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Abstract

:

High-harmonic generation (HHG) from solids is a novel method used to emanate coherent extreme-ultraviolet (EUV) pulses. The efficiency of plasmonic HHG can be improved by enhancing the field of nanostructures. However, the nanostructures used for plasmonic HHG have a limitation owing to the damage caused by the amplified field. This study presents a single conical sapphire nanostructure used as a compact HHG emitter that generates high-order harmonics with wavelengths up to approximately 60 nm without causing severe damage. We compare the structure with a gold-layered conical sapphire structure and a bulk sapphire. The conical sapphire structure has a higher damage threshold and reusability for EUV generation even though it has a lower HHG intensity than that of the gold-layered conical sapphire structure because of the lower intensity enhancement. The measured signal intensity of the high-order harmonics in the EUV band from the conical sapphire structure is ten times higher than that of the bulk sapphire. The results confirm the possibility of creating a compact EUV light source for nanoscale applications.
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1. Introduction


High-harmonic generation (HHG) is a nonlinear phenomenon induced by an interaction between the high peak power of a laser pulse and the electrons in the materials exposed to the pulse [1,2]. HHG can produce attosecond and coherent light pulses in extreme ultraviolet (EUV) and X-ray bands by generating coherent harmonic signals [3,4,5]. The pump–probe technique, which is based on attosecond pulses, can measure the ultrafast physical phenomena in atoms and molecules, such as electron ionization [6], electron migration [7,8], transient absorption [9,10], and Auger effects [11]. Coherent pulses in EUV and X-ray have been applied to ultra-precise patterning and lithography [12].



Since HHG was first observed in atomic gas [13], where it was described by the three-step model [1,2,14], it has been reported in various gases over the last few decades [15,16]. Recently, it has been reported that crystalline-structure-based solids can generate high-order harmonic signals with high efficiency [17,18,19]. The mechanism of HHG in solids is still a subject of intense investigation [20,21,22,23]. Intense driving laser pulses transfer the energy to the electrons in the energy band structure of the crystal, and the intra-band and inter-band electron transitions generate the harmonics [24]. The path of the electrons in the energy band structure is determined by the relationship between the crystal direction and the polarization of the driving laser. The path varies the efficiency of HHG [25,26,27]. Surface-patterned dielectrics can tailor the propagation of the harmonics using refraction and diffraction on the surfaces of the structures [28,29].



To replace a large and complex laser amplification system for HHG in solids, nanoscale plasmonic field enhancement has been used to provoke HHG with a metal/dielectric hybrid structure [30]. The structure was designed to optimize the plasmonic resonance enhancement of the driving laser pulses from a Ti:sapphire femtosecond pulse oscillator with a 75 MHz repetition rate. It emanated coherent odd-order extreme ultraviolet harmonics without the dominance of fluorescence lines. However, the metal–sapphire nanostructure was susceptible to thermal damage, and its deformed structure deteriorated the HHG. In addition, the all-dielectric structure enhanced the HHG by boosting driving laser pulses using a single nanostructured semiconductor [31]. They demonstrated an apparent enhancement of harmonics in ultraviolet and visible bands by at least two orders of magnitude with a zinc oxide nanostructure. The structure also has a limitation in that robust field amplification can damage the structure and degenerate harmonic generation.



In this study, we designed a single conical sapphire nanostructure and compared it with the metal–sapphire nanostructure [30] and bulk sapphire based on the HHG in the EUV band and the damage results according to the field enhancements.




2. Theoretical Analysis and Experimental Setup


Figure 1a shows a single dielectric nanostructure prepared to generate EUV harmonics by field enhancement. Figure 1b,c show the scanning electron microscopy (SEM) images of the conical sapphire structure. The 1.5 μm long structure, with a 2.6 μm diameter base and 0.2 μm top, was formed using plasma dry etching on a 430 μm-thick flat single-crystalline sapphire wafer with a C-plane. Figure 1d illustrates the field enhancement of the conical sapphire structure. The field enhancement of the structure was calculated using a commercial software program (Lumerical FDTD Solutions). In the finite-difference time-domain (FDTD) calculation, the structure was modeled with cubic elements (5.0 × 5.0 × 5.0 nm). A perfectly matched layer boundary condition was selected to minimize the reflections of the finite boundary. The conical structure was designed as a truncated cone with a top diameter of 180 nm, a height of 1.5 μm, and a base diameter of 2.6 μm. The material properties of sapphire, such as permittivity and refractive index, were obtained from a handbook [32]. The incident laser pulse was assumed to be transform-limited, having an 800 nm center wavelength, with a 12 fs pulse duration. The pulse was incident on the bottom of the sapphire structure with the polarization parallel to the X-axis of the cross-section. The intensity enhancement was defined as      |  E /  E 0   |   2   . E denotes the amplitude of the enhanced electric field, and E0 is the amplitude of the driving femtosecond laser field. The maximum intensity enhancement occurred inside the center of the conical structure and reached approximately 50. Along the surface of the conical structure, substantial intensity enhancements occurred periodically, reaching approximately 6.8 at the top surface (Figure 1d inset). The enhanced field was symmetric. Since there was no metal-dielectric interface, there was no plasmonic field enhancement as in previous research [30]. The enhancement comes from a combination of the electrostatic lightning-rod effect [33] due to the geometric distinctiveness of sharply pointed structures and an overlapped driving pulse that depends on the internal reflection inside the structure. The enhancements inside the structure and at the inclined surface have periodicity along the X- and Y-axis (Figure 1d). This shows that the overlap between the internally reflected head cycle and the incident tail cycle of the driving femtosecond pulse contributes to enhancement.



Figure 2a illustrates the schematic of the HHG and spectrum measurement in the EUV band. The Ti:sapphire oscillator emitted 12 fs pulses with an 800 nm center wavelength at a 75 MHz repetition rate. To maintain the short pulse duration of 12 fs on the sample, the chirp induced by the optics was compensated by the chirped mirrors (GSM007, FemtoOptics) and wedges. The half-wave plate and the polarizer control the input pulse energy over a fixed polarization direction. A pellicle beam splitter and a CCD monitor the focal spot position on the sample. The laser was focused by an achromatic triplet lens (f = 6 mm, OA046, FemtoOptics) into the bottom of the conical structure with a spot size of 5 µm. The monitoring system measures the spot size on the sample under low power conditions. The polarization direction of the incident laser field was aligned parallel to the sapphire C-plane and perpendicular to the sapphire A-plane. A toroidal mirror collected the generated EUV radiation emitted from the sample with an acceptance angle of 5° (horizontal) and 8° (vertical). The toroidal mirror’s angle of incidence (AOI) was 80° for high reflectivity in the EUV band. The toroidal mirror refocused the generated EUV light onto the entrance slit of the spectrometer with a grazing incidence diffraction grating (133.6 g/mm, 2° blaze, 84° AOI, Newport, Irvine, CA, USA). The EUV light was measured using a spectrometer with a microchannel plate coupled with a phosphor screen and optical charge-coupled device (DH420A-FO, Andor Technology, Belfast, UK). The pressure of the entire vacuum chamber was maintained at approximately 10−6 mbar during the experiments.



Figure 2b shows three different samples to compare their efficiency of HHG and damage according to the field enhancements. The conical sapphire structure sample was fabricated by plasma dry etching on a 430 µm-thick monocrystalline C-plane sapphire substrate, which was the bulk sapphire sample in this work. The resulting conical sapphire structure had a height of 1.5 µm from the bottom to the apex and a 2.6 µm base diameter at the bottom. The gold-layered conical sapphire structure was fabricated using chemical vacuum deposition of a Au thin film over the entire surface of the conical sapphire structure and focused ion beam milling for flattening of the gold-covered apex. The input laser beam was focused on the bottom of the conical structures and the rear surface of the bulk sapphire sample.




3. Experimental Results


The intensity of the high-order harmonic from the conical sapphire structure depends on the driving laser intensity (Figure 3a). The average laser power was increased from 10 to 170 mW, corresponding to 0.05 to 0.89 TW/cm2 in terms of the peak pulse intensity inside the material. The pulse energy was a few nanojoules. High harmonics up to the 11th order were observed when the focused intensity reached 0.89 TW/cm2. HHG from bulk sapphire in a multi-photon regime follows perturbative scaling, given by    I  H H G   ∝  I N   , where    I  H H G     denotes the intensity of the measured harmonic peaks, I is the peak intensity of the driving pulse, and N denotes the order of the harmonics [25]. Figure 3b shows the dependence of the intensity power for H7, H9, and H11, and each harmonic followed the power law with powers of 2.2, 2.6, and 4.3, respectively. The intensity of the harmonics from the conical sapphire structure behaved non-perturbatively with the laser intensity, similar to the results obtained from the ZnO nanocone [31]. Figure 3c indicates the cutoff energy level of the measured HHG signals, which were linearly scaled with the input electric field in the structure. The cutoff energy was determined as the maximum order of the harmonic peak perceivable in each measured spectrum from the conical sapphire structure.




4. Discussion


The measured spectra from the gold-layered conical sapphire structure and the conical sapphire structure are shown in Figure 4a. The incident laser intensity was estimated to be 0.42 TW/cm2 in the materials. Both nanostructures amplify the driving laser fields and generate high-order harmonics in the EUV band. The gold-layered sapphire funnel structure emanates harmonics up to the 13th order, and the conical sapphire structure radiates up to the 9th order. The intensity of H7 from the gold-layered conical sapphire structure is six times higher than that from the conical sapphire structure. The profile of the intensity enhancement from the tip of the conical sapphire structure (Figure 1d inset) is different from that of the gold–sapphire funnel structure [30]. The average intensity enhancement of the tip of the conical sapphire structure was approximately 6.8, and the enhancement factor was uniform along the tip surface. The gold-layered conical sapphire structure has an irregular profile with a higher intensity enhancement factor [30]. The maximum enhancement factor was approximately 20 dB at the edge of the tip, which was the metal and dielectric interface. The intensity enhancement factor of the center area reached approximately 10 dB. The higher intensity enhancement of the gold-layered conical sapphire structure led to a higher intensity and cutoff extension of the harmonic generation under identical conditions.



Both nanostructures have spectral peaks between H7 and H9. They are reckoned as even-order harmonics generated by the steep variation in the enhanced electric field on the outlet surface of the structure [34]. The inhomogeneity of the local fields plays an important role in the HHG process and leads to the generation of even-order harmonics. The spectral splitting of the even-order harmonics can be explained by the quantum path difference between the long and short trajectories of the electron excursion [27].



Figure 4b,c compare the gold-layered sapphire funnel structure and the conical sapphire structure. The SEM images were captured after a laser exposure of 0.42 TW/cm2. The SEM image of the conical sapphire structure shows no evident damage compared with that of the structure before laser exposure (Figure 4c). Conversely, the gold-layered sapphire funnel structure showed structural damage. The gold layer was deformed by melting and vaporizing. The surface cracks were formed perpendicular to the direction of the incident laser polarization, which is shown along the Y-axis on the SEM image (Figure 4b bottom; [35]). According to [30], a substantial field enhancement of the gold-layered sapphire funnel structure causes thermal damage even for weak input laser intensities of ~0.1 TW/cm2. Initial signs of thermal damage are the deformation of the gold layer and surface cracking. The deformed structure has reduced field enhancement, and the EUV yield from the structure varies with the exposure time. The conical sapphire structure had a structural change at the apex (Figure 4c bottom), but the EUV harmonics were generated repeatedly under the experimental conditions.



To compare the HHG with the ZnO nanocone [31], the conical sapphire structure generated high-order harmonics in the EUV band, not the UV–Vis bands. EUV signals generated only from the surface of the structures were measured because the solid medium re-absorbed the EUV signals from the inside material. Accordingly, the surface shape should be considered in the design of a nanoscale EUV emitter to control EUV propagation [28].



Figure 5a shows the measured spectra in the EUV band from the bulk sapphire surface and the conical sapphire structure. The incident laser power was 200 mW, and the incident intensity was estimated to be 1.13 TW/cm2 in the sapphire. The bulk sapphire surface emanated odd-order harmonics of the fundamental driving laser pulse below the positions of H9 and H11 in the detection range. However, the conical sapphire structure generated harmonics up to the 13th order with higher signal intensity. The extension of the cutoff implies that the conical dielectric structure enhanced the laser field and boosted the high-order nonlinear reaction of the electrons in the sapphire crystal. The intensities of H9 and H11 from the conical structure were approximately 14 and 13 times higher than those of the bulk sapphire, respectively. To obtain a high-order harmonic signal that is 10 times stronger than that of the flat sapphire, the laser pulses should be irradiated with approximately 1.5 times higher intensity, according to one study conducted on HHG using flat sapphire [25]. According to the measured spectrum, the conical structure provided an average intensity enhancement factor of approximately 1.7, which was smaller than the intensity enhancement calculated using FDTD (Figure 3b). The large divergence of the generated EUV signal and the short propagation length of the harmonics in the EUV band to the structure played an important role in the HHG process and led to lower efficiency. The harmonics generated from the inclined surface propagated along the driving laser path after the solid structure [28], so the substantial enhancement on the incline did not contribute to the measured HHG spectra. The conical structure can act as an axicon lens, providing the generated harmonics with a large divergence angle, and the spectrometer’s acceptance angle limits the detection efficiency of the harmonics. The strong absorption of the structure limits the propagation of the generated EUV signal inside the structure. A 20 nm-thick sapphire transmission is 0.097 for H7, 0.23 for H9, and 0.37 for H11 [36]. It is supposed that the strong field enhancement inside the conical structure offers limited contributions to the measured spectrum because the generated harmonics in the EUV band would be absorbed by the sapphire structure [30].



The EUV spectrum from the conical sapphire nanostructure also had spectral peaks between H9 and H11. However, there was no peak-like signal from the bulk sapphire. This means that the spectral peaks between odd-order harmonics originated from the inhomogeneity of the locally enhanced field at the nanostructure. There is no atomic emission line matched to the spectral position of the spectral peaks between the odd-order harmonics.



Figure 5b shows the SEM images of the conical sapphire structures before and after laser exposure. A strong field enhancement induced damage to the sapphire tip at a laser intensity of 1.13 TW/cm2. The all-dielectric structure without the metal layer of a relatively low melting point had no evident structural deformations; this observation contrasts the prior research conducted on the metal–sapphire cone structure [30]. The damage occurred on the tip end of the sapphire cone with no structural changes in other areas. The damage on the tip was a crack in the surface center accompanied by a structural change in the periphery. The material in the hot spot could be melted and collected on the surface, resulting in the dot shape. The temperature of the conical tip reached higher than the melting point of the sapphire (2313 K).




5. Conclusions


This study demonstrated durable and efficient HHG in the EUV band through the field enhancement of a single conical sapphire nanostructure. The experiments performed in this investigation demonstrated the conical sapphire structure as an effective emitter that produces coherent EUV harmonics at wavelengths up to ~60 nm for laser intensities of 1.13 TW/cm2 with nJ-energy pulses emitted from a Ti:sapphire femtosecond oscillator. The observed harmonics in the EUV band had non-perturbative behavior to the incident laser intensity. By comparing the conical sapphire structure with the gold-layered conical sapphire structure, we demonstrated the different EUV harmonic yields according to the field enhancements, and it was observed that the conical sapphire structure had a higher damage threshold and was reusable under the experimental conditions. The conical sapphire structure enhanced harmonics by at least one order of magnitude compared to bulk sapphire. The all-dielectric nanostructure with good durability and field enhancement can boost nonlinear processes on a table-top scale without an external laser amplification system. A nanoscale coherent EUV emitter can facilitate the realization of compact and robust EUV-based applications for lithography, spectroscopy, microscopy, and atto-sciences.




6. Methods


Laser intensity calculation. The peak intensity Ip of the incident laser field in vacuum was calculated as    I p  =  P a  /  (   F r  ×  T p  ×  A f   )   . Pa denotes the average laser power, Fr is the pulse repetition rate, Tp is the pulse duration, and Af is the focal area. The peak intensity was reduced inside the sapphire samples due to the reflection loss from the specimen surface by a factor of   4 n /    (  n + 1  )   2   , with n being the refractive index of sapphire (1.76), assuming the laser was incident normal to the samples.



Scanning electron microscope. The SEM images were captured using Helios Nanolab 450 F1. The used electron source was the Schottky thermal field emitter. The SEM resolution was 0.9 nm at 1 kV and 0.8 nm at 5 kV.
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Figure 1. (a) Concept of field EUV pulse generation employing field enhancement along with the conical sapphire structure. SEM images of the conical sapphire structure in top view (b) and tilted view (c). The scale bars represent 500 nm. (d) FDTD calculation of the intensity enhancement of the single conical sapphire structure. Enhanced intensity distribution across the conical sapphire nanostructure on the XZ plane. Inset: the calculated intensity enhancement profile on the end tip surface of the conical sapphire structure on the XZ plane. 
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Figure 2. Experimental setup. (a) A Ti:sapphire femtosecond oscillator with 800 nm operating wavelength, 12 fs pulse duration, and 75 MHz repetition rate was used in the experiments. HWP: half-wave plate, P: polarizer, A: aperture for alignment, BS: pellicle beam splitter, TP: turbopump, MCP: microchannel plate, CCD: charge-coupled device. (b) Three different samples (Au-coated conical sapphire structure, conical sapphire structure, bulk fat sapphire structure) generated high-order harmonics in the EUV band. (c) Sapphire crystal structure. 
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Figure 3. High-harmonic generation from a conical sapphire structure. (a) Measured EUV spectra with increasing driving intensity. (b) Intensity dependence and power law of the harmonic intensity for the seventh (H7)-, ninth (H9)-, and eleventh (H11)-order harmonic from the conical sapphire structure. The lines represent the fitting of harmonic intensity with the type of IN. (c) Cutoff energy vs. electric field of the driving laser in the sample. The blue dots indicate the cutoff energy for each electric field. The blue line represents the linear least-square fitting of measured data. 
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Figure 4. Comparison between the conical sapphire structure and the gold–sapphire funnel structure. (a) Measured EUV spectra from the conical sapphire structure (blue) and the gold-coated conical sapphire structure (red). The input intensity of the driving laser is 0.42 TW/cm2. (b) SEM images of the gold-coated conical sapphire structure before laser exposure (top) and after laser exposure (bottom). (c) SEM images of the conical sapphire structure before the laser exposure (top) and after (bottom). The scale bars are 500 nm. 
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Figure 5. Comparison between the conical sapphire structure and the bulk sapphire surface. (a) Measured EUV spectra from the conical sapphire structure (blue) and the flat sapphire surface (orange). The input intensity of the driving laser is 1.13 TW/cm2. (b) SEM images of the sample before (top) and after (bottom) laser exposure. The scale bars are 300 nm. 
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