Relevance of mask-roughness-induced printed
line-edge roughness in recent and future
extreme-ultraviolet lithography tests

Patrick P. Naulleau

The control of line-edge roughness (LER) of features printed in photoresist poses significant challenges
to next-generation lithography techniques such as extreme-ultraviolet (EUV) lithography. Achieving
adequately low LER levels requires accurate resist characterization as well as the ability to separate
resist effects from other potential contributors to LER. One potentially significant contributor to LER
arises from roughness on the mask coupling to speckle in the aerial image and consequently to LER in
the printed image. Here I numerically study mask surface roughness and phase roughness to resist
LER coupling both as a function of illumination coherence and defocus. Moreover, the potential con-
sequences of this mask effect for recent EUV lithography experiments is studied through direct compar-
ison with experimental through-focus printing data collected at a variety of coherence settings. Finally,
the effect that mask roughness will play in upcoming 0.3-numerical-aperture resist testing is considered.
© 2004 Optical Society of America
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1. Introduction

Line-edge roughness (LER), has become of increasing
concern as projection lithography techniques push to
smaller and smaller feature sizes. This poses signif-
icant challenges to the development of photoresist for
next-generation lithography techniques such as
extreme-ultraviolet (EUV) lithography.l For ex-
ample, at the 45-nm fabrication node, the Interna-
tional Technology Roadmap for Semiconductors*
calls for a resist contribution to LER of less than 2
nm, which in turn requires even finer characteriza-
tion capabilities for developing such resists.

The accuracy of resist LER characterization accu-
racy depends on several factors beyond simple me-
trology constraints, including the difficult problem of
separating resist contributions to the experimentally
measured LER from other contributors. Much effort
has been directed toward characterizing EUV
resists,5~8 with the most straightforward being pro-
jection lithography tests with advanced EUV lithog-
raphy tools.8-1© Use of these tools for LER
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characterization, however, requires a careful analy-
sis of all tool-level contributions to LER. One such
system-level effect, LER on the mask coupling to
printed LER, has already been studied,!! showing
that current mask technology must be significantly
improved in order to meet the 45-nm node require-
ment,* let alone that of subsequent nodes.

Another potentially important contribution from
the mask, however, is surface roughness coupling to
speckle in the aerial image and consequently to LER
in the printed pattern.1213  EUV lithography, which
is based on reflective optics and masks, is particularly
vulnerable to this problem because mask roughness
is geometrically coupled to phase roughness, scaled
by an additional factor of 2 owing to reflection. Uti-
lizing a wavelength of nominally 13.4 nm means that
very small levels of roughness on the multi-layer-
coated mask can contribute to significant modulation
of the phase. Although the lithographic process in-
volves reimaging the mask to the wafer, the process
remains sensitive to phase errors at the mask by
virtue of the band-limited imaging process. More-
over, as defocus is introduced into the system, the
imaging condition no longer strictly holds, and phase
errors at the mask directly couple to intensity varia-
tion or speckle. The problem becomes increasingly
severe as the illumination coherence is increased,!4
as is often the case when using resolution-enhancing
pupil fills.

Here I numerically study mask surface roughness
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and phase roughness to resist LER coupling both as
a function of illumination coherence and defocus.
Moreover, the potential consequences of this mask
effect for recent EUV lithography experiments is
studied through direct comparison with experimental
through-focus printing data collected at a variety of
coherence settings. Finally, the effect that mask
roughness will play in upcoming 0.3-numerical-
aperture resist testing is considered.

2. Analysis Approach

In principle, the problem of mask surface roughness
coupling to line-edge roughness can be addressed an-
alytically by use of partially coherent image forma-
tion theory combined with the statistical
representation of the mask as a random-phase ob-
ject!3; however, the problem quickly becomes intrac-
table even under the small-phase perturbation
approximation. Moreover, an analytic solution be-
comes even more complex as defocus is considered or
as the small-phase perturbation approximation
breaks down.

An alternative analytical approach could be to use
geometric optics while describing the rough mask in
terms of slope error. Although this simple approach
provides a convenient mechanism for visualizing de-
focus effects, it completely fails to account for the
effect of partial coherence on the physical process.
Given that the mask-roughness-induced LER is fun-
damentally a speckle issue,'* coherence plays a cru-
cial role. Moreover, the extent to which speckle
(small spatial-scale intensity variation) couples to
LER depends on the aerial-image line-edge slope.
Given a fixed speckle contrast, the LER would be
worse with a smaller line-edge slope. This factor is
also ignored by the geometric analysis.

Given the difficulties with the analytic approaches
described above, numeric modeling of the partially
coherent imaging process remains the most viable
method for studying relevant cases of mask-
roughness-induced LER. This approach has previ-
ously been used to study the in-focus dependence of
LER on mask roughness and illumination partial co-
herence.’2 The numeric modeling approach, how-
ever, can readily be extended to study arbitrary
imaging conditions, including defocus, as well as any
other wave-front aberration.

The modeling used here relies on a numeric imple-
mentation of partially coherent image formation
equations,4 coupled with a random-phase-object de-
scription of the mask. Defocus as well as other ab-
errations can be accounted for by modifying the pupil
function of the modeled imaging system. Commer-
cial examples of programs providing the required
partially coherent image modeling capability include
PROLITH?> and SOLID-C.16

Of significant concern for analyzing meaningful sit-
uations of mask-roughness-induced LER is the de-
scription of the roughness in the model. Masks used
in EUV lithography are reflective and are rendered so
through the deposition of a multilayer coating com-
posed typically of 40 or more bilayers.l” If one starts
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with knowledge of the uncoated substrate surface,
multilayer growth models can be used!8:19 to predict
the coating properties throughout the stack. From
the calculated coating properties, one can use rigorous
electromagnetic field modeling to calculate the electric
field reflected from the mask.20-22  Such an approach,
however, would be extremely time consuming. In
most of the cases relevant to the moderate roughness
of interest here, the effect of the rough mask can
readily be modeled as a pure phase distribution, where
the phase is determined from the geometric path-
length differences imparted by the assumption that
the EUV light is reflected from the top surface of the
mask.23 In practice, this simplification works be-
cause the vast majority of the nonconformal multilayer
growth occurs within a small number of layers that are
closest to the substrate. Within the typical EUV pen-
etration region of approximately 25 bilayers, the mul-
tilayer growth tends to be conformal for the
roughnesses of interest here. Using this simplified
approach, one needs only to measure the topographic
profile of the final multi-layer-coated mask.

3. Numeric Study of Mask-Roughness-Induced
Line-Edge Roughness

To consider the importance of mask surface rough-
ness on LER-characterization tests, I perform a nu-
meric study by using the modeling methods described
above in combination with the simplified representa-
tion of the mask roughness. The parameters I
choose are selected to coincide with recent EUV print
tests performed with a 4X reduction optical system
with a numerical aperture (NA) of 0.1.1° The rough-
ness of the mask used in those tests was measured
after final patterning by use of atomic-force micros-
copy (AFM; see Fig. 1). I note that the measured
0.54-nm rms roughness of that mask is approxi-
mately a factor of 2 worse than that of typical high-
quality masks available today. To generate the
input mask used in the simulations presented here, I
calculated the mask surface power-spectral density
(PSD; see Fig. 2) from the AFMs and used it to gen-
erate a statistical surface of the proper size. Assum-
ing a wavelength of 13.4 nm, I converted the
topographic surface to a phase perturbation. This
phase distribution was then overlain (multiplied) by
an ideal binary amplitude line-space pattern. Fig-
ure 3 shows the resulting 4 X input mask for features
designed to print as 100-nm lines and spaces. The
completely black areas represent the absorber re-
gions, and the gray-scale regions represent the
wrapped phase of the clear regions on the mask. Al-
though the mask rms surface roughness is only 0.54
nm, upon reflection the induced peak-to-valley phase
modulation is greater than 1 wave (2w), based on an
illumination wavelength of 13.4 nm.

Figure 4 shows the simulation results for three
different printed line widths as a function of focus
and the coherence factor, o. An ideal 0.1-NA EUV
optical system has been assumed. The small NA
utilized by EUV systems allows the aerial-image
modeling to be performed under the thin-mask and
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Fig. 1. Atomic force microscope image from a clear area on an
EUV mask fabricated for printing with a 0.1-numerical-aperture
optic. The rms roughness is 0.54 nm.

scalar models. An ideal binary resist model is
used, and the threshold is set separately for each o
value to provide proper sizing of the 100-nm lines at
best focus. The single-sided 30 LER is then calcu-
lated from the resulting binary image as the devi-
ation of the measured line edge from a straight line.
Interpolation of the line edge is used, allowing the
actual threshold position to be determined to a sub-
pixel resolution. For the results presented in this
section, an image-space pixel spacing of 1.57 nm
was used. In practice, this interpolation is crucial
because it allows the aerial-image simulations to be
performed over a grid size amenable to current
memory and processing limitations. In general we
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Fig. 2. Isotropic power-spectral density (PSD) based on the AFM
in Fig. 1.
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Fig. 3. Representative input 4X mask for aerial-image simula-
tions. Phase roughness is generated based on the PSD in Fig. 2.
This particular mask is designed to model 100-nm printed line-
space patterns. The solid black regions represent the chrome
absorber, and the gray-scale regions represent the wrapped phase,
where black is 0 and white is 2.

see the LER gets worse at smaller line widths, pre-
sumably owing to the decreased aerial-image line-
edge slope. We also see that defocus plays a
crucial role in the mask roughness to LER coupling,
with increased coherence enhancing the effect.
The increased coherence effect appears to saturate
at approximately o = 0.4, with LER trends even
reversing in some cases. It is interesting to note
that at best focus we see very little dependence of
LER on the coherence factor and actually consis-
tently observe the LER to increase with o (decreas-
ing coherence).

Because the modeling process is based on a sta-
tistical realization of the mask over a relatively
small area (square region 2-cycles wide), it is im-
portant to consider statistical variations in the re-
sults. This is accomplished by repeating the
modeling for a total of 10 independent realizations
of the mask roughness. Figure 5 shows LER plots
as a function of realization number for the 100-nm
case. Each plot represents a single focus value:
(a) —0.8 pm, (b) —0.4 pm, and (c) 0 pm, with the
individual traces representing different partial-
coherence values. The plots show a significant
LER variation with mask realization; however, the
trends seen in Fig. 4 are validated, including re-
duced LER with increasing coherence at best focus.
These results also indicate that the coherence effect
saturates at approximately ¢ = 0.4 and suggest
that the trend reversals with respect to coherence
seen in Fig. 4 are not systematic but rather a man-
ifestation of statistical uncertainty.
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Fig. 4. Simulation results for three different printed line widths
as a function of focus and the coherence factor, o. (a) 100-nm lines
and spaces, (b) 90-nm lines and spaces, and (c) 80-nm lines and
spaces. An ideal 0.1-NA EUV optical system has been assumed.
A binary resist model is used with the threshold set separately for
each o value to provide proper sizing of the 100-nm lines at best
focus. The single-sided 30 LER is then calculated from the re-
sulting binary image.

Improved LER performance at best focus with in-
creasing coherence can be explained heuristically by
noting that, in general, the ideal-image line-edge
slope also increases with coherence, making it less
susceptible to speckle-induced intensity variations.
For the LER to be reduced, however, this increased
line-edge slope cannot be offset by increasing speckle
contrast. In the phenomenon of interest here,
image-plane speckle arises from a failure of the opti-
cal imaging system to faithfully reproduce the object
field. Thus, if one had an ideal infinite-aperture op-
tic, a random-phase object would not produce any
intensity variations in the image plane even under
coherent illumination. From this point of view, it is
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Fig. 5. LER plots as a function of realization number for 10 in-
dependent realizations of the rough mask with 100-nm lines and
spaces. Each plot represents a single focus value: (a) —0.8 pm,
(b) —0.4 pm, and (c¢) 0 pm, with the individual traces representing
different partial-coherence values.

evident that the relation between the mask PSD and
the optic NA plays a crucial role in determining the
in-focus through-o LER dependence.

Given the strong influence of defocus and the fact
that defocus can be thought of simply as an aberration,
it is also interesting to consider the role lens aberra-
tions may play in the process. To this end, I repeated
the analysis from Fig. 4, incorporating the measured
wave-front error24 from the 0.1-NA EUV engineering
test stand (ETS) Set-2 optic.2527 The rms wave-front
error in the first 37 Zernikes is 0.69 nm. Moreover
the wave front used in the modeling incorporates mea-
sured frequencies covering a radius of 1.5 pm in the
image plane. I note that at approximately \/20, the
wave-front error of the Set-2 optic is approximately
two times larger then will eventually be required for
commercial lithographic optics, making this a worst-
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Fig. 6. LER modeling results, including the effects of projection
optics aberrations. Aberrations based on the EUV engineering
test stand (ETS) Set-2 optic with an rms wave-front error in the
first 37 Zernikes of 0.69 nm. FEach plot represents a different
nested-feature size: (a) 100 nm, (b) 90 nm, and (c) 80 nm, with the
individual traces representing different partial-coherence values.

case test. Figure 6 shows the LER results under
these conditions. Other than the specific shapes of
the plots (asymmetries induced by the aberrations),
the results are similar to those obtained by assuming
an ideal optic. A notable exception, however, is the
aberrated-optic case, in which the LER-versus-partial-
coherence trend no longer reverses at best focus. The
faithful reproduction of the object-plane phase distri-
bution is now limited by the aberrations in the optic.

4. Relevance of Mask Roughness to Print-Based
Extreme-Ultraviolet Studies
Recent EUV exposure tests2® performed with the ETS

Set-2 optic in a variable-o static exposure tool installed
at the Lawrence Berkeley National Laboratory have

LER (nm)

14 S |-=-0.35
12 --x--0.5
H BL —e-07

4
2
0 - ‘
-1 -0.5 0 0.5 1
Focus (um)
20 ()
-=-0.35
15 --x-0.5
£ —e-0.7
E 10
-
5
0 ; ‘ ‘
-1 -0.5 0 0.5 1

Focus (um)

Fig. 7. Experimental LER results obtained from the ETS Set-2
optic operating in the Lawrence Berkeley static exposure tool.
Each plot represents a different nested-feature size: (a) 100 nm,
(b) 90 nm, and (c) 80 nm, with the individual traces representing
different partial-coherence values. Symbols, the actual data;
lines, quadratic fits to the data.

been used to characterize the performance (including
LER) of the ETS projection optic and an EUV resist
(EUV-2D, provided by Shipley Company). Here I
consider the extent to which mask roughness may
have contributed to observed LER limitations. Fig-
ure 7 shows experimental LER results through focus
for various feature sizes and partial-coherence set-
tings. Systematic trends in the data as a function of
partial coherence are not observed, suggesting that
mask roughness does not play a dominant role in the
observed LER. To further quantify the predicted con-
tribution from mask roughness, I make the assump-
tion that mask-roughness-induced LER adds in
quadrature to other contributors and calculate the pre-
dicted fractional contribution based on simulated LER
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Fig. 8. Predicted fractional contribution of mask-roughness-
induced LER to the experimentally observed LER from Fig. 7.
Each plot represents a different nested-feature size: (a) 100 nm,
(b) 90 nm, and (c) 80 nm, with the individual traces representing
different partial-coherence values.

results as described above. Figure 8 shows the re-
sults that reveal a systematic increase in the mask-
roughness fractional contribution as a function of
defocus and increasing coherence, suggesting that
mask roughness is responsible for an observable
amount of LER in my experiments. In all cases the
contribution is limited to less than 15%, and at best
focus the contribution is negligible. Thus, even with
0.5-nm rms roughness, EUV masks can be used for
meaningful LER screening of resists provided that fo-
cus is adequately controlled. I note that I have no
explanation for the apparently anomalous behavior
seen in the 100-nm line-space case.

The results presented above are based on an NA of
0.1; however, commercial EUV tools will be required to
support NAs of 0.25 or larger. To make possible early
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studies at relevant NAs, 5X reduction 0.3-NA mi-
crofield EUV optics (referred to as MET optics) are
being developed.2:30 This two-mirror on-axis optical
system has a central obscuration with a radius equal to
30% of the full 0.3 NA. Given the strong dependence
of the imaging optic NA on mask roughness to LER
coupling, it is important to repeat the above analysis at
this higher NA in order to determine whether current
mask technology is adequate for early LER-based
screening of developmental EUV photoresists. To
this end, I generate a new set of simulation masks that
correspond to printed line widths ranging from 25 to 50
nm. To generate the roughness on the masks, I use
the same PSD as described above while decreasing its
magnitude by a factor of 2 to more accurately represent
most recent mask-fabrication capabilities.?3133 In all
cases an annular illumination with an inner ¢ of 0.3 is
assumed, whereas the outer o is allowed to vary from
0.4 to 0.8. The simulated focus range is *150 nm,
with =100 nm being the nominal design depth of focus
for 30-nm features. The image-space pixel size used
in the calculations is 0.78 nm.

Figure 9 shows the modeled LER results through
focus for feature sizes from 50 to 40 nm; Fig. 10 those
from 35 to 25 nm. The major trends are similar to
those observed with the ETS optic in that the LER
tends to worsen as the coherence is increased, the
feature size is reduced, and the defocus is increased.
The trend of improved LER with increased coherence
at best focus is not evident in this case. This is most
likely due to the fact that the inner annulus of the
illumination is so close to the edge of the central
obscuration, yielding significant filtering effects from
the pupil. Other anomalies, such as decreasing LER
with decreasing feature size at some coherence set-
tings, are also observed. An example of this is the
LER trend from 40 to 30 nm for outer o of 0.5 and
smaller. This is also expected to be caused by an
interaction between the diffracted orders from the
object pattern and the central obscuration. Finally,
I note that these simulations show that at the edge of
focus, the mask-roughness-induced LER accounts for
the entire specified resist LER budget for the 45-nm
node* unless a very low coherence is used. This
means that extreme care must be taken when such a
system is used for LER screening of resist. The as-
sumption that subsequent nodes have even tighter
LER specifications renders the problem even more
acute.

5. Summary

The problem of mask-reflection surface-roughness
coupling to LER has been studied numerically for
various practical cases. In general I find that the
LER increases as coherence and defocus are in-
creased. For the unobscured 0.1-NA optic I further
observed the initially counterintuitive behavior of
LER decreasing with increasing coherence at best
focus. Comparing modeling results with actual ex-
posures from a 0.1-NA EUV optic, I found present
LER values to be nominally unaffected by mask
roughness except at the edge of focus, where mask-
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Fig. 9. LER modeling results for the 0.3-NA MET optic design.
Each plot represents a different nested-feature size: (a) 50 nm, (b)
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with an inner o of 0.3, and the individual traces represent different
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roughness contributions are limited to approximately
15%. Extending the analysis to the centrally ob-
scured 0.3-NA MET optic, I found that, with current
mask technology, care must be taken to maintain
focus to better than 50 nm when the MET is used for
LER-based resist screening. This is especially true
in the case of low-o illumination.

Although the modeling presented here specifically
addresses the object-plane roughness problem for
EUV lithography, it is evident that parallels can be
drawn to many other short-wavelength applications
such as microscopy or moiré interferometry. More-
over, the specific results presented here can be made
essentially wavelength independent if one takes the
object-plane phase-roughness value as described in
radians to be constant.
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Fig. 10. LER modeling results for the 0.3-NA MET optic design.
Each plot represents a different nested-feature size: (a) 35 nm, (b)
30 nm, and (¢) 25 nm. In all cases the illumination is annular
with an inner ¢ of 0.3, and the individual traces represent different
outer o values.
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