Resist-based measurement of the contrast transfer function
in a 0.3 numerical aperture extreme ultraviolet microfield optic
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In order to meet the high-resolution printing potential of extreme ultraviolet (EUV) lithography, the
projection optics must be of very high quality. The contrast transfer function (CTF), a measure of
the aerial-image contrast as a function of pitch, describes one key aspect of projection optic quality.
In order to support research into EUV lithography, a static microfield exposure tool (MET) based on
a 0.3 numerical aperture optic and operating at a wavelength of 13.5 nm has been developed at the
Advanced Light Source, a synchrotron facility at the Lawrence Berkeley National Laboratory. This
work presents the results of resist-based measurements of the CTF for the MET optic. Although the
resist is not an ideal aerial-image detector due to its nonlinear response, it is still possible to study
some key characteristics of the optics using such methods. These measurements are based on
line/space patterns printed in several different EUV photoresists. The experimental CTF results are
compared with the CTF from aerial-image simulations including the aberrations measured in the
projection optic using interferometric and lithographic techniques. The measured CTF values are
found to be significantly lower than predicted from the aerial-image simulations. CTF measurements
are presented for both bright-field and dark-field mask patterns in order to investigate the effect of
flare. Finally, the orientation dependence of the CTF is studied in order to evaluate the effect of
nonrotationally symmetric lens aberrations. Neither flare nor nonrotationally symmetric aberrations
were found to have a significant effect on the measured CTF. Photoresist resolution is believed to
be the limiting factor in the observed contrast transfer function. These measurements, taken as a
whole, provide valuable information about the imaging performance of the MET optic and aid in
interpreting the results of other experiments performed using the MET and similar systems. © 2006
American Vacuum Society. [DOI: 10.1116/1.2162578]

I. INTRODUCTION a factor of 5X from the object plane), and the tool uses a
scanning illuminator to provide programmable coherence
control.*

Extremely high optical quality is required for all lithogra-
phy systems, and this is particularly true in EUV lithography

as the short illumination wavelength means that wave-front

Extreme ultraviolet (EUV) lithography at a wavelength
near 13.5 nm is under development as a next-generation li-
thography technology for use in semiconductor manufactur-
ing. Although EUV lithography offers great benefits in terms

of resolution, there are a number of challenges involved that
must be overcome if the technology is to see production use
(currently targeted for the 32 nm technology node).

In order to support EUV lithography research and devel-
opment to address these issues, a static microfield exposure
tool based on the microexposure tool (MET) optic design
and operating at a wavelength of 13.5 nm has been installed
at the Advanced Light Source, a synchrotron facility at the
Lawrence Berkeley National Laboratory.l’3 The MET optic
is composed of two multilayer-coated reflective elements and
has a numerical aperture (NA) of 0.3, slightly larger than the
value expected for first-generation EUV production tools.
The field size is 600 X 200 um? at the wafer (demagnified by
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errors of even 1 nm may lead to significant degradation of
the aerial image. One of the most important properties of a
projection optical system is its ability to transfer contrast
from the object (mask) plane to the image (wafer) plane.
This property is often characterized using the contrast trans-
fer function (CTF). The CTF is closely related to the modu-
lation transfer function (MTF), which itself is directly related
to the pupil function.” In this article, the CTF for the MET
optic is measured using a photoresist-based technique as a
means of quantifying optical performance as a function of
pitch. The measurement technique is described in Sec. II.
Simulation of the CTF in order to establish expected perfor-
mance is discussed in Sec. III, while measured results for
several different photoresists are presented in Sec. I'V. A com-
parison of CTF measurements made using bright-field and
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FiG. 1. Illustration of factors determining aerial-image contrast.

dark-field mask patterns is given in Sec. V, and orientation
dependence of the CTF measurements is addressed in Sec.
VI. Finally, conclusions are presented in Sec. VIL

Il. MEASUREMENT OF AERIAL-IMAGE CONTRAST

One important factor in determining the photoresist print-
ing performance of an aerial image projected by a lithogra-
phy tool is the image contrast, defined as

I — Lo
contrast = 218 (1)
+

max min
where /., and I;, are the maximum and minimum aerial-
image intensities, respectively (Fig. 1). Aerial-image contrast
is a function of feature size or, equivalently, of spatial fre-
quency. For features with dimensions that are large relative
to the exposure wavelength, the image contrast should ide-
ally be unity, whereas for small features beyond the resolu-
tion limit of the optical system the contrast will be zero. The
details of the transition between these two extremes depend
on the parameters of the optical system, including numerical
aperture, wave-front quality, illumination wavelength, and
partial coherence. This dependence on feature size brings
about the concept of the CTF, a mapping of feature size or
spatial frequency to the corresponding image contrast.
Direct measurement of aerial-image contrast is difficult.
In this work a photoresist threshold techniqueﬁ’7 is utilized to
measure [, and I, and the image contrast is calculated
from these two values. This process is illustrated for the case
of positive resists in Fig. 2. As the exposure dose is increased
from Fig. 2(a) to Fig. 2(c), the postdevelop linewidth shrinks
(here a simple resist threshold model of development is as-
sumed). Therefore, I,,,, occurs at the exposure dose (Di,y) at
which individual lines first become evident in the resist while
I, occurs at the dose (D,,;,) at which the lines vanish com-
pletely and the resist is dissolved completely by the devel-
oper. Therefore, the measured contrast may be expressed as
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FiG. 2. Principle of contrast measurement in photoresist. As the exposure
dose is increased from (a) to (c), the developed linewidth shrinks for posi-
tive resists.
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—~max 7 min (2)

contrast = .
Dmax + Dmin

Example resist images at dose levels D,,, and D,;, are
shown in Fig. 3. Measurement of the contrast over a range of
feature sizes allows for reconstruction of the CTF.

lll. SIMULATION OF CONTRAST TRANSFER
FUNCTION FOR THE MET OPTIC

The expected CTF for an optical system can be obtained
through simulation provided that the important system pa-
rameters, including wave-front information and illumination
conditions, are known. The expected CTF for the MET sys-
tem was simulated using the PROLITH software package. In
this case the lateral-shearing interferometry (LSI) measure-
ments of the MET optic wave front® were combined with
lithographic measurements of key aberration terms (astigma-
tism and spherical aberration) to accurately model the impact
of aberrations on the CTF. The wave-front data for the center
of the field were used, as this is where the measurements
were performed. In addition, the amount of flare present in
the system was predicted using surface roughness measure-
ments of the optical elements of the MET. This predicted
flare was also included in the simulations. Annular illumina-
tion was used for both simulation and experiments, with
Oinner=0.3 and 0,,,=0.7. The simulated CTF for vertical
lines is shown in Fig. 4 for both the ideal (unaberrated) and



328 Cain, Naulleau, and Spanos: Resist-based measurement of the contrast transfer function 328

(a) (b) (c)

FiG. 3. Postdevelop resist patterns in Rohm and Haas EUV-2D resist for
100 nm features corresponding to exposure dose of (a) D, (b) midpoint
between D, and D, and (c) D,,.

aberrated cases. The results show clearly that aberrations and
flare have a strong impact on the image contrast, particularly
for smaller feature sizes.

IV. DARK-FIELD CONTRAST TRANSFER
FUNCTION MEASUREMENTS

The CTF for the MET was first measured experimentally
using a dark-field mask, meaning that the majority of the
mask area is covered with an absorber layer. Three resists
were used: Rohm and Haas EUV-2D, Rohm and Haas
MET-1K (XP 3454C), and a ketal resist system (KRS). A
resist thickness of 125 nm was used in each case. The post-
application bake (PAB) and postexposure bake (PEB) tem-
peratures for EUV-2D and MET-1K were both 130 °C, while
KRS does not require a PEB step. Annular illumination was
used, with 0y,,,,=0.3 and 0,,,,=0.7. These exposure condi-
tions were chosen to be representative of typical printing
conditions. The mask pattern contained vertical lines and
spaces of equal width ranging from 20 to 120 nm (wafer di-
mensions). The measurement results for the center of the
field are shown in Fig. 5.
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FiG. 4. Simulated contrast transfer function for the MET optic under ideal,
unaberrated conditions (solid line) and using the aberrated wave front as
measured using lateral shearing interferometry (dashed line).
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FiG. 5. Contrast transfer function for the MET optic. Simulation results
(including effects of aberrated wave front) are shown along with measure-
ments for three different resists: Rohm and Haas EUV-2D, Rohm and Haas
MET-1K (XP 3454C), and a derivative of the KRS resist formulation.

The dark-field CTF measurements show a clear depen-
dence on the type of resist used. The apparent CTF for
EUV-2D is significantly lower than for MET-1K and KRS.
This is consistent with previous results, which suggest that
the resolution limit for EUV-2D occurs at larger feature sizes
than for MET-1K.” Recent results also suggest that this par-
ticular formulation of KRS has a resolution comparable to
that of MET-1K.

The measured dark-field CTF values for all three resists
are well below the levels expected from simulation, even for
the “high-resolution” resists. One possible explanation for
this difference is flare. If the flare is significantly larger than
predicted, this might explain at least part of the difference
between measured and simulated curves. This is investigated
in Sec. V by measuring the CTF for both dark-field and
bright-field cases. A second possible explanation is aberra-
tions. The simulation results in Fig. 4 showed that aberra-
tions have a strong effect on the CTFE. Previous results® have
shown that the MET optic exhibits some drift in aberration
level. Although a few low-order aberration terms have been
characterized lithographically, in many cases it is difficult or
impossible to accurately obtain such information for all ab-
errations. If the aberration levels have changed significantly
for the worse since the interferometry and lithographic char-
acterization experiments that provided data for the simula-
tion were performed, this could explain the difference be-
tween simulated and measured CTFs. This possibility is
investigated in Sec. VI by measuring the orientation depen-
dence of the CTF in order to detect any effects of nonrota-
tionally symmetric aberrations. One additional explanation is
simply the finite resolution of the resist due to a variety of
factors such as acid diffusion length and chemical
composition.10



329 Cain, Naulleau, and Spanos: Resist-based measurement of the contrast transfer function 329

Contrast
o
W

0.4} X
0.3}
0.2r —— Simutated
04l ~e- MET-1K (Darkfield) |
--#- MET-1K (Brightfield)
00 20 40 60 80 100 120

Linewidth [nm]

FiG. 6. Comparison of dark-field and bright-field CTFs. The error bars rep-
resent the uncertainty due to finite exposure dose step size in the focus-
exposure matrix used in the experiment.

V. COMPARISON OF BRIGHT-FIELD AND DARK-
FIELD CONTRAST TRANSFER FUNCTIONS

In order to investigate the potential effect of flare on the
CTF, measurements were performed using both a bright-field
mask (multilayer coatings exposed over the majority of the
mask area) and a dark-field mask. If flare is a significant
factor in the contrast transfer function, it would be expected
that the bright-field case would exhibit decreased CTF values
as compared with the dark-field case. The same resist pro-
cessing and illumination parameters described in Sec. IV
were used in these experiments. The results for both mea-
surements using Rohm and Haas MET-1K resist are shown
in Fig. 6. The error bars on the measured curves in Fig. 6
represent the uncertainty due to finite exposure dose step size
in the focus-exposure matrix used in the experiment.

The fact that there is no significant difference (i.e., no
difference outside the error bars) between the two curves
indicates that flare is most likely not a dominant factor in the
CTF  measurements. Moreover, independent flare
measurements'' have shown the flare to be in good agree-
ment with predicted values, thus leading to a high level of
confidence in the flare values used for the aerial-image
modeling.

VI. ORIENTATION DEPENDENCE OF CONTRAST
TRANSFER FUNCTION

The CTF was measured for four different orientations (0°,
90°, —45°, and 45°) in order to investigate the possibility that
a significant amount of aberration was introduced into the
system between the interferometry measurements and the
CTF measurements. These measurements were conducted
using elbow patterns, as shown in Fig. 7. The modulation
present in the resist is observed for each pattern orientation
for adjacent elbow patterns. The fact that the elbow patterns
are very close to each other ensures that any sources of varia-
tion (focus or exposure dose nonuniformity, for example)
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FiG. 7. Example of elbow patterns used to measure orientation dependence
of contrast transfer function. The nested features in this structure consist of
50 nm lines and spaces. Similar structures with line and space widths rang-
ing from 20 to 100 nm were used in the measurements.

should be negligible. If any nonrotationally symmetric aber-
rations are present in significant levels, the measured CTF
values for the different orientations should show significant
variation. However, it should be noted that this experiment is
not able to detect the effect of rotationally symmetric aber-
rations such as defocus or spherical aberration. We note that
the experiment included a complete focus-exposure matrix
and that the CTF measurements are based on the optimal
focus value as found on the printed wafer, thus focus is not
expected to be an issue.

The experiment was conducted using Rohm and Haas
MET-1K (XP 3454C) resist. Annular illumination was used
with 0y,,=0.3 and o,,=0.7. The results of the experiment
are shown Fig. 8. The error bars in Fig. 8 represent the un-
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FiG. 8. Contrast transfer function as measured using elbow patterns. Simu-
lation results (including effects of aberrated wave front) are shown along
with measurements for four different orientations. The error bars represent
the uncertainty due to finite exposure dose step size in the focus-exposure
matrix used in the experiment.
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certainty due to finite exposure dose step size in the focus-
exposure matrix used in the experiment. The fact that there is
little variation seen (no variation outside the error bars) be-
tween the CTF curves for the four orientations shown in Fig.
8 is an evidence that at least nonrotationally symmetric ab-
errations do not play a significant role in the measured CTF.
This indicates that some other factors may be at work, the
most likely of which is limited photoresist resolution.

VIl. CONCLUSIONS

The CTF for the MET optic at LBNL was measured using
a photoresist clearing method and compared to predicted val-
ues from simulation. These simulations included measured
aberrations and flare present in the optical system. The mea-
sured CTF was significantly lower than the simulated values
through pitch. In addition, a strong dependence on photore-
sist type was observed. The measured CTF correlates well
with the observed photoresist resolution limits. The effects of
flare on the CTF were studied by measuring the CTF for both
dark-field and bright-field mask patterns. No significant dif-
ference was observed between the two measurements, indi-
cating that flare is not playing a dominant role in the mea-
sured CTF for the MET system. In addition, the effect of
nonrotationally symmetric aberrations was investigated by
measuring the CTF for four different feature orientations.
Again, no significant differences were observed in the mea-
surements. This indicates that nonrotationally symmetric ab-
errations are not present in sufficient levels to affect the CTF.
Because the level of spherical aberration was measured litho-
graphically and accounted for in the CTF simulations, we
believe the most likely cause for the discrepancy between
measured and predicted contrasts to be the limited resolution
of the resist.'%!? However, this work demonstrates that im-
portant information about the optical system may be ob-
tained in spite of the nonlinear response of the photoresist
used as a detector in the experiments.
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