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1. Introduction

High-harmonic generation (HHG) was firstly, to the best of our
knowledge, proved to exist in rare-gas atoms!'!, and nowadays
it is one of the backbones of attosecond science” ). Typical
gas-phase HHG experiments need expensive and complex
experimental setups. In recent years, solid materials have been
extensively used as a driven medium for HHG. One of their
advantages is its high density, typically three orders of magni-
tude larger, allowing the HHG to happen with lower pumping
laser fields'®!. Thus, solid HHG has become a subject of great
interest. Investigations have shown that high harmonics gener-
ated in bulk crystals could provide new ways to manipulate and
tailor light fields and have instrumental prospects for strong
field photonics applications”**). These studies will pave the
way to the design of compact ultrafast and short wavelength tun-
able coherent light sources. Subsequent research has shown that
high-order harmonics can be generated in an engineered nano-
scale structure, which is able to adequately tailor the local near-
field in order to reach the strong field regime. Enhancing the
driving electric field by a nanostructure is the most promising
way to boost the interaction between the electromagnetic field
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High-harmonic generation in metasurfaces, driven by strong laser fields, has been widely studied. Compared to plasma,
all-dielectric nanoscale metasurfaces possess larger nonlinearity response and higher damage threshold. Additionally, it
can strongly localize the driven field, greatly enhancing its peak amplitude. In this work, we adopt a Fano resonant micro-
nano structure with transmission peaks at different wavelengths and explore its nonlinear response by both single and two-
color pump fields. Compared to the high-order harmonics induced by the first resonant wavelength, the intensity of the
high-harmonic radiation results is enhanced by one order of magnitude, when the metasurface is driven by various resonant
and non-resonant wavelength combinations of a two-color field.

Keywords: metamaterial; nanostructure; Fano resonance; high-harmonic generation; two-color field.

and the material, allowing it to reach the strong laser-matter
interaction, with lower intensity pumping fields.

Plasmonic-enhanced HHG studies have been triggered by the
work of Kim et al.!"®!. Even when the results of this work were
still under debate, it sparked a large amount of both theoretical
and experimental works!'*?*!, Having the drawbacks of the
seminal Kim’s experiment in consideration and in order to
obtain a higher conversion efficiency for HHG, we need to seek
other alternative targets because, for instance, the incoherent
plasma line emission cannot be ignored. In this way, solid mate-
rials appear as an attractive alternative. The inherent nonlinear-
ity of dielectrics is, however, very difficult to exploit because
the field enhancement always exists at sharp structure edges.
Additionally, the enhanced field, able to trigger a strong nonlin-
ear process, is only present on the surface of the nanostructure
and rapidly decays as we move towards the bulk. Finally, plas-
monics nanostructures have a large optical absorption and low
melting point, which results in a low damage threshold, prevent-
ing the use of high laser peak strengths>®?7],

Therefore, high-refractive-index dielectric metasurfaces,
exhibiting resonances in the optical domain, are one of the best
alternative materials to enhance HHG***), This is due to its
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large quality factors and high optical damage threshold"**~>*!,

Under resonant strong field conditions, the metasurface robust-
ness can enrich the strong field mechanisms?!. Furthermore,
by using nanoscale films, it is possible to tailor the resonance-
induced electromagnetic field enhancement. The geometry of
each individual nanostructure appears as an instrumental fea-
ture for the HHG conversion efficiency. Moreover, the combi-
nation of different geometric shapes has great influence on it.
It was both experimentally and theoretically verified that Si-
based metasurfaces, supporting the electromagnetically induced
transparency (EIT) effect, possess a large nonlinearity, which
can greatly enhance the frequency conversion in the spectral
region of the resonance>**"’,

Most of the studies based on dielectric metasurfaces focus on
the monochromatic field excitation at the wavelength of its big-
gest transmittance. However, to the best of our knowledge, only
a few works have studied the response of a two-color exciting
field on the high-order harmonics generated by the metasurfa-
ces!*' "4 In atomic systems, the efficiency of HHG can be sig-
nificantly enhanced by adding a second color'*”), However, in
dielectric metasurfaces, typically the driven light field is tuned
at their resonant wavelength, so it appears attractive to explore
whether the same gas-phase behavior can be observed in this
new arena***”),

In this paper, we report both the difference frequency gener-
ation and high-order harmonic generation enhancement by
using a combination of two different pump frequencies. The
driven target is an all-dielectric nanostructure, and our research
is motivated by the work of Ref. [48]. We demonstrate that,
when the metasurface is excited by a combination of its first
(4;) and second (4,) resonant wavelength fields, it generates
an enhanced spectrum, with respect to the one obtained when
only the first resonance frequency field drives the metasur-
face, with peaks at both the odd harmonics of the resonant fre-
quency (2m + 1)w;, with m as an integer, and frequencies
@2m+ Dw, £ n(w; —w,), with n also as an integer. When
the metasurface is excited by the mixture of its first resonant fre-
quency field and its third harmonic, the spectrum generated,
formed by an odd harmonic frequency comb, is enhanced more
than one order of magnitude.

2. Simulations and Results

The simulation method is based on the finite-difference time-
domain (FDTD) method, which is a method to obtain the time
evolution of electromagnetic waves by solving the Maxwell curl
equation in a finite spatial grid as originally proposed by Yee in
1966!*°!. Establishing a time-discrete progressive sequence and
dividing the electromagnetic field into the grid form of Yee cells,
the electric and magnetic fields are calculated iteratively by
using the difference method in the time domain. This approach
is widely used in the numerical modeling of both the linear
and nonlinear laser-nanostructures interaction. In Fig. 1(a),
we depict a sketch of an array of Si-based metasurfaces on a sap-
phire substrate. Since this arrangement forms a periodic
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Fig. 1. (a) Scheme of the Si-based metasurface periodic arrangement on a
sapphire substrate. (b) A single simulation cell. The geometrical parameters
are @=200 nm, b=700 nm, r=210 nm, g=70 nm, t="120 nm, P, = 750 nm, and
P, =750 nm. (c) Simulated transmittance spectrum of the single cell. One peak
in the transmittance spectrum appears at a wavelength of 1341 nm,
and another one is observed at a wavelength of 1146 nm. (d), (f), (h) Plots in
the x-y plane of the electric, magnetic, and Poynting field patterns at a
wavelength of 1341 nm, respectively. (e), (g), (i) Plots in the x-y plane of the
electric, magnetic, and Poynting field patterns at a wavelength of 1146 nm,
respectively. The white lines indicate the location of the nanostructures.

structure, we can select a single cell, formed by a dipolar bar
antenna and a disk resonator, for our theoretical simulations
[see Fig. 1(b)]. It is known that this type of structure hosts a
Fano-like resonance, resulting in a classical analogue of the
EIT effect'**]. Thus, the set of parameters results in a = 200 nm,
b=700nm, r=210nm, ¢ =70nm, t =120 nm, P, =750 nm,
and P, = 750 nm'**!. Due to the fact that polycrystalline Si pos-
sesses both a large linear refractive index and a large nonlinear
index in the near-infrared band, it is the material chosen for the
bar antenna. Every single cell can then be strongly coupled to the
external excitation driving it along a direction parallel to the bar,
which supports the so-called ‘bright’ electric dipole resonance.
The disk resonator, on the other hand, supports the so-called
‘dark’ magnetic dipole resonance, which cannot be excited
directly by the incident light, but it can be excited by the
near-field interaction with the bright mode.

We use a commercial software (Lumerical), based on the
FDTD method'*”), to numerically simulate the nonlinear optical
response of the structure shown in Fig. 1(b). The pump laser
beam falls perpendicular to the x-y plane of the Si-based meta-
surface, with its electric field linearly polarized along the bar.
The electric field peak amplitude is set to be 1.55 X 108 V/m,
corresponding to a peak pump intensity of 3.2 GW/cm?, well
below the material damage threshold, and the pulse length is
250 fs*8., Figure 1(c) shows the theoretically simulated trans-
mittance spectrum of the Si metasurface. From this curve, we
can observe two sharp peaks, one located at a wavelength
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A; = 1341 nm, showing an EIT-like feature (we name this 4,, the
first resonant wavelength) and the other one at 1146 nm that we
call the second resonant wavelength 4,. The interference of the
broadband ‘bright’ mode and narrowband ‘dark’ mode forms a
typical three-level Fano resonant system'®*?, The broadband
absorption corresponds to the excitation of the metasurface
bright mode. On the other hand, the sharp EIT peak is linked
to the dark mode of the disk. Moreover, the second resonant
wavelength A, peak structure indeed resembles a Fano reso-
nance. A Fano resonance results from the interference of a dis-
crete auto-ionized state with a continuum state and gives rise to
characteristically asymmetric peaks in the excitation spec-
tram™%. In our scattering system, the transmission is
strongly suppressed in a short frequency band and shows an
asymmetric structure [see Fig. 1(c)].

Unlike most of the studies, we will focus not only on the non-
linear response of the system to the first resonant wavelength 4,,
but also pay attention to the contribution of the second resonant
wavelength 4, in the resulting high-order harmonic generation.
Therefore, let us first look at the spatial distribution of the
electric, magnetic, and Poynting vector fields, both at the first
and second resonant wavelengths. The results are shown in
Figs. 1(d)-1(i). Figures 1(d), 1(f), and 1(h) show the electric,
magnetic, and Poynting vector field patterns, respectively, at
the first resonance wavelength A; = 1341 nm. We can clearly
observe that the three fields are strongly localized at the disk,
while they vanish at the bar. A clear enhancement of the incom-
ing peak amplitudes of the three fields can be extracted as well.
For instance, the electric field is enhanced by a factor of 25-30
with respect to the incoming one, corresponding to around three
orders of magnitude enhancement in the pumping intensity.

However, the distribution at the second resonance wavelength
A, = 1146 nm looks very different. Here, the electric field is not
localized at either of the two nanostructures, but it presents
maxima both at the gap between the nanostructures and the sur-
rounding region of the disk and the bar [see Fig. 1(e)]. The mag-
netic and Poynting vector fields, on the contrary, are indeed
strongly localized, as in the case of 4;, but now at the bar [see
Figs. 1(g) and 1(i)].

For this case, we also observe a substantial increase in the peak
amplitudes of the three fields. We, then, conclude that the sys-
tem should respond differently when it is excited by a laser
pump centered at the first or the second resonance wavelength.
Furthermore, we expect a dissimilar response as well when the
metasurface is driven by combination of a two-color pulse, cen-
tered at different frequencies.

It was demonstrated that the excitation of resonant modes is
one of the HHG enhancement mechanisms®”). In the present
work, however, we present other ways to improve the HHG effi-
ciency, by going beyond the single-color resonant pumping.
In this way, we explore the behavior of the metasurface under
the excitation of different combinations of a two-color laser
pump. As can be seen in Fig. 2(a), odd harmonics, visible up
to the ninth order, are produced when the system is driven
by a single-color laser pulse, spectrally centered at the first res-
onance frequency w,. Compared with the case of a single-color
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Fig. 2. (a) Harmonic spectrum when the excitation pulse is centered at the
first resonance wavelength A; = 1341 nm. (b) Harmonic spectrum when the
excitation is a two-color field, formed by the combination of the resonant
EIT wavelength (1341 nm) and its third harmonic. In both cases, the field is
linearly polarized along the bar.

laser pump, the ninth harmonic still has a higher intensity.
Furthermore, the intensity of the third harmonic is 1/100 weaker
than that of the fundamental field. This trend seems to be fol-
lowed by the rest of the harmonics. On the other hand, when
the metasurface is excited by a combination of two frequencies,
for the case of Fig. 2(b), the first resonance frequency and its
third harmonic, the whole spectrum shows an enhancement
of one order of magnitude.

In order to fully study the influence of a two-color incident
field with different frequency combinations on the HHG, in
Fig. 3, we use a laser pulse formed by the first and second res-
onant wavelengths A, and 4,. Additionally, as shown in the inset
of Fig. 3, we show a zoom of the 1st, 3rd, and 5th harmonic

Log harmonic intensity (arb. units)

oo/co1

Fig. 3. Spectrum generated when the excitation pulse is a combination of the
first resonance (resonant EIT peak] and the second resonance (1146 nm)
wavelengths. The inset shows the zoom of the 1st, 3rd, and 5th harmonics
of the spectrum. We label the additional frequencies around the third har-
monic (see the text for more details). The driving field is linearly polarized
along the bar.
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orders, in order to further elucidate the positions of the addi-
tional harmonic frequencies.

Here, we observe a completely different behavior. Firstly,
the harmonic intensity does not change compared to the one
obtained when the metasurface is driven by a single-color field
centered at the resonant frequency w; [compare Figs. 2(a)
and 3]. Secondly, additional spectral lines appear, i.e., at the peak
of each odd harmonic of the resonant frequency w;, new peaks
above and below its value are visible. For the case of Fig. 3, they
are separated by an integer number of the frequency difference,
i.e,+nA, where A = (@, — @,) (see the inset of Fig. 3 for the case
of the third harmonic) and are a result of the wave mixing.

In nanostructures, the near-field is a delayed and enhanced
“copy” of the excitation source. This delay can be experimentally
measured and can give information about both the electron
dynamics and tunneling time delay!**=*"J. In order to study this
phenomenon in our setup, we examine the modulation of the
third-harmonic generation by the relative phase of the third fre-
quency field, as shown in Fig. 4. When the amplitude of the third
frequency field is 0.3 times that of the fundamental frequency
field and the relative phase is between —27 and 27, the third
harmonic intensity shows a cos-type behavior. Additionally,
the position of the first maximum has a 0.2z delay (zero delay
corresponds to the situation when both fields are applied simul-
taneously), which corresponds to a time delay of 447.3 as. This
value seems to be comparable with the one obtained in Ref. [58]
for a gold nanotip.

Figure 5(a) shows the simulated transmittance spectrum of
the metasurface with these new geometrical parameters. We can
see now an EIT transmission peak at a wavelength of 800 nm,
which we call first resonance wavelength 15, and another sharp
one at a wavelength of 704 nm, which defines the second reso-
nant wavelength 4,. When we explore the distribution of the
electric field, we found that the electric field is greatly enhanced
at A3 =800 nm, and it perfectly localizes inside the disk [see
Fig. 5(b)]. This behavior is analogous to the one observed in
Fig. 2(d). We also notice that the enhanced field covers a much

Third harmonic intensity (arb.units)

=27 - 0 s 2w

Relative phase (rad)

Fig. 4. Relation between the relative phase of the triple frequency field and
the third harmonic intensity.
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Fig. 5. (a) Simulated transmittance spectrum of the metasurface with the
new geometrical parameters (see the text for details). (b) Simulated normal-
ized electric field amplitude at the resonant wavelength Az = 800 nm in the
x-y plane. The white lines indicate the location of the nanostructures.

larger zone inside the disk, as compared with the previous case,
although the enhanced factor is smaller.

To verify that the above results are not numerical artifacts, we
further study the harmonic generation by changing the geomet-
rical parameters of the nanostructure. In this way, we could
make the metasurface have the Fano resonance at a different
wavelength. For instance, if we require the metasurface to sup-
port the Fano-like resonance at 800 nm, the geometric param-
eters should be a = 124 nm, b = 380 nm, r = 126 nm, ¢ = 34 nm,
t =70nm, and P, = P, =470 nm.

In order to study the nonlinear response of this new metasur-
face, we carry out simulations as in the previous case, i.e., we
consider the nonlinear response in the all-dielectric nanostruc-
ture as excited by both a monochromatic laser pulse centered
at the resonant wavelength 1, and different combinations of
two-color laser pulses. Figure 6(a) shows the high-order har-
monics resulting from the excitation by a monochromatic
pumping field centered at 4;. Here, only odd-order harmonics
are observed. Similarly, when the target is driven by a two-color
laser pulse formed by the first resonant wavelength A; and its
third harmonic, the HHG spectrum is now enhanced by one
order of magnitude compared with the monochromatic case
[see Fig. 6(b)].

(@) (®) ©
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Fig. 6. (a) HHG for an excitation light pulse centered at 800 nm. (b) Two-color
HHG spectrum for an incident field formed as a combination of the resonant
frequency ws and its third harmonic. (c) Wave mixing spectrum generated
by an excitation pulse formed as the combination of the first and second res-
onant wavelengths Az and A,. In all cases, the field is linearly polarized along
the bar.
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Finally, we pump the metasurface with a two-color laser field
formed as the combination of the first and second resonant
frequencies w; and w,. The resulting spectrum can be observed
in Fig. 6(c). Here, we see that, in addition to the odd-harmonic
orders, new frequencies around each harmonic are present.
It can be shown that these new peaks follow the formula
+n(w; — w,). This result is identical to the one obtained for
the previous case (see Fig. 3). Similarly, a marked yield enhance-
ment compared to the monochromatic case of Fig. 5(a) is
noticed. We can conclude thus, that the HHG spectra generated
by a two-color pumping field are different from those excited by
a single-color one, because of either an evident enhancement of
all harmonic orders or the appearance of new peaks whose posi-
tions result from the wave mixing between the two driven laser
sources frequencies.

3. Conclusions

We study the nonlinear response of a Fano resonant Si-based
metasurface when driven by a strong laser field. We report an
enhancement both in the high-harmonic emission as well as
in the difference frequency generation. We demonstrate that
if a two-color pump field is a mixture between the first resonant
Si-metasurface frequency and its third harmonic, the whole
HHG spectrum increases one order of magnitude. Additionally,
if the driven field is a combination between the first and second
resonant wavelengths, not only an enhancement in the whole
HHG yield is observed but also new peaks appear. The positions
of these peaks can be easily calculated from +nA, where A is the
difference between the pumping frequencies. The response of
the Fano resonant Si-based metasurface appears to be robust
against the changes in the geometrical parameters. Our work
could pave the way for the design and potential realization of
novel sources of tunable coherent light.
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