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INTERFERENCE LITHOGRAPHY UTILIZING PHASE-LOCKED SCANNING BEAMS

GOVERNMENT SPONSORSHIP INFORMATION

The government has rights to this invention pursuant to contract number NAGS5-

5105 awarded by the National Aeronautics and Space Administration, and contract
number DAAGS5-98-1-0130 awarded by the Defense Advanced Projects Research
Administration.

PRIORITY INFORMATION

This application claims priority from provisional application Ser. No. 60/164,655
filed November 10, 1999.

BACKGROUND OF THE INVENTION

L. Field of the invention:

The invention relates to interference lithography (IL), also known as
interferometric lithography or holographic lithography, a method wherein periodic or
quasi-periodic patterns are exposed into a photosensitive material (in thin-film form,
usually called a resist), by overlapping pairs of phase-locked beams from a laser or other
intense source of radiation. In general, a beam, such as emitted from a laser, is split into
pairs of beams, which are then directed to recombine at a resist-coated substrate. At the
intersection of the beams a periodic interference pattern is created with period
Pp=M(2sinB), where A is the beam wavelength and 6 is intersection half-angle of a

particular beam pair.

2. Description of prior art:

A controlled phase relationship must hold between thetwo halves of a beam pair,
and between all sets of beam pairs (i.e., they must be “phase-locked”) in order to form _
stable, high-contrast fringes. This can be achieved passively, by the use of a rigid,
compact optical system designed for thermal and mechanical stability, or alternatively by
the use of active optical components and phase-error measuring sensors in conjunction
with phase-locking feedback electronics (see E. H. Anderson, H. I. Smith, and M. L.
Schattenburg, “Holographic Lithography,” U.S. Patent No. '5,-142,385).

When a coherent source of light is used, such as a laser, the beam is typically

split with a dielectric beamsplitter and recombined with mirrors (see H. I. Smith,
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“Fabrication techniques for surface acoustic wave and thin-film optical devices,” Proc.

IEEE 62, 1361-1387 [1974]). In an alternative configuration, known as achromatic
interference lithography (AIL), the beam is split and recombined using diffraction
gratings (see T. A. Savas, M. L. Schattenburg, J. M. Carter, and H. I. Smith, “Large-area
achromatic interferometric lithography for 100 nm period gratings and grids,” J. Vac.
Sci. Technol. B 14, 4167-4170 [1996]). In this second case, beams lacking high spatial
and temporal coherence can still be used to make useful gratings. The AIL method
utilizes much more compact optics that the IL method, resulting in a very stable
interferometer. However, a disadvantage 1s that each AIL system can pattern only a
single period.

IL has been used commercially for many years to produce large-area diffraction
gratings for spectroscopy. Other industrial and research applications for IL-patterned
gratings and grids include: optical components for filtering, polarizing, diffracting and
other manipulations-of light, x-rays, and particle beams; length-scale standards for
metrology; positional encoders in motion control equipment; fiducial grids used during
spatial-phase locked electron-beam lithography (see H. I. Smith, E. H. Anderson, and M.
L. Schattenburg “Energy beam locating,” U.S. Patent No. 5,136,169), arrays of field
emitter tips for flat panel display manufacturing (see C. O. Bozler et al., “Arrays of gated
field-emitter cones having a 0.32 um tip-to-tip spacing,” J. Vac. Sci. Technol. B 12, 629
(1994)); and high density magnetic storage (see M. Farhoud et al., “Fabrication of large
area nanostructured magnets by interferometric lithography,” IEEE Trans. Mag. 34,
1087-1089 (1998)).

Competitive non-IL means of producing precision periodic patterns suffer from a
number of well-known deficiencies. For example, the technique of mechanical ruling
suffers from extremely slow speed, poorly-controlled grating groove profile, inability to
pattern very fine periods, distortions due to limited servo-loop. gain, and incompatibility
with semiconductor lithographic processing. The method of energy beam writing (e.g.,
electron beam lithography or ion beam lithography) suffers from slow speed and large
grating distortions due to poor beam positioning control (e.g., stitching errors).

In general, IL methods are presently superior to competing methods for rapidly
producing precision periodic patterns. In current IL practice, large-area patterns are
generally achieved by expanding the beams with lenses, after which they are caused to
overlap and interfere. Beams with spherical wavefronts can be achieved by using a

short-focal-length lens followed by an (optional) spatial-filter pinhole at the lens focus.
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However, the interference of spherical beams produces gratings with large hyperbolic
distortions. Gratings substantially free of hyperbolic distortions can be achieved by
following the spatial filter with a second, collimating lens. However, in this case,
distortions in the collimating lens due to inevitable manufacturing errors are directly
translated into distortions in the grating. In addition, the collimating lens must be at least
as large as the substrate being patterned. Thus, for good results, an IL system with large,
precisely figured optics and/or very long optical paths is required. Such a system is
bulky, expensive, and vulnerable to the distorting effects of vibration, air turbulence, and
thermal fluctuations. Uniform exposure dose is also difficult to achieve. It is also
difficult, expensive, and time consuming to reconfigure such a system in order to
fabricate other types of general periodic patterns such as gratings with other periods,
grids (crossed gratings), and “chirped” gratings with variable periods.

The AIL method, on the other hand, avoids the need for a highly coherent source
and is also more stable than the traditional IL method due to'its compact design, but does
require splitter and recombiner grating optics of superb quality which are at least as large
as the desired substrate size. In addition, the AIL method is even less flexible that the IL
method for patterning general periodic patterns, since each.AIL interferometer is
designed to pattern only one period.

Thus, current practice does not allow the rapid and low-cost patterning of large,
low distortion, general periodic and quasi-periodic patterns with highly unjform and
controlled properties. The object of this invention is to provide these benefits by

utilizing novel means of conducting IL with phase-locked s¢anning beams.

SUMMARY OF THE INVENTION

The invention provides a lithographic method and system of scanning beam

interference lithography (SBIL). In the most general embodiment, this method and
system utilizes matched pairs of coherent, phase-locked, overlapped writing beams
incident on a substrate, which is coated with a photo-deﬁnéble_ layer such as a
lithographic resist. Alternatively, substrates incorporating regions of photosensitive
material, such as sheets of lithium niobate, or optical fibers with SiGe oxide cores, may
be used. The writing beam pairs are generated such that a carefully-controlled phase
relationship exists between left and right beam pair halves, and ‘between all beam pairs,
which results in coherent interference and thus the generation.of periodic patterns in the

area of overlap (the “image”). The writing beams are typically much smaller in diameter
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than the substrate. Any number of overlapping beam pairs may be used, wherein the

overlap region of all beam pairs on the substrate coincide. The substrate is chucked to a
commercial, high-precision, three-axis (x-motion, y-motion, y-rotation) motion stage,
which is controlled by servo motors, a stage-position sensor such as a laser
interferometer or optical encoder, a substrate surface z-height sensor, and control
electronics. As the substrate is scanned by the x-y stage, the angles, phases, and
amplitudes of the writing beams are controlled in a prescribed way to inscribe useful
precision periodic patterns on the substrate.

Numerous other features and advantages of the invention will become apparent
from the following descriptions when read in connection with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic block diagram of an exemplary embodiment of a SBIL
system in accordance with the invention including a high-precision three-axis stage (two
planar and one rotational degrees of freedom) whose position is sensed by a three-axis
optical encoder, a writing interferometer that forms fringes on the substrate, and rigid
support blocks that accurately registers stage and writing interferometer;

FIG. 2a is a schematic block diagram of an alternative embodiment of a SBIL
system that measures stage position with a two-axis laser interferometer and a rotational
optical encoder;

FIG. 2b is a schematic block diagram of another alternative embodiment of a
SBIL system that utilizes a two-axis laser interferometer and a rotational optical encoder
to measure stage position with respect to the writing interferometer, and a third
interferometer axis to measure substrate height;

FIG. 3 is a diagram showing the detail of the overlap region of coherent
beams, resulting in a periodic interference-fringe “image” which is exposed into a
photosensitive resist layer on the substrate; _‘ |

FIG. 4a is a graph showing the irradiance distribution resulting from left
beam alone impinging on substrate; A

FIG. 4b is a graph showing the irradiance distribution resulting from right
beam alone impinging on substrate;

FIG. 4c is a graph showing the irradiance distribution resulting from overlap

and interference of left and right beams on substrate, resultihg_in an interference-fringe
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image;

FIG. 5a shows a scanning method that moves the suBstrate under a small
grating image in a boustrophedonic manner, where the direction of motion is parallel to
the fringe direction, thus filling a much larger region of the substfafe with grating
pattern;

FIG. 5b shows the grating image, as it would appear on a stationary substrate;

FIG. 6 is a graph that depicts a method for overlapping successive scans such
that a uniform dose is achieved; A

FIG. 7a shows the effect of stage-path lateral error on travel straightness
during grating scanning;

FIG. 7b shows the effect of stage path lateral error on the phase of written
grating;

FIG. 7c shows the effect of stage path yaw error on the contrast of written
grating;

FIG. 8a is a diagram presenting nomenclature of phase and frequency during
overlap of interfering beams;

FIG. 8b is a graph presenting nomenclature of fringe period, position, and
velocity;

FIG. 8c is a schematic block diagram of an exemplary embodiment of the
invention using a method for control of image phase utilizing an actuator-controlled
mirror; h

FIG. 9 shows an alternative scanning method to that depicted in FIG. 5a
utilizing Doppler-shifted beams to scan the substrate in a boustrophedonic manner,
where the direction of motion is perpendicular to the fringe diréction;

FIG. 10a is a diagram presenting nomenclature (;f phase; frequency, and angle
for multiple beams; '

FIG. 10b is a schematic block diagram of an exemplary embodiment of the
invention using a method of forming four-beam scanning interferometer;

FIG. 10c shows an image resulting from two beams;

FIG. 10d shows an image resulting from four beams in two, perpendicular,
planes of incidence;

FIG. 11a shows an image resulting from interfering one beam pair;

FIG. 11b shows an image resulting from interfering two in-plane beam pairs;

FIG. 11c shows an image resulting from interfering three in-plane beam pairs;
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FIG. 11d shows an image resulting from interfering two perpendicular-plane

beam pairs;

FIG. 12 is a diagram showing a method for writing gratings onto optical
fibers using Doppler scanning;

FIG. 13a is a diagram showing a method for writing rotational grating
patterns onto a disk substrate;

FIG. 13b is a diagram showing a method for writing radial grating patterns
onto a disk substrate using Doppler scanning;

FIG. 13c is a diagram showing a method for writing grid patterns onto disk
substrate using four simultaneous unshifted and Doppler-shifted beams;

FIG. 14a is a schematic block diagram of an exemplary embodiment showing
a writing interferometer utilizing beam expander to control image diameter;

FIG. 14b shows distortion in a grating image due to imperfections in writing
interferometer optics;

FIG. 14c shows reduced distortion in a grating image resulting from reduced
beam diameter;

FIG. 15a is a schematic diagram of an exemplary embodiment of a writing
interferometer utilizing pinhole spatial filters;

FIG. 15b is a schematic diagram of an exemplary embodiment of a writing
interferometer utilizing fiber optic spatial filters;

FIG. 15c shows hyperbolic distortion in a grating image due to spherical
beams from spatial filters;

FIG. 15d shows reduced grating image distortion resulting from reduced
beam diameter;

FIG. 16a is a schematic block diagram of an exemplary embodiment of a
writing interferometer utilizing pinhole spatial filters and collimating lenses;

FIG. 16b shows a resulting grating image with eliminated hyperbolic
distortion.

FIG. 17a is a schematic block diagram of an engnplary embodiment of a
writing interferometer utilizing a transmission grating beamsplitter and plus/minus first-
order beam interference; | '

FIG. 17b is a diagram showing details of the writing interferometer, showing
first-order diffracted beams and grating image in region of overlap;

FIG. 18a is a schematic block diagram of an exemplary embodiment of a
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writing interferometer utilizing a transmission grating beamsplitter-and zero/first-order

beam interference;

FIG. 18b is a diagram showing details of the writing interferometer, showing
zero- and first-order diffracted beams and grating image in région of overlap;

FIG. 19a is a schematic block diagram of an exemplary .embodiment ofa
writing interferometer utilizing transmission gratings for beam splitting and
recombining;

FIG. 19b is a schematic block diagram of another exemplary embodiment of a
writing interferometer utilizing transmission grating beamsplitter and lens beam
recombiner;

FIG. 19c is a schematic block diagram of another exemplary embodiment of a
writing interferometer utilizing transmission grating beamsplitter and objective lens
recombiner, the objective lens featuring a spatial filter plate at the Fourier plane of the
lens;

FIG. 19d is a top view of a spatial filter plate designed to allow patterning of
only one grating period;

FIG. 19e is a top view of a spatial filter plate designed to allow patterning
parallel gratings with a range of periods;

FIG. 19fis a top view of a spatial filter plate designed to allow patterning of
only two perpendicular grating periods;

FIG. 19g is a top view of a spatial filter plate designed to allow patterning
perpendicular gratings with a range of periods;

FIG. 20a shows a boustrophedonic scheme for patterning linear variable-
period gratings;

FIG. 20b shows a boustrophedonic scheme for pétteming curved variable-
period gratings; '

FIG. 21 is a schematic block diagram of an exemplary embodiment of a
writing interferometer for patterning variable-period gratings;

FIG. 22a is a schematic block diagram of an exemﬁlary embodiment of a
writing interferometer for patterning variable-period gratings that utilizes an actuator-
controlled mirror for selecting the interferometer-arm 26 angle, and thus the grating
period, a mirror beamsplitter for forming the opposing arm of the interferometer, and an
objective lens for projecting the grating image onto the substrate; |

FIG. 22b is a schematic block diagram of an alternative 20-angle selector
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utilizing an electro-optic beam deflector;

FIG. 22c¢ is a schematic block diagram of an alternative 26-angle selector
utilizing an acousto-optic beam deflector;

FIG. 22d is a schematic block diagram of an exemf)lary embodiment of a
mirror beamsplitter, which splits incident beams into parallel and mirrored beams;

FIG. 23a is a schematic block diagram of an exemplary embodiment of a
writing interferometer employing individual electro-optic (EO) beam deflectors for each
arm to affect 26-angle selection, where both EO deflectors are driven simultaneously by
the same controller, and the left and right deflected beams are superimposed by a
beamsplitter and imaged onto the substrate by an objective lens;

FIG. 23b is a schematic block diagram of an exemplary embodiment of a
writing interferometer similar to that depicted in FIG. 23a, but employing acousto-optic
(AO) beam deflectors to affect beam angle selection, the AO modulators are driven by
the same control signal, which constitutes an ensemble of RF frequencies, each
modulator RF driver frequency generates a distinct pair of beams on the substrate, and
thus a distinct spatial frequency component in the image, enabling complex image
patterning to be achieved;

FIG. 23c is a schematic block diagram of an exemplary embodiment of a
writing interferometer similar to that depicted in FIG. 23b, but employing a grating to
superimpose the left and right diffracted beams;

FIG. 24a is a schematic block diagram of an exemplary embodiment of a
writing interferometer with similar functionality as that depicted in FIG. 23b, but which
employs a special dual crossed-beam acoustic-beam modulator ‘to achieve a more
compact system, however, bandwidth considerations limit the.angular range between
O(miny<0<O(max), as depicted;

FIG. 24b is a schematic block diagram of an exemplary embodiment of a
writing interferometer similar to that depicted in FIG. 24a, but which.employs an angular
subtraction optic to expand the available range of angles;

FIG. 24c shows an exemplary prism-based anguiar subtraction optic;

FIG. 24d shows an exemplary grating-based angular subtraction optic;

FIG. 24e is a top-view of a two-crossed-beam acousto-optic deflector;

FIG. 24f is a top-view of a four-crossed-beam acousto-optic deflector;

FIG. 25 is a schematic block diagram of an exemplary embodiment of a SBIL

system utilizing a phase reference interferometer to measure the phase error between the
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arms of the writing interferometer and an actuated mirror for manipulating the phase of

one of the interferometer arms, thus enabling phase-locking of the grating image to the
moving substrate; .

FIG. 26a is a graph demonstrating the limited phase range of actuated mirror
and electro-optic phase shifters;

FIG. 26b is a graph demonstrating the use of flyback to achieve semi-
continuous phase over phase ranges exceeding the capability of a limited phase-shifting
optic;

FIG. 26¢ is a graph demonstrating the use of flyback to achieve sustained
frequency shifts with a limited phase-shift optic;

FIG. 27a is a schematic block diagram of an exemplary embodiment of a
homodyne phase reference interferometer (PRI) of identical design as depicted in FIG.
25; '

FIG. 27b is a schematic block diagram of an exemplary embodiment of a
heterodyne PRI, in which Doppler-shifted light is delivered by the optical fiber to the
PRI and mixed individually with the left and right interferometer arms, and signals
representing heterodyne versions of the left and right arms are subtracted electronically
to yield the writing interferometer phase difference;

FIG. 27c¢ is a diagram showing a method employing an AO modulator for
splitting a weak Doppler-shifted heterodyne beam from the ﬁlain'wfiting interferometer
beam, the heterodyne beam is inserted into an optical fiber for delivery to the heterodyne
PRI, while the main beam proceeds to the writing interferometer;

FIG. 28 is a schematic block diagram of an exemplary embodiment of a
heterodyne PRI using a method that avoids the use of a separate heterodyne beam by
employing an in-line AO modulator and birefringent crystal; .

FIG. 29a is a schematic block diagram of an exemplary embodiment of a
writing interferometer utilizing a homodyne phase-reference interferometer with a mirror
beamsplitter to interfere left and right writing interferometer arms with each other on an
imaging detector;

FIG. 29b is a schematic block diagram of an exemplary embodiment of a
writing interferometer utilizing a homodyne phase—referénée interferometer that forms a
magnified image on an imaging detector;

FIG. 30 is a schematic block diagram of an exemplary embodiment of a

writing interferometer utilizing a heterodyne phase-reference interferometer that uses a
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mirror beamsplitter to interfere variable-period heterodyne beams with split writing

interferometer beams on an imaging detector;

FIG. 31 is a schematic block diagram of an exemi)lary embodiment of a
writing interferometer configured with a combination of actuator-controlled mirror and
electro-optic (EO) phase shifters;

FIG. 32 is a schematic block diagram of an exemplary embodiment of a
writing interferometer configured with grating beamsplitter pushed by mechanical
actuator for the purpose of controlling image phase;

FIG. 33a is a schematic block diagram of an exemplary embodiment of a
writing interferometer configured with a spinning grating disk and actuator-controlled
mirror for the purpose of controlling image phase;

FIG. 33b is a plan view of a spinning grating disk;

FIG. 34 is a schematic block diagram of an exemplary embodiment of a
writing interferometer configured with acousto-optic (AO) frequency modulators in each
arm for the purpose of controlling the image phase and frequency;

FIG. 35 is a schematic block diagram of an exemplary embodiment of a
writing interferometer configured with acousto-optic (AQ) frequency modulators and
electro-optic (EO) beam deflectors in each arm, the AO modulators control image phase,
while the EO deflectors remove the undesired beam deflections that are associated with
frequency modulation;

FIG. 36 is a schematic block diagram.of an exemplary embodiment of a
writing interferometer employing EO deflectors to control image period and AO
deflectors to control image phase and frequency;

FIG. 37a shows the effect of dynamic image phase error on a grating stripe
during substrate scanning;

FIG. 37b shows the effect of dynamic image period error on a grating stripe
during substrate scanning; L |

FIG. 37c shows the effect of dyhamic image rotation error on a grating stripe
during substrate scanning;

FIG. 38a is a schematic diagram showing a method for measurement of
writing arm angles and deflections during writing; |

FIG. 38b is a schematic diagram showing an alte:rnati\‘/e.method for
measurement of writing arm angles and deflections during writing;

FIG. 39 is a schematic diagram showing a homodyne method for
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measurement of writing arm angles, deflections, and phase difference during writing;

FIG. 40 is a schematic diagram showing a heterodyne method for
measurement of writing arm angles, deflections, and phase difference during writing;

FIG. 41a is a schematic diagram showing a method employing actuator-
controlled mirrors for manipulating writing arm angles and deflections during writing;

FIG. 41b is a schematic diagram showing a method employing electro-optic
beam deflectors for manipulating writing arm angles and deflections during SBIL
writing;

FIG. 42a is a schematic block diagram of an exemplary embodiment of a
SBIL system configured as a writing interferometer (not showing phase-reference
interferometer and optics for manipulating writing-arm angle, deflection, and phase),
demonstrating the location of components on substrate stage for the purpose of
measuring image period, angle, and phase, used when configured as a reading
interferometer;

FIG. 42b is a schematic block diagram of an exemplary embodiment of a
SBIL system, as it would appear when stage has been moved such that beams impinge
on position-sensitive detector for the purpose of beam centering and overlapping;

FIG. 42c is a schematic block diagram of an exémplary embodiment of a
SBIL system configured as a reading interferometer, the stage has been moved such that
beams impinge on phase-sensing beamsplitter and detector(s), for the purpose of
measuring image period, rotation, and phase;

FIG. 42d is a schematic block diagram of an exempléry embodiment of a
SBIL system configured as a reading interferometer, the stage has been moved such that
beams impinge on phase-sensing grating and detector(s), for the purpose of measuring
image rotation and phase;

FIG. 43a is a schematic block diagram of an exemplary embodiment of a
SBIL system similar to as depicted in FIG. 25, configured in writing-interferometer
mode, showing detail of substrate stage and phase—referencé =in-ter'fefometer, reading-
interferometer optics are idle in this mode;

FIG. 43b is a schematic block diagram showing the same system as FIG. 43a
configured in reading-interferometer mode, showing detail of substrate stage and phase-
reference interferometer, image phase detection is performed using a homodyne scheme;

FIG. 43c is a schematic block diagram showing the same system as FIG. 43a

configured in reading-interferometer mode, showing detail of substrate stage and phase-



10

15

20

25

30

WO 01/35168 PCT/US00/31125
12
reference interferometer, image phase detection is performed using an in-line heterodyne

scheme, where a writing-interferometer configuration such as depicted in FIG. 34 is used
to provide Doppler shifting of the writing arms; "

FIG. 44a is a schematic block diagram of an exemplary embodiment of a
SBIL system similar to as depicted in FIG. 27a and 27b, configured in writing-
interferometer mode, showing detail of substrate stage and heterodyne phase-reference
interferometer, reading-interferometer optics are idle in this mode;

FIG. 44b is a schematic block diagram showing the same system as FIG. 44a
configured in reading-interferometer mode, image phase detection is performed using an
in-line heterodyne scheme, where a writing-interferometer configuration such as depicted
in FIG. 34 is used to provide Doppler shifting of the writing arms;

FIG. 45a is a schematic block diagram of an exemplary embodiment of a
SBIL system in writing mode, showing heterodyne phase-reference interferometer
identical as depicted in FIG. 27b and 27c, and components of an idle heterodyne reading-
interferometer attached to the stage;

FIG. 45b is a schematic block diagram showing the same system as FIG. 45a
in reading mode, where image phase is read using a heterodyne scheme;

FIG. 46a is a schematic diagram of an exemplary embodiment of a reading
1nterferometer using beamsplitter cube and detectors to measure phase between left and
right beams; '

FIG. 46b is a schematic diagram of an exemplary embodiment of a reading
interferometer using redirecting mirrors, beamsplitter cube, and detectors to measure
phase between left and right beams;

FIG. 46c¢ is a schematic diagram of an exemplary embodiment of a reading
interferometer using objective lens, beamsplitter cube, and deiectors to measure phase
between left and right beams;

FIG. 46d is a schematic diagram of an exemplary embodiment of a reading
interferometer that utilizes detector to measure phase between left and right beams;

FIG. 46e is a schematic diagram of an exemplary embodiment of a reading
interferometer using lens and detector to measure phase befwe,en left and right beams;

FIG. 46f is a schematic diagram of an exemplary embodiment of a reading
interferometer using pinhole and detector to measure phase between left and right beams;

FIG. 46g is a schematic diagram of an exemplary embodiment of a reading

interferometer using pinhole, optical fiber, and detector to measure phase between left
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and right beams;

FIG. 46h is a schematic diagram of an exemplary embodiment of a reading
interferometer using scatterer and detector to measure phase between left and right
beams;

FIG. 47a shows a schematic diagram of an exemplary embodiment of a
reading interferometer utilizing stage prism mirror, image phase is measured by
interfering beams from each arm with beams from the same arm reflected from the
prism;

FIG. 470 is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage prism mirror, image phase is measured by interfering
beams from each arm with beams from the same arm reflected from the prism, in the
special case that the incident and reflected beams from the prism are coincident;

FIG. 47c is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage prism mirror, image phase is measured by interfering
beams from each arm reflected from prism with beams from the opposite arm reflected
from prism;

FIG. 47d is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage prism mirror, image phase is measured by interfering
beams from each arm reflected from prism with beams from the opposite arm reflected
from prism, in the special case that the incident and reflected beams from the prism are
coincident;

FIG. 48a is a schematic diagram of an exemplary embodiment of a
heterodyne reading interferometer utilizing stage prism mirror, image phase is measured
by interfering beams from each arm reflected from prism with heterodyne beams;

FIG. 48b is a schematic diagram of an exemplary embodiment of a
heterodyne reading interferometer utilizing stage prism mirror, image phase is measured
by interfering beams from each arm reflected from prism with heterodyne beams, in the
special case that the incident and reflected beams from the prism are coincident;

FIG. 49a is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage reflection grating, image phase is measured by interfering
beam from each arm diffracted by the gratings with beams from the same arm reflected
from the grating; ‘

FIG. 49b is a schematic diagram of an exemplary embodiment of a reading

interferometer utilizing stage reflection grating, image phase is measured by interfering



10

15

20

25

30

WO 01/35168 PCT/US00/31125
14
beams from each arm diffracted by the grating with beams from the opposite arm;

FIG. 49c is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage reflection grating, image phase is measured by interfering
beams from each arm diffracted by the grating with beams from the opposite arm
diffracted by the grating;

FIG. 49d is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage reflection grating, image phase is measured by interfering
beams from each arm diffracted by the grating with beams from the opposite arm
diffracted by the grating, where the diffracted beams are coincident;

FIG. 49¢ is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage reflection grating, image phase is measured by interfering
beams from each arm diffracted by the grating with beams from the same arm;

FIG. 49f is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage reflection grating, image phase is measured by interfering
beams from each arm diffracted by the grating with beams from the opposite arm
reflected by the grating; ‘

FIG. 49g is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage reflection grating, image phase is measured by interfering
beams from each arm diffracted by the grating with light from the opposite arm reflected
by the grating, where the incident, diffracted, and reflected beams are coincident;

FIG. 49h is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing stage reflection grating, image phase is measured by interfering
beams from each arm diffracted by the grating with beams froﬁ the opposite arm
reflected by the grating, where the diffracted and reflected beams are coincident, and cast
into a different plane than the incident beams by tilting the plane of incidence;

FIG. 50 is a schematic diagram of an exemplary embodiment of a heterodyne
reading interferometer utilizing a stage reflection grating, interferiﬁg beams diffracted
from each arm with heterodyne beams measure image phase; '

FIG. 51a is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing a stage transmission grating, image phase is measured by
interfering beams from each arm transmitted by the grating with beams from the opposite
arm diffracted from the grating, such that the zero order of each arm is coincident with a
diffracted order of the opposite arm;

FIG. 51b is a schematic diagram of an exemplary embodiment of a reading
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interferometer utilizing a stage transmission grating, image phase is measured by

interfering beams from each arm diffracted by the grating v&;ith beams from the opposite
arm diffracted by the grating, such that diffracted beams are coincident;

FIG. 51c¢ is a schematic diagram of an exemplary embodiment of a reading
interferometer utilizing a stage transmission grating, image phase is measured by
interfering beams from each arm diffracted by the grating with light from the opposite
arm diffracted by the grating, such that diffracted beams are not coincident; and

FIG. 52 is a schematic diagram of an exemplary embodiment of a heterodyne
reading interferometer utilizing a stage transmission grating, interfering beams diffracted

from each arm with heterodyne beams measure image phase.

DETAILED DESCRIPTION OF ILLUSTRATED EMBODIMENTS

With reference now to the drawings and more particularly FIG. 1 thereof, there is
shown a pictorial representation of a scanning-beam interference lithography (SBIL)
system in accordance with the invention.

A laser 11, of wavelength A such as an argon-ion laser operating at the UV
wavelength of A=351 nm, emits a narrow beam that strikes shufter/:attenuator 12.
Shutter/attenuator 12 can be controlled electronically to commence the operation of
SBIL by directing a portion of the beam to the remainder of tﬁe apparatus, comprising an
interferometer. The interferometer, called the writing interferometer, comprises a
dielectric beamsplitter 14 Which creates two beams, a variable attenuator 15 for adjusting
the irradiance of one of the beams until both match, and mirrors 16.for redirecting the
beams onto substrate 17. Alternatively, a cube beamsplitter, or transmission or reflection
grating beamsplitter, may be substituted for dielectric beamsplitter 14. The split beams
are adjusted to overlap on the substrate, creating interference fringes in the plane of the
substrate of period p=A/(2sin0), where 6 is half the angle between the arms of the
interferometer, also called the half angle or azimuthal angle. The writing interferometer
is mounted to rigid vertical optical bench 20, which in turn is mounted to rigid horizontal
table 22 by rigid vertical riser block 21. Table 22 supports a precision horizontal (x-y)
motion stage 30, which in turn supports precision rotary stage 30b, to which is chucked
substrate 17. Stage 30 provides precision x-y motion, and rotary stage 30b provides
optional y rotation (yaw), of substrate 17, while fixing substréte height z. Stages 30 may
provide motion by the use of precision actuators, such as s‘érvomotérs, and smooth ways

such as air, magnetic, or roller bearings.  An optical encoder comprising sensor 31,
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attached to stage 30, and grating 32, attached to table 22 detects stage x-position.

Encoder sensor 31 generates time-varying sinusoidal signals that are énalyzed by stage
position-sensor controller 35 to determine the x-position of the stagé. Similar optical
encoders provide y-axis, and optional substrate yaw, positibna’_l information. High-
precision optical encoders of sophisticated design are commercially available. Stage
position-sensor controller 35 provides substrate x-position xs(f), x-velocity us()=dxg/ds,
y-position ys(t), y-velocity vs(¢)=dys/dt, yaw rotation angle ys(#), and spin wg(f)=dys/dt, to
servo-control electronics 1, which controls the stage position to a prescribed location or
path.

A higher-accuracy stage position sensing method is depicted in FIG. 2a. Laser
40, such as a helium-neon laser operating at the 632.8 nm wavelength, is split by
beamsplitter 41 to create two beams. The vertical split beam is reflected by reference
mirror 42 and directed back through beamsplitter 41 to detector 44, while the horizontal
split beam is reflected by test mirror 43, which returns beam to beamsplitter 41, which in
turn directs the beam to detector 44. Test mirror 43 is attached to moving stage 30, while
beamsplitter 41 and reference mirror 42 are attached to rigid reference block 23, which is
in turn rigidly attached to table 22. Interference of overlapped horizontal and vertical
beams on detector 44 generates time-varying sinusoidal signals that are analyzed by
stage position-sensor controller 35 to determine the x-position and velocity of the
sample. A similar interferometer provides stage y-position and velocity information,
while a rotary encoder provides substrate yaw and spin information. Displacement-
measuring interferometers of sophisticated design, with high precision and accuracy, are
commercially available. Servo-control electronics 1 uses information from the positional
interferometers to sense and control the stage position to a prescribed location or path.

An improved stage interferometer design is depicted in FIG. 2b. This design
ameliorates problems associated with mechanical and thermal disturbances in optical
bench 20 and riser block 21, which could generate undetected shifts of the fringes
generated by the writing interferometer. This design is similar to-that depicted in FIG.
2a, except that the vertical split beam from beamsplitter 41 is reflected by turning mirror
45 to reference mirror 42, which reflects beam back to turning mirror 45 and then
through beamsplitter 41 to detector 44, where it interferes witﬂ the horizontal split beam.
Reference mirror 42 is rigidly mounted to optical bench 20 near the center of the writing
interferometer, providing a much more accurate measurement of the substrate position

relative to the writing interferometer, thus significantly reducing the effects of
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mechanical disturbances in optical bench 20 and riser block 21, such as vibration or

thermal expansion.

Another feature of the interferometer design depicted in FIG. 2b is a z-axis
interferometer, which is useful to measure the z-position z=gs(tj and z-velocity
ws(£)=dzs/d¢ of the surface of substrate 17 under the image. This will be of importance in
interferometer designs introduced hereinafter, where multiple interfering beam pairs are
used and image depth-of-focus is an issue. This is due to the well-known fact that while
the image generated by the interference of a pair beams is independent of z-height (i.c.,
gratings have “infinite depth of focus™), the image generated by multiple coherently-
interfering beam pairs (i) with different azimuthal angles, 6;, changes with substrate z-
height, and has the desired character only within a narrow z-range depth of focus. In this
design an additional beamsplitter 120 splits a portion of the beam from laser 40 upward
to the z-interferometer, which is rigidly attached to optical bench 20. Turning mirrors
121 and 122 direct beam to beamsplitter 130, which splits beam into horizontal and
vertical parts. Horizontal beam reflects from reference mirror 131 back through
beamsplitter 130 to detector 132. Vertical beam reflects from substrate 17 back to
beamsplitter 130, which also directs it to detector 132. Interference of overlapped
horizontal and vertical beams on detector 132 generates timé-varying sinusoidal signals,
‘which are analyzed by stage position-sensor controller 35 to determine the z-position and
velocity of the substrate. Many other schemes for substrate. height sensing are in use and
may be practical for application in a SBIL system. Methods for using the z-height
information to eliminate the deleterious effects of being out of focus are described
hereinafter. '

Substrate 17 is shown in more detail in FIG. 3. Substrate 17 incorporates a
photosensitive layer 18, called a resist, which is capable of ;ecofding fine-period patterns
generated by the interferometer. Writing interferometer left beam 25 and right beam 26,
both incident in the x-z plane and with diameter d, overlap and interfere in region 27 over
substrate 17. In region 27 a grating standing wave is formed, with period p given by
P=M(2sinB), comprising fringe planes filling the volume of intersection 27, where the
planes are parallel to the y-z axis with plane spacing given by p. Interference region 27 is
typically much smaller in size than the substrate. For examplc, when using an argon-ion
laser with wavelength A=351.1 nm and a half-angle 6=61.37 deg., a period p=200 nm is
obtained. Typical diameter of beams emitted from ion lasers are ~1 mm, which is some

5000 times larger than the-example grating period. The 1 mm-diameter beam is
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typically, in turn, some 10-1000 times smaller than substrate sizes of interest.

The effect of interference of the overlapping left and right beams on substrate 17
is shown in FIG. 4, wherein the irradiance distribution in resist 18 on substrate 17, called
the image, is plotted vs. position x, for beams of diameter d incident in the x-z plane.
FIG. 4a depicts the irradiance distribution 36 in resist 18, with diameter dp,=d/cos8 in
the direction parallel to the plane of incidence, and dper,=d in the direction perpendicular
to the plane, obtained if only left beam 25 is allowed to impinge on the substrate while
right beam 26 is blocked. A so-called Gaussian intensity distribution is depicted, which
is typical of optical systems illuminated by laser radiation. FIG. 4b depicts the irradiance
distribution 37 in resist 18 obtained if only right beam 26 is allowed to impinge on the
substrate, while left beam 25 is blocked. FIG. 4c depicts the irradiance distribution 38 in
resist 18 resulting if both right beam 25 and left beam 26 are allowed to simultaneously
impinge and interfere, resulting in a periodic interference pattern of period p.

FIG. 5a depicts a preferred method for “parallel scanning” small grating image
38, with fringes parallel to the y-axis, over a large substrate 17, resulting in a large
grating 39. For clarity, FIG. 5b depicts image 38, as it would appear on a stationary
substrate. Substrate 17 is chucked to precision motion stage 30. For clarity rotary stage
30b is not depicted. The range of motion of stage 30 is typicaily larger than the size of
substrate 17. Mirror 43a, attached to stage 30, is used by the x-axis stage interferometer,
and mirror 43b, also attached to stage 30, is used by the y-axis stage interferometer. The
writing interferometer is carefully adjusted so that the grating fringes in image 38 are
parallel to the y-axis. Stage 30 is first positioned such that grating image 38 is placed in
the stage lower left-hand corner, beyond substrate 17. Stage 30 is then moved smoothly
in the -y direction, while being held at a fixed x position, such that a long, narrow grating
strip is exposed into resist coating 18 on substrate 17. Stage 30 is allowed to continue
moving in the y direction such that grating image 38 moves-off of substrate 17. Stage 30
is then stopped and held at a fixed y position, and subsequently moved in the —x direction
by a distance Ax=Mp, such that Ax<<d, is a modest fraction of the parallel image
diameter dp,,, say 10-50%, while simultaneously being an exact integer multiple M of
grating period p. Stage 30 is then moved smoothly in the +y direction, while being held
at fixed x~Ax position, such that a second, long, narrow gratiﬁg rstrip,‘adjacent and in
phase with the first scan, is exposed into resist 18. Success_'rve scans are then repeated, in
a boustrophedonic fashion, until the exposure of the desired region is completed. In this

way, if the interferometer is sufficiently stable, the interferometer optics are of sufficient
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quality, and the x-y stage motion is sufficiently smooth and accurate, then large-area low-

distortion gratings on substrate 17 are achieved. FIG. 6 demonstrates how a uniform
exposure dose over a large area is achieved by the described method of partially
overlapping sequential boustrophedonic scans of a Gaussian beam. Many other writing
schemes are possible other than the boustrophedonic scheme. A description will be
provided of the conditions that must hold during arbitrary writing paths to avoid image
smearing.

The parallel-scanning method requires a low-distortion grating image, which
would result from the use of high-quality optics in the writing interferometer. A high-
quality stage is also required in order to avoid smearing the grating image during
scanning. For best results, the grating image should have distortion of less than
approximately 20% of the period, otherwise a large loss of contrast in the final grating
will occur. In addition, the straightness-of-travel and yaw of the x-y stage during
scanning should also be very good, otherwise loss of contrast.and large grating
distortions will occur. Stage path errors are common in motion-control systems due to
stage air bearing and reference mirror flatness errors, vibration, thermal expansion, air
turbulence, and finite servo loop gain of the control electronics, especially at higher
-scanning speeds. For best results, the stage travel straightness and yaw should also
contribute errors that are less than approximately 20% of the period.

FIG. 7a defines some of the parameters of interest in the discussion of stage path
errors. In the figure, stage 30 has been commanded to move from desired starting point
180 to ending point 181 along path 182 such that stage x-position xs=xo and yaw ys=yo
are constant with time . However, due to stage errors, the actual stage motion 183
occurs with x-position xs(#) and yaw ys(#). The error between desired path 182 and actual
path 183 results in stage position error xs(£)=xs(f)—xo obtai'n_ing grating phase error
8¢(f)=2ndxs/p, while undesired st'age rotation results in stage yaw error ys(£)=ys(£)yo
obtaining grating linewidth variation 8L(¢)=ddys(f), where p is the gréting period, dpery=d
is the perpendicular image diameter, and L~p/2 is the width of imaged grating lines. For
best results, stage lateral error 8xs needs to be controlled suéh'fhat dxs<<p, or
equivalently, 8¢<<2m, and stage yaw error 8ys needs to be cqﬁtrolled such that dys<<p/d,
or equivalently, dL<<L. . |

FIG. 7b depicts a distorted grating that would obtaiﬁ due to tifne-dependent
lateral-path stage error during scanning. Stage 30 moves from top io bottom, causing

grating image to appear to move from bottom to top of substréte 17, writing grating
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stripe 359. At an early time point image 359a moves along the desired path. At a mid-

time point, however, stage lateral error causes image 359b to move a half-period to the
right. At a late time point image 359¢c moves back to the desired path. The resultis a
grating stripe with an undesired position-dependent phase error. FIG. 7¢ depicts a
distorted grating that would obtain due to time-dependent stage yaw error during
scanning. Stage 30 moves from bottom to top, causing grating image to appear to move
from bottom to top of substrate 17, writing grating stripe 360. At an early time point
image 360a moves along the desired path with zero yaw error. At a mid-time point,
however, stage yaw error causes image 360b to rotate clockwise. At a late-time point
image 359c¢ has rotated back to the desired angle. The result is a grating stripe with
undesired position-dependant linewidth variations.

With reference now to FIG. 8a, a general condition is described which resolves
the stage lateral path error problem by phase-locking the grating image, generated by a
single pair of beams, to the stage during scanning. ¢y, is defined as the phase of the left
beam 25 and ¢r as the phase of the right beam 26. The phase difference between the
beams is Ap=¢.~¢r. With reference to FIG. 8b, the interference of two beams on
substrate 17 results in image 38 with fringes of period p=A/(2 sin®). The fringes will
appear to “walk” across the image with position xg(f)=pA¢/2n and velocity
ur(ty=dxp/dt=pAf, where Afis the frequency difference between the arms given by
Af=dAd/dt/2n=fi—fx, and where fi=ddy/d#/2r is the frequency of the left beam and
fr=dor/dt/27 is the frequehcy of the right beam. For this reason Ad)‘ is referred to as the
image phase and Af as the iﬁage frequency. The condition which ensures that the
fringes are stationary in the reference frame of the substrate is that the fringe position and
velocity are identical to the stage position and velocity, or X‘F(t)=xs(t) and up(t)=us(t),
respectively. Only for a parﬁcular image phase Ap=Adx(?), or- equivalently, image
frequency Af=Afk(¢), called the loqked phase and locked frequency, respectively, will
these conditions hold. The relationship which ensures that the imége is phase locked to
the stage is thus A¢=A¢K(tj=2nxs(t)/p+C, where C is an arbitfary cqﬁstant. The image
and stage may be thus synchronized using a variety of phase measurement and control
methods described hereinafter. }

The substrate position (xs,ys,ys) and velocity (us,vS,Qs) are known to stage
position-sensor controller 35 with high accuracy in near reai-time, and so are available,
in principle, to master controller 1 to calculate and manipulate the phases of individual

beams to ensure phase locking. A number of ways may be used to measure and control
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the phase and frequency of interferometer beams, including the use of piezo-actuated

mirrors, electro-optic and acousto-optic modulators, and moving gratings. (For example,
see E. H. Anderson, H. L. Smith, and M. L. Schattenburg, “Holographic Lithography,”
U.S. Patent No. 5,142,385.) However, previous usage has been to control the phase or
frequency of beams impingent on stationary substrates, rather than on moving substrates
described here. Detailed descriptions of various ways to measure and control the phases
of individual interferometer arms are provided hereinafter. A specific means to control
the phase of the interferometer arms, and thus the image phase, is depicted in FIG. 8c.
Beam from laser 11 travels through shutter/attenuator 12 and is split into right and left
beams by beamsplitter 14. Left and right beams are directed by mirrors 16 to interfere at
substrate 17. The phase of the right beam is controlled by use of piezoelectric actuator
140, which is controlled by controller 141, in turn controlled by master controller 1.
Actuator 140 pushes on mirror 16b, shortening the length of the right arm and thus
controlling the phase of the right beam.

The phase-lock relationship described above is completely general in that it holds
for arbitrary scan paths. In particular, with reference to FIG. 9, an alternative writing
scheme is depicted in which the stage scans perpendicular to the grating lines. In this
case, rather than requiring.small phase shifts between the arms to control the image
phase in the parallel-scanning scheme depicted in FIG. 5, this cross (or Doppler)
scanning method requires rapid and continuous phase shifts with time (i.e., frequency
shifts) to synchronize the fringes with the moving stage. In-this case, rather than
discussing the phase difference between the arms, A¢=¢; —9r, it is more useful to use the
frequency difference Af=fi—fr=dA¢/dt/2n. The phase lock condition is given by
Af=Af()=dAdk/dt/2n=dxs/dt/p=us(f)/p. This condition ensures phase locking for
arbitrary scan paths and velocities. o

The method of phase locking is now extended to mu‘itiple‘ béam pairs. Useful
control over the intensity distribution of radiation within the image can be achieved by
employing multiple interfering beam pairs in conjunction with beam scanning.
According to the well-known principles of Fourier optics (e.g., see J. W. Goodman,
Fourier Optics, McGraw Hill, 1968), any desired image can be synthesized by a sum of
mutually-coherent spatial frequency components, each component achieved by
interfering a pairiof beams with prescribed amplitude, phase, rotation angle, and
azimuthal angle. According to this principle, a desired image spatial-frequency

component corresponding to spatial frequency g, or equivalently, period p=1/q, with
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rotation angle of fringes in the x-y plane given by v, defined as the CCW angle between

the y axis and the image fringes, can be achieved by the use ofa pair of beams of equal
amplitude and controlled phase, overlapping on the substrate, where the beam’s plane of
incidence may be tilted with respect to the z axis by an angle €, and where the desired
azimuthal (intersection) half-angle of incidence 6 between the beams is obtained from
the relationship p=A/(2sin6), and where the rotation angle of the plane of incidence about
the z axis is given by v, defined as the CCW angle between the x axis and the
intersection of the plane of incidence with the x-y plane. Preferred methods for creating
and controlling multiple beams pairs incident in multiple interferometer planes are
described hereinafter.

According to Fourier optics principles, general image synthesis requires the set of
image spatial frequency components {q} to be mutually coherent (coherent imaging),
such that each has a prescribed phase with respect to other components, implying that all
beams have the same frequency f=c/A and thus the same anelength A, where ¢ is the
speed of light. The intensity of the irradiance distribution on the surface of substrate 17
is then determined by the square of the sum of the electric fields due to all beams
impingent on the image. It follows that spatial frequency components created by beam
pairs with frequencies, and thus with wavelengths differentffrdm other beam pairs,
cannot be mutually coherent. In this case (incoherent imaging), the intensity of the
irradiance distribution on the surface of substrate 17 is determined by the sum of the
square of the electric fields due to all beam pairs impingent on the image. The latter case
is equivalent to writing each spatial frequency component to the substrate in separate
writing passes.

It also follows from Fourier optics principles that a particular writing
interferometer configuration, corresponding to a particular-and restricted set of incident
beam pairs with rotation angles {y} and azimuthal angles {6}, can only be used to write
a correspondingly restricted set of spatial frequency components on substrate 17. An
expanded set of spatial frequency components can be generated by performing multiple-
pass writing to substrate 17, wherein the substrate is rotated and/or the writing
interferometer is reconfigured between writing passes. While a much larger set of useful
patterns can be generated this way, the incoherent imaging patterns are limited in two
ways: (1) radiation from subsequent passes cannot interfere‘cohe,reﬁtly with previous-
pass exposures, limiting generality, and (2) the background:'le'vel of exposure in the resist

tends to increase with multiple exposures, reducing contrast. A. Fernandes and D. W.
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Phillion (Applied Optics, Vol. 37, pp. 473-478, 1998) and S. H. Zaidi and S. R. J. Brueck

(J. Vac. Sci. Technol. B, Vol. 11, pp. 658-666, 1993) dlSCUSS many aspects of multiple
exposure interference lithography.

To enable general Fourier image synthesis, consider a';zvriting interferometer with
K planes of incidence (POI), identified by index j=1, 2, ..., K, each plane j containing N;
beam pairs, identified by index i=1, 2, ..., N;. The amplitudes, phases, frequencies,
azimuthal angles, and rotation angles out of the POI of the left arm beams writing
frequency components (i,j) are given by av), driy), fey=ddLy/de/2m, B, ), and wig,),
respectively, and the amplitudes, phases, frequencies, azimuthal angles, and rotation
angles out to the POI of the right arm beams are given by agrg,, Prqi)» friijy=ddre,/de/2m,
ORr(,), and yr), respectively. The POI subscript j is generally suppressed for the case
that all beams are incident in a single plane of incidence (K=1), so that frequency
components are simply labeled with (i) and N; is simply written N. The beam pair
subscript i is further suppressed in the case of a single pair of beams in a single plane of
incidence.

To achieve maximum image contrast the amplitudes of the left and right arms are
generally set equal, or ar(;ji=ar(). The image amplitude is defined as
ay=aLitara=2aG,)=2ar,)-

The image azimuthal angle is defined as 6;;=(0y J-)-'I-Gk(,- 7))/2, which measures the
angle between the arms, and tilt angle 61(,=(0L(,—Or(;))/2, Which measures the tilt angle
of the fringe planes with respect to the z axis. To achieve optlmal image period and
phase control it is required that the image fringes lie parallel to the substrate normal (z
axis), implying that 87(;,,=0 or O =0Org).

The image rotation angle is defined as y=(yy; J)+\|/R(, J))/2 and POI tilt angle
&=(WLi—Wrap)2. It is generally optimal to set WL, =WR(,), implying that
V/=VLG)=Vra,) and §=0. |

The image periods py; resulting from angles 6, are given by Pijy=M(2sin6 ).
The phase difference between the beams in each pair (relative image phase) is defined as
AP =dLij—Pra,), and the relative frequency difference (relative image frequency) with
My i ySrijy=dAdq,y/dt2n. The absolute image phase is .dleﬁned as Y,~¢Pre,) and the
absolute image frequency is defined as Ea=ELay=dxp/de/ 2.

Before general phase-locking conditions can be deriv.ed for phase locking
multiple beam pairs in multiple planes of incidence, necessary coordinate systems must

be defined, interferometer geometry, and grating parameters A stage reference frame
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(x,y,2) has been defined which is attached to rigid block 22 -The intersection point of the

overlapping beams pairs (the image center) typically occurs at coordinate x=y=z=0. In
the stage frame the moving position of the center of substrate 17 is defined as x=xs(?),
y=ys(?), and the substrate surface height at the image center (at x=y=0) is defined as
z=z5(t). Typically xs=ys=zs=0 when substrate stage 30 is at the center of its range of
travel. The x-velocity us(f)=dxs/dt, y-velocity vs(f)=dys/dt, and z-velocity wg(f)=dzs/dt
are also defined

A substrate reference frame is defined (X,Y,Z) which is attached to substrate 17.
This coordinate system is defined such that X=Y=Z7=0 on the substrate surface at its
geometric center. Substrate 17 is chucked to rotation stage 30b, which is rigidly attached
to, and travels with, x-y stage 30. A yaw angle is defined, y=ys(¥), of rotation stage 30b
with respect to substrate stage 30, such that ys is the angle between the x and X axis and
increases as stage 30b rotates CW, implying that x=X and y=Y when 7s=0. The rotary
stage 30b spin speed is defined with ws(f)=dys/dt.

The position (Xg,Ys) of the image center on the substrate surface, as measured in
the substrate frame, which varies as the stage moves, is obtained from the relations
X=Xg(f)= —xscosystyssinys and Y='YB(t)= —XsSINYs—ysCOSYs. ZB(t) is defined as the
substrate surface height at the beam center. The velocity of fhe,imagé center (Ug,V3) is
obtained from the relations UB(t)=dXB/dt=(xscos+vs)sinyg+(yscos—us)cosyg and
Ve(t)=dYp/dt=(ysws—us)sinys—(xsws+vs)cosys, and the substrate surface Z-velocity is

dz, _ dZB_ dXy  dZy dYy _ dZ, U, + dZy V,. The map of
dt dX, dt dY, dt dX, dy,

obtained from W (¢) =

substrate surface height is -deﬁned as Zw(X,Y). It follows thaf zs(t)¥ZB(t)=Zw(XB,YB).

In general, before writing to substrate 17 can commence, a complete description
of the desired spatial frequency components at every area of the éubstrate must be
established. This can be defined by a set of spatial frequénéy ‘mapS'Q(,' HXY), or
equivalently, grating period maps P;(X,Y)=1/Q;;(X,Y), each corresponding to spatial
frequency component (i,/) at substrate frame location (X,Y). The corresponding half-
angles of beams writing frequency components (i,j) are determined from O )X, Y)=sin’
'IVQ2PG)]. |

It is also necessary to define the desired maps of ampliﬁdes Aij(X,Y), relative
phases @;;)(X,Y), absolute phases = (;;)(X,Y), and rotation angles I}(X,Y) of the fringes,
for frequency components (i,/) observed in the substrate frame, where I'; corresponds to

the CCW angle between the Y axis and the fringes for POI ;. Since angles ; are fixed,
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this requires the condition I'=y~(y,-T'1). For the coherent imaging case, where all

beam pairs have identical 'frequencies in the substrate plane, the absolute phases =
(,)(X.Y) are necessary for cbmplete image synthesis. For the incoherent imaging case,
where each beam pair has a unique frequency in the substrate‘plane, fhe absolute phases
are meaningless and unnecessary.

An important task prior to writing to the substrate is to define a specific scanning
scheme designed to write the desired pattern with uniform or otherwise controlled dose
over a prescribed region of sample 17. The functions Xg(f) and Yg(f) define the desired
scan path, and Up(#)=dXp/df and Vp(f)=dYp/dt the desired scan velocity, of the image on
the substrate, as measured in the substrate frame. For example, for incoherent imaging,

the energy dose absorbed in resist 18, for frequency component (i,j), is given

T
by D ,(X,Y)= Ia(zi’j)(XB, Y3)G; (X — Xg,Y - Y,)dt, where T is the time duration of

0
exposure and G;;)(X,Y) is the intensity profile of the Gaussian beams projected onto the
substrate. A well-controlled dose is ensured by the selection of a scan path with
controlled velocity and tightly overlapped scans, such as the boustrophedonic pattern
depicted in FIGS. 5 and 9. Loss of dose control caused by image velocity variations
during scanning can be compensated by changes in beam amplitudes ag;)).

At every point (Xg,Y) on substrate 17 during scanning, where it is desired to
write the image following the scan path, the substrate stage'muét be rotated and
translated to bring the desired substrate region under the. ﬁxédj image at the proper angle.
First, the image fringes are aligned to the desired fringe direction on substrate 17 by

continuously rotating the stage frame to the locked angle YS#K(t)#Wj+Fj(XB,YB), and

with locked spin og = o, (t) = e _ %, Uy +—=V;. The substrate stage is also

dt ax, ° oY,

simultaneously and continuously translated to locked positibn xs:xg(t)= —XBCOSYK—

Ypsinyk and ys=yx(f)=Xpsinyk—Ypcosyk, and with locked velocity -

ug =u.(t) = % =-Ugcosyy + Xgo siny, —Vysiny, — Yo, cosy, and

Vg = v () :%VTK =Uy sin Y + X0y cosy, —Vpcosy, + YB@K sinyk.

Also at every point (Xg,Y) on the substrate 17 dﬁrihg scanning, the amplitudes
and angles of the incident beams need to be determined and controlled. Generally, fringe

contrast is maximized when the amplitudes of left and right arms are equal (ar=ar)),
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so during writing the locked amplitude is set agj=ak;(£)=4)(Xs,¥s). At every point

(XB,Yg) the desired periods P(;5(X,Y) have been defined. In practice, the image period
P, is set equal to the locked period p( j=pxk)=Pi,(Xs,Ys) by setting the image angle
B:,) to the locked angle 6 =6k ;)=0(XB,Ys). ‘ |

The expressions for locking the image phases