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ABSTRACT 

Plasmonic field enhancement using metal nanostructures is investigated to boost the peak intensity of the incident 
femtosecond laser by a factor of greater than 20 dB while retaining the original ultrashort pulse dynamics. This method 
enables extreme ultraviolet (EUV) light generation directly from moderate femtosecond pulses of ~1 x 1011 W/cm2 
intensities without auxiliary power amplification, demonstrating a possibility of achieving robust and reproducible EUV 
sources of the nano-scale for diverse EUV applications for microscopy, lithography and spectroscopy.  

 
Keywords: EUV light source, plasmonic field enhancement, femtosecond pulse lasers. 

 

1. INTRODUCTION 

EUV light in the wavelength range of 10 – 120 nm is produced from gaseous atoms or bulk crystalline solids with 
injection of a strong laser field of greater than 1013 W/cm2 intensities. Such intense laser fields are attained preferably by 
chirped pulse amplification (CPA) of femtosecond light pulses. Recently plasmonic field enhancement using 
nanostructures draws attention because it is capable of uplifting the peak intensity of femtosecond pulses by a factor of 
greater than 20 dB without auxiliary power amplification. Accordingly, the nanostructure-based field enhancement 
allows moderate pulses emanated from a standard oscillator to be employed directly for generation of laser-induced EUV 
light. This method requires no reduction of the pulse repetition rate of more than tens of MHz, while the enhanced field 
retains the ultrashort pulse dynamics of the original laser pulses without dephasing. Further, the resulting EUV source 
size is narrowly localized on sub-wavelength length scales, providing unique possibilities to perform nano-scale 
spectroscopy, imaging, lithography, and atto-second physics. In the last few years the realization of plasmonic field 
enhancement for EUV generation was investigated mainly using metallic bow-tie and funnel-waveguide nanostructures 
which are found robust and reproducible when thermal damage is avoided by restricting peak intensities to be ~50 
TW/cm2 [1,2] 

In this presentation the potential of nanostructure-based field enhancement is explored as a new method of EUV 
generation using a standard oscillator emitting moderate pulses of ~1 x 1011 W/cm2 intensities without auxiliary power 
amplification. To this end, three subjects are addressed in sequence. Firstly, the femtosecond laser technology is 
deliberated for efficient generation of laser-induced EUV light sources. Secondly, the plasmonic field enhancement 
process is described with bow-tie nanostructures designed and fabricated for optimum EUV light conversion. Finally, 
experimental results are discussed with emphasis on the possibility to achieve nano-scale EUV light sources for 
applications such as imaging, lithography and materials fabrication. 

 

2. NANOSTRUCTURES 
Laser-induced EUV generation requires intense laser fields with intensities of ~1 x 1013 W/cm2 or stronger for ionization 
of neutral gaseous atoms. Therefore, nanostructures to be used for EUV generation from a standard oscillator should be 
capable of enhancing the incident laser intensity field at least by a factor of 20 dB. Such nanostructures are made of 
metals such as Ag and Au, of which the field enhancement mechanism is explained by resonance oscillation of free 
electrons in the form of localized surface plasmons (LSPs) or surface plasmon polaritons (SPPs). Being coupled to the 
incident laser, LSPs are generated stationary within the metal surface, while SPPs are formed to propagate along the 
dielectric-metal interface. Figure 1 shows a bow-tie specimen prepared to work on LSPs. The specimen comprises 500 
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coherence, due to enhanced atomic resonance by means of high-repetition stimulation by strong laser pulses. Further 
work is being underway for more precise evaluation of the coherence of EUV radiation from nanostructures by 
diffraction microscopy using different laser sources. In addition, theoretical work is being conducted to establish a more 
comprehensive model of EUV generation which enables one to estimate the coherence of both the HHG and ALE 
emission processes. Another way of reducing ALE emission is to replace gaseous atoms with solid targets of crystals or 
dielectric materials which are capable of emitting coherent HHG radiation by means of Bloch oscillations within 
bounded lattice structures.  

In conclusion, even though plasmonic EUV generation may not be competitive with well-established conventional 
methods in terms of the signal coherence and yield, it may offer unique advantages owing to its capabilities of enduring 
high repetition pulse rates from tens of MHz to few GHz regime and also confining EUV generation to the field 
enhanced hot volume of small source sizes. This optimistic view leads to more experimental and theoretical 
investigations, which will turn into reality the possibilities of achieving robust and reproducible EUV sources of the 
nano-scale for diverse EUV applications for microscopy, lithography and spectroscopy. 

   

 
Figure 3. Optical spectrum of EUV radiation generated from Ar gas using bow-ties. 
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