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ABSTRACT
We have developed a solid-state 193-nm laser source operating at 5-kHz that generates a near-diffraction-limited TEM00
beam with 35 mW average power. The frequency spectrum is Gaussian, with a linewidth ~7-pm (FWHM),
corresponding to a coherence length of ~2-mm. The output beam also has a very high degree of spatial coherence. This
source was used in an interferometric liquid-immersion lithography test stand to produce 40- and 35-nm half-pitch
grating structures over a ~0.6-mm field of view with a commercially available chemically-amplified photoresist.
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1. INTRODUCTION
Immersion lithography using laser sources operating at a wavelength of 193 nm is a promising near-term path to the
continued reduction of printable feature sizes of integrated circuits. By using a high-index fluid to reduce the wavelength
at the wafer, rather than light with higher photon energy and shorter vacuum wavelength, dense features may be
recorded with substantially relaxed process latitude. The immersion approach, now in its infancy, requires the
development and characterization of high-performance fluids, photoresists, overlayers, and high-index optics.
Interferometric immersion lithography (IIL) allows for rapid testing of these components, and can be performed at
present, while the development of full-field scanning immersion lithographic tools is still underway.
A critical component in an IIL engineering test-stand is the 193 nm light source. In contrast to the excimer laser sources
used in standard lithographic exposure tools, which by design have low spatial and temporal coherence to minimize
interference artifacts, IIL requires both very high spatial- and temporal-coherence. High-coherence light permits the
production of uniform, high-contrast intensity fringes over relatively large areas on a photoresist-covered wafer (~
several mm2 per exposure site). In addition, for accurate quantitative work the laser must have high power stability and
be sufficiently robust to allow extended periods of operation with little maintenance or operator intervention.
We have developed an all solid-state laser operating at 193 nm that satisfies these requirements for incorporation in a
high-performance IIL test-bed. This laser source is based on efficient optical frequency conversion processes in a set of
three temperature controlled, birefringent nonlinear optical crystals. The source emits ~10-ns-long pulses at a pulse
repetition rate of 5 kHz, and generates ~35 mW average output power, with low pulse-to-pulse fluctuations. The beam
has a fundamental Gaussian transverse profile and a Gaussian spectral distribution with a bandwidth of ~7 pm (FWHM),
inferred from a fringe visibility curve measured with a Michelson interferometer. This bandwidth implies a temporal
coherence length of ~2 mm for the 193 nm light.
The IIL test-bed incorporates optics to combine two beams of collimated 193 nm light, at high angles, at the surface of a
silicon wafer that is in contact with a layer of an immersion fluid. The angle of incidence of these beams on the wafer is
controlled by the geometry of a fused silica prism with its bottom surface parallel to and just above the wafer, and also in
contact with the immersion fluid. For the initial tests of the new laser source, the fluid was ultra-pure water and we used
prisms designed to produce periodic intensity maxima spaced by either 70 or 80 nm (giving grating lines 35 or 40 nm
wide).
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Fig. 1. Schematic Diagram of the 5-kHz 193-nm laser system. Components are described in text.

2. A 35-MILLIWATT 193-NM SOLID-STATE LASER
Solid-state sources of sub-200 nm light are becoming increasingly useful for a wide variety of disciplines, including
material processing, photochemistry, and optical metrology. The present source in particular was designed to match the
actinic wavelength of the ArF excimer laser for semiconductor photolithography metrology and small-field exposure
applications. A major challenge to attaining reliable, high-average-power sources in this region of the spectrum is
presented by the dearth of nonlinear crystalline media with sufficient transparency and birefringence. Several sub-200nm laser sources have been demonstrated to date based on nonlinear frequency conversion of high-power Q-switched
infra-red lasers. An early system generated 193-nm light by using cesium-lithium-borate (CLBO) to frequency-mix the
fifth harmonic of a Nd:YAG laser with the 2-micron signal wave of a 1064-nm-pumped OPO [1]. More recently, a 1-W
196.5-nm source at 5-kHz was reported, again using CLBO to mix the output of a 45-W Nd:YLF MOPA with a 3-W
(tunable) Ti3+:Al2O3 laser [2]. To produce truly actinic 193-nm light, the crystal beta-barium-borate (BBO) is of interest
because its increased birefringence permits phase matching of a wider variety of optical processes, and in particular the
mixing of the Nd:YAG fourth harmonic (266-nm wavelength) with 710-nm light.
In the present laser, light at 193.4 nm is generated by frequency-mixing a 266-nm ultraviolet (UV) beam with a 710-nm
infra-red (IR) beam. Each of the interacting beams is generated from a common green pump laser, a JDS Uniphase
model Q-201 diode-pumped, intracavity-doubled Nd:YAG laser operating at 5 kHz, as shown in Fig. 1. This laser
generates 15-ns-wide (FWHM) pulses with energy up to 2.5-mJ/pulse at 532 nm, giving an average power of ~ 12.5 W.
The UV beam at 266 nm is the second-harmonic of the pump laser light and is generated by Type-1 phase matching in a
5x5x10 mm CLBO nonlinear crystal. The IR beam at 708.6-nm is the signal wave of a 532-nm-pumped OPO. This
OPO employs a volume Bragg grating (VBG) as an output coupler to reduce its frequency bandwidth to <30 GHz. The
IR and UV beams, each with power levels ~1 W, are combined using beam combiner BC and propagate collinearly
through a BBO sum-frequency-mixing (SFM) nonlinear crystal. The flux-grown BBO crystal is uncoated and contained
in a dry atmosphere within a sealed housing. A four-stage TEC (Melcor, NJ) is used to cool the BBO SFM crystal to a
temperature of 226 K. The benefits derived from cooling the BBO are described elsewhere [3,4], but briefly such
cooling reduces the 193 nm absorption by ~50% and improves the phase-matching stability. The 193-nm light is
separated from the other wavelengths by use of a Pellin-Broca prism, and propagates through ~3 m air prior to entering
the IIL apparatus. The propagation of the 193-nm beam is nearly diffraction-limited (M2 values < 1.2 in both directions)
with a TEM00 spatial mode, and has a Gaussian spectral distribution with frequency bandwidth, as deduced by fringe
analysis using a Michelson interferometer, of <60 GHz (FWHM), as described in detail in the next section.

3. CHARACTERIZATION OF THE 193-NM LASER
In order to produce a line-space pattern with 40-nm half-pitch using light with a wavelength of 193-nm, a interferometric
lithographic apparatus must combine two nearly-counterpropagating beams in pure water (n = 1.44) [5]. The extreme
angle of incidence of this arrangement places severe requirements on the coherence characteristics of the illumination
source; the length scale over which interferometric fringes may be produced with high contrast is directly dependent on

Fig. 2. CCD images of fringes formed by a Michelson interferometer illuminated by 193-nm solid-state laser for two values
of optical path difference. Image (a) was acquired with equal path lengths in the arms of the interferometer (zero
OPD); for image (b), one arm was lengthened by 1.0 mm. The white rectangle in (a) indicates the location of the
region which was used for the fringe visibility analysis for all interferograms.

the source coherence length. A Michelson interferometer was built in order to directly measure the coherence lengths at
193 nm, 266 nm, and 710 nm. The principles of this procedure, wherein the fringe contrast or visibility of a two-beam
interferogram is measured for a variety of optical path-length differences (OPD), are well known [6]. As the OPD of the
interferometer arms is varied, one sees a variation in the fringe visibility, which depends on the spectral composition of
the source: the fringe visibility and the source spectral distribution are Fourier transform pairs.
Sample interferograms using 193-nm illumination are shown in Fig. 2; to determine the fringe contrast, each fringe
profile (a 1-D array of intensity values taken from the middle of the CCD images) is fitted to a model Guassian profile
with sinusoidal modulation using a nonlinear least-squares fitting routine. The fitted fringe contrast value for image (a)
in Fig. 2 (zero OPD) is ~0.951, whereas that of image (b) is 0.541. The fitted fringe visibility is plotted as a function of
the position of the movable mirror (relative to an arbitrary origin) in Fig. 3. As shown by the solid curve overlaid on the
data, the visibility has a purely Gaussian dependence on the length of the interferometer arm. The standard deviation of
this curve is 0.991 mm. Since the OPD is twice the mirror displacement in a Michelson interferometer, the visibility
expressed as a function of OPD has a standard deviation of 1.982 mm. A Fourier transform of the Gaussian fringe
visibility curve leads to a Gaussian spectral line shape, with FWHM spectral bandwidths, in wavelength and frequency,
of 7.04 pm and ~56 GHz, respectively. Comparison of the visibility data for 193 and 266 nm in Fig. 3 leads to the
conclusion that the OPO Bragg grating output-mirror narrows the OPO output sufficiently that its contribution to the
laser bandwidth is very small, so that almost all of the 193 nm bandwidth is contributed by the original pump laser.

Fig. 3. Variation of fringe visibility when one mirror of the Michelson interferometer is translated for the 193-nm beam
(left) and 266-nm (right) beams. Circles show measured visibility, from fits to measured fringe patterns. The solid
lines are Gaussian fits, indicating the Gaussian distribution of both visibility and frequency spectrum for each beam.

Fig. 4. Schematic of NEMO interferometer head.

4. THE INTERFEROMETRIC IMMERSION LITHOGRAPHY TEST STAND: “NEMO”
Because 193 nm light, conveniently produced by ArF excimer lasers, is at the boundary of the vacuum ultraviolet
spectral region, serious materials and optics problems arise at shorter wavelengths. Considerable effort is therefore
being invested in reducing the minimum feature size that can be printed using 193 nm light by introducing an immersion
fluid between the last optical element and the wafer being exposed. The presence of the fluid, with refractive index n,
reduces the wavelength of the light at the wafer, and thus the minimum printable feature size, by a factor 1/n. Pure
water, with index ~1.44 at 193 nm, is currently coming into use, while transparent fluids with higher indices are actively
being sought. The presence of a fluid adjacent to a wafer can create a number of new problems if the fluid interacts with
the photoresist, for example by diffusing into it, reacting with it, or contaminating it in some way. To enable research to
develop and characterize combinations of immersion fluids and photoresists that permit printing features substantially
smaller than those found in current products, an interferometric immersion lithography test stand (dubbed NEMO) has
been built at the IBM Almaden Research Center [7]. Rather than creating features by imaging a mask on the wafer,
interferometric lithography creates very fine line-space patterns by directly interfering two spatially and temporally
coherent light beams at the wafer surface. A schematic diagram of the interferometer head is shown in Fig. 4. The 193
nm light beam enters from the top of the figure and is split into 2 beams by first-order diffraction from a fused silica
phase grating. These beams overlap at the wafer surface after reflecting from 2 mirrors and passing through a custom
fused silica prism. The zero-order beam from the grating is sent to a detector for measuring the energy delivered to the
wafer, while the wafer surface is imaged using a CCD camera.
The interferometer is mounted at the front of a rigid structure anchored on a granite slab, shown schematically in Fig. 5.
A photoresist-covered silicon wafer is held by a vacuum chuck on top of a “puck” that floats on an air cushion while it
moves in 2D and is held firmly against the granite surface by vacuum during the period of laser exposure. This
arrangement satisfies the requirements of allowing rapid motion between exposure sites and nanometer-scale positional
stability of the wafer relative to the interferometer during exposures.

(a)
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Fig. 5. (a) Cutaway view of the NEMO interferometer structure. (b) The interferometer end of NEMO. The wafer
handling chuck is at the load position to the left of the exposure area. A set of prisms designed to produce line-space
patterns with half-pitches between ~30- and 65-nm have been fabricated.

Fig. 6. SEM images of 40 nm half-pitch features produced using the Actinix 193-nm laser source with NEMO IIL tool.

5. PRODUCTION OF 40- AND 35- NM HALF-PITCH GRATING STRUCTURES
Using a 70 nm thick layer of JSR AR1682J photoresist on an AR24 antireflection underlayer (Rohm and Haas Electronic
Materials) with a JSR TCX014 topcoat on a 125 mm silicon wafer in the NEMO interferometer, we obtained the results
shown in Fig. 6 and Fig. 7 using the 40 nm or 35 nm half-pitch prisms, respectively. The following lithographic process
conditions were as follows: post-apply bake and post-exposure bake of the JSR AR1682J were performed at 110°C for
60 seconds; TCX014 post-apply bake was carried out at 90°C for 60 sec; puddle development of the relief patterns used
Microposit MF CD-26 developer (Shipley Co.) for 60 seconds, followed by a rinse with deionized water. Exposed
wafers were then cut and examined using a SEM tool. Independent of the feature pitch, there are several common
aspects to each of the resulting wafer patterns. For optimal exposure dosages, clean line-space patterns are always
obtained at the center of the patterns, where the path-length difference between the two interfering beams is nearly zero.
The path-length difference increases toward the sides of the exposed areas, and due to the limited laser coherence length,
causes a reduction in fringe contrast for patterns away from the central region. The contrast reduction is initially masked
by the nonlinear response of the chemically-amplified photoresist, but it causes an increase in line-edge roughness, and
ultimately leads to total pattern definition loss. This type of process-latitude exploration for immersion lithography is
one of the major goals for the NEMO project.
The 40 nm half-pitch patterns in Fig. 6 show clean, straight, high-aspect-ratio lines, with good sidewall definition, over a
field width of ~0.5 mm. Outside of that width, line collapse and loss of definition occur as the reduced fringe contrast of
the 193 nm light results in the irregular development of the chemically-amplified resist.

Fig. 7. SEM images of 35 nm half-pitch features produced using the Actinix 193-nm laser source with the NEMO IIL tool.

In the case of the 35 nm half-pitch patterns shown in Fig. 6, well-defined straight line patterns are also obtained, over
fields wider than 0.5 mm. More roughness is apparent in the lines than in the 40-nm case, however, and the aspect ratio
is not as high. The line tops also show more rounding. Nevertheless, these results are encouraging and further tests are
planned using higher index fluids and a crystal quartz prism capable of producing sub-30 nm half-pitch patterns of lines
and spaces.

6. CONCLUSIONS
A series of ultra-high-density line-and-space patterns have been produced using a novel interferometric immersion
lithography test stand. Using pure water as an immersion liquid, a highly coherent solid-state 193-nm laser source, and a
custom fused-silica prism to set the angle between the interfering laser beams, 35- and 40-nm half-pitch gratings have
been written in a commercial photoresist. This test stand has made possible the continuing development of coatings,
photoresists, and processes that will be incorporated into the next generation of full-field immersion lithographic
scanners. Although the field sizes are thus far quite modest (~0.6 mm width), work is underway to create much larger
field sizes at higher pitches, and to stitch together multiple fields to obtain near-unity wafer fill ratios.

ACKNOWLEDGEMENTS
This work was partially supported by the National Science Foundation under grant 0450620.

REFERENCES
1.
2.
3.
4.
5.
6.
7.

A complete review of these results may be found in K. F. Walls et al.,”A Quasi-Continuous-Wave Deep Ultraviolet
Laser Source“, IEEE Journ. Quant. Elect. 39, 1160 (2003).
J. Sakuma et al., “All-solid-state, 1-W, 5-kHz laser source below 200 nm”, OSA TOPS 26, Martin M. Fejer, Hagop
Injeyan, and Ursula Keller, eds. pp 89 –92 (1999).
H. Kouta and Y. Kuwano, “Attaining 186-nm light generation in cooled BBO crystal”, Opt. Lett. 24, 1230 (1999).
A. J. Merriam et al., “Efficient frequency conversion to 193 using cooled BBO”, 2006 ASSP Conf. Proceedings, in
press.
J. A. Hoffnagle et al., “Liquid immersion deep-ultraviolet interferometric lithography” J. Vac. Sci. Technol. B 17(6),
3306 (Nov. 1999).
see, e.g., M. Born and E. Worf, Principles of Optics 7ed, pg. 356 Pergammon Press, New York, 2000.
C. M. Jefferson, J. Hoffnagle, D.S. Bethune, W. Dyer, B. Davis, C. Larson, H. Truong and W. Hinsberg, “NEMO:
A Testbed for Interferometric Immersion Lithography Capable of Producing L/S Patterns with < 30 nm Half-pitch”,
Conference on Electron, Ion and Photon Beams and Nanolithography, Baltimore MD, May 2006.

