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Exposure of 38 nm period grating patterns with extreme ultraviolet
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Extreme ultraviolefEUV, A = 13 nm) lithography is considered to be the most likely technology to
follow ultraviolet (optical) lithography. One of the challenging aspects is the development of
suitable resist materials and processes. This development requires the ability to produce
high-resolution patterns. Until now, this ability has been severely limited by the lack of sources and
imaging systems. We report printing of 38 nm period grating patterns by interferometric lithography
technique with EUV light. A Lloyd’s Mirror interferometer was used, reflecting part of an incident
beam with a mirror at grazing incidence and letting it interfere with the direct beam at the wafer
plane. High-density fringe€38 nm pitch were easily produced. Monochromatized light of 13 nm
wavelength from an undulator in an electron storage ring provided the necessary temporal and
spatial coherence along with sufficient intensity flux. This simple technique can be extended to
sub-10 nm resolution. €999 American Institute of Physid$S0003-695(99)02841-7

Extreme ultraviolet lithographyEUVL, A=13.4nn) is  production of fine features over large areas without the need
one of the candidate technologies pursued for printing semifor complicated masks and imaging systems. The depth of
conductor devices with critical dimensions of 70 nm andfocus of an interferometric system is practically unlimited,
below?! The approaches currently developed are based on thaffording great flexibility in sample positioning. We note that
use of 4 reduction optics and reflective masks. The reflec-IL is widely used in the ultraviolet and some attempts have
tivity of near-normal incidence optics is enhanced460%—  been made in vacuum ultraviolé/UV) and harder x rays,
70% by multilayer interference coatings/4 stacks. In this  with limited success=’ An early experiment in VUY dem-
spectral region, all materials have high absorption coeffionstrated the potential of interference techniques although
cients bringing some special requirements on EUVL opticathe wavelength used 18 nm was too large to print features
systems and materials. For example, photoresist thickness the 10-20 nm regime. Tatchyet al® used an undulator
has to be limited to less thar0.1 um in order to obtain a source with a transmission grating as a monochromator in a
sufficiently uniform exposure along the film thickness. Lloyd mirror scheme. Their results were limited by temporal

Evaluation of resist materials require the ability to ex- coherence and available flux. Interference between different
pose patterns in order to obtain measurements of exposutkffraction orders from a transmission grating were used by
dose sensitivity, contrast and resolution using a given matewei et al. ’ to print fringe patterns. The fringe period in that
rial. A prototype EUV projection camera has been built atcase was determined by the grating period and in practice
the Sandia National Laboratory that is capable of printingvibration and drift problems limited the quality of the printed
sub-0.1um lines and spaces but access is limfted. pattern.

We have developed a system using EUV-interferometric  The fringe periodd created by two plane waves inter-
lithography (EUV-IL) for studying imaging at EUV wave- secting at an anglet + 6,) as seen in Fig. (&), is given by
lengths, and for testing photoresist materials in which wey/(sin ¢,+sin6,). This sets an ultimate limit of 6.7 nm for
have demonstrated unprecedented printing of features withhinimum printable feature period at=13.4 nm. The target
periods as small as 38 nm. IL was not used before to prinfeature size for EUV lithography is roughly in the 20—100
such small features in the EUV regime, and the features agm range requiring a shallow intersection ang|e in the 2°—
the smallest ever printed using a photon-based lithography.oe range. A Lloyd’s Mirror interferometer used in conjunc-
Fabrication of quantum confinement devices is a clear applition with a synchrotron radiation source offers an easy
cation, and another is the study of the properties of materia'ﬁnplementation and was in fact employed in some prelimi-
confined in ultrasmall structure@olymeric resists in par- pary work® More recently, the technique was successfully
ticular). used for synchrotron source characterizafidn.a Lloyd’s

IL is commonly used for production of large area grat-\jrror interferometer schematically shown in Figia), the
ings and grid and possible extension into imaging two- jight from a point sourceS, is incident on a mirror at a
dimensional features is studiédn principle, it allows the grazing angle. The reflected beam interferes with the direct
beam and creates a fringe pattern on the scregh If the
dCorresponding author. Electronic mail: cerrina@nanotech.wisc.edu angle of incidence on the mirror is small thép= 6,= 6 and
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nm UV6. Both patterns have 38 nm pitch.

seems to have better performance at this extreme resolution
although fringe patterns are clearly resolved on both films.
The nonuniformity in those images is believed to be due to
the speckle pattern created by the surface roughness of the
MULTILAYER I Au mirror. It is difficult to obtain high quality images of such
MIRROR EXIT SLIT . . . .
thin photoresist films with SEM due to low contrast and
charging related problems even though the SEM had ad-
(a) (b) equate resolution. Likewise, the wiggles in the fringe pat-
terns is due to the beam induced charging in the SEM.
FIG. 1. (a) Lloyd's Mirror interferometer with a point sourc®, . Aninter-  Atomic force microscopdAFM) images in Fig. 3 of two
ference pattern is formed on the screed’ due to the fields from the source  gther interferograms demonstrate a better imaging solution

S; and its virtual imageS; . (b) Implementation of the interferometer on e L . . .
beamline OMM of SRC. The exit slit of the beamline monochromator is thefor these patterns. The silicon nitride AFM tips used in this

source for the interferometer. The width of the exit slit can be adjusted t€XPeriment have a 70° opening angle. Thus, .they can pen-
obtain different degrees of tempor@l/AN) and spatial coherence. etrate only about 13 nm into the 19 n¢half-pitch) wide

trenches. The origin of the apparent roughness in these pat-
terns is currently under study.

The number of fringes observable in the Lloyd Interfer-
ometer depends on the temporal and spatial coherence prop-
‘erties of the source. The finite temporal coherence limits the
allowed optical path difference between the direct and re-
flected beams for obtaining visible fringes. Therefore, the
number of fringesnis limited by

the fringe periodd=\/(2 sinf). We have calculated the re-
flectivity of a gold mirror to be above 80% at our wavelength
(A=13.4nm) for incidence angles smaller than 5°. Assum
ing a fully coherent beam, this reflectivity yields a fringe
visibility of more than 0.99 defined asl {a—min)/(Imax
+1 i) for feature periods as small as 40 nm.

Figure Xb) schematically shows the EUV-IL system
implemented at the OMM beamline of the Synchrotron Ra- N
diation CenteSRQO in Madison, Wisconsin. The light from m< —. )
an undulator is monochromatized and focused in the vertical AN

direction on the exit slit of the monochromatbr 45°  Experimentally, the slits of the monochromator were set to
multilayer mirror diverts the light up into an exposure cham-gptain ax/A\=1000. Therefore, for a 0.04m fringe pe-
ber. A 0.1 um thick SiN membrane separates the highriod, we can expect to see fringes in a 180R04=40um
vacuum of the exposure chamber from the ultrahigh vacuungange starting from the edge of the Au mirror.

(UHV) of the beamline. An inexpensive Au-coated float  The spatial coherence of the light comes into play in
glass mirror(Lloyd’s mirror) is positioned to intercept part conjunction with the source size, i.e., the exit slit of the

of the beam. A photoresist coated wafer is placed at thenonochromator in our experimental setup. The length of the
downstream end of the mirror to record the interference

fringes. The mirror and the wafer were mounted on the same
metal plate and placed in contact to minimize relative me- , %
chanical vibrations between the two that can wash out the.'
fringe pattern. The orientation of the mirror is chosen to be ,,,9
parallel to the exit slit. The EUV light is linearly polarized [
with the electric field perpendicular to the plane of Fi¢h)1 e
which ensures high reflectivity from both the multilayer and |
the grazing incidence mirrors. Exposures took between 2 anci§
20 s depending on the type of photoresist and the beam cur
rent in the storage ring.

Figure 2 shows scanning electron microscaiSEM)
micrographs of 38 nm period fringe patterns printed on 100 (@) (b)
nm thICk.pOIymethyl .methacrgylatéPMMA) and UV6 pho- FIG. 3. AFM images of EUV interferograméa) 3.7X 3.7 um image of 50
toresist film from Shipley In¢® The areas shown were near pitch pattern on UV6 resistb) 1x 1 zm image of 38 nm pitch pattern

the edge of the mirror within a-10 um distance. PMMA  on PMMA.
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slits in the horizontal directiofperpendicular to the plane of The authors thank Michael Green for the help with the

the Fig. 1b)] has no effect on the fringe pattern to a first calculations related to the properties of the undulator source.

approximation since moving a point source in that directionThis work is based in part by an Intel Research Customiza-
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In conclusion, we have demonstrated that it is pOSSIble tQZThis problem is solved in Ref. 11 for the case of Fresnel’'s Mirrors. Simi-

use interferom_etric "t_hOQraphy in the EUV for printing grat' lar treatment yields the following result for fringe visibility in the case of
ing patterns with periods as small as 38 nm. Lloyd’s mirror Lloyd’s mirror for an incoherent source:
is a simple and elegant scheme that takes advantage of the
good coherence properties of monochromatized undulator ra- S'”Tﬂ
diation. We notice that EUV-IL can be extended to gratings v="——
with periods as small as 6 nm for the development of new
nanostructures. Other advantages offered by EUV radiation _ . . . . .
beside th hort Wavelengthre vervy small photoelectron wherew is the source widthx is the distance of the observation point
(beside the s ) Yy p - from the mirror,| is the distance between the source and the observation
blur due to relatively low photon energy and ability to use plane, and\ has the usual meaning. Note that the fringe visibility is
thin resists due to high absorption coefficientg: ( independent of the angle of incidence on the mirror, i.e., the fringe period.
- -1 i ; _ 13D. T. Attwood, K. Halbach, and K.-J. Kim, Scien@28 1265(1985.
.5’U“m ). Work is under way for eXt_enSIOn of the tec_h E. Tejnil, K. A. Goldberg, S. H. Lee, H. Medecki, P. J. Batson, P. E.
nique to even smaller features and variable frequency fringe peppam. A. A. MacDowell, J. Bokor, and D. Atwood, J. Vac. Sci. Tech-
patterning. nol. B 15, 2455(1997.
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