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Abstract:



We present our recent results, related to nanoscale imaging in the extreme ultraviolet (EUV) and soft X-ray (SXR) spectral ranges and demonstrate three novel imaging systems recently developed for the purpose of obtaining high spatial resolution images of nanoscale objects with the EUV and SXR radiations. All the systems are based on laser-plasma EUV and SXR sources, employing a double stream gas puff target. The EUV and SXR full field microscopes—operating at 13.8 nm and 2.88 nm wavelengths, respectively—are currently capable of imaging nanostructures with a sub-50 nm spatial resolution with relatively short (seconds) exposure times. The third system is a SXR contact microscope, operating in the “water-window” spectral range (2.3–4.4 nm wavelength), to produce an imprint of the internal structure of the investigated object in a thin surface layer of SXR light sensitive poly(methyl methacrylate) photoresist. The development of such compact imaging systems is essential to the new research related to biological science, material science, and nanotechnology applications in the near future. Applications of all the microscopes for studies of biological samples including carcinoma cells, diatoms, and neurons are presented. Details about the sources, the microscopes, as well as the imaging results for various objects will be shown and discussed.
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1. Introduction and Previous Achievements


Advancements in nanoscience and nanotechnology require tools and methods for nanometer scale resolution imaging. Affecting the matter on nanoscale and subsequent observation of those manipulations is a key factor in the rapid development of nanotechnology. Among the methods employing visible light radiation [1,2] to image matter at nanometer scales shorter wavelengths are also used, for example in extreme ultraviolet (EUV) and soft X-ray (SXR) microscopy experiments [3]. EUV and SXR microscopy has been proven as useful tools for imaging of objects with nanometer spatial resolution, having advantages such as obtaining additional information about the objects investigated, providing at the same time high optical contrast in the specific wavelength ranges used for this purpose. The main characteristics of the EUV radiation are its strong absorption in very thin layers of materials, so it provides a good optical contrast in thin films and layers of materials. On the other hand, SXR radiation—specifically in the so-called “water-window” (λ = 2.3–4.4 nm)—proved to be particularly useful for high resolution imaging of biological samples, because of high optical contrast existing between carbon and water present in those samples.



Imaging in short wavelength ranges requires a high photon flux. It is the main reason why, until the development of compact sources, most of the studies in the field of EUV and SXR microscopy were conducted using synchrotron and free-electron laser facilities [4,5,6]. Such facilities are still being used not only for the purpose of high resolution imaging, but also for cutting-edge scientific experiments, providing the highest available photon flux, with the possibility to tune the generated wavelength and producing beams with adjustable spatial and temporal coherence. Nevertheless, these sources present some drawbacks because of their high complexity, high maintenance costs, requirement for highly trained staff present during the experiments and, finally, limited user access. Thus, to mitigate those difficulties, the recent progress in development of a new generation of compact EUV and SXR compact sources was made over the last few decades. Nowadays, there are sources which can perform certain experiments, previously restricted to large scale facilities, on a much larger scale in smaller laboratories worldwide. These experiments include imaging with nanometer spatial resolution.



Laser-produced plasma sources, emitting short wavelength radiation in the SXR and EUV spectral ranges, offer an important alternative to be the drivers dedicated for compact imaging systems [7,8]. They can overpass the limited accessibility of large facilities, maintaining a comparable spatial resolution [9,10]. Over the last few years, many efforts have been made to perform nanometer spatial resolution imaging in the EUV and SXR spectral ranges employing both large scale and compact sources. The synchrotron radiation at λ = 2.4 nm was used for imaging frozen-hydrated samples at atmospheric pressure [11] to observe internal details of algae with a spatial resolution of ~35 nm. Using the Advanced Light source synchrotron facility, a 10 nm spatial resolution imaging was obtained at 1.75 nm wavelength both in full-field and in scanning mode [12]. Recently, a novel approach was demonstrated, so-called dark-field X-ray microscopy, which is a non-destructive microscopy technique for the three-dimensional mapping of orientations and stresses [13]. Such a technique allowed multiscale imaging with a spatial resolution of ~100 nm. The various capabilities of full-field transmission X-ray microscopy, 3D X-ray tomography, Zernike phase contrast, quantification of absorption, and chemical identification via X-ray fluorescence and X-ray absorption near edge structure imaging is now also possible with synchrotron light [14] for characterization of biomaterials.



The compact sources are also being widely used for the purpose of high spatial resolution imaging in the EUV/SXR range. An SXR source, emitting at λ = 2.88 nm, based on a liquid jet nitrogen target, was employed recently for microscopy in the ‘water-window’ range with a sub-50 nm spatial resolution, but this system presents very complicated hardware [15]. Another nano-imaging technique is represented by the employment of compact high order harmonic generation (HHG) sources for sub-100 nm spatial resolution [16,17]. The HHG systems, however, require a femtosecond laser as a driver for HHG process. Also, typical HHG conversion efficiency (~10−6–10−4) often results in long exposures or does not allow a proper reconstruction of the image. Ptychographic techniques usually based on employment of hard X-ray beams are also possible, providing a very high spatial resolution, but they are extensively time consuming [18]. Imaging in the EUV range can be used to analyze very thin samples, nanofilms, and nanostructures. That is because the EUV radiation is absorbed by solid materials with thicknesses of the order of ~100 nm [19] and by gaseous materials with thicknesses of the order of a few millimetres [20]. It was demonstrated that the radiation from a capillary discharge laser operating at a wavelength of λ = 46.9 nm EUV can obtain images with a spatial resolution better than 55 nm [21,22], and that the spatial resolution of holographic images employing the same wavelength, can be improved up to sub-50 nm [23]. A solid-state target based table top EUV laser, emitting 13.2 nm wavelength radiation from Ni-like Cd ions, was employed for imaging with a sub-38 nm spatial resolution [24]. Using a xenon gas discharge source, a sub-100 nm zone-plate based EUV microscope with zooming was demonstrated. This system combines Schwarzschild objective and a zone plate for second stage magnification [25]. Very nice results were also recently demonstrated by Legall et al. [26], using a liquid nitrogen target based system and a 1.3 kHz repetition rate Nd:YAG laser to record images of biological samples and nanostructures with half-pitch spatial resolution of 40–50 nm. The only drawbacks are that it is a quite complicated system and it is larger than other sources. Another interesting and already well established technique for obtaining high resolution images of samples is a projection imaging called contact microscopy. This method uses EUV and SXR radiation transmitted through the sample to expose a high-resolution photoresist underneath, being in contact with the sample. Using this method, first imprints of human blood platelets [27], fibroblasts [28], diatoms [29], and hydrated biological cells [30] were obtained.



Since there is no ideal solution for the source at the moment, it is necessary to find a good compromise in desktop SXR/EUV imaging systems, between the performance—namely, high photon flux; possibility to obtain high spatial resolution images with low exposure time; and the complexity, size, cost of these setups, which is still the main limitation of short wavelength photon-based microscopes disallowing their wide-spread. Some of these problems can be addressed employing double stream gas puff target laser plasma sources for microscopy purposes. Such a source, which has been developed initially for EUV metrology applications in the frame of MEDEA+ project [31], was also recently used for surface modification of polymers for biocompatibility improvement [32] or for radiobiology applications [33]. The double stream gas puff target sources, coupled with zone plates (FZPs) optics or as illumination sources for contact microscopy, represent a very useful technique for lab-scale analysis in order to perform high spatial resolution imaging by using short wavelength radiations.



Thus, in this article, we would like to present our recent activities related to the development and possible applications of three simple and compact SXR/EUV microscopes, capable of resolving 50–80 nm features. Those systems require short exposure times and have a desktop footprint. The source employed can generate the plasma efficiently, without debris production. The microscopes are easy to operate and have compact construction. Moreover, the EUV/SXR microscopes, based on those sources [34], do not require sample preparation such as gold coating for SEM microscopes or staining and marking like in STED. In such systems, the gas puff target is produced by the injection of a small amount of high-Z gas—working gas, into a stream of low-Z gas—outer gas, by a fast electromagnetic double valve system, as depicted in Figure 1a. The gas puff target is then irradiated by focused laser pulses from a Nd:YAG laser. The interaction of a laser pulses with gaseous target allows generation of the EUV and SXR radiation. Both full-field microscopes use reflective optics to focus the short wavelength radiation onto a sample and FZPs to obtain magnified images of the sample with high spatial resolution. The contact microscope uses the spectrally filtered plasma radiation directly, without pre-focusing, to form an imprint of the sample in the photoresist layer.


Figure 1. (a) Scheme of the double stream gas puff target employed in laser-plasma EUV/SXR sources, (b) scheme of the contact SXR microscope, (c) scheme of the SXR full-field microscope, and (d) scheme of the EUV full-field microscope employing off-axis condenser geometry.
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These microscopes may represent an important alternative to performing experiments in small academic laboratories on a much larger scale than with the employment of synchrotron facilities and could have a significant effect on the nanotechnology development in the near future. The goal of developing these microscopes is to show feasibility to achieve high resolution imaging, low exposure times, together with a compact footprint, which may in the future open a possibility for commercialization.




2. Materials and Methods


2.1. The EUV and SXR Microscopes


Soft X-ray contact microscope and the full-field EUV/SXR microscopes are schematically depicted in Figure 1b–d, respectively. The sources for those microscopes are based on a compact Nd:YAG laser, λ = 1064 nm, 0.5–0.7 J pulse energy, 3 ns pulse duration, and 1–10 Hz repetition rate. The laser beam is focused onto a double-stream gas puff target, which is schematically depicted in Figure 1a.



The target is produced by an electromagnetic valve with double radially-symmetric nozzles. Laser pulses irradiate the gaseous target producing plasma. The plasma emits radiation in various spectral ranges, including the EUV and SXR regions of electromagnetic spectrum. Depending on the spectral range and on the type of the microscope, the gas puff target source was optimized for efficient emission in the “water window” (both quasi-monochromatic for the SXR full-field microscope and broadband for contact SXR microscope) and the EUV spectral range, using spectral narrowing with thin metal filters. A nitrogen plasma radiation, filtered with a Ti foil, provides λ = 2.88 nm wavelength radiation and an Ar plasma emission, filtered with Mo/Si multilayer mirror and Zr filter provides radiation at λ = 13.84 nm. However, for the argon plasma, if a silicon nitride filter is used, it provides emission from 2.8 to 4 nm with much larger number of photons than in case of nitrogen plasma, suitable for contact microscopy. Such sources were employed for SXR and EUV experiments, respectively. The gas pressures, nozzle position in respect to the laser focus, and valve timing in respect to the laser pulse were optimized in order to maximize the photon flux at the sample plane. The inner nozzle injects a small amount of working gas (high Z gas—N2 at 8 bar, in case of SXR full-field microscope, and Ar, at 10 bar, in case of the EUV full-field microscope and contact SXR microscope), while the outer nozzle injects an outer gas (low Z gas—He, with a pressure of 6 bar), to narrow down the flow of the working gas, reducing its density gradient along the nozzle axis. Such an approach can obtain higher target density by confining the target gas flow and, in turn, allows for higher photon yield in the EUV/SXR region. Such radiation is then focused using condenser optics and illuminates the sample, Figure 1c,d, located in a second focal point of a condenser in the case of full-field microscopes. Depending on the type of microscope, plasma radiation is collected and focused by a different condenser and filter, and images of the objects are obtained with different zone plates using a back-illuminated charge-coupled device (CCD) camera. In the case of contact SXR microscope the scheme is much simpler, as can be seen in Figure 1b, because radiation from the plasma is transmitted through a 200 nm thick Si3N4 filter and illuminates the sample directly to form its imprint in the surface of the photoresist. In the following paragraphs, the systems will be described in more detail.




2.2. SXR Full-Field Microscope


To focus the SXR radiation from the nitrogen plasma an ellipsoidal, axi-symmetrical SXR condenser (Rigaku, Prague, Czech Republic) coated with nickel film was used, as depicted in Figure 1c. A titanium filter (200 nm thick, Lebow Co., Goleta, CA, USA), positioned downstream the condenser, selects the He-like nitrogen line at λ = 2.88 nm from nitrogen plasma emission, suitable for the objective optic. Filtered SXR radiation illuminates the sample/object, positioned 140 mm downstream the condenser, in the second focal point. A FZP objective (Zoneplates Ltd., Claverings Industrial Estate, London, UK) was used to form a magnified image onto a back-illuminated SXR-sensitive CCD camera (Andor, iKon-M DO-934-BN, 1 Mpixel, 13 × 13 μm2 pixel size) in transmission mode. A silicon nitride FZP (400 nm thick, 250 µm in diameter, outer zone width of 30 nm) with a focal length f = 2.6 mm at 2.88 nm wavelength, was used as an objective. The numerical aperture of the zone plate was matched to the numerical aperture of the condenser, providing incoherent illumination [35]. The image plane was located 57 cm from the zone plate resulting in the geometrical magnification of the system of ~220×. It was already demonstrated that such a system is capable to achieve a half-pitch spatial resolution of ~60 nm [36] (corresponding to half-period of the grating imaged under incoherent illumination conditions for a given numerical aperture of the objective—smallest feature that the microscope can resolve). More details about the microscope and its technical component can be found in [37]. The photograph of this system is depicted in Figure 2a.


Figure 2. Photographs of three EUV/SXR imaging systems: (a) photograph of the SXR full-field microscope, (b) photograph of the EUV full-field microscope, and (c) photograph of the contact SXR microscope developed at the Institute of Optoelectronics, Military University of Technology, Warsaw.
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2.3. EUV Full-Field Microscope


In this system, Ar plasma radiation was collected and spectrally filtered using an ellipsoidal off-axis mirror coated with Mo/Si multilayers. This mirror was employed as a condenser (Reflex S.R.O., Prague, Czech Republic—substrate and IOF, Jena, Germany—coating). The condenser was designed and manufactured in order to reflect the radiation at the wavelength of 13.5 ± 0.5 nm at 45° incidence angle in off-axis geometry. To eliminate longer wavelengths emitted from the Ar plasma (at wavelengths λ > 16 nm) a 250 nm thick zirconium filter (Lebow Co., Goleta, CA, USA) was used. The sample was imaged using a Fresnel Zone Plate (FZP) objective (diameter 200 μm, number of zones 1000 and outer zone width Δr = 50 nm, made in 200 nm thick PMMA on top of a 50 nm thick Si3N4 membrane (Zoneplates Ltd., Claverings Industrial Estate, London, UK) onto the CCD camera (Andor, iKon-M DO-934-BN camera, Andor Technology Ltd., Belfast, UK). As in the case of the SXR microscope, an incoherent illumination was provided by matching the numerical aperture of the condenser and of the FZP objective. The geometrical magnification of the objective was 410×, however, it can be easily changed by adjusting the FZP-CCD distance. Such a system, in this configuration, is capable to achieve a half-pitch spatial resolution of 48 nm [38]. More details about this system can be found in [39]. The photograph of this system is depicted in Figure 2b.




2.4. SXR Contact Microscope


In the third system, the Ar plasma emission was tailored to the “water-window” spectral range by employing 200 nm thick Si3N4 window. In this case, the monochromaticity of the radiation is not necessary, contrary to the previous cases, in which Fresnel zone plates were employed. Using a silicon nitride filter, most energy will reside in the wavelength range from 2.8 nm to 4 nm, well within the “water window” range. The higher energy photons, λ < 2 nm wavelength, are not produced, because limited energy of the laser pulses and their time durations cause plasma to be insufficiently hot to emit efficiently at higher energies, while the lower energy photons will be blocked by decaying edge of the transmission curve of silicon nitride filter. Such broad-band SXR radiation from Ar/He gas puff target has approximately one order of magnitude more photons compared to N2/He gas puff target, which in this case allows for the irradiation and exposure of the high resolution photoresist (500 nm thick PMMA on top of a silicon wafer) acting as a detector. The object investigated is then placed in contact with the PMMA. The light that is locally transmitted by the object’s structure illuminates the photoresist and changes its physical and chemical structure. After irradiation, the photoresist is chemically developed in a solution of methyl isobutyl ketone and isopropyl alcohol (MIBK:IPA 1:2 v/v) for 90 s to 3 min (depending on the experiment) and modulation of the light intensity absorbed by the object is converted in this process to a modulation of the thickness of the resist. This creates a relief-like structure in its surface. The height of the relief structure is directly proportional to the dose of radiation absorbed in the resist volume. In such a process, a high-resolution imprint of the internal structure of the object can be stored in the near-surface of the photoresist and later converted to an image using AFM or SEM microscopes. More details about this system can be found in [40]. The photograph of this system is depicted in Figure 2c.





3. Imaging with Compact EUV and SXR Microscopes Based on a Laser Plasma Sources


All experimental systems mentioned in this paper were developed at the Institute of Optoelectronics, Military University of Technology, Warsaw, Poland. Those systems were also extensively used to image test samples for resolution assessment, and the real samples—such as nanostructures, biological samples, organic, and inorganic samples, among others. A few examples of such experiments will be presented in this section.



3.1. SXR Full-Field Imaging


Two examples of “water window” images of organic samples, acquired with the full-field SXR microscope are depicted in Figure 3. Figure 3a,b show a sample of CT-26 fibroblast from Mus musculus colon carcinoma (strain BALB/c), prepared on top of a 30 nm thick Si3N4 membrane. A direct comparison between the image acquired with a traditional optical microscope (Figure 3a) and the SXR microscope image (Figure 3b), acquired with 200 SXR pulses, at a source repetition rate of 10 Hz, exposure time of 22 s, and detector (CCD) temperature of −20 °C, are shown. The sample was prepared with a gradual dehydration in ethanol series (final concentration 70% EtOH), without any fixation procedure. The SXR image shows improved spatial resolution due to the employment of a shorter wavelength, beyond the diffraction limit of the optical-visible light microscopes. Some internal and external structures can be distinguished due to phase contrast in the visible light microscopy images and due to the modulation in the absorption of the SXR light through the sample in the SXR images.


Figure 3. CT 26 fibroblast cells. Comparison of the optical image (a) and detail image (b) with the SXR “water window” microscope (red square in (a)) that shows small features of the order of 240 nm (indicated with a red arrow). (c) and (d) show a comparison of the mouse hippocampal neuron, acquired with optical microscope (40× objective, mag. 400×) and SXR microscope, respectively, showing a single neuron with dendrites branching out. (e) and (f) show colon carcinoma cells images with visible light microscope and the SXR microscope, respectively, while (g) depicts some smallest features visible in those images, indicating features comparable to the spatial resolution of the SXR microscope.
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Figure 3e,f show improvements in the spatial resolution. The carcinoma cells (visible light microscope—VIS, and the SXR microscope—SXR labels) with insets depicting zoomed regions indicated with dotted boxes—Figure 3g. Some external structures of the cells cannot be recognized in visible light microscope images, while they are visible in the SXR microscope with features being ~60 nm in size, approaching the spatial resolution of the microscope.



A second example consists on hippocampal neurons from E17 mouse embryos, cultured for 10 days on poly-d-lysine coated, 50 nm thick Si3N4 substrates before fixation in 4% PFA in 20% sucrose PBS, followed by dehydration from 100 to 70% ethanol and air drying. The neurons were also imaged using both microscopes: visible light microscope (40× objective, 400× magnification)—Figure 3c, and the SXR microscope (sample to CCD magnification of 410×, exposure of 200 SXR pulses, 20 s)—Figure 3d. The comparison with the optical image (Figure 3c) shows a significant improvement of the spatial resolution employing the “water window” radiation. In this case, it is possible to observe that the high absorption coefficient at SXR wavelengths enhances the optical contrast to the point that a barely visible neuron in Figure 2c is much better visualized in Figure 2d. In the SXR image, it is possible to distinguish the neuron and dendrites that are blurred due to inferior resolution and phase-type imaging using the optical microscope.



Except for the CCD background removal, adjustment of their brightness, and increased contrast in the inset of Figure 3g to show the smallest observable features, the SXR images were not altered in any other way.




3.2. EUV Full-Field Imaging


In this experiment CT26 fibroblast cells, Chrysodidimus cells and diatoms were imagined using the EUV microscope and visible light microscope. The EUV images were acquired with 200 EUV pulses—22 s exposure time and detector temperature of −20 °C. A sample of CT 26 cells fixed with 30% hexamethildisilazane (HDMS) in absolute EtOH on top of 30 nm Si3N4 membrane was imaged with the visible light microscope (VIS) as depicted in Figure 4a and at 13.84 nm wavelength with the EUV microscope—Figure 4b. It can be seen that the EUV image shows a very high contrast and resolution enhancement and permits to investigate features of the order of 100 nm or smaller in size.


Figure 4. Comparison of CT 26 fibroblast cells sample acquired with optical microscope (a) and the EUV microscope (b). It is possible to recognize small features of the order of 100 nm (as indicated in red arrows) in the EUV image. The EUV image of Chrysodidimus cells (c) and diatoms (d) obtained with exposure of 100–200 EUV pulses. Features as small as 50–100 nm are visible.
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Chrysodidimus cells imaged using the EUV microscopes can be seen in Figure 4c, while the diatoms deposited on top of 30 nm thick Si3N4 membrane are depicted in Figure 4d, with a small inset showing diatom structures as small as a few hundred of nanometers. The EUV images exhibit superior spatial resolution and much higher optical magnification (410×) comparing to visible light microscopy—Figure 4a.



Except for the CCD background removal, adjustment of their brightness and increased contrast in the inset of Figure 4d to show the smallest observable features, the EUV images were not altered in any other way.




3.3. SXR Contact Microscopy Imaging


The contact microscope has been used for imaging of T24 (transitional cancer cell of the urine bladder, ATCC), which was prepared in collaboration with the Institute of Nuclear Physics Krakow, Poland. The cells were grown in culture flasks (Sarstedt AG & Co., Nümbrecht, Germany) in a RPMI 1640 medium (Sigma-Aldrich Sp. z.o.o, Poznan, Poland) supplemented with 10% foetal calf serum (Sigma, pH 7.4) and with 1% mixture of antibiotics (streptomycin, neomycin, and penicillin, Sigma-Aldrich Sp. z.o.o, Poznan, Poland), at 37 °C in 95%air/5%CO2 atmosphere. After a few passages, the cells were trypsinized using 0.05% in EDTA-trypsin solution (Sigma-Aldrich Sp. z.o.o, Poznan, Poland), transferred to the Petri dishes with a PMMA photoresist inside, and cultured for 24 h. Afterwards, the cells were fixed with 3.7% paraformaldehyde solution in PBS (phosphate buffered saline, pH 7.4, Sigma-Aldrich Sp. z.o.o, Poznan, Poland). After the fixation, the cells were washed with the PBS buffer dissolved in water, and finally washed out with deionized water. Such protocol allows drying of the cells with no crystallization of salt on the sample surface. The contact microscope images of the T24 cell lines were acquired using 200 pulses of SXRs with exposure time of 20 s. Following exposure to the soft X-rays, the photoresist was cleaned using a 1% chlorox solution (sodium hypochlorite 5.25% w/w) to remove all residues of the sample. The photoresist was then developed in methyl isobutyl ketone and isopropyl alcohol (MIBK:IPA, 1:2 v/v) for 120 s. The development process results in a high resolution relief-map of the cellular structures within the photoresist, which was then viewed at high magnification by means of an atomic force microscope (AFM, NT-MDT Spectrum Instruments, Moscow, Russia).



The AFM scan was made in a semi-contact mode over an area of 80 × 80 μm2 with 512 pixels per line and 25 × 25 µm2 with 1024 pixels per line, respectively. The micrographs of the contact microscope images of the T24 cancer cells are shown in Figure 5a,b. In these images, the overall structures of the cells, including the central dense part (nucleus), are clearly visible.


Figure 5. SXR contact microscopy images of fixed transitional cancer cell of the urine bladder (T24), FOV = 80 × 80 μm2 and 25 × 25 µm2 (a,b) and fixed epidermal cells (c,d) (Keratinocytes), FOV = 60 × 60 µm2 and 30 × 30 µm2. Images were obtained with SXR exposure of 200 pulses, 20 s and the photoresist was scanned using AFM microscope in semi-contact mode. Structures with sizes below 100 nm are visible.
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Another sample used in the preliminary contact microscopy experiments was epidermal cell (Keratinocyte), as depicted in Figure 5c,d. The sample was prepared in collaboration with the Institute of Biotechnology, Warsaw University of Technology, Warsaw, Poland. The sample was cultured on PMMA photoresist in a controlled culture conditions. A Dulbecco’s Modified Eagle’s Culture Medium (DMEM, Sigma-Aldrich) supplemented with 1% l-glutamine, 1% penicillin/streptomycin, and 10% heat inactivated fetal bovine serum (Celbio, EuroClone S.p.A., Pero, MI, USA) was used as a culture medium. The culture medium was washed with PBS buffer solution followed by fixation and dehydration of the cells using paraformaldehyde 3.7% in phosphate buffered saline at 35 °C. The exposure of 200 SXR pulses, 20 s exposure time, was required to expose the PMMA photoresist and reach spatial resolution of approximately 80 nm half-pitch. The photoresist was treated with previously mentioned procedure and later scanned with AFM (AFM, NT-MDT Spectrum Instruments, Moscow, Russia) operating in semi-contact mode. Each image was 512 × 512 points over 60 × 60 µm2 and 25 × 25 µm2 in left and right images, respectively. As can be observed, structures with sizes below 100 nm are clearly visible. More details about this work can be found in [40,41].





4. Discussion and Conclusions


The SXR and EUV desktop microscopes, both full-field and contact-type, recently developed at the Institute of Optoelectronics, Military University of Technology, Warsaw, Poland, for imaging nanoscale objects were presented. All microscopes are based on laser plasma sources producing the EUV and SXR radiations through interaction of nanosecond laser pulses with double stream gas puff target. The imaging systems allow capturing magnified images of the samples, with 50–80 nm half-pitch spatial resolution and exposure time as low as few seconds. The microscopes are compact and allow obtaining images with a nanometer spatial resolution and short exposure time, which may open the possibility of their future commercialization. Those systems employing photons and not electrons, like in SEM, can obtain additional/complementary information about the sample under investigation. Moreover, those systems do not require coating with a conductive layer, such as in the SEM microscopes, to remove surface charges accumulated during the imaging. Although their spatial resolution cannot compete with electron based systems, it is much better that the visible light microscopes and comparable to synchrotron based microscopy systems and to Stimulated Emission Depletion microscopy (STED) [42,43]. Such table-top systems allow for a direct acquisition of a full field images, in contrary to STED acquisition operating in scanning mode, and do not require fluorescent bio markers or staining that modifies the morphology of the sample. Additionally, they use wavelengths that provide high optical contrast, either in biological (SXR microscope) or in all matter with thicknesses less than a few hundred nanometers (EUV microscope).



To distinguish between EUV/SXR full field microscopes and SXR contact microscope one has to notice, however, that although the contact microscopy lacks expensive optics and allows for high spatial resolution, limited in principle by the resolution of the underlying photoresist (for PMMA ~10 nm), the contact microscopy procedure causes the sample to be destroyed after imaging. It is because the resist, with the sample located on top, is being developed chemically after the exposure, which causes the sample to be irreversibly lost. In full-field microscopes the sample is located at some distance from the objective, without any contact with optics, detectors, etc., and can be later studied using other techniques (VIS, SEM, AFM microscopes, etc.), however, for the price of costly and still optically inefficient EUV and SXR optics. So, the choice of the technique is always related directly to the information that one wants to obtain from the samples investigated.
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