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Abstract: In linear optics, the emergence and development of artificial materials such as photonic metamaterials provide
more degree of freedom to control light-matter interactions. For example, the artificial meta-atoms can be used to flexibly and
effectively control the amplitude, phase and polarization of light at subwavelength scales. Thus, some novel optical phenome-
na, such as superlens, negative refraction, and invisible cloak, have been achieved. By controlling the geometric phase of
light and local electromagnetic enhancement in metamaterials, to achieve significant enhancement of light-matter
interactions, people opens a new door for realizing nonlinear micro/nano light sources and their applications. In this review,
the recent research progresses of functionalities of photonic metamaterials such as optical frequency conversion, ultrafast opti-
cal switching and modulation, and nonlinear phase control are summarized. We also overview the future applications and
challenges of the nonlinear photonic metamaterials.
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Second-order nonlinear optical process
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Fig. 1 Schematic energy-level diagrams of second-(a~c) and third-

(d~f) order nonlinear optical processes [''; (a) second-har-
monic generation ( SHG ), (b) sum-frequency generation
(SFG), (c) difference-frequency generation ( DFG), (d)
third-harmonic generation ( THG ), (e, f) nondegenerate
four-wave mixing ( FWM ). The solid and dashed lines
represent electronic levels and virtual levels of the nonlinear

material polarization, respectively
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Fig. 2 Plasmonic metamaterials for SHG. The meta-atoms have dif-

ferent shapes: (a) V-shape'?”) | (b) L-shape!®) | (c¢) U-

shape! ! | (d) Triangle!*>’ | (&) G-shape'**!. The two me-

ta-atoms in (b) are arranged in different ways, which affects

the intensity of SHG
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Fig. 3 Second-order nonlinear response in the dielectric or semiconductor metamaterials: (a) GaAs metasurface!**) | (b) three-

dimensional lithium niobate nonlinear photonic crystal ) | (c¢) three-dimensional nonlinear photonic crystal in ferroelectric

barium calcium titanate[*'
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Fig. 4 Third-order nonlinear optical processes in metamaterials; (a) Third-harmonic generation (THG) signal of silicon

[e1] ,

nanodiscs**) ; (b) Enhanced THG in silicon Fano nonlinear metasurface ®; (¢) Optical frequency mixer is

realized by using GaAs metasurface! %
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Fig. 5 Ultrafast optical switching and modulation; (a) Controlling the all-optical ultrafast response by adjusting the excitation of hot

80]

electrons on a plasmonic metasurface! ™’ ; (b) Ultrafast optical field response of hot carriers in two-dimensional graphene® ;

(¢) Enhancing the ultrafast controlling of elliptical polarization state of light by using hyperbolic metamaterials
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