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Abstract—Extreme ultraviolet lithography is a leading candidate
for volume production of nanoelectronics at the 32-nm node and
beyond. In order to ensure adequate maturity of the technology by
the start date for the 32-nm node, advanced development tools are
required today with numerical apertures of 0.25 or larger. In order
to meet these development needs, a microexposure tool based on
SEMATECH’s 0.3-numerical aperture microfield optic has been
developed and implemented at Lawrence Berkeley National Lab-
oratory, Berkeley, CA.

Here we describe the Berkeley exposure tool in detail, discuss
its characterization, and summarize printing results obtained over
the past year. Limited by the availability of ultrahigh resolution
chemically amplified resists, present resolving capabilities limits
are approximately 32 nm for equal lines and spaces and 28 nm for
semi-isolated lines.

Index Terms—Extreme ultraviolet (EUV), lithography.

I. INTRODUCTION

FOR volume nanoelectronics production using extreme ul-
traviolet (EUV) lithography [1] to become a reality around

the year 2011, advanced EUV research tools are required today.
Microfield exposure tools have played a vital role in the early
development of EUV lithography [2]–[4] concentrating on nu-
merical apertures (NA) of 0.2 and smaller. Expected to enter
production at the 32-nm node with numerical apertures (NAs) of
0.25, however, EUV can no longer rely on these early research
tools to provide relevant learning. To overcome this problem,
a new generation of microfield exposure tools, operating at an
NA of 0.3 have been developed [5]–[8]. Like their predecessors,
these tools tradeoff field size and speed for greatly reduced com-
plexity.

Source development remains a significant issue for EUV
lithography. However, a majority of the issues crucial to source
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Fig. 1. Model depicting the major exposure station components and the EUV
beam path (the system is described in detail in [5]).

Fig. 2. Schematic of the MET programmable coherence illuminator. The pupil
scanner mirrors are both cylindrical with power in the scanning direction. In
addition to the pupil scanners, the illuminator includes a two-dimensional field
uniformity scanner.

development can be studied separately from a functional
exposure tool, thus the design of developmental EUV lithog-
raphy systems can be further simplified through the use of
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Fig. 3. EUV pupil fills recorded through the MET exposure system using the in situ pupil-fill monitor. The illuminator can access a � range of up to 1.2 in x and
0.8 in y. (a) Annular fill 0.3 < � < 0.9. (b) Annular fill 0.3 < � < 0.7. (c) Annular fill 0.45 < � < 0.55. (d) Annular fill 0.35 < � < 0.45. (e) 45 oriented
dipole.

synchrotron sources. Although clearly not viable solutions for
volume production, these well characterized, spectrally pure,
debris free, and reliable sources are an excellent choice for
microfield research tools. It is important to note, however, that
the intrinsic coherence properties of synchrotron radiation [9],
[10] are a poor match for lithography applications, yet this
potential problem can readily be dealt with using an active
illuminator scheme [11]. This approach has the added benefit of
enabling the implementation of a high efficiency programmable
coherence (pupil fill) illuminator.

Here we describe the Berkeley exposure tool in detail, dis-
cuss its characterization, and summarize printing results ob-
tained over the past year. Limited by the availability of ultrahigh
resolution chemically amplified resists, present resolving capa-
bilities are approximately 32 nm for equal lines and spaces and
28 nm for semi-isolated lines.

II. SYSTEM CONFIGURATION

The EUV microfield exposure tool is implemented at
Lawrence Berkeley National Laboratory’s Advanced Light
Source synchrotron radiation facility. It utilizes SEMATECH’s
5 -reduction, 0.3-NA Micro-Exposure Tool (MET) optic [12],
[13]. The MET optic has a well-corrected field of view of 1 3
mm at the reticle plane (200 600 m at the wafer plane). The
computer-aided design (CAD) model shown in Fig. 1 depicts
the major exposure station components as well as the EUV
beam path (the system is described in detail in [5]). Effectively
coherent radiation from an undulator beamline [9], [10] at the
advanced light source impinges on the scanning illuminator.
The light is directed to a reflective reticle mounted at an angle
of 4 . From there the light is re-imaged by the MET optic
with 5 demagnification to the tilted wafer plane. A grazing
incidence laser system is used to monitor the height of the wafer
at the print site ensuring that it remains in focus [14]. With the
wafer removed, the light propagates to a scintillator plate sitting
effectively in the far field. Pupil-fill monitoring is achieved by
re-imaging the scintillator plate through a vacuum window to a
visible-light charge-coupled device (CCD) camera.

The illuminator used in the MET exposure station (Fig. 2)
is based on a scanning Fourier synthesis scheme allowing ar-
bitrary coherence functions to be generated [11]. The illumi-
nator is designed to support the large NA of the MET optic
as well as its full field of view and short exposure times [15].
The pupil scanning capabilities are provided by two one-dimen-
sional vacuum compatible flexure suspension galvanometers1

enabling exposure times as short as 30-ms for certain pupil fills.

1The flexure suspension galvanometers were manufactured by Nutfield Tech-
nology Inc., 49 Range Road, Windham, NH 03087 USA.

Fig. 4. Modeling of the aerial image contrast transfer function for three
different pupil fills.

Both scanning mirrors are cylindrical with power in the scan-
ning direction. They are designed to focus the incoming undu-
lator radiation to the front focal plane of the toroidal condensor
mirror, which itself is used to re-image the scanners to the ret-
icle. This configuration provides for illumination stationarity
across the 200 600 m field of view [15]. In addition to the
pupil scanners, the MET illuminator also includes a field unifor-
mity scanner comprised of a flat mirror. This scanning mirror is
used to improve the short-range uniformity of the illumination
but is not intended to synthesize the illumination field size.

Fig. 3 shows a series of EUV pupil fills recorded using the
pupil fill monitor. In the large annular 0.35 0.85 illu-
mination case, we see the onset of vignetting in the direction
as evidenced by the squaring off of the pupil fill. This effect is
due to the limited extent of the toroid in the direction. The size
of the toroid was constrained to prevent obscuration of imaging
rays leaving the reticle and entering the MET optic. This limita-
tion does not exist in the direction, where the toroid supports

1. In the pupil-fill monitor images we also see the MET
central obscuration as well as the arms used to support the di-
rect-transmission-blocking baffles.

III. PREDICTED RESOLUTION LIMIT

With a NA of 0.3, the MET optic has a Rayleigh resolution
factor 0.61 of 27 nm. As shown in Fig. 4, using a

programmable coherence illuminator, however, enables the
factor to be pushed significantly below the Rayleigh limit. The
EUV measured wavefront [16], [17] is used in the modeling of
all cases shown in Fig. 4. Under standard annular illumination
0.3 0.7 the resolution knee occurs at about 23 nm.
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Fig. 5. Through-focus (30-nm steps) series of 40-nm lines and spaces in MET-1K resist under annular illumination.

Fig. 6. Plot of the measured LER and feature size through focus for the
through-focus images in Fig. 4. The smooth behavior of the through-focus data
is an indication of the good focus control performance.

Going to 45-degree dipole illumination, the resolution knee is
pushed out to approximately 20 nm and the aerial-image con-
trast generally enhanced. Ultimate resolution on vertical lines
can be achieved by going to -dipole illumination with an offset

of 1, in which case the resolution knee is pushed down to
12.5 nm.

As a result of the interaction between the diffracted orders
from the mask and the central obscuration of the MET optic,
the -dipole illumination shows a contrast dead band in the
20–35-nm range. Moreover, the -dipole case can be shown to
suffer from very poor performance on horizontal features. Both
these problems can be overcome by using the 45 dipole con-
dition while still achieving a resolution knee of 20 nm, consid-
erably better than any currently available chemically amplified
resist.

IV. TOOL CHARACTERIZATION

Because the above-described tool is intended, in large part,
for use in the development of EUV resist and mask processes,
it is important to characterize the system performance and sta-
bility. For this task we choose to use one of the best performing

Fig. 7. Die-to-die reproducibility of (a) CD and (b) LER on 60-nm coded lines
and spaces printed in MET-1K resist.

EUV resists tested to date: Rohm and Hass MET-1K resist
(XP3454C). This resist has been extensively characterized and
reported on [6], [18], [19] over the past year and has been
shown to have significantly better resolution then the previous
generation of EUV resists such as Rohm and Haas EUV-2D.

Performing relevant lithographic characterization requires
the ability to actuate focus to a fraction of the nominally
100-nm depth of focus. Figs. 5 and 6 demonstrate the Berkeley
tool focus-control capabilities by showing a series of 40-nm
lines and space images through focus in 30-nm steps under
annular 0.3 0.7 illumination. The stable focus control
is evident in the images themselves (Fig. 5) as well as in the
extracted line-edge roughness (LER) and critical dimension
(CD) data (Fig. 6).
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Fig. 8. Direct comparison of measured and predicted flare in the MET optic.
Lithographic measurement performed using the Kirk method.

Fig. 9. Equal lines and spaces printed in 125-nm-thick layer of Rohm and Haas
EUV-2D resist. The pupil fill was annular 0.3–0.7.

To explicitly evaluate tool stability, we examine die-to-die
performance. Fig. 7 shows CD and LER results from 60-nm
line-space features in 100 identically exposed die (same dose
and focus) on a single wafer. The error bars on the CD data
correspond to the variation observed from repeated measure-
ments of the same die as well as line-to-line variations within
a single image. The measured die-to-die rms CD variation is
1.2 nm; based on the previously measured CD sensitivity to
dose, this CD variation corresponds to a rms dose variation of
1.5%. Fig. 7(b) shows the LER die-to-die variation to be sig-
nificantly smaller than the observed line-to-line LER variation
depicted by the error bars, again indicating stable tool perfor-
mance.

Fig. 10. Equal lines and spaces printed in 125-nm-thick layer of Rohm and
Haas MET-1K resist. As in Fig. 9, the pupil fill was annular 0.3–0.7.

Owing to the extremely short wavelength and reflective na-
ture of EUV optics, scatter, and thus flare, is a significant con-
cern. Flare in the MET optic has been predicted to be quite low
based on surface metrology of the individual optics, however,
the flare was never directly measured in the assembled system
using scatterometry techniques. To verify the predicted flare
values, it is thus important to perform a lithographic measure-
ment. Although MET-1K is well suited for high-resolution work
as described above, its relatively low cross-linking threshold
makes it unsuitable for characterization of flare. Not requiring
high-resolution printing, flare tests can be implemented using
Rohm and Haas EUV-2D resist. Fig. 8 shows a direct compar-
ison of the predicted and measured flare as a function of feature
size, validating the predicted value of 7% flare in a 500-nm line
within a m field. A more detailed description of
the flare measurement can be found in the literature [20].

V. RESIST CHARACTERIZATION

Since printing operations began in February 2004, more than
140 resist and 12 masks have been tested by users from 15 dif-
ferent organizations. The system has already played a crucial
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Fig. 11. Direct process window comparison on 50-nm lines space features between EUV-2D and MET-1K resist. The exposure conditions are as described in
Figs. 9 and 10. The process window constraints are set to �10% CD change. The Bossung curves are based on 5% dose steps.

Fig. 12. Printing of 30- and 25-nm equal lines and spaces in MET-1K resist
using monopole illumination.

role in enabling the development of high-resolution chemically
amplified resists. In the past, the mainstay resist of EUV re-
search in the US was Rohm and Haas EUV-2D, however, this
resist has now been shown (Fig. 9) to have a resolution limit of
approximately 45 nm, in good agreement with previous predic-
tions [21], [22].

With high-resolution printing feedback, resist-based limita-
tions could easily be observed, enabling superior formulations
to be identified. Using this method, the above-described
MET-1K resist was selected as one of the best performers.
The MET-1K printing results in Fig. 10 show that the optic
is capable of at least 30-nm printing. Moreover, these results
serve to verify the assertion that the printing limits observed in
Fig. 9 are indeed due to the resist, and not the aerial-image.

A more quantitative comparison of EUV-2D and MET-1K
can be achieved through process window analysis. Fig. 11
shows the direct EUV-2D to MET-1K process window compar-
ison for 50-nm features (the Bossung curves are based on 5%
dose steps). In EUV-2D the depth of focus is only 90 nm at an
exposure latitude limit of below 9%, whereas MET-1K displays
a depth of focus of 200 nm at an exposure latitude of 10%. In all
cases, the process window size is based on 10% CD change.

Fig. 13. Equal line space images ranging from 45 to 25 nm printed in
experimental KRS resist under annular illumination 0.3 < � < 0.7. Contrary
to the results in Fig. 4, which show the aerial-image contrast to improve as the
feature size goes from 35 to 25 nm, it is evident that the imaging performance
degrades rapidly for sizes below 35 nm. These results again indicate resist
limited performance as opposed to an aerial-image limit.

Based on Fig. 4, one might expect the performance of
MET-1K to improve slightly by employing dipole, or its near
equivalent, monopole, illumination. Fig. 12 shows prints of
30-nm and 25-nm equal lines and spaces printed in MET-1K
under monopole illumination. The pole-offset radius was 0.6 at
45 and the pole radius was 0.2. A slight improvement is seen,
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Fig. 14. Images recorded in KRS resist under y-monopole illumination. (a)
35-nm lines and spaces. (b) 32.5-nm lines and spaces. (c) 30-nm lines and
spaces. (d) Coded 27.5-nm lines 110-nm pitch, actual printed size in resist is
28.3-nm.

however, the 30-nm resolution cutoff is still evident suggesting
that the limit is indeed resist induced.

Of the greater than 140 resists tested in the Berkeley system,
there have been two groups of clear stand-outs: one of these
groups is MET-1K and its variants and the other group is ex-
perimental KRS resists provided by IBM [23]. Fig. 13 shows
a series of equal line space images ranging from 45 to 25 nm
printed in experimental KRS resist under annular illumination
0.3 0.7 . Contrary to the results in Fig. 4, which show

the aerial-image contrast to improve as the feature size goes
from 35 to 25 nm, it is evident that the imaging performance
degrades rapidly for sizes below 35 nm. These results again in-
dicate resist limited performance as opposed to an aerial-image
limit.

Fig. 14 shows a series of images recorded in KRS resist under
monopole illumination. Consistent with resist-limited perfor-
mance, the monopole illumination has its greatest effect on fea-
ture sizes greater than 30 nm. Monopole illumination, however,
does also enable the printing of sub-30-nm semi-isolated fea-
tures as shown in Fig. 14(d).

VI. SUMMARY

The 0.3-NA Berkeley exposure tool utilizing synchrotron il-
lumination and a programmable coherence illuminator has been
described. Detailed characterization of the exposure tool indi-
cates that the system is operating to specification. Printing re-
sults further indicate that EUV performance is presently resist
limited. The best resolving resist tested to date is capable of ap-
proximately 32-nm nested resolution and 28-nm isolated line
resolution.
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