wafer with a planar, electrolumi-

nescent light source.

-16-
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