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Abstract

Constant demand of increasing optical resolution motivates technologies like photolithography and
microscopy to master the short-wavelength range of 4 ~ 1-10 nm. High natural radiation absorptance of
various materials in this range generates challenges for designing high-performance optical systems.
Under these conditions, optical elements composed of freestanding ultra-thin films become crucially
important. This paper examines the feasibility of single-walled carbon nanotube (SWCNT) thin films for
applications in the short-wavelength optics. Test samples were fabricated using an aerosol chemical vapor
deposition method. Synchrotron radiation was used to record transmittance spectra of the samples in the
wavelength range from 1 to 20 nm. The measured transmittance exceeds 75% for wavelengths below 20
nm for a 40-nm-thick film, at the operational wavelength of the extreme ultraviolet lithography (4 = 13.5
nm) the transmittance is 88%. The measured stress-strain curve for the test samples shows that the
SWCNT films have rather high ductility unlike fragile films made of conventional condensed-matter
materials. We use numerical simulations to demonstrate that the film strain mostly happens by means of
nanotubes straightening and slipping past each other without forming of strain localization responsible for
fragile behavior. The combination of high radiation transmittance and unique mechanical properties
makes the SWCNT-films very promising for applications in the short-wavelength optics, specifically for
a fabrication of protective membranes or pellicles for the extreme ultraviolet lithography.

I Introduction

The short-wavelength range including soft X-rays and extreme ultraviolet (EUV) is actively explored
nowadays. Important examples of applications utilizing the short-wavelength radiation are 1) microscopy
and tomography of cells and larger biological objects in the so-called water-window range [1-4]; 2)
fabrication of the next-generation integrated circuits with feature sizes below 10 nm using EUV
lithography [5,6]; and 3) optical characterization of nanostructures with coherent diffractive
imaging [7,8]. Such applications require efficient high-power and/or high-brightness radiation sources
and high-resolution optical systems. The intensive development of the source technologies, including the
high harmonic generation [9,10], discharge-produced and laser-produced plasmas [11,12] and free-
electron lasers [13-15], responds to the first demand. The development of technologies for fabrication of
multilayer Bragg mirrors possessing high reflectance at normal incidence responds to the second demand
of the advanced optics [16-18]. It is worth mentioning that the fabrication of the classical refractive
lenses is impossible in the spectral range of interest due to the strong absorption of the radiation in all



materials without exception. Nevertheless, free-standing films with thicknesses in the range from 10 to
100 nm might demonstrate quite high transmittance. Therefore, such thin films are also of a great
importance and scientific interest for the short-wavelength optics.

The free-standing thin films can be used as spectral filters, polarizers or beam-splitters in various optical
systems for soft X-rays and EUV radiation [19-29]. The free-standing thin films can also serve as
protective membranes or pellicles for the advanced optical elements in order to prevent their
contamination with debris particles. The latter application is especially important for the EUV
lithography [30,31]. In a lithography process, a pattern on a photomask (reticle) is projected onto a wafer.
Contamination of the photomask with particles can cause defects in the printed integrated circuits. In
order to avoid the contamination, a pellicle should be mounted in front of the photomask [32,33].

In this paper, we propose a novel material for the short-wavelength optics made of free-standing thin
single-walled carbon nanotube (SWCNT) films. The films are prepared by scalable to mass production
aerosol CVD synthesis method, which allows film fabrication with lateral sizes of more than 10 cm and
thicknesses from 10 to 100 nm. The SWCNT films have the natural difference in their microstructure
from that of amorphous and polycrystalline solid films and the concept of brittleness is not applicable to
such films. We use a biaxial stretching with a bulge test technique to measure its mechanical properties
and perform high performance mesoscale modeling to demonstrate the microscale behavior of the film
under deformation. Relatively low absorption cross-sections of carbon atoms at short wavelengths allow
achieving high transmittance. For instance, we demonstrate 88% transmittance at the wavelength of 13.5
nm with a 40 nm thick film. In addition to said, a good gas permeability through the structure provides a
very attractive set of properties for applications in the short-wavelength optics, e.g. as a strong porous
protective membrane.

Il Sample fabrication

SWCNTs are synthesized in an aerosol (floating catalyst) CVD reactor described elsewhere [34,35].
Nanotubes grow on aerosol iron nanoparticles floating in the flow of CO atmosphere in a hot wall reactor
and then collected on a nitrocellulose filter at the outlet. They form a randomly oriented network (Fig. 1a)
consisting of individual SWCNTSs and their small bundles. Depending on the collection time it is possible
to obtain films of different thicknesses from a few to hundreds of nanometers. SWCNT films can be
easily transferred from the filter to various substrates by a dry transfer technique described by Kaskela et
al. [36]. If the film thickness exceeds 10 nm one can make a large area free-standing films by transferring
the SWCNTSs on a support frame [37]. All the experimental studies reported below were carried out using
40-nm-thick samples produced with a lab scale reactor and attached to fused silica frames with 5 mm
round openings. Nevertheless, the described method can be easily scaled for the fabrication of large area
films (e.g. as large as A3 paper size). For instance, Fig. 1b shows a photo of a freestanding SWCNT film
with the thickness of 40 nm suspended over a rectangular opening as large as 10x13 cm? that fulfilling the
size requirements for the EUV protective pellicles [38].
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Fig. 1. a) SEM image of randomly oriented single-walled carbon nanotubes produced by an aerosol CVD
synthesis. b) A photograph of a free-standing SWCNT film with the thickness of 40 nm suspended over a
rectangular opening with the area of 10x13 cm?.

111 Optical properties

The short-wavelength transmittance measurements of the samples were performed using s-polarized
synchrotron radiation at the facilities of the optics beamline of BESSY-Il synchrotron radiation
source [39,40]. The normal incident beam spot size which hits the center of the sample was 0.72x0.50
mm?. The angular alignments of sample and detector goniometers were tuned with accuracies of +0.05
deg. A GaAsP photodetector with an active area of 4x4 mm? was used to accept the direct transmitted
rays and most of the scattered parts. The spectral purity of the incident beam from high order diffractions
of the monochromator grating was maintained by an efficient high order suppression system installed in
the beamline [41].

The measured transmittance spectrum is shown with solid red line in Fig. 2. The transmittance T at the
wavelength of 40 nm equals 48 %. One can see that T first increases up to 98.2 % with decreasing
wavelength A and then the transmittance drops at wavelengths just below A ~ 4.4 nm, which corresponds
to the K photoabsorption edge of carbon. T takes its minimum value of 80.3 % at A ~ 4.2 nm and then it
increases again with the wavelength decrease.
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Fig. 2. Experimental transmittance spectrum for a 40-nm-thick film of SWCNTSs (solid red line) and
calculated transmittance spectra for 40-nm-thick films of silicon (green dot-dashed line), silicon nitride
(blue dotted line) and graphite (gray dashed line).

In Fig. 2, we also compare the measured transmittance spectrum for the SWCNTs with calculated
transmittance spectra of 40-nm-thick films of silicon, silicon nitride and graphite. Feasibility of the
fabrication of ultrathin free-standing films of these materials has been previously demonstrated [42-44].
Transmittance spectra were calculated using the following equation:
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where d denotes the film thickness, A is the radiation wavelength, n is the complex index of refraction of a
given material at the wavelength A. The values of n for the aforementioned materials were taken from the
Henke database. It is seen that the SWCNT films promise higher transmittance than those of silicon
nitride and graphite films over the entire considered spectral range. And the SWCNT films promise
higher transmittance than that of pure silicon in the range below the L photoabsorption edge of Si, i.e. for
A < 12.4 nm. Higher transmittance of the SWCNT films compared to graphite is due to lower mass
density of the SWCNT films.

IV Mechanical properties

Experimental tests. The bulge test was used to evaluate mechanical properties of the studied SWCNT thin
films. In such test, a thin film sample is clamped over an orifice and a uniform gas pressure is applied
from one of the film sides. The deflection of the film is then measured as a function of the gas pressure
allowing determination of the stress-strain curve. Our experimental setup is schematically shown in Fig.
3. Samples of the SWCNT thin films fixed onto ring-shaped fused silica substrates with 5 mm central
opening were used the experiments. Such a sample was hermetically clamped over the orifice dividing the
vacuum chamber into two volumes Vi and V; as shown in Fig. 3. These two volumes were also connected
by an additional bypass channel with a valve. First, the entire chamber was pumped to the base pressure
of 410 Pa. The pumping was carried out with open bypass valve. Then, with the closed bypass valve,
the volume Vi was filled with argon to a given pressure P1, which was controlled by a thermocouple
pressure gauge. Pressure in the volume V. denoted as P, was measured using an ionization vacuum
pressure gauge. Note that the pressure differentiation Po/P; was of the order of 102 in the experiments.
Curvature of the film under the pressure load was determined by measured deflection of the reflected
laser beam.
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Fig. 3. Scheme of the experimental setup for the bulge test: a free standing film is deformed under gas
pressure deflecting the laser beam. Shift of the laser spot on the ruler gives the curvature of the film.

The pressure load AP = P; - P, causes a deformation of the film. For small deformations, the shape of a
curved film can be approximated by a sphere. As mentioned above, the radius of curvature R of the
deformed film was measured from the angular deflection of the reflected laser beam. In the case of small
deformations, the relative stretching of the film can be calculated from the following formula:
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where a denotes the radius of the opening on which the film is fixed, h = a*/ 2R is the film deflection in
the center. The stress oarising in the deformed film can be calculated by the following formula:

APR
c=" 3
2d ®)

where d denotes the film thickness. It is important to note that Eqgs. (2) and (3) are derived on the
assumption that in the initial state the surface of the film is flat and it is not stressed. In reality, it is
extremely difficult to produce such initial conditions. Most often, as a result of fixing on the holder, the
film has non-zero initial stress, or vice versa, it becomes slack.

In these experiments, the SWCNT films were initially slack. To show that, we plot the measured film
deflection h as a function of the pressure load (Fig. 4A). It is evident that h remains non-zero upon the
application of infinitesimal pressures, i.e. h = hg at AP = 0", In this case the equation for the film strain
should be corrected as follows:
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Fig. 4. A) The measured deflection of a 40-nm-thick film as a function of the load pressure in the bulge
test. B) The measured stress-strain curve for a SWCNT film with 40 nm thickness. Red dot-dashed line
corresponds to the fit of the date in the range of linear deformation with Y = o/¢=24.5 GPa.



Fig. 4B shows the measured stress-strain curve for the 40-nm-thick SWCNT film. For & < 0.001, the
measured stress is linearly proportional to the strain. Hence, it is possible to define the biaxial modulus Y
of the film in this range as Y = ofe. The measured data gives Y = 24.5 GPa. For &£ > 0.001, the linear
dependence of o on ¢ is violated, but the deformation remains elastic up to the yield point of ¢= 0.003.
The measured stress at £ = 0.003 is o = 52 MPa. This stress value corresponds to the experimental gas
pressure load of AP ~ 80 Pa. In the experiments, the gas pressure was increased until the fracture of the
sample occurred. The corresponding pressure was as high as 5.3 kPa. At this point the deformation of the
sample was so large that the probe laser beam was deflected beyond the detector aperture. For that reason,
it was not possible to measure the corresponding values of strain and stress. However, such a large
difference in the pressures corresponding to the yield and fracture points allows to conclude that the
studied SWCNT films can be categorized as a very ductile material.

There is a number of publications devoted to the investigation of the mechanical properties of thin
freestanding films made of other materials that can be used as a filter of the EUV radiation, e.g. SiNy, Al
and MoSi, [46,47]. These publications show that the fracture of such materials occurs on the linear part
of the stress-strain curve characterizing such films as extremely brittle. In case of application of
freestanding thin films for the protection of EUV optical surfaces from contamination, the ductile
SWCNT films can be advantageous over the fragile films made of conventional condensed matter
materials. If a brittle film fixed in front of a protected optical element fractures under an accidental
excessive mechanical load then its fragments can contaminate the protected optical surface. Contrarily,
SWCNT films have a large safety margin associated with a wide range of plastic deformation.

Numerical evaluation. In order to interpret the aforementioned mechanical properties of freestanding
SWCNT films, we carried out high-performance numerical simulations of the SWCNT film mechanics.
For this purpose we employed a mesoscale modeling technique [48, 49, 50]. It is based on time
integration of damped dynamics of chains of rigid cylinders, connected with 3D elastic bonds [51] and
interacting via realistic coarse-grained vdW potential, allowing for relative slip of SWCNTSs in contact.
Molecular dynamics simulations were used for the model calibration.
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Fig. 6. (A) Specimen of a CNT film and schematics of biaxial mechanical test (B) Evolution of the
potential energy terms during the relaxation of a 1 um SWCNT film specimen. (C) Stress-strain curves
observed in a biaxial test (D) Scalar field of vertical velocity component, indicating the slip of separate
CNTs during plastic deformation.

We tested a 2 x 2 um? SWCNT film specimen, with a density of 0.35 g/cm?, the film thickness of 20 nm
and periodic boundary conditions in out-of-plane direction (“thick film” approximation). Two specimen
sets contained 2000 (10,10) SWCNTSs with the length of 0.5 um and 1000 (10,10) SWCNTSs with length
of 1 um. At the initial stage of numerical experiments, straight SWCNTSs were deposited in plane with
uniform random in-plane orientations and slight out-of-plane deviations, and then relaxed to the energy
minimum state, forming a network of interconnected bundles due to the van der Waals (vdW) adhesion
(Fig. 6(A). Equilibration of the SWCNT film structure is characterized by the decrease in vdW adhesion
energy due to formation of bundles together with increase in the elastic strain energy due to the bending
of SWCNTs (Fig. 6(B)). At the second stage, a biaxial tension load was applied with the rate of
deformation sufficiently low to exclude inertial effects, leaving relatively small rate dependence
associated with realistic energy dissipation during relative SWCNT slip. Biaxial tension was used to
model the free-standing film bulge test described above.

Our numerical simulations have demonstrated results that are in a good qualitative agreement with the
experimental data. The stress-strain curve observed (Fig. 6(C)) featured a linear elastic regime and the



initial stage of deformation, followed by a plastic flow. Yielding threshold in the model appeared to be
very close to one observed in experiment, approximately 0.1-0.2%. The biaxial moduli (26 GPa for 1 um
SWCNTs and 22 GPa for 0.5 um SWCNTs) of the film specimens appeared to be close to the one
observed in experiment. However, the plastic yield stress was substantially lower. We attribute this
difference to a larger SWCNT length and higher degree of bundling of SWCNTSs in the film used in the
experiment, since the SWCNT bundling occurs not only on the filter during the collection, as was
simulated in the calculations, but also in the gas phase after their synthesis before the SWCNTs got
collected on a filter.

Our simulations clearly demonstrated that the plastic deformation of SWCNT films observed both in the
experiment and simulation is conditioned by a relative slip of SWCNTSs in a plane, which is illustrated in
Fig. 6(D). The color on the left picture corresponds the SWCNT velocity projection on the y-axis. One
can see that SWCNTSs closer to the edge have large speed towards stretching direction, however, unlike
the bulk materials, velocity field is distributed nonuniformly due to SWCNT straightening and slipping
past each other. It is seen more clearly under stronger magnification (right picture) where neighboring
SWCNTs have different velocities. Recent computational works [52,53] demonstrate that such slip does
not localize due to stabilizing role of energy dissipation and does not lead to significant changes in the
structure and properties of the SWCNTSs, unless the strain reaches a few tens percent. At strains up to
10% such plastic flow does not lead to localized damage development.

Conclusions

We synthesized SWCNTSs by an aerosol CVD method, fabricated freestanding thin films and examined
their optical and mechanical properties. The method allows to produce specimens the with lateral sizes of
more than 10 cm and thicknesses from 10 to 100 nm making it very attractive for industrial aplications.
The soft X-ray and EUV transmittance spectra of a 40-nm film was measured using the synchrotron
radiation. The measured transmittance at the operational wavelength of EUV lithography was as high as
88%, which meets the demands of various applications. Mechanical properties of the films were
characterized by the bulge test. The stress-strain curve of the samples demonstrates high ductility of the
SWCNT films, which allows them to withstand high pressure loads. High performance numerical
modeling using mesoscale technique was employed to understand the behavior of the film under strain at
microscale. We have shown that SWCNT slip is responsible for ductile behavior of the film preventing
from brittle failure. The combination of high EUV transmittance and unique mechanical properties of the
SWCNT films makes them extremely attractive for applications in EUV optics, and particularly, for
fabrication of the protective pellicles for EUV photomask.
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