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I. INTRODUCTION

An ultrafast ultraviolet pulse having a pulse duration of a 

few femtoseconds has potential in the area of investigating 

electron relaxation in atoms [1], plasmonic behavior [2] or 

ultrafast molecular formation [3]. For modifying the 

ultrafast electron dynamics in the valence shell of atoms 

and molecules, few-cycle light pulses in the DUV are 

essential in ultrafast laser experiments [4]. Since the DUV 

has higher photon energy than visible light, it is useful 

for triggering and observing the reactions of DNA or 

bio-molecules [5-7]. For instance, DUV resonance Raman 

(DUVRR) spectroscopy has been used for protein structural 

characterization at all stages of fibrillation [8]. In such an 

application, the smaller beam size of the DUV excitation 

source is desirable for minimizing background signal in 

observing inelastic scattering from such molecules.

Surface plasmons (SP) have attracted increasing attention 

in the last decades, mainly as these electromagnetic waves 

propagating at the interface between a metal and a 

dielectric are spatially confined beyond the diffraction limit 

[13, 21, 23-25]. Guiding SP energy into the small, nano-

metric volume has been reported by previous investigations 

using a planar metallic tip [14] or a 2-dimensional 

V-groove [15]. The plasmonic focusing readily achieved 

the concentration NIR/visible pulse into the subwavelength 

sized spot at the metallic tip [9, 10]. However, the 

subwavelength guidance of high-frequency electromagnetic 

DUV is challenging because of low plasmonic coupling 

efficiency in the DUV spectral region for most metals. The 

nanoscale plasmonic ultraviolet laser was demonstrated by 

exploiting the nanowire, but it generates a monochromatic 

laser [11]. A plasmonic Au bow-tie antenna can be used 

to make a third harmonic pulse at a carrier wavelength of 

400 nm by multiphoton resonances with the d-band 

transitions of Au, but this method can not reach into DUV 

frequency due to the band structure of Au. Nanoscale high 

harmonic generation was also demonstrated by injecting a 

noble gas onto the microfunnel structure for generating 

short wavelength light source, but its conversion efficiency 

is too low to be applicable in many biological experiments 

[18, 19]. The metal-sapphire crystalline nanofunnel was 

recently reported to improve the efficiency of plasmon- 

assisted high harmonic generation, but no other nonlinear 
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effects have been discussed on such type of metal-dielectric 

nanostructures [22].

Here, we investigated a method for generating DUV 

pulses, applicable for nanophotonic applications, having a 

carrier wavelength of 266 nm and a repetition rate of 75 

MHz. The waveguide is embedded on the microcantilever 

as shown in Fig. 1(a). The suggested 3-dimensional tapered 

waveguide as shown in Fig. 1 is designed for generating 

high field enhancement at the exit aperture of the wave-

guide where the NIR pulse is mostly blocked. In light of 

plasmonic-photon coupling, a planar V-groove is a beneficial 

structure when two dimensional focusing is considered. 

However, a cone-like structure is more desirable to 

concentrate all plasmonic energy into one localized area. As 

for the compromised design, the elliptical funnel structure 

has suggested in this investigation and the numerical 

simulations also showed that the compromised design has 

higher intensity enhancement thatnother type of focusing 

design. Similar funnel structures were previously reported 

for inducing high harmonic generation, but our method 

uses the thickness-controlled amorphous dielectric to make 

the local electric field only at the surface for generating 

surface third harmonics [18-20].

The DUV pulse is generated by a surface-enhanced 

third harmonic generation (STHG), frequency up-conversion 

process of the NIR femtosecond pulse. STHG is known as 

an interesting nonlinear process which only takes place at 

the interface of two dielectrics, implying less consideration 

in phase matching of generated DUV pulse. However, the 

relative efficiency of STHG is weaker than that of bulk 

third harmonic generation. Therefore, plasmonic nanofocusing 

in the 3-dimensional metallic waveguide was adopted to 

increase the STHG efficiency. Geometrically, the elliptical 

shaped funnel structure was considered to get more 

plasmonic field enhancement than the circular funnel. The 

thickness of the amorphous silicon dielectric layer was 

also controlled to have higher field enhancement at the tip 

of the nano-aperture. From our study, the efficiency of 

plasmonic STHG was increased to be 105 times theoretically 

and 102 times experimentally. The suggested light source 

will enable new experimental schemes in the field of 

nanophotonics such as ultrafast time-resolved spectroscopy, 

near-field DUV resonant Raman spectroscopy and high 

spatiotemporal microscopy of the bio-molecular specimen.

II. NUMERICAL SIMULATION 

STHG is induced by focusing light on the interface of 

two different dielectrics due to the discontinuity of third 

order susceptibility at the interface [16]. One advantage of 

STHG is that the generated third harmonic pulse has 

negligible chromatic dispersion since it is only created the 

at the surface of dielectric [12]. The magnitude of third- 

order susceptibility, χ
3 at the interface is at least three 

orders of magnitude larger than the values of the internal 

dielectric medium. Nevertheless, the overall efficiency of 

STHG is lower than those from conventional methods using 

a thick third-harmonic crystal due to the short interacting 

length/volume. Therefore, the higher pumping intensity is 

required at the interface to increase STHG efficiency 

because the efficiency of the third harmonic process is 

linearly proportional to the cube of the intensity at the 

interface. This brings the field enhancement using surface 

plasmon polaritons (SPPs) which is capable of enormously 

enhancing the incident laser intensity. 

The device consists of two different sections which have 

air-filled and SiO2 filled regions. When the NIR femtosecond 

pulse is focused through the hollow tapered Ag waveguide, 

SPPs are induced along the interface between air and Ag. 

The generated SPPs propagate inside the SiO2 layer and 

form high field enhancement at the bottom end of the 

SiO2-air interface. The STHG is generated at this interface 

with an increased efficiency which is proportional to the 

cube of intensity enhancement of the fundamental laser 

pulse. The third harmonics are only produced at the interface 

between SiO2 and air so the mode area of the DUV beam 

can be reduced down to sub-wavelength scale by modifying 

the area of the exit aperture.

The strong intensity enhancement at the exit aperture is 

a key function in this scheme of ultrafast DUV generation. 

FIG. 1. (a) Schematic diagram of plasmonically enhanced 

generation of ultrafast DUV pulse emitting from the 

subwavelength spot of hybrid 3-dimensional waveguide. The 

waveguide is embedded on the micro-cantilever for the 

purpose of scanning with high spatial selectivity. The NIR 

femtosecond pulse is excited on the micro sized aperture and 

transformed into surface plasmon. This surface plasmon is 

propagated to the tapered end and formed strong local field at 

the air-SiO2 interface, enabling STHG at the nano aperture. 

(b) Scanning electron microscope image of input aperture 

where femtosecond laser is illuminated. (c) Scanning electron 

microscope image of exit aperture where generated third 

harmonic is emitted.
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We found that the amount of intensity enhancement is 

significantly affected by the thickness of SiO2 as well as 

by the geometrical shape of the funnel waveguide. As 

illustrated in Fig. 2(a), the elliptical funnel waveguide can 

be characterized by five parameters; the ellipticity of the 

cross-section (r = b/a), the minor diameter of the exit 

aperture (d), the cone angle defined in the minor-axis plane 

(θ), and the funnel height (h1) and thickness of SiO2 (h2). 

To design the funnel structure, we set all possible geo-

metrical parameters. Each parameter affects the amount of 

local field enhancement at the exit aperture of the funnel, 

but it is difficult to get the highest field enhancement by 

varying parameter values because these parameters generate 

too many simulation sets, requiring an additional optimization 

algorithm for getting the maximum field enhancement. For 

optimizing the intensity enhancement at the exit aperture 

without a numerical algorithm, the finite-difference-time- 

domain method was used to calculate Maxwell’s equations 

and we set the maximum and minimum geometrical 

values with a consideration of fabrication capability. As an 

excitation source, the femtosecond pulse is assumed to have 

a center wavelength of 800 nm and bandwidth of 100 nm 

corresponding to a pulse duration of 10 fs. The wavelength 

dependent complex dielectric constant of Ag was determined 

by the modified Debye model. The relative permittivity of 

the SiO2 was assumed to be constant at 2.13. The 

polarization direction of the incident femtosecond pulse is 

parallel to the minor axis of the elliptical cross-section of 

waveguide denoted as ‘Pol.’ in Fig. 2(a). The hexahedral 

grid of mesh size of 5 nm × 5 nm × 5 nm in size was used 

for dividing the waveguide structure. The parameters were 

set to get the maximum enhanced field at the interface 

between SiO2 and air for given fabrication constraints. The 

computation result showed that intensity enhancement more 

than 400 appeared uniformly at the exit aperture which has 

an elliptical cross-sectional area of 100 nm (x) × 200 nm (y). 

The overall intensity enhancement factor on exit aperture 

is decreased down to ~100 when no SiO2 layer exists in 

the metallic funnel. Theoretically, the efficiency of STHG 

in a partially SiO2 deposited funnel can be increased by 

6.4 × 107 including reduction of the effective area of the 

third harmonic process. The chosen value for the geometrical 

parameters were d = 100 nm, θ = 14 °, h1 = 9 µm, h2 = 1.1 

µm and r = 0.5. The ellipticity was set at 0.5 to reduce 

computational conditions in this consideration. It is known 

that plasmonic focusing takes place efficiently in the 

V-groove structure when the polarization of excited light 

is orthogonal to the V-groove surface, but the plasmonic 

focusing is not generated at the other polarization condition 

of the light. In light of plasmonic focusing in the V-groove, 

the plasmonic focusing in the elliptical funnel structure is 

more efficient than for the circular shaped funnel structure. 

The tapered rectangular structure is also a good candidate 

for plasmonic focusing, but we found that the fabricated 

tapered rectangular structure shows more surface roughness 

during the focused ion beam milling process since we 

fabricated the funnel structure in a sequential milling 

process like a 3D printing process. 

The numerical simulation results revealed that the temporal 

shape of enhanced NIR pulse at the exit aperture has no 

significant dispersions for a 10 fs pulse, corresponding to 

the pulse duration of 11.6 fs as depicted in Fig. 3(a). The 

total propagation length of the SPP is less than 10 µm; 

thereby frequency dependent dispersions do not affect the 

temporal shape of the enhanced NIR pulse. The enhanced 

electric field at the exit aperture is slightly broadened due 

to the inhomogeneous plasmonic dephasing effect.

STHG does not experience significant pulse broadening 

by phase velocity mismatching. In electric field calculations, 

the plasmonic ring-down oscillation was observed at the tail 

of the enhanced NIR pulse, but it does not much elongate 

the pulse width of the DUV pulse. From this numerical 

analysis, the DUV pulse emitting from the exit aperture can 

be regarded as a Fourier transform limited pulse, having 

no significant broadening or distortion of the pulse shape.

In most plasmonic structures, the height of the waveguide 

and the tapered angle are related to the coupling efficiency 

of NIR pulse into the SPP and to the propagation loss of 

the SPP. However, the intensity enhancement of our wave-

guide is very sensitive to both the size of the exit aperture 

and the thickness of the SiO2 layer. When the minor axis 

diameter of the exit aperture is smaller than 100 nm, most 

FIG. 2. Finite-difference time-domain calculation results of 

local field enhancement in waveguide. (a) Geometrical 

description of waveguide. The polarization direction of 

incident femtosecond pulse is parallel to the x-y plane 

denoted as red abbreviation ‘pol.’ (b) Computed intensity 

field in the x-z plane (c) Same results in x-y plane. (d) 

Magnified view near the exit aperture of waveguide. The blue 

trapezoid in waveguide is filled with the SiO2. The intensity 

enhancement factor at exit aperture reaches an intensity 

enhancement higher than 400 in the whole area. The selected 

design parameters were h1 = 9 µm, h2 = 1.1 µm, d = 100 nm, 

θ = 14 °, r = 0.5 respectively.
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SPPs have begun to decay or have been reflected before 

reaching the exit aperture, resulting in less intensity 

enhancement. On the contrary, the aperture size larger than 

100 nm in minor axis degrades the concentration, which also 

induces less intensity enhancement as shown in Fig. 3(b).

The SiO2 layer inside a tapered waveguide performs not 

only by inducing STHG by forming the interface with air 

but also by concentrating SPP energy into the exit aperture 

as calculated in Fig. 3(c). For the case of the tapered 

waveguide without an SiO2 layer, the enhanced field is 

located inward of the waveguide causing no intensity 

enhancement at the exit aperture, but the enhanced fields 

are located inside of the funnel structure. We expect that the 

SiO2 layer induced reduction of phase and group velocities 

in plasmonic propagation because of higher refractive 

index, leading to further concentration of SPP into the exit 

aperture. However, it is interesting to note that a thicker 

SiO2 layer breaks the coupling condition and induces a 

loss in SPP build-up which requires further theoretical 

investigation. To design maximized intensity enhancement at 

the tip, two different points (point 1 and point 2 as depicted 

in Fig. 3(c)) are defined. The intensity enhancement at these 

two points had the same tendency when the thickness of 

the SiO2 layer was varied. The intensity enhancement at 

point 1 is two times higher than that of point 2 which 

means 8 times different efficiency of generated STHG 

should be considered for spatial intensity distribution of 

generated STHG.

III. EXPERIMENTS

Figure 4 shows a scanning electron microscope image 

of the ultrafast DUV beaming probe fabricated on the 

commercial cantilever (NASCATEC, NST-SNOM-WAP). 

The depositing of a Pt layer inside a hollow tip of the 

cantilever using a focused ion beam (FIB) forms a 

2-dimensional square having size 5 µm × 5 µm. After that, 

(a)

(b) (c)

FIG. 3. (a) Temporal characteristic of enhanced pulse at exit aperture. Inset shows normalized electric fields of both input pulse and 

enhanced pulse. (b) Effect of exit aperture size to the intensity enhancement of NIR pulse. Three insets show the 2-dimensional field 

distribution of transverse electric field with different sizes of exit. Too small aperture blocks in forming local field at the tip, but 

relatively large aperture prevents the concentration of surface plasmons (c) Variation of intensity enhancement for the thickness of 

SiO2 inside waveguide. 1.1 µm thick SiO2 layer showed highest field enhancement at the air-SiO2 interface.
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a 10-µm silver layer was deposited on the cantilever by 

e-beam evaporation. We verified that the surface roughness 

of the fabricated waveguide is significantly affected by the 

roughness of the deposited silver surface. The roughness 

of the waveguide should be reduced to protect the loss of 

propagating SPP. For that, deposition of a 300-nm thick Pt 

layer by FIB proceeded to improve the surface roughness 

of the waveguide down to 10 nm. The designed elliptical 

profile was drilled onto the Ag layer by FIB milling. 

Specifically, the whole 3-D elliptical waveguide’s inner void 

was divided into a total of 31 horizontally flat laminates 

with each being etched in sequence one by one with a 

~300 nm depth from the inlet to the exit aperture. By a 

focused electron beam method, selective deposition of an 

SiO2 layer with a thickness of ~700 nm was achieved. 

Finally, the bottom surface of the tip was polished from 

the outside until the exit aperture came to have a 100 nm 

diameter in the minor axis direction. A precise milling 

process of a focused ion beam enables the exact control of 

the size of exit aperture with nanometer precision.

For the experimental validation, a Ti:sapphire femtosecond 

pulse having a pulse duration of 10 fs, center wavelength 

of 800 nm and repetition rate of 75 MHz was used with 

precise control of dispersion. The NIR pulses were focused 

via an aspheric lens to a 5 µm diameter spot on the inlet 

aperture whose elliptical major and minor diameters was 

4.4 µm and 2.2 µm, respectively. The focused femtosecond 

laser intensity has a peak intensity of 1010 Wcm-2, preventing 

thermal damage to the metallic funnel structure.

To measure the DUV pulse emitted out of the exit 

aperture, a high sensitivity pre-amplified SiC UV photodiode 

(Sglux, TOCON_nano) was used with the UV bandpass 

filter (eSource Optics, 12260FBB). The UV bandpass filter 

having an FWHM transmission bandwidth range from 240 

nm to 280 nm mostly blocks the NIR pulse. The UV 

photodiode was located at a distance of 30 mm from the 

exit aperture, and the UV filter is inserted in front of the 

photodiode. Figure 5 shows the power ratio between the 

input NIR pulse laser and the generated UV pulse. The 

measured power of the DUV pulse is proportional to the 

third power of incident intensity, (I3) of the NIR pulse. 

The conversion efficiency was found to be on the level 

of 10-7 which is 102 times higher than bulk STHG on the 

SiO2 substrate with the same intensity [16]. The difference 

between theoretical and experimental third harmonic 

efficiency is attributed to the undesirable deposition of SiO2 

particles on the inner wall of the whole metallic waveguide 

during the focused e-beam deposition process, and surface 

roughness that was not considered in the theoretical 

calculation. We also verified that the deposited SiO2 layer 

has a thickness of ~700 nanometers on the inner side of the 

waveguide which is not the optimal thickness to get the 

highest intensity enhancement. 

For analyzing the spectrum of the DUV pulse, a broad-

band UV/VIS spectrometer (Avantes, Avaspec-2048) was 

used with UV bandpass filter. The full-width half-maximum 

bandwidth spectrum was measured as 47 THz, having a 

Gaussian distribution. This bandwidth is the same as the 

bandwidth of the incident NIR pulse, meaning no sideband 

reduction of frequency in the third harmonic process. The 

autocorrelation of the DUV pulse for estimating pulse 

duration was not within the scope of the current investigation 

due to the critical dispersion management of the DUV 

pulse during the autocorrelation technique. It is predictable 

that the enhanced femtosecond pulse at the exit aperture 

FIG. 4. Scanning electron microscope (SEM) image of the 

plasmonic waveguide for generating ultrafast DUV pulse on 

the tip of cantilever. (a) Inlet aperture of waveguide in the 

view from top. (b) Magnified image of exit aperture on the tip 

on the cantilever. (c) Magnified, cross-sectional view cut along 

the major axis of the ellipsoidal profiles of the waveguide. 

The SEM image shows the undesirable deposition of SiO2 on 

the wall with a thickness of ~10 nm as well as deposited SiO2 

layer with a thickness of ~700 nm from the tip of waveguide.

FIG. 5. Power relation between the emitted DUV light and 

input femtosecond NIR pulse laser. The out power of DUV 

pulses is proportional to the third power of input femtosecond 

laser. Upper inset shows measured DUV spectrum which has 

a full-width half-maximum bandwidth of 13 nm at center 

wavelength of 266 nm.
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has little dispersion which enables the DUV pulse to be a 

Fourier-transform limited pulse. Therefore, the DUV pulse 

directly has a pulse duration of 8 fs without any dispersion 

compensation scheme. In consideration of emitted power 

and pulse duration, the UV pulse has a peak intensity of 

4 × 107 W-cm-2 with a frequency of 75 MHz, sufficient for 

ultrafast spectroscopic observation [17]. One of the essential 

characteristics of the nanophotonic tool is the direct illumi-

nation of ultrafast light onto the target without an additional 

delivery system, keeping a short ultrafast DUV pulse.

The spatial distribution of the generated DUV pulse 

depends on the wave vector of the enhanced femtosecond 

pulse at the exit aperture. The numerical calculation showed 

that the normal component of the wave vector which is 

perpendicular to the surface of the exit aperture is dominant. 

The measured divergence angle of the DUV pulse was 9 °, 

which experimentally substantiates the sub-wavelength 

pinhole diffraction with the same diameter of exit aperture. 

The beam divergence angle is measured by scanning the 

UV photodetector laterally when the distance between the 

detector and the nano-tip is fixed. After measuring the DUV 

power, the full-width half-maximum DUV light intensity 

is determined as the divergence angle. Since its effective 

aperture is smaller than the wavelength of DUV, it is 

hard to compare the measured angle by applying classical 

diffraction theory of circular aperture diffraction.

IV. CONCLUSION

In conclusion, we successfully developed broadband 

DUV pulses, beaming from the probe with modest power 

of femtosecond pulse laser. This was performed by way 

of STHG with the assistance of plasmonic nanofocusing 

of an NIR pulse at the air-SiO2 interface in the tapered 

Ag waveguide. The focused NIR pulse was plasmonically 

enhanced by more than a factor of 400 theoretically, which 

boosted up the efficiency of STHG at the exit aperture as 

large as 105 theoretically and 102 experimentally. Requiring 

no dispersion compensation techniques and generating a 

DUV pulse within subwavelength size, the proposed method 

enables the ultrafast DUV source development with a 

repetition rate of 75 MHz emitting from the sub-wavelength 

aperture of the funnel-like nanostructure. This has the 

potential to be a breakthrough in the area of ultrafast time- 

resolved spectroscopy, photo-electron emission microscopy, 

laser-assisted nano-biology, and possibly UV based near-field 

resonant Raman spectroscopy.
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