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Featured Application: Short wavelength compact microscopy setups, operating in the
biological-dedicated “water window” spectral range, perform sample imaging with a nanometer
spatial resolution, employing complementary tools to the existing imaging techniques.

Abstract: Over the last decades, remarkable efforts have been made to improve the resolution in
photon-based microscopes. The employment of compact sources based on table-top laser-produced
soft X-ray (SXR) in the “water window” spectral range (A = 2.3—4.4 nm) and extreme ultraviolet (EUV)
plasma allowed to overcome the limitations imposed by large facilities, such as synchrotrons and
X-ray free electron lasers (XFEL), because of their high complexity, costs, and limited user access.
A laser-plasma double stream gas-puff target source represents a powerful tool for microscopy
operating in transmission mode, significantly improving the spatial resolution into the nanometric
scale, comparing to the traditional visible light (optical) microscopes. Such an approach allows
generating the plasma efficiently, without debris, providing a high flux of EUV and SXR photons.
In this review, we present the development and optimization of desktop imaging systems: a EUV and
an SXR full field microscope, allowing to achieve a sub-50 nm spatial resolution with short exposure
time and an SXR contact microscope, capable to resolve internal structures in a thin layer of sensitive
photoresist. Details about the source, as well as imaging results for biological applications, will be
presented and discussed.

Keywords: extreme ultraviolet; laser-matter interaction; microscopy; optics; soft x-rays

1. Introduction

According to the Rayleigh criterion [1], the spatial resolution in photon-based imaging systems
can be improved by decreasing the illumination wavelength. After the discovery of the X-rays by
Rontgen, the major limitation for the employment of such electromagnetic radiation for microscopy
was the availability of suitable sources and optics, until the 1970s. The initial promising results with
high spatial resolution imaging were obtained from the X-ray microscopy setups, located at large
synchrotron facilities [2], which, even if efficient, limited their access to the scientific community.
Nowadays, several laboratory-based soft X-ray (SXR) sources for microscopy applications are a
worldwide spread. The shorter wavelength ranges can be exploited for the observation of even
smaller objects with high spatial resolution. Significant progress related to the laboratory based short
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wavelength sources for microscopy has already been made, especially employing extreme ultraviolet
(EUV, A = 10-120 nm) and soft X-ray (A = 0.1-10 nm) wavelengths [1], in the so-called “water window”
spectral range (A = 2.3-4.4 nm) [3,4], obtaining natural contrast due to the different absorption of
carbon and oxygen, limiting such range. High production of energetic EUV and SXR radiation,
which represents a fundamental requirement for microscopy, can be obtained by choosing sources
and optics capable of reaching a high photon flux [5,6]. Different types of optics were employed in
the last 30 years for X-ray imaging experiments, from reflective optics, such as multilayer mirrors [7],
Kirkpatrick-Baez mirrors [8], and compound refractive lenses [9] to diffractive optics, such as multilayer
Laue lenses [10] and, particularly, Fresnel zone plate optics (FZPs) [11,12]. Moreover, large facilities,
such as X-ray free electron lasers (XFELs) [13] and synchrotrons [14,15] were improved, although they
require high maintenance costs because of their complexity. In the last two decades, considerable efforts
were made to develop compact EUV and SXR sources to be used in compact, cheaper, and user-friendly
laboratory systems.

Short EUV radiation can be employed to get information about thin samples due to their
high absorption by solid thin materials (thicknesses of the order of ~100 nm) and by gaseous
materials (few millimeters thick) [16]. Moreover, this radiation enables to analyze micro-cracks into
nanostructures [17], to visualize the gas flow in two-dimensional (2D) [18] and three-dimensional
(3D) mode [19], usually investigated with indirect techniques, such as the interferometry [20], or for
high-resolution lithography, reaching sub-7 nm patterning at 13.5 nm [21].

Different types of compact EUV sources currently allow acquiring images with a sub-micrometer
resolution. Employing a recombination laser at A = 18.2 nm, a 700 nm half-pitch spatial resolution
was obtained [22]. Radiation from a capillary discharge laser operating at a wavelength of A = 46.9 nm
allowed to obtain a spatial resolution lower than 150 nm [23], down to ~50 nm [24], and holographic
images down to sub-50 nm [25]. However, the number of acquired images is limited by the relatively
short lifetime of the capillaries [26]. A transmission microscope, based on a Ni-like Cd-EUV laser
operating at 13.2 nm wavelength, is capable to achieve a sub-38 nm spatial resolution in a picosecond [27].
Gas-plasma sources can be optimized to obtain high-resolution imaging employing different techniques,
such as supersonic jets [28], high order harmonic generation (HHG) [29], and laser-plasma sources [30].

Short wavelength microscopy investigations can be extended, employing, also, radiation from
the SXR range. Full field X-ray microscopy is typically limited by the low transmission efficiency of
the diffractive FZPs employed. This obstacle can be overtaken by developing bright sources, such as
spatially coherent plasma-based X-ray lasers (XRLs) [31] or HHG [32], which lead the possibilities to
obtain high-resolution images with lensless techniques, such as coherent diffractive imaging (CDI) [33],
holography [34], and ptychography [35]. Although such techniques avoid dealing with the geometrical
factors of the lenses (which main constraints are represented by aberrations, small penetration length,
and depth of focus in the SXR range), the employed sources are quite complex and expensive,
achieving outstanding results, mainly in the EUV [36] and hard X-ray [37] range, but not in the
“water-window”, where a lower photon flux is obtained. Hence, there is a need to develop compact
and user friendly sources that enable the possibility to carry out imaging experiments in university
laboratories, with remarkable results. A recently developed droplet-based SXR source operating at
A = 3.37 nm allowed to acquire images with a spatial resolution of ~40 nm [38]. A gas-discharge source
employing He-like N, emission reached a 40 nm spatial resolution at up to 1 kHz source repetition
rate [39]. A liquid Nj-based SXR source at A = 2.48 nm was employed to demonstrate a compact full
field transmission microscope capable to acquire images of biological samples, with a half-pitch spatial
resolution of 50 nm and 1 min exposure [40]. Similar sources were also employed to demonstrate
laboratory “water window” X-ray microscopy of cryo-frozen biological samples approaching a ~40 nm
spatial resolution in a very short exposure time (10 s) and at a 2 kHz repetition rate [41]. However,
the mentioned sources are complicated to use and the setup may occupy a quite large area, limiting their
versatility and usability. One of the newer compact developed microscopes, which employs a single gas
stream jet, even if simple in construction, has the limitation of acquiring images achieving a resolution
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of ~100 nm, with an exposure time up to 1-2 h [42]. As it is possible to understand from these few
examples, a compromise always has to be found between the size and the versatility of laboratories’
compact sources. The 2D imaging techniques are limited in the depth of field, resulting often in the
loss of sample details, which are visible only applying a 3D tomographic method.

SXR radiation can be employed for tomography, by combining and reconstructing several 2D
projections of the same sample, acquired at different angles. Tomographic high-resolution imaging was
performed in the “water window” spectral range pushing the resolution limit up to 11 nm for inorganic
samples [43] and from 25 to 60 nm for biological samples, exploiting internal cellular structures
employing cryo-equipment [44—46]. This new imaging approach has to deal with several technical
problems, one of the main consisting of the possibility to acquire images of biological samples before
their degradation [47], which, nowadays, can be overcome employing intense pulses from large facilities,
such as XFELs [48]. Technological advancements lead to the development of laboratory-compact
sources for high-resolution imaging, operating in short wavelengths. In this regard, laser-plasma
sources based on a double stream gas-puff target presents several advantages. Employing a high
repetition rate laser, such a source can be used continuously, obtaining high photon flux even with
a monochromatic radiation emission. The gas-puff target provides an optimal medium with an
adequate density profile for the creation of the plasma emitting EUV/SXR radiation, which results
twice of that obtainable with a single gas jet, i.e., >12 mg/cc [49]. This ensures a better control over the
density, minimizing gradients in the plasma. Moreover, dealing with gases, the source is “debris free”,
since no ablation is produced during the plasma formation, comparing to solid target sources. This last
peculiarity offers the possibility to generate the plasma efficiently and to have tens of thousands of shots
per day. Finally, the emission spectrum can be easily modified by changing the gas target or tuning the
emission by applying appropriate thin film filters. The double gas jet allows to obtain sufficient plasma
density and, thus, enough photon flux to acquire microscopy images. Despite its simple construction
it is robust and has a low maintenance costs. The double stream gas-pulff target source represents a
versatile alternative to perform experiments in small academic laboratories without the necessity to
access to large-scale facilities, and can be regarded as complementary diagnostic tools for high spatial
resolution imaging, obtaining additional information about the objects not directly available using
other microscopy techniques. The laser-plasma source based on a double stream gas-pulff target was
successfully employed, thus far, for different applications [50], such as for shadowgraphy systems [51],
radiography [52], radiobiology [53], photoionization [54], metrology [55], plasma channel studies [56]
and, as will be shown extensively, imaging experiments [57-59].

Full field microscopy based on gas-puff target sources and diffractive optics, such as FZPs,
represents a good way to perform experiments on small scales, obtaining a sub-100 nm resolution [58,60].
Moreover, it is based on a compact and accessible setup, opening the possibility for wider
multidisciplinary collaboration with biologists, chemists, and scientists from other disciplines.
Despite the employed FZPs allow achieving a sub-10 nm spatial resolution [61], it is still challenging to
find a necessary compromise between the exposure time and the size and complexity of the microscope’s
architecture [42]. Several parameters can be improved to overcome this trade-off, such as obtaining
high photon flux and repetition rate minimizing the debris production, increasing the charge-coupled
device (CCD) resolution [62], etc.

The gas-puff target source can also be successfully employed for the so-called soft X-rays contact
microscopy, enabling to achieve a good contrast image of wet biological samples up to several um
thick [63], and avoiding complex and required invasive preparation procedures of the samples, such as
the dehydration process, necessary for scanning electron microscopy and the immunofluorescence
labeling method needed for fluorescent microscopy [64,65]. Ultra-short SXR pulse radiations generated
by laser-produced plasma sources make it possible to acquire 10 nm resolution images of living
biological samples before the occurrence of the sample damage [66], employing the natural contrast of
the “water window” spectral range [63]. The double stream gas-puff target represents an excellent
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source to acquire contrast images in this wavelength range and can be successfully employed for
contact microscopy of biological samples, achieving a half-pitch spatial resolution of about 80 nm [67].

The following review is directed toward the development of microscopes based on gas-puff target
sources emitting in the EUV and SXR spectral range, presenting several biological imaged samples.
It will be shown that such microscopes allow achieving a sub-100 nm spatial resolution, superior to the
classical visible light microscopes. The development of such microscopes provides the opportunity for
imaging of various samples and for identifying additional information about them, which cannot be
directly observed using other imaging methods.

2. Materials and Methods—Double Stream Gas-Puff Target Source Description

Although if a gaseous laser-plasma source based on a single stream of gas-puff target allows
to overpass the problem of debris production observed employing solid targets, it presents the
disadvantage of the high divergence of the injected gas from the nozzle to the vacuum and the
consequent insufficient gas density, away from the nozzle, limiting efficient EUV/SXR radiation
emission. This issue can be solved by employing a double stream gas-puff target system, developed at
the Institute of Optoelectronics, Military University of Technology (MUT) in the early 2000s [68].
The target is formed by the injection of gas under high pressure from a nozzle into a low-Z gas cloud,
surrounding the nozzle output. The surrounding gas directs the gas flowing through the nozzle,
preventing its quasi-spherical expansion. In this way, it is possible to form an elongated gas jet with a
high density even at a relatively long distance from the nozzle [49-69]. The laser-plasma source based
on a double stream gas-puff target consists of two coaxial nozzles, a ring-shaped outer nozzle with an
inner diameter of 0.7 mm, and an outer diameter of 1.5 mm to create a hollow stream of gas formed
by injection of low-Z gas (He) surrounding the inner nozzle. It consists of a circular orifice, a 0.4 mm
diameter, supplied with the high-Z working gas (generally, N, gas jet for SXR microscopy and Ar gas
jet for EUV microscopy). The hollow low-Z stream of gas injected through the outer nozzle confines the
high-Z gas flowing through the inner nozzle, and subsequently prevents the diverging of the working
gas flow outside the central nozzle. The distance from the nozzle to the focus of the laser beam cannot
be too large, to maintain the working gas density at an optimal level, otherwise causing reduction of
photon production and cannot be too small because the plasma, after hundreds of hours of source
operation at 10 Hz repetition rate, will degrade the nozzle’s surface. To get the highest photon flux
achievable for imaging experiments, it is important to set the right gas pressures and synchronize the
gas-puff emission with the laser pulses [70].

2.1. Pressure Optimization

Two working gases (in our case Ar and N,) have been used to form the gas-puff target. These gases
have been demonstrated to give emission in the “water window” soft X-ray and the EUV spectral
ranges, respectively, with different laser systems and for different applications. The outer gas pressure
reduces the working gas density gradient along the nozzle axis, which makes it possible to obtain
higher working gas density further away from the nozzle, improving the EUV/SXR emission yield and
avoiding nozzle ablation by repetitive plasma formation. Thus, for optimal performance, the pressures
of each gas are needed to be found to ensure the achievement of the highest possible photon flux in
the image plane at the CCD camera. The gases are injected through the nozzles driven by a separate
electromagnetic stainless steel valve system. The electromagnetic valve (Figure 1a) is driven by electric
pulses synchronously with the laser driving pulse and can operate at a repetition rate of up to 30 Hz.
A 3D scheme and a photo of the double stream gas-puff target source placed inside a vacuum chamber
are shown in Figure 1b,c, respectively.
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Figure 1. (a) Photo of the valve producing a double stream gas-pulff target. (b) Shows a three-dimensional
(38D) scheme of the gas-pulff target irradiated with an Nd:YAG laser. (c) Shows the gas-puff target
located inside the vacuum chamber.

2.2. Time Synchronization

The EUV/SXR radiation is efficiently generated thanks to appropriate time synchronization
between the gas-puff target formation and the arrival of the laser beam. The jitter in the valve time
sequence can be minimized by synchronizing a valve controller with a synchronization output of the
pumping laser. As the system works at a 10 Hz repetition rate, the duration of one cycle was 100 ms.
Two times are defining the time sequence for each valve. The Time Delay (TD) defines the delay
between the synchronizing pulse, generated at 1 ms before the laser pulse and the time of the valve
opening, while the Pulse Width (PW) determines the time for which the valve must be opened. TD and
PW have to be properly optimized so that valve and nozzles can operate continuously, for hundreds of
thousands of laser pulses, without being damaged. A scheme of the delay timings and pulse durations
triggered by the laser is presented in Figure 2.

Pumping Laser Pumping Laser
Trigger Pulse

Working gas Outer gas
(N, Ar, ...) (He)

Oms TD, TD, 1ms

Figure 2. Scheme of the delay timing setting for the laser-plasma source based on a double stream
gas-puff target. Figure modified, based on [70].

The source can be monochromatized, and offers the possibility to quickly change the emission
spectrum by changing the gases and filters. Depending on the spectral emission needed, different gasses
are supplied to the inner nozzle, to achieve efficient emission in the extreme ultraviolet (Ar, Xe) and/or
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in the soft X-ray region (N, Kr, Ar). The plasma emission can be spectrally narrowed, to obtain
quasi-monochromatic radiation. To achieve that, the experimental system was equipped with a series
of thin film filters and/or a multilayer mirror for narrowing the spectral emission from a laser-produced
plasma, according to the online database CXRO [16].

3. EUV and SXR Full Field Microscopes Based on a Double Stream Gas-Puff Target Source

3.1. Full Field EUV Microscope

The recently developed EUV microscope (scheme and picture are shown in Figure 3a,b) [71],
having a total volume of (W x D x H) 100 cm X 70 cm X 161 cm, represents one of the most compact
microscopes reported in the literature and was developed as a technological demonstrator, based on
similar experimental systems [72].

a) Gas-puff
Nd: YAG pumping Focusing lens target
laser beam \ [ - Ar plasma

— ‘3 = 1

= sample N
ccD camew 1N
‘ \ N Beam
/ Frésnel Zrfilter plock € 'PSOlda ellipsoidal
EUV radiation Zone plate condenser § : condenser

Figure 3. (a) Scheme and (b) external view of the extreme ultraviolet (EUV) microscope. Figure modified,
based on [71].

An infrared Nd:YAG laser NL 302 from Eksma, Vilnius, Lithuania (A = 1064 nm, 500 m] energy,
4 ns time pulse duration, and intensity of 10'! W/cm?), was focused using a proper lens (f = 25 mm)
onto a double stream gas-puff target. The Ar plasma radiation, at the wavelength of 13.5 + 0.5 nm,
was spectrally narrowed by an ellipsoidal off-axis mirror, coated with a Mo/Si multilayer mirror (MLM),
having the function of condenser, reflecting the EUV radiation at 45° incidence angle. The longer
wavelengths emitted from the Ar plasma (A > 16 nm) have been cut employing a free standing 250 nm
thick Zr filter (Lebow, CA, USA). The sample was imaged using an FZP objective onto the CCD camera.
The system is equipped with differential pumping, which allows avoiding high gas pressure inside
the vacuum chamber. During the test phases, a pressure of ~10~* mbar was constantly maintained
by using two scroll pumps and one turbo-molecular pump. The pressure inside the source chamber
(of a few mbar during the source operation) was separated from the pressure inside the microscope
chamber (where it is possible to achieve a pressure down to 10~ mbar) by using a cone-shaped
differential pumping aperture (1 mm in diameter). The object was locked in place by a magnetic
holder (KB25/M, from Thorlabs Inc., Newton, NJ, USA), and its position was finely adjusted using
three-axis motorized translation stages, (SMT173-20 from Standa, Lithuania), having a position accuracy
of 1.25 um. A dedicated piezo-stage (LPS-45 from PI miCos GmbH, Eschbach, Germany), with a
repeatability of 50 nm, was used for accurate positioning of the FZP along the optical axis. The chamber
was equipped with a supplementary load lock, to easily replace the sample. The gas pressure was
adjusted to obtain the highest photon flux in the focal plane of the condenser. Ar (working gas)
pressure was set to 10 bar, and He (outer gas) pressure was set to 6 bar. To avoid nozzles damaging by
the plasma generation, the focal spot was located 1.5 mm away from the nozzle plane. The time delays
between the synchronization pulse from the pumping laser power supply and the opening times of the
two valves supplying the nozzles (with Ar and He) were 100 pus and 230 ps, respectively, while the
pulse width was 500 ps for both valves. Finally, the time between the synchronization pulse and the
laser pulse generation was set to 1 ms.
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3.1.1. EUV Source Spectral Distribution and Photon Flux Estimation

Spectral measurements were performed using a silicon nitride (SizNy) transmission grating
spectrometer (200 nm period, 5000 lines/mm) and acquired by a CCD camera X-vision (from Reflex
s.r.o., Prague, Czech Republic) with an exposure of 20 EUV pulses. Figure 4 shows the obtained
spectrum from Ar plasma source, acquired directly in a wavelength range of 6-16 nm and employing a
250 nm thick Zr filter (continue-blue line). The transmission curve for the MLM condenser is depicted
as a dashed-orange line, while the contribution in the 13-14 nm EUV spectral range, focused and
reflected from the multilayer mirror (MLM) and employed for microscopy, is depicted as a purple,
dash-dotted line. The main spectral lines for Ar¥!!! emission, are 2p®3p-2p®5d at A = 13.79 nm and
2p63s—2p65p at A = 13.84 nm [73], which is predominant in the AA = 1 nm MLM transmission band.
However, the spectrometer spectral resolution, of 0.51 A, was not enough to allow us to resolve such
closely spaced lines.

Ar spectrum with Zr filter
109 - - MLM transmission
— - - =EUV radiation reflected from MLM l

Ar VIl

—, 0.8- Ar VIl
s
. Ar Xl
.2. Ar VII
— 0.6
=
w
c
_3 Ar VI
« 0.4
Ar VI
0.2 j \
0.0 . . el
6 8 10 12 14 16

wavelength [nm]

Figure 4. The spectrum of the Ar plasma emission (blue line) acquired with 20 EUV pulses and filtered
using a 250 nm thick Zr filter. Radiation from the plasma was focused using the multilayer condenser
mirror, which transmission is shown in orange, dashed line. The total contribution in the wavelength
range 13-14 nm, used for imaging experiments, is shown as a purple, dash-dotted line. Figure modified,
based on [58].

The photon emission of the EUV source was estimated using a commercial AXUV 100 silicon p-n
junction photodiode (from, IRD Inc., California, USA) detector, active area 10 x 10 mm?, whose signal
was stored using a 4 GHz Tektronix Inc. (Beaverton, OR, USA), DPO 70404 oscilloscope. The photon
flux estimated for a single EUV pulse, in the considered range of 13-14 nm, was (1.36 + 0.07) x 10!}
photons/pulse, corresponding to an energy of ~1.9 mJ/pulse.

3.1.2. EUV Source Plasma Size Estimation

The EUV plasma size was estimated using a pinhole camera (pinhole diameter of 33 um), at a
distance of 365 mm from the laser-plasma. The CCD camera was set at 520 mm from the pinhole,
resulting in a geometrical ratio of 1.42X camera magnification. A 250 nm Zr filter, placed at a
distance of 100 mm from the pinhole, allowed to select of the EUV radiation. The EUV plasma size,
measured as full-width-half-maximum (FWHM) profile in the two orthogonal directions (H X V) was
0.75 x 0.38 mm?, as it is shown in Figure 5a,b [58].
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Figure 5. (a) Plasma profile in false colors, showing the most intense region of plasma emitting EUV
radiation (red). The inset shows the Ar plasma image obtained with a pinhole camera. (b) Shows
the EUV emission spectrum (H X V) from Ar plasma generated by focusing Nd:YAG laser pulses
irradiating a double stream gas-puff target. Figure modified, based on [58].

3.1.3. Fresnel Zone Plate for EUV Microscopy

The employed FZP by Zone Plates Ltd. (London, UK), having a diameter Dgzp = 200 pm,
number of zones Ngzp = 1000 and outer zone width Ar = 50 nm, made by electron beam lithography
in a 200 nm thick polymethyl methacrylate (PMMA) layer spin-coated on top of a 50 nm thick Si3Ny
membrane, resulting in first order diffraction efficiency of ~20%. The theoretical spatial resolution is
61 nm and the depth of focus (DOF) + 369 nm. The match of the numerical aperture of the condenser
(NA ¢y =0.11 in horizontal and NA ¢y = 0.15 in the vertical direction) with the numerical aperture
of the FZP objective (NA_gzp = 0.137) guarantees the spatial incoherent object illumination [74].
The geometrical magnification (at a distance FZP to CCD of 28.1 cm) was 410x. The radiation emitted
from the Ar plasma was collected and spectrally narrowed down by the ellipsoidal multilayer mirror,
located at a distance of 254 mm from the plasma. The condenser reflects radiation at the wavelength
of 13.5 + 0.5 nm (FWHM), with an optimized curvature to minimize the spherical aberrations at the
incidence angle of 45°. An ellipsoidal silica mirror (Reflex s.r.o., Prague, Czech Republic), 80 mm
in diameter (radii of 179.6 mm and 254 mm in two orthogonal directions), was used as a substrate
for the deposition of the Mo/Si multilayers (made at the Fraunhofer Institute for Applied Optics and
Precision Engineering IOF, Jena, Germany). Thus, the plasma was imaged by the condenser with
a magnification of M = 1. The quasi-monochromatic EUV radiation was produced and focused at
the sample plane, corresponding to the second focal plane of the condenser, ensuring the maximum
energy and uniform spatial distribution of the illumination on the sample surface, within the field of
view (FOV) of the microscope. To absorb the stray EUV radiation through the FZP, a circular beam
stop made from a 0.3 mm thick Al sheet (diameter of 3.2 mm) was placed 20 cm downstream of the
condenser. The smallest achievable spot was ellipsoidal, horizontally elongated, having an FWHM of
1.5 x 0.8 mm?.

3.1.4. EUV Full Field Imaging of Test Objects and Spatial Resolution Estimation

As the first test sample, a 10 um TEM copper mesh (SPI supplies, West Chester, PA, USA),
a period of 12.5 um, square holes with sizes of 7.5 x 7.5 um? and 5 mm width bars, was imaged
(Figure 6a,b). Such a well-defined structure provided a total photons absorption in the surface and
the total transmission in the mesh holes, resulting in good optical contrast. The image, shown in
Figure 6a, was acquired by a scanning electron microscope (SEM, FEI, 3D FEG, Hillsboro, OR, USA),
while Figure 6b was obtained with a time integration of 200 EUV pulses at a 10 Hz repetition rate,
corresponding to an exposure time of 20 s, and acquired using an i-Kon M CCD camera (from Andor,
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Belfast, UK), cooled to —20°C, with a readout set to 50 kHz, in order to minimize the read noise.
The contrasts of Figure 6a,b, are reversed because the bright areas in the SEM image were obtained
from backscattered electrons from the test mesh, while the light areas in the EUV microscope image
(holes) are formed by photons transmitted through the holes in the mesh at the wavelength of 13.84 nm.
The spatial resolution of the microscope was assessed by applying the knife-edge (KE) test [1], in the
dashed line depicted in Figure 6b. The KE test was applied in a 2 pm line, corresponding to ~61 pixels
in the EUV image. It results in a single-pixel size of 33 nm while the field of view (FOV) of the EUV
image was ~34 X 34 um? in size. The KE was calculated in a 10-90% intensity change over a distance
3 pixels, corresponding to 95 nm, i.e., to a half-pitch spatial resolution of 48 nm (Figure 6c), which is
almost one order of magnitude better than the obtainable resolution using a full field visible light
microscopes, which is limited by a wavelength to 300 nm [58].

<
E 0.6 KE;0.90% = 95nm
0.4- half-pitch resolution = 48nm

E 0.0 f - g 1 i [
0.2

0 200 400 600 800 10001200140016001800
distance [nm]

Figure 6. (a) SEM and (b) EUV images of the copper mesh used as a test sample. In (c) is shown the
knife-edge (KE) test (estimated on the dashed line indicated in (b)) to calculate the half-pitch spatial
resolution of the microscope, which results in 48 nm. Figure modified, based on [58].

Such estimation shows that the obtained resolution is 60% larger than the expected diffraction
limit, which, according to the Rayleigh resolution, is 1.22Ar~60 nm. This discrepancy depends on the
outer zones of the zone plate, fabricated with a zone width-to-depth ratio equal to 4, in a 200 nm thick
PMMA layer. Moreover, it has to be taken into account that the zone plate is a dispersive diffractive
element and that the considered EUV radiation is not strictly monochromatic and the presence of other
spectral components, although weak comparing to the dominating 3s-5d Ar”™ line, affects the quality
of the acquired image.

3.2. Full Field SXR Microscope

A scheme and a picture of the SXR “water window” microscope system, located in a single optical
table (1.8 X 1.2 m?) are depicted in Figure 7a,b, while Figure 7c shows the optical components.
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Figure 7. (a) Scheme and (b) overall view of the “water window” microscope. In (c) are shown the

internal optical components of the microscope [75,76].

The N; plasma was produced by focusing an infrared Nd:YAG pulsed laser NL303HT from
EKSPLA (Vilnius, Lithuania), operating at A = 1064 nm, with a pulse duration of 4 ns and energy of
0.74 ] at 1-10 Hz repetition rate, onto a double stream gas-puff target. The focal point to the nozzle
was set to 1.5 mm, to avoid nozzle damage by plasma formation. The SXR radiation from the plasma
was efficiently focused by an ellipsoidal axisymmetric SXR condenser onto the object. A SizN,; FZP
objective was used to magnify the image of the sample onto a back-illuminated SXR-sensitive CCD
camera. The SXR spectrum obtained was measured using a transmission grating spectrometer (with a
free standing grating, 5000 lines/mm, 33 pum entrance slit) and an i-Kon CCD camera. The inverse
relative bandwidth of the spectrometer, estimated from the spectrum, was A/AA ~70 at A = 2.88 nm
wavelength. Figure 8 shows the unfiltered N, emission spectrum (black line), which mainly consists of
two peaks, i.e., the N°*: 1s2-1s?p He-like N line at A = 2.88 nm and the N®*: 1s-2p H-like N line at
A = 2.478 nm, which are in the “water window” spectral range, according to [73]. The 200 nm thick
L-o Ti edge at A ~2.7 nm filter (blue line) cuts off the H-like line almost completely, in order to use the
quasi-monochromatic Ny emission at 2.88 nm for imaging experiments.
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Figure 8. N, plasma emission in the “water window” spectral range, unfiltered (black line) and filtered
with a 200 nm thick Ti filter (blue line).
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3.2.1. SXR Source Spectral Distribution and Photon Flux Estimation

The source photon flux was measured at the sample plane using an AXUV 100 photodiode.
The broad spectral emission from the plasma was filtered placing a 200 nm Ti filter 31cm from the
detector. The acquired photon flux, at 2.88 nm wavelength, was equal to (7.9 + 0.2) X 10° photons/pulse,
corresponding to an energy of ~561 nJ/pulse. Even in this case, the focal point-nozzle distance was set
to 1.5 mm, to avoid nozzle damage by repeatable plasma formation. The working gas (N;), was injected
by the inner gas with a time delay of 400 ps after the arrival of synchronization pulse from the laser
power supply and stays open for a time of 350 pus. The outer nozzle, injecting He, which will open
500 ps after the arrival of the synchronization pulse, remains open for the next 250 us. Subsequently,
a laser pulse producing, in turn, an Ny/He gas-puff target is generated. The N, plasma produced by
the gas-puff target emits the SXR radiation, employed for imaging experiments.

3.2.2. SXR Source Plasma Size Estimation

Moreover, in this case, using a pinhole camera it was possible to obtain the N; plasma size in the
“water window” spectral range, which FWHM resulted to be 0.47 x 0.31 mm?. The plasma profile
(in false colors) and its distribution are shown in Figure 9a,b, respectively [75,77].
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Figure 9. (a) Plasma profile in false colors, showing the most intense region of plasma emitting soft
X-ray (SXR) radiation. (b) Shows the SXR emission spectrum (H X V) obtained in the “water window”
spectral range from N, plasma generated by focusing Nd:YAG laser pulses irradiating a double stream
gas-puff target. Figure modified, based on [75].

3.2.3. Fresnel Zone Plate for SXR Microscopy

The 400 nm thick Si3sN4 FZP (by ZonePlates Ltd., London, UK) employed for SXR imaging
in the “water window” spectral range has a 250 um diameter, 30 nm outer zone width, and focal
length, at A = 2.88 nm, of 2.6 mm. The image plane was located 574 mm from the zone plate. Thus,
the geometrical magnification of the system was ~220X. The cross section of the employed lens has a
rectangular profile. Thus, if the main light loss in the lens comes from the absorption of electromagnetic
radiation from the zones (~50%), it is necessary to take into account also the higher orders of diffraction
in which part of the energy is distributed. It is, however, possible to realize these lenses in a thin layer
of material in order that their diffraction efficiency employing SXR radiation is ~20% with respect to
the zero diffraction order.

An ellipsoidal, axisymmetric, nickel-coated condenser mirror, manufactured by Rigaku Innovative
Technologies (Prague, Czech Republic), was employed to collect the SXR radiation. The condenser
efficiently reflects radiation from the SXR region focusing this radiation on the sample plane, with a
cut off energy of ~800 eV (~1.5 nm critical wavelength), above Ka-O edge (E = 543 eV). As a result,
it is possible to reflect the SXR radiation at a small angle. The condenser was mounted on a three-axis
(xyz) motorized translation stage, enabling a fine adjustment of the position, while a manual stage
permits to change the tilt angle in two directions. The distance source-condenser was 60 mm, while the
distance condenser-sample was 140 mm. The entrance and exit diameters of the condenser were equal
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to 11.7 and 14 mm, respectively. It results in an entrance numerical aperture of Nac jn = 0.09 and an
exit numerical aperture of Naoc_out = 0.05, respectively. This proves incoherent illumination, since o =
Nac out/NA_pzp = ~1 [78], limiting the loss of photons. The condenser alignment is a very delicate
operation, since, depending on the sample illumination pattern, allows to enhance or diminish selected
spatial frequencies at radial distances in the image plane. The alignment was performed by a direct
projection of the condenser illumination pattern onto the CCD detector.

3.2.4. SXR Full Field Imaging of Test Objects and Spatial Resolution Estimation

As for the EUV system, the SXR microscope’s spatial resolution was estimated imaging a copper,
2000 periods per inch TEM mesh (SPIsupplies, PA, USA). The image depicted in Figure 10a was acquired
first using an optical microscope (objective with NA = 0.7 and diffraction limit of ~420 nm). After having
set the CCD camera with the optimal parameters to improve the signal-to-noise (SNR) ratio [79],
the test sample was imaged in the “water window” spectral range, with 100 SXR pulses and a 10 s
exposure time using a GE 2048-2048 BI camera (greateyes GmbH, Berlin, Germany), 2048 x 2048 pixels,
pixel size 13.5 um X 13.5 um, as shown in Figure 10b. In the same figure, some imperfections of the
mesh are magnified, including ~200 nm wide features. The DOF of the objective was equal to +1.25 um.
The microscope resolution was assessed by the knife-edge test applied in the region indicated with a
white-dotted line in Figure 10b. The KE test result (Figure 10c) shows that 10-90% intensity transition
in the normalized lineout was ~120 nm (Rayleigh resolution), resulting in a half-pitch spatial resolution
of ~60 nm [80].
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Figure 10. (a) Optical and (b) SXR image of a #2000 TEM copper mesh. Insets in (b) shows some
defects, including ~200 nm wide features. (c) Shows the knife-edge test, performed on the base of the
white-dotted line in (b). Figure modified, based on [80].

3.3. SXR Tomography and 3D Imaging

The SXR equipment was later improved in order to acquire 3D images, i.e., topography of the
samples [59]. An Nd:YAG (YG981, from Quantel, MT, USA), with a pulse duration of 8 ns, 20 Hz
repetition rate, and an energy of 1.5 ] was employed. The photon flux of the source, at the sample
plane, was of ~9 x 10° photons/pulse at 2.88 nm wavelength. The experimental setup is depicted in
Figure 11a, while the internal components of the microscope are shown in Figure 11b. The system was
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equipped with a piezoelectric translation stage (Q-545.240, travel range of 26 mm, 1 nm resolution,
and bidirectional repeatability of +18 nm) and a rotation stage (Q-632.930, rotation range >360°,
0.75 urad sensor resolution, and unidirectional repeatability 6 prad), from Pi miCos, to move the
sample to observe with nanometric precision. Thus, according to the type of sample to observe,
two different sample holders, machined ad hoc, can be mounted inside the chamber: a tip-holder
(Figure 11c), on the top of which it is possible to place samples in granular form, and a slit-holder
(Figure 11d), having a width of 0.21 mm and a depth of 1 mm, which can host a standard TEM Si3Ny
membrane (typically 30 nm thick), on the top of which are typically deposited a few drops of a liquid
sample [59]. The slit-holder, having a slot 0.5 mm deep and 0.5 mm wide, ensures that the SizNy
membrane can be visible for a large range of rotation angles. The rotation angles range is limited to the
geometry of the holder, +60° from normal incidence illumination. The holders are positioned on a
rotation stage and the rotation axis of the sample is located 140 mm from the condenser exit plane,
in its focal point. To avoid eccentricity, for both the holders, it is required an accurate alignment of
their rotation axis with the rotation axis of the stage.
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Figure 11. (a) SXR tomography setup and (b) internal components of the microscope. In (c,d) a scheme
and a picture of the tip- and slit-holder are depicted, respectively. Figure modified, based on [59].

The projections acquisition was optimized cooling down the CCD camera at a temperature
of =20 °C, in order to reduce its internal noise and to improve the SNR of the acquired images.
The tomography system consents to acquire the projections using two different CCD cameras, inside or
outside the microscopy chamber. An Andor i-Kon, DX-420-BN camera, 256 x 1024 pixels (25 X 25 pm?
pixel size) can be placed inside the microscope vacuum chamber at a distance of ~270 mm from
the FZP, resulting in a (geometric) magnification of ~100x (sample—CCD camera). Alternatively,
a second camera, Andor i-Kon, DO-934N-BN, 1024 x 1024 pixels (13 x 13 pm? pixel size), can be
located externally to the microscope vacuum chamber, at a distance of 530 mm from the FZP, resulting
in a magnification of ~200x. In this second case, the resulting FOV is 60 X 60 um?, while the spatial
resolution is ~60 nm [59]. The employment of the internal CCD camera, instead, limits horizontally
the FOV, resulting in 150 X 60 pm?; however, the spatial resolution of the 2D projections is limited
by the detector sampling to ~250 nm. Even though the external camera allows the acquisition of 2D
projections with higher resolution and magnification, the use of the internal camera results easier and
more useful for imaging of the samples whose axis of rotation is unknown, and must be determined by
rotating the sample several times, compensating for the offset, according to its distribution.

3.4. SXR Contact Microscope

The microscope described in this section is based on the same principle of the full field SXR setup,
with the difference that the source is based on Ar plasma. In such a system, the Ar ionization is enough
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to emit radiation in the “water window” spectral range. The samples are placed in contact with a
500 nm thick PMMA photoresist, deposited onto a silicon wafer, which acts as a detector to record the
images of the samples. The photoresist irradiation by SXR and its subsequent chemical development
causes local modification of the structure. The X-ray irradiation energy absorbed by the photoresist is
converted into a relief-like structure, where the height difference will be directly proportional to the
deposited radiation dose. Such difference is afterward converted to an image, typically by atomic force
microscope (AFM).

The system, firstly developed for imaging of dried samples [67], was then optimized for imaging
of living cells [81]. In this last configuration, the sample exposure is quite easy, not being required
the sample encapsulation between two membranes, typically needed with other techniques, such as
transmission electron microscopy (TEM) [82,83] or synchrotron-based microscopes [84]. Moreover,
this configuration does not require the evacuation of the sample chamber, avoiding consequential
problems related to eventual sample degassing due to incorrect sealing.

The setup allows irradiation of dried samples (in a vacuum) or wet samples (in a gaseous
environment). For irradiation in a vacuum, the samples are mounted onto a rotational carousel,
hosting up to 8 samples. For irradiation in a gaseous environment, the sample is mounted in a small
cylindrical chamber filled with He, placed outside the source chamber. The two chambers are separated
by a 200 nm thick Si3zN; membrane, ~16 mm from the plasma. A sample holder enables to load the
PMMA-coated Si wafers, so that only a few mm gap between the sample and the separating membrane
is filled with He gas at a pressure of ~1 bar. The He gas facilitates the removal of the air from the
sample chamber, which, consequentially, efficiently attenuates the SXR radiation.

Sensitivity, contrast, and roughness depend on PMMA development conditions. The proper
combination of those factors allows to achieve a high spatial resolution and, at the same time,
the preservation of the biological structures investigated, avoiding affecting the region of the sample
unexposed to SXR radiation [10].

A scheme of the SXR contact microscope is shown in Figure 12a. The employment of this technique
does not require monochromatic radiation. Due to the employment of the Si3Ny filter, indeed, most of
the required energy (2.8-4 nm) resides inside the “water window” spectral range (Figure 12b). Indeed,
the K-edge of the filter blocks the lower energetic photons. Moreover, due to the limited energy of
the laser pulse, and due to the limited gas-puff density, the generated plasma is not sufficiently hot to
produce higher energy photons. The produced photon flux, measured by an AXUV 100 photodiode
(Opto Diode Corporation, CA, USA), was ~8 x 10® photons/pulse at the PMMA surface, corresponding
at an energy of 48.34 nJ. The experimental system is depicted in Figure 12c. More details can be found
in references [85,86].
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Figure 12. (a) Scheme of the SXR contact microscope setup. (b) Spectrum of Ar emission acquired directly
from the plasma (continue, purple-line) and at the sample plane (dashed-green line). Image modified,
based on [86]. (c) Picture of the SXR contact microscope system.
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4. Biological Applications of EUV/SXR Microscopes Based on a Double Stream Gas-Puff
Target Source

4.1. A 2D Full Field Imaging of Biological Samples

4.1.1. EUV Bioimaging

In this section, few biological samples, imaged with the EUV microscope, are commented on and
discussed. All of the images were acquired at a 10 Hz source repetition rate, the detector temperature
was —20 °C and the readout rate was f; = 50 kHz. The presented images were acquired after 200 EUV
pulses and a EUV exposure of ~20 s.

CT 26 Fibroblast Cells from Mus musculus Colon Carcinoma

The first image, presented in Figure 13, shows CT 26 fibroblast cells from Mus musculus mouse colon
carcinoma (strain BALB/c). The samples were placed on top of a 30 nm SizN4 membrane (from Silson
Ltd., Warwickshire, England). The sample in Figure 13a was prepared with 30% hexamethyldisilazane
(HDMS) in absolute ethanol (EtOH), while the sample in Figure 13b was prepared on top of a similar
membrane, but with gradual dehydration in EtOH series (final concentration 70%), without any fixation
procedure. The insets in Figure 13a,b, show small external features of the cells with a size varying from
60 to 120 nm. In the green line profile traced through the feature in the inset of Figure 13b (120 nm in
size), the KE test (Figure 13c) was performed [71]. The slope, rising from 0 to 95%, indicates a Rayleigh
(full-pitch) resolution of 66 nm, which corresponds to a 33 nm half-pitch spatial resolution. However,
it should be taken into account that the feature that was imaged is not fully opaque and transmits some
EUYV radiation, so the conditions for the estimation of the KE resolution test were not totally fulfilled.
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Figure 13. (a,b) EUV images of CT 26 fibroblast cells. Small features approaching the microscope
resolution are shown in the zoomed insets. The zoom in (b) depicts the line profile through the smallest
visible feature (indicated with a green line), showing a 0-95% slope rise of 66 nm. (c) Shows the KE test
calculated over the green line of the (b) inset. Figure modified, based on [71,76].

Diatoms

Figure 14 shows a sample of diatoms, originally stored in a 60% EtOH solution, and later deposited
on top of a 30 nm SizNy membrane. The sample was imaged with the optical microscope (a), and with
the EUV microscope (b). EUV radiation allows resolving of external features, barely visible in the
visible wavelength range, approaching the (half-pitch) spatial resolution of the microscope. However,
as can be seen, the EUV radiation (b) is absorbed by the sample and it made the sample more opaque,
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hiding the portion of the sample where the diatoms were mainly agglomerated. The insert shows a
portion of the sample in which it was possible to resolve small features, of the order of ~135 nm.

Figure 14. Images of diatoms acquired (a) with the optical microscope and (b) with the EUV microscope.
The zoomed inset in (b) shows small features, of the order of 135 nm.

Chrysodidymus synuroideus Algae

A sample of dehydrated silica-scaled chrysophyte algae Chrysodidymus synuroideus was imaged.
The cells, ~5 pm in size, having a skeleton of siliceous scales, consisting of a perforated base plate with
a short apical spine.

The cells were cultured in DY-V Medium (Bigelow, ME, USA), at a growth temperature of 22 °C.
The sample was fixed by a solution of 4% paraformaldehyde in phosphate-buffered saline (PBS) for
30 min at room temperature and then rinsed with PBS for 5 min. A series of EtOH-distilled water washes
followed by air drying allowed the cells dehydration. A 10 pL drop of the suspension was deposited
on the top of a 30 nm SizN; membrane. The imaged sample is presented in Figure 15a [87]. It was
possible to resolve some dendrites thick from 100 to 50 nm approaching the microscope resolution,
as shown in the detail of Figure 15b.

Figure 15. (a) Chrysodidymus synuroideus algae imaged with the EUV microscope. In (b) small features
(~50-100 nm) are resolved. Figure modified, based on [76].

4.1.2. SXR Bioimaging

High contrast images, employing “water window” radiation were obtained due to a significant
difference in absorption coefficients of biological sample constituents, i.e., water (oxygen) and carbon,
enabling, in some cases, the observations of small features, approaching the half-pitch spatial resolution
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of the microscope. Herein some biological samples imaged will be presented and discussed. For SXR
image, an exposure from 1 to 600 SXR pulses was required, at a 10 Hz source repetition rate. The CCD
camera was usually cooled down to —20 °C during the image acquisition, to decrease its intrinsic
thermal noise and its readout was generally set to fs = 2.5 MHz.

DNA Plasmids pBR322

A supercoiled, circular double stranded pBR322 plasmid DNA (from Inspiralis, Norwich, UK),
was deposited on top of a 50 nm thick SizN4 membrane, from a 100 ng/mL solution, subsequently
dried in an Nj atmosphere for 20 min [88]. The image shown in Figure 16a was acquired after 500 SXR
pulses and an exposure time of 50 s. It is possible to observe DNA aggregations (from a few pm down
to ~200 nm, as shown in Figure 16b [80]).

Figure 16. (a) Supercoiled pBR322 plasmid DNA, deposited on top of a 50 nm thick Si3zN; membrane,
from 100 ng/puL solution. The zoomed inset in (b) shows a 200 nm DNA segment. The image was
acquired after 500 SXR pulses (50 s exposure). Figure based on [80].

CT 26 Fibroblasts Cells from Mus Musculus Colon Carcinoma

CT 26 fibroblasts were imaged also in the “water window” spectral range. The cells were
dehydrated by a series of ethanol-distilled water washes and then cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich, MO, USA). More details about the sample preparation are
reported in [77]. After dehydration by a series of ethanol-distilled water washes, the sample was
deposited on top of a 100 nm Si3N4 membrane.

In Figure 17a,c it is possible to observe the cells, 20-30 mm in size, imaged using an optical
microscope (40x objective and NA = 0.7). The SXR images (Figure 17b—e), acquired with 600 SXR
pulses, 1 min exposure, and a 50 kHz CCD readout speed, show enhanced spatial resolution due to
the shorter employed wavelength, allowing to clearly observe internal and external structures of the
cells. Moreover, the possibility to image small features of the order of ~60 nm, as shown in Figure 17e,
demonstrate that the SXR microscope clearly goes beyond the capabilities obtainable employing
classical visible light microscopy. However, it can be noted that, due to the dehydration shrinkage,
in Figure 17b,d, it is possible to observe some distortions in the cell structure, as well as some radiation
damages [76,77].

The same cell culture was prepared with gradual dehydration in EtOH series (final concentration
70%), without any fixation procedure, and deposited on top of a 30 nm thick Si3N4 membrane.
Moreover, in this case it was possible to distinguish the internal structures of the cells. Figure 18 shows
a direct comparison between the image acquired with an optical microscope (a,c) and with the SXR
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microscope (b,d). The SXR image, acquired with 200 SXR pulses and an exposure time of 20 s,
shows small features, of the order of ~240 nm [76,89,90].

Figure 17. CT 26 fibroblasts from Mus musculus mouse colon carcinoma (strain BALB/c). Images acquired
with visible light microscopy (a,c) and SXR ((b,d) presented in false colors). The internal structure is
observable in (a,c) due to a phase-contrast and in (b,d) due to the modulation in the transmittance of
the SXR radiation through the sample. The SXR images show enhanced spatial resolution and high
absorption contrast. The zoomed image in (e) shows small features, approaching the half pitch spatial
resolution of the SXR microscope (~60 nm). Acquisition parameters: 600 SXR pulses, 1 min. exposure.
Figure modified, based on [77].

Figure 18. Sample of CT 26 fibroblast cells prepared with a final concentration of 70% EtOH.
Comparison of (a) optical image and (b) SXR image. Insets (c,d) show small features imaged
(indicated with red arrows in (d), of the order of 240 nm) that can be resolved only with the SXR
microscope. The dehydration procedure by carbon-rich ethanol washes causes high SXR radiation
absorption by the sample. Acquisition parameters: 200 SXR pulses, 20 s exposure. Figure based on [91].

Diatoms

A diatom sample preliminarily imaged with the optical microscope (Figure 19a), was then
observed with the SXR “water window” microscope (Figure 19b) and with the EUV microscope
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(Figure 19c). In this last case, it was possible to resolve some external features, barely visible in
SXR range, approaching the (half-pitch) spatial resolution of the microscope. However, as can be
seen, the EUV radiation is absorbed by the sample much more than the SXR radiation and allows to
distinguish some internal features, as presented by the inset in Figure 19¢ [76].

Figure 19. Direct comparison of diatoms, imaged with the visible (a), the SXR (b) and the EUV (c)
microscope. In the zoomed picture of (c) are shown small features of ~75 nm. Acquisition parameters:
200 SXR pulses, 20 s exposure [91].

Chrysodidymus synuroideus Algae

A sample of dehydrated silica-scaled Chrysodidymus synuroideus algae was imaged. Figure 20 shows
a comparison of the same sample imaged employing visible light (Figure 20a) and “water window”
radiation (Figure 20b).

Figure 20. Direct comparison of Chrysodidymus synuroideus cells, imaged (a) with the optical microscope
(visible light), (b) in the “water window” (acquired with 500 SXR pulses, 50 s exposure) and (c) in the
EUV spectral range (acquired with 100 EUV pulses and 10 s exposure). (c-e) Show a direct comparison
of a detail, imaged (c) with the visible light, (d) in the “water window” and (e) in the EUV spectral
range [58].

In Figure 20b it is possible to observe that SXR gives a better image contrast, making possible to
sharply resolve the external shape of some flagella, not visible in Figure 20a. An additional comparison
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(Figure 20c,e) shows the same cell imaged employing visible light (Figure 20c), the “water window”
radiation (Figure 20d), and the EUV radiation (Figure 20c). It is possible to see that the EUV image
enhances the contrast of the image and so the external structure of the cell is clearly sharper and
better visible than employing the SXR radiation. However, the fixing cell process, consisting of drying
the sample using chemical substances rich in carbon (paraformaldehyde), made the cells opaque,
hindering to observe internal [58].

Hippocampal Neurons from E17 Mouse Embryos

Figure 21a,b, shows a sample of hippocampal neurons from E17 mouse embryos. The neurons
were cultured on poly-D-lysine coated in a 50 nm thick Si3N4 membrane and then fixed in 4%
paraformaldehyde (PFA) in 20% sucrose PBS, followed by EtOH dehydration (from 100 to 70%) and
final air-drying. The sample was first imaged using an optical microscope (Figure 21a, 40X objective,
400x magnification) and then with the SXR microscope (Figure 21b, in false colors), with an exposure of
200 SXR pulses (20 s) and a magnification of 410x. The high absorption coefficient in the “water window”
spectral range enhances the optical contrast, showing a significant improvement of the spatial resolution.
This is proven by the comparison of Figure 21, where a barely visible neuron in Figure 21a is much
better resolved in Figure 21b, distinguishing, sharply, even some neuron dendrites [89].

Figure 21. Comparison of the mouse hippocampal neuron acquired (a) with an optical microscope
(40x objective, 400x) and (b) SXR microscope (in false colors), showing a single neuron with dendrites
branching out. Image acquired after 200 SXR pulses, 20 s exposure. Figure (a) from [76].

4.2. Angular Projection SXR Tomography for Biological Nanoimaging

Few samples were imaged to test and demonstrate the possibility to perform tomographic
experiments. Herein we will present the main results achieved up to now, which will be further improved.

4.2.1. Hep-2 Cells Crystals

A sample of liver cancer cells HEp-2 cells (human larynx epidermoid carcinoma cell line) was
imaged. The cells were fixed in 4% paraformaldehyde in 0.5 mL of PBS medium. A 3 uL drop of
solution was deposited on top of a 30 nm Si3sIN4s membrane and dried in an N, atmosphere. In this
case, due to the low density of cells in the sample drop, it was possible to observe only the crystals
formed from the PBS medium, as shown in Figure 22a, which was acquired with an optical microscope
(40x objective). The image chosen for SXR tomography, marked with a red rectangle (Figure 22b),
was obtained at a magnification of 100x with a FOV of 100 X 60 um?. Some acquired projections (in an
angular range of 0°-54°) are shown in Figure 22¢c. The images were acquired using the internal camera.
The presented images were obtained cropping the full-frame CCD image to FOV of 100 X 60 um?. It is
possible to observe that starting from 42° the FOV results darker, because the edge of the membrane
supporting the sample becomes visible (from the right side to the left) and, in other words, thicker,



Appl. Sci. 2020, 10, 8338 21 of 32

increasing the SXR light path length in the membrane. From the 12° projection, it is observable damage
(crack) of the membrane, which becomes more visible at larger angles, where part of the membrane
goes behind the intact part and the darker region (i.e. where the SXR radiation propagates), which is
perpendicularly deformed from the image plane and is visible only for larger angle projections [59,92].

Figure 22. HEp-2 cells (human larynx epidermoid carcinoma cell line) in phosphate-buffered saline
(PBS) medium on top of a 30 nm thick membrane. (a) Shows an optical microscope picture (visible light)
acquired with a 40X objective. (b) Shows the region of the membrane imaged in SXR, which was then
acquired at different angles with the SXR tomographic system. (c) From the 12° projection, it is possible
to observe the broken and out of plane Si3N; membrane. Figure modified, based on [59].

4.2.2. Caffeine Fibers

An interesting imaged sample was a caffeine crystal (caffeine anhydrous from the International
Trade Center, ITC, purity 98.9-100%) dissolved in an aqueous solution. During the drying process,
elongated caffeine crystals were created and subsequently deposited on top of the tip-holder, as shown
in the SEM image of Figure 23a. Keeping our attention to a small fiber, enhanced with the rectangular
detail in Figure 23a, it was possible to image the sample in the full angle of rotation, from 0° to 360°,
in steps of 10°. Some of the projections are shown in Figure 23b. It can be noted that the SEM image
shows much more caffeine fibers than the SXR image because some fibers were detached from the
tip during the venting-phase of the SEM and the subsequent transportation of the sample to the SXR
tomography system. The imaged sample was then reconstructed using the Image] software [93,94].
A 3D reconstruction of the fiber surface (electron density) is shown in Figure 23¢ [59,92]. Although the
shape of the sample was overall reconstructed, some features were not properly reproduced, because of
the not homogeneous thicknesses of the fibers. A more accurate reconstruction was performed applying
the generalized total iterative constraint strategy [95] under Rytov approximation (more details are
reported in [96]). The support constraint in the spatial domain was calculated before the reconstruction,
minimizing the generation of artifacts due to the limited angular range of the acquired projections [97]
(Figure 23d). The estimated spatial resolution of the 3D reconstruction was ~1-2 um for the single
voxel size of 320 x 320 x 320 nm?.
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Figure 23. (a) SEM image of the caffeine crystals, on the top of the tip-sample holder. (b) Shows some
of the projections acquired in SXR, at different angles. (c) Three-dimensional (3D) reconstruction of the
reconstructed image of the crystallized caffeine (electron density surface) obtained using the Image]
software [93,94]. (d) Crystals reconstruction using the total iterative constraint strategy. Figure modified,
based on [59].

4.3. Imaging of Dried and Fixed Biological Samples Using Contact Microscopy

4.3.1. Non-Malignant Human Bladder HCV29 Cells

The developed contact microscope has been used for preliminary experiments acquiring SXR
images by the AFM scanning of the surface of 500 nm thick PMMA photoresist of non-malignant
human bladder HCV29 cell lines, particularly interesting for their elongated shape and well known
morphological features. The cells were prepared following the protocol reported in [85,87]. The sample
was then placed on top of a silicon wafer spin-coated PMMA. The imprint of cells on the PMMA
photoresist was realized using a 1.5 x 1.5 mm?, 100 nm thick SizNy window that filtered out the
longer wavelengths above the SXR region. The produced relief-map of the cellular structures was
then observed using an atomic force microscope (AFM, NT-MDT Spectrum Instruments, Moscow,
Russia). In the SXR imprint HCV29 cells (Figure 24a—e) and their internal structures can be observed,
at various scales of magnification. The AFM images of HCV29 cells with 150 nm diameter gold beads
were obtained after 150 SXR pulses (15 s exposure, Figure 24a—c), and 20 SXR pulses (2 s exposure,
Figure 24d,e) [85,87]. In the smallest scan of Figure 24e, 150 nm in diameter gold beads can also be
seen. The KE test applied to those imprints suggests a spatial resolution of the order of 80 nm.
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Figure 24. Soft X-ray contact microscopy images of HCV29 cells with 150 nm diameter gold beads
obtained after 150 SXR pulses (15 s exposure, (a—c)) and 20 SXR pulses (2 s exposure, (d,e)) at different
scan sizes. Figure modified, based on [85,87].

4.3.2. T24 Cancer Cells

A sample of T24 cells (transitional cancer cells of the urine bladder, ATCC®, Manassas, VA, USA)
was imaged. The sample was prepared using a specific protocol, which enabled drying of the cells
avoiding salt crystallization on its surface, according to the protocol reported in [76]. The images were
acquired exposing the PMMA at 200 SXR pulses, for 20 s. After the cleaning procedure, performed using
a 1% sodium hypochlorite solution, the photoresist was developed in methyl isobutyl ketone and
isopropyl alcohol (MIBIK: IPA, 1:2 v/v) for 120 s, and finally observed by AFM, in a semi-contact mode,
scanning an area of 80 x 80 um? (corresponding to 512 pixels per line, Figure 25a) and of 25 X 25 pum?
(1024 pixels per line, Figure 25b), respectively [76].

a) | 80x80 pum? scan size | b) | 25x25 pm? scan size |

Figure 25. Soft X-ray images of fixed transitional cancer cell of the urine bladder (T24), field of view
(EOV) = 80 x 80 pm? and 25 x 25 pm? (a,b). The images were acquired with exposure of 200 SXR
pulses, 20 s exposure. Figure modified, based on [76].

4.3.3. Epidermal Cells (Keratinocyte)

Epidermal cells (Keratinocytes) were cultured on a PMMA photoresist. The employed culture
medium DMEM (Sigma-Aldrich) was washed with a PBS buffer solution and then fixed and dehydrated
using PFA 3.7% in PBS at 35 °C. The sample was imaged exposing the PMMA at 200 SXR pulses for
20 s The images, shown in Figure 26, were acquired by scanning the photoresist by AFM, over an
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area of 60 x 60 um? (a) and 25 x 25 um? (b), 512 pixels per line. It was possible to achieve a half-pitch
spatial resolution of ~80 nm, observing structures with sizes below 100 nm [67].

| 60x60 um2scan size || 25x25 ym?scansize |

a) Car-
boundary -* 3

g
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Figure 26. Soft X-ray images of fixed epidermal cells (Keratinocytes), FOV = 60 x 60 pum? (a) and
25 x 25 um? (b). Structures with sizes below 100 nm are visible. The photoresist was scanned using an
atomic force microscope (AFM) in semi-contact mode. The images were acquired with SXR exposure of
200 pulses, 20 s exposure. Figure modified, based on [67].

4.3.4. Imaging of Various Cell Lines

A further study was devoted to investigating the effect of the SXR radiation absorbed energy on the
contact microscopy imprint preparation. The following human cell lines were imaged: prostate DU145
prostate carcinoma cells (AHTB-81, from ATCC®, VA, USA), HCC38 breast cancer cells (CRL-2314TM,
from ATCC®, VA, USA), and human bone marrow-derived mesenchymal stem cells hMSC (Poietics™,
PT-2501, from Lonza, MD, USA). Details about the sample preparation are reported in [86]. The optical
microscope images (Figure 27a—c), acquired using a Primovert microscope (from Zeiss, Oberkochen,
Germany) show the different morphology of the cell lines. In particular, the DU145 cell line (Figure 27a)
present different shapes and sizes compared to HCC38 and hMSC cells (Figure 27b,c, respectively).
HCC38 and hMSC cell lines are, indeed, much bigger and elongated. hMSCs cells, extending up to
400 pm in length, have a thickness of 2.5-3.5 pm. DU145 prostate carcinoma cells, instead, having a
rhombic shape, are smaller and thicker (~6 pm).

20 pim 20 um
_—

Figure 27. Images acquired using an inverse optical microscope with a 20x objective of (a) DU145
prostate cancer cells, (b) HCC38 breast cancer cells, (¢) hMSC (human mesenchymal stem cells). On the
bottom of each image are depicted the respective SXR contact microscopy images (d—f). The images were
obtained with exposure of 800 SXR pulses. Results were collected using AFM (scan size: 80 x 80 um?).
The insets (80 X 80 pm?) shows fragments of detailed cellular structures. Figure modified, based on [86].
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The PMMA of the samples was exposed to 800 SXR and then developed with MIBK: IPA, in an
optimal ratio of 1:2. AFM imaging, using a CP-II, Veeco, CA, USA, with MPP-11123-10 cantilevers,
was performed in tapping mode. In the rhombical DU145 cells, smaller in size and agglomerate,
was not possible to visualize internal structures (Figure 27d), while, instead, in the HCC38 cells, larger,
it was possible to observe the cell nuclei, distinguishing also several nucleoli (Figure 27e). Finally, in the
hMSCs cells, which are the largest imaged, even though the nucleus was barely visible, it was possible
to clearly visualize the edges of the cell membrane and the internal cytoskeleton elements (Figure 27f).

5. Discussion and Conclusions

Progress in science requires the investigation of nanostructures on the micro- and nano-scales.
Employing short wavelength radiation, it was possible to develop compact Fresnel zone plates
based microscopes performing imaging experiments in transmission mode and overpassing the
limited accessibility and high costs of large facilities such as synchrotrons and XFEL installations.
Microscopes based on laser-plasma EUV and SXR sources with double stream gas-puff targets,
coupled with diffractive optics, such as FZPs, represent a good way to perform experiments in small
scales, achieving sub-100 nm half-pitch spatial resolution, and represent an important alternative for
high-resolution imaging, which can be employed for different applications, opening the possibility of
their widespread and commercialization in the near future.

The laser-plasma source based on a double stream gas-puff target was successfully optimized for
efficient generation of radiation in the SXR range, developing a desktop “water window” microscope,
based on emission at a wavelength of 2.88 nm from Nj ions. Such a system, easily accessible and
simple to use, allows acquiring magnified images of the objects with a 60 nm half-pitch spatial
resolution, magnification (sample to CCD) of 220x or higher, and exposure time as low as a few seconds.
Exploiting a natural, optical contrast in the “water window” spectral range, the microscope represents
a very useful tool for biological, materials science, and nanotechnology imaging applications, and may
be considered as a complementary imaging system to other already well-established techniques.

A compact stand-alone transmission microscope, employing an Ar-based double stream gas-puff
target EUV source, under incoherent illumination, operating at a 13.84 nm wavelength, close to the
lithography one (of 13.5 nm), with a sub-50 nm half-pitch spatial resolution. Such a system, developed as
a demonstrator, can be employed for semiconductor applications as well as for nanotechnology,
material science, and nano-lithographic mask inspections, to observe small features with high-resolution.
Moreover, due to the high contrast, the EUV radiation enables the study of thin external cell features,
such as the morphology of the cellular membranes, thanks to the absorption of the EUV light in carbon.

A contact-type microscopy system using a laser-produced plasma soft X-ray source operating in
the “water window” spectral range was also developed. The applicability of the source for contact
microscopy experiments was demonstrated by acquiring images of biological samples. From the
presented results, a half-pitch spatial resolution of ~80 nm was successfully achieved. Although contact
microscopy allows acquiring images with high spatial resolution without the need for expensive
tools and optics, it is limited by the resolution of the photoresist, which can be destroyed during
the SXR irradiation. Therefore it was demonstrated that the contact soft X-ray microscopy can
efficiently provide complementary information concerning biological samples, integrating other
existing microscopy techniques.

The photon fluxes obtained with the gas-puff source allow performing high-resolution imaging
experiments. The flux achieved with EUV radiation, of 1.36 x 10'! photons/s for a single pulse,
is comparable (or even higher) to that obtainable employing other compact systems. Laser-plasma EUV
sources for lithography are currently capable to obtain a flux of 108 photons/s [98], while ptychography
sources enable a gain of 10'! photons/s at 18 nm [99]. Recent progress pushed forward this limit,
obtaining up to ~2 x 102 photons/s with compact systems employing HHG [100].

Depending on the experiment performed in the SXR range, the gas-puff target source permits to
achieve a photon flux in the range of 10°~10!! photons/pulse. Such values fit with that obtained using
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other compact systems operating in the “water window” spectral range such as capillary discharge [101]
and X-ray absorption spectroscopy [102], allowing to obtain a photon flux of ~10° photons/s.

The presented microscopes offer a superior spatial resolution to the visible light (optical)
microscopes and, in contrast to other microscopy techniques such as SEM or TEM, do not require a
preliminary special preparation of the samples to image. Although the spatial resolution achieved
cannot compete with the SEM, it has to be taken into account that the EUV/SXR microscopes still
operate using photons (with higher energy), instead of electrons. Thus, the photons-matter interaction
allows obtaining different information from the sample, which can be integrated with the SEM one,
based on electron-matter interaction. Moreover, despite the resolution of the presented microscopes is
similar to that achievable with the stimulated emission depletion microscope (STED) in the visible light
region [103], they allow the acquisition of full field images, contrary to STED systems, which operates
in scanning mode, without the requirement of any fluorescence markers or staining, which modify
the sample to be imaged. The resolution of the compact microscopes can be improved by employing
a zone plate with a larger number of zones or by using high-repetition-rate lasers, to increase the
photon flux on the sample plane and decrease the exposure time. The employment of a sub-pixel
super-resolution camera in SXR represents also a solution to improve the actual achievements [62].
Moreover, the possibility to equip the presented full field microscopes with a cryo-stage, could make
possible to image in vivo biological samples.

In conclusion, the presented SXR and EUV compact microscopes, providing high optical contrast,
can be employed as complementary imaging tools to already existing, well-established ones, providing
additional information about the investigated samples. Such microscopes bring together remarkable
factors, such as the desktop size, fast exposures, and nanometer spatial resolution, opening the
possibility to establish partnerships in university and laboratories or companies, and multidisciplinary
collaborations in a wide scientific environment.
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