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In this article, the possibilities and limitations of proximity lithography with extreme ultraviolet
(EUV) radiation are explored theoretically and experimentally. Utilizing partially coherent EUV
radiation with a wavelength of 10.88 nm from a Xe/Ar discharge plasma EUV source, proximity
patterning of various nanoantenna arrays has been performed. The experimental results are
compared with the results of numerical scalar diffraction simulations, and it is shown that
proximity printing in the Fresnel diffraction mode can enable production of high-resolution
features even with lower resolution masks, successfully demonstrating sub-30 nm edge resolution
in the resist. The potential of the method is explored by simulation of the patterning through
circular and triangular apertures as well as through bowtie antenna patterns, with the results
suggesting that precise control of the proximity gap and the exposure dose together with
simulation-supported mask design optimizations may allow for a wide variety of high-resolution
structures to be printed through relatively simple transmission masks. The method is especially
suited for high-performance manufacturing of submicrometer sized nanophotonic arrays. © 2013

American Vacuum Society. [http://dx.doi.org/10.1116/1.4789445]

. INTRODUCTION

There are several types of lithographic technologies that
can be used as an alternative to conventional projection li-
thography, such as nanoimprint lithography (NIL), electron
beam lithography (EBL), interference lithography, or
directed self-assembly. At the end of the 20th century, one
of the most promising alternatives was x-ray proximity li-
thography, using wavelengths around 1nm.'™ With this
short wavelength, the influence of the diffraction limit on the
resolution is negligible, and high-resolution patterns are pos-
sible, though further reduction of the wavelength was found
to be ineffective due to increased photoelectron blur in the
photoresist.* Unfortunately, with this method no demagni-
fication is possible, and the mask-to-wafer distance should
be kept at the submicrometer level in order to achieve sub-
30nm resolution. Due to these strong challenges and the
rapid development of immersion lithography, this technol-
ogy has not progressed past the preproduction state; how-
ever, in the last decade, it was shown®® that it is possible to
improve resolution of the proximity printing utilizing Fres-
nel diffraction of the short wavelength radiation on the nano-
structures. This technique achieves sub-30nm-resolution
with a mask-to-wafer gap reaching 30 um, which is much
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more realistic to maintain in an industrial environment." In
this work, we will investigate the possibility and resolution
limits of such Fresnel diffraction-assisted proximity printing
with extreme ultraviolet (EUV) radiation of 10.9 nm wave-
length using a laboratory EUV radiation source.

In proximity lithography, the achievable minimum fea-
ture size can be expressed as the line width, w = b\/ﬂ,
where b stands for a process dependent parameter on the
order of unity, g stands for the proximity gap between the
mask and wafer, and A is the wavelength of radiation.’ With
an 11 nm wavelength, the achievable line width with classi-
cal proximity lithography is limited to ~100 nm with a 2 um
proximity gap; however, this limitation describes a blur
caused by a classical long-range Fraunhofer diffraction from
the mask and, therefore, not necessarily will be a suitable
approach when considering the results of the interaction of
EUYV radiation with submicrometer sized mask features. For
a fixed mask-to-wafer gap, g, there is a set of structure sizes,
a, for which the Fresnel number, N = “—f, will be equal or
larger than unity and thereby, enabling the Fresnel diffrac-
tion mode, which may allow for the production of higher-
resolution features by the proximity printing at a suitable
proximity gap. For EUV proximity printing, a suitable set of
test structures for this method are optical nanoantennas,l(H2
which can locally enhance incident electromagnetic fields
and, thus, are of great interest for a variety of applications
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such as surface-enhanced Raman spectroscopy (SERS)'" or
surface enhanced infrared spectroscopy (SEIRS),'*!® bio-
sensors,'® optical storage,'” nanolithography,'®'® and high-
harmonic generation.”” Since we are primarily interested in
antennas for SEIRS, the single antenna size is between
250 nm and several micrometers; nevertheless, the resolution
requirements are in the nanometer range due to the critical
importance of the edge quality and the requirement to create
nanoscale distances between the antenna electrodes to
achieve even higher field enhancement.?’ Currently, such
antenna arrays are mostly made by state-of-the-art EBL,
which limits their industrial exploitation. On the other hand,
a relatively simple setup for EUV proximity lithography
with a small-scale laboratory source can enable high-volume
manufacturing of high-quality nanophotonic structures.

The throughput of the technique is similar to that of x-
ray proximity lithography and is limited mainly by the
area of the mask and the brightness of the source. Due to
the much simpler optical setup, it is not necessary to use
expensive multilayer coated masks, as is true in the case
of large-scale EUV lithography at 13.5 nm, which increases
the yield and lowers the cost of mask manufacturing.
Additionally, there is no need to put an expensive multi-
layer mirror in the vicinity of the EUV source, which
reduces the sensitivity to contamination. Also, instead of a
tin-based EUV source optimized for 13.5nm radiation, a
low-debris gas-based EUV source can be utilized. More-
over, radiation intensity losses in the optical system are
much lower, which allows for efficient utilization of the
EUV output of the source and decreases the requirements
on the source’s brightness.

Il. EXPERIMENT SETUP

In this study, EUV proximity lithography utilizes a
high power gas discharge-produced plasma (DPP) source
developed at the Fraunhofer Institute for Laser Technology
in Aachen>* [Fig. 1(a)]. Such sources normally have a
broadband emission spectrum in the EUV range since
radiation is produced by transitions between the excited
states of highly ionized heavy atoms, such as xenon or tin.
However, by optimizing the gas composition of the
plasma and using suitable band-pass filters, it is possible
to obtain a radiation spectrum with the dominating maxi-
mum wavelength at 10.88nm and with a bandwidth of
around 3.2%.%* The diameter of the pinch varies from 150
to 350 um depending on the gas mixture and discharge
parameters.

The laboratory setup for the EUV proximity lithography
used for this study can illuminate 2 in. wafers with a single
exposure field size up to 4 mm? [Figs. 1(a) and 1(b)].> The
system utilizes high-precision linear positioners and a set of
three capacitive sensors to control and determine the dis-
tance and tilt between the mask and the photoresist-coated
silicon wafer down to tens of nanometers. Depending on the
mask design and the desired structure type, negative
(XR1541 [hydrogen silsesquioxane]*®) or positive [PMMA
[poly(methyl methacrylate)], ZEP520A-7 (Ref. 27)] resists
were used as a photoactive medium.
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FiG. 1. (Color online) Photo (a) and scheme (b) of the experimental setup for
EUV proximity lithography used in this study.

The radiation from a partially coherent source (Gaussian
intensity distribution, full width at half maximum is 250
+/— 50 um) passes through an aperture and irradiates the
mask with the maximal divergence angle, o = 0.0012rad,
given by the size of the mask (2 x 2 mm?) and the distance
to the source (1.67 m). The corresponding pattern-shift error,
d, is equal to d = gtano.”® With the mask-to-wafer gap
around 10 um, the pattern-shift error of the system is equal
to 18 nm, providing the practical resolution limit for this ge-
ometry. Reduction of the maximal divergence angle by spa-
tial filtering or bringing the mask closer to the wafer will
decrease the pattern shift error further, enabling structuring
with a sub-20 nm pitch.

To support investigation at this wavelength, a novel type
of transmission mask has been developed based on free-
standing niobium membranes instead of the conventional
SizN,4 supported masks. Niobium is known for its mechani-
cal stability® and has a high transparency (~65% at 100 nm
thickness) at the used wavelength, in contrast to highly
absorbing Si3N4.3® The cross-section of the transmission
mask can be seen in Fig. 2. The layer system consists of the
thin Nb support membrane and the structured Ni absorber
layer, with the niobium simultaneously also used as a built-
in filter for unwanted radiation above 16 nm. This technol-
ogy can be used to produce not only masks for proximity
printing but also for ultra-high-resolution interference lithog-
raphy. Further details on the mask technology can be found
elsewhere.”

For this work, a transmission mask with various popular
nanophotonic antenna designs was produced. The nickel
thickness of around 80nm absorbs 98% of incoming radia-
tion at this wavelength, allowing for excellent contrast and
large process windows for processing.
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FiG. 2. (Color online) Scheme of the lithography front-end, including a
transmission mask and a resist coated wafer. The coordinate system and the
relevant values are defined.

lll. MODELING

Accurate simulation of the near-field diffraction is
extremely important for understanding the limitations of
EUV proximity lithography, and scalar simulation can be
performed with the help of Fresnel-Kirchhoff (FK) diffrac-
tion or Rayleigh—-Sommerfeld (RS) diffraction integrals. In
our setup, where the angles of incidence and diffraction are
small, those diffraction formulae give essentially the same
results.®’ For the simulations, we employed the lithography
simulation software developed by the Fraunhofer IISB.*
Here we have used the RS integral of the first kind (RS I)
since it was shown to produce more stable results.*?

When the incident field is described by a spherical wave,
U = Uye™" /r, the Rayleigh—-Sommerfeld I approximation is
expressed as

10 ik(r+r')
Ursi = ! OJ[ cos(n,r)dA, (1)

) rr’

where 4 is the wavelength, U is the amplitude of the inci-
dent field, k =2A/m is a wavenumber, r is the distance of the
element of aperture from the observation point, / is the dis-
tance of the element of aperture from the primary source,
cos(n,r) is a diffraction angle, and A is the area of the aper-
ture.>’ This scalar approximation is applicable when the
wavelength is much smaller than both the proximity gap and
the aperture size; thus, the EUV wavelength is short enough
for this approximation to work with nanoantenna structures
with sizes above several hundreds of nanometers and a prox-
imity gap of several micrometers.

The broadband spectrum of the radiation and its angular
divergence are implemented in the simulation where the
broadband illumination is taken into account by selecting a
set of wavelengths around the main peak of the spectrum
and summing the different intensities generated by each
wavelength. Since the radiation bandwidth of the Xe/Ar
plasma source is only 3.2% (Ref. 24), the results are qualita-
tively very similar to the simulation performed with a single
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FiG. 3. (Color online) Measured emission spectrum of the DPP source with a
Xe/Ar gas mixture. The set of wavelengths chosen for the simulation is
shown with bars. The wavelength and relative intensity of each wavelength
(waveweights) are written in the inset to the figure.

10.88 nm wave, with only minor intensity changes visible.
The seven wavelengths around 10.88 nm chosen for the sim-
ulation are shown in Fig. 3.

It is known that Fresnel diffraction patterns produced by
simple round®® and triangular*® apertures can become rather
complex. For example, in the well-studied Fresnel diffrac-
tion on a round aperture, a set of concentric rings can be
observed with the number of rings depending upon an obser-
vation position.33 In Figs. 4(a)-4(d), the results of the nu-
merical simulation of such a diffraction are presented. Here
the intensity profiles produced by the round aperture with a
diameter of 1.6 um [Fig. 4(a)] are studied as a function of
the proximity gap. As expected from the analytical modeling
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======== a

FiG. 4. (Color online) Design of the circular aperture (a) and corresponding
light propagation along the z-axis (b), as well as aerial images of intensity at
12 pm (c) and 19 pum (d) proximity gaps.
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Fic. 5. (Color online) Design of the triangular aperture array (a) and the related
intensity distribution behind the aperture with a 15 um proximity gap (b).

of the diffraction, the change in the Fresnel number mani-
fests itself in the number of visible rings (zones).

The diffraction from the triangular aperture is more com-
plex. At a distance of 15 um, the diffraction from an aperture
of the length 1.56 um [Fig. 5(a)] is transformed into a set of
three small stabs pointing to the middle of the triangle with
sub-100 nm distance between them [Fig. 5(b)].

The simulations clearly demonstrate the potential of the
method to create complex nanophotonic structures of novel
designs. By tuning the exposure time and modifying the
proximity gap, structures of different shapes with a resolu-
tion down to sub-100 nm can be produced.

IV. RESULTS AND DISCUSSION
A. Exposure results

The experimental results of the EUV exposure through
the circle and triangle apertures are shown in Fig. 6 using
atomic force microscope (AFM) images after exposure and
development, and inset with the corresponding simulated
aerial image.

Figure 6 shows AFM images of negative high-resolution
HSQ resist of 40 nm-thickness exposed through arrays of cir-
cular [Fig. 6(a)] and triangular [Fig. 6(b)] apertures at a
15 um distance. Excellent agreement with the calculated aer-
ial image is observed.

Fic. 6. (Color online) AFM images of the resists with 40nm thickness
exposed by EUV proximity lithography for circular (a) and triangular (b)
apertures with a 15 um proximity gap. Overlay images show the respective
aerial images obtained from simulations.
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It is also worth mentioning that the HSQ resist has dem-
onstrated rather high contrast at this wavelength, producing
structures with an edge resolution of 28 nm (measured as a
change from 10 to 90% of the height of the structures).
This high contrast together with the ability to tune the dis-
tance between the obtained nanophotonic antennae by
changing the exposure time can allow one to obtain novel
types of nanophotonic resonators. For example, the expo-
sure through an array of simple triangle apertures at a suita-
ble proximity gap created a set of three-antennae structures
with the distance between single antennae as small as
100 nm [Fig. 6(b)].

Good correlation between the scalar diffraction simula-
tions and experiments confirms that Fresnel diffraction is the
main governing process in the EUV proximity lithography
of micrometer sized structures.

Overall, the possibility to change the aerial image dramat-
ically and controllably just by changing the proximity gap,
together with the ability to fine tune the exposed resist area
by variation of the exposure time, provides a very high
degree of flexibility for the exposures. In combination with
the developed simulation capabilities, this should enable fast
and efficient design of suitable transmission masks for a
wide range of interesting nanophotonic structures, including
ring-disk cavities®> or other more complex Fano-resonant
antennas.>® By controlling the gap distance with at least mi-
crometer precision, one can, therefore, achieve reliable non-
contact patterning of different structures with nanoscale
resolution.

B. Optical proximity correction

The diffraction-assisted EUV lithography can also be
applied to enable the high-throughput and high-quality
production of traditional nanophotonic structures, such as
bowties. A bowtie is one of the most popular structures in
nanophotonics because of its optical properties of efficient
radiation coupling and high field enhancement between the
electrodes.'® ! In this study, a mask with triangular shape
apertures of 1.2 um height, 44° opening angle, and 30 nm
intertriangle distance was simulated [Fig. 7(a)]. The result-
ing distance between the triangles in the aerial image is
strongly dependent upon the proximity gap between a mask
and a wafer, and Fig. 7(b) shows the resulting aerial image
(in the x—y plane) with a 5 um proximity gap (z-axis).

To achieve a sub-100 nm distance between bowtie elec-
trodes with this traditional mask design, the gap between the
mask and wafer should be maintained at a submicrometer
level, which may present a serious technological challenge.
At a 5 um mask-to-wafer gap, the minimum achievable dis-
tance between electrodes is only 450nm at a fixed level of
intensity I = Iy/2, where I, is the incoming intensity.

However, with EUV proximity printing, traditional tech-
niques of optical proximity correction (OPC) can be used to
correct and improve the image. The developed Fresnel dif-
fraction simulation routines can be used to implement an
iterative modification of the mask design, realizing a signifi-
cant reduction of the achievable distance between the
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FiG. 7. (Color online) (a) Scheme of the simulated bowtie mask, and the (b)
x—y plane intensity image with a 5 um gap.

electrodes of the bowtie. As an example, the modified bowtie
mask was simulated with the aim to reduce the distance
between electrodes in the bowtie structure at the same prox-
imity gap of 5 um. The modified bowtie element in the mask
is designed with overlapping electrodes and the opening
angle of the triangle is increased to 90° [Fig. 8(a)]. As can be
seen from the simulation result in Fig. 8(b), the obtained dis-
tance between bowtie electrodes is significantly reduced.

y (Hm)
2

X (um)

intensity (a.u.)
0 1 2 3 01 2

Fic. 8. (Color online) (a) Scheme of the modified bowtie mask, and the (b)
aerial image with a 5 um proximity gap.
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The cross-section intensity distribution in Fig. 8(b) at the
5 um proximity gap shows that the achievable distance
between electrodes can be reduced by more than a factor of
3—130 nm while maintaining the same proximity gap and ex-
posure dose; however, additional diffraction minima appear
within the triangles. These added minima decrease the
required process latitude considerably, elevating the require-
ments on resist contrast and exposure dose control. Further
mask design optimization will be necessary to obtain a larger
process window for these bowtie structures and to reduce the
distance between bowtie electrodes to the sub-100 nm range.

It is also worth noting that such no-gap transmission are
simple to manufacture since reliable production of bowtie
arrays with sub-50 nm distance between electrodes is a chal-
lenging task even for EBL.

In the future, this work will be extended by including a
simulation of the transfer of the aerial image into resists.
Moreover, full three-dimensional masks will be rigorously
simulated to obtain even more accurate results in close prox-
imity to the mask.

It should be noted that the proposed method does not tar-
get the leading edge integrated circuit manufacturing and
investigates the diffraction on masks with nanophotonic
structures with sizes of the order of half of the application
wavelength (typically in visible/IR range). The choice of
manufacturing methods for such structure arrays is limited.
Besides the low throughput e-beam lithography and cost in-
tensive large scale EUV lithography, the sufficient control
over the gap size can be achieved utilizing either directed
self-assembly (DSA) or nanoimprint lithography. The
relatively large size of single antennae and their complex
geometry are making utilization of DSA inefficient. The
nanoimprint lithography can be used for creation of such
structures.>’*® As an already established method, it can dem-
onstrate higher throughput, but it is limited with 1:1 replica-
tion of structures on the mask and has to deal with issues of
mask degradation and contamination due to necessity of con-
tact. The suggested EUV proximity lithography is contact
free and allows for additional complexity of the resulting
patterns, since the diffraction of EUV radiation on these rela-
tively large structures is governed by Fresnel diffraction
laws.

V. SUMMARY AND CONCLUSIONS

In summary, a laboratory-scale setup for EUV proximity
lithography has demonstrated the ability to create complex
nanoantenna arrays and can be used for cost-effective small-
and medium-scale manufacturing of nanophotonic struc-
tures. Utilizing a compact partially coherent DPP EUV
source and state-of-the-art positioning systems, a knife-edge
resolution of 28 nm was achieved. Precise control over the
mask-to-wafer gap increases the flexibility of diffraction-
assisted EUV lithography, providing the possibility to pro-
duce different nanostructures without changing the design of
the mask. The established scalar diffraction simulations
allowed us to not only predict the experimental results, but
also to open a way for implementation of optical proximity
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correction and increase the quality of structuring and the
applicability of the method.
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