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Droplet-target laser-plasma source for proximity x-ray lithography

L. Malmqvist,? L. Rymell, and H. M. Hertz
Department of Physics, Lund Institute of Technology, P.O. Box 118, S-221 00 Lund, Sweden

(Received 26 January 1996; accepted for publication 2 March)1996

A compact, high-brightness and practically debris-free laser-plasma soft x-ray source for proximity
x-ray lithography is described. The target of the source is small liquid fluorocarbon droplets injected
into vacuum with a piezoelectrically vibrated nozzle. Emission from helium- and hydrogenlike
fluorine in the 1.2—1.7 nm wavelength range was determineete 10 photons(sr-pulse, which
corresponds to a conversion efficiency-05% of the 70 mJ laser pulse. Exposure of a copolymer
of PMMA—-MAA confirms the measured photon flux. Debris production was approximately 70
pa/sr pulse. The applicability of the source for dedicated lithography systems is discuss&€96©
American Institute of Physic§S0003-695(96)02719-7

Proximity x-ray lithography has shown significant prom- 1.7 nm® The line radiation from hydrogenlike and helium-
ise for nanometer-scale lithography' The synchrotron stor- like fluorine is in this range. In the present letter we show
age ring may be a suitable x-ray source for large-scale facilithat the laser-plasma generation in fluorine-containing drop-
ties but for many applications there is a need for compaclets is a suitable source for proximity x-ray lithography.
granular sources. The laser-plasma x-ray source is a strorfguorine ion laser-plasma x-ray emission has been studied
candidate for this due to its high brightness, high spatiapreviously with a SEgas puff target®
stability, compact size, and relatively low cost. However,  The experimental arrangement is shown in Fig. 1. Liquid
with conventional solid targets they suffer from disruptive fluorocarbon(C, ,F,, wheren is typically 5-10 andm is
interrupts due to changes of target and severe debris prokypically 10-20 is forced through a piezoelectrically vi-
lems, which may damage, e.g., the lithographic mask. In thi®§rated capillary glass nozzle under a pressure-d0 bar,
letter we demonstrate that the use of small liquid droplets asreating a stable train of droplets in the vacuum chamber.
target permits extended high-brightness operation without inThe approximately 1Qsm-diam nozzle produces-15-um-
terrupts at suitable x-ray wavelengths and practically elimi-diam droplets separated by50 um and at a rate of-10°
nates the debris problem. drops/s. Since only 10 drops/s are used for the plasma gen-

Granular x-ray lithography systems must rely on a com-eration, a liquid-nitrogen trap collects the excess liquid and
pact and inexpensive x-ray source, such as an electron infdaintains the pressure at TOmbar. Laser plasmas are pro-
pact device, pinch plasma, or laser-produced plabelac- duced by focusing the beam from a 10 Hz frequency-doubled
tron impact sources are limited in output power. Pinchactive/active/passive mode-locked Nd:YAG laséCon-
plasma sources produce a high single-pulse output power biifuum PY61C-1onto the droplets. The laser is temporally
the low repetition rate, spatial instabilities, and debris emisSynchronized with the nozzle piezoelectric vibration fre-
sion limit their applicability. The laser plasma is a spatially duency in order to ensure that each laser pulse hits a single
stable, high-brightness and potentially high-repetition-ratédroplet. Thex=532 nm, 70-80 ps, 70 mJ pulses are focused
compact x-ray source, which has been shown to be suitablith a 50 mm focal length lens to a full width at half maxi-
for x-ray lithography’~” With conventional metal targets, Mum (FWHM) diameter of~12 um, resulting in an inten-
conversion efficiencies of several tens of percent have beeHty of ~8x10'* Wicn? at the target droplet. In order to
achieved However, with such targets, laser plasmas emitncrease the x-ray emission, the laser was operated with an

significant amounts of debfi€ which may coat or damage,
e.g., sensitive x-ray lithography masks. The debris produc-
tion may be somewhat lowered by the use of thin film tape
target$® and the effect of debris may be partially reduced by Laser
employing a backing pressérer a fast shutter systeh.
Still, the debris deposition remains intolerably high. How-
ever, with small liquid droplets as target, the debris produc-
tion is lowered by 3—4 orders of magnitude compared to thin Fluorocarbon droplets |
film tape targets of the same composition as the drops, while (~15 pm)
still maintaining high x-ray brightnes$:3 The versatility of
the droplet-target technique is illustrated by its applicability
to projection lithograph}* and microscopy? and that it also
allows spectral tailoring of the emitted x-ray wavelengths. -
To be suitable for proximity x-ray lithography the radiation Wafer Grazing incidence
from the plasma should be in the wavelength range of 0.7— monochromator

FIG. 1. Experimental arrangement for droplet-target laser-plasma source for
dElectronic mail: lars.malmqist@fysik.Ith.se proximity x-ray lithography.
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mm from the droplet x-ray source through L aluminum
! FIx _FVI and 100 nm copper filters. The filters had a total transmission

2 of ~25% in thex<1.7 nm range while the transmission of

5 the longer-wavelength carbon lines was less than 1%. After

g the exposure the resist was developed in methyl-iso-buthyl-

= Fvil ketone(MIBK) dissolved in isopropyl alcohdlL:3) for 90 s,

5 CVI resulting in a fully developed resist. The exposure time was 1

= . . . .

= ' / ,/\‘m h, which corresponds to an incident dose on the resist of
0 ST, approximately 500 mJ/ctn Thus, the required dose was

~30% higher than the calculated dose, which is within un-
Wavelength (nm) certainty in predicted data from the literature and the error in
our x-ray flux measurements.

In order to estimate the exposure time for a realistic
lithography system based on the droplet source, mask ab-
sorption and source—wafer distance should be considered.
approximately 10% prepulse, 7 ns before the main pulse. Thghe 1 um silicon nitride masks have several advantdgesi
droplet is highly ionized, creating a plasma emitting x raysare a suitable choice for the droplet source. The transmission
mainly as line radiation but also in a low continuum back-through 1um silicon nitride is 20% ak=1.7 nm and 32% at
ground. The spectrum of the emitted radiation was recordef=1.5 nm. The transmission of the longer wavelength lines
with a 1 mgrazing incidence monochromat@inuteman s low (<1% abovex=2.6 nm), thereby providing additional
301-G, which was blazed at=2 nm, had a maximum reso- suppression of longer-wavelength carbon-ion emission from
lution of 0.02 nm, and was equipped with a Csl photocaththe source. The minimum source—wafer distance suitable for
ode electrode multiplier detector. The spectrum in theexposure may be limited by the overlay errors<800 mm?*
A=1-4 nm range is shown in Fig. 2. Here a free-standingnith these numbers, the exposure time can be calculated to
sandwiched metal filtef100 nm copper/100 aluminumvas  approximately 100 h using the present 10 Hz source. How-
placed in front of the monochromator to suppress radiatiorever, lasers with repetition rate of up to 1 kHz are currently
from lines aboven~1.7 nm. The spectrum has not been developed thus shortening the exposure time by a factor of
corrected for the wavelength dependence of the monochr@00. The droplet-target method is well suited for such high-
mator and the detector. The measured radiation is dominataepetition-rate operation since it generates0® fresh target
by line radiation from FIX atn=1.495 nm and F VIl at droplets every second. Using conventional targets, such high
A=1.681 nm and\=1.446 nm. These are the lines we userepetition rates would result in frequent interrupts in order to
for the lithography. The longer-wavelength emission fromchange the target arrangement. Furthermore, the use of a
C V and C VI starting ah=2.603 nm is observable but sup- more sensitive resige.g., SAL-60) may shorten the expo-
pressed by the Cu/Al filter. Note that several of the C Vlsure time by an additional factor of 33!° Thus, the total
lines in Fig. 2 are superimposed on second-order lines fronexposure time would be on the order of 1 min. This exposure
F IX and F VIII. time is reasonable for small-scale fabrication of devices, es-

The emitted x-ray flux from the plasma was measuredoecially considering that it might be further reduced employ-
with an x-ray diode(Hamamatsu G-1127-02hrough free- ing collector optic$® Furthermore, the droplet-target laser
standing filters of 1.um aluminum, 100 nm titanium, and plasma allows nearly# steradian geometric access and thus
20 nm gold. This filter was chosen to suppress longerallows parallel processing of several wafers.
wavelength lines and to provide sufficient attenuation to en-  The achievable lithographic resolution is, among other
sure a nonsaturated response of the diode. The source fléixctors, dependent on several source parameters. The wave-
below A\=1.7 nm was determined to be2x10' photons/  length range of the emitted fluorine linésrimarily A\=1.5
(sr-pulse. This corresponds to 0.06 nidi?-pulse at an ex- and 1.7 nmis at the high end of the spectral range suitable
posure distance of 20 mm. Assuming that the€1.5 nm  for proximity x-ray lithography. This has the advantage that
lines and then=1.681 nm line carry equal flux, the x-ray the photoelectron range in the resist is significantly smaller
conversion efficiency to the spectral region belowl1.7 nm  than for the shorter wavelengthsThe disadvantage is that
is ~5%. The uncertainty in these measurements is abouhe width due to Fresnel diffraction is approximately 40%
50% due to the uncertainty in diode sensitivity, line strengthJarger than at\=0.8 nm. However, recent detailed studies
and filter thicknes$? indicate that resolution is not limited by diffraction for lin-

To confirm our measurements of the x-ray intensity, tesewidths above 50 nmAnother factor determining linewidth
exposures of a copolymer of polymethyl methacrylate ands the penumbral bldrwhich is due to the size of the source
methacrylic acidPMMA—-MAA) were performed. The re- and the spatial source stability. For the droplet-target laser
quired dose incident on the resist was determined from litplasma described here, these contributions are negligible
erature data on copolymer sensititityand x-ray absorption since the spatial stability of the plasma is a few micrometers
coefficients'® and found to be approximate 400 mJfcifhe  and the diameter is a few tens of micrometérs.
number has been increased to compensate for the x-ray ab- Debris is a major problem in laser-plasma x-ray lithog-
sorption in the resist which results in a lower x-ray intensityraphy since it may damage or coat, e.g., the mask or collec-
at the bottom of our 0.2&m-thick resist. The calculated dose tion optics. Quantitative debris measurements on the fluoro-
was confirmed by exposing the copolymer at a distance of 2@arbon droplet-target laser plasma were performed following

FIG. 2. Aluminum/copper filtered x-ray spectrum from fluorocarbon
droplet-target laser plasma.
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Ref. 13. Gold-coated glass slides were positioned 20 mmi0% of the injected liquid evaporates resulting in an approxi-
from the plasma to collect debris for 15 min of 10 Hz opera-mate target cost on the order of $¥fshot for a 1000 Hz
tion. The debris formed a layer on top of the gold which wasrepetition rate system. Thus, this cost is below the challeng-
examined by x-ray photoelectron spectroscdS). The  ing design goals calculated for other types of lithography.
debris layer mainly consisted of fluorine and carbd@n2 To conclude, we have developed a compact high-
ratio). By measuring the attenuation of thé ¢old photo- brightness laser-plasma source suitable for proximity x-ray
electron signal in different angldangle-resolved XPSthe  lithography in the 1.2—1.7 nm wavelength range. The source
thickness of the layer was determined to be 0.7 nm. Assunpractically eliminates the debris problem, allows high-
ing a density of 2 g/c) this corresponds to a debris depo- repetition-rate operation without interrupts, provides 4
sition rate of approximately 70 pg/sr pulse. This determinasteradian geometric access and a high spatial stability. The
tion is assumed to be correct within50%. Thus, the droplet conversion efficiency is approximately 5% and the projected
target debris production is 2—6 orders of magnitude less thaexposure time for a dedicated system is on the order of 1
those reported for tape or conventional targetslt is inter-  min.
esting to note that it is approximately a factor of 15 higher = The authors gratefully acknowledge valuable discussions
than the debris emission from ethanol droplét$his differ-  with and assistance from Magnus Berglund, Derrick Man-
ence may be explained by the higher density, larger volumegini, Kristina Georgsson, and Sune Svanberg. This work was
and higher solid content of the fluorocarbon droplets comfinanced by the Swedish Natural Science Research Council,
pared to the ethanol droplets. The described debristhe Swedish Research Council for Engineering Sciences, the
deposition measurements show that the combined emissidwedish Board for Industrial and Technical Development,
of particulate and atomic/ionic debris is very low. However,and the Wallenberg Foundation.
the particulate debris is especially harmful since such projec-
tiles may severely damage, e.g., the x-ray lithography mask;A- Heubi:ger,dl Vac.ISci. Technol. & 107((1983.

; ; ; ; _“J. R. Maldonado, J. Electron. Matdr9, 699 (1990.

Pgrtmulate debr_ls was e_zxamm_ed by exposing a free 3H. 1. Smith and M. L. Schattenburg, IBM J. Res. D&7, 319(1993.
standing 100-nm-thick aluminum filter positioned 20 mm 4; ¢ Maidonado, impplications of Laser Plasma Radiation Edited by
from the plasma to debris dugnl h of 10 Hzoperation. M. C. Richardson and G. A. KyralgProc. SPIE2523 2 (1995].
Within the 1 mn? observation area no new pinholes were S/F:- JI- gosszeg glgﬁfgébA- Ng, F. Adams, P. Celliers, and R. J. Speer,

iSSi pp!. Opt. 26, .
produced. Thus, .We Cor.]c.ll'lde that the emI.SS|0n of h.a'rme|6F. Bijkerk, E. Louis, M. J. van der Wiel, E. C. |. Turcu, G. J. Tallents, and
larger fragments is negligible. The low debris production of p_gatani, 3. x-Ray Sci. Technag, 133 (1992.
the droplet-target laser plasma is probably due to the fact thatm. Kiihne and H.-C. Petzold, Appl. Of27, 3926 (1988.
the full target material is ionized, thereby eliminating the 8R-C:<(éd<’§ma, K. 2kaga’AN- IIKEC:]?!&@ M-3 'gﬂége(gégé/\- Tanaka, T. Mochizuki,
- . . P - and C. Yamanaka, J. Appl. , .

production of larger debris partlc_les._ Thus, thin fllm filters o Gabel, M. Richardsson, M. Kado, and A, Vassiliev, Opt. L8, 2047
may be used for long-term operation in order to eliminate the (1994
residual debris. Furthermore, additional shielding can bé°s. J. Haney, K. W. Berger, G. L. Kubiak, P. D. Rockett, and J. Hunter,
achieved using a localized gas shitid. Appl. Opt. 32, 6934(1993.

Finall eg ill briefl ngC ss two practical aspects of 1w, T. Silfvast, M. C. Richardsson, H. Bender, A. Hanzo, V. Yanovsky, F.

inally, we will brietly discuss two pract Sp Jin, and J. Thorpe, J. Vac. Sci. Technol18 3126(1992.
granular x-ray lithography systems, namely noninterruptedz|. Rymell and H. M. Hertz, Opt. Commuri03 105 (1993.
operating time and the cost of the target. Conventional targefL. Rymell and H. M. Hertz, Rev. Sci. InstrurBs, 4916(1995.
systems, e.g., thin film tapes or rotating cylinders, are not H- M. Hertz, L. Rymell, M. Berglund, and L. Malmqvist, iApplications
itable for high-repetition-rate operation due to their limited of Laser Plasma Radiation ,lledited by M. C. Richardson and G.A.

suita gh-rep . p . Kyrala [Proc. SPIE2523 88 (1995)].
time of operation between interrupts, which are necessary t8L. Rymell, M. Berglund, and H. M. Hertz, Appl. Phys. Le86, 2625
exchange target material. In contrast, the operating time folr6(199_5)- _ _
the droplet-target system is practically unlimited and only - Fiedorowicz, A. Bartnik, and Z. Patron, Appl. Phys. L, 2778
restricted by the volumg of the liquid containgr. Also from arg. p. .Haelbich, J. P. Silverman, and J. M. Warlaumont, Nucl. Instrum.
cost-of-target perspective, the droplet target is advantageousviethods222, 291 (1984.
since there is, e.g., no cost of preparifegg., polishing or lSIE:‘-_,t- Hen|A<evDP- Lrie'lTb J. TTart‘)Tzi ?ilgé;himabukuro, and B. K.

H H FPRE H FP _ ujikawa, t. Data Nucl. Data Tal y .
formmg) the target surface, since this is intrinsic in the Qrop.lge_ D. Kubiak, R. Q. Hwang, M. T. Schulberg, D. A. Tichenor, and K.
formation process. Fpr the fluorocarbon droplets .usgd_ln this Early, Appl. Opt.32, 7036(1993.
work, the major cost is due to evaporation of the liquid in the?°m. Schuster and H. Gael, Appl. Phys28, A275 (1995.
vacuum chamber. We have estimated that approximatel}N.- M. Ceglio and A. M. Hawryluk, J. X-Ray Sci. Techndl, 194 (1992.

Appl. Phys. Lett., Vol. 68, No. 19, 6 May 1996 Malmaqvist, Rymell, and Hertz 2629
Downloaded-07-Jul-2011-t0-130.235.188.104.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://apl.aip.org/about/rights_and_permissions



