Vol 453|5 June 2008 |doi:10.1038/nature07012

nature

LETTERS

High-harmonic generation by resonant plasmon

field enhancement

Seungchul Kim'*, Jonghan Jin'*, Young-Jin Kim', In-Yong Park’, Yunseok Kim' & Seung-Woo Kim'

High-harmonic generation by focusing a femtosecond laser onto
a gas is a well-known method of producing coherent extreme-
ultraviolet (EUV) light'. This nonlinear conversion process
requires high pulse intensities, greater than 10'> W cm ™2, which
are not directly attainable using only the output power of a
femtosecond oscillator. Chirped-pulse amplification enables the
pulse intensity to exceed this threshold by incorporating several
regenerative and/or multi-pass amplifier cavities in tandem**.
Intracavity pulse amplification (designed not to reduce the pulse
repetition rate) also requires a long cavity®’. Here we demonstrate
amethod of high-harmonic generation that requires no extra cavi-
ties. This is achieved by exploiting the local field enhancement
induced by resonant plasmons within a metallic nanostructure
consisting of bow-tie-shaped gold elements on a sapphire sub-
strate. In our experiment, the output beam emitted from a modest
femtosecond oscillator (100-kW peak power, 1.3-n] pulse energy
and 10-fs pulse duration) is directly focused onto the nanostruc-
ture with a pulse intensity of only 10" W cm ™2, The enhancement
factor exceeds 20 dB, which is sufficient to produce EUV wave-
lengths down to 47 nm by injection with an argon gas jet. The
method could form the basis for constructing laptop-sized EUV
light sources for advanced lithography and high-resolution
imaging applications.

Field enhancement is attributed to the collective motion of free
electrons confined in narrowly localized regions, similar to that

observed in colloidal nanoparticles exposed to an external electro-
magnetic field*’. For the given geometry of a nanoparticle or nanos-
tructure, the degree of field enhancement induced by resonant
plasmons can be estimated by solving Maxwell’s equations analy-
tically'® or numerically''. Using appropriate fabrication techniques,
it is consequently possible to optimize the shape of a nanostructure
to be tailored to a particular application'>">. We adopted this
approach in the present investigation, to design and build a nanos-
tructure that enables the generation of high harmonics from a modest
femtosecond oscillator through field enhancement around the
nanostructure.

Figure 1 illustrates the construction of the experimental apparatus.
The femtosecond oscillator used here is a titanium-sapphire oscil-
lator (Femtosource sPRO, Femtolasers) set to emit a train of 10-fs
pulses of 800-nm carrier wavelength at a repetition rate of 75 MHz.
The output beam from the oscillator has a small peak power of
~100kW and each pulse has an energy of 1.3 nJ, yielding a pulse
intensity of only ~10"" W cm™? even when well focused. The pulse
intensity must be increased at least by two orders of magnitude to
reach the threshold required to generate high harmonics by inter-
action with a gas jet. To do this, a metallic nanostructure consisting of
a two-dimensional array of gold ‘bow tie’ elements on a sapphire
plate is inserted in the focal plane of the focused beam.

The pulse intensity builds up when the femtosecond pulse passes
through the nanostructure. The degree of field enhancement is
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Figure 2 | Finite-difference time-domain simulation of local field

enhancement. a, Geometrical conditions for simulation of a single bow-tie
element. The polarization direction of the incident pulse parallel to the x—z
plane. b, Intensity field computed in the x—y plane. ¢, Same simulation result

significantly affected by the geometrical shape of the nanostructure,
as revealed in previous investigations of different shapes of particles,
wires, and tips'®"®. The bow-tie shape of the nanostructure ele-
ments—a pair of triangular patches placed apex to apex with a small
gap between them—is taken as the nanostructure’s basic feature.
When exposed to the femtosecond pulse, free electrons are confined
within one apex of the bow-tie element and the opposing apex is filled
with positive charges, which makes the pulse capable of producing a
strong field enhancement between the vertices.

As illustrated in Fig. 2, the bow-tie shape is characterized by four
geometrical parameters, the thickness (t), angle (0), gap (d) and
height (h). These parameters must be selected so as to maximize
the resulting field enhancement. For this, the finite-difference
time-domain method was adopted®”', and Maxwell’s equations
for the case shown in Fig. 2a were numerically solved. The polariza-
tion direction of the incident femtosecond pulse is positioned parallel
to the line connecting the vertices. The incident pulse is assumed to
have a bandwidth of 100 nm about the 800-nm carrier wavelength.
The wavelength-dependent dielectric constant of the tip material,
gold, was determined using the modified Debye model*. Through
trial-and-error simulation, the four parameters were finally deter-
mined as follows: h=175nm, d=20nm, t=50nm and 0 = 30°.
The corresponding field enhancement was computed as shown in
Figs 2b and 2c. The entire volume of simulation, including a bow-tie
element, was evenly divided into hexahedral grids 1 nm X 1 nm X
1 nm in size. No singularity effect along the edge line of the element
was considered. The computation shows that the intensity enhance-
ment factor reaches its maximum, 44 dB, at the vertices. In addition,
within the 60nm X 50 nm X 50 nm (x X y X z) region in the gap
between the vertices, the enhancement factor is greater than 20 dB.
This result confirms that the field enhancement suffices to boost the
pulse intensity to well above the required threshold of 10"> W cm ™2,
given that the input pulse has an intensity of 10'' Wcem ™2,

The time-dependent dynamic behaviour of plasmon resonance
within the nanostructure causes a temporal phase delay in the
enhanced field in response to the original pulse. The simulation
(Fig. 2) revealed a uniform phase delay of 90°, confirming the
phase consistency over the entire enhanced field. In addition to
gold, three other metals, silver, copper and platinum, were also
considered. However, simulation showed that no significant differ-
ence existed in the resulting field enhancement, other than in
platinum being less effective. Thus, we chose gold as the bow-tie
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viewed in the x—z plane. The design parameters selected were h = 175 nm,
d=20nm, t =50 nm and 6 = 30°. The intensity enhancement factor, which
reached a maximum of 2.5 X 10*at the apex of each triangle, turned out to be
>10* within the 60 nm X 50 nm X 50 nm (x X y X z) volume in the gap.

material in consideration of our experience with the metal in
nanofabrication.

Figure 3 shows a scanning electron microscope image of the nano-
structure actually fabricated on a sapphire plate of 400-pum thickness.
Using the electron beam evaporation process, a 50-nm gold layer was
deposited on a 5-nm chromium adhesion layer on the sapphire plate.
By means of precise control of the focused ion beam, we then made
bow-tie elements by scribing the deposited gold and chromium layers
with subnanometer lateral resolution. The sapphire plate serves as
a solid transparent substrate holding bow-tie elements in a two-
dimensional array with a spatial pitch of 200 nm in one direction
and 550 nm in the perpendicular direction, over a 10 um X 10 pm
area. The sapphire plate acts as a heat dissipator that protects the
nanostructure from thermal damage both during nanofabrication
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Figure 3 | Scanning electron microscope image of the nanostructure used
for high-harmonic generation. Bow-tie elements were arranged in a two-
dimensional, 36 X 15 array with an area of 10 um X 10 pm. The inset shows
the magnified image of a single bow-tie element with the important
dimensions marked. Owing to the high magnification, edge lines are seen
blurred by multiple scattering of electrons in imaging.

©2008 Nature Publishing Group



NATURE| Vol 4535 June 2008

and when it is illuminated by the femtosecond laser for high-
harmonic generation.

As shown in Fig. 1, the sapphire plate was placed inside the vacuum
chamber and the nanostructure was positioned to face the nozzle of
the gas jet. The output beam of the femtosecond laser was fed into the
vacuum chamber through a window and then focused on the nano-
structure using an aspheric focusing lens. The group delay dispersion,
which was caused by the chamber window, the focusing lens and the
sapphire plate, and amounted to 400 fs*, was compensated for using
chirped mirrors together with a pair of wedges. Inside the chamber, a
vacuum of 10~*~107torr was maintained by operating a rotary
pump together with a diffusion pump equipped with a liquid nitro-
gen trap. The apparatus was placed on a granite table floated on air
supports to prevent external vibration. A gas jet of argon was injected
through a nozzle of 100-pm diameter to provide a surface density of
0.29 g per litre by a back pressure of 115 torr.

To detect the generated high harmonics, a high-resolution
spectrometer was constructed by combining a type of diffraction
grating with varied line spacing (Hitachi, 001-0639) with a photon
multiplier (Photonics, 4751G CSI). The photon multiplier was
located at a distance of 469 mm from the grating, which dispersed
the incoming EUV radiation in the 22-124-nm wavelength range
along a transverse line 110 mm long. The photon multiplier was
mounted on a precision stage moving along the dispersion line of
the grating. The photon multiplier we used was sensitive to high-
harmonic radiation only below 200 nm in wavelength; hence, no
aluminium filters were required to block the original femtosecond
laser beam. The grating has a narrow acceptance angle of *1.0°,
which provides a 1.0-nm wavelength sampling resolution. In addi-
tion, a slit of 1.0-mm width was installed to limit the aperture size of
the photon multiplier to avoid the effect of excessive convolution in
the measured data.

Figure 4 shows the detection result obtained in this investigation.
Odd harmonics up to the 17th, denoted H17, can be clearly seen. H3
and H5 are not seen, because they are below the lower limit of the
dispersion range of the grating we used. The three-stage power vari-
ation usually seen in the harmonics generated by chirped power
amplification was also observed®>**, as evidenced by a perturbative
region from H7 to H11, a plateau from H11 to H15, and a final cutoff
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Figure 4 | Measured spectrum of generated high harmonics. A varied-line-
spacing grating was used to disperse the 22—-124-nm wavelength band over a
total linear length of 110 mm. H7, H9 and H11 were monitored by moving a
photon multiplier in steps of 1.0 mm along the dispersion line, and H13, H15
and H17 were monitored in steps of 0.2 mm. The aperture of the photon
multiplier was adjusted to be 1.0 mm to reduce the unwanted convolution
effect in the measured spectrum while maintaining a desirable level of
photon-counting sensitivity. Given the input pulse power of 100 mW, the
efficiencies for the harmonics were computed as follows: H7, 2.4 X 10~ % H9,
2.2X107% H11,9.5 X 10~ "% H13, 9.0 X 107 '% H15, 1.3 X 10’ and H17,
6.9x10 .
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at H17. Given that the input femtosecond laser provides a small peak
power of 100 kW, the observed harmonics yield relatively low power,
in the range of a few nanowatts in total. However, the conversion
efficiency was found to be on the level of 2.4 X 10~ for H7 and as low
as 6.9 X 107 '° for H17, which is comparable to those of chirped
power amplification. We expect that the original comb structure is
maintained in each of the generated harmonics as there was no
reduction in the repetition rate of the incident femtosecond pulses,
although experimental verification of this is not within the scope of
the current investigation.

Sapphire could break down owing to multiphoton ionization if it
were exposed to an intensity of greater than 10> W cm™? (ref. 25).
However, the sapphire substrate used in the experiment was found
not to be substantially influenced, because the electric field exceeding
the threshold intensity was concentrated within the gap between the
triangular electrodes. This was verified by scanning electron micro-
scope imaging after the experiment. The gold electrodes themselves
are also susceptible to thermal damage owing to photon—electron
coupling when the incident femtosecond pulse yields an intensity
of greater than 10" W em ™2 (ref. 26). Because the sapphire substrate
functions as a good heat dissipator, no serious ablation or melting of
the electrodes was observed, however, as long as the incident intensity
was not allowed to exceed the threshold intensity.

Another concern was the spatial distribution shared by the high
harmonics generated using the array of bow-tie elements. The intense
spot of the incident femtosecond pulse focused on the surface of the
nanostructure had a diameter of 5pum, which is large enough to
produce high-harmonic generation simultaneously in approximately
150 of the elements. Each element acts as a point-like source that
radiates high harmonics with a broad angle distribution. The con-
sequent wave collectively observed from the elements is therefore the
constructive interference of the individual waves emitted from the
individual elements, which maintain high coherence in both spatial
and temporal terms. This causes the generated harmonics to be dis-
tributed following the particular spatial diffraction pattern that the
nanostructure would produce as a two-dimensional diffractive grat-
ing as a whole.

For instance, H17, which has a wavelength of 47 nm, has a first-
order diffraction angle of 13.6° in one direction and 4.9° in the
perpendicular direction, with greater higher-order diffraction. In
the experiment, only the zeroth-order diffracted ray of H17 was
collected by the photon multiplier, because the other diffraction
angles are greater than the acceptance angle of =1.0° of the spectro-
meter used. This is the case for the other detected harmonics,
H7-H15, as well. The zeroth-order diffracted rays of the generated
harmonics all have the same propagation direction as the incident
femtosecond pulse, and are thus confined within a narrow cone with
a =7° angle distribution formed in response to the focusing angle of
the incident pulse.

A final concern was the dispersion-induced phase mismatching
due to the interaction of the generated harmonics with the injected
argon gas. However, we did not pay particular attention to this pro-
blem, because the field enhancement for the high-harmonic gene-
ration was confined to region of dimension less than 1 pm as the
incident femtosecond pulse passed through the bow-tie elements.

In conclusion, in the experiment performed in this study we suc-
cessfully verified that the field enhancement induced around the
bow-tie elements with a 20-nm gap allows the generation of EUV
light directly from the output of a single femtosecond oscillator of
100-kW peak power. The focused pulse intensity of 10'" W cm™* was
enhanced by a factor of 20—40 dB, which is large enough to produce
harmonics as high as the 17th, corresponding to a wavelength of
47 nm. Requiring no extra cavities, the proposed method enables
the construction of convenient laptop-size sources of coherent
EUV radiation. This has the potential to accelerate progress in many
areas of science and technology, particularly in the area of advanced
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lithography, high-resolution imaging and possibly EUV optical
clocks.
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