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Abstract We report on a compact, desktop size, labora-
tory type microscopy setup, based on a short wavelength
gas puff target soft X-ray source, which emits incoherent
radiation in “water-window” spectral range. The micro-
scope employs a Wolter type I reflective objective and
allows capturing magnified images of objects with ~ 1-pm
spatial resolution and exposure time as low as 5s. A
detailed characterization and optimization of both the
source and the microscope setups are presented and
discussed.

1 Introduction

Decreasing the illumination wavelength is a direct way to
improve spatial resolution in photon-based imaging sys-
tems, thus the widespread interest in microscopy at extreme
ultraviolet (EUV) and even shorter, soft X-ray (SXR)
wavelengths. Utilizing coherent illumination a 700 nm
half-pitch resolution images with EUV recombination laser
at A = 18.2 nm has been reported in the early imaging
work [1]. Better spatial resolution equal to 75 nm was
reported utilizing an SXR laser at 4 = 4.48 nm, pumped by
a large fusion class NOVA laser [2]. Recently different
approaches have emerged due to the development of
smaller scale short-wavelength sources such as HHG [3],

P. W. Wachulak (X)) - A. Bartnik - J. Kostecki - R. Jarocki -
M. Szczurek - L. Wegrzynski - T. Fok - H. Fiedorowicz
Institute of Optoelectronics, Military University of Technology,
ul. gen. S. Kaliskiego 2, 00-908 Warsaw, Poland

e-mail: wachulak@gmail.com

M. Skorupka
Military University of Technology, ul. gen. S. Kaliskiego 2,
00-908 Warsaw, Poland

EUYV lasers [4] and incoherent laser plasma-based sources
[5] that have been successfully used for sub-micrometer
resolution imaging. Using radiation from a table-top cap-
illary discharge EUV laser images were obtained with a
spatial resolution of 120-150 nm [6]. A = 13.2 nm wave-
length radiation from Ni-like cadmium EUV laser allowed
for a sub-38 nm resolution nano-imaging [7]. A quasi-
monochromatic emission from a laser-plasma EUV source
based on a gas puff target [8] allowed for sub-70 nm spatial
resolution imaging [9, 10] in a very compact system. A
quasi-monochromatic emission from an incoherent SXR
source, at much shorter wavelength, 2 = 2.88 nm, in the
“water-window” spectral range, based on the liquid
nitrogen, allowed to demonstrate SXR microscopy with a
sub-50 nm spatial resolution [11]. Ethanol droplet-based
SXR source at 4 = 3.37 nm, combined with a zone plate
objective allowed to capture images with spatial resolution
of 60 nm [12], later improved to ~50 nm [13]. Liquid
nitrogen-based SXR source at 4 = 2.48 nm was used to
demonstrate recently a compact full-field soft X-ray
transmission microscopy with sub-60 nm resolution,
operating at 100 Hz repetition rate, with exposure times of
less than 5 min using both dry and wet samples [14].
Tomographic high resolution imaging was also performed
in the “water-window” spectral range with a diatom,
acquiring a tilt series of 53 images covering 180° with half-
period spatial resolution of the tomogram approaching
140 nm [15]. Using a Schwarzschild reflective objective,
with 32x magnification and NA = 0.2 images of test
objects were acquired with a half-pitch spatial resolution
better than 0.5 pm [16].

Large synchrotron facilities were also extensively uti-
lized for the implementation of full field microscopes with
record spatial resolution of 12 [17] or 14 nm utilizing
A = 1.38 nm undulator radiation and third order zone plate
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diffraction [18], also including magnetic material imaging
[19-22]. Soft X-ray (SXR) microscopy has been success-
fully employed mainly in transmission mode, either using
diffractive optics, such as zone-plates [23-25], raster
scanning of the sample by focused SXR beam [26-28] or
as a contact microscopy, where the sample is placed on top
of a recording medium, such as a photoresist, and illumi-
nated by SXR beam to make a “picture” of the specimen in
the surface of the recording medium [29-31]. Synchrotron
radiation at A = 2.4 nm was used for imaging frozen-
hydrated samples at atmospheric pressure, where details
inside cells of algae as small as 35 nm were visible [32], or
to examine rapidly frozen mouse 3T3 cells and obtained
excellent cellular morphology at better than 50 nm lateral
resolution, using transmission SXR microscope [33]. Syn-
chrotron-based microscope in the “water-window” spectral
range was developed to image frozen hydrated specimens
with a thickness of up to 10 pum at temperatures of around
100 K [34].

Photon-based (bosonic-type) imaging at short wave-
length versus electron, or recently neutron, imaging has
additional advantages due to different interaction of pho-
tons with matter. Atomic resonance frequencies, leading to
very high absorption coefficients at EUV and SXR wave-
lengths, provide an enhanced optical contrast. Incoherent
imaging techniques are somewhat complimentary to
coherent ones. Although the optical transfer function
(OTF) for incoherent illumination is capable to transfer two
times higher spatial frequencies, than for the case of
coherent illumination, the incoherent type of illumination
often requires the use of additional optics, such as zone
plate lenses. In that case the spatial resolution of, for
example, zone plate microscopy, might be inferior to
coherent imaging techniques, which often does not require
any additional optics, but the coherence of the source can
be problematic due to coherence effects present in the
image, such as “twin-image” problem in holography. This
is not the case for incoherent illumination, exploited in this
work.

Particularly suitable range of wavelengths for biological
imaging is so-called the “water-window” spectral range.
X-ray sources, emitting in the “water-window” region
between 2.3 and 4.4 nm wavelength [35], are thus impor-
tant for biological applications. High contrast in this
spectral range is obtained due to a difference in absorption
of different constituents of biological specimen. While
water, present in the sample, has relatively small absorp-
tion coefficient in this spectral range, carbon, due to much
higher absorption, gives very good contrast in the image.
Thus, this spectral range is perfectly suitable for imaging of
biological specimen.

In this work we try to combine the advantages of
employing compact, laboratory type laser-plasma short

@ Springer

wavelength source, based on a gas puff target, emitting
incoherent radiation, with the “water-window” spectral
range. This unique combination is suitable for biological
imaging, and allows in developing a small size microscopy
setup, which might be used in various fields of science and
technology. Thus, in this paper, we report for the first time
on “water-window” compact, desktop microscopy setup
employing a laser-plasma SXR source based on a double-
stream gas-puff target and Wolter type I objective. The
system allows capturing magnified images of the objects
with ~ 1 pm spatial resolution and exposure time as low as
5 s. A detailed characterization and optimization of both
the source and the microscope setup are presented.

2 SXR source description and microscope experimental
setup

The “water-window” microscope was equipped with an
ellipsoidal SXR condenser coated with nickel, to focus
SXR radiation onto an object. A Wolter type I reflective
objective was used to form a magnified image onto an
SXR-sensitive CCD (charge coupled device) camera in
transmission mode. The use of the gas puff target elimi-
nates debris production problem associated with solid tar-
gets. Radiation from the “water-window” spectral range
was selected by a titanium filter. Test objects—two distinct
patterns of copper meshes were imaged with a half-pitch
spatial resolution approaching 1 pm in a very compact set
up and with short exposures. The experimental setup of the
SXR microscopy system is shown in Fig. 1.

The EUV source, used in the experiment, has been
developed for EUV metrology applications in the frame of
MEDEA+ project [36] and later modified for efficient
emission of SXR radiation, including the “water-window”
spectral region, previously reported in [37]. This source has
an advantage over other compact sources that it is a debris-
free source and has a possibility to change the working
gases, thus allowing to change both the peak emission
wavelength and the inverse relative bandwidth of the
emission.

For the SXR microscope Ar plasma was produced by
focusing of the pumping laser pulses, from Nd:YAG laser
(Eksma), with duration of 4 ns and energy of 0.74 J by an
f =25 mm focal length lens onto a gas puff target. The
plasma radiates in a very broad range of wavelengths,
including SXR region and by using additional spectral
filtering it is possible to tailor the spectral emission of the
source. The source can operate up to 10 Hz repetition rate.
A pressure of 1.5 x 10™* mbar was constantly maintained
in the microscope chamber during the source operation.
The experimental setup is extremely compact. The micro-
scope is located inside a vacuum chamber, 60 cm in
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Fig. 1 (color online) Scheme of
the system (a), photograph with
indicated components (b)
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diameter and 35 cm in height and the entire system fits on
top of a single 1.8 x 1.2 m? optical table.

EUV radiation from the plasma was collected and
focused by an ellipsoidal, axi-symmetrical nickel coated
condenser mirror, developed by Rigaku, Inc. The con-
denser is a broad-band optic, capable of efficiently
reflecting radiation from the EUV range down to SXR
region with energy cut-off of ~600 eV (~2.06 nm critical
wavelength). The distance between foci of the condenser
was equal to 270 mm. The distance from the plasma,
positioned in the first focal plane to an entrance plane of
the condenser was 140 mm, while the distance from an exit
plane to the second focal plane—60 mm. Entrance diam-
eter was equal to 14 mm and results in entrance numerical
aperture of NAc ;, = 0.05, while the exit diameter of
11.7 mm corresponds to exit numerical aperture of
NAc oue = 0.09.

The laser plasma source was optimized for efficient
generation of SXR radiation from argon plasma. The target
is formed by two circularly symmetric nozzles. The inner
nozzle, 0.4 mm in diameter, injects a small amount of
working gas (argon) into the vacuum, 250 ps after arrival
of synchronization pulse from laser power supply. The
nozzle stays open for 600 us. The outer nozzle, ring-shaped
0.7-1.5 mm in diameter, injects a small Z-number gas, in
our case helium, to narrow down the flow of the working
gas, reducing its density gradient along the normal to the
nozzle axis. The nozzle opens 750 ps after arrival of the
synchronization pulse and stays open for 200 ps. A 50 ps
later the laser pulse is generated producing in turn an SXR
pulse. The nozzle axis was positioned almost concentri-
cally with the laser focal point, displaced 0.1 mm in the
direction opposite to the condenser optic, to reduce the
absorption of SXR radiation in a neutral gas from the tar-
get. The distance from the focal point to the nozzle plane
was 1.5 mm to avoid nozzle damage by plasma formation.
The details of the optimization were similar to one
described previously in [37].

Gas puff
target
—=*~Plasma

Ellipsoidal
condensers
Ti filter ~

(b)

To spectrally narrow the emission from argon plasma a
200 nm thick, 10 mm in diameter, free-standing titanium
filter (Lebow) was used, positioned 21 mm downstream the
condenser. Spectrally filtered radiation illuminates the
sample, positioned 60 mm downstream the condenser, in
its second focal point. Then, the sample is imaged onto an
SXR sensitive back-illuminated, 1,024 x 1,024 pixels,
13 x 13 umz pixel size, CCD camera (i-Kon, DO-934N
model, from Andor) by a Wolter type I reflective objective
[38]. The objective is composed of two axially symmetric
ellipsoidal and hyperboloidal nickel coated mirrors. The
object plane of the objective, which coincides with the
sample plane, is located ~ 150 mm from its entrance
aperture, 15 mm in diameter with 14 mm central beam
stop. The image plane is ~2,190 mm from the objective’s
exit aperture, 17 mm in diameter with 15.5 mm diameter
central beam stop. The magnification of the objective is
thus equal to 14.6x and the image pixel size is
890 x 890 nm?. The entrance numerical aperture of the
objective is equal to NAg ;, = 0.05, while the exit
numerical aperture—NAg ., = 0.0038. Exit numerical
aperture of the condenser (NA¢ o, = 0.09) is almost twice
the objective entrance NAg j,, providing incoherent illu-
mination [39], since 0 = NAc_ou/NAo_in = 1.8.

The condenser, sample stage and objective were
mounted on three axis translation stages driven by vacuum
compatible step motor actuators (Standa). To obtain a
single image in the “water-window” spectral range 50—100
SXR pulses were necessary, at 10 Hz repetition rate.
During image acquisition the CCD camera was cooled
down to —10 °C to decrease the intrinsic, thermal noise of
the detector.

3 Source measurements

Measurements of the source photon flux were performed
using commercial AXUV 100 silicon p—n junction photodiode,
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from International Radiation Detectors, Inc., and corrected for
transmission of the Ti filter. Measured number of photons was
equal to 1.3 x 10'" photons/st/pulse or 1.6 x 10'* photons
in a 47 solid angle per SXR pulse, in the transmission band of
the filter (from 2.8 to ~6 nm wavelength), assuming a uni-
form angular distribution of emitted photons. Subsequent
measurements yielded the number of photons in the focal
plane of the condenser, equal to 3.6 x 10'” photons/pulse,
which corresponds to 2.3 pJ/pulse in band.

The SXR spectra, obtained with and without the filter
have been measured using a transmission grating spec-
trometer equipped with 5,000-lines/mm free-standing
grating, 33 um entrance slit and a CCD camera (i-Kon).
The grating was positioned ~680 mm from the plasma,
the entrance slit was placed 4 mm from the grating and
distance between the grating and the CCD was 145 mm.
From geometry of the spectrometer and the grating, the
wavelength range was up to 16 nm. The inverse relative
bandwidth (IRB) of the spectrometer was estimated from
the spectrum to be A/42 ~ 50 at 4 nm wavelength. The
spectrum of Ar plasma, both direct and filtered by Ti filter
is shown in Fig. 2a. The spectrum obtained without the
filter required only 5 SXR pulses, while the one obtained
with the filter required 100 SXR pulses. Figure 2b, ¢ shows
raw data from the CCD camera for both spectra. The figure
depicts Ar emission spectrum in the wavelength range from

. 25%2p° - 25%2p%4s (Ar™)

«2s%2p° - 25%2p°3d (Ar*)
— 2s%2p® - 25%2p°3s (Ar™)

2 to 16 nm. The dominant groups of argon spectral lines
are Ar®T: 2s%2p®-25?2p°4s, wavelengths between A =
36.78 A and A =36.96 A, Ar®*: 25%2p®-2s22p%3d (4 =
41.48-42.56 A), Ar*T: 2s22p®-25%2p°3s (). = 48.73-49.18
A). In the longer wavelength range, filtered out by Ti filter,
the dominant spectral groups are: Ar’: 2p®3s-2p®5p (/. =
120.09-120.16 A), Ar’*: 2p°3p-2p°6d (/. = 122.62-123.03
A) and Ar’*: 2p®%3p-2p®5d (A= 137.93-138.44 A)
according to the data reported in [40]. Most of the spec-
trally filtered radiation is from the “water-window” spec-
tral range, usually defined as the wavelength range from
2.3 to 4.4 nm.

A spatial distribution of the Ar plasma in the “water-
window” spectral range was obtained using a pinhole
camera. The measurements were performed with Ti filter,
to assess the plasma size particularly in the “water-win-
dow” range. Laser drilled, 32 pm in diameter pinhole was
positioned 291 mm from the plasma and 280 mm from the
CCD camera (X-vision M25, Reflex s.r.o., Czech Repub-
lic), which was equipped with 512 x 512 pixels CCD chip,
0.5 x 0.5 in? in size. This results in a lateral magnification
of 0.96x.

The spatial distribution of argon plasma in the “water-
window” spectral range is depicted in Fig. 3a and cross-
sections in vertical and horizontal directions are shown in
Fig. 3b. For the measurements 300 SXR pulses were
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Fig. 3 (color online) Pinhole camera image of plasma spatial intensity distribution a and cross-sections in horizontal and vertical directions (b)

required. The argon plasma FWHM size was measured to
be 240 x 130 pm?.

To illuminate the sample uniformly a proper condenser
alignment was necessary. For that a small beam block,
~5 mm in diameter, was placed at the exit plane of the
condenser, to block a direct light from the plasma. Radia-
tion, focused by the condenser, was then scattered by a
750 nm thick Al film placed in the vicinity of the focal
plane of the condenser. Scattered light was imaged on to a
CCD camera (i-Kon, Andor) by previously mentioned
pinhole camera, to form a slightly magnified image of the
spatial distribution of light downstream the condenser near
its focal plane. The distance from the Al foil to the pinhole
was equal to 360 mm and from the pinhole to the detec-
tor—325 mm, resulting in lateral magnification of 1.11x.
The optimization of the condenser position was performed
and the examples of intensity distributions of scattered
radiation from the Al foil, focused by the condenser optic,
for different condenser position are shown in Fig. 4. If the

Fig. 4 Intensity distribution of the radiation, obtained by scattering
from 750 nm thick Al foil, focused by an ellipsoidal condenser if
properly aligned (b) and for slightly misaligned condenser in

condenser is properly aligned, the intensity distribution is
circularly symmetric and has smallest area, as shown in
Fig. 4b. However, if the optic is misaligned the images of
the focal plane show asymmetry and the spot is bigger,
yielding lower photon density at the focal plane, Fig. 4a, c.
The numbers, shown for each figure, correspond to a dis-
tance of the condenser from its optimal position. In this
example, the condenser was misaligned in the plane per-
pendicular to the optical axis of the system.

4 “Water-window” microscope imaging results

As test objects, two transmission electron microscope
(TEM) grids (meshes) (Tesla, Czech Republic) of different
geometries were used. Typical scanning electron micro-
scope (SEM) images of the objects are shown in Fig. 5. A
square-shaped mesh, shown in Fig. 5a, has a period of
(123.8 & 0.5)um and a bar with width (42.9 + 0.7)um,

direction perpendicular to the optical axis, around the optimal
position (a, c¢). Numbers indicate the amount of misalignment
(distance)
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Fig. 5 SEM images of the
objects: square mesh (a) and
rectangular mesh (b)

while a rectangular mesh, shown in Fig. 5b, has a period of
(83.2 &£ 1.4)um and a slit width of (37.1 & 0.8)um. The
errors are associated with the accuracy of grating fabrica-
tion. The thickness of both grids was ~ 13 um. Dashed
boxes indicate the regions of the sample imaged with the
“water-window” microscope.

To obtain the sharpest possible image in the “water-
window” spectral range, series of images was recorded at
various sample-objective distances, in the range of
~ =2 mm from the focal point of the objective. From the
entire set of images, the “sharpest” SXR image was chosen
for subsequent resolution measurements. Resolution of the
microscope was assessed by a well established knife edge
(KE) test. For incoherent illumination the 10-90 % inten-
sity transition across a sharp edge corresponds to a well
known Rayleigh resolution and to twice the value of half-
pitch grating resolution of the optical system [41].

Typical images of the meshes, obtained under argon
plasma illumination, filtered by 200 nm thick Ti filter are
shown in Fig. 6a, for square mesh and b for a rectangular
mesh, respectively. Black dotted line, depicted in Fig. 6a,
indicate the region, where subsequent KE resolution mea-
surements were carried out. A typical KE lineout is
depicted in Fig. 7, where 10-90 % intensity transition in
the normalized lineout through the sharp edge in the image
is equal to ~2.5 pixels. For the pixel width of 890 nm, it

Fig. 6 SXR images of the
objects (a, b), depicted in

Fig. 5, obtained in the “water-
window” spectral region.
Dotted line indicates region
where a lineout was made to
assess spatial resolution based
on the KE test
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yields 2.2 um Rayleigh resolution. The value of resolution
was assessed statistically, based on 10 independent mea-
surements, resulting in half-pitch spatial resolution equal to
rkg = 1.1 £ 0.2 pm.

5 Discussion of the results

The theoretical half-pitch resolution of the microscope can
be expressed as rgkg = kA/(2NAo_in), where k is illumi-
nation and resolution test specific dependent constant [39],
for incoherent illumination (k = 0.61) this resolution is
equal to 18.3 nm at assumed A = 3 nm (peak transmission
of the Ti filter, just near the absorption edge), so it is much
better than measured half-pitch resolution of 0.9 um in the
best case (statistically mean value is 1.1 pm). However, the
Wolter objective is not a full aperture optic, in fact has a
central beam block forming a thin, annular shaped entrance
aperture, with outer radius r, = 7.5 mm and inner radius
r, =7 mm, with obscuration ratio ¢ equal to c¢=
ri/To = 0.93. This leads to a different shape of a point
spread function (PSF), which even though has a smaller
central lobe, as can be seen in Fig. 8a, but it still has much
more pronounced secondary lobes, which extend to a few
hundreds of nm from the center, carrying out much more
energy than comparing to a little wider PSF function for a
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Fig. 7 (color online) KE resolution test result showing Rayleigh
resolution equal to 2.5 pixels = 2.2 um or half-pitch spatial resolu-
tion equal to 1.1 um

full, un-obscured entrance aperture hypothetical objective.
Figure 8b shows corresponding knife edge functions (KEF)
for previously described two types of apertures, calculated
based on their PSF functions. A half-pitch spatial resolu-
tion for un-obscured aperture, which in our case will be a
theoretical resolution limit, is equal to ~18.5 nm. For
annular entrance aperture, with ¢ = 0.93, the expected
half-pitch resolution is much worse, equal to 304 nm,
which is more than 16x the diffraction limit. Blue solid
line with data points shows the experimentally obtained
KEF, from which the half-pitch resolution of 1.1 um was
obtained, with lower, 1.b. (900 nm) and upper u.b. (1.3 um)
bound on the resolution from statistical measurements;
gray and black solid lines, respectively.

Second parasitic parameter that influences the spatial
resolution, which was previously studied in EUV micros-
copy and reported in [10], is a thickness of the object. Owing
to the fact that sometimes the thickness of the object is much

(b)

= full aperture Wolter optics | __

-©-

larger than the depth of focus (DOF), it causes the resolution
to be much worse, that for the case of “thin” object. The
DOF, defined usually for 20 % intensity decrease, can be
calculated for a full aperture objective using DOF =
+7/(2NAg ;,) and assuming 4= 3nm, is equal to
4600 nm, or 1.2 um in total, for 50 % intensity drop,
however, it was calculated to be 2.09 pm. For objective, with
obscuration ratio ¢ = 0.93, and 50 % intensity drop, the
DOF is much larger and equal to 30.15 pm. Thus, due to the
fact that the thickness of the test objects,d = 13 pm, is much
smaller than the DOF, so its influence on spatial resolution
was assumed to be negligible.

Another resolution decreasing factor is the influence of
modulation transfer function (MTF) of the CCD detector
with relatively large equivalent pixel size of 890 x 890 nm?>
in compared to measured spatial resolution. PSF of the CCD
detector in this case will additionally widen computed PSF
and KEF for the optical system. Convolution of these two
parameters yields the expected half-pitch resolution to be
equal to ~480 nm and corresponding KE function (KEF)
can be seen in Fig. 8b as a solid violet line.

Additional discrepancy is probably due to optical quality
of the Wolter objective mirrors, surface curvature errors,
resulting in various aberrations and finally surface rough-
ness of the two-mirror Wolter objective optical system.
Particularly, the later might have a noticeable contribution
for large o/ (o — rms roughness of the mirror), especially
for such a short wavelength 2 = 3 nm, where only a frac-
tion of the total energy resides in the specular beam,
described by functions obtained from diffraction calcula-
tions and presented in Fig. 8a, while the remaining energy
is contained in scattered components [42]. More detailed
calculations of the contribution of this effect are under way.
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Fig. 8 (color online) Calculated PSF functions (a) and KE functions
(b) for un-obscured, full aperture hypothetical objective (dashed line),
objective with central beam block (thin annular entrance aperture), for
¢ = 0.93 (dash-dotted line), such as Wolter type I objective used in
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the experiment. In addition in b MTF contribution of the CCD
detector—violet solid line, KE function obtained experimentally
(solid line with circular markers) and statistically measured u.b. and
L.b. on KE resolution (indicated with grey area)

@ Springer



246

P. W. Wachulak et al.

6 Conclusions

We reported on “water-window” compact, desktop
microscopy system, employing a laser-plasma SXR source
based on a double-stream gas-puff target and a Wolter type
I objective. This system allows capturing magnified images
of the objects, with magnification of ~15x, ~1 pum half-
pitch spatial resolution and exposure time as low as 5 s.
We presented a detailed characterization and optimization
of both the source and the microscope setup.

The resolution of this system is still quite unsatisfactory
for many applications. The system, however, offers imag-
ing capability in the “water-window” spectral range,
combining its desktop size, accessibility and simple oper-
ation. The lack of dispersion of the condenser and objective
and the possibility to change spectral emission of the
source by changing the working gas or just the filters
allows to perform imaging in other wavelength ranges, for
example 18—60 nm using Al filter. This opens new possi-
bilities to exploit different spectral information, now pos-
sible to obtain from investigated objects at various
wavelengths and allow in turn to study the samples more
thoroughly.

Future plans include improvement of the magnification
and the spatial resolution of this system by changing the
objective to a Fresnel zone plate (ZP), which offers spectral
selectivity as well as much higher magnifications and
spatial resolution, however, for the price of higher expo-
sures. We also plan to change from argon to nitrogen
plasma, where the emission is quasi-monochromatic—
much more suitable for high dispersion ZP objectives [37].
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