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Active electric control of highly efficient third harmonic generation was realized in an ultrathin nonlinear
metasurface by using a nanocomposite consisting of gold nanoparticles dispersed in polycrystalline
strontium titanate as the electro-optic material. Owing to the nonlinearity enhancement associated with
the slow light effect, quantum confinement effect, and field-reinforcement, a high conversion efficiency
of 3 x 107> was obtained, which is two orders of magnitude larger than previously reported efficiencies

at comparable pump intensities. A modulation of 12% in the intensity of the third harmonic generation
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and a 30-nm shift in the transparency window center were achieved by varying the applied voltage
from —30 V to zero. Our results pave the way toward the realization of multi-functional integrated
photonic devices and chips based on metasurfaces.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Third harmonic generation (THG), a kind of third-order
nonlinear optical phenomenon, is not only an indispensable tech-
nology widely used in the fields of tunable laser frequency con-
version [1] and high-energy coherent light sources [2,3], but also a
feasible approach for realizing various integrated photonic devices,
such as bio-imaging devices [4—7], drug delivery devices [8], and
photovoltaic devices [9]. In the quantum picture, three identical
photons with an energy of w interact with a nonlinear material,
thereby producing a new photon with an energy of 3w. However,
the third-order nonlinear optical response of conventional mate-
rials is intrinsically weak, and thus a long interaction length or high
incident intensity is needed for efficient THG [10]. For macroscopic
photonic structures, phase matching technology is an effective way
to enhance THG. Moreover, confining light in optical resonators
could be used to improve the incident intensity, thereby enhancing
THG [10,11]. However, metasurfaces are ultrathin, such that the
interaction length between light and matter is much smaller than
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the wavelength of the incident light; this means that phase
matching conditions cannot be exploited when using metasurfaces
[12,13]. The plasmonic modes provided by meta-molecules possess
the unique ability of confining light into sub-wavelength scale
structures, which contributes to the nonlinearity enhancement of
metasurfaces [ 14—17]. Up to now, the conversion efficiency of THG
has only reached 10~7 with a peak pump intensity of about
300 MW/cm? (or 10~ with a peak pump intensity of several GW/
cm?) in metamaterials [ 18—24]. An active control of THG could lead
to important applications in ultrahigh-speed and ultrawide-band
information processing chips. Active control of THG with a high
conversion efficiency has not yet been realized, which has
restricted the practical applications of metasurface in integrated
photonic devices.

2. Material and methods

Here we report the realization of active electrical control of high
efficient THG in an ultrathin metasurface, which consisted of an
array of square lattices of meta-molecules with a thickness of
50 nm deposited on the upper surface of a 150-nm-thick nano-
composite layer with a strong linear electro-optic effect. Both
external and intrinsic nonlinearity enhancement was used in our
experiment. The former was achieved by using the metasurface,
while the latter one was realized in the nanocomposite film. The
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meta-molecule in our metasurface consisted of a subradiant and a
superradiant meta-atom. First, owing to the destructive interfer-
ence between the subradiant and superradiant plasmonic modes
provided by the meta-molecules, a transparency window was ob-
tained in the transmission forbidden band of the metasurface
sample. Scalora et al. and Xu et al. noted that there is a remarkable
slow-light effect around a metamaterial-induced transparency
window, which contributes to the external nonlinearity enhance-
ment of the metasurface sample, thus extending the interaction
time between photons and material [16,17]. Additionally, the light
reinforcement effect of the plasmonic modes provided by the meta-
molecules also contributes to the nonlinearity enhancement of
metasurface samples [14,15]. These factors above both contribute to
the external nonlinearity enhancement of the metasurface sample.
Here, the nanocomposite material was composed of gold nano-
particles dispersed in polycrystalline strontium titanate (nano-
Au:polycrystalline-SrTiO3). SrTiO3 has both impressive third-order
optical nonlinearity and excellent electro-optic properties [25]. The
strong quantum confinement effect provided by the gold nano-
particles and nanoscale grains of polycrystalline SrTiO3 contribute
greatly to the third-order optical nonlinearity enhancement of the
nanocomposite nano-Au:polycrystalline-SrTiO3 [26—30]. Au
nanoparticles can also inject hot-electrons into the SrTiO3 nano-
crystals, so that the carrier density is increased to enhance the
nonlinearity of the nanocrystallites [31]. Further, Fischer et al. also
pointed out that the electric-field amplitude of an incident pump
laser beam was nonuniformly distributed between the two con-
stituents of the nanocomposite [32]. These factors also contribute
to the intrinsic nonlinearity enhancement of the metasurface
sample. A THG conversion efficiency as high as 4 x 10~ was ob-
tained in our experiment, which is one order of magnitude higher
compared with values in previous reports [18—24|. Markovin et al.
pointed out that SrTiO3 has an excellent electro-optic effect, which
results in an external voltage induced refractive index change [33].
In this study, a modulation depth of 12% in the THG intensity was
achieved when the applied voltage was changed from —30Vto O V.
This paves the way for the realization of multi-functional integrated
photonic devices based on metasurfaces.

A nano-Au:polycrystalline-SrTiO3 nanocomposite film with a
thickness of 150 nm was deposited on the surface of a 400-nm-
thick silicon dioxide (SiO3) layer on a silicon substrate by using a
laser molecular beam epitaxy growth system (Model LMBE450, SKY
Company, China) [34]. The doping concentration of gold nano-
particles, with an average diameter of 25 nm, was about 10%. An
atomic force microscopy (AFM) image of a 150-nm-thick nano-
composite film is shown in Fig. 1(a), which indicates that the
average surface roughness was less than 6 nm and the diameters of
these SrTiO3 crystallites were under 10 nm. The crystallites being
on the nano-scale ensured the quantum confinement effect
[26—28]. An electron-beam lithography system (Model Raith 150,
Raith Company, Germany) was used to prepare the periodic pat-
terns of the square lattice of the meta-molecules. The lattice con-
stant was 680 nm, as shown in Fig. 1(d) and (d). The patterned area
was about 200 pm x 200 pm. A single meta-molecule was formed
by a single long gold nano-cuboid, acting as the superradiant meta-
atom, and a pair of short gold nano-cuboids, acting as the sub-
radiant meta-atom, as shown in Fig. 1(e). The length, width, and
height were 230, 60, and 50 nm for the long gold nano-cuboid, and
215, 60, and 50 nm for the short gold nano-cuboid. The distance
between the long and short gold nano-cuboids was 50 nm in the Y-
direction. The distance between the two short gold nano-cuboids
was 85 nm in the X-direction. Additionally, Si and SiO2 were cho-
sen as substrate materials, as they are standard substrates for on
chip integration and are CMOS compatible, which may be relevant
for future applications.

3. Experimental

To confirm the intrinsic nonlinearity enhancement, we
measured the nonlinear refractive index n; of an Au:nanocrystal-
SrTiO3 film at 1400 nm using the close-aperture Z-scan method
with a 35-fs, 1400-nm laser. The measured close-aperture Z scan
curve is shown in Fig. 1(b). The normalized transmission can be
fitted to [35].
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where T is the normal transmittance, x/z = zy, z is the longitudinal
distance from the focal point, zg is the Rayleigh range of the laser
beam, and A¢ is the phase change. The nonlinear refractive index n;
could be obtain from Ref. [35].
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where 1 is the laser wavelength in vacuum, « is the linear absorp-
tion index, Iy is the peak intensity of the laser beam, and L is the
sample thickness. The non-linear refractive index was measured
to —1.6 x 10712 esu, which is two orders larger than for the bulk
single-crystal of SrTiO3 (n; = —26.7 x 10713 esu. [25]).

To study the linear transmission properties of the metasurface
sample, we adopted a micro-spectroscopy measurement system to
measure the linear transmission spectrum of the metasurface
sample. A normally incident beam from a super-continuum light
source was focused on the upper surface of the metasurface sample
with a spot size of about 150 pm. A polarizer and a wave plate were
used to control the polarization state of the incident light. The
output signal propagating through the metasurface sample was
detected by a fiber monochromator (Model NIR 512, Ocean Optics,
USA). The polarization state of the incident light was set to be
transverse-magnetic (TM) polarized and the electric-field vector of
the incident light was set to be parallel to the long nano-rod, i.e.,
along the X-axis direction. The measured linear transmission was
normalized with respect to a reference sample without the
patterned area, i.e., the reference structure was: Si substrate/400-
nm-thick SiO, layer/150-nm-thick nanocomposite layer.

The experimental setup used to study the THG in the metasur-
face is shown in Fig. 2(a). A beam (with a pulse duration of 35 fs and
a repetition rate of 1 kHz) from a femtosecond optical parameter
amplifier system (model Opera Solo, Coherent Company, USA)
propagated through an attenuator and a dichroic mirror before
being focused into a spot with a size of about 150 um by using a
high N.A. objective lens (Mitutoyo 100x, NA = 0.7); the beam was
normally incident on the upper surface of the metasurface sample.
The THG signal was collected by the same objective lens (N.A. = 0.7)
and reflected by the dichroic mirror, then detected using a fiber
monochromator (model HR 4000, Ocean Optics, USA) with a res-
olution of 0.74 nm. The light signal transmitted through the met-
asurface sample was collected by another objective lens and
detected using an infrared CCD, which helped to adjust the position
of the incident light spot. We measured the THG signal when the
metasurface sample was excited by TM-polarized incident light at
different wavelengths with a peak intensity of 1770 MW/cm?. As
reference, we also measured the THG signal when the sample was
excited by TE-polarized light. Further, a sample with no meta-
molecule arrays was excited with TM-polarized light as a refer-
ence. Furthermore, the THG conversion efficiency was measured
based on the method used by Yang et al. [10]. First, we used a light
beam with a known power to calibrate the fiber spectrometer,
aiming to measure the relationship between the counts response
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