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ABSTRACT

The recent development of high numerical apertiii) EUV optics such as the 0.3-NA Micro ExposureolT(MET)
optic has given rise to a new class of ultra-higéofution microexposure stations. Once such pgrgtation has been
developed and implemented at Lawrence BerkeleyoNatiLaboratory’s Advanced Light Source. This fl#giprinting
station utilizes a programmable coherence illunginatoviding real-time pupil-fill control for advard EUV resist and
mask development.

The Berkeley exposure system programmable illurninabables several unique capabilities. Using @ipol
illumination out tos=1, the Berkeley tool supports equal-line-space mntdown to 12 nm, well beyond the
capabilities of similar tools. Using small-sigméuihination combined with the central obscurationtted MET optic
enables the system to print feature sizes thatvdoe as small as those coded on the mask. Inctim§iguration, the
effective 10 -demagnification for equal lines and spaces redtloiesnask fabrication burden for ultra-high-resiolut
printing. The illuminator facilitates coherencedias such as the impact of coherence on line-enlgghness (LER) and
flare. Finally the illuminator enables novel privised aberration monitoring techniques as descalsedvhere in these
proceedings.

Here we describe the capabilities of the new MEMtimg station and present system characterizatsnlts.
Moreover, we present the latest printing resultsioled in experimental resists. Limited by the kalality of high-
resolution photoresists, equal line-space printiogin to 25 nm has been demonstrated as well agasbline printing
down to 29 nm with an LER of approaching 3 nm.
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1. INTRODUCTION

Extreme ultraviolet (EUV) lithography [1] remainsleading candidate for volume production at then@2node. For
EUV-based volume production to become a realityadothe year 2011, advanced research tools aréedgoday.
Initial production tools are expected to have nuca¢mpertures (NA) of 0.25, thus relevant develeptal systems also
require 0.25 or higher NAs. The demand for earblsdas been met with microfield exposure toolscwiirade off
field size and speed for greatly reduced complex@ych microfield tools have been crucial to sUbQA EUV
development in the past [2-4] and currently servéha only source for high-NA EUV printing [5-8].

Source performance, cost, and debris mitigatioraneras significant challenges for EUV lithograpfye use
of synchrotron radiation serves as an effective teaynitigate these risks on developmental toolsh@&igh not well
suited for manufacturing applications, synchrotradiation provides an efficient, well-characterizddbris-free source
for such microfield systems operated as sharediress [5,6,8]. A significant issue with synchrotsources, however,
is the intrinsically high coherence of the sour®10Q] as compared to the reduced coherence recqerntenof a
lithographic tool. As demonstrated in the past [hils coherence issue can, however, be overcoragh the use of
active illuminator components.



In this paper we describe the latest results froen@.3-NA EUV microfield exposure station at Lawgen
Berkeley National Laboratory’s Advanced Light Sausynchrotron radiation facility. This static mifiedd exposure
station utilizes SEMATECH’s 0.3-NA Micro-Exposureodl (MET) optic [12,13]. The MET optic is a centyal
obscured two-element, axially symmetric-&eduction optical system manufactured by Zeisse Thntral obscuration
has a radius equal to 30% of the full pupil radpusducing an annular pupil. To support reflectimasks with this on-
axis system, the mask is tilted by 4° and the wajed.8°. The MET has a well-corrected field ofwief 1" 3 mm at the
reticle plane (200600 mm at the wafer plane).

2. SYSTEM OVERVIEW
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Figure 1 shows a CAD model depicting the major congmts of the exposure station as well as the E€Arb
path. The system is described in detail in Ref. [B§ing effectively coherent undulator radiationths source, the
system relies on a scanning illuminator [14] toyide lithographically relevant coherence (pupil)fiFigure 2 shows a
variety of EUV pupil fills recorded using the irttsipupil fill monitor located below the wafer planéisualizing the
pupil fill after passage through the imaging oilows the relative alignment of the illuminatorttee imaging optic to
be verified as well. The illuminator can generateiteary pupil fills covering a range up to 1s2in x and 0.8s iny.
Also, the central obscuration alone can be illut@daenabling frequency doubling from the mask®wafer.

Fig. 2. EUV pupil fills recorded through the MET exposure systesing the in-situ pupil-fill monitor. The illumétor can
access a range of up to 1.2 irand 0.8 iry.




Although originally envisaged exclusively as aises
evaluation tool, it quickly became apparent thas tinique
high-NA EUV exposure tool would be useful in a wideriety
of EUV-specific studies including critical mask ugs. To Reticle load-
more effectively support mask studies, the systerm ngcently lo
upgraded to include a reticle load-lock system withnual i
transfer (Fig. 3). With this system, masks can kehanged
and ready to print within 30 minutes. This rapihsfer time is
enabled not only by the load-lock itself, but afgothe in-situ
reticle metrology system that allows the new retitb be
accurately positioned in five degrees of freedom.dte, 11
masks have been tested in the system.

Wafer'load-
lock

3. PREDICTED RESOLUTION LIMIT

With a NA of 0.3, the MET optical system is expecte have
a Rayleigh resolution of 27 nm. The programmableecence
illuminator used on the MET system at Berkeley, &g, .
enables the kfactor to be pushed significantly below 0.61. Fig. 3. Photograph of the traﬁsfer and PEB area’f‘or the
Figure 4 shows the modeled aerial image contrasister exposure station. The area is temperature cordrabiel
function for vertical lines and spaces for threfledent pupil fijtered for both particles and amine contamina

fills. In all cases, the EUV measured wavefront, 183 is used

in the modeling. The results show that under stahdanular

illumination (0.3 <s < 0.7) the resolution knee occurs at about
23 nm. Going to 45-degree dipole illumination, tiesolution
knee is pushed out to approximately 20 nm and #véala
x v /

image contrast generally enhanced. Ultimate reisoiubn

7 1
vertical lines can be achieved by goingdipole illumination ﬁ
with an offsets of 1. In this case the resolution knee is all th 5 °8 I \/’
way down to 12.5 nm. The resolution for tkelipole case % 0.6 ;
could be further pushed to 12 nm if the pole sizenmo be & 0.4 |
reduced from the 0.2 radius used in Fig. 4. (:E‘j 0.2
The x-dipole case shows a contrast dead band in t < ol \ : :
20 to 35 nm range. This is a result of the intépacbetween 10 15 20 25 30 35 40
the diffracted orders from the mask pattern and déstral CD (nm)

obscuration in the optic. Moreover, tledipole case can be Fig. 4. Modeling of the aerial image contrast transfer
shown to suffer from very poor performance on hamtal ¢, ction for three different pupil fills.

features. Both these problems can be overcome ing tise

45-degree dipole condition while still achievingresolution

knee of 20 nm, considerably better than any cugremailable

chemically amplified resist.

4. PERFORMANCE CHARACTERIZATION

With the goal of being a resist and mask test lieds crucial that the performance of the systeselitbe well
characterized under some baseline process. Dus tong track record in EUV research, we chose Rahoh Haas
EUV-2D resist as the baseline process. This well charaeteresist [17] has been the workhorse of lowarBUV
research in the United States. Figure 5 showsiessef exposures in a 125-nm-thick layeilsdfV-2D. The illumination
conditions were annular with an innerof 0.3 and an outes of 0.7. The results show the imaging to break deivn
about the 45-nm level. This is significantly worban the expected resolution limit of the optic amah likely be
attributed to resolution limits of the resist ifselhich had previously been predicted to be in 48eto 45-nm range
[18,19].



Since printing operations began in March 2004, axiprately 120 resists have been tested in the Bwyrke
exposure tool. One of the most promising resisteiims of resolution has been Rohm and HEE&ST-1K resist
(XP3454C). Figure 6 shows a series of equal-lireespatterns printed in 125-nm-thick layer of rtetis resist. The
illumination conditions are the same as for thegewmin Fig. 5 (annular 0.3-0.7). This experimeraaémically
amplified resist shows that the optic is capablatdéast 30-nm printing and verifies the assetiiat the printing limits
observed in Figs. 5 are indeed due to the resist.

Fig. 5. Equal lines and spaces printec
125-nm-thick layer of Rohm and HaBE/V-
2D resist. The pupil fill was annular 0.3-0.7.

Fig. 6. Equal lines and spaces printed in 125-nm-thigkrdaf Rohm and HadgET-1K resist. A:
in Fig. 5, the pupil fill was annular 0.3-0.7.



A more quantitative comparison BUV-2D and MET-1K can be achieved through process window analysis.
Figure 7 shows the direct process window comparfeob0-nm features. The top row shows the redatt€EUV-2D
and the bottom row faMIET-1K. In EUV-2Dthe depth of focus is only 90 nm at an exposuieitie limit of below 9%.
MET-1K on the other hand displays a depth of focus of i2@0at an exposure latitude of 10%. In all cades process
window size is based arl0% CD change. The Bossung curves in the seconthochre based on 5% dose steps.

EUV-2D

MET-1K

Fig. 7. Direct process window comparison on 50-nm lirggce features betwe&uV-2D andMET-1Kresist. The
exposure conditions are as described in Figs. Baiitie process window constraints are seflfa? CD change. The
Bossung curves are based on 5% dose

Fig. 9. Printing of
28.8-nm isolated line
with 3.2 nm LER. The
line is coded on the
mask as a 50-nm
isolated line.

Fig. 8. Printing of 30-nm and 25-nm equal lines and spate
MET-1K resist using monopole illumination.



Based on Fig. 4, one might expect the performafd¢ET-1K to improve slightly by employing dipoler ds
near equivalent, monopole, illumination. Figureh®ws prints of 30-nm and 25-nm equal lines and epgeinted in
MET-1Kunder monopole illumination. The pole offset radivas 0.6 at 45 degrees and the pole radius was BlRgjht
improvement is indeed seen, however, the 30-nnutso cutoff is still evident suggesting that timait is indeed resist
induced. It is also well known that the resolutiohisolated features can be improved through arosue based
slimming process. Attempting this in MET-1K usingneentional illumination and working with a code@-Bm isolated
line, we achieve the results shown in Fig. 9. Thiated 28.8 nm line has an LER of 3.2 nm as meakaver a length
equal to 4 times the CD. Again we find the resoluttutoff to be close to 30 nm.

Given the markedly superior performanceMET-1K over EUV-2D, it has become our resist of choice for
continued characterization of the system. The tgbib control focus is crucial to achieving optimasults and to
obtaining useful focus-exposure matrix data. Ong W verify this performance is to carefully momitprinting
performance on small features taking small stepsutih focus. Figure 10 shows a series of 40-nns laned spaces in
MET-1K resist through focus. The focus step sizes arpaatiinally 30-nm and the illumination was annule 8 s <
0.7. The smooth behavior of the printing perforreanbserved in the images and quantified in thedihge roughness
(LER) and CD plot demonstrate the fine focus cdrdapabilities of the Berkeley exposure tool.
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60 —S&—LER Fig. 10. Through-focus (30-nm steps) series of
T 55 T8 ¢ 40-nm lines and spacesMET-1Kresist under
£ 50 | 6 < annular illumination. Also shown is a plot of the
8 45 & measured line-edge roughness (LER) and feature
!h T4 - size through focus. The smooth behavior of the
401 9 |, through-focus data is an indication of the good
35 focus control performance.
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Another important tool performance metric is die-tc
die dose control. To characterize this we exposéd 1
identical die (same dose and focus) and then medkarCD
and LER across the wafer. Figure 11(a) shows thesured
CD for features coded as 60-nm across all 100Tdie.error
bars correspond to the variation observed from atuke
measurements of the same die as well as lineo-|
variations within a single image. The measuredtaidie rms
CD variation is 1.2 nm, which based on a previous O
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measured CD sensitivity to dose of 0.83nm per %e dos R A AT L=
. : L Die Number

60-nm features, corresponds to a rms die-to-die gtagation
of 1.5%. Figure 11(b) shows the LER from these sprirgs.
Here we see the die-to-die LER variation to be ifigantly
smaller than the observed line-to-line LER variatiepicted
by the error bars.

makes it unsuitable, however, for the charactddnadf flare.
Because flare tests do not require particularhy lggsolution,
we continue to us&UV-2D in these cases. As describe

elsewhere in these proceedings [20], the flarehef MET J“"“g““‘2,!“‘“L,‘c‘,‘““‘M‘““Lg“““L‘g‘““Lﬁ““‘;‘,‘““‘Li,‘““‘&““‘g
optic has been lithographically characterized totchmathe - o mDievNunu:berw ~ ® 2 3
predicted value of 7% in a 500-nm line. We noteywéner,

that achieving this level of flare requires theiwdual die on Fig. 11. Die-toie reproducibility of CD (a) and LE
the wafer to be sufficiently far apart such tharél from (b) on 60-nm coded lines and spaces printedET-
adjacent die becomes inconsequential. This spacasgfound 1K resist.

to be approximately 1 mm.
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5. SUMMARY

The 0.3-NA MET based micro-exposure station hasbmgerational at Lawrence Berkeley National Labmmas

Advanced Light Source synchrotron radiation fagifitr approximately one year. During that timeptat of 11 masks
and approximately 120 resists have been testedstaimed by current resist limits, equal line-spam@ting

approaching 25-nm has been demonstrated. Systarctdigzation has demonstrated focus control cédipabiof better
than 30 nm and dose control of 1.5%. The progranendlaminator design allows for printing down tq kactors
approaching 0.25 (12 nm), but limitations of cutrenemically amplified resists prevent the exploita of these
capabilities.
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