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Nanometer-scale ablation with a table-top
soft x-ray laser
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Ablation of holes with diameters as small as 82 nm and very clean walls was obtained in poly(methyl meth-
acrylate) focusing pulses from a Ne-like Ar 46.9 nm compact capillary-discharge laser with a freestanding
Fresnel zone plate diffracting into third order. These results demonstrate the feasibility of using focused soft
x-ray laser beams for the direct nanoscale patterning of materials and the development of new nanoprobes.
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Laser ablation of nanoscale features is of interest for
the fabrication of nanodevices and for the develop-
ment of new nanoprobes. The size of the smallest ab-
lated features is limited mainly by the wavelength of
the laser emission and by heat diffusion. A number of
techniques have been recently developed to produce
ablation features with submicrometer size.'™ Taking
advantage of the well-defined ablation threshold in
materials, craters with sizes ranging from
0.7 to 1.2 um were achieved in sﬂlcon by use of nano-
second ultraviolet (UV) pulses Ablation features of
the order of 200 nm have been demonstrated using
femtosecond laser pulses in the near-infrared®® and
uv? spectral regions. Pattermng of even smaller fea-
tures has been realized using the electric field en-
hancement created at the tip of an atomic force mi-
croscope (AFM) by focused femtosecond laser pulses
or using optical fibers to create near-field effects.’

In this work, we demonstrate the feasibility of di-
rectly ablating sub-100 nm nanoscale holes using a
focused soft x-ray laser beam. Very clean ablation
craters in poly(methyl methacrylate) (PMMA) were
obtained by focusing the 46.9 nm wavelength output
from a table-top capillary discharge laser with a free-
standing Fresnel zone plate (FZP). The smallest cra-
ters, 82 nm in diameter, were obtained by placing the
sample near the third-order focal plane of the FZP.
This high spatial resolution coupled with the very
small absorption depth of the 46.9 nm wavelength
light in most materials are attractive features to ex-
ploit for nanopatterning applications. When com-
bined with spectroscopic tools, this high-resolution
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ablation technique will also enable the development
of new surface nanoprobes based on techniques such
as laser-induced breakdown spectroscopy.

Figure 1 schematically illustrates the experimental
setup. The laser is a compact table-top size device
that uses a fast electrical discharge in an Ar-filled
capillary tube to produce a population inversion and
amphﬁcatlon in the 46.9 nm_ trans1t10n of Ne-like
ions (26.4 eV photon energy) For the 18 cm long
capillary used in this experiment, the laser produces
~0.1 md pulses of =1.2 ns duration with a repetition
rate of up to 10 Hz. The freestanding FZP was manu-
factured by electron-beam lithography® into a 200 nm
thick nickel film attached to a Si frame. The FZP had
a 0.5 mm diameter, an outermost zone width of
200 nm, and a NA=0.12. Its Rayleigh-type spatial
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Fig. 1. Schematic of the soft x-ray laser ablation setup.
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Fig. 2. (Color online) (a) AFM image of the ablation crater
produced in PMMA using first diffraction-order focusing
and 36X attenuation; (b) cross sections of AFM images of
ablated craters obtained with attenuation factors of 1, 6,
14, and 36X.

resolution in the first diffraction order focus at
46.9 nm wavelength is ~240 nm.!® The FZP was
mounted on an XYZ translation stage and positioned
at ~1.8 m from the laser exit where the laser beam
has a FWHM diameter of ~16 mm. A laser pulse en-
ergy of 10 uJd was measured through a 6 mm pinhole
placed at the location of the FZP using a vacuum pho-
todiode. Considering that the FZP aperture is 0.5 mm
in diameter and that its first diffraction order effi-
ciency is ~10%, the energy delivered to the sample’s
surface is estimated to be ~7 nd. The fluence onto
the sample was controlled by introducing Ar gas into
the vacuum chamber as a means of attenuating the
laser beam following photoionization of the Ar atoms
by the 24.6 eV photons.

The sample consisted of a 500 nm layer of PMMA
(PMMA-MicroChem, 950,000 molecular weight) spin
coated on a Si wafer. The sample was positioned per-
pendicular to the incident soft x-ray laser beam,
whereas the translation stage was tilted at an angle
of ~0.57° with respect to the sample’s surface to al-
low for precise positioning of the sample with respect
to the zone plate focal plane (first-order depth of fo-
cus ~3 um). In this way, a 100 um transverse dis-
placement of the sample corresponds to a 1 um dis-
placement along the beam axis. The ablation craters
produced by the \=46.9 nm laser beam were ana-
lyzed with a VEECO NanoScope III AFM used in a
tapping mode with a 10 nm radius, 30° cone angle
cantilever tip (MicroMasch, NSC16).

Figure 2(a) shows an AFM image of an ablation
crater obtained positioning the sample at the FZP
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first diffraction-order focal plane. This ablation cra-
ter and all the others shown in this work were pro-
duced with a single laser pulse. The crater was ob-
tained attenuating the beam by ~36X, introducing
110 mTorr of Ar into the processing chamber. Attenu-
ation of the laser beam results in a reduction of the
crater diameter and depth [Fig. 2(b)]. The 230 nm di-
ameter of the craters ablated with the attenuated la-
ser beam matches the first-order diffraction spatial
resolution of the FZP. The depth of the craters ab-
lated without attenuation is 250 nm, which is signifi-
cantly larger than the 19 nm attenuation length of
the 46.9 nm light in PMMA." The created plasma,
with an estimated temperature of Te=1-3 eV, has
an acoustic velocity that is ~10X larger than that
necessary to clear the hole within the laser pulse du-
ration. The shot-to-shot reproducibility of the abla-
tion was found to be very good, as illustrated by the
AFM image in Fig. 3. The edges of the craters are
very abrupt and their walls are very smooth. The
generation of high-quality ablated surfaces is as-
sisted by the strong localization of the absorbed en-
ergy, i.e., the attenuation and thermal diffusion
lengths here are very short, and by the prevalence of
chain scissions at short wavelengths.!!?

Smaller craters can in principle be obtained using
the tighter third-order focus of the zone plate. Figure
4 shows cross sections of the ablation craters ob-
tained with the third diffraction order, which con-
tains only ~1/10 of the pulse energy in the first-
order focus. The crater created without attenuation
has a diameter of 330 nm and a depth of ~100 nm,

Fig. 3. (Color online) AFM image of a set of consecutive
ablation craters showing good shot-to-shot reproducibility.
The top row of the craters was obtained with larger beam
attenuation.
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Fig. 4. (Color online) Cross sections of the ablation craters
obtained with the third-order focus of the zone plate and
attenuation factors of 1X (lower trace) and 5X (upper
trace).
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Fig. 5. (Color online) Calculated diffraction pattern at the
third-order focal plane, 710 um from the FZP (dashed
curve), and at 7.5 um away from it (solid curve). The broad
intensity distribution at the focal plane arises from spheri-
cal aberrations. The central peak in the intensity distribu-
tion has a FWHM of 268 nm at the focal plane and narrows
down to 106 nm, 7.5 um away. The inset shows an AFM im-
age of a typical ablation pattern obtained outside of the fo-
cal plane without attenuation.
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Fig. 6. (Color online) AFM image of an 82 nm diameter
crater obtained placing the sample ~7 um away from the
third diffraction-order focal plane. The inset shows the cra-
ter’s cross section.

and the crater formed with the laser beam attenu-
ated by ~5X is 170 nm wide and 16 nm deep. As in
the case of first-order focusing, the craters have very
clean walls. Nevertheless, the crater’s diameters are
significantly larger than could be expected from the
resolution of a FZP in third-order operation
(~80 nm). This can be explained as the FZP used in
the experiment was corrected for aberrations in the
first-order focus but not in the third order. Thus the
uncorrected spherical aberration causes the third-
order diffraction focal spot to be wider. This was con-
firmed by simulating the intensity distribution at the
third-order focal plane wusing the Rayleigh—
Sommerfeld diffraction integral,13 which results in a
peak with FWHM of ~270 nm (Fig. 5). The simula-
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tion also showed that a much narrower intensity
peak of ~100 nm FWHM surrounded by concentric
rings of decreasing intensity can be obtained at loca-
tions several micrometers away from the focal plane
(e.g., ~7.5 um). This suggests that, by attenuating
the intensity of the rings to values below the ablation
threshold, it should be possible to use this narrow
central peak to produce smaller craters. Craters with
a diameter of ~82 nm and a depth of ~8 nm were ob-
tained by placing the sample at ~7 um away from
the third-order focal plane (Fig. 6) and attenuating
the beam by a factor of ~5X. These are, to the best of
our knowledge, the smallest ablation craters ob-
tained by directly focusing a laser beam with a lens
onto a sample surface. The use of a FZP with a
smaller outer zone width should produce holes of
even smaller dimensions.

In summary, the results demonstrate the feasibil-
ity of directly patterning sub-100 nm features using a
focused soft x-ray laser beam, opening a path for the
development of new nanoprobes and nanomachining
tools.
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