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NON-HARMONIC CYCLIC ERROR COMPENSATION
IN INTERFEROMETRIC ENCODER SYSTEMS

BACKGROUND

Interferometric measuring systems can be used to monitor changes in the
relative position of a measurement object based on an optical interference signal. For
example, an interferometer generates the optical interference signal by overlapping
and interfering a “measurement beam” that interacts with (e.g., reflects from) from the
measurement object with a second beam, sometimes called a “reference beam” that
does not interact with the measurement object. Changes in the relative position of the
measurement object correspond to changes in the phase of the measured optical
interference signal.

However, many interferometric measuring systems include nonlinearities such
as what are known as “cyclic errors.” The cyclic errors can be expressed as
contributions to the phase and/or the intensity of the measured interference signal and
have a sinusoidal dependence on the change in an optical path difference between the
measurement beam and the second beam. The cyclic errors can be produced as a
result of “beam mixing” (where a portion of an input beam that nominally forms the
reference beam propagates along a measurement path and/or vice versa) and
imperfections in interferometer components (e.g., retro-reflectors and phase
retardation plates). In some cases, non-harmonic cyclic errors (“Ce Nh”) are
produced when a portion of the measurement beam and/or reference beam makes one
or more passes through a partial measurement beam path. These cyclic errors have a
frequency shift (i.e., the “Doppler” frequency) that is a non-integer multiple of the
frequency difference between the components of the original input beam.

Another type of cyclic error includes the axis-dependent cyclic error (“CE
Ad”). Axis-dependent cyclic errors may occur with changes in the relative position of
the measurement object along multiple axes of motion. These cyclic errors have a
cyclic error frequency ratio (i.e., ratio of cyclic error frequency shift to Doppler
frequency) that is axis-dependent. For example, a different cyclic error frequency

ratio may occur depending on whether the relative motion of the measurement object
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is along the X or Z direction. Both non-harmonic and axis-dependent cyclic errors
can cause errors that are substantially larger in interferometric encoder systems
compared to other types of interferometers. For example, a given cyclic error signal
ratio can result in a larger position error (e.g., about three times as large) because the
grating period of an encoder scale is generally coarser than the interference period of
a comparable non-encoder based interferometer. Increased errors also can occur due
to the reduced contrast (i.e., the ratio of time varying “AC” component of the
interferometry signal relative to the background “DC” component of the
interferometry signal) of interferometric encoder systems relative to other comparable
interferometers.

In general, electronic compensation cannot correct for cyclic errors having
non-harmonic or axis-dependent characteristics. Conventional methods of electronic
compensation generate integer harmonics of the Doppler signal with simple
trigonometric manipulations, and cannot compensate non-harmonic cyclic errors.
Conventional methods of electronic compensation process signals from a single axis
without consideration of other axes, and cannot compensate axis-dependent cyclic
errors. Although filtering of CE Nh and CE Ad errors can be used in place of
electronic compensation while the measurement object is in motion, filtering fails to
correct for such errors during applications in which the speed of the relative motion is

low, e.g., during alignment.

SUMMARY

The present disclosure relates to non-harmonic cyclic error compensation in
interferometric encoder systems.

In a preferred embodiment, an interferometric encoder system is disclosed that
includes control electronics configured to characterize non-harmonic cyclic errors, in
which a cyclic error frequency shift is a non-integer multiple of a Doppler frequency,
and/or axis-dependent cyclic errors, in which a ratio of a cyclic error frequency shift
to the Doppler frequency depends on the axis of motion, and compensate an
interference signal or signals for those errors.

Compensation of the interference signal(s) can include, for example,
generating one or more complex prototype signals that represent the frequency or

frequencies of non-harmonic cyclic errors, calculating coefficients that characterize
2
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the corresponding cyclic errors, generating compensation signals substantially similar
to the cyclic errors, and compensating a complex representation of the interference
signal(s) using the compensation signals. Compensation can further include, for
example, reducing a magnitude of sideband frequencies that appear when generating a
complex prototype signal representative of a non-harmonic cyclic error. Alternatively,
or in addition, compensation can include, for example, generating a complex
prototype signal that represents the frequency or frequencies of axis-dependent cyclic
errors, and compensating a complex representation of the interference signal based on
the complex prototype signal representative of the axis-dependent error(s). Such
compensation also can include, for example, reducing a magnitude of one or more
sideband frequencies associated with the complex prototype signal representative of
the axis-dependent error(s). In some implementations, the compensation procedure
includes storing one or more previously calculated compensation coefficients when a
relative speed of an encoder scale (or interferometer) is below a specified threshold or
when the relative speed of an encoder scale (or interferometer) renders it impractical
to calculate a proper coefficient.

In some implementations, compensation of the interference signal also can
include compensation of baseband Doppler, negative Doppler, and zero-Doppler
cyclic errors. In some implementations, compensation can also include adjusting a
cyclic error frequency ratio of non-integer compensation.

More generally, an innovative aspect of the subject matter described in this
specification can be embodied in methods that include the actions of: obtaining, from
a detector of an interferometry system, an interference signal based on a combination
of a first beam and a reference beam, subsequent to the first beam being diffracted
from an encoder scale; obtaining, through an electronic processor, an error
compensation signal based on a non-harmonic cyclic error that modifies the
interference signal; and outputting information about a change in a position of the
encoder scale relative to an optical assembly of the interferometry system based on
the interference signal and the error compensation signal.

Other embodiments of this aspect include corresponding computer systems,
apparatus, and computer program products encoded on computer-readable media,

each operable to cause a data processing apparatus to perform the actions of the
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methods. A system of one or more computers can be configured to perform particular
operations or actions by virtue of having software, firmware, hardware, or a
combination of them installed on the system that in operation causes the system to
perform the actions. One or more computer program products can be configured to
perform particular operations or actions by virtue of including instructions that, when
executed by data processing apparatus, cause the apparatus to perform the actions.

The foregoing and other embodiments can each optionally include one or
more of the following features, alone or in combination. For example, the non-
harmonic cyclic error can cause a frequency shift in the interference signal equal to a
non-integer multiple of a Doppler frequency.

In some implementations, the actions can further include providing an input
beam, and deriving the first beam from the input beam, in which the Doppler
frequency corresponds to a shift in frequency difference between the first beam and
the reference beam caused by motion of the encoder scale.

In some implementations, the actions can further include applying a frequency
transform to the interference signal to generate a transformed measurement signal in
complex space, and modifying the transformed measurement signal based on the error
compensation signal to obtain a compensated measurement signal having an
attenuated non-harmonic cyclic error, in which the error compensation signal is a
signal in complex space. Modifying the transformed measurement signal can include
deducting (e.g., adding or subtracting) the error compensation signal from the
transformed measurement signal.

Obtaining the error compensation signal can include, for example,
compensating the transformed measurement signal based on at least one of a negative
Doppler shift error, a baseband Doppler shift error, or a zero Doppler shift error to
provide a partially compensated measurement signal. Obtaining the error
compensation signal can include, for example, calculating a complex prototype signal
based on the partially compensated measurement signal, in which the complex
prototype signal represents a frequency of the non-harmonic cyclic error signal
associated with the interference signal. In some implementations, obtaining the error
compensation signal can include delaying the partially compensated measurement

signal, obtaining a conjugate of the partially compensated measurement signal, and
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multiplying the complex prototype signal and the conjugate of the partially
compensated measurement signal to obtain an output signal, in which the output
signal corresponds to a frequency difference between the partially compensated
measurement signal and the complex prototype signal. Obtaining the error
compensation signal can include, for example, passing the output signal through a
lowpass filter to obtain a non-harmonic cyclic error coefficient term, in which the
non-harmonic cyclic error coefficient term includes a complex factor relating to an
amplitude and an offset phase of the non-harmonic cyclic error, multiplying a
conjugate of the of the non-harmonic cyclic error coefficient term with the complex
prototype signal to obtain a non-harmonic correction signal, and adding the non-
harmonic cyclic error correction signal to one or more other correction signals to
provide the cyclic error compensation signal. In some implementations, the actions
can further include storing the non-harmonic cyclic error coefficient term in a register.

In some implementations, calculating the complex prototype signal can
include calculating a time-varying phase of the non-harmonic cyclic error, calculating
an initial complex prototype signal based on the time-varying phase of the non-
harmonic cyclic error, in which the initial complex prototype signal is representative
of the frequency of the non-harmonic cyclic error signal, calculating a magnitude
compensation signal based on a magnitude of the partially compensated measurement
signal, calculating a partially attenuated prototype signal by multiplying the
magnitude compensation signal and the initial complex prototype signal, and
selectively attenuating the partially attenuated prototype signal to obtain the complex
prototype signal.

In some implementations, the time-varying phase of the non-harmonic cyclic
error can be based on a ratio of a non-harmonic cyclic error frequency shift to a
Doppler frequency. In some implementations, the actions further can include
adjusting the ratio based at least in part on one or more non-harmonic cyclic error
compensation coefficients.

In some implementations, calculating the partially attenuated prototype signal
includes attenuating a signal component of the initial prototype signal at a frequency
equal to the Doppler frequency. In some implementations, selectively attenuating the

partially attenuated prototype signal includes attenuating a signal component of the
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partially attenuated prototype signal at a frequency defined by a difference between
the Doppler frequency and the frequency of the non-harmonic cyclic error signal.
Selectively attenuating the partially attenuated prototype signal can further include,
for example, calculating one or more sideband compensation signals, and deducting
the one or more sideband compensation signals from the partially attenuated
prototype signal. Calculating the one or more sideband compensation signals can, for
example, be based on a non-harmonic cyclic error coefficient term. In some
implementations, the actions can further include storing the non-harmonic cyclic error
coefficient term in a register. The non-harmonic cyclic error coefficient term can be
stored, for example, when a difference between the Doppler frequency and a non-
harmonic error frequency is below a specified threshold. In some implementations,
the actions can further include storing the non-harmonic cyclic error coefficient term
when a speed of the encoder scale relative to the optical assembly along a first
direction is below a specified threshold.

In some implementations, the actions can further include calculating at least
one of a position of the encoder scale along a first direction or a motion of the encoder
scale along the first direction based on the compensated measurement signal.

In some implementations, the first beam is twice diffracted from the encoder
scale. The first beam and the second beam can be derived from a common source.
The encoder scale can include a grating. The grating can include, for example, a one-
dimensional grating or a two-dimensional grating.

Another innovative aspect of the subject matter described in this specification
can be embodied in methods that include the actions of: obtaining a first interference
signal based on interference of a first measurement beam with a reference beam,
subsequent to the first measurement beam being diffracted by an encoder scale, the
first interference signal being in complex space; obtaining a second interference
signal based on interference of a second measurement beam with the reference beam,
subsequent to the second measurement beam being diffracted by the encoder scale,
the second interference signal being in complex space, in which each of the first
interference signal and the second interference signal is associated with a first cyclic
error shift in frequency based on motion of the encoder scale along a first direction

parallel to the encoder scale, and with a second cyclic error shift in frequency based
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on motion of the encoder scale along a second different direction perpendicular to the
first direction; obtaining, through an electronic processor, a first error compensation
signal and a second error compensation signal; and outputting information about a
change in a position of the encoder scale relative to an optical assembly based on at
least a first combination of the first error compensation signal with the first
interference signal or a second combination of the second error compensation signal
with the second interference signal.

Other embodiments of this aspect include corresponding computer systems,
apparatus, and computer program products encoded on computer-readable media,
each operable to cause a data processing apparatus to perform the actions of the
methods. A system of one or more computers can be configured to perform particular
operations or actions by virtue of having software, firmware, hardware, or a
combination of them installed on the system that in operation causes the system to
perform the actions. One or more computer program products can be configured to
perform particular operations or actions by virtue of including instructions that, when
executed by data processing apparatus, cause the apparatus to perform the actions.

The foregoing and other embodiments can each optionally include one or
more of the following features, alone or in combination. For example, a first ratio of
the first cyclic error frequency shift to a first Doppler shift caused by motion in a first
direction can be different from a second ratio of the second cyclic error frequency
shift to a second Doppler shift caused by motion in a second direction.

The actions can further include, for example, providing an input beam, and
deriving the first measurement beam and the second measurement beam from the
input beam. The first ratio can be, for example, an integer number and the second
ratio can be a non-integer number. In some implementations, obtaining the first error
compensation signal and the second error compensation signal can include
compensating the first interference signal and the second interference signal based on
at least one of a negative Doppler shift error, a baseband Doppler shift error, or a zero
Doppler shift error to obtain a first partially compensated measurement signal and a
second partially compensated measurement signal, respectively.

In some implementations, obtaining the first error compensation signal and the

second error compensation signal further can include calculating a first complex
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prototype signal and a second complex prototype signal, respectively, in which the
first complex prototype signal represents a frequency of a first non-harmonic cyclic
error associated with the first interference signal, and the second complex prototype
signal represents a frequency of a second non-harmonic cyclic error associated with
the second interference signal.

In some implementations, obtaining the first error compensation signal and the
second error compensation signal further can include delaying each of the first
partially compensated measurement signal and the second partially compensated
measurement signal, obtaining a first conjugate of the first partially compensated
measurement signal and a second conjugate of the second partially compensated
measurement signal, and multiplying the first complex prototype signal by the first
conjugate to obtain a first output signal, and the second complex prototype signal by
the second conjugate to obtain a second output signal, in which the first output signal
corresponds to a frequency difference between the first partially compensated
measurement signal and the first complex prototype signal, and the second output
signal corresponds to a frequency difference between the second partially
compensated measurement signal and the second complex prototype signal.

In some implementations, obtaining the first error compensation signal and the
second error compensation signal further can include passing each of the first output
signal and the second output signal through corresponding lowpass filters to obtain a
first non-harmonic cyclic error coefficient term and a second non-harmonic cyclic
error coefficient term, respectively, in which the first non-harmonic cyclic error
coefficient term includes a complex factor relating to an amplitude and an offset
phase of the non-harmonic cyclic error associated with the first interference signal,
and the second non-harmonic cyclic error coefficient term includes a complex factor
relating to an amplitude and offset phase of the non-harmonic cyclic error associated
with the second interference signal, multiplying a conjugate of the first non-harmonic
cyclic error coefficient term with the first complex prototype signal to obtain a first
non-harmonic correction signal, and multiplying a conjugate of the second non-
harmonic cyclic error coefficient term with the second complex prototype signal to
obtain a second non-harmonic correction signal, and adding one or more other

correction signals to each of the first non-harmonic cyclic error correction signal and
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the second non-harmonic cyclic error correction signal to provide the first cyclic error
compensation signal and the second cyclic error compensation signal, respectively.

The actions can further include, for example, storing the first non-harmonic
cyclic error coefficient term and the second non-harmonic cyclic error coefficient
term in one or more registers when a speed of the encoder scale relative to the optical
assembly along a first direction is below a specified threshold.

In some implementations, calculating the first complex prototype signal and
the second complex prototype signal can include calculating a first time-varying
phase associated with the first non-harmonic cyclic error and a second time-varying
phase associated with the second non-harmonic cyclic error, calculating a first initial
complex prototype signal and a second initial complex prototype signal based on the
first time-varying phase and the second time-varying phase, respectively, in which the
first initial complex prototype signal is representative of a non-harmonic error signal
frequency associated with the first interference signal, and the second initial complex
prototype signal is representative of a non-harmonic signal frequency associated with
the second interference signal, calculating a first magnitude compensation signal and
a second magnitude compensation signal based on the first partially compensated
measurement signal and the second partially compensated measurement signal,
calculating a first partially attenuated prototype signal by multiplying the first
magnitude compensation signal and the first initial complex prototype signal,
calculating a second partially attenuated prototype signal by multiplying the second
magnitude compensation signal and the second initial complex prototype signal, and
selectively attenuating the first partially attenuated prototype signal and the second
partially attenuated prototype signal.

In some implementations, selectively attenuating the first partially attenuated
prototype signal includes attenuating two or more first signal components of the first
partially attenuated prototype signal, and selectively attenuating the second partially
attenuated prototype signal includes attenuating two or more second signal
components of the second partially attenuated prototype signal.

In some implementations, calculating the first partially attenuated prototype
signal includes attenuating two or more first signal components of the first initial

complex prototype signal, at least one of the first signal components occurring at a
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frequency equal to a first Doppler frequency, and calculating the second partially
attenuated prototype signal includes attenuating two or more second signal
components of the second initial complex prototype signal, at least one of the second
signal components occurring at a frequency equal to a second Doppler frequency.
The first Doppler frequency can represent a shift in a frequency difference between
the first measurement beam and the reference beam, and the second Doppler
frequency can represent a shift in a frequency difference between the second
measurement beam and the reference beam.

In some implementations, selectively attenuating the first partially attenuated
prototype signal and the second partially attenuated prototype signal includes
calculating one or more first sideband compensation signals, deducting the one or
more first sideband compensation signals from the first partially attenuated prototype
signal, calculating one or more second sideband compensation signals, and deducting
the one or more second sideband compensation signals from the second partially
attenuated prototype signal.

In some implementations, calculating the one or more first sideband
compensation signals is based in part on a first non-harmonic cyclic error coefficient
term, and calculating the one or more second sideband compensation signals is based
in part on a second non-harmonic cyclic error coefficient term.

In some implementations, each of the time-varying phases of the first and
second non-harmonic cyclic errors is based at least in part on a time-varying phase of
the first interference signal, a time-varying phase of the second interference signal, a
first ratio of a non-harmonic cyclic error frequency shift to a Doppler frequency based
on motion of the encoder scale along a first direction parallel to the encoder scale, and
a second ratio of a non-harmonic cyclic error frequency shift to a Doppler frequency
based on motion of the encoder scale along a second different direction orthogonal to
the first direction.

In some implementations, the actions can further include adjusting the second
ratio based at least in part on one or more non-harmonic cyclic error compensation
coefficients.

In some implementations, the actions can further include modifying the first

interference signal based on the first error compensation signal to obtain a first
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compensated measurement signal, modifying the second interference signal based on
the second error compensation signal to obtain a second compensated measurement
signal, and calculating, based on the first compensated measurement signal and the
second compensated measurement signal, at least one of a position of the encoder
scale or a motion of the encoder scale. Modifying the first interference signal can
include, for example, deducting the first error compensation signal from the first
interference signal, and modifying the second interference signal can include, for
example, deducting the second error compensation signal from the second
interference signal

Obtaining the first interference signal can include, for example, obtaining,
from a first detector of the interferometry system, a first detected signal, the first
detected signal representing the interference of the first measurement beam with the
reference beam, and applying a frequency transform to the first detected signal to
generate the first interference signal in complex space, and obtaining the second
interference signal can include obtaining, from a second detector of the interferometry
system, a second detected signal representing the interference of the second
measurement beam with the reference beam, and applying the frequency transform to
the second detected signal to generate the second interference signal in complex space

Another innovative aspect of the subject matter described in this specification
can be embodied in an apparatus that includes: an interferometry system configured
to, during operation of the apparatus, combine a measurement beam diffracted from
an encoder scale and a reference beam to produce an output beam corresponding to an
interference signal, in which at least one of the encoder scale and an optical assembly
of the interferometry system is moveable with respect to the other; and an electronic
processor. The electronic processor can be configured to, during operation of the
apparatus, perform operations that include: obtaining the interference signal from a
detector of the interferometry system; obtaining an error compensation signal based
on a non-harmonic cyclic error that modifies the interference signal; and outputting
information about a change in a position of the encoder scale relative to the optical
assembly based on the interference signal and the error compensation signal.

Another innovative aspect of the subject matter described in this specification

can be embodied in a lithography system that includes a moveable stage for
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supporting a wafer, in which the moveable stage includes an encoder scale that moves
with the moveable stage, an illumination system configured to image radiation onto
the wafer during operation of the lithography system, a positioning system configured
to adjust a position of the moveable stage during operation of the lithography system,
an interferometry system, and an electronic processor. The interferometry system is
configured to, during operation of the lithography system, direct a measurement beam
toward the encoder scale, combine the measurement beam and a reference beam,
subsequent to the measurement beam being diffracted by the encoder scale, to
produce an output beam corresponding to a first interference signal, and detect the
interference signal at a detector. The electronic processor is configured to, during
operation of the lithography system, perform operations that include obtaining
the interference signal from the detector, obtaining an error compensation signal
based on a non-harmonic cyclic error associated with the interference signal, and
outputting information about a change in a position of the encoder scale relative to an
optical assembly of the interferometry system based on the interference signal and the
error compensation signal.

Particular implementations of the subject matter described in this specification
can be implemented so as to realize one or more of the following advantages. For
example, electronic compensation of the cyclic errors can enables the system to have
a greater tolerance for optical, mechanical, or electronic imperfections. By improving
tolerance for imperfections, lower costs and/or greater performance can be achieved.
The implementations described herein are applicable with linear encoders and, in
some implementations, displacement interferometers.

All publications, patent applications, patents, and other references mentioned
herein are incorporated by reference in their entirety. In case of conflict, the present
specification, including definitions, will control. In addition, the materials, methods,
and examples are illustrative only and not intended to be limiting.

The details of one or more embodiments are set forth in the accompanying
drawings and the description below. Other features, aspects, and advantages will be

apparent from the description, the drawings, and the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an example of an interferometric encoder
system.

FIG. 2 is a schematic diagram of an example of another interferometric
encoder system.

FIG. 3 is a schematic diagram of an example of another interferometric
encoder system.

FIG. 4 is a schematic of an encoder scale configuration in which non-harmonic
and axis-dependent cyclic errors occur.

FIG. 5 is a schematic of an example of a geometric layout for calculating a
change in position of an encoder scale.

FIG. 6 is a schematic of an example of an interferometric encoder system that
includes two separate channels to determine changes in position of an encoder scale
along different axes.

FIG. 7 is a schematic diagram of an example of a cyclic error compensation
signal processing system.

FIG. 8 is a schematic diagram of an example of an error estimator.

FIG. 9 is a schematic diagram of an example of a signal processor.

FIG. 10 is a schematic diagram of an example of a magnitude processor.

FIG. 11 is a schematic diagram of an example of a cyclic error ratio adjuster.

FIG. 12 is a schematic diagram of an example of a sideband compensator.

FIG. 13 is a schematic diagram of an example of a sideband compensator.

FIG. 14 is a schematic diagram of an example of a continuous multiplier.

FIG. 15 is a schematic diagram of an example of a cyclic error compensation
signal processing system.

FIG. 16 is a schematic diagram of an example of a non-harmonic cyclic error
calculator.

FIG. 17 is a plot illustrating an example of non-harmonic cyclic error
spectrum.

FIG. 18 is a vector plot of an example of a cyclic error.

FIG. 19 is a plot of an example of a prototype signal X, spectrum.

FIG. 20 is a plot of an example of a prototype signal X ,,, , spectrum.

13
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FIG. 21 is a plot of an example of a prototype signal X, spectrum.
FIG. 22 is a plot of an example of a prototype signal £, spectrum.
FIG. 23 is a plot of an example of an error compensation signal D, , spectrum

FIG. 24 is a plot of an example of a spectrum for compensated signals D, , and

3B -
FIG. 25 is a schematic diagram of an example of a lithography tool that
includes an interferometer.
FIG. 26A and FIG. 26B are flow charts that describe steps for making
integrated circuits.
FIG. 27 is a schematic of an example of a beam writing system that includes

an interferometry system.

DETAILED DESCRIPTION

The present disclosure is directed towards cyclic error compensation in
interferometric encoder systems. The disclosure below is organized into four
sections. A first section of the disclosure, entitled “Interferometric Encoder Systems,”
relates to a general description of how an interferometric encoder may operate. A
second section of the disclosure, entitled “Cyclic Error Sources,” relates to several
types of optical sources of cyclic errors. A third section, entitled “Cyclic Error
Correction,” relates to structures and methods for correcting non-harmonic and axis
dependent cyclic errors in interferometric encoder systems. A fourth section of the
disclosure entitled, “Lithography Systems,” relates to structures and methods for

employing the interferometric encoder system in a lithography system.

Interferometric Encoder Systems

An interferometric encoder system is a type of interferometric measurement
system that is capable of evaluating the motion of a measuring graduation, generally
referred to as an “encoder scale,” in one or more displacement directions. During
operation of an interferometric encoder system, an input illumination beam is
separated into two beams, one beam of which is incident on, and diffracts from, a

moveable encoder scale, and the other beam of which is recombined with the
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diffracted beam to produce an interferometry signal indicative of changes in the
relative position of the encoder scale. In some implementations, both beams are
incident on and diffract from the moveable encoder scale.

In some embodiments, the two beams have orthogonal polarizations so that
polarization-sensitive optics can be used to separate them from the input illumination
beam, direct them along their respective paths, and recombine them.

Furthermore, in some embodiments, the two beams have a small difference in
frequency (e.g., a difference in the kHz to MHz range) to produce an interferometry
signal of interest at a frequency generally corresponding to this frequency difference.
This frequency is hereinafter referred to interchangeably as the “heterodyne”

frequency or the “reference” frequency. The heterodyne frequency is denoted as ®,

(with respect to angular frequency). Information about the changes in the relative
position of the encoder scale generally corresponds to a phase of the interferometry
signal at this heterodyne frequency. Signal processing techniques can be used to
extract this phase. In general, the moveable encoder scale causes this phase term to
be time-varying. In this regard, the first order time derivative of the encoder scale
movement causes the frequency of the interferometry signal to shift from the
heterodyne frequency by an amount referred to herein as the “Doppler” shift or
“Doppler” frequency.

In some embodiments of the interferometric encoder system, the input
illumination beam provided the source has two orthogonally polarized components
having a frequency difference equal to the heterodyne frequency.

Encoder scales typically include a structure that extends periodically along at
least one dimension and can diffract an incident beam, such that the incident beam
splits into multiple beams travelling in different directions. The directions of the
beams depend on the spacing of the periodic structure and the wavelength of the
incident beam. An example of a particular type of encoder scale is a grating, where
the grating includes a periodic pattern (e.g., a binary pattern) repeating in one or more
dimensions. Encoder scales are used extensively in lithographic applications due to
their relative insensitivity to atmospheric turbulence, generally the primary error

source of displacement measuring interferometers.
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Referring now to FIG. 1, an interferometric encoder system 1000 includes a
light source 1020, an optical assembly 1010, a target 1001, a detector system 1030
(e.g., including a polarizer and a detector), and an electronic processor 1050. A
Cartesian coordinate system is shown for reference.

Target 1001 includes an encoder scale 1005, such as a grating, having grating
lines that extend orthogonal to the plane of the page, parallel to the y-axis of the
Cartesian coordinate system shown in FIG. 1. The grating lines are periodic along the
x-axis. Encoder scale 1005 has a grating plane corresponding to the x-y plane.
During operation, encoder system 1000 monitors one or more degrees of freedom of
target 1001 with respect to optical assembly 1010, including a position of target 1001
with respect to the x-axis.

To perform the monitoring, source 1020 directs an input beam 1022 to optical
assembly 1010. Optical assembly 1010 derives a primary beam 1012 from input
beam 1022 and directs primary beam 1012 to target 1001. Encoder scale 1005
diffracts incident primary beam 1012 into one or more diffracted orders. At least one
of these diffracted orders, e.g., diffracted beam 1014 (shown displaced for clarity) in
FIG. 1, returns to optical assembly 1010, where it is combined with a second beam
(not shown) to form an output beam 1032. The second beam also can be derived from
input beam 1022. Each of the primary beam 1012 and the second beam can be
derived from the input beam 1022 using one or more first optical components (not
shown) of the optical assembly 1010. For example, the primary beam 1012 and
second beam can be derived using a beamsplitter, which splits the input beam 1022
based on the polarization (which may correspond to heterodyne frequency) of the
input beam 1022. Similarly, the diffracted beam 1014 and the second beam can be
combined using one or more second optical components (not shown) of the optical
assembly 1010. For example, the diffracted beam 1014 and the second beam can be
combined using a polarizing beam combiner. In some implementations, the same
optical component can be used to split the input beam 1022 into the primary beam
1012 and second beam, as well as combine the diffracted beam 1014 and the second
beam.

In some embodiments, the diffracted beam 1014 is a non-zeroth order

diffracted beam. The output beam 1032 includes phase information related to the

16



10

15

20

25

30

WO 2013/158148 PCT/US2012/064038

optical path difference between the component corresponding to the primary beam
and the component corresponding to the second beam. Optical assembly 1010 directs
output beam 1032 to detector system 1030 that detects the output beam and sends a
signal to control electronics including electronic processor 1050 in response thereto.

Electronic processor 1050 receives and processes the signal and determines
information about one or more degrees of freedom of target 1001 relative to optical
assembly 1010. Specifically, the electronic processor determines this information
based on a heterodyne phase of the signal, which arises because of how the source,
optical assembly, and detection system are configured. In particular, the encoder
system is provided so that the primary and second beams have orthogonal
polarizations and different (optical) frequencies (the difference of which defines a
“heterodyne” frequency). The different (optical) frequencies can be produced, for
example, by laser Zeeman splitting, by acousto-optical modulation, using two
different laser modes, or internal to the laser using birefringent elements, among other
techniques. The orthogonal polarizations allow a polarizing beam-splitter to direct the
first and second beams along different paths, respectively, and combine the first and
second beams to form the output beam that subsequently passes through a polarizer,
which analyzes the components so they can interfere. In the absence of target motion
the interference signal oscillates at the heterodyne frequency, which is just the
difference in the optical frequencies of the two components. In the presence of
motion the heterodyne frequency incurs a change related to the velocity of the target
through well-known Doppler relations. Accordingly, monitoring changes in the
heterodyne phase or frequency allows one to monitor motion of the target relative to
the optical assembly.

In some embodiments, the primary beam is incident on encoder scale 1005 at
an incident angle such that the diffracted beam does not satisfy the Littrow condition.
The Littrow condition refers to an orientation of a grating with respect to an incident
beam where the grating directs the diffracted beam back towards the source such that
the diffracted beam is co-linear with the incident beam. For example, in encoder
system 1000, the primary beam 1012 is co-linear with the diffracted beam 1014 at the
grating.
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The “input beam” refers to the beam emitted by the light source. Generally,
the input beam includes a component corresponding to a first beam and a component
corresponding to the second beam. In other words, the input beam contains a
component at a first frequency and polarization and another component at a different
frequency at the orthogonal polarization. The “primary beam” refers to the beam that
is initially incident on the encoder scale. In some instances, the primary beam is the
same as the input beam (e.g., where the input beam is directed directly from the
source to the target without interacting with beamsplitters, for example). In some
embodiments, the primary beam contains a component corresponding to the first
beam and a component corresponding to the second beam (e.g., two orthogonally
polarized components at different angular frequencies). In certain embodiments, the
input beam is split into the primary beam and the second beam before the primary
beam contacts the target, so that the primary beam only contains the
polarization/frequency component of the first beam.

While encoder scale 1005 is depicted in FIG. 1 as a grating structure that is
periodic in one direction, more generally, “encoder scales” refer to measuring
graduations that include a structure that extends along at least one dimension and
diffracts the primary beam. In some embodiments, encoder scales can have periodic
structures extending in two directions (e.g., along the x- and y-axis). In general, the
encoder scale and source are selected so that the encoder system provides a signal
with sufficient strength and accuracy to monitor the degree of freedom of the target
with a desired accuracy. In some embodiments, the source has a wavelength in a
range from 400 nm to 1,500 nm. For example, the source can have a wavelength of
about 633 nm or about 980 nm. In some embodiments, the source can be a HeNe
laser. If a grating is used as the encoder scale, the grating can have a pitch in a range
from about 1 to about 20, where A is a wavelength of the source. For example, the
grating can have a pitch in a range from about 1 um to about 10 um.

In some embodiments, a single interfered frequency component is influenced
by the target encoder scale. For example, referring to FIG. 2, an optical assembly
1010 of an interferometric encoder system includes a first polarizing beam splitter
(PBS) 2100, a second PBS 2200, a grating G2, and polarizer (labeled "pol"), and a
detector 2300. PBS 2100 splits input beam 1022 into primary beam 1012 and the
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secondary beam. As shown, primary beam 1012 is polarized in the plane of the
figure, while the secondary beam is polarized orthogonal to the plane of the figure.
Primary beam 1012 is diffracted by encoder scale 1005 (grating G1), providing first
diffracted beam 1014 which corresponds to a non-zeroth diffracted order (e.g., first
order) of primary beam 1012. Grating G2 diffracts first diffracted beam 1014 so that
it is incident on PBS 2200 along a path parallel to the path of primary beam 1012.
PBS 2200 combines first diffracted beam 1014 with the second beam to form output
beam 1032. At detector system 1030, the polarizer (pol) analyzes the first diffracted
beam and second beam components of the output beam before the output beam is
incident on detector 2300 where the two beams mix. Although FIG. 2 shows that
primary beam 1012 is diffracted once by encoder scale 1005, interferometer system
can be modified such that the primary beam 1012 is diffracted multiple times by
encoder scale 1005. For example, in some embodiments, a retro-reflector can be
employed to redirect the first diffracted beam back toward the encoder scale such that
the first diffracted beam is diffracted a second time to produce a twice-diffracted
beam. The twice-diffracted beam then can be combined with a reference beam to
form the output beam.

Further embodiments are contemplated that are based on the embodiments
depicted in FIG. 2. For example, FIG. 3 shows a variant that incorporates two
detection channels, each of which interfere either the +1 or -1 diffracted orders
separately to both improve motion sensitivity resolution and distinguish between
encoder scale motion along the primary beam axis (i.e., the Z-axis) and the encoder
scale plane (i.e., the X-axis). Here, the second beam for each detection channel
corresponds to the zeroth order diffraction of the primary beam, which is nominally
normally incident on the encoder scale G1. Since encoder scale motion in the Z
direction is common to both, while encoder scale motion along X is detected with
opposite signs, the two motions can be distinguished by a composite signal consisting
of the sum or difference of the two separate phases. For this case the basic equations

for the change in phase as a function of motion along X (Ax)and motion
along Z(Az) for the two detectors are

o' :%Ax+27ﬂ(l+cos(6’))Az and ¢ = —%A)H%[(HCOS(@))AZ
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where the + superscripts represent + or - order, A is the illumination wavelength, A is
the period of the encoder scale pattern (e.g., a grating period) and the 1% order

diffraction angle & is found from the equation 4= Asin(€). To obtain the

displacements one forms the sum and difference equations

A=2 ¢ A and sz(p _(/)7/\.
47\ 1+cos(6) 4

For 2-dimensional (2D) applications using an area grating, the motion in the
perpendicular (Y) axis can be obtained with another set of components rotated 90
degrees about Z from the first, for example, providing two additional detection

channels that provide a displacement in the Y-direction, Ay .
Depending on the embodiment, an output signal S(¢) from the detector(s) can

be a single or quadrature, sinusoidal or quasi-sinusoidal output signal. In the case of

quadrature signals, S(#) can include a complex signal having a real and imaginary part.

In further embodiments, the interferometry system may be different than that
shown in FIG. 1. In particular, the cyclic error compensation techniques described
below are applicable to other types of interferometers as well. For example, the

output interference signal S(¢) may be produced by an interferometry system that

may include any of single and/or multiple pass interferometers, passive
interferometers, dynamic interferometers, and dispersion interferometers.
Furthermore, the interferometry system may monitor one or more degrees of freedom,

each of which may produce a corresponding main interference signal S(¢), which

may be compensated for cyclic errors as disclosed herein. Furthermore, the degree(s)
of freedom monitored by the interferometry system may include any of changes in
distance to a measurement object, changes in relative distance between two
measurement objects, changes in the angular orientation of a measurement object, and
changes in the direction of the input beam.

Further embodiments of interferometric encoder systems can be found, for
example, in U.S. Patent App. Publication No. 2012/0170048 and U.S. Patent No.

8,300,233, each of which is incorporated herein by reference.
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Cyclic Error Sources

Prior to describing embodiments of cyclic error correction, it is useful to
discuss the sources and types of cyclic errors that occur in interferometric encoder
systems. A “cyclic error” can be understood to mean an error in a measured
interference signal that is periodic with the relative position of a measurement object
and/or an optical assembly of an interferometry system. Cyclic errors include
“harmonic cyclic errors” and “non-harmonic cyclic errors.” A harmonic cyclic error
can be understood to mean a cyclic error that causes a frequency shift in the
interference signal equal to an integer multiple of the Doppler frequency, and a non-
harmonic cyclic error can be understood to mean a cyclic error that causes a
frequency shift in the interference signal equal to a non-integer multiple of the
Doppler frequency.

In general, optical cyclic errors can be introduced into an interferometric
encoder system through “beam mixing,” in which spurious “ghost” beams interfere
with other desired beams, such as a primary beam (e.g., a measurement beam) and/or
a second beam (e.g., a reference beam), in the system. These ghost beams may have
different amplitudes, different phase offsets, and/or different frequencies from the
beams with which they combine, resulting in a shift in a detected interference signal
frequency or phase, or a change in detected interference signal amplitude.
Accordingly, measurements of the relative position of the encoder scale may deviate
from the encoder scale’s actual position, thus limiting the accuracy of displacement
changes measured by the interferometer. Ghost beams can be caused by various
imperfections in the interferometer system, such as leakage of undesired beams or
unwanted reflections/diffraction from components of the interferometer system, such
as the encoder scale. Interference of the desired beams and the ghost beams, whether
from leakage or other imperfections in the interferometer system, can lead to various
types of cyclic errors that cause deviations in the detected output beam. A more
detailed discussion of possible sources of ghost beams can be found, for example, in
U.S. Patent App. Pub. No. 2012/0154780, incorporated herein by reference.

Various different types of cyclic errors can be produced as a result of
undesired beam mixing. For example, in some embodiments, a cyclic error may be

classified as a zero Doppler shifted error (“CE 0”), in which one or more ghost beams
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interfere to give rise to an error that occurs at the heterodyne frequency difference
between the components of the original input beam. A second type of cyclic error
includes, for example, the negative Doppler shift error (“CE N”), where ghost beams
interfere to give rise to a signal that is Doppler shifted in the opposite direction to the
frequency shift of the desired output signal. A third type of cyclic error includes, for
example, the baseband Doppler shift error (“CE B”). Baseband Doppler shifted errors
arise when the ghost beam frequency is near and interferes with the Doppler shifted
measurement signal frequency. Further information on the above types of cyclic
errors can be found, for example, in U.S. Patent App. Pub. No. 2012/0154780, the
contents of which are hereby incorporated by reference in their entirety.

With CE N and CE B errors, the frequency shift corresponds to an integer
multiple of the Doppler frequency. As explained above, in some embodiments, the
frequency shift of a cyclic error is a non-integer multiple of the Doppler frequency,
referred to as “non-harmonic” cyclic errors (“CE Nh”). Non-harmonic cyclic errors
can be produced when a portion of the primary beam has one or more passes through
a portion of the measurement path that is changing due to motion of an optical
assembly and/or encoder scale (not the entire measurement path as with certain other
cyclic errors).

A category of cyclic error includes axis-dependent cyclic errors (CE Ad).
Axis-dependent cyclic errors may be produced when the position of the target object
relative to the optical assembly changes along multiple axes of motion. Axis-
dependent cyclic errors have a cyclic error frequency ratio (the ratio of cyclic error
frequency shift to the Doppler frequency) that is axis-dependent. For example, in
some embodiments, an axis-dependent cyclic error can arise due to a multi-pass
Littrow diffraction of an incident beam from the encoder scale, in which the cyclic
error frequency ratio for motion along the X direction (e.g., a harmonic cyclic error
ratio) differs from the cyclic error frequency ratio (e.g., non-harmonic cyclic error
ratio) for motion along the Z direction.

FIG. 4 is a schematic that illustrates an example of a configuration in which
non-harmonic and axis-dependent cyclic errors can occur. In particular, the
configuration of FIG. 4 shows an example of when a portion of a beam incident on an

encoder scale undergoes multi-pass Littrow diffraction. The desired measurement
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beams are shown by solid lines. The undesired beams (e.g., beams that cause a shift
in a detected interference signal frequency, phase, or amplitude) are shown as dashed
lines. In the example of FIG. 4, a primary beam 10 is incident on encoder scale 50, in
which the scale 50 includes a grating. The primary beam 10 diffracts off grating 50 as
first diffracted beam 12. First diffracted beam 12 is subsequently returned by comer
reflector 40 to a nearby point on grating 50 and is diffracted a second time as
measurement beam 14. The first diffracted beam 12 also undergoes a first Littrow
diffraction L1, which produces beam 24 returning on the same optical path back
through corner reflector 40. For clarity, beam 24 and first diffracted beam 12 are
shown as displaced. Beam 24 then undergoes a second Littrow diffraction L2 which
produces beam 26 returning along the same optical path back through corner reflector
40. Beam 26 then diffracts from the grating as beam 28, which is substantially
coincident with and parallel to the desired measurement beam 14. Beam 28 produces
a cyclic error when combined with measurement beam 14 and a reference beam (not
shown) in the measurement electronics of the interferometer. In some
implementations, non-Littrow angles of diffraction could also produce cyclic errors
under appropriate geometric arrangement of the target object and optical components.
In some implementations, for example, the interferometric encoder systems shown in
FIG. 2 and FIG. 3 could have non-Littrow angles of diffraction that lead to non-
harmonic and/or axis dependent errors. For example, in FIG. 2, an extra round-trip on
the path from PBS 2100 to grating 1005 can, in certain implementations, lead to a
ratio of cyclic error frequency shift to Doppler frequency that is a non-integer along
the Z-direction.

FIG. 5 is a schematic of an example of a geometric layout for calculating a
change in position of an encoder scale. The parameter Z represents the path distance
traveled by the beam from the optical assembly to the encoder scale 50, the parameter
[ represents the path distance traveled by the beam upon diffraction from the encoder
scale 50, and the parameter theta represents the angle at which the beam diffracts
from the encoder scale 50.

To calculate the position measurement in both the X and Z direction,
information from both a positive diffraction direction and a negative diffraction

direction is analyzed. The positive diffraction information (e.g., the +1 diffracted
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order) can be obtained using a first channel and the negative diffraction information
(e.g., the -1 diffracted order) can be obtained using a second channel.

FIG. 6 is a schematic of an example of an interferometric encoder system in
which two channels (channel A and channel B) are utilized to determine changes in
position of an encoder scale 50 along multiple different axes. Channel A and channel
B can be a part of the same interferometer system or separate interferometer systems.
In an example, each of channel A and channel B can be a part of the interferometric
encoder system 1000 shown in FIG. 1. Each channel can include a photodetector for
detecting an output beam, as well as electronic processing hardware and appropriate
software for determining a position of the target object based on the detected output
beam. Axis-dependent cyclic error correction generally requires the processing of
signals from two or more channels.

Similar to the arrangement shown in FIG. 4, a primary beam 10 in FIG. 6 is
incident on an encoder scale 50. For ease of viewing, the portions of the beam
undergoing Littrow diffraction are omitted from the figure. Diffracted beam 12
corresponds to the +1 diffracted order and propagates toward the first corner reflector
40a where the beam 12 is redirected toward encoder scale 50 and diffracted again
back to channel A of the interferometer as beam 14. At channel A, the return beam
14 is combined with a reference beam to form a first output beam, which is detected
by a first photodetector. Diffracted beam 13 corresponds to the -1 diffracted order,
which propagates toward the second corner reflector 40b where the beam 13 is
redirected toward encoder scale 50 and diffracted again back to channel B as beam
15. At channel B, the return beam 15 is combined with a reference beam to form a
second output beam, which is detected by a second photodetector.

Based on FIGS. 5 and 6, a change in optical path length (OPL) in channel A,
which includes the change in position of the encoder scale relative to the optical
assembly, for embodiments in which the measurement beam makes two passes to the

encoder scale, can be expressed as:
AOPL, =2(AZ + Al + AX sin8) (1)
Including the length of/ changing due to changes inZ : Al = AZ cos 9, the
equation becomes:
AOPL, =2(AZ(1+cos0)+AX sin6) (2)
24
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Combining with the grating equation& =sin 0 (where Ais the wavelength and
s

s is the grating pitch), the identity cos® =+/1—sin> 0 and the conversion from OPL to

phase ¢ = %OPL gives the change in phase in channel A, which can be expressed as:

2
A(pA:2_n 2AZ | 1+ 1—[&j +2AX[&j (3)
A s s
5 Similarly, for the -1 diffracted order in channel B, the change in phase can be

expressed as:

2
A, :2_75 2AZ| 1+ 1—(&j —2AX[&j (4)
A s s

Subtracting the two terms and solving for AX yields:

47 2
10 Adding the two terms and solving for AZ yields:
AZ A 1 Ap, — A, 6)

T an > 2
HJI_(&)
)

The cyclic error beam paths, OPL,, , are partial paths due to the Littrow

diffraction from the encoder scale, producing integer cyclic error rations for X
motion, and non-integer cyclic error ratios for Z motion (“CE Nh”™). For example,
15 referring to FIG. 4, harmonic cyclic error beams make an integer number of passes
through the portion of the beam path (e.g., Z-direction) that changes length with a
change in position of the encoder relative to the optical assembly, whereas for non-
harmonic cyclic error beams, the measurement beam makes extra passes through the
diagonal portion of the beam path (e.g., toward and away from reflector 40), and no
20 extra passes through the Z portion of the beam path. The cyclic errors also are axis-
dependent cyclic errors (“CE Ad”™), because the cyclic error frequency ratios are
different for the X and Z axes. Axis-dependent cyclic errors (including those with

integer frequency ratios) produce cyclic error frequency offsets that are generally not
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an integer multiple of the combined Doppler shift due to the combination of the two

frequency ratios, as illustrated below:

Jo=Jox + oz

Jer =kxfox +hy oz

ky %k, (7)
& _kyfox Tk oy
fo o xS

Where f,,and f,,are X and Z Doppler shifts, £, and %, are the X and Z cyclic error

# integer

frequency ratios, f, is the effective or combined Doppler shift due to X and Z
motion, and f, is the effective cyclic error frequency offset relative to the

heterodyne frequency.

Referring to FIGS. 4 and 6, the portion of the primary beam that travels along
the cyclic error beam path makes two passes along the Z-direction (e.g., beam 10 and
beam 28), i.e., the same number of passes along the Z-direction as the primary beam
makes along the measurement path (e.g., beam 10 and beam 14). The portion of the
primary beam that travels along the cyclic error path also makes six passes along the /
direction (e.g., beam 12, beam 24, and beam 26). The number of incidences on the
encoder scale is six. The equations for the beams in this specific interferometric
encoder arrangement can be expressed as:

AOPL,,, =2AZ +6Al + 6AX sin 0 (8)
AOPL,,, = 2AZ +6Al —6AX sin® (9)

Using the same substitutions and identities as before gives:

_ . _
A@NhAz% AZ£1+3‘/1[%J J+3AX% (10)

And

dn

AQ 5 = T

[ 2
AZ|1+3 1—(%

N

—3AX =
s

M

(11)

The X and Z phases have different contributions from the displacements and the

Littrow cyclic errors. Equation (3) for stationary Z reduces to, for example,
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8oy =2Eax, (12)
S

and for stationary X reduces to, for example,

2
A(pZ:4—nAZ 1+ 1—[&j ; (13)
A s

equation (10) for stationary Z reduces to, for example,
5 AQ iy _Amaax (14)
s

and for stationary X reduces to, for example,

’ 2
A(pNhZ:%AZ 1+3 1—[%} ; (15)

The cyclic error ratios (i.e., the ratio of the cyclic error frequency shift to the Doppler

frequency) for X and Z motion of this example can be expressed as:

10 ro = D0 _ 3 (16)
Apy
2
A 143 1—[%
r, = Pz _ S (17)

A 2
e
s

By inspection, knowing that . <s for use with a grating, the range of r, is

from slightly greater than 1 (with A = s) to slightly less than 2 (with A <<s). Values
approaching one are problematic since they make separation of the cyclic error from
15 the signal more difficult when there is Z motion without X motion, or when
determining the actual value of r,. For a combination of X and Z motion, the
apparent cyclic error ratio on channel A or channel B may range from slightly more

than 1 (with only Z motion) to 3 (with only X motion).

Cyclic Error Correction

20 In general, conventional electronic compensation techniques are not capable of
compensating the cyclic errors having non-harmonic or axis-dependent

characteristics. Conventional methods of electronic compensation generate integer
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harmonics of the Doppler signal with simple trigonometric manipulations, and cannot
compensate non-harmonic cyclic errors. Conventional methods of electronic
compensation process signals from a single axis without consideration of other axes,
and cannot compensate axis-dependent cyclic errors. Although filtering can be used
to reduce CE Nh and CE Ad errors during relatively high speed changes in position,
filtering fails to reduce the non-harmonic and axis-dependent errors during relatively
low speed operations, such as alignment. We now describe an approach for
compensation of CE Nh and CE Ad errors in which the cyclic error frequency is
identified and used to generate a prototype signal characteristic of the cyclic error.
The prototype signal then is employed to compensate for the cyclic error(s). As a
result, the cyclic error compensation approach advantageously improves in certain
implementations the tolerance of interferometric encoder systems for optical,
mechanical, or electronic imperfections and thus enhances performance and reduces
operating costs.

In the present embodiment, we focus on a particular set of three cyclic error

terms that are compensated at low slew rates, and one cyclic error term that is
compensated at a Doppler frequency f» near —f, /2, where f is the reference
frequency. These four cyclic errors are: the negative Doppler errors (CE N), with
amplitude ¢_; and offset phase {_; ; the zero Doppler errors (CE 0), with amplitude
gy and offset phase C ; the non-harmonic errors (CE Nh) with amplitude €,; and
offset phase C,y, ; and the baseband Doppler errors (CE B) with amplitude €5 and
offset phase {;. Adaptation to compensate for a different set of cyclic errors will be

evident to one skilled in the art based on the information available in the art (see, e.g.,
U.S. Patent Nos. 6,029,363, 6,950,192, 7,109,900, 7,250,881, 7,428,685, and
7,616,322, incorporated herein by reference in their entirety) and the subsequent
description.

Referring again to FIG. 1, the output beam 1032 detected by the detector system

1030 contains a heterodyne interference signal corresponding to the interference

signal (7). The electrical interference signal S(7) includes four cyclic error terms
g

and can be expressed in the form

S(t)zAlcos((pR+(p+§1)+SW(t)’ (18)
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where the cyclic error components are represented by:

Sy (1) =Sy-1 (1) +Syo +Symn (1) + Sy (2) 5 (19)
Sy-1(t)=g_jcos(or -0+ ) (20)
Syo =80 cos(or +&) 21
Synn () = Exp cos(Qg + Oz +E ) > and (22)
Syp() =€ cos(9+Lp). (23)

The parameter @ is the phase of a reference signal Si(¢) with doy /dt = oy

corresponding to 2w times the frequency difference of the measurement beam and
reference beam components of the input beam to the interferometer.
The parameters 4 and §; are the amplitude and offset phase, respectively, of

the primary component of the electrical interference signal. The parameterse,;, €,

€np, and g5 are the amplitudes for the cyclic error terms. The parametersCy, &,

Canand Cp are the offset phases of the cyclic error terms. The parameter
¢ =@y +@, is the phase of the measurement signal due to displacement in the X and
Z directions. The parameter @3 = @azx + Panz 1S the phase of the cyclic error due
to displacement in the X and Z directions.

Each cyclic error results in a characteristic displacement cyclic error frequency
in the measured displacement value; this frequency is the difference between the

Doppler shifted measurement signal frequency and the measurement signal cyclic

error signal frequency.

For CEO, [, =|/,|: (24)
for CEN, £, = |2/, (25)
for CE Nh with X motion, fy,, = (TX - 1) ‘fDX ‘; (26)
for CE Nh with Z motion, fy,, = (7, = 1)|£,,: 27)
for CEB, [, =|f, +2/,|, (28)

where f), is the effective or combined Doppler frequency, f;y is the Doppler
frequency due to motion in the X direction, £, is the Doppler frequency due to

motion in the Z direction; all frequencies are in Hertz, where f = L? The

2
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effective Doppler frequency is equal to f;,y when there is no motion in the Z
direction. Similarly, the effective Doppler frequency is equal to f,, when there is

no motion in the X direction.
CMS Compensation

We now describe cyclic error compensation using an interferometric encoder
system such as, for example, the system 1000 shown in FIGS. 1 and 6. FIGS. 17 and
19-24, referred to below, are graphs illustrating results of exemplary simulations of
the digital transform processing and cyclic error compensation math described herein
as applied to a heterodyne interference signal. The simulations were performed using
MATLAB® and Simulink® modeling software available from The MathWorks Inc.

Two channels, herein referred to as channel A and channel B, allow separation of
X and Z motion. FIG. 7 is an example of a signal processing block that includes a
first signal processing channel (channel A 100) and a second signal processing
channel (channel B 200). Channel A 100 and channel B 200 can include the same
components and perform the same type of operations in the same order. Accordingly,
a detailed description of the operation of channel B 200 is omitted here.

Equations (5) and (6) may be expressed as phase differences by removing the

scaling constants, giving, for example:

gy =428 (29)
2
+

0, =2 (30)

Equations (29) and (30) can be solved for ¢, and ¢,, which can be expressed

as:

P =0t O, (3 1)
Pp=0y — 0, (32)

The phases are unwrapped or accumulated to provide corresponding unscaled
position values for the A and B channels, where the unscaled position values can be

expressed as:

= CA;PA:ZA([)A (33)

Py =Ry =B =) Agy, (34)

30
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The unscaled position values in equations (33) and (34) may be substituted
into equations (5) and (6) and the scaling removed to provide position values for the

X and Z directions, which can be expressed as:

PXz—PA;PB (35)
P =t (36)

We now describe a complex measurement signal (CMS) approach for cyclic error

compensation (CEC), in which a cyclic error compensation signal D, (t) modifies a

corresponding DFT signal D, (¢) of the electrical interference signal S(¢) for
channel A to produce a compensated DFT signal. FIG. 7 is a simplified schematic
diagram of an example measurement using the CMS approach.

The cyclic error compensation signal Dy y (t) , also called complex error
compensation signal, can be understood to mean a signal calculated to attenuate the

contribution of cyclic errors, including non-harmonic cyclic errors, in the electrical

interference signal obtained by an interferometric encoder system such as, for

example, system 1000. The cyclic error compensation signal D, 4 (t) is calculated
based in part on the non-harmonic cyclic error signal S, (£) . The cyclic error

compensation signal also can be calculated based on in part on one or more of a signal

corresponding to the negative Doppler error Sy-1 (t) , a signal corresponding to the

zero Doppler error S

w0 and/or a signal corresponding to the baseband Doppler error

Syz(®) . Insome embodiments, the cyclic error compensation signal also can be

calculated based on axis-dependent errors, such as cyclic errors that arise when the
relative position of the encoder scale varies in multiple orthogonal directions (e.g.,
along the X-direction and along the Z-direction).

The optical interference signal 101 is received and amplified by photoelectric
receiver 110. The resulting electrical interference signal 111 is filtered by bandpass
filter (BPF) 114 producing filtered signal 115. The BPF 114 is designed to prevent
DC signal, noise and harmonics of the interference signal 111 from being aliased into

the frequency range of interest. Filtered signal 115 is digitized by analog-to-digital
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converter (ADC) 116, to produce digitized measurement signal 117. A typical ADC
for a high performance displacement measuring interferometer may have 12 bits of
resolution at sampling rates of 120 MHz. The digitized measurement signal 117 is
processed by phase meter 120 (described below) to produce outputs magnitude M ,
171 and phase ¢, 173 which represent the digitized measurement signal 117 at the
measurement signal frequency. The magnitude output A/, 171 is used for status and
diagnostic purposes. The phase output ¢, 173 is used by position calculator 180,
which is described in U.S. Patent No. 6,975,406, incorporated herein by reference in
its entirety. Position calculator 180 calculates measured position F., 181 and
estimated velocity V.,183. The measured position P, 181 is filtered by digital filter
190, which is described in U.S. Patent 5,767,972, incorporated herein by reference in
its entirety, to generate filtered position signal P, 191.

Channel A 100 filtered position signal Pra 191 represents X and Z motion as
described in equations (3) and (33). Channel B 200 filtered position signal Prg 291
represents X and Z motion as described in equations (4) and (34). The X and Z
motion is decoded, for example, as described in equations (35) and (36) respectively.

Phase meter 120 includes a Discrete Fourier Transform (DFT) processor 130,
a CEC calculator 140, and a Coordinate Rotation by Digital Computer (CORDIC)
converter 170. Signals 131, 151, 161, 163, 165, 169 and 411 are signals in complex
space and thus have complex values, which consist of both a real component and an
imaginary component, as a + jb, where a is the real component, b is the imaginary
component, and j is J-1. Other representations of complex or quadrature values
can be used, and may be expressed using other symbols such as, for example,
ITand Q,or X and Y ,or A and A. Complex values may be converted from

rectangular (real and imaginary) representation to polar (magnitude and phase angle)
representation. The numeric representation of the digital signals may be integer, fixed
point, or floating point.

The DFT processor 130 converts a series of consecutive samples of digitized

measurement signal 117 into a complex measurement signal D, 131 representing a

transform of the digitized measurement signal 117 at a selected center frequency of
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DFT processor 130. That is, the DFT processor 130 applies a frequency
transformation to the digitized measurement signal, in which the digitized
measurement signal is converted from a representation in time to a representation in
frequency space. The center frequency is determined by control circuitry (not shown)
and the estimated velocity V., 183 as determined by position calculator 180.

An exemplary DFT processor 130 is a 72-point windowed DFT performed at a
10 MHz rate. Since the DFT calculation is being updated in time, the complex

measurement signal D(t) 131 is expressed as a function of time #. This 10 MHz

update rate provides 83% overlap of samples of the digitized measurement signal 117

between one DFT calculation and the next for an ADC sampling rate of f¢ =

120 MHz. A typical window function is the Blackman window, which reduces errors
due to the discontinuities at the beginning and end of the series of digitized
measurement signal samples used for the DFT.

At the DFT processor 130, the output signal can be expressed as:

D(1)=4 [cos((p(tl)+Q1)—jsin((p(t1)+gl)]+DW (1) (37)
Where the cyclic error components are represented by

Dy, (1) =Dyn (1) +Dyo+ Dy (1) +Dyp (1) 5 (38)
Dy n (1) =ex | cos(—p()+Ey )~ jsin(-o) +Cy) | . (39)
Dy =& [cos(@o)—jsin((;o )] , (40)
Dy (1) =&y [ 008 (@) + S g ) — Fsin (@ (1) + 8 ) | (41)
Dy(t) = £ cos(~o(t) +C )~ jsin(~ot) +C5)] (42)

where @(7,) is the value of the Doppler phase shift ¢(#,) = ®pf + @, thatis
updated with 7, and @,y (#) is the value of the non-harmonic phase shift
Qap (1) = 0t + @ that is updated with 4.

The processing details for CE 0, CE N and CE B are described, for example,
in U.S. Patent App. Pub. No. 2012/0154780 and U.S. Patent Nos. 6,950,192,
7,428,685, 7,616,322, each of which is incorporated herein by reference. Therefore, a
description of CE 0, CE N and CE B processing is omitted here.
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Combining equations (37) and (41) for CE Nh in both the A and B channels
and dropping the (7)) for clarity:

Dy=4, [COS((PA +Ciq)—Jsin(Q,+Cy )}

. (43)
e [COS((pNhA +Covna )~ 7810 (@ nps + Cvna )]

Dy =4 [COS((PB +C1B)_j5in((pB+C1B):| (44)
+ennB [COS (Omp +Cnnz ) — 7 Sin(Onzp +Cnp )]

5 By combining equations (29), (30), (16), (17), (31), and (32) the cyclic error
phase arguments of equations (43) and (44) may be expressed as:

) e, i)

2
(—r¢ +7,) (ry +1,)
2

2

Opig + Gt =

((PB + CIB)
(45)

Pyis T Crip = ((pA +CA)+ ((pB + CIB)

Where the X and Z cyclic error frequency ratios ranges as described with
equations (16) and (17):
ry=3

10 46
l<r, <2 (46)

FIG. 17 is a plot that shows an example of D, and Dy for a 7% (-23 dB) non-

harmonic cyclic error magnitude. The frequencies of the spectral peaks are
indicated on the figures and can be expressed as:
_ 1 dy,
Ios 2n dt

_ 1 do,
Son 2n dt

_ 1 doy,.,
S 2n  dt

_ 1 douy
hoB 27_c dt

(47)

15 For small magnitudes of cyclic errors, the cyclic errors may be imagined as
rotating vectors. For example, FIG. 18 is a plot that shows the signal as a
combination of vectors, with the vector corresponding to the cyclic error, having
a magnitude ¢ and rotated from the ideal signal, which has a magnitude A.

Thus, the magnitude and phase of a signal with a cyclic error may be

20 approximated as:
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M:|D|;A1+8Nh cos((pNthQNh—(p—Ql) (48)
and

€y .
Ph;(@"'@l)"’%sm(@m+CNh_(P_C1)- (49)

1
A more rigorous analysis could express the magnitude and phase as Bessel
function series, similar to large phase deviation phase modulation (see, e.g.,
Schwartz, M; Information Transmission, Modulation, and Noise, Third Edition;

McGraw Hill, 1980; pp. 271-278). This is not necessary in this case because the

maximum cyclic error amplitude Ew g typically less than 10%, or 0.1 radian,

1
and the error due to the above approximation is small.

CE Ad calculator 400 processes partially compensated signals D, 161
and D, ,261 from error estimators 700 and 702 to calculate complex prototype signals
.Ml andX o 413 for the error estimators. In some embodiments, the complex

prototype signals 411 and 413 represent the frequency or frequencies of certain cyclic
errors, such as the non-harmonic cyclic error signal associated with the measured
interference signal. This is described in more detail below with reference to the
example of FIG. 9.

The CEC calculator 140 calculates and compensates for certain of the cyclic
errors. CEC error estimator 700 (described in more detail below with reference to

FIG. 3) calculates complex error compensation signal D, , 165. Optional delay 150,

and other delays (not shown) in CEC calculator 140, CEC calculator 240 and CE Nh
calculator 400 may be used to match the processing delay of the various calculations.
Adder 168 combines delayed complex measurement signal 151 with complex error

compensation signal D, , 165 (e.g., deducts complex error compensation signal D, ,

165 from complex measurement signal 151) to produce compensated complex

measurement signal D, , 169, in which the certain cyclic error signals are substantially
reduced. That is, the complex error compensation signal D, , 165 is deducted from

the complex measurement signal 151 so as to attenuate certain cyclic error signals in
the complex measurement signal 151. Though complex error compensation signal

D, , 165 is shown as being subtracted from the complex measurement signal, a
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version of the complex error compensation signal having an opposite polarity or phase
shift also could be added to the complex measurement signal. CORDIC converter

170 converts the compensated complex measurement signal D, , 169 to magnitude

M 171 and phase ¢,173.

Error Estimator

Error estimators 700 and 702 as shown in FIG. 7 have similar operations.
Accordingly, for the purposes of convenience, only error estimator 700 will be
described. FIG. 8 is a schematic of an example CEC error estimator 700. The CEC
error estimator 700 includes two processing units. One processing unit 700A
determines complex prototype signals and complex factors relating to the amplitudes
and offset phases of the certain cyclic errors that need be compensated. In some
embodiments, the complex prototype signals represent the frequency or frequencies of
the non-harmonic cyclic error signals associated with the measured interference
signals. A second processing unit 700B generates complex error compensation signal

D,, 4 165 with the appropriate amplitudes and offset phases using the complex

prototype signals and complex factors relating to the amplitudes and offset phases
determined by first processing unit 700A.

These processing units are incorporated into the architecture shown in FIG. 7
that may also include any of a variety of other techniques such as a glitch filter (as
described, for example, in U.S. Patent No. 6,975,406, incorporated herein by
reference), dynamic data age adjustment (as described, for example, in U.S. Patent
No. 6,597,459, incorporated herein by reference), and digital filtering (as described,
for example, in 5,767,972, incorporated herein by reference).

The first order cyclic error term whose phase is independent of ¢ is included
in Equation (18) as S, (7). The set of higher order cyclic error terms whose phases
are independent of @, has been omitted from Equation (18) because they are

generally insignificant.

Complex factors relating to amplitudes &, and offset phases C p ofthe CEN,

CE 0, and CE B cyclic error terms and corresponding complex prototype signals are

generated using processed signal D, 131 from DFT processor 130. A real factor
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related to the amplitude of signal D, is also generated. The factors are stored in
registers 714, 726, 728 and 734 for subsequent use in generation of the negative

on and partially compensated

baseband cyclic error compensation signal D,
measurement signal D, ,161. This compensation is identical to the compensation

described, for example, in U.S. Patent Application Pub. No. 2012/0154780. In this
example, D, includes compensation for CE 0, CE N and CE B.

A complex factor relating to amplitude €,; and offset phase C,; of the non-

harmonic (Nh) cyclic error term can be generated using partially compensated signal

D, ;161 and complex prototype signal >, 411 from CE Ad calculator 400
(described later). Complex prototype signal 3I,,, 411 is multiplied by the delayed
complex conjugate of partially compensated signal D, ,161. The delay 760 is used to

match the delays of the two inputs to multiplier 764. Complex multiplier 764 output

X, contains terms related to the frequency differences between the components of
signals D,,161 and X,,, 411,. Lowpass filter 766 substantially suppresses the
higher frequency terms and reduces noise, leaving DC term C,,, where the DC term
contains the complex factor relating to amplitude €, and offset phase C,; of the

non-harmonic (Nh) cyclic error term. The lowpass filter can include a cascaded
integrator-comb (CIC) filter (described, for example, in the U.S. Patent No.
7,428,685, incorporated herein by reference in its entirety). The order of the filter and
the stopband frequency can be chosen based on the frequency range where
compensation is used, and the suppression of the higher frequencies to obtain the

desired measurement accuracy. The non-harmonic cyclic error term C,, is passed
through register 768 as C,,,. When the control circuitry of the interferometry system

determines that the difference between the Doppler frequency and the non-harmonic

cyclic error frequency is below a specified threshold for calculation of C,,, register
768 holds the previous value as C,,,. The threshold can be implemented based one

of several choices: (1) A and/or B —channel Doppler frequency (assumes Doppler
frequency due to motion along Z-direction is small); (2) Doppler frequency due to

motion along the X-direction (assumes Doppler frequency due to motion along Z-
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direction is small); or (3) the difference between the A-channel non-harmonic cyclic
frequency and the Doppler frequency recorded by channel A (fan4~fpoppier4) and/or the
difference between the B-channel non-harmonic cyclic frequency and the Doppler
frequency recorded by channel B (fans-fpoppiers). In each case, the frequencies can be
calculated by a position calculator or digital filter velocity output, or by deducting
time-delayed values.

The factor stored in register 768 is subsequently used in generation of the non-

harmonic cyclic error compensation signal D, »; by complex conjugate 770 and
complex multiplier 772. The CE Nh correction signal Dy nn is combined with the

correction signal for the Zero Doppler, Negative Doppler, and Baseband cyclic errors

D at adder 784 to produce cyclic error compensation signal D,, , 165. In

YON
general, the compensation of non-harmonic errors can be achieved after performing
correction of CE 0, CE N and CE B errors. Alternatively, error compensation can be
performed in different orders including, for example, serially with parallel correction
of CE 0, CE Nh errors, followed by CE N correction and optionally CE B correction
or by CE B correction and then optionally CE N correction. In another example, error
correction can be performed in series/parallel with CE 0 correction performed first
then CE N correction or CE B correction in parallel with CE Nh correction.
Operations of error estimator 700 can be performed using other mathematical
combinations as well. For example, in some implementations, complex conjugate
operation 762 and complex conjugate operation 770 can be removed from the error
estimator 700 whereas one or more other complex conjugate operations can be added
to the output of the error estimator 700. Alternatively, or in addition complex
conjugate operations can be added to the input of one or more multipliers (e.g.,

multiplier 764 and/or multiplier 772).

CE Ad Calculator

Referring to the example of FIG. 7, CE Ad calculator 400 uses partially
compensated signals D, 161 and D, , 261 to calculate complex prototype signals
Y411 and X, . 413. This example calculates complex prototype signals for non-

harmonic (Nh) axis-dependent (Ad) cyclic error correction based on knowledge of

both X and Z motion. Previous cyclic error compensation methods use mathematical
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processing of the signal to create various integer multiples of the Doppler shift
frequency to create the complex prototype signals for a single axis. However, for
non-integer cyclic errors, integer multiples of the Doppler shift frequency are not
adequate. Additionally, for axis-dependent cyclic errors, signals from multiple axes
are required, and the previous compensation methods are not applicable.

FIG. 9 is a schematic of an example of a signal processor, the CE Ad
calculator 400. CE Ad calculator 400 converts complex partially compensated signals

D, 161 and D, 261 to their respective instantaneous magnitude values A, and

M, ., and their respective instantaneous phase values ¢, ,and ¢,,. This conversion

may be with CORDIC converters identical to CORDIC 170 and CORDIC 270 in the
phase meter shown in FIG. 7, or by any other equivalent method.

The phase values @, , and @,, are processed by position calculators (PC) 404

and 444 to “unwrap” or eliminate all 2z discontinuities and produce partially

compensated position values P, ,and P,. This unwrapping is necessary because 2n

discontinuities multiplied by non-integer values in subsequent steps would otherwise
result in non-2x discontinuities that cannot be removed. The unwrapping and later
reduction modulo 27 has no mathematical effect other than management of 2x
discontinuities so that the signal processing works properly and is readily
implemented. Various methods for unwrapping are available, including, for example,
using a glitch filter. An example of a glitch filter is described in U.S. patent
6,975,406, incorporated herein by reference in its entirety. For descriptive purposes,
the position and phase units are maintained as radians, although the position units may
be other more convenient units, for example 2/2"~, where N is a positive integer. The
position calculators may be identical to PC 180 and PC 280 shown in FIG. 7.

In some embodiments, digital filters may be included after PC 404 and PC 444

to reduce sidebands on P, ,and P,, due to cyclic errors. However, the use of digital

filters has a reduced or minimal effect when the change in relative position of the
target object occurs at a relatively low or zero velocity.

The P, ,and P, position values are combined by adders 406 and 446 to
produce estimated position values 2P, and 2P, , representing X and Z motion. The

extraneous factor of two may be incorporated into other calculations, or may be
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removed by explicit scaling as shown by multipliers 408 and 448 producing P, and
P, . This can be expressed as:

PX:(PZA_PZB)/2 (50)
PZ :(P2A+PZB)/2

Multipliers 410 and 300 scale the X and Z positions P, and P, by r, and

r,respectively to be P, and P,,, ; these values represent the time-varying position

or phase of the X and Z non-harmonic cyclic errors. In this example, 7, is a constant
integer value of 3 and r, is a non-integer with a value between 1 and 2.

The calculation of the non-harmonic axis-dependent cyclic error positions can
be expressed as:

P = 1Py

(51)

Pz =138,

In some embodiments, 7, is not precisely known, or may vary due to changes
in measurement position, geometry or environment, so special consideration is
required. Adder 480 calculates the Z velocity as the sum of the A and B velocities
from position calculators 404 and 444. The », Adjuster 600 (described below with
reference to FIG. 11) processes the Z velocity and time-varying changes in the Nh
compensation coefficients C,,,, and C,,,,to calculater, adjustment value r,, .
Continuous Multiplier 300 (described below with reference to FIG. 14) uses the
r,, value with initial r, value r,, to calculate the non-harmonic cyclic error position
or phase P,,, . Magnitude Processor 500 uses the r,, value as described below with
reference to FIG. 10.

In some embodiments, 7, is constant, or has uncertainty or variations
sufficiently small to be ignored, and multiplier 300 may be a conventional multiplier
(e.g., an ordinary product, not a continuous multiplier).

The values P, and P,,, are combined by adders 412 and 452 to produce

position values P, and P,

e Which represent the time-varying position or phase of

the non-harmonic cyclic error signals in channels A and B. The values P, and P,
can be expressed as:
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gives:

P, =Py +F
NhZ (52)
Poy=—P,, +B,,
Combining equations (50), (5§1) and (52); and grouping the P,, and P,, terms,
PNhA _ (rNhX +rNhZ)P n (_rNhX +rNhZ)PZB
(53)
PNhB _ (_rNhX +rNhZ)P n ( NrX +rNhZ)PZB
2 2
Expanding equations (53) using equation (49) for P, and P, gives:
r, +r o
PNhA :M ((pA +C1A) L Sln((pNhA +CNhA O, - CIA)
2 A4,
—r, + 7 e
+¥[(¢B + CIB) I;VhB Sln((pNhB + CNhB Pp — CIB )j
( ) ' (54)
—r, +r
PNhB =X 2 ((pA +C1A) Sln((pNhA +CNhA P, _CIA)
2 AIA
r, +r .
+¥{((PB + CIB ) +Lh35m((p1vh3 + CNhB —0z - CIB )j
1B
Substituting equation (45) and regrouping gives:
Poa= ((pNhA +C g )
ry + r,)e
+% 2 Sln((pNhA +C s — P4 _CIA)
14
Fy +F, )€
+% I;VhB Sln((pNhB + G — 05 — Cw)
1B (55)

Pus = ((pNhB + CNhB)

+( ]" +I") NhA
2 14

+(r +r )SNhB
2

sm((pNhA +C s — P4 _CIA)

—==sin ((pNhB + CNhB Py — CIB )

1B

The values P, ,and P, are deducted from P,, ,and P, , respectively to provide

position differences AP, ,and AP,,, . Position differences are differentiated by 422

and 462 to provide velocity differences AV, 423 and AV, 463, which represent the

difference in frequency between the Doppler signal and the corresponding Littrow

cyclic error signal. In some embodiments, the maximum Z velocity is sufficiently
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small that V, and V', or other equivalent signals may be used instead of AV,,, and
AV, . These signals are provided to control circuitry in the hardware of the
interferometer system that causes the CE Nh coefficient registers (see, ¢.g., Reg 768)
to hold the current value when a frequency difference is too low (or when a speed of
5 the encoder scale relative to the optical assembly is too low) for proper calculation of
coefficients.
In an example embodiment, the non-harmonic cyclic error position values

P, ,and P, arc used to create complex prototype signals £, ,andX,, ., where the

complex prototype signals can be expressed as:

o 2 i :s%n(PNhA)Jricos(PNhA) (56)
2z =Sin( Py ) +icos(Pyy)

Substituting equations (55) for P,,, and P,,, into equations (56) gives:
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z:NhlA

+icos| +

For —<10%,

Nr1B

=sin| +

+icos

14

=sin| +

((PNhA + G )

(e 77) B
2 A4,

+(_FX +r ) Snmp
2 A,

—F4sin ((PNhA +Cons —

—==sin ((PNhB + G —

((PNhA + G )

(’"X +”Z) Enpa
2 A4,

(_FX tr ) Ennp
2 A,

—=4sin ((PNhA +Cpns —

+ —==sin ((PNhB +Cip —

((PNhB +Cip )

(_FX +7 ) CNpa
2 A4,

(FX tr ) Snnp
2 A,

—=4sin ((PNhA +Cons —

—*=sin ((PNhB +Cip —

((PNhB +CNhB)
(_FX +rZ) v
2 A4,

+(FX +r ) Snpp
2 A,

+ —=%sin ((PNhA + Cona —

—==sin ((PNhB +Cip —

1B

(0] _CIA)

Py _CIB)

D, _CIA)

Dz _CIB)

D, _CIA)

Dz _CIB)

D, _CIA)

Pp _CIB)

PCT/US2012/064038

(57)

E18 <10% and 1< k,, <2, the maximum phase deviation is

0.25 radians and equations (57) may be analyzed as representing narrow band phase

modulation(see, e.g., Schwartz, M.; Information Transmission, Modulation, and

Noise, Third Edition; McGraw Hill, 1980; pp 263-267). The resulting signals can be

approximately represented as:
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sin ((pNhA + G )
1(r,+r,
Z g = +5(X2—) Z\M Sln(((pNhA + CNhA) + ((pNhA +C s — P — CIA))
14
1 +r,
+5% 4 sin (((PNhA + CNhA) * ((pNhB +Cns — 03— Ciz ))
18
COS((pNhA +CNhA)
g1 +
+i 5% Z\M Sln(((pNhA + CNhA) * ((pNhA + Gt — O, — CIA))
14
1
5( > ) Eap. Sln(((pNhA +CNhA)i((PNhB +Cvis — Ps _CIB))
18
sin ((pNhB +C iz )
1(—ry +7,
Zhp = +5% SI;WLA Sln(((pNhB +C s ) i((pNhA +Cs =P~ CIA))
14
1 +
+5(”2—7’) ALB sin (((pNhB + CNhB) * ((pNhB + CNhB 0 CIB ))
18
(58)
Cos ((pNhB +C iz )
11
+i 5% 2L Sln(((pNhB + Gz ) * ((pNhA + Ot — 0y — CIA))
14
1 +
+5(7’2—7’Z) S Sm(((PNhB +C iz ) i((Pzwuz; + Gz — 03 —Cip ))

1B

These signals each have sidebands on both sides at about *( £, — f,, ) and

Tk thy, )€
about *( fy,, — /5, ), with relative amplitudes predicted by the %( N”Xz wz) I;W“
1

terms as shown in the example of FIG. 19 forX,, ,. Higher order sidebands also

exist, as predicted by a more rigorous analysis, but they are lower in amplitude and
typically less of a concern. The term sideband is used to refer to the undesired signals
that occur at frequencies above or below signals one desires to retain. That is,
sideband signals include signals having frequency components on the lower and/or

upper side of a desired signal.
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The XZ,,,,and X, . signals can be used to determine the non-harmonic cyclic
error component of the DFT signal. However, the desired product of mixing the f,,,
component of the DFT 4 signal with the dominant f,,, component of the X, , signal

has approximately the same amplitude as the undesired product of mixing the

JfpaDoppler component of the DFT signal with the lower sideband of the X,,,, signal
at frn —(fyms = fo1) = foa- A similar condition exists for the upper sideband of the

S e signal at f. —(fus — fop) = fop- Atzero or low Z velocities,

ey —(hoB —fDB) = fq.and £, +(hoA —fDA) = £,z causing similar conditions.
Therefore, it can be advantageous in certain implementations to eliminate sidebands

of the X, ,andX,, , signals.

Sideband Elimination 1

Prototype signals with significantly reduced sidebands may be calculated by
including a time-varying magnitude term in the creation of complex prototype signals

ZunsandX .o .. This approach is similar to the creation of SSB-PM (single-sideband

phase modulated) signals (see, e.g., Bedrosian, E.; “The Analytic Signal
Representation of Modulated Waveforms,” Proc. of the IRE, 1962). The magnitude
terms can be derived from the amplitudes of the Doppler signals in equation (48).

Time varying magnitude signals M ,,, ,and M ,,,, are calculated by

magnitude processor 500 as shown in FIG. 10. The average magnitudes (i.e. DC
component of the time-varying magnitude) and differences from the average
magnitudes (i.e. AC component of the time-varying magnitude) can be calculated by
filters 502 and 522 and subtractors 506 and 526 as:

M, = filter (M )

59
M e = filter (M) 9

M, =M, -M,, (60)
M,y =My — My
The lowpass filters can include, for example, CIC filters. The order of the

filter and the stopband frequency can be chosen based on the frequency range where

compensation will be employed, and the suppression of the higher frequencies to
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obtain the desired measurement accuracy. Registers 504 and 524 allow the control
circuitry of the interferometer system to hold the DC values at low frequencies when
the LPF would not be effective. Substituting equation (48) gives magnitudes that can

be expressed as:

My, =4, 61)
Mpz=4,
M 4oy = ey COS((PNhA + Gy — Py — CIA) (62)

M 15 = €15 €08 (P + G — 95 = C15)

The AC values are scaled the same as the position values in equation (53) and
normalized using the DC values; however, the choices of signs are different; the signs
determine if the upper or lower sideband is reduced. The sign choices can be made so
that the sidebands nearest the corresponding Doppler frequency are reduced, where

the non-harmonic cyclic error magnitudes can be expressed as:

_ (rX+rZ)MACA (_FX+FZ)MACB
MNhZA_1+ -
2’ MDCA 2’ MDCB (63)
_ (cre+r )My, (retr) M.,
MNhZB_l_ +
2 MDCA 2 MDCB‘

The embodiment of equation (63) is shown in FIG. 10. In some embodiments,
a reciprocal and a multiply may be used instead of a divide, and the products
containing Maca or Macg may be calculated last since the other products may be
calculated at a slower rate, e.g., the LPF update rate.

The value of, can be constant 562. The nominal value of 7,, r,, can be
constant 560. Depending on the expected uncertainty and variation of 7, , the value of
r,may be the sum of r,, and r,, by adder 564, or it may be a constant. Intermediate
values r, and r, can be calculated by adders 566 and 568 and constant multipliers

570 and 572. The constant multiplies may be implemented by binary shifts or may be
implicitly incorporated into other calculations. The remaining calculations for

M ,,, ,can be performed by multipliers 510, 512, 530 and 532, and adders 542 and
544. The remaining calculations for M ,,,, can be performed by multipliers 514, 516,

534 and 536 and adders 546 and 548.
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Referring again to FIG. 9, the magnitude values M ,,, and M ,,,,, and
corresponding position values P, and P, may be used to create complex prototype

signals ¥, andX . for characterizing and compensating the non-harmonic cyclic

Nh24 Nh2B

errors, where the complex prototype signals can be expressed as:

5 vioa =M o4 (Sin(PNhA)+iCOS(PNhA)) (64)
)y M, (sin( Py, ) +icos(Py,))

Nh2B NhZB(

The component used to obtain the complex prototype signals is shown in FIG.
9 as polar to rectangular converters 414 and 454. This conversion implicitly reduces
the position values modulo 2zt. The conversion may be done by any appropriate and
suitable method. One possible method of conversion is CORDIC conversion.
10 Another faster method includes using a Sine/Cosine lookup table followed by
multiplying by the magnitude.
Equations (64) may be expanded by substituting equations (61) (62) and (63),

giving, for example:

+(FX——2FFZ)ZLMCOS((PNM +Ci Py — ClA)
T o = H (sin Py, +icos Py,,)
_wsﬂcos ((pNhB + Gy — P _Cw)
2 A, 65)
I_W%COS(QNM +Cye — P _Cm)
T g = H (sin Py, +1c08 Py,y)
+(FX2#Z)ZViCOS((PNhB +Cie — Pp _Cw)

1B

15
These complex prototype signals each have two sidebands on the side near the
Doppler signal that are substantially reduced or eliminated, and two sidebands on the
other side that are increased by approximately 2x (6 dB). In this example, as shown
in FIG. 20 forX,,, ,, the undesired sidebands are reduced by approximately 54 dB.
20 Sideband Elimination 2

The remaining sidebands onX,,, ,andX,,,, significantly limit the achievable

cyclic error compensation. A second stage of compensation can be applied to
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eliminate the two largest sidebands on each of Z,,, ,andX,,, .. For example,

referring to FIG. 12 and FIG. 13, compensating signals ¥, and X are created

Y NR3B

and deducted from X,,, ,andX,,,, respectively to create X,,. ,andX,,,,.

The frequencies of the four largest sidebands onZX,,, andZ,,, . can be

5 expressed as
hoAA = hoA +(hoA _fDA)
hoAB :hoA_(hoB_fDB) (66)
hoBA = hoB _(hoA _fDA)
hoBB = hoB +(hoB _fDB)7
the phases of these signals can be expressed as
Pias = (PNhA +(PNhA _PDA))mOdzTE
Pnis =(PN —(P, —PDB))m0d2n 67)
Pyinss = (PN _(PN _PDA))mOdzTc
Piss = (PNhB +(PNhB — Py )) mod 2w,
and calculated by adders 420, 424, 428, 460, 464, and 468 as shown in FIG. 9.
10 The magnitudes of these signals can be expressed as
My, = (FX +FZ) 1
2 MDCA

My, = _(_FX +FZ) 1

2 MDCA

(68)
(—rX + rZ) 1

M 5 =

2 MDCB
M 55 = (FX +FZ) 1

2 MDCB

and can be calculated by magnitude processor 500, which can calculate them
from the terms of equation (63) that were previously calculated, as shown in FIG. 10.
The two additional negations may be provided by 550 and 552, or may be
15 incorporated in other calculations with appropriate sign changes

The four prototype sideband compensation signals can be expressed as
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2 onaa =M g (Sin Qupag TICOS Py )
L s =M (Sin Pips TICOS Py, )
s =M yp (Sin Punap T1COS Pz )
> )

wiss =M yipp (Sm Qunpp T1COS P ypp

(69)

and, referring to FIG. 9, are calculated, for example, by polar-to-rectangular
converters 426, 470, 430 and 466. The conversion may be done by any suitable and
appropriate method. One approach is to use CORDIC conversion. Another faster
approach is to use a Sine/Cosine lookup table followed by multiplying by the
magnitude.

The sideband compensation signals can be expressed as

EthZA =2 (CNhRA *) +Z 045C s (70)

and

z:thw =2 sz (CNhRB *) +Z 054 C (71)
The compensated complex prototype signals can be expressed as

z ZNhZA - ZthZA (72)

it =
and
s = Znnos _ZthZB (73)
Referring to FIG. 9, compensated complex prototype signalsX,, and X, .

are calculated, for example, by sideband compensators 800 and 850 respectively.
Referring to FIG. 12, equation (70) is calculated, for example, by complex conjugate
802, multipliers 804 and 806, and adder 810. Equation (72) is calculated, for
example, by adder 812. Equation (70) is calculated, for example, by complex
conjugate 802, multipliers 804 and 806, and adder 810. Equation (72) is calculated,
for example, by adder 812.

In some embodiments, the magnitudes and phases of the sideband
compensation signals can be calculated in the same manner as the cyclic error
compensation. However, that method of calculation uses Z velocity for initialization
and may fail to work when the sidebands merge at zero Z velocity.

Examples of signals X ., , and X,,, are shown in FIG. 21 and FIG. 22,

respectively. In this example, the largest (i.e., greatest peak amplitude) sideband in
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2 s Shown in FIG. 22 is approximately 21 dB lower than the largest sideband
inX,,,,, shown in FIG. 20. The peak of X, is approximately 0.2 dB (2%) larger

than the peak of X due to coincidence of the peak of X, , with a sideband of

Nh2A4

z

yNR24 "
It might be suspected that the same sideband-altering approach as described
carlier for the calculation of =, andX

would be beneficial for the X, signal

Nh2A4 Nh2B Nh24

and the X, signal. However, that approach is generally not beneficial here,

Nh2B
because the cancellation does not provide a significant benefit; instead, the 6 dB
increase in the level of the sidebands on the opposite side can adversely affect the end

result, leading to a need for additional calculation.

Compensation
Referring to FIG. 7, the X,,, and X,,, signals from CE Ad calculator 400 are

provided to their corresponding error estimators 700 and 702 as previously described.

The error estimators calculate the complex error compensation signals D, , 165

and D, , 265 as previously described. An example of compensation signal D, , 165
is shown in FIG. 23. The compensations signals D, , 165 and D, 265 are
combined with the corresponding measurement signals D, and D, to produce
compensated measurement signals D, , 169 and D, 269 as previously described. An
example of compensated signals D, 169 and D,, 269 is shown in FIG. 24. In this

example, a cyclic error reduction of approximately 37 dB (70x) has been

demonstrated.

rz Adjustment

The calculated offSet phases €,y and C ;g will typically be constant with Z
motion if the value of r,used in these calculations is correct. In some embodiments,
complex values C,,,, and C,,,, , which are directly related to ;4 and C 5, are

used to adjust 7, to minimize the phase variation of C,,,, and C,,,, with Z motion.

50



10

15

20

25

WO 2013/158148 PCT/US2012/064038

This is required for proper compensation at low or zero X velocity when there may be
Z motion.

The r,adjuster 600 is shown in FIG. 9 within CE Ad compensation 400.

Adder 480 calculates the Z velocity 2V for the control circuitry of the interferometer

system and for operation of the 7, adjuster. The 7, adjuster determines adjustment
value r,, that is combined with a typical nominal or assumed value of r, .

Referring to the example shown in FIG. 11, complex values C,,,, and
Curs are converted to phase values @,,,and ¢, by CORDIC converters 602 and

612. These CORDIC converters can be a variation of CORDIC converters described
elsewhere in this disclosure, or other equivalent implementations, since they have a

slower update rate and do not need a magnitude output. Differentiators 604 and 614

calculate % for @y, and @38 AQy,,and A@.,,,. Adder 620 and muxes 606

and 616 can have control circuitry that selects the mode of operation as shown in
equation (74), depending on whether the A and B velocities are less than the threshold
below which compensation calculations are not effective. This selection maintains
constant loop gain when either A or B channel is not suitable for use in the

r,, adjustment.

V>V al> Vi A9 = Abeyig + APy
|VA| > Vg |V;3| <Vt AQeys, = AQeyg T APryyg
|VA| <V |V;3| >V AQcyy, = APyzp + Ay
Vi<V o]V Apay =0

in

(74)

Comparator 640, negator 622, and mux 624 are arranged, for example, with
control circuitry to negate A@_,, when the Z velocity is positive, and set
Ay, =0when the Z velocity is near zero.

Constant multiplier 626 and accumulator 628 complete the feedback loop that
adjusts r,, to the optimum value. The optimum value of constant multiplier 626 may
be determined empirically or analytically to obtain good response time without

ringing or overshoot. The range of accumulator 628 can be limited to slightly wider

than the expected adjustment range. Limiting the accumulator range in this manner
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can advantageously improve settling time and avoid problems due to unusual startup
conditions.

Differentiators 604 and 614 may be simple difference calculators that include
one or more delay registers and a subtractor, or they may be a more sophisticated
differentiator using a FIR filter or other structure. Accumulator 628 may be a simple
accumulator that include an adder and a register, or it may be a more sophisticated
integrator using a FIR filter or other structure. The integrator and differentiator may
be chosen to operate in with respect to Z position, rather than time. To reduce high
frequency noise, a CIC lowpass filter or other filtering method may be inserted in the
r,adjustment path.

The calculation of Ag,,, and the controls may have various implementations
including, for example: (1) implementations in which a constant or otherwise
adjustable value of r, is used; (2) implementations in which the averaging done by
adder 620 is eliminated, using only one of Cira or Crrg; and (3) implementations in
which a second constant or adjustable value is used with a second multiplier to

provide independent P,, values to adders 412 and 452 in FIG. 9.

Continuous Multiplier

In embodiments where the multiplier value of multiplier 300 in FIG. 9 may
vary during operation, additional consideration is required. For example, the value of
P7 may be in the millimeter range, and the desired phase accuracy of ¢,,, may be in
the nanometer range. Thus, a multiplier change greater than 1 part per million can
produce a significant phase change. In some embodiments, multiplier 300 is a
continuous multiplier, designed to prevent instantaneous changes to the output value
when the multiplier value is changed. Referring to the example of FIG. 14, a
continuous multiplier example of multiplier 300 is shown. Multiplier 310 multiplies

input value Pz by a constant value representing a typical or expected value of r,,
producing partial product P, . Differentiator 302, multiplier 304 and integrator 306
provide a variable gain of r,, with no discontinuities, producing partial product B, .
The partial products P, and P,,,, are combined by adder 320. Differentiator 302

may be a simple difference calculation that includes one or more delay registers and a

52



10

15

20

25

WO 2013/158148 PCT/US2012/064038

subtractor, or it may be a more sophisticated differentiator using a FIR filter or other
structure. Integrator 306 may be a simple accumulator that includes an adder and a
register, or it may be a more sophisticated integrator using a FIR filter or other

structure. The operation of the continuous multiplier may be expressed as:
P PEZkLZl +IkLZZ dEZ at

(kLZI + kLZZ )

(75)

CE Nh Processing (1 axis)

Referring to FIG. 15, a schematic diagram of an example of CE Nh signal
processing for a single measurement axis is shown. Processor 100 is substantially the
same as processor 100 shown in FIG. 7. CE Nh Calculator 900 is a simplified version
of CE Ad processor 400 shown in FIG. 7 and detailed in FIG. 8.

FIG. 16 is a schematic diagram of an example of a CE Nh Calculator 900.
Functions related to the second axis have been eliminated, greatly simplifying the

processing. CORDIC converter 902 converts the DFT signal D, ,to magnitude
M, ,and phase ¢, ,. Position calculator 904 unwraps or connects the phase values to
provide position values P, ,. Complex prototype signal X, is calculated, for

example, by polar-to-rectangular converter 914 using time-varying magnitude signal

M,,, , from magnitude processor 910 and position values P, , from multiplier 908.

Nh24

Complex sideband compensation signal X,,  is calculated, for example, by polar-to-
rectangular converter 926 using magnitude signal M ,,,, from magnitude processor
910 and phase @, from adders 920 and 924. Sideband compensator 916 uses
compensation signal X ,,, and coefficients C,,,,to substantially reduce the sideband
on signal X ,,, producing output Z,,, 911 for error estimator 700 shown in FIG. 15.

The cyclic error compensation techniques described above are not limited to
the specified mathematical operations or order of operations. That is, other
mathematically equivalent operations, which are capable of producing the same or
similar results, also can be used. This can include rearranging and/or adding or
removing multiply operations and/or conjugate operations. For example, instead of

performing a multiply operation between two separate inputs followed by a conjugate
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operation, a conjugate operation may be performed on each input, followed by a
multiply operation between the conjugated inputs. In some implementations, such
rearrangement can advantageously reduce hardware requirements.

The cyclic error compensation techniques described above can be applied to
any suitable interferometric encoder system in which non-harmonic cyclic errors
and/or axis-dependent errors occur.

Depending on the embodiment, the compensation technique described above
can be implemented using control electronics in an interferometer system, in which
the control electronics are implemented through hardware or software, or a
combination of both. The techniques can be implemented in computer programs
using standard programming techniques following the method and figures described
herein. Program code is applied to input data to perform the functions described
herein and generate output information. The output information (e.g., position
information related to a relative position of a target object to the optical assembly) is
applied to one or more output devices such as a servo control system or display
device.

Each program may be implemented in a high level procedural or object
oriented programming language to communicate with a computer system, or the
programs can be implemented in assembly or machine language, if desired. In any
case, the language can be a compiled or interpreted language. Moreover, the program
can run on dedicated integrated circuits preprogrammed for that purpose.

Each such computer program may be stored on a storage medium or device
(e.g., ROM, magnetic diskette, FLASH drive, among others) readable by a general or
special purpose programmable computer, for configuring and operating the computer
when the storage media or device is read by the computer to perform the procedures
described herein. The computer program can also reside in cache or main memory
during program execution. The compensation technique can also be implemented as a
computer-readable storage medium, configured with a computer program, where the
storage medium so configured causes a computer to operate in a specific and

predefined manner to perform the functions described herein.
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Lithography Systems

Because of the cyclic error compensation, the interferometry systems
described herein provide highly accurate measurements. Such systems can be
especially useful in lithography applications used in fabricating large scale integrated
circuits such as computer chips and the like. Lithography is the key technology driver
for the semiconductor manufacturing industry. Overlay improvement is one of the
five most difficult challenges down to and below 22 nm line widths (design rules),
see, for example, the International Technology Roadmap for Semiconductors, pp.58-
59 (2009).

Overlay depends directly on the performance, i.e., accuracy and precision, of
the displacement measuring interferometers and interferometric encoder systems used
to position the wafer and reticle (or mask) stages. Since a lithography tool may
produce $50-100M/year of product, the economic value from improved performance
displacement measuring interferometers is substantial. Each 1% increase in yield of
the lithography tool results in approximately $1M/year economic benefit to the
integrated circuit manufacturer and substantial competitive advantage to the
lithography tool vendor.

The function of a lithography tool is to direct spatially patterned radiation onto
a photoresist-coated wafer. The process involves determining which location of the
wafer is to receive the radiation (alignment) and applying the radiation to the
photoresist at that location (exposure).

To properly position the wafer, the wafer includes alignment marks on the
wafer that can be measured by dedicated sensors. The measured positions of the
alignment marks define the location of the wafer within the tool. This information,
along with a specification of the desired patterning of the wafer surface, guides the
alignment of the wafer relative to the spatially patterned radiation. Based on such
information, a translatable stage supporting the photoresist-coated wafer moves the
wafer such that the radiation will expose the correct location of the wafer.

During exposure, a radiation source illuminates a patterned reticle, which
scatters the radiation to produce the spatially patterned radiation. The reticle is also
referred to as a mask, and these terms are used interchangeably below. In the case of

reduction lithography, a reduction lens collects the scattered radiation and forms a
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reduced image of the reticle pattern. Alternatively, in the case of proximity printing,
the scattered radiation propagates a small distance (typically on the order of microns)
before contacting the wafer to produce a 1:1 image of the reticle pattern. The
radiation initiates photo-chemical processes in the resist that convert the radiation
pattern into a latent image within the resist.

Interferometry systems are important components of the positioning
mechanisms that control the position of the wafer and reticle, and register the reticle
image on the wafer. If such interferometry systems include the features described
above, the accuracy of distances measured by the systems can be increased and/or
maintained over longer periods of time without offline maintenance as cyclic error
contributions to the distance measurement are minimized, resulting in higher
throughput due to increased yields and less tool downtime.

In general, the lithography system, also referred to as an exposure system,
typically includes an illumination system and a wafer positioning system. The
illumination system includes a radiation source for providing radiation such as
ultraviolet, visible, x-ray, electron, or ion radiation, and a reticle or mask for
imparting the pattern to the radiation, thereby generating the spatially patterned
radiation. In addition, for the case of reduction lithography, the illumination system
can include a lens assembly for imaging the spatially patterned radiation onto the
wafer. The imaged radiation exposes resist coated onto the wafer. The illumination
system also includes a mask stage for supporting the mask and a positioning system
for adjusting the position of the mask stage relative to the radiation directed through
the mask. The wafer positioning system includes a wafer stage for supporting the
wafer and a positioning system for adjusting the position of the wafer stage relative to
the imaged radiation. Fabrication of integrated circuits can include multiple exposing
steps. For a general reference on lithography, see, for example, J. R. Sheats and B.

W. Smith, in Microlithography: Science and Technology (Marcel Dekker, Inc., New

York, 1998), the contents of which is incorporated herein by reference.
Interferometric encoder systems described above can be used to precisely

measure the positions of each of the wafer stage and mask stage relative to other

components of the exposure system, such as the lens assembly, radiation source, or

support structure. In such cases, the interferometry system can be attached to a
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stationary structure and the measurement object having the encoder scale attached to a
movable element such as one of the mask and wafer stages. Alternatively, the
situation can be reversed, with the interferometry system attached to a movable object
and the measurement object having the encoder scale attached to a stationary object.

More generally, such interferometry systems can be used to measure the
position of any one component of the exposure system relative to any other
component of the exposure system, in which the interferometry system is attached to,
or supported by, one of the components and the measurement object having the
encoder scale is attached, or is supported by the other of the components.

An example of a lithography tool 1800 using an interferometry system 1826 is
shown in FIG. 25. The encoder system is used to precisely measure the position of a
wafer (not shown) within an exposure system. Here, stage 1822 is used to position
and support the wafer relative to an exposure station. Scanner 1800 includes a frame
1802, which carries other support structures and various components carried on those
structures. An exposure base 1804 has mounted on top of it a lens housing 1806 atop
of which is mounted a reticle or mask stage 1816, which is used to support a reticle or
mask. A positioning system for positioning the mask relative to the exposure station
is indicated schematically by element 1817. Positioning system 1817 can include,
e.g., piezoelectric transducer elements and corresponding control electronics.
Although, it is not included in this described embodiment, one or more of the encoder
systems described above can also be used to precisely measure the position of the
mask stage as well as other moveable elements whose position must be accurately
monitored in processes for fabricating lithographic structures (see supra Sheats and

Smith Microlithography: Science and Technology).

Suspended below exposure base 1804 is a support base 1813 that carries wafer
stage 1822. Stage 1822 includes a measurement object 1828 for diffracting a primary
beam 1854 directed to the stage by optical assembly 1826. A positioning system for
positioning stage 1822 relative to optical assembly 1826 is indicated schematically by
element 1819. Positioning system 1819 can include, e.g., piezoelectric transducer
elements and corresponding control electronics. The primary beam is incident on
encoder scale at an incident angle such that the diffracted measurement beam does not

satisfy the Littrow condition. Of course, erroneous beams that satisfy the Littrow
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condition may occur. One or more optical elements (not shown) then can be used to
direct the diffracted measurement beam back to the interferometry system, which is
mounted on exposure base 1804. The interferometry system can be any of the
embodiments described previously.

During operation, a radiation beam 1810, e.g., an ultraviolet (UV) beam from
a UV laser (not shown), passes through a beam shaping optics assembly 1812 and
travels downward after reflecting from mirror 1814. Thereafter, the radiation beam
passes through a mask (not shown) carried by mask stage 1816. The mask (not
shown) is imaged onto a wafer (not shown) on wafer stage 1822 via a lens assembly
1808 carried in a lens housing 1806. Base 1804 and the various components
supported by it are isolated from environmental vibrations by a damping system
depicted by spring 1820.

In some embodiments, one or more of the interferometry systems described
previously can be used to measure distance along multiple axes and angles associated
for example with, but not limited to, the wafer and reticle (or mask) stages. Also,
rather than a UV laser beam, other beams can be used to expose the wafer including,
e.g., x-ray beams, electron beams, ion beams, and visible optical beams.

In some embodiments, the interferometry system 1826 can include what is
known in the art as a column reference. In such embodiments, the interferometry
system 1826 derives a reference beam (not shown) from the primary beam. In some
embodiments, the reference beam is derived from a source separate from the primary
beam. One or more optical components (not shown) within the interferometry system
1826 combine the reference beam with the diffracted measurement beam to produce
an output beam. The interference signal produced by interferometry system 1826
when combining diffracted measurement beam 1854 diffracted from encoder scale
1828 and the reference beam indicates changes in the position of the stage relative to
the radiation beam. Furthermore, in other embodiments the interferometry system
1826 can be positioned to measure changes in the position of reticle (or mask) stage
1816 or other movable components of the scanner system. Finally, the interferometry
systems can be used in a similar fashion with lithography systems involving steppers,

in addition to, or rather than, scanners.
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As is well known in the art, lithography is a critical part of manufacturing
methods for making semiconducting devices. For example, U.S. Patent 5,483,343
outlines steps for such manufacturing methods. These steps are described below with
reference to FIGS. 26A and 26B. FIG. 26A is a flow chart of the sequence of
manufacturing a semiconductor device such as a semiconductor chip (e.g., IC or LSI),
a liquid crystal panel or a CCD. Step 1951 is a design process for designing the
circuit of a semiconductor device. Step 1952 is a process for manufacturing a mask
on the basis of the circuit pattern design. Step 1953 is a process for manufacturing a
wafer by using a material such as silicon.

Step 1954 is a wafer process that is called a pre-process wherein, by using the
so prepared mask and wafer, circuits are formed on the wafer through lithography. To
form circuits on the wafer that correspond with sufficient spatial resolution those
patterns on the mask, interferometric positioning of the lithography tool relative the
wafer is necessary. The interferometry methods and systems described herein can be
especially useful to improve the effectiveness of the lithography used in the wafer
process.

Step 1955 is an assembling step, which is called a post-process wherein the
wafer processed by step 1954 is formed into semiconductor chips. This step includes
assembling (dicing and bonding) and packaging (chip sealing). Step 1956 is an
inspection step wherein operability check, durability check and so on of the
semiconductor devices produced by step 1955 are carried out. With these processes,
semiconductor devices are finished and they are shipped (step 1957).

FIG 26B is a flow chart showing details of the wafer process. Step 1961 is an
oxidation process for oxidizing the surface of a wafer. Step 1962 is a CVD process
for forming an insulating film on the wafer surface. Step 1963 is an electrode forming
process for forming electrodes on the wafer by vapor deposition. Step 1964 is an ion
implanting process for implanting ions to the wafer. Step 1965 is a resist process for
applying a resist (photosensitive material) to the wafer. Step 1966 is an exposure
process for printing, by exposure (i.e., lithography), the circuit pattern of the mask on
the wafer through the exposure apparatus described above. Once again, as described
above, the use of the interferometry systems and methods described herein improve

the accuracy and resolution of such lithography steps.
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Step 1967 is a developing process for developing the exposed wafer. Step
1968 is an etching process for removing portions other than the developed resist
image. Step 1969 is a resist separation process for separating the resist material
remaining on the wafer after being subjected to the etching process. By repeating
these processes, circuit patterns are formed and superimposed on the wafer.

The interferometry systems described above can also be used in other
applications in which the relative position of an object needs to be measured
precisely. For example, in applications in which a write beam such as a laser, x-ray,
ion, or electron beam, marks a pattern onto a substrate as either the substrate or beam
moves, the interferometry systems can be used to measure the relative movement
between the substrate and write beam.

As an example, a schematic of a beam writing system 2000 is shown in FIG.
27. A source 2010 generates a radiation beam 2012 (“write beam”), and a beam
focusing assembly 2014 directs the write beam 2012 to a substrate 2001 supported by
a movable stage 2018. To determine the relative position of the stage, an
interferometry system 2020 directs a reference beam 2022 to a mirror or encoder scale
2024 mounted on beam focusing assembly 2014 and a measurement beam 2026 to a
mirror or encoder scale 2028 mounted on stage 2018. Since the reference beam
contacts a mirror or encoder scale mounted on the beam focusing assembly, the beam
writing system is an example of a system that uses a column reference.
Interferometry system 2020 can be any of the interferometry systems described
previously. Changes in the position measured by the interferometry system
correspond to changes in the relative position of write beam 2012 on substrate 2001.
Interferometry system 2020 sends a measurement signal 2032 to controller 2030 that
is indicative of the relative position of write beam 2012 on substrate 2001. Controller
2030 sends an output signal 2034 to a base 2036 that supports and positions stage
2018. In addition, controller 2030 sends a signal 2038 to source 2010 to vary the
intensity of, or block, write beam 2012 so that the write beam contacts the substrate
with an intensity sufficient to cause photophysical or photochemical change only at
selected positions of the substrate.

Furthermore, in some embodiments, controller 2030 can cause beam focusing

assembly 2014 to scan the write beam over a region of the substrate, e.g., using signal
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2044. As a result, controller 2030 directs the other components of the system to
pattern the substrate. The patterning is typically based on an electronic design pattern
stored in the controller. In some applications the write beam patterns a resist coated
on the substrate and in other applications the write beam directly patterns, e.g., etches,
the substrate.

An important application of such a system is the fabrication of masks and
reticles used in the lithography methods described previously. For example, to
fabricate a lithography mask an electron beam can be used to pattern a chromium-
coated glass substrate. In such cases where the write beam is an electron beam, the
beam writing system encloses the electron beam path in a vacuum. Also, in cases
where the write beam is, e.g., an electron or ion beam, the beam focusing assembly
includes electric field generators such as quadrapole lenses for focusing and directing
the charged particles onto the substrate under vacuum. In other cases where the write
beam is a radiation beam, e.g., x-ray, UV, or visible radiation, the beam focusing
assembly includes corresponding optics and for focusing and directing the radiation to
the substrate.

A number of embodiments of the invention have been described.
Nevertheless, it will be understood that various modifications may be made without
departing from the spirit and scope of the invention.

For example, in some embodiments, the cyclic error compensation techniques
described herein could be performed using digitized measurement signal (DMS)
processing at the ADC digital sampling rate. Further details on how to perform DMS
are described, for example, in U.S. Patent Nos. 6,950,192 and 7,428,685. In some
embodiments, the cyclic error compensation techniques described herein could be
combined with low velocity cyclic error compensation, as described, for example, in
U.S. Patent No. 7,616,322.

In some embodiments, the order in which the CE 0, CE N, CE B, CE Nh, and
CE Ad compensation are performed can be modified. For example, in some
implementations, error compensation can be performed in serial fashion with CE 0
compensation first, CE Nh compensation second and then either CE N or CE B
compensation. Either CE N or CE B compensation could then be performed last. In

some implementations, CE 0 compensation is performed first followed by CE N and
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CE Nh compensation performed in parallel. Alternatively, CEO compensation is
followed by CE B and CE Nh compensation in parallel with one another. The order
of compensation may be determined based on the relative cyclic error amplitudes of
each error.

In some embodiments, a digital filter can be used to reduce the sidebands of
the compensation signal.

Other embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method comprising:

obtaining, from a detector of an interferometry system, an interference signal
based on a combination of a first beam and a reference beam, subsequent to the first
beam being diffracted from an encoder scale;

obtaining, through an electronic processor, an error compensation signal based on
a non-harmonic cyclic error that modifies the interference signal; and

outputting information about a change in a position of the encoder scale relative
to an optical assembly of the interferometry system based on the interference signal

and the error compensation signal.

2. The method of claim 1, wherein the non-harmonic cyclic error causes a frequency

shift in the interference signal equal to a non-integer multiple of a Doppler frequency.

3. The method of claim 2, further comprising:
providing an input beam; and
deriving the first beam from the input beam in the optical assembly of the
interferometer system, wherein the Doppler frequency corresponds to a shift in
frequency difference between the first beam and the reference beam caused by motion

of the encoder scale.

4. The method of claim 1, further comprising:
applying a frequency transform to the interference signal to generate a
transformed measurement signal in complex space; and
modifying the transformed measurement signal based on the error compensation
signal to obtain a compensated measurement signal having an attenuated non-
harmonic cyclic error, wherein the error compensation signal is a signal in complex

space.
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5.

The method of claim 4, wherein modifying the transformed measurement signal
comprises deducting the error compensation signal from the transformed

measurement signal.

The method of claim 4, wherein obtaining the error compensation signal
comprises compensating the transformed measurement signal based on at least one of
a negative Doppler shift error, a baseband Doppler shift error, or a zero Doppler shift

error to provide a partially compensated measurement signal.

The method of claim 6, wherein obtaining the error compensation signal further
comprises:

calculating a complex prototype signal based on the partially compensated
measurement signal, wherein the complex prototype signal represents a frequency of

the non-harmonic cyclic error signal associated with the interference signal.

The method of claim 7, wherein obtaining the error compensation signal further
comprises:

delaying the partially compensated measurement signal;

obtaining a conjugate of the partially compensated measurement signal; and

multiplying the complex prototype signal and the conjugate of the partially
compensated measurement signal to obtain an output signal, wherein the output signal
corresponds to a frequency difference between the partially compensated

measurement signal and the complex prototype signal.

The method of claim 8, wherein obtaining the error compensation signal further
comprises:

passing the output signal through a lowpass filter to obtain a non-harmonic cyclic
error coefficient term, wherein the non-harmonic cyclic error coefficient term
comprises a complex factor relating to an amplitude and an offset phase of the non-

harmonic cyclic error;
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10.

11.

12.

13.

14.

multiplying a conjugate of the of the non-harmonic cyclic error coefficient term
with the complex prototype signal to obtain a non-harmonic correction signal; and
adding the non-harmonic cyclic error correction signal to one or more other

correction signals to provide the cyclic error compensation signal.

The method of claim 9, further comprising storing the non-harmonic cyclic error

coefficient term in a register.

The method of claim 7, wherein calculating the complex prototype signal
comprises:

calculating a time-varying phase of the non-harmonic cyclic error;

calculating an initial complex prototype signal based on the time-varying phase of
the non-harmonic cyclic error, wherein the initial complex prototype signal is
representative of the frequency of the non-harmonic cyclic error signal;

calculating a magnitude compensation signal based on a magnitude of the
partially compensated measurement signal;

calculating a partially attenuated prototype signal by multiplying the magnitude
compensation signal and the initial complex prototype signal; and

selectively attenuating the partially attenuated prototype signal to obtain the

complex prototype signal.

The method of claim 11, wherein the time-varying phase of the non-harmonic
cyclic error is based on a ratio of a non-harmonic cyclic error frequency shift to a

Doppler frequency.

The method of claim 12, further comprising adjusting the ratio based at least in

part on one or more non-harmonic cyclic error compensation coefficients.

The method of claim 11, wherein calculating the partially attenuated prototype

signal comprises attenuating a signal component of the initial prototype signal at a
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15.

16.

17.

18.

19.

20.

21.

frequency equal to the Doppler frequency.

The method of claim 11, wherein selectively attenuating the partially attenuated
prototype signal comprises attenuating a signal component of the partially attenuated
prototype signal at a frequency defined by a difference between the Doppler

frequency and the frequency of the non-harmonic cyclic error signal.

The method of claim 11, wherein selectively attenuating the partially attenuated
prototype signal comprises:

calculating one or more sideband compensation signals; and

deducting the one or more sideband compensation signals from the partially

attenuated prototype signal.

The method of claim 16, wherein calculating the one or more sideband

compensation signals is based in part on a non-harmonic cyclic error coefficient term.

The method of claim 17, further comprising storing the non-harmonic cyclic error

coefficient term in a register.

The method of claim 17, further comprising storing the non-harmonic cyclic error
coefficient term when a speed of the encoder scale relative to the optical assembly

along a first direction is below a specified threshold.
The method of claim 4, further comprising calculating at least one of a position of
the encoder scale along a first direction or a motion of the encoder scale along the

first direction based on the compensated measurement signal.

The method of claim 1, wherein the first beam is twice diffracted from the

encoder scale.
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22.

23.

24.

25.

26.

The method of claim 1, wherein the first beam and the second beam are derived

from a common source.

The method of claim 1, wherein the encoder scale comprises a grating.

The method of claim 23, wherein the grating comprises a one-dimensional grating

or a two-dimensional grating.

A method comprising:

obtaining a first interference signal based on interference of a first measurement
beam with a reference beam, subsequent to the first measurement beam being
diffracted by an encoder scale, the first interference signal being in complex space;

obtaining a second interference signal based on interference of a second
measurement beam with the reference beam, subsequent to the second measurement
beam being diffracted by the encoder scale, the second interference signal being in
complex space,

wherein each of the first interference signal and the second interference signal is
associated with a first cyclic error shift in frequency based on motion of the encoder
scale along a first direction parallel to the encoder scale, and with a second cyclic
error shift in frequency based on motion of the encoder scale along a second different
direction perpendicular to the first direction;

obtaining, through an electronic processor, a first error compensation signal and a
second error compensation signal; and

outputting information about a change in a position of the encoder scale relative
to an optical assembly based on at least a first combination of the first error
compensation signal with the first interference signal or a second combination of the

second error compensation signal with the second interference signal.

The method of claim 25, wherein a first ratio of the first cyclic error frequency

shift to a first Doppler shift caused by motion in a first direction is different from a
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27.

28.

29.

30.

31.

second ratio of the second cyclic error frequency shift to a second Doppler shift

caused by motion in a second direction.

The method of claim 26, further comprising:
providing an input beam; and
deriving the first measurement beam and the second measurement beam from the

input beam.

The method of claim 26, wherein the first ratio is an integer number and the

second ratio is a non-integer number.

The method of claim 25, wherein obtaining the first error compensation signal
and the second error compensation signal comprises compensating the first
interference signal and the second interference signal based on at least one of a
negative Doppler shift error, a baseband Doppler shift error, or a zero Doppler shift
error to obtain a first partially compensated measurement signal and a second

partially compensated measurement signal, respectively.

The method of claim 29, wherein obtaining the first error compensation signal
and the second error compensation signal further comprises calculating a first
complex prototype signal and a second complex prototype signal, respectively,
wherein the first complex prototype signal represents a frequency of a first non-
harmonic cyclic error associated with the first interference signal, and the second
complex prototype signal represents a frequency of a second non-harmonic cyclic

error associated with the second interference signal.

The method of claim 30, wherein obtaining the first error compensation signal
and the second error compensation signal further comprises:
delaying each of the first partially compensated measurement signal and the

second partially compensated measurement signal;
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32.

obtaining a first conjugate of the first partially compensated measurement signal
and a second conjugate of the second partially compensated measurement signal; and

multiplying the first complex prototype signal by the first conjugate to obtain a
first output signal, and the second complex prototype signal by the second conjugate
to obtain a second output signal,

wherein the first output signal corresponds to a frequency difference between the
first partially compensated measurement signal and the first complex prototype
signal, and the second output signal corresponds to a frequency difference between
the second partially compensated measurement signal and the second complex

prototype signal.

The method of claim 31, wherein obtaining the first error compensation signal
and the second error compensation signal further comprises:

passing cach of the first output signal and the second output signal through
corresponding lowpass filters to obtain a first non-harmonic cyclic error coefficient
term and a second non-harmonic cyclic error coefficient term, respectively,

wherein the first non-harmonic cyclic error coefficient term comprises a complex
factor relating to an amplitude and an offset phase of the non-harmonic cyclic error
associated with the first interference signal, and the second non-harmonic cyclic error
coefficient term comprises a complex factor relating to an amplitude and offset phase
of the non-harmonic cyclic error associated with the second interference signal;

multiplying a conjugate of the first non-harmonic cyclic error coefficient term
with the first complex prototype signal to obtain a first non-harmonic correction
signal, and multiplying a conjugate of the second non-harmonic cyclic error
coefficient term with the second complex prototype signal to obtain a second non-
harmonic correction signal;

adding one or more other correction signals to each of the first non-harmonic
cyclic error correction signal and the second non-harmonic cyclic error correction

signal to provide the first cyclic error compensation signal and the second cyclic error
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33.

34.

compensation signal, respectively.

The method of claim 32, further comprising storing the first non-harmonic cyclic
error coefficient term and the second non-harmonic cyclic error coefficient term in
one or more registers when a speed of the encoder scale relative to the optical

assembly along a first direction is below a specified threshold.

The method of claim 30, wherein calculating the first complex prototype signal
and the second complex prototype signal comprises:

calculating a first time-varying phase associated with the first non-harmonic
cyclic error and a second time-varying phase associated with the second non-
harmonic cyclic error;

calculating a first initial complex prototype signal and a second initial complex
prototype signal based on the first time-varying phase and the second time-varying
phase, respectively, wherein the first initial complex prototype signal is representative
of a non-harmonic error signal frequency associated with the first interference signal,
and the second initial complex prototype signal is representative of a non-harmonic
signal frequency associated with the second interference signal;

calculating a first magnitude compensation signal and a second magnitude
compensation signal based on the first partially compensated measurement signal and
the second partially compensated measurement signal;

calculating a first partially attenuated prototype signal by multiplying the first
magnitude compensation signal and the first initial complex prototype signal;

calculating a second partially attenuated prototype signal by multiplying the
second magnitude compensation signal and the second initial complex prototype
signal; and

selectively attenuating the first partially attenuated prototype signal and the
second partially attenuated prototype signal.
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35.

36.

37.

38.

The method of claim 34, wherein selectively attenuating the first partially
attenuated prototype signal comprises attenuating two or more first signal
components of the first partially attenuated prototype signal, and wherein selectively
attenuating the second partially attenuated prototype signal comprises attenuating two

or more second signal components of the second partially attenuated prototype signal.

The method of claim 34, wherein calculating the first partially attenuated
prototype signal comprises attenuating two or more first signal components of the
first initial complex prototype signal, at least one of the first signal components
occurring at a frequency equal to a first Doppler frequency, and wherein calculating
the second partially attenuated prototype signal comprises attenuating two or more
second signal components of the second initial complex prototype signal, at least one
of the second signal components occurring at a frequency equal to a second Doppler
frequency, the first Doppler frequency representing a shift in a frequency difference
between the first measurement beam and the reference beam, and the second Doppler
frequency representing a shift in a frequency difference between the second

measurement beam and the reference beam.

The method of claim 34, wherein selectively attenuating the first partially
attenuated prototype signal and the second partially attenuated prototype signal
comprises:

calculating one or more first sideband compensation signals;

deducting the one or more first sideband compensation signals from the first
partially attenuated prototype signal;

calculating one or more second sideband compensation signals; and

deducting the one or more second sideband compensation signals from the second

partially attenuated prototype signal.

The method of claim 37, wherein calculating the one or more first sideband

compensation signals is based in part on a first non-harmonic cyclic error coefficient
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39.

40.

41.

42.

term, and wherein calculating the one or more second sideband compensation signals

is based in part on a second non-harmonic cyclic error coefficient term.

The method of claim 34, wherein each of the time-varying phases associated with
the first and second non-harmonic cyclic errors is based at least in part on a time-
varying phase of the first interference signal, a time-varying phase of the second
interference signal, a first ratio of a non-harmonic cyclic error frequency shift to a
Doppler frequency based on motion of the encoder scale along a first direction
parallel to the encoder scale, and a second ratio of a non-harmonic cyclic error
frequency shift to a Doppler frequency based on motion of the encoder scale along a

second different direction orthogonal to the first direction.

The method of claim 39, further comprising adjusting the second ratio based at

least in part on one or more non-harmonic cyclic error compensation coefficients.

The method of claim 25, further comprising:

modifying the first interference signal based on the first error compensation signal
to obtain a first compensated measurement signal;

modifying the second interference signal based on the second error compensation
signal to obtain a second compensated measurement signal; and

calculating, based on the first compensated measurement signal and the second
compensated measurement signal, at least one of a position of the encoder scale or a

motion of the encoder scale.

The method of claim 41, wherein modifying the first interference signal
comprises deducting the first error compensation signal from the first interference
signal, and wherein modifying the second interference signal comprises deducting the

second error compensation signal from the second interference signal.
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43.

44,

45.

The method of claim 25 wherein obtaining the first interference signal comprises:

obtaining, from a first detector of the interferometry system, a first detected
signal, the first detected signal representing the interference of the first measurement
beam with the reference beam; and

applying a frequency transform to the first detected signal to generate the first
interference signal in complex space, and

wherein obtaining the second interference signal comprises:

obtaining, from a second detector of the interferometry system, a second detected
signal representing the interference of the second measurement beam with the
reference beam; and

applying the frequency transform to the second detected signal to generate the

second interference signal in complex space.

An apparatus comprising:

an interferometry system configured to, during operation of the apparatus,
combine a measurement beam diffracted from an encoder scale and a reference beam
to produce an output beam corresponding to an interference signal,

wherein at least one of the encoder scale and an optical assembly of the
interferometry system is moveable with respect to the other; and

an electronic processor configured to, during operation of the apparatus, perform
operations comprising:

obtaining the interference signal from a detector of the interferometry system;

obtaining an error compensation signal based on a non-harmonic cyclic error that
modifies the interference signal; and

outputting information about a change in a position of the encoder scale relative
to the optical assembly based on the interference signal and the error compensation

signal.

The apparatus of claim 44, wherein the electronic processor is configured to

perform operations further comprising:
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46.

47.

48.

49.

50.

applying a frequency transform to the interference signal to generate a
transformed measurement signal in complex space; and

modifying the transformed measurement signal based on the error compensation
signal to obtain a compensated measurement signal having an attenuated non-
harmonic cyclic error, wherein the error compensation signal is a signal in complex

space.

The apparatus of claim 45, wherein modifying the transformed measurement
signal comprises deducting the error compensation signal from the transformed

measurement signal.

The apparatus of claim 45, wherein obtaining the error compensation signal
comprises compensating the transformed measurement signal based on at least one of
a negative Doppler shift error, a baseband Doppler shift error or a zero Doppler shift

error to provide a partially compensated measurement signal.

The apparatus of claim 47, wherein the electronic processor is configured to
perform operations further comprising calculating a complex prototype signal based
on the partially compensated measurement signal, the complex prototype signal
representing a frequency of the non-harmonic cyclic error associated with the

interference signal.

The apparatus of claim 45, wherein the electronic processor is configured to
perform operations further comprising calculating at least one of a position of the
encoder scale or a motion of the encoder scale from the compensated measurement

signal.

A computer program product, encoded on a computer-readable medium, operable
to cause a data processing apparatus to perform operations comprising:

obtaining, from a detector of an interferometer, an interference signal based on a
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51.

combination of a measurement beam and a reference beam, subsequent to the
measurement beam being diffracted from an encoder scale;

obtaining an error compensation signal based on a non-harmonic cyclic error that
modifies the interference signal; and

outputting information about a change in a position of the encoder scale relative
to the optical assembly based on the interference signal and the error compensation

signal.

A lithography system comprising:
a moveable stage for supporting a wafer, wherein the moveable stage includes an
encoder scale that moves with the moveable stage;
an illumination system configured to image radiation onto the wafer during
operation of the lithography system;
a positioning system configured to adjust a position of the moveable stage during
operation of the lithography system;
an interferometry system configured to, during operation of the lithography
System:
direct a measurement beam toward the encoder scale;
combine the measurement beam and a reference beam, subsequent to the
measurement beam being diffracted by the encoder scale, to produce an output beam
corresponding to a first interference signal; and
detect the interference signal at a detector; and
an electronic processor configured to, during operation of the lithography system,
perform operations comprising:
obtaining the interference signal from the detector;

obtaining an error compensation signal based on a non-harmonic cyclic

error associated with the interference signal; and

outputting information about a change in a position of the encoder scale

relative to an optical assembly of the interferometry system based on the interference

signal and the error compensation signal.
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