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PATENT
Attorney Docket No. 013860-001910US

MASKLESS, MICROLENS EUV LITHOGRAPHY SYSTEM WITH
GRAZING-INCIDENCE ILLUMINATION OPTICS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority from U.S. Provisional Patent Application No.
60/527,106, filed Dec. 4, 2003, for “Maskless, Microlens EUV Lithography System with
Grazing-Incidence Illumination Optics”, the entire disclosure of which is incorporated by

reference.

BACKGROUND OF THE INVENTION
[0002] U.S. Patent 6,498,685 (Ref. 1, incorporated herein by reference) disclosed an EUV
lithography system comprising a xenon LPP (laser-produced plasma) illumination source,
reflective illumination optics, microlens arrays, and microshutter SLM’s (spatial light
modulators), for achieving high-resolution, maskless printing. The illumination optics in the
specific embodiment employed two Mo/Be (molybdenum/beryllium) multilayer mirrors for
collimating the illumination. Mo/Be mirrors have a reflectance peak at 11.4 nm, which is
well-matched to the xenon emission peak at 11 nm. Other prior-art EUV systems currently
under commercial development (projection systems) use Mo/Si (molybdenum/silicon)
mirrors, which are not as well-matched to the xenon source. (The Mo/Si reflectance peak is
at 13.4 nm.) But Mo/Si mirrors are nevertheless preferred over Mo/Be due to the high
toxicity of beryllium. The maskless system could also be designed to work with Mo/Si
mirrors, but the efficiency of any system employing multilayer mirrors operating at near-
normal incidence is significantly limited by the narrow bandpass of such mirrors (e.g., 0.27
nm FWHM for a Mo/Be mirror, and 0.56 nm FWHM for Mo/Si). As a result of this
efficiency loss, EUV projection lithography systems are anticipated to have very high
illumination power requirements, e.g., 400W hemispherical source emittance in a 2%
wavelength band at 13.5 nm. (This is for a throughput of 120 300-mm wafers per hour,
Ref. 2.)

[0003] Prior-art EUV systems employing mask projection optics require near-normal-
incidence mirrors, at least in the projection optics, in order to achieve high-resolution
imaging of the mask onto the printing surface. But the collection optics need not necessarily

use near-normal-incidence optics. For example, Cymer Corp. has been developing a system
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that uses a grazing-incidence collimator mirror (Refs. 3 and 4), and a similar system is
disclosed in Ref. 5. However, the primary motivations for using a grazing-incidence mirror
in this context are that its tolerance to source-generated debris is much better than Mo/Si
mirrors and it is comparatively inexpensive. Improved optical efficiency is not a major
consideration because the efficiency is fundamentally limited by the narrow bandpass of the

projection optics mirrors.

SUMMARY OF THE INVENTION
[0004] The present invention improves upon the maskless EUV system disclosed in Ref. 1
by eliminating the use of near-normal-incidence mirrors and relying entirely on grazing-
incidence mirrors in the illumination optics. For the purposes of this disclosure, a “grazing-
incidence” mirror is defined as a mirror that operates at a grazing angle of less than 25

degrees (i.e., an incident angle to the normal greater than 65 degrees).

[0005] In one aspect of the invention, a printing exposure apparatus comprises a radiation
source, illumination optics consisting of one or more grazing-incidence mirrors, a modulator
mechanism, a microlens array (ruthenium elements in a specific embodiment), and a scanning
mechanism. The illumination optics convey radiation from the radiation source to the
microlens array, and the microlens array focuses the radiation onto a corresponding array of
focal points on a printing surface. The modulator mechanism modulates the radiation,
whereby the focal points’ exposure intensity levels are controllably varied, and the scanning
mechanism establishes relative motion between the printing surface and the microlens array
in synchronization with the modulator mechanism as the printing surface is exposed. This

forms a synthesized, high-resolution exposure image on the printing surface.

[0006] In a specific embodiment, the mirrors are preferably all ruthenium elements
operating at a grazing angle of approximately 15° or less. As a result of using grazing-
incidence illumination optics, the spectral bandwidth of the exposure radiation on the
microlens array is not significantly limited by mirror reflections. For the purposes of this
disclosure, “not significantly limited ...” is defined to mean that the illumination radiation on
the microlens arrays has a FWHM spectral bandwidth of at least 2 nm.) In this embodiment,
each of the mirrors preferably has a reflection efficiency of at least 82% (at wavelength 11

nm.
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[0007] In a specific embodiment, the source illumination is preferably collected by
collimating collection optics, the collimated output from which is subdivided and distributed
by distribution optics consisting of flat, grazing-incidence fold mirrors to illuminate one or
more wafer print modules. In this embodiment, there are two print modules, each comprising
32 printheads covering a 300-mm wafer, and each printhead comprises 3,629,988 microlens
apertures and microshutters (embodying the modulator mechanism) distributed over a 24-mm

square printhead aperture.

[0008] In some embodiments, at least one mirror is apodized to minimize edge diffraction
effects, which may be accomplished by a diffraction grating that performs the apodization
disposed on a periphery of the mirror’s surface. Similarly, in some embodiments, at least one
mirror has a reflectance characteristic that is configured to improve illumination uniformity
on the microlens array, which may be accomplished by a diffraction grating structure
disposed on the mirror surface. Further, in some embodiments, at least one mirror has
disposed on a surface thereof a diffraction grating structure that performs a spectral-filtering

function.

[0009] In view of the possibility of embodiments such as the above-mentioned, it should be
emphasized that for the purposes of this disclosure, a statement that the illumination optics, or
a portion thereof, consists of one or more grazing-incidence mirrors (or at least one grazing-

incidence mirror should not be seen as excluding the possibility of a coating, grating, or other

structure on a surface or portion of the mirror surface.

[0010] A further understanding of the nature and advantages of the present invention may

be realized by reference to the remaining portions of the specification and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIGS. 1A-1C are cross-sectional views of the microlens configuration;
[0012] FIG. 2 tabulates design data for the FIG. 1 configuration;

[0013] FIG. 3 illustrates the wafer-plane focus spot’s intensity cross-section for several
different wavelengths;
[0014] FIG. 4 tabulates optical constants for ruthenium and the xenon plasma intensity as a

function of wavelength;

[0015] FIG. 5 illustrates the approximate xenon plasma spectrum;
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[0023]
[0024]
[0025]
[0026]
[0027]
[0028]
[0029]
[0030]
[0031]
[0032]
[0033]
[0034]
[0035]
[0036]
[0037]
[0038]

[0039]

FIG. 6 illustrates a 21-point exposure pattern, e.g., for a contact hole;

FIG. 7 illustrates the 21-point exposure pattern’s energy flux cross-section;
FIG. 8 tabulates the focus spot’s FWHM under several simulation conditions;
FIGS. 9-11 illustrate print quality metrics for a 50-nm contact hole pattern;
FIG. 12 tabulates Zernike distortion functions and surface tolerance factors;
FIG. 13 is a schematic cross-section of a printhead;

FIGS. 14A-14E illustrate a microlens manufacturing method;

FIGS. 15 and 16 illustrate a process for correcting microlens fabrication errors;
FIG. 17 is a cross-sectional view of a two-element microlens;

FIG. 18 is a cross-sectional view of a Bragg diffraction lens;

FIGS. 19A-19C illustrate a method for manufacturing a Bragg diffraction lens;
FIG. 20 illustrates an alternative construction for a Bragg diffraction lens;
FIGS. 21A-21D illustrate a method for manufacturing a phase Fresnel microlens;
FIGS. 22A and 22B are a plan view of a printhead;

FIG. 23 is a plan view of a wafer print module;

FIGS. 24-26 show details of the microlens layout and the raster scan pattern;
FIG. 27 tabulates calculations for printing throughput;

FIG. 28 tabulates calculations for the EUV power requirement;

FIG. 29 is a cross-sectional view of the illumination collection optics;

FIG. 30 illustrates the collection optics geometry;

FIG. 31 tabulates the defining equations for the collection optics geometry;
FIGS. 32 and 33 outline derivation steps for several of the equations in FIG. 31;
FIGS. 34-36 tabulate design data and assumptions for the collection optics;

FIG. 37 is a plan view of the illumination pattern on a print module;
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[0040] FIG. 38 is an axial view of the illumination zones relative to the collection optics;
[0041] FIG. 39 illustrates the illumination distribution optics;

[0042] FIGS. 40-43 show several views of the distribution optics;

[0043] FIGS. 44-47 tabulate ray coordinate data for the distribution optics;

[0044] FIGS. 48 and 49 outline the analysis of the illumination source’s penumbral shadow

at the edge of an illumination zone;

[0045] FIGS. 50-53 outline the analysis of diffraction effects at the edge of an illumination

zone,
[0046] FIGS. 54-56 outline the analysis of edge diffraction with apodization;
[0047] FIG. 57 illustrates an apodized mirror;

[0048] FIGS. 58A and 58B illustrate two alternative apodization mechanisms;

[0049] FIGS. 59A, 59B, 60, and 61 outline the analysis of a spectral-filter grating formed

on a mirror surface; and

[0050] FIG. 62 is a block diagram illustrating the control system’s main architectural

components and interactions.

DESCRIPTION OF SPECIFIC EMBODIMENTS
Table of Contents

[0051] The following Table of Contents is provided to aid the reader in referring to specific

portions of the specification.

TTTUMINATION SOUICE.......viieiiieeiiieeiee ettt e e s [0052]
MICTOLENS DESIZN .....viiiiiiiiieiieeiieee ettt ettt st e e e eeeas [0053]
Microlens Optical Performance............ccceeveeeiienieniienieciecee e [0061]
Print QUALItY ....coveeeieiiee e e [0068]
Microlens Manufacture and Alternative Designs .........cccoecveeveeviiieneenieenen. [0075]
Printhead and Wafer Module Configuration............cceeeeeveenienieeneenneennen. [0093]
Printing Throughput and EUV Power Requirements ............ccccceevuereennenee. [0099]
COlIECtION OPLICS ..vveeeeeiieeiiieeiieeeieeeeteeeeeeesteeeseaeeesereeesaaeeessaeeeaseesnaeeennneas [0103]
DiStribULION OPLICS...vievieiuiieiieeiieiiie ettt ettt ettt st bee e e [0115]
Edge Effects and Apodization ...........c.cceecuvevieeiieniieniiieiieeie e [0124]
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Efficiency TUNING ......cccviiiiiiiiieiiecie ettt [0134]

Spectral FItering......cccuveviieiieiiieiieeie ettt [0135]
Control System ArchiteCture...........oeecviieeiieeiiieeeiie e [0141]
RETCICINCES ... et [0144]
CONCIUSION ...t e e e et e e e et e e e e eeareaeeeetaeeeeeenns [0145]

Illumination Source

[0052] The illumination source is preferably a xenon LPP source (Refs. 2 and 6), which is
preferred over alternative sources because of its small source size (< 100 micron). A much
larger source would degrade optical resolution. Also, the LPP is a relatively “clean” source
in terms of debris generation. (Plasma sources other than xenon might also be considered.
For example, krypton has a couple of spectral peaks near 10 nm that could be used for EUV
lithography, Ref. 3.) The source is assumed to operate at a 10 kHz repetition rate, and the
SLM microshutters operate in synchronization with the source at a 10 kHz frame rate. More
specifically, the source may be a liquid-jet xenon LPP source comprising a vertical xenon
filament flowing across a horizontally-directed laser beam. A representative LPP output
power requirement is approximately 93 W hemispherical source emission in the wavelength

range 10-12 nm.

Microlens Design

[0053] FIGS. 1A-1C illustrate the microlens design in a specific embodiment. This
microlens embodiment is similar to the Ref. 1 design as to overall geometry, and as such the
figures are labeled “Prior Art.” However, the dimensions of the specific microlenses are
different and lens material is preferably ruthenium. The Ref. 1 system uses molybdenum
microlenses. Molybdenum has somewhat better transparency at 11 nm, but ruthenium has
better optical contrast. Other lens materials such as rhodium may be more appropriate for
some applications. In a preferred embodiment, the first-stage microlens aperture diameter is
10 microns and the fill factor is 50% (compared to 5 microns and 63%, respectively, in

Ref. 1), and the microlens substrate thickness (i.e., the first-stage microlens focal length) is
385 mm (vs. 171 mm for Ref. 1). The first- and second-stage microlens center thicknesses

are 100 nm (vs. 20 nm in Ref. 1).

[0054] As will be described further below, the lenses are designed to provide a wafer-plane
focus spot with a FWHM (full width at half maximum) of 42 nm (compared to 58 nm for the
Ref. 1 system). The design comprises meniscus, refractive lens elements, and is configured

to be relatively simple and easy to manufacture. Alternative, more complex designs (multi-



element lenses, Bragg diffraction lenses, phase Fresnel lenses) could exhibit much better
optical resolution and efficiency, but may be more difficult to manufacture. The specific
embodiment uses two-stage microlens arrays, but alternative embodiments may use three or

more stages (e.g., see Ref. 1, FIG. 16) or may use single-stage microlens arrays (Ref. 7).

5 [0055] The first-stage microlens L, focuses incident EUV radiation onto focal plane 101
proximate to wafer surface 102 (FIG. 1A). An enlarged view of L, is shown in FIG. 1B, and
FIG. 1C shows an enlarged view of the focal region. The second-stage microlens L, is
located with its entrance aperture centered at or near the L, focal point 103 on focal plane

101. (Although the lenses are focusing elements, they have a meniscus form because the

10 refractive index of ruthenium is less than 1 at EUV wavelengths.) The top surface of L, is

designed to focus collimated incident radiation toward virtual focus 104, and the bottom
surface further focuses the radiation toward focal point 105 on surface 102. A microshutter

106 proximate to L, modulates the beam intensity at focal point 105.

[0056] Microlens dimensional data is tabulated in FIG. 2. D, and D, are the aperture
15  diameters of L, and L, , respectively. The “z” quantities are vertical height coordinates of

various design points relative to the wafer, as follows:

z,: L, top-surface vertex 107 (FIG. 1B)
z,: L, bottom-surface vertex 108 (FIG. 1B)
zy: L, focal plane 101 (FIGS. 1A, 1C)

20 Z,: L, top-surface vertex 109 (FIG. 1C)
zs: L, bottom-surface vertex 110 (FIG. 1C)
z, . wafer surface 102 (FIGS. 1A, 1C)

z,: L, top-surface virtual focus 104 (FIG. 1C)

[0057] The microlens dimensional scale is chosen to balance several competing design
25  objectives. From the standpoint of optical performance, a smaller lens scale would be
preferred for a variety of reasons:
(1) Smaller lenses would be thinner at the edge and hence less absorbing,

resulting in improved optical efficiency.
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(2) The L, transmittance would improve most near the edge of the lens and

would thus have the effect of increasing the numerical aperture, resulting in improved
optical resolution.

3) The effects of chromatic dispersion and of the extended source size scale in
proportion to lens focal length, so these factors would be less significant with smaller
lenses.

(4) With smaller lenses the total number of lenses would be greater, and hence
printing throughput would increase.

(%) The positional range of the SLM shutters scales with the lens dimensions.

[0058] On the other hand, several competing design factors weight against small lenses:
(1) Smaller lenses may be more difficult to manufacture.
(2) A smaller lens scale would result in a shorter working distance between the
printhead and the wafer.
3) With smaller lenses, the printheads would be thinner, more flexible and

fragile.

[0059] The design illustrated in FIGS. 1A-1C and 2 is an estimated best compromise
between the above factors. The design was developed by the following procedure: The L,
and L, aperture dimensions and center thickness were predetermined, and the L, design was
constrained to evenly distribute its optical power between the top and bottom L, surfaces
(i.e., the paraxial wavefront curvature difference across the top surface equals the difference
across the bottom surface). The L, focal length was selected to achieve a 40-nm point-
spread function FWHM at wavelength 11 nm, and subject to this constraint the L, focal

length was selected to approximately optimize optical efficiency.

[0060] The small working distance (about 2 micron) between the bottom L, surface and

the wafer creates concerns about surface contamination or possible damage from particle
contact. The lens surface should preferably have a cleanable, damage-resistant coating
similar to coatings used for thin-film heads. For example, NanoFilm Technologies (Ref. 8)
produces a DLC/Si coating for such applications. The coating is 3 nm thick and has + 5%
uniformity over large deposition areas. The EUV transmission loss of such a film would be
only several percent. Carbon buildup on the lens could be periodically cleaned by methods

similar to those used for EUV multilayer mirrors (e.g., atomic hydrogen cleaning, Ref. 9).
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Microlens Optical Performance

[0061] FIG. 3 illustrates the microlens monochromatic point spread function (PSF) for
several wavelengths. The horizontal axis represents position on the wafer plane, and the

vertical axis represents power flux density, assuming unit flux density incident on L,. The

PSF curves are labeled with the corresponding wavelengths (4). The energy level falls off
for wavelengths shorter or longer than the 11 nm design wavelength for two reasons: First,
the chromatic dispersion in L,, combined with the spatial filtering action of the L, aperture,
tends to filter out short and long wavelengths. Second, long wavelengths are more strongly
absorbed by ruthenium. The data tabulated in FIG. 4 illustrates these factors. The second
and third columns of FIG. 4 tabulate ruthenium’s refractive index contrast, 1 — N, and
absorption factor K, as a function of wavelength. (The complex refractive index is

N +iK .) The refractive index contrast varies by a factor of 2.1 over a 3 nm wavelength
band centered at 11 nm. The bulk absorption of ruthenium, which varies exponentially with

K /wavelength, increases significantly toward the longer wavelengths.

[0062] The microlenses’ spectral filtering effect is augmented by the LPP’s emission
spectrum, which is sharply peaked near 11 nm. For purposes of the present design, the xenon
LPP spectrum is assumed to have the form tabulated in column 4 of FIG. 4 (“Xe intensity”)
and illustrated in FIG. 5. (See also Figure 2 in Ref. 2.) The wavelength range 9.375-12.625
nm is divided into 13 intervals of width 0.25 nm, and the proportion of LPP emission energy
in each interval is assumed to have the value tabulated in FIG. 4. (In practice the relative
energy content of the short wavelengths would be somewhat reduced by the mirrors’

reflectance spectrum, although this effect is neglected here.)

[0063] The wafer-plane PSF size is affected by the LPP source spectrum, and also by the
source size. The source is not imaged directly onto the wafer, but is rather imaged by L,
onto the L, aperture. Consequently, optical resolution is not very sensitive to source size,
but if the source is excessively large the spatial filtering action of the L, aperture on off-axis
source points will tend to broaden the PSF and reduce optical efficiency. For the present
design, the collimated source size at the L, entrance aperture is assumed to be 0.5 mrad

(milliradians). (The collection optics achieves 0.5 mrad collimation with a 100-micron

plasma source.)
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[0064] Image resolution is also strongly influenced by image digitization. A typical
exposure pattern, such as a line or contact hole, is formed as a superposition of overlapping
exposure spots centered at the points of a square printing grid. The number of spots
overlapping a typical image point should preferably be great enough that a single defective
pixel will not significantly affect the printed image. This implies that the dot density should
be considerably higher than the optical resolution limit. On the other hand, an excessively

high dot density will adversely impact printing throughput.

[0065] An 8-nm printing grid step is assumed for the present design. (By comparison, the
optical resolution limit is 26 nm.) FIG. 6 illustrates an example of an 8-nm grid pattern that
could be used to print a contact hole. There are 21 exposure points (indicated by small, solid
dots, e.g., dot 601) distributed on a 5-by-5 grid with the corner points omitted. FIG. 7
illustrates a cross-section of the 21-point exposure profile 701, which has a 50-nm FWHM,
and FIG. 6 illustrates the exposure contour 602 at the 50% level. FIG. 8 tabulates the FWHM
for several types of exposure spots: With an ideal monochromatic, point illumination source
the PSF has the form illustrated by the “11 nm” curve in FIG. 3, which has a computed
FWHM of 40.01 nm. With a point source and the assumed xenon LPP spectrum (FIG. 5) the
FWHM is 41.57 nm. Including the 0.5 mrad source extent increases the FWHM just slightly
to 41.72 nm. Finally, taking into account the source size and spectrum, the 21-point exposure

of FIGS. 6 and 7 has a FWHM o0f 49.72 nm.

[0066] The horizontal axis in FIG. 7 represents position on the wafer plane, and the vertical
axis represents the wafer-plane energy flux density (integrated over the 3.25-nm spectral
band of FIG. 5, and summed over the 21 laser pulses), assuming unit flux density (per laser
pulse) incident on L,. If the resist exposure threshold is 5 mJ/cm?, the actual incident flux
could be chosen so that the peak level of curve 701 (approximately 10000) corresponds to 10
mJ/cm’ (i.e., the incident flux on L, is approximately (10 mJ/ecm?®)/10000 = 1 z J/cm® per
pulse). In this case the 50% contour in FIG. 6 would correspond to the 5 mJ/cm? threshold

and the exposure pattern would produce a 50-nm contact hole.

[0067] As described in Ref. 1, the scan pattern is designed so that the exposure spots
generated by any one microlens are widely spaced and do not overlap significantly. This
ensures that printing defects will not be closely clustered, and therefore will not significantly
affect the printed pattern. For example, FIG. 6 illustrates the effect of a single defective

pixel. If point 603 is unexposed (e.g., due to a stuck microshutter), the exposure contour has

10
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a slightly distorted form 604. (Other exposure points covered by the defective pixel would be
sufficiently far from point 603 that they do not significantly affect the printed image near the
missing point.) The resulting image error, defined as the maximum distance from any point
on contour 604 to the nearest point on contour 602, is 2.1 nm. The error can be significantly
reduced by exposing a nearby point. For example, if point 605 is exposed to compensate for
unexposed point 603 the printed image has the form represented by contour 606, and the

image error is reduced to 0.6 nm.

Print Quality
[0068] FIGS. 9-11 illustrate print quality metrics for the 50-nm contact hole pattern of FIG.

6. (The print metric definitions are adapted from Ref. 10; see sections 2.7.6-2.7.8.) Contour
602 in FIG. 9 represents the design image. The actual printed contour 901 is distorted by
error factors such as focus, exposure, lens distortions, and lens positioning. The assumed
imaging tolerance requirement is that every point on contour 901 must be within 2.5 nm of

some point on contour 602. The tolerance limits are illustrated as curves 902 and 903.

[0069] FIG. 10 illustrates the ED (exposure-defocus) window for the 50-nm contact hole,
based on the 2.5-nm imaging tolerance. Curves 1001 bound the set of defocus and exposure
values for which the imaging tolerance is achieved. The “Exposure” axis in FIG. 10
represents the exposure flux density per pulse incident on L, measured in units of the resist
exposure threshold. For example, if the resist exposure threshold is 5 mJ/cm?, then an
exposure value of 210 in FIG. 10 corresponds to an incident flux on L, of (210" (5

mJ/cm?) = 1 1 J/em? per pulse.

[0070] The DOF-EL curve (depth of focus versus exposure latitude) corresponding to FIG.
10 is illustrated in FIG. 11 (curve 1101). The total window (area under curve 1101) is 12.8 %

Mum,

[0071] In practice the process window represented by curves 1001 and 1101 may be
significantly restricted by optical aberrations induced by lens surface distortions. Non-
systematic aberration errors that vary randomly between lenses are not too significant,
because their effects tend to statistically average out to zero. (As illustrated in FIG. 6, even a
completely dead pixel would not, by itself, result in an out-of-spec image.) Systematic errors
that are consistent across a printhead or across an entire print module could, in some cases, be

corrected by making compensating adjustments in exposure or processing conditions. Of

11
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greater concern are errors that are systematic across a printed image feature (i.e., the errors
induced by different lenses are additive), but are non-systematic on a larger scale and hence

cannot be corrected. The effect of such systematic, uncompensated errors is considered here.

[0072] The print quality is primarily affected by low-order Zernike distortions, in
particular, axisymmetric distortions and odd-symmetric distortions that have non-zero center
tilt. FIG. 12 tabulates the most significant axisymmetric and odd-symmetric Zernike
distortions orders. (The “ R functions are defined in Ref. 11, section 9.2.1.) The functions
tabulated in FIG. 12 are scaled so that each has a unit RMS (root-mean-square) value over the
unit circle. The p coordinate represents radial position on an optical surface, with p =1
corresponding to the clear-aperture radius (as defined by a geometric ray trace of an edge

ray), and € represents azimuthal position.

[0073] Assuming the “Modeled surface distortions” tabulated in FIG. 12, the common
process window has the form represented by curves 1002 (FIG. 10) and 1102 (FIG. 11). The
RMS values in FIG. 12 represent surface distortions measured normal to each surface — not
wave aberrations. (The latter are smaller by a factor of 1- N = 0.064 at wavelength 11 nm;
cf. FIG. 4.) Curves 1002 and 1102 are based on one thousand simulated printed images with
random combinations of distortions that are at the FIG. 12 RMS limits. The total window

represented by curve 1102 is 4.9 % um.

[0074] The imaging quality is most strongly affected by wedge errors in L, , which are
represented by odd-symmetric Zernike orders for the top and bottom L, surfaces. As

indicated in FIG. 12, a 0.15-nm RMS error is assumed for these orders. A centering error in

L, is equivalent to a surface wedge error; thus it is important that the lenses be manufactured

by a process that achieves stringent (nanometer-scale) centering accuracy. In addition, the

symmetry of the L, lens form, and the axial alignment between top and bottom L, surfaces,

must be maintained to a high degree of accuracy.

Microlens Manufacture and Alternative Designs

[0075] FIG. 13 conceptually illustrates a printhead cross-section. The microlenses L, and
L, and microshutter 106 are supported on a plate 1301 containing open channels 1302

between corresponding microlenses for EUV transmission. The microlenses are formed in

ruthenium films 1303 and 1304.

12
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[0076] The channels could potentially be fabricated by methods similar to those used to
make microchannel plates. For example, Ref. 12 describes a LIGA process for forming a
nickel mold, which is filled with spin-on glass and then removed by reverse electroplating,
leaving microchannels in the glass structure. (“LIGA” is an acronym for LIthografie

Galvanoformung Abformung., which is German for lithography electroplating and molding.)

[0077] The microlenses can be fabricated by a variety of processes such as focused ion
beam etching or deposition or various masking processes (Refs. 13-18) or gray-scale etching

(Ref. 19). Following is an outline of one possible process that could be used to form the L,

lenses (see FIGS 14A-14E).

[0078] A resist film 1401 (FIG. 14A) is coated on a mask layer 1402, and a dense array of
holes (e.g., 1403) is formed in the resist using a 3-beam interference lithography process
(Ref. 20). (It should be possible to fabricate holes with good uniformity and nanometer-scale
centering accuracy by this method.) A subset of the resist holes is used to form holes in the
mask layer (e.g., hole 1404, FIG. 14B). The resist is stripped, and the mask hole array is used

to form the top L, surface 1405 in the ruthenium layer 1304, using a masked ion etching or

deposition process (FIG. 14C). A patterned spacer layer 1406 maintains the mask 1402 and
ruthenium layer 1304 in a fixed positional relationship while an ion beam 1407 is projected
through the mask and is directionally scanned and modulated to form the desired surface

shape. The mask and spacer are removed, and the printhead superstructure (including L,

lenses and microshutters) is assembled on the ruthenium layer. (The printhead superstructure
is not shown in FIGS. 14A-14E, but has the form illustrated in FIG. 13.) A second mask
layer 1408 is then positioned below the ruthenium layer 1304 by means of a patterned spacer
layer 1409, and is coated with resist 1410 (FIG. 14D). EUV illumination 1411 is projected
through the printhead and is focused by surface 1405 through mask layer 1408 and into the
resist 1410. The developed resist pattern is transferred into the mask 1408, which is

subsequently used to form the bottom L, surface 1412 by the same process used to form the

top surface 1405 (FIG. 14E).

[0079] Fabricated surface errors may optionally be corrected by the steps illustrated in
FIGS. 15 and 16. The errors are first mapped over the printhead by means of a metrology
process (FIG. 15) in which EUV illumination 1501 is projected through the microlens array
1304 and is analyzed by means of a detector array 1502 comprising an aperture array 1503

and detector elements such as element 1504. The detector array is laterally scanned across

13
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the microlens array’s focal plane, and the detector signals are analyzed to determine the
power transmission of individual microlenses and the focal point centering errors. The scan
may be performed at various focus levels to determine focus errors, and may be repeated with
the detector array in various positions and orientations in order to average out errors in the
detector system itself. (Rather than using the detector array 1502, the lens errors may

alternatively be mapped by printing and measuring a focus-exposure matrix.)

[0080] After the errors have been mapped, an ion beam 1601 (FIG. 16) covering a localized
region on the microlens array 1304 is raster-scanned over the array and is modulated to make
small, region-specific corrections in the lens surface geometry. The scan may be repeated
with the ion beam at different incident angles. Oblique-incidence scans may be used to
correct odd-symmetric surface distortions, as illustrated in FIG. 16. Normal-incidence scans
may be used to primarily correct lens thickness errors, or may be used in combination with
oblique scans to correct thickness and focus errors. (The masked etch step of FIG. 14E
would leave the lenses slightly under-etched, and the remaining excess material would be
removed in the final corrective step of FIG. 16.) After the final etch, the metrology process
(FIG. 15) is repeated for quality control and to determine calibration parameters for the

printhead’s focus/alignment servomechanism.

[0081] The above process could significantly reduce low-order lens aberrations. It may not
be possible to correct high-order aberrations by this method, but the effects of such
aberrations could, to some extent, be counterbalanced by inducing compensating low-order

aberrations in the lenses.

[0082] The process illustrated in FIGS. 14A-14E, 15, 16 could be extended to form more
complex, higher-performing microlenses. For example, FIG. 17 illustrates a two-element L,
design, which is similar to the single-element design of FIGS. 14A-14E, but with an
additional ruthenium layer 1701 and lens surface 1702 formed on the bottom (cf. FIG. 15 in
Ref. 1). The space 1703 between the embedded surface 1412 and layer 1701 could be filled
with a high-index material such as boron or lithium, and the bottom lens surface 1702 could

be formed by the same type of masked etching or deposition process used to make surface

1412.

[0083] A limitation of the two-element lens configuration of FIG. 17 is that the L, optical

absorption is greatly increased by the extra element, possibly necessitating a reduction in lens

size and working distance to reduce the loss. FIG. 18 illustrates an alternative lens type, a
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Bragg diffraction lens, that does not have this limitation. The lens is similar to a zone plate
lens, except that the “zones” have very high aspect ratios and are optimally tilted in the
manner of Bragg diffraction gratings. (An L, lens formed as a conventional, thin zone plate

lens would exhibit poor optical efficiency due to the combination of the very small grating
period and the low optical contrast of EUV materials.) The Bragg lens 1801, illustrated
cross-sectionally in FIG. 18, has axial symmetry about a vertical axis 1802 and comprises
radially-stratified layers of a low-index material (e.g., layer 1803) and a high-index material
(e.g., layer 1804). The action of the diffracting layers is analogous to grazing-incidence
mirrors that reflect and focus incident radiation 1805 onto a focal point 1806 on the wafer
surface 102. The Bragg diffraction mechanism is not efficient for small diffraction angles, so
the central portion of the lens is masked by an obscuration 1807. (Alternatively, a meniscus,
refractive lens, or Fresnel lens, could be used in the inner region, provided that its thickness

can be controlled to accurately phase-match the inner and outer lens regions.)

[0084] The particular design illustrated in FIG. 18 is configured to operate at a 13.5-nm
design wavelength, and the low- and high-index layers are molybdenum and silicon. The
lens diameter is 2 micron and the numerical aperture is 0.5, resulting in a focal length of 1.7
micron. The central obscuration’s numerical aperture is 0.17. There are 18 grating periods,
and the minimum grating period is 27 nm. The diffraction point-spread function has a
theoretical FWHM of 13.1 nm (for collimated, monochromatic illumination). The diffraction
efficiency in the first order exceeds 50% at 13.5 nm (neglecting any substrate or superstrate
transmission loss), with about 90% of the transmitted energy in the first order. The lens has a
very wide spectral band (> 2 nm bandwidth), but chromatic dispersion could significantly
limit optical resolution unless the spectrum is adequately narrowed. Thus, a system
employing such lenses may need multilayer mirrors or other mechanisms (such as the mirror
spectral filtering method described later in this disclosure) to limit the spectrum. Due to
chromatic dispersion, the lens’s dimensional scale may be a critical determinant of system
optical efficiency. The efficiency is proportional to the usable spectral bandwidth, which is
inversely proportional to the lens scale. Moreover, the required number of grating periods is
proportional to the lens scale, so a small-size lens would be preferred from the standpoint of

manufacturability as well as optical efficiency.

[0085] FIGS. 19A-C illustrate a method for constructing Bragg diffraction lenses. An array
of vertical, cylindrical, silicon posts (e.g., post 1901, shown cross-sectionally in FIG. 19A) is

formed on a substrate 1902 at the designated lens positions. (The posts are preferably formed
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by interference lithography.) The array is filled in with a filler layer 1903, which is
subsequently planarized and etched back to the substrate. FIG. 19A illustrates the structure
half-way through the etch process. The etchant 1904 has partial selectivity for silicon,
resulting in a vertical taper in the post. (The etchant composition may be varied during the
process to modify the silicon selectivity and optimize the profile shape.) The post’s
cylindrical profile before etching is indicated as 1905, and the resulting tapered profile after
etching is indicated as 1906.

[0086] The post is then coated with conformal layers of molybdenum and silicon (such as
molybdenum layer 1803 and silicon layer 1804, FIG. 19B). After each silicon layer is
deposited, the structure is again filled with a filler layer 1907, which is etched back to induce
a vertical thickness gradient in the silicon. For example, FIG. 19B illustrates the layer 1804
cross-section half-way through the etch process. The layer profile before etching is indicated
as 1908, and the profile after etching is indicated as 1909. In this way, the layers’ Bragg
angles and surface curvature are optimized as the multiple layers are built up. After all the
layers are formed, the top and bottom surfaces of the structure are planarized and etched to
define the lens 1801 (FIG. 19C). For optimum optical performance, the lens thickness would
be radially graded, with the central region being thicker.

[0087] [In a variation of the above process, the Bragg lens layers may be deposited on the

wall of a conical hole, rather than on a post.]

[0088] Bragg lenses could be constructed for use at 11 nm wavelength by using, e.g.,
ruthenium for the low-index layers and boron or lithium for the high-index layers. Optical
performance would not be as good as molybdenum/silicon lenses operating at 13.5 nm,
however much better performance could be achieved by using vacuum as the high-index
medium. A lens of this type could be formed by the process outlined above, with a sacrificial
material substituted for the high-index medium. After forming the lens, the sacrificial layers

are etched out, leaving the low-index layers as free-standing shell structures.

[0089] FIG. 20 is a cross-sectional view of such a lens 2001. The lens diameter is 2
micron, and the numerical aperture is 0.5. The low-index layers (e.g., 1803) are preferably
ruthenium, and the high-index layers (e.g., 1804) are empty spaces between the ruthenium
layers. The layers are supported on a substrate 2002 such as a DLC (diamond-like carbon)
layer (Ref. 8). The illustrated design is configured to have ruthenium layers with a minimum

thickness of approximately 10 nm (although thinner layers could provide marginally better
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optical performance). In this particular design illustration the lens aperture comprises two
annular zones, an inner zone indicated by its radial section 2003, and an outer zone with
radial section 2004. The inner zone is configured to operate in the first diffracted order,
while the outer zone operates in the second order (i.e., the grating period in the outer zone is
doubled relative to a first-order Bragg grating). This reduces the number of layers in the
outer zone by a factor of two and increases the layer spacing relative to a first-order lens
(although it also approximately doubles the lens thickness in the outer zone). In this design
the outermost ruthenium layer thickness is approximately 10 nm and the outermost vacuum
layer thickness is approximately 34 nm. The lens’s first-order diffraction efficiency exceeds
60% at the 11 nm design wavelength (excluding substrate losses), with over 85% of the
transmitted energy going into the first order. The focus spot’s monochromatic point spread

function has a theoretical FWHM of 10.6 nm.

[0090] It may also be possible to use Bragg lenses for lithography at x-ray wavelengths.
For example, Ref. 21 describes a similar type of structure that focuses hard x-rays for

microscopy applications.

[0091] The above design options apply primarily to the L, lens. For L,, other options are
available due to its comparatively large size and low numerical aperture. One alternative
would be to form L, as a zone plate lens. Although zone plate lenses are limited by

diffraction efficiency losses, absorption losses would be considerably less than a refractive
lens of the type illustrated in FIG. 1B. (The latter exhibits only 15% transmittance at the 11-

nm design wavelength.)

[0092] Another option would be to configure L, as a phase Fresnel lens (cf. FIGS. 14A,

14B in Ref. 1; see also Ref. 22). A method for manufacturing phase Fresnel lenses is
illustrated in FIGS. 21A-21D. A replica lens mold 2101 (FIG. 21A) is formed, e.g., by
means of nanoimprint lithography. The mold is filled with a deposited ruthenium layer 1303
(FIG. 21B), which is subsequently planarized (FIG. 21C) and relased from the mold (FIG.
21D) to leave a free-standing lens. (A large array of lenses would be formed in parallel by

this method.)

Printhead and Wafer Module Configuration

[0093] FIG. 22A shows a plan view of a printhead 2201. The printhead aperture has

dimensions 24-by-24 mm. The L, lens apertures are distributed over the printhead in a
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hexagonal pattern, as illustrated by the enlarged view in FIG. 22B. The L, apertures (e.g.,

2202) have a 10 micron diameter and 13.6 micron center spacing, resulting in a lens fill factor

of approximately 0.5. (FIG. 22A is only a schematic illustration. The actual number of L,

apertures per printhead is 3.6 - 106.)

[0094] A wafer print module (FIG. 23) comprises 32 printheads (e.g., printhead 2201)
distributed in 6-by-6 array with the corner elements omitted. The printhead center spacing is
48 mm (twice the aperture width). The printheads are disposed above the wafer 2301a.
Either the wafer, the printheads, or both are laterally scanned during the printing process.
FIG. 23 illustrates the wafer in four scan positions (2301a, 2301b, 2301¢, 2301d) relative to
the printheads. At each position a raster scan is performed to expose the portion of the wafer
covered by the printheads. The total wafer-plane printable area relative to the wafer aperture
2301a is illustrated by the dashed line 2302. The printable area is four times the aggregate
printhead aperture area. 97% of the wafer is within the printable area, and 93% of the
printable area is within the wafer aperture. Two wafer print modules having the form of FIG.

23 are supplied illumination from a single LPP source.

[0095] FIGS. 24-26 show more detail of the microlens layout and the raster scan pattern.
(This design was developed by the procedure demonstrated in Ref. 1, Egs. 8.55-8.97.)
Dimensional values, which are tabulated in FIG. 26, are all integer multiples of the printing
grid step, G = 8 nm (Eq. 2601). The printhead 2201 comprises microlens apertures (e.g.,
aperture 2401), which are arranged in rows ( “row 17, “row 2”, etc.) with the even-numbered
rows offset relative to the odd-numbered rows to form the hexagonal layout pattern. The

number of pixels per row (N, ) is 1026 (Eq. 2602), and the number of rows per

pixel/row

printhead ( N, 1) 18 3538 (Eq. 2603). The lens center spacing within each row (AX ., G)

row/hea pixel

1s 23.392 um (Eq. 2604), and the center offset between rows (AY,

pixel

G)is 6.784 um (Eq.
2605). The nominal printhead dimensions (W, and W, ) are 24.000192 mm (Eq. 2606) and

24.001792 mm (Eq. 2607). These are the exact stepping displacements between scan
positions 2301a, 2301b, 2301c, and 2301d in FIG. 23. If circle 2402a in FIG. 24 is

interpreted as the position of a particular L, aperture relative to the wafer in scan position

2301a (FIG. 23), then the dashed circles 2402b and 2402d represent the same aperture’s

position (relative to the wafer) in scan positions 2301b and 2301d, respectively.
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[0096] [Note: In Ref. 1 the printing grid steps G, and G, were adjusted slightly to satisfy
Eqgs. 8.92 and 8.97, but in the present design G is fixed and W, and W, are instead adjusted

to satisfy these relationships.]

[0097] At each scan position the printheads are raster-scanned over the wafer so that each
printhead pixel prints a dot pattern of the form illustrated in FIG. 25. Starting with dot 2501,
the pixel prints a serpentine pattern of dots in synchronization with the pulsed EUV source.

The number of pulses per raster line ( N ) is 2924 (Eq. 2608), and the number of raster

pulse/line

lines per scan (N ) is 848 (Eq. 2609). The pixel’s dot spacing between pulses

line/scan

(AX .. G) and the spacing between raster lines (AY, . G ) are both 104 nm (Egs. 2610,

pulse ine

2611). This dimension is chosen so that there is no significant overlap between the exposure

spots generated by any particular pixel, to avoid clustering of image defects from bad pixels.

[0098] For some applications a different scan pattern might be used to better optimize the
tradeoff between print quality and throughput. For example, the raster pattern could skip
every other dot on each raster line, and could also skip every other raster line. This would
increase the printing grid step from 8 nm to 16 nm (still well within the 26 nm optical
resolution limit), but would quadruple throughput. (However, the EUV power would also

have to be quadrupled to maintain the same exposure level.)

Printing Throughput and EUV Power Requirements

[0099] FIG. 27 summarizes the factors that go into the wafer throughput calculation. The

total number of laser pulses per scan is N. =2.4-10° (Eq. 2701). There are four scans

pulse/scan

per print cycle, so the total number of pulses per cycleis N_ .. =9.9-10° (Eq. 2702).

pulse

Dividing this by the 10 kHz source repetition rate (v Eq. 2703) yields a total scanning

source ?

time per cycle (¢ ) of 16.53 min (Eq. 2704). Taking into account the throughput

cycle scan
overhead for wafer loading, alignment, and field stepping, the total time per cycle is

estimated at 7, . = 20min (Eq. 2705). This is the time to print two wafers, so the print time

cycle

per waferis ¢ . =10min (i.e. 6 wph, Eq. 2706).

wafer

[0100] The EUV power calculation comprises the factors summarized in FIG. 28. First, the
total print area is computed (Eqs. 2801-2804). The number of pixels per printhead is

N

pixel/head

=3.6-10° (Eq. 2801), and multiplying this by the 32 printheads per module and the
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2 modules gives the total number of pixels, N ., =2.3-10° (Eq. 2802). Factoring in the

pixel

number of pulses per print cycle (N =23-10"

pulse

) yields the total number of print dots, N,

dot
(Eq. 2803), and multiplying this by the printing grid cell area (G*) gives the total print area

per print cycle (this is for two wafers): 4 . =1475.cm” (Eq. 2804).

print

[0101] Next, the wafer-plane energy density requirement is estimated. This calculation is
based on the 21-point exposure pattern illustrated in FIGS. 6 and 7. The horizontal axis in
FIG. 7 represents position on the wafer plane, and the vertical axis represents the wafer-plane
energy flux density (integrated over the 3.25-nm spectral band of FIG. 5, and summed over

all laser pulses), assuming unit flux density (per laser pulse) incident on L,. The clearing

exposure level (i.e. the wafer-plane energy flux with all points on the 8-nm grid exposed)
would be higher than the peak of curve 701 by a factor of 2.12. (The peak level is 9820, and

the clearing exposure level is 20800.) The actual incident flux is chosen so that the 50% level
on curve 701 corresponds to the assumed resist exposure threshold, O, ., =5mJ/cm® (Eq.

2805); thus the exposure pattern in FIG. 6 would produce a 50-nm contact hole. The 21-point

exposure pattern peaks at 0, ., =10mJ/ cm’ (Eq. 2806), and the clearing exposure level is
Oy cear =21.2mJ/ cm’ (Eq. 2807). Multiplying this by the total print area A, yields the

maximum total EUV energy Q_. delivered to the wafer plane (within the 3.25-nm spectral

print

band) per print cycle, O . =31.26J (Eq. 2808).

print

[0102] The various system efficiency factors are then divided out of QO . to determine the

print

source power requirement. The spectrally-averaged L, L, transmittance efficiency over a
3.25-nm spectral band centered at 11 nm s 77, , =0.0172 (Eq. 2809). This factor takes into
account the microlens absorption loss and vignetting by the L, aperture, and is weighted by
the xenon spectrum (FIG. 5). The L, aperture fill factor is nominally 0.5, however a more
accurate calculation based on FIG. 24 gives 7 = 0.495 (Eq. 2810). Dividing 77, , and 7

out of Q the total EUV energy delivered to the printheads per print cycle is determined to

print °
be O,...c =3673.J (Eq. 2811). The collimation optics (described in the next section) have an
optical efficiency of 7., = 0.0808 (Eq. 2812). This factor includes the geometric efficiency

from a 27 - sr (steradian) hemispherical source emission range to the 64 24-mm-square
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printhead apertures, and also includes reflection losses at the collimation mirrors, but does

not include the fold mirror reflectance. The fold mirrors have a combined reflection

efficiency of 7,,, = 0.485 (Eq. 2813). This includes two mirrors operating at a 15° grazing

angle and three operating at 10.3°. (These efficiencies were calculated at the 11-nm
wavelength, neglecting the mirror’s reflectance spectrum.) An additional loss factor

Noie = 0.8 (Eq. 2814) is also assumed to take into account miscellaneous losses such as

optical attenuation by the ambient xenon gas, or DLC lens coating losses. Combining these

efficiency losses with Q, .., the estimated source energy requirement is Q.. =1.171-10°J

source

per print cycle (Eq. 2815). Dividing this by the cycle scan time (¢ =992.sec, Eq.

cycle_scan

2704) yields the source power @ =118.1W (Eq. 2816). This is the power over 27z

source, 3.25nm
st, within a 3.25-nm spectral band centered at 11 nm. It may be more useful to specify the
power in a 2-nm band from 10 to 12 nm, because very little of the energy outside this band
actually gets through the lenses (see FIG. 3). 78.4% of the xenon emission energy in the
3.25-nm band is within the 2-nm band, so the power required in the 2-nm band is

() =92.6 W (Eq. 2817). (For comparison with the prior art, this corresponds to

source, 2 nm

approximately 4.3W within a 2% band at 13.5 nm, versus the 400W requirement for EUV

projection systems, Ref. 2.)

Collection Optics

[0103] The illumination system comprises collection optics and distribution optics. The
collection optics reshape the point-source beam emitted by the LPP into horizontally
collimated beams. (Collimating the source illumination in a horizontal direction is
convenient if the system uses a liquid-jet xenon LPP source comprising a vertical xenon
filament flowing across a horizontally-directed laser beam.) The distribution optics partition
and redirect the horizontally collimated beams onto the microlens arrays, which are in a
horizontal plane above horizontally-disposed wafers. (A horizontal orientation is
advantageous for wafer handlers and scanners operating in a vacuum environment.) A
description of the collection optics follows, and the distribution optics will be described in the

next section.

[0104] The mirrors preferably comprise bare ruthenium films, except that some mirrors
may be provided with special surface treatments, in the form of additional film coatings or

diffractive surface relief structures, to enhance optical performance. The surface treatments
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could perform functions of apodization (to mitigate diffraction effects at the mirrors’ limiting
apertures), efficiency tuning (to attain uniform irradiance across all printheads), and spectral
filtering (to mitigate the effects of chromatic dispersion in the microlenses and wavelength-

dependent mirror reflectivity).

[0105] The source is collected by means of collimation mirrors comprising three concentric
shells, each shell comprising two grazing-incidence collectors having a form similar to x-ray
telescope mirrors of the Wolter-Schwartzchild type (Ref. 23). (Whereas x-ray telescope
mirrors are designed to satisfy the Abbe sine condition, the collimator mirrors of the present
invention are designed to produce uniform output irradiance, taking into account the variation

in mirror reflection efficiency across the output aperture.)

[0106] The collection optics are illustrated cross-sectionally in FIG. 29. The LPP source
2901 emits point-divergent EUV radiation, which is partitioned into three beams by a set of
three curved, grazing-incidence mirrors collectively designated M1 and individually
designated M1.1, M1.2, and M1.3. A second set of three curved, grazing-incidence mirrors,
collectively designated M2 and individually designated M2.1, M2.2, and M2.3, collimates
the output from M1 in a horizontal direction. The M1 and M2 mirrors are all axially
symmetric about a common horizontal axis 2902. The two sets of mirrors provide sufficient
degrees of freedom to collimate the illumination, and also to provide uniform irradiance,
taking into account the variation in mirror reflectivity with grazing angle. (The design could
also be configured to take into account an axially-symmetric source emission profile.) The
illustrated design is configured to provide uniform spectral irradiance at the 11-nm design
wavelength, but in practice it could be configured to provide a uniform, spectrally-integrated

clearing exposure level at the printing surface.

[0107] The mirror design is determined by the optical geometry illustrated in FIG. 30, and

by the defining equations tabulated in FIG. 31. Cross-sectional Cartesian coordinates y, z
are employed in the geometry specification, wherein z is the horizontal coordinate and y is
the vertical coordinate. (In this context y can be interpreted alternatively as the radial

coordinate of a cylindrical coordinate system with axial coordinate z.) A particular
geometric ray 3001 originates from the LPP source 2901, reflects off one of the mirrors M1.n

(m=1,2,or 3)atpoint {y,z} ={y,,z,}, and reflects off mirror M2.n at point
{y,z} ={y,,z,} . After reflection, the ray direction is parallel to axis 2902. The ray’s

grazing angle on M1.n is y,, and on M2.n is y,. The ray segment from source 2901 to point
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{y,,z,} haslength / , and the segment’s deviation angle from axis 2902 is ®,. The ray
segment from point {y,,z,} to point {y,,z,} has length /,, and this segment’s deviation

angle from axis 2902 is ©, .

[0108] Based on the geometry illustrated in FIG. 30, the y,, z,, »,, and z, coordinates are
defined by Eqgs. 3101, 3102, 3104, and 3105 in FIG. 31; and based on the law of reflection,
7, and y, are defined by Eqs. 3106 and 3107. These six defining equations contain four
undetermined quantities: /,, /,, ®,,and ®,. Of these four, one (©®,) will be taken to be a
free parameter and the other three (/,, /,, and ®,) will be taken to be implicit functions of
the free parameter. (Using square braces to delimit function arguments, the functional
dependence of these quantities may be indicated explicitly as /, =/,[©®,], [, =1,[0,],

®, =0,[0,].) Three additional equations are required to determine these three functions.
Two of these (Egs. 3103, 3108) are obtained from the law of reflection applied at points
{y,,z,} and {y,,z,}, and the third (Eq 3109) is obtained from the uniform-irradiance design
condition. Eq. 3103 explicitly defines the function /,[®,]. (This definition involves an

integration constant, ¢, which is a free design parameter.) Eqs. 3108 and 3109 are

differential equations, which can be numerically integrated to determine /,[®,] and ©,[Q,].
(The solution involves two additional integration constants, initial values for /, and ©,,
which are also free design parameters.) The factor /, in Eq. 3109 represents the LPP source

intensity, weighted by all of the optical efficiency losses between the source and the wafer,

and spectrally integrated. (/, is a function of ®,.) The factor £ . is a constant

print
representing the local-area-averaged, spectrally integrated irradiance at the wafer plane.
(E_. . represents the instantaneous wafer-plane irradiance, with all microshutters open,

print
averaged over an area that is large compared to the microlens aperture dimensions but small

compared to the printhead dimensions. Depending on how E__ = 1is defined, it may represent

print

the irradiance incident on, or absorbed by, the resist.) The stipulation that £, is constant

rint

ensures a uniform clearing exposure level.

[0109] FIG. 32 outlines the derivation of Egs. 3103 and 3108. Eq. 3201 is obtained from

the law of reflection applied at point {y,,z,}. dy, and dz, are differential increments of y,

and z, associated with an infinitesimal change in ®,, and the vector {dy,, dz,} is tangent to
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the M1.n surface at point {y,,z,}. The left-hand term in Eq. 3201 is a vector normal to the
surface. Similarly, in Eq. 3202 dy, and dz, are differential increments of y, and z,, the
vector {dy,, dz,} is tangent to surface M2.n at point {y,,z,}, and the left-hand term is

normal to the surface. The sum of Egs. 3201 and 3202 can be directly integrated to obtain
Eq. 3203. The parenthesized expression in Eq. 3203 is equal to a constant denoted ¢ ; hence

Eq. 3204 is obtained, and elimination of z, between Eqs. 3105 and 3204 yields Eq. 3103.
Eq. 3202 can be simplified to the form of Eq. 3205, from which Eq. 3108 is obtained.

[0110] The derivation of Eq. 3109 is outlined in FIG. 33. The M1, M2 mirror design is
based on the assumption that the spectral radiant intensity /, emitted by the LPP (i.e.,
emitted EUV power per unit solid angle, per unit wavelength) is a function only of
wavelength A and the axial emission angle ®,: /, =1,[4, ®,]. The differential EUV power
do .. emitted by the source into differential solid angle dw and differential wavelength
band dA is I, dw dA, Eq. 3301. Considering the directional range bounded by emission
angles ©, and O, +dO,, and by an azimuthal angle range d¢ relative to axis 2002, the solid
angle dw defined by this range is sin®, d®, d¢, Eq. 3302. The M1 and M2 mirrors map
rays within this range into a collimated beam bounded by corresponding y limits, y, and

v, +dy,, and the same azimuthal range d¢. These rays define a collimated beam covering

aperture area dA=y, dy, d¢, Eq. 3303. The aperture area is preserved as the collimated

beam traverses the distribution optics to the printhead array, but the power in the beam at the

printheads, d®, ,, is attenuated relative to d® by a factor 7, . . representing the

source

collection and distribution mirrors’ combined reflection efficiency, Eq. 3304. (In Egs. 2812

and 2813 of FIG. 28 the mirror efficiency is represented by two separate factors, 7., and
M.q » DUt in @ more accurate analysis 7.~ would not actually be separable into separate

mirror contributions because the mirror reflectance is polarization-dependent.) It is assumed

that 7. is a function only of wavelength A and the grazing angles y, and y,:
Nmirror = Mmior LA» 715 72 1. Combining the above factors, the differential irradiance dE,, at

the printheads within the d4 wavelength band is obtained, Eq. 3305. An additional

wavelength-dependent factor 7, ., , representing the printhead transmission efficiency, is

applied to dE, ., to obtain the local-area-averaged, wafer-plane, differential irradiance
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dE ... (dE, represents an average over an area that is large compared to the microlens

aperture dimensions, but small compared to the printhead dimensions.) 7,.,, includes the

lens fill factor 77 and lens transmittance 7, , (Eqs. 2810 and 2809). dE ;, may also

print

include a resist efficiency factor 7, (e.g., so that dE . represents the differential

print
irradiance actually absorbed by the resist — not just the incident irradiance), Eq. 3306. Upon
integrating dE_. = over wavelength, the total (spectrally-integrated) wafer-plane irradiance

print

E . . 1is obtained, Eqs. 3307 and 3308. E . contains a factor /, which represents the

print print
source intensity, weighted by all of the system efficiency factors between the source and
resist, and integrated over wavelength, Eq. 3308. The functional arguments of the various
factors in Eq. 3308 are indicated explicitly. All of the integrand factors are functions of A ;

I, is also a function of ®,; and 7, is also a function of y, and y, (which are implicitly

functions of ®,, Eqs. 3106 and 3107). /, is a function only of ®,. E_. does not itself

print

have any functional dependencies, because the design objective is to make £ ;, constant

rint

over the wafer. Eq. 3109 follows from Eq. 3307.

[0111] The M1, M2 design assumptions and parameters for the illustrated embodiment are
tabulated in FIG. 34 (for M1.1 and M2.1), FIG. 35 (for M1.2 and M2.2), and FIG. 36 (for
M1.3 and M2.3). Two simplifications of Eq. 3308 are used for this design: First, the ®,

dependence of /,[4,0,] is neglected. Second, 7, ....[4,7,,7,] 1s assumed to be
multiplicatively separable into a function of only 4 and a function of only 7, and y,,
implying that /,[®,] has the simplified form of Eq. 3401, in which /, is a design constant.

The M1.n, M2.n design prescription outlined above (FIGS. 29-33) involves six free design

parameters: the constants ¢ and E two ©, limits defining the M1.n aperture limits (these

print *

will be designated ® and © ), and the initial conditions on /, and ®, associated

1_min 1_max
with the differential equations, Eqs. 3108 and 3109. Thus, six numeric constraints must be
specified for each mirror pair M1.n, M2.n, n = 1, 2, 3. Specified quantities are indicated by
the “spec.” notation in FIGS. 34-36, and the remaining quantities are derived from the

specifications.

[0112] For the M1.1, M2.1 mirror pair, the following six constraints are imposed:
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(1) ® is 60°, Eq. 3402. A larger O would improve geometric collection

1_max 1_max

efficiency, but to keep the grazing angles y, and ¥, less than approximately 15°

® is limited to 60°.

1_ max

(2) ® is 50°, Eq. 3403. A smaller ©® could improve collection

1_min 1_min
efficiency, but would increase the overall length of the collection optics.

3) L[® ] 1s 50 mm, Eq. 3404. A smaller /,[® ] would make the system

1_min 1_min

somewhat shorter and would increase mechanical clearances, but would also result in

strong nonlinearities in the functions y,[®,] and y,[0,].

4) 72[0©, na] 18 specified as 15° (Eq. 3405), implying that y,[© ] is also

1_max
15° (Egs. 3106, 3107). This is to ensure that the grazing angles do not significantly
exceed 15° — otherwise reflection efficiency would be degraded.

(5) 1[0, 1] 18 260 mm (Eq. 3406).
(6) Y120, in] 18 230 mm (Eq. 3407). The 30 mm difference is sufficient to

accommodate the 24-mm printhead width plus optical clearances. Smaller y, limits

would make the collection optics more compact, but would result in optical

interference within the distribution optics system.

Based on the above specifications, the quantities ¢, I,/ E L[® ],and ©,[0, ]

print > 1_min

have the values given in Eqs. 3408-3411.

[0113] For the M1.2, M2.2 mirror pair, the design constraints are as follows (FIG. 35):

(1) Q) is 47°, Eq. 3501. This is to provide 3° clearance between the M1.1

1_max
and M1.2 collection ranges (cf. Eq. 3403), resulting in a 6-mm edge thickness
allowance for M1.2.

(2) L[® ] is 50 mm, Eq. 3502 (based on the same tradeoff considerations that

1_min

apply to M1.1, M2.1).
3) 70, nn]and y,[@, ] are equal, Eq. 3503. This is to balance the optical

power between M1.2 and M2.2 and minimize reflection loss. (y, and y, are well

below 15° over the full M1.2, M2.2 apertures.)
4) The [,/ E ., ratio is matched to that of mirrors M1.1, M2.1, Eq. 3504 (cf. Eq.

print

3409). This is to ensure that all the mirrors produce the same irradiance level.
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5) 132[0, 1] 18 224 mm, Eq. 3505. This is 6 mm less than the M2.1 lower y,

limit (Eq. 3407), providing adequate allowance for M2.2 edge thickness.
(6) 12[0, in] 18 194 mm, Eq. 3506. Again, the 30 mm difference between the

v, limits is selected to accommodate the 24 mm printhead width plus optical

clearances.

Based on these specifications, ©, ., ¢, /,[®, ., ],and ©,[0, ; ] have the values given

in Egs. 3507-3510.

[0114] The M1.3, M2.3 mirror design parameters are outlined in FIG. 36:

(1) ® is 34.7916°, Eq. 3601. This is to provide 3° clearance between the

1_max
M1.2 and M1.3 collection ranges (cf. Eq. 3507), resulting in a 5-mm edge thickness
allowance for M1.3.

) L[O, ] 1s 70 mm, Eq. 3602.

3) 7110, ] and y,[©, ;] are equal, Eq. 3603.

(4) The I,/ E_,, ratio is matched to that of mirrors M1.1, M2.1, Eq. 3604 (cf. Eq.

print

3409).

(5) 5[0, ., ] 1s 188 mm, Eq. 3605. This is 6 mm less than the M2.2 lower y,
limit (Eq. 3506).

(6) 1[0, ] 18 158 mm, Eq. 3606.

Based on these specifications, © ¢, [[O) ,,],and ©,[0, ;] have the values given

1_min >

in Egs. 3607-3610.

Distribution Optics

[0115] The collimated output from the collection optics (the three shell reflectors described
above) is subdivided and distributed by the distribution optics. In short, the distribution
optics consist of flat, grazing-incidence fold mirrors to illuminate the print modules. In a
specific embodiment, there are two wafer print modules, each comprising 32 printheads
covering a 300-mm wafer (FIG. 23). Further, each printhead comprises 3,629,988 microlens
apertures and microshutters distributed over a 24-mm square printhead aperture (FIG. 28, Eq.

2801).
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[0116] FIG. 37 illustrates the illumination pattern on a print module (cf. FIG. 23). Each
printhead 2201 is covered by a 28-mm square illumination zone 3701. There is a 2-mm
overfill clearance around the 24-mm-square printhead to accommodate the source’s
penumbral shadow region and edge diffraction effects. (These factors are discussed in the
next section.) FIG. 37 shows small arrow indicators on the illumination zones (e.g., arrow
3702 on zone 3701); these serve as orientation references for correlating various views of the
distribution optics. The printheads and illumination zones are indexed by their column and
row indices in the array, e.g., zone 3701 has array indices 1, 5 and may be designated as
“zone 1, 5”. The zones are subdivided into four aperture subgroups 3703, 3704, 3705, and
3706, each comprising 8 zones. Each subgroup may be designated by the array indices of its

central zone, e.g., group 3703 may be designated as “aperture subgroup 2, 2”.

[0117] FIG. 38 is an axial view of the collection mirrors M2.1, M2.2, M2.3, with the line
of sight parallel to the collimated beam direction. This shows the collimated output beam of
the collection optics in the projection plane designated 2903 in FIG. 29. The beam comprises
illumination subapertures corresponding to individual illumination zones — for example,
subaperture 3801 illuminates zone 1, 5. The indexed subapertures in FIG. 38 correspond to
illumination zones on one of the two print modules (FIG. 37). The dashed rectangles (e.g.,
3802) represent subapertures corresponding to the other print module. Portions of the M2.1,
M2.2, M2.3 apertures outside of the illumination subapertures are optically inactive and may
be used for mechanical framing. The entire optical system, including both modules, has

bilateral symmetry across a vertical center plane 3803.

[0118] FIG. 39 illustrates the distribution optics. The figure does not show the collection
mirrors, but it shows the projection plane 2903 of FIG. 38. The illumination zones of one of
the print modules (e.g., zone 3701) are indicated collectively as 3901, and the zones for the
other module are indicated as 3902. Only the distribution optics for zones 3901 are shown —
the optics for zones 3902 have a symmetric form, based on the system’s bilateral symmetry.
The distribution optics for zones 3901 comprise five sets of flat mirrors indicated as M3, M4,
MS, M6, and M7. The illustrated parallelograms in each set represent the projections of the
illumination zones onto corresponding mirror planes. (Many of the parallelograms are non-

rectangular, causing the perspective view of FIG. 39 to appear somewhat distorted.)

[0119] The center ray 3903 for one particular illumination zone (3701) is shown in FIG. 39,
and the mirror apertures intercepted by this ray are highlighted. The ray traverses
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illumination subaperture 3801 on projection plane 2903, and intercepts mirror apertures 3904,

3905, 3906, 3907, and 3908 in mirror sets M3, M4, M5, M6, and M7, respectively. The

grazing angles are 15° on mirrors M3 and M4, and are approximately 10.3° on mirrors M5,
M6, and M7. In the projected view of FIG. 38, the projection apertures and M3 mirror
apertures are superimposed (e.g., projected subaperture 3801 coincides with mirror aperture
3904 in this view). Also, in FIG. 37 the illumination zones coincide with the M7 apertures

(e.g., zone 3701 coincides with mirror aperture 3908).

[0120] The mirror surfaces in each set M3, M4, and M7 are parallel. Furthermore, the M3
and M4 mirror surfaces corresponding to each aperture subgroup are coplanar. Thus, M3 and
M4 may each comprise just four mirrors, one for each subgroup. (Some of the M7 surfaces
are also coplanar, allowing them to be consolidated.) The coplanarity constraint in M3 and
M4 is not a strict design requirement — the system might be made more compact by removing

this constraint, but the number of mirror parts would increase significantly.

[0121] The illumination beams for the 32 illumination zones 3901 all follow parallel paths
between successive mirror sets, except between M5 and M6. The beam directions between
MS and M6, and the M5 and M6 mirror surface tilts, are selected to induce slight orientation
shifts between the illumination subapertures in projection plane 2903. As illustrated in FIG.
38, the subapertures (e.g., 3801) for each print module all have nearly the same orientation,
except for slight orientational differences to fit them to the annular M2 apertures. (Note the

orientation arrows.) These orientational differences are induced by the M5, M6 mirror tilts.

[0122] FIGS. 40-43 show several additional views of the distribution optics. FIG. 40 is a
projected view of M6 and M7, with the line of sight parallel to the beam direction between
M6 and M7. In this view, the M6 and M7 mirror apertures (e.g., 3907 and 3908) are
superimposed. FIG. 41 shows the M5 and M6 mirrors, with the line of sight parallel to the
some of the beam direction between M5 and M6. In this view, mirrors 3906 and 3907 are
superimposed. The illumination beams are not all parallel between M5 and M6, so some of
the MS mirrors are not exactly superimposed on the corresponding M6 mirrors in this view
(e.g., M5 mirror 4101 is not exactly superimposed on M6 mirror 4102). FIG. 42 illustrates
the M4 and M5 mirrors, with the line of sight parallel to the beam direction between M4 and
MS. Mirror apertures 3905 and 3906 are superimposed in this view. FIG. 43 shows a view
of M3 and M4 with the line of sight parallel to the beam direction between M3 and M4.

Mirror apertures 3904 and 3905 are superimposed in this view.
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[0123] FIGS. 44-47 tabulate raytrace data for the distribution optics. Each figure pertains
to one of the four aperture subgroups. Each column in the tables contains ray intercept data
for an illumination ray propagating from projection plane 2903 to the center of one of the
printheads. The printhead array indices are indicated in the top row of each table. The row
with the “P” header specifies the ray position on projection plane 2903; the “M3” ... “M7”
rows specify the ray intercept points on the mirrors, and the “H” column specifies the
printhead center position. The points are specified as x, y, z Cartesian coordinate triplets,
wherein the coordinate system’s origin is at the LPP source, y is the vertical coordinate, and
x and z are horizontal coordinates with z along the collection optics’ axis (FIG. 30). The
coordinates are specified in millimeter units. This data is for one of the two printhead sets
3901 (FIG. 39); for the other set 3902 the x coordinates are sign-inverted. The data in FIGS.
44-47 is sufficient to determine the mirror surface tilts and the printhead aperture
orientations, from which the mirror aperture geometry can be determined by reverse ray-

tracing from the illumination zones’ corner points (FIG. 37).

Edge Effects and Apodization

[0124] The illumination zones on the printheads (FIG. 37) are slightly oversized to
accommodate two mirror edge effects: edge shadow blur due to the extended source size, and

edge diffraction.

[0125] FIGS. 48 and 49 conceptually illustrate the first of these effects, shadow blur. An
extended illumination source 4801 illuminates plane 4802. Part of the illumination beam is
blocked by a straight-edge mask 4803 (representing the effect of a mirror edge). The
irradiance E across the geometric shadow, as a function of position x on illumination plane
4802, is illustrated as curve 4804 for the extended source, and as 4805 for an ideal point
source. The nominal shadow edge position, corresponding to the boundary of illumination
zone 3701 in FIG. 37, is at x =0. The width w of the penumbral shadow region 4806 (i.c.,
the sloped portion of curve 4804) is proportional to the source’s angular divergence 6 and
the distance s from edge 4803 to plane 4802. The EUV collection optics produces a
collimated beam with 0.5 mrad divergence (Eq. 4901 — this assumes a 100-micron LPP
plasma source), and the maximum optical path length s from the mirror edges to the
printheads is approximately 3 meters (Eq. 4902), so w is approximately 1.5 mm (Eq. 4903).

The penumbra is confined to the region | x |<0.75mm, so the 2-mm illumination overfill

clearance (FIG. 37) is more than adequate to accommodate the penumbral shadow.
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[0126] FIGS. 50-53 illustrate the edge diffraction effect. A plane-wave illumination beam
5001 with a wavelength A of 11 nm (Eq. 5101) is partially blocked by the straight-edge mask
4803, inducing a diffraction pattern in the shadow region on the illumination plane 4802,
which is at a maximum distance s of 3 meters from the mask (Eq. 5102). The irradiance E
across the diffraction pattern, as a function of position x on illumination plane 4802, is
illustrated as curve 5002. (This represents the diffraction pattern for an on-axis LPP source
point. For an off-axis point, the pattern may be laterally shifted by up to 0.75 mm, as
indicated by FIG. 48.) E is proportional to the magnitude-squared of the complex amplitude
A (Eq. 5103). The approximate functional form of A4 versus x is tabulated in Eq. 5104.
(This only includes the effect of a single diffracting edge. In general the effects of multiple
diffracting edges must be considered.) In this expression € and § are the Fresnel integrals
(Ref. 11, section 8.7.2, Egs. 15), and the field amplitude is normalized so that 4 =1 in the
absence of the diffracting mask 4803. The second approximate form of A4 in Eq. 5104 is

valid when x is positive and large in comparison to \//1_ =0.18mm . (This approximation
is obtained by ignoring small terms in Ref. 11, section 8.7.2, Egs. 16, and setting O =1 and
P =0 in Egs. 15.) The exponential argument in Eq. 5102 is a quadratic approximation to a
cylindrical-wave phase function with the cylinder axis on the diffracting edge; hence it is
evident that the amplitude A in the illuminated area comprises the undiffracted (unit-
amplitude) plane-wave field (5003) plus a diffracted, cylindrical-wave field (5004) appearing
to originate from the mask edge. FIG. 52 illustrates the magnitude of the diffracted wave

(] 4—1]) as a function of x.

[0127] The irradiance distribution £ on the printhead top surface (i.e. plane 4802) is not
itself directly relevant to printing performance — what matters is the wafer-plane irradiance,
which is illustrated conceptually in FIG. 53 (cf. FIGS 1A-1C). The electromagnetic field
incident on a particular lens L, comprises the undiffracted field 5003 and the edge-diffracted
field 5004. (On the scale of the lens aperture both fields are effectively plane waves. The
wavefront curvature of field 5004 is insignificant on this scale.) The undiffracted field 5003
is focused to an on-axis spot on the second-stage lens ( L, ) aperture. The irradiance profile of
this spot, illustrated as curve 5301 in FIG. 53, has a monochromatic FWHM of approximately
0.52 micron. The diffracted field similarly produces an off-center, focused spot of lower

intensity on L, ; its irradiance profile is illustrated as curve 5302. L, focuses the on-axis

spot to a smaller, wafer-plane focus spot, illustrated by intensity profile 5303, which has a
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FWHM of 40 nm. The off-axis, edge-diffracted spot on L, is clipped by the L, aperture and
is focused to a second wafer-plane focus spot, illustrated by intensity profile 5304. The two
wafer-plane spots combine coherently, resulting in a somewhat distorted, lower-resolution,
combined focus spot. (To some extent the distortions may cancel out when averaged over
wavelengths and source points, but the degraded optical resolution will not be improved by

such averaging.)

[0128] FIGS. 54-56 illustrate a mechanism for apodizing the mirror apertures that can be
used to mitigate diffraction effects. FIG. 54 is similar to FIG. 50, except that the diffracting
edge 4803 is replaced by a transmission plate 5401 comprising an opaque region 5402, a
clear region 5403, and a graded-transmittance region (the “apodization edge”) 5404. The
transmission plate 5401 conceptually represents the effect of an apodized mirror edge. The
plate’s amplitude transmittance ¢ versus lateral position x on the plate is represented by
curve 5405. The apodization edge width is a, and the transmittance varies smoothly from

zero to one across the apodization edge. The irradiance £, across the illumination plane

4802, with apodization, is illustrated by curve 5406. Compared to the intensity profile
without apodization (curve 5002 in FIG. 50), the apodized profile 5406 is much more

uniform.

[0129] Eq. 5501 in FIG. 55 illustrates a possible functional form for the apodizer
transmittance ¢ versus x. (This is the amplitude transmittance — the intensity transmittance

is [#|*.) Denoting the complex field amplitude on the illumination plane 4802 as A4 he

apod ? t

irradiance E,,, is proportional to the magnitude-squared of 4, ., (Eq. 5502). The amplitude

A with apodization, is equal to the convolution of the unapodized amplitude A4 (Eq.

apod ?
5104) with the derivative of ¢ (Eq. 5503). FIG. 56 illustrates the diffracted field amplitude

| A, — 1| for several values of the apodization edge width: a =0, a =0.1 mm, and
a=0.2mm. (The a =0 curve is equivalent to FIG. 52, but plotted on a log scale.) With
a = 0.2 mm, the diffracted amplitude is over four orders of magnitude smaller than the

undiffracted amplitude for x > 1 mm.

[0130] FIG. 57 illustrates a mirror surface 5701 with an apodization edge 5702 (shaded

area). The apodization mechanism could comprise a gradient-thickness absorbing film
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formed on the mirror’s periphery (e.g., via shadow-mask deposition or gray-scale

lithography).

[0131] FIG. 58A illustrates an alternative apodization mechanism. A diffraction grating-
type pattern comprising holes and islands (e.g., island 5801) is formed in an absorbing film of
uniform thickness on the mirror periphery. The pattern simulates the effect of gray-scale
patterning in a manner similar to half-tone printing. By making the grating periodicity
sufficiently small, the grating’s diffracted orders will have a sufficiently large deviation angle

from the zero order that they will be eliminated by the L, apertures, and only the zero order

will get through the microlenses. The variation in grating structure across the apodization
edge 5702 effectively apodizes the zero order. (Ref. 24 discusses transmission apodizers of a

similar type.)

[0132] FIG. 58B illustrates another type of mirror apodizer, this one consisting of a phase
grating. As in FIG. 58A, the structure is a grating-like pattern, but in this case there is no
absorbing film. Instead, the grating elements (e.g., element 5802) are shallow wells or mesas
formed in the mirror surface. (The grating elements are illustrated as circles in FIG. 58B, but
other shapes such as lines, triangles, etc. could also be used.) The depth of the structure is

selected to induce a phase shift of 7 in the reflected beam at the 11-nm design wavelength.

(For example, for a grazing angle of 15° the depth would be 10.6 nm.) If the grating
elements’ fill factor is 50% the zero order will be extinguished (at least at the design
wavelength, but also to a significant extent at other nearby wavelengths). The fill factor
varies from 0 to 50% across the apodization edge 5702, resulting in effective apodization of
the zero order. In a variation of this method, the structure depth, rather than (or in addition

to) the fill factor, may be controlled to determine the zero-order reflectivity.

[0133] [Note: Phase apodizers such as that illustrated in FIG. 58B can be applied to
transmission elements as well as mirrors, and may be employed in an obvious manner for

other applications such as microscopy.]

Efficiency Tuning

[0134] The illumination optics are designed to provide approximately uniform illumination
over the printheads. This is achieved by designing the collection mirrors to compensate for
radial variation in the mirror reflectivities and source intensity (the 7. and /, factors in

FIG. 33, Eq. 3308) and designing the distribution optics so that all mirrors in each mirror set
M3, M4, MS, M6, and M7 (FIG. 39) have the same — or nearly the same — grazing angles.

33



10

15

20

25

30

(The angles are not all the same in M5 and M6, but the range of variation is only 0.013°.)
However, the optical design does not achieve perfectly uniform illumination, primarily due to
two factors: polarization dependence of the mirror reflectivity, and ambient gas absorption
along the optical path. Some of the mirrors’ surface reflectivities may be modified to
counterbalance these factors. The same types of mechanisms described above for
apodization (e.g., absorbing films, half-tone gratings, or phase gratings; cf. FIGS. 58A, 58B)

may also be employed for efficiency tuning.

Spectral Filtering

[0135] In the above-outlined optical design, the wafer-plane irradiance is spectrally filtered
by three mechanisms: (1) the combination of L, chromatic dispersion and the L, aperture’s
spatial filtering action, (2) long-wavelength absorption by ruthenium, and (3) the LPP
spectrum’s sharp spectral peak. The first mechanism could be enhanced by using a phase

Fresnel lens or zone plate lens for L,. Additional spectral filtering may be required for some

applications. (For example, the Bragg lenses illustrated in FIGS. 18 and 20 may require
narrow-band illumination.) Multilayer, near-normal-incidence mirrors may be incorporated
in the design to function as narrow bandpass filters if a very high degree of filtering is
required. But a simpler approach, which may work for some applications, would be to

modify the grazing-incidence mirrors’ surface structure to provide spectral filtering.

[0136] A phase diffraction grating can be used as a spectral filter. The grating would
comprise shallow wells or mesas formed on a flat mirror surface, similar to the apodizing
phase grating (FIG. 58B), except that in this case the induced phase shift at the design
wavelength (11 nm) would be an integer multiple of 27 , rather than 7. Thus, zero-order
reflection efficiency would be maximized at the design wavelength and would fall off at other
nearby wavelengths due to the grating’s dephasing effect. Typically, the grating structure
would be uniform across the mirror surface, although some nonuniformity may be used to
counterbalance spatial nonuniformity of the illumination spectrum (e.g., due to variation in

the collection mirrors’ reflectance spectrum with grazing angle).

[0137] The grating may comprise more than two phase levels to provide extra degrees of
freedom in the design. A variety of grating structure types, such as lamellar line gratings or
3-D patterns of isolated holes or mesas, may be employed. For example, FIGS. 59A and 59B
show cross-sectional views of a line grating comprising a ruthenium film 5901 with four

surface levels 5902, 5903, 5904, and 5905. The grating lines are perpendicular to the plane
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of the figure in FIG. 59A, and are parallel in FIG. 59B. Grating design data is tabulated in
FIG. 60. The grating is configured for operation at an incident grazing angle y of 15° (Eq.

6001; FIG. 59B) and design wavelength A of 11 nm (Eq. 6002). As illustrated in FIG.

design
59B the grating preferably operates in a conical diffraction mode, with the plane of incidence
parallel to the grating lines. (The incidence plane is defined by the incident and zero-order
diffracted beams, which are respectively indicated as 5906 and 5907. If the grating were to
operate in a planar diffraction mode, with the incidence plane perpendicular to the grating
lines, the zero-order reflection efficiency would be much lower.) The grating period A is 1.5

micron (FIG. 59A, Eq. 6003). A height difference of # =21.25nm between two grating
surface zones would induce a 2z phase shift between the portions of the reflected field
intercepting the two zones (Eq. 6004). The depth of surface levels 5902, 5903, 5904, and
5905 relative to the top level (5902), respectively designated H,, H,, H,,and H,, are

integer multiples of # (Eq. 6005). The integer multiples, designated m,, m,, m;, and m,,

are 0, 8, 12, and 4, respectively (Egs. 6006). The area fractions covered by levels 5902,
5903, 5904, and 5905, designated f,, f,, f;,and f,, are all 0.25 (Egs. 6007).

[0138] The grating period should be sufficiently small that the first and higher diffracted
orders are adequately filtered out by the microlenses’ spatial filtering action. The angular

deviation of the first orders from the zero order is approximately A / A, which is 7.3 mrad

design
in the above design. Projecting this angle over the 385 x#m focal length of L, (FIGS. 1A-1C,
2), the separation distance between the zero and first orders on the L, aperture plane is
determined to be 2.8 £ m, which us much larger than the L, aperture diameter (1 ¢m) and
the L,-focused beam’s FWHM at the L, aperture plane (0.6 #m, including the source size

and chromatic spread). Thus very little of the first and higher diffracted orders will get
through L, .

[0139] Based on the above design parameters, the grating’s zero-order reflection efficiency

R at an arbitrary wavelength A is less than the reflectivity R, of a flat mirror surface

grating

by a factor of R_, (the relative reflectance ratio), which has the approximate functional form

rel

given by Eq. 6008. FIG. 61 shows a plot 6101 of R, versus A based on this equation

rel
(dashed line). The central reflectance peak width is approximately 0.7 nm. The grating has
other reflectance peaks (e.g., at wavelength 8.8 nm), but these could be filtered out by the
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other spectral-filtering mechanisms mentioned above. (Also, gratings formed on multiple
mirrors, such as a set of gratings formed on the M6 mirrors and a second set of gratings
formed on the M7 mirrors, may be used in combination to block side peaks.) Eq. 6008 is a
scalar approximation, which models the grating as a thin phase plate. A more accurate
numerical computation yields the relative reflectance curve 6102. Although Eq. 6008 is only
an approximation, it is equally applicable to more generalized grating structures such as
crossed gratings (although its accuracy can be much worse for other grating types). The
number of grating levels, the depth factors m, , and area fractions f; are free design
parameters, which may be selected to obtain a good preliminary design; and more accurate

numerical simulations may then be used to refine the design.

[0140] [Note: Spectral-filter phase gratings may be applied to transmission elements as
well as mirrors, and such gratings may be employed in an obvious manner for other

applications such as microscopy. ]

Control System Architecture

[0141] FIG. 62 is a block diagram illustrating the control system’s main architectural
components and interactions, in a preferred embodiment. The various elements were

described in detail above or in Ref. 1, and will only be summarized here.

[0142] The printer comprises major subsystems for EUV illumination, position control, and
image generation, which are synchronized to a common system clock. The illumination
system includes the LPP pulse generator, the EUV source, and the illumination optics
(grazing-incidence mirrors). Illumination is supplied to two wafer print modules (“Module
17, “Module 2”), each of which prints onto a separate corresponding wafer. (Bold lines in
FIG. 62 represent EUV radiation paths, whereas light lines represent data or informational
paths.) Each module comprises 32 printheads, and each printhead comprises an array of
printer pixels, a printhead actuator, and a focus/alignment system. The control elements
within each pixel include a modulator, which is controlled by the image generation

subsystem.

[0143] The position control subsystem receives positional information from
focus/alignment sensors formed integrally on the printheads, which sense each printhead’s
position relative to wafer tracking patterns (the “Tracks” in FIG. 62). This information is

processed by the position control system and is used to control the printhead actuators.
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Conclusion

[0145] As has been described, embodiments of the invention incorporate a variety of
improvements over the Ref. 1 design to make it more practical and manufacturable. It was
recognized that the system described in Ref. 1 has no projection optics, and hence no imaging
requirements necessitating the use of near-normal-incidence mirrors. Accordingly it was
possible to eliminate such elements in the illumination optics in order to improve both optical

efficiency and mirror durability, and reduce cost.

[0146] Some of the improvements require tradeoffs, however. For example, the estimated
printing throughput is only 6 wph (wafers per hour), per LPP source, compared to 62 wph for
Ref. 1 (and up to 120 wph for conventional projection lithography systems). The larger first-
stage microlens apertures and lower fill factor reduce the total number of microlenses per
module by a factor of 5, which accounts for a factor of 5 in the throughput loss. In addition,
the system only supplies two wafer print modules per LPP (versus 8 for Ref. 1), accounting
for another factor of 4. These factors are partially counterbalanced by the higher LPP
repetition rate (10 kHz, versus 6 kHz for Ref. 1) and a coarser printing grid step (8 nm, versus
6.86 nm for Ref. 1). The throughput could be improved by designing the system to use more
microlenses (e.g., smaller, more closely-spaced, first-stage lens apertures), a higher laser
repetition rate (e.g., at 20 kHz throughput would be doubled), or a coarser grid step (e.g., a 16
nm grid step would quadruple throughput).

[0147] The lens efficiency is comparatively low as a consequence of the large first-stage
lens aperture, the increased lens center thickness, and the high optical resolution. The
monochromatic transmission efficiency through the first- and second-stage microlenses at the
11-nm design wavelength is 2.7% (compared to a narrow-band efficiency of 17% achieved
by the Ref. 1 design). Nevertheless, the high mirror efficiency results in a modest LPP power
requirement of 93 W hemispherical source emission in the wavelength range 10-12 nm. For
comparison with the prior art, this corresponds to approximately 4.3W within a 2% band at
13.5 nm, versus the 400W requirement for EUV projection systems. Throughput is 20X
lower, but power consumption is approximately 100X lower, resulting in a net gain of 5X in
energy efficiency (EUV source energy per wafer) relative to projection systems. Further
efficiency could be achieved by using smaller, thinner, or more closely spaced microlenses,
or by using alternative lens types such as Bragg diffraction lenses and phase Fresnel lenses

described above (at the cost of simplicity).
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[0148] Notwithstanding these tradeoffs, the foregoing specification describes an EUV
lithography system that has all of the favorable features and advantages of the Ref. 1 system,
but which also eliminates the need for multilayer EUV mirrors. This results in several
additional advantages: (1) the cost and technical complexity of the system are considerably
reduced, (2) mirror durability is improved, and (3) the usable wavelength bandwidth can be
greatly increased, so that a much lower-power EUV source can be used. The disclosure also
discusses a number of practical design details and options relating to system
manufacturability and optical performance. Much of the disclosure is directed toward
detailing the design specifics of particular preferred embodiments, but the demonstrated
design concepts and methodologies can be equally well applied to a diversity of applications

ranging from, e.g., document printing to x-ray lithography.

[0149] While the above is a complete description of specific embodiments of the invention,
the above description should not be taken as limiting the scope of the invention as defined by

the claims.
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PATENT
Attorney Docket No. 013860-001910US

MASKLESS, MICROLENS EUV LITHOGRAPHY SYSTEM WITH
GRAZING-INCIDENCE ILLUMINATION OPTICS

ABSTRACT OF THE DISCLOSURE

An EUV lithography system achieves high-resolution printing without the use
of photomasks, projection optics, multilayer mirrors, or an extremely high-power EUV
source. The system comprises a xenon laser-produced-plasma (LPP) illumination source
(requiring 93W hemispherical EUV emission in the wavelength range 10-12 nm), all-
ruthenium optics (grazing-incidence mirrors and microlenses) and spatial light modulators
comprising MEMS-actuated microshutters. Two 300-mm wafers are simultaneously exposed
with a single 10 kHz LPP source to achieve a throughput of 6 wafers per hour, per LPP
source. The illumination is focused by the microlens arrays onto diffraction-limited (42-nm
FWHM) spots on the wafer plane, and the spots are intensity-modulated by the microshutters
as they are raster-scanned across the wafer surface to create a digitally synthesized exposure
image. The optical path between the source and the microlenses traverses seven grazing-
incidence mirrors (two collimator elements and five fold mirrors), which have high reflection

efficiency and essentially unlimited wavelength bandpass.

(FIGS. 29 and 39)
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