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Nonlinear frequency conversion is one of the most fundamental processes in nonlinear optics. It has a wide range of 
applications in our daily lives, including novel light sources, sensing, and information processing. It is usually assumed
that nonlinear frequency conversion requires large crystals that gradually accumulate a strong effect. However, the large 
size of nonlinear crystals is not compatible with the miniaturisation of modern photonic and optoelectronic systems.
Therefore, shrinking the nonlinear structures down to the nanoscale, while keeping favourable conversion efficiencies, is 
of great importance for future photonics applications. In the last decade, researchers have studied the strategies for en-
hancing the nonlinear efficiencies at the nanoscale, e.g. by employing different nonlinear materials, resonant couplings 
and hybridization techniques. In this paper, we provide a compact review of the nanomaterials-based efforts, ranging 
from metal to dielectric and semiconductor nanostructures, including their relevant nanofabrication techniques.  
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Introduction 
Advanced nanofabrication techniques have enabled com-
plicated assemblies of nanoscale structures that can be 
employed for engineering the electromagnetic behaviour 
at optical frequencies. Nanophotonics, i.e. the technology 
of generating, controlling, and detecting photons, via 

engineered nanostructures, is considered to be a revolu-
tionary technology for the 21st Century1. The field of 
intense light interaction with nanostructures, so called 
nonlinear nanophotonics, is one of the most attractive 
branches of nanophotonics that studies multifrequencies 
interactions in nanoscale devices, including the distribu-
tion and guiding the generated frequencies in selected 
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frequency ranges. This field plays an important role in 
modern photonic devices, including optical signal pro-
cessing, control over the frequency spectrum of laser light, 
ultrafast switching and generation of ultrashort pulses2,3. 

The nonlinear optical response of nanostructured ma-
terials is generally very weak. However, recent studies 
have revealed the potential of nanophotonics to address 
this issue via artificially induced nonlinear responses in 
optically resonant nanostructures3–15. This is possible, 
since metallic and dielectric nanostructures are capable of 
squeezing light fields into volumes much smaller than the 
diffraction limit. In other words, nanostructures can act 
as optical antennas thus reversibly transferring propagat-
ing electromagnetic waves into volumes orders of magni-
tude smaller than the diffraction limit of light16–18. Such 
concentration of the optical fields to nanoscale volumes 
strongly promotes and enhances nonlinear effects at the 
nanoscale. In particular, nonlinear frequency conversion 
at the nanoscale can result in novel nanoscale light 
sources, including sources of single quanta of light. Such 
sources will advance the performance, energy efficiency 
and security of future optical communication networks 
and computing systems. However, the fabrication of non-
linear nanoantennas and their functionalities requires 
novel approaches and materials to efficiently convert op-
tical fields from one frequency to another. Importantly, 
the chosen materials should be resistant enough against 
heat generated by high-power lasers, and preferably ex-
hibit minimal optical losses.  

Here, we review the materials evolution and various 
approaches for fabricating nanostructured materials for 
nonlinear frequency conversion. We provide detailed 
analysis of both advantages and disadvantages of each 
material, in terms of nonlinear properties, nanofabrica-
tion and explain why research interests have migrated 
from one material to another. Notably, the comparison 
between nonlinear efficiencies and characteristics of 
nanoantennas, that are already well-reviewed19–22, are 
beyond the scope of this review paper. This exception 

includes the factors that can enhance the conversion effi-
ciency but are not necessarily related to the material of 
antennas, such as mode compositions in the fundamental 
and/or harmonic generation wavelengths, various types 
of couplings and various types of mode interferences, 
etc19–22. 

Metallic nanoantennas 
Metals were among the first exploited nanoscale materials 
to obtain strong optical nonlinear responses5–11,18–25. Me-
tallic nanostructures represent an interesting approach to 
bridge the gap between conventional and modern optics. 
Such nanostructures stimulate the oscillation of free elec-
trons on the surface, so-called surface 
plasmons5–11,18–23,26–32 that lead to strong near-field en-
hancements known as hot-spots that boost both linear 
and nonlinear characteristics9,33–38. Indeed, employing 
surface plasmons arising at metal-dielectric boundaries 
allows enhancing nonlinear interactions, because elec-
trons at the surface reside in a non-symmetric environ-
ment, where the nonlinearities arise from the asymmetry 
of the potential confining the electrons at the surface2,3. 
Moreover, additional degrees of freedom, e.g. couplings 
between the constituent nanoparticles, suggest a depar-
ture from conventional physical limitations in nonlinear 
optics. For instance, Gennaro et al. have recently shown 
that multi-resonant nanoantennas reveal the interplay of 
symmetry and scattering phase that directly influences 
Second Harmonic Generation (SHG)39, which is a coher-
ent nonlinear process that converts two photons of fre-
quency ω into one photon of frequency 2ω9. Figure 1(a) 
shows how two disks (2ω-particles) in the nanoantenna 
on the left radiate in phase leading to bright and direc-
tional SHG, while SHG is suppressed as its 2ω-particles 
radiate out of phase. The SEM images of the fabricated 
plasmonic structures and the experimental results of the 
SHG are plotted in Figs. 1(b) and 1(c), respectively. 

Fabrication of metallic nanoantennas is relatively 
straight forward by using electron beam lithography 

Fig. 1 | (a) An illustration of SHG interference in multi-resonant gold nanoantennas. (b) SEM images of the five nanoantennas configuration 

(CI−CV). Dimensions of the bars are 340 nm×80 nm×40 nm in x, y, and z, respectively, while disks are the same thickness with diameters of 

160 nm. The gaps between the disks and the bar are 20 nm for all cases. (c) The measured SHG signals from the five configurations, where 

the pump and SHG signal are polarized along and perpendicular to the bar, respectively. The colors of various curves correspond to different 

antennas, shown in (b). Figure reprinted with permission from ref.9, American Chemical Society. 
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(EBL). Since metal films can be deposited by electron 
beam/thermal evaporation or sputtering, both at room 
temperature, the thin metal film deposition process does 
not damage the electron beam resist. Therefore, high 
quality nanoantennas, patterned by an electron beam on 
the resist, can be transferred to the metal films by a 
lift-off technique, leading with minimal variations. 

Another plasmonic structure important for the en-
hancement of the nonlinear effects is the gold nanorod 
metamaterial slabs, so called hyperbolic metamaterial 
(see Fig. 2(a)), providing unusual linear and nonlinear 
optical properties40–42. Such Au nanorods are electro-
chemically grown in a substrate-supported, porous, ano-
dized aluminium oxide (AAO) template43. The substrate 
is a multi-layered structure comprising a glass substrate, a 
few nanometer-thick Ta2O5 base adhesion layer, and a few 
nanometer Au film acting as the working electrode for the 
electrochemical reaction. A thick aluminium film, around 
half a micrometre, is then deposited via planar magne-
tron sputtering onto the electrode. This Al film is subse-
quently anodized in sulphuric acid, producing the porous 
AAO template, followed by the electrochemical growth of 
the nanorods and finally removing AAO template43. This 
fabrication technique leads to the generation of nanorods 
with ~10 nm diameter (see Fig. 2(a)) that can increase the 
intensity of far-field SHG by three orders of magnitude 
compared to the uniform dielectric. The enhancement is 
related to both the local field enhancement in the 
metamaterial and its ability to convert dark evanescent 
SH field components generated by the nanoparticle into 
radiative modes, detectable in the far-field. A comparison 
with the metamaterial SHG intensities for TE and TM 
excitations at an angle of incidence of 60° shows that the 
gold nanorod metamaterial outperforms the Au film in 
the resonant conditions by approximately two orders of 
magnitude (see Fig. 2(b)). 

Group IV semiconductor nanoantennas 
Despite numerous advantages allowing for near-field en-
hancement, metallic nanostructures suffer from ohmic 
losses at optical frequencies, which limit their functional-
ities. Because of the ohmic losses, metals tend to absorb 

light and get heated remarkably. Hence metallic 
nanostructures can be irreversibly damaged under illu-
mination by high power lasers. Therefore, the exploration 
of other materials for nonlinear enhancement at the 
nanoscale has recently been an active research 
direction44–68. High-refractive index resonant nanoparti-
cles, e.g. silicon44 and germanium45, with very low losses 
in visible and IR can offer new avenues to the study of 
nonlinear effects. They are emerging as promising alter-
natives to metallic nanoparticles for a wide range of 
nanophotonic applications that utilize localized resonant 
modes.  

Furthermore, nanostructures with large refractive in-
dices exhibit multipolar characteristics, supporting both 
electric and magnetic resonant optical modes69. The non-
linear optical effects are significantly enhanced at the 
optical resonances. In particular, the nonlinear optical 
effects are especially enhanced at the position of magnetic 
dipolar resonances as well as at the spectral position of 
the anapole mode, which is an interference of the electric 
dipole and toroidal modes44. Furthermore, when both 
electric and magnetic origins are present, the nonlinear 
response can be modified by magneto-electric coupling70. 
A detailed explanation of electric and magnetic modes 
and their interferences is beyond the scope of this review. 

Another important advantage of high refractive index 
nanostructures is their large intrinsic nonlinear proper-
ties, i.e. second and third order susceptibilities. Silicon 
and germanium are centrosymmetric materials lacking 
second-order susceptibility, however they possess large 
third-order nonlinearity. As such, silicon and germanium 
nanostructures hold great promise for strong enhance-
ment of the nonlinear optical response. The fabrication 
process for germanium nanoantennas is very similar to 
metals, as germanium can be deposited with standard 
evaporation techniques. Recently, Grinblat et al.45 em-
ployed this technique for fabrication of germanium an-
tennas on borosilicate glass. Using such germanium 
nanoantennas, they obtained efficient Third Harmonic 
Generation (THG), 100 times larger than the THG from 
an unstructured germanium film (Fig.3(a)). THG is a 
nonlinear interaction when three photons are combined 

Fig. 2 | (a) Angled SEM view of metamaterial showing Au nanorods. Inset demonstrates the propagation of fundamental and SHG waves. (b) 

Far-field reflected SH spectra from a smooth Au surface (red line) and the nanorod metamaterial. Figure reproduced with permission from ref.41, 

John Wiley and Sons. 
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to create a single photon at three times the frequency. The 
authors have engineered germanium nanostructures to 
maximize the inner electric energy at the desired excita-
tion wavelength by excitation of an electric anapole mode. 
The measured third harmonic shows a well pronounced 
cubic dependence with a slight saturation at high input 
intensities (see Fig. 3), overall demonstrating high third 
harmonic upconversion efficiency. 

Another heavily studied, high-refractive index material 
is silicon. Crystalline silicon films cannot be deposited 
through evaporation or sputtering. However, fabricating 
silicon film on insulators, so called SoI technology, is well 
established in the market of electronic devices71. Beyond 
electronics, SoI wafers have been significantly employed 
in optics, as well. SoI is the enabling platform for silicon 
photonics, where planar waveguides that strongly con-
fines light are possible thanks to the high refractive index 
contrast between silicon core and a SiO2 substrate. In the 
last few years, several groups have also used SoI wafers to 

fabricate nanoscale resonators47 that can be used to stim-
ulate nonlinear interaction at the nanoscale46.  

The general nanofabrication method via SoI substrates 
is to generate a set of masks on the top of the wafers by 
electron beam lithography, laser interference 
lithography72,73, etc., followed by transferring the mask 
geometries into the silicon layer via inductively coupled 
plasma (ICP) etching. The last step is the removal of the 
mask via wet or dry etching47,74. Recently, Shcherbakov et 
al. demonstrated that by engineering the resonant modes 
of silicon nanoparticles, one could control the locally en-
hanced electromagnetic fields, giving rise to up to two 
orders of magnitude enhancement of the THG with 
respect to bulk silicon72. As can be seen in Fig. 4(b), the 
THG again follows a cubic power dependence and at high 
input intensities, the third harmonic radiation is bright 
enough to be observed by the naked eye44,72,75. 

More recently, amorphous silicon has also been 
employed as a dielectric material with a large third-order 

Fig. 3 | (a) Illustration of the THG process for a 100 nm thick germanium nanodisk on glass excited with near-infrared light of frequency ω to 

produce green emission of frequency 3ω. The inset shows SEM image of a germanium disk. Scale bar is 1 μm. (b) Measured TH power 

versus pump power at the AM (λlaser=1650 nm, D=875 nm). The straight line is a fit considering the cubic dependence of the emission intensity 

on the excitation power. A deviation from this trend is observed from 1.5 μW. Figure reprinted with permission from ref.45, American Chemical 

Society. 

Fig. 4 | (a) Illustration of THG from individual Si nanodisks at optical frequencies. (b) Power dependence and conversion efficiency of the 

resonant THG process in Si nanodisks. Blue circles denote the THG power dependence upon increasing the power of the pump, while red 

circles denote the reverse procedure both obtained at λ=1260 nm fundamental wavelength. The inset shows a photographic image of the 

sample irradiated with the invisible IR beam impinging from the back side of the sample as indicated by the red arrow. The blue point 

represents the scattered TH signal detected by the camera. Figure reprinted with permission from ref.72, American Chemical Society. 
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nonlinearity48,49 and fast carrier recombination times50,51. 
Thin films of hydrogenated amorphous silicon are 
generally grown on a substrate by plasma enhanced 
chemical vapour deposition (PECVD). This tackles the 
limitation of SoI technology, i.e. fabricating of silicon 
nanoantennas on a fully transparent substrate, e.g. SiO2 
only. On the other hand, PECVD allows growing silicon 
films on any substrate that can be followed by ICP/RIE 
etching for nanofabrication. Recently, Xu et al, have 
demonstrated dielectric resonators on a metallic mirror 
(Fig. 5(a)) that can significantly enhance the third har-
monic emission, as compared to a typical resonator on an 
insulator substrate76. As shown in Fig. 5(b), by employing 
a gold mirror under the silicon nanodisk promotes the 
resonantly excited anapole modes of the structures. This 
leads to a significant near-field enhancement that facili-
tates the nonlinear frequency conversion and results in 
record higher THG conversion efficiencies, as seen in Fig. 
5(c). Therefore, the mirror surface boosts the nonlinear 
emission via the free charge oscillations within the inter-
face, equivalent to producing a mirror image of the non-
linear source and the pump beneath the interface. 

Group III-V semiconductor nanoantennas 
The caveat of dielectrics, e.g. germanium and silicon, is 
their considerably weak intrinsic nonlinear second order 
susceptibility, where the centrosymmetric nature of these 
materials voids the second harmonic generation (SHG). 
The crystal symmetry of the excited structure has to be 

non-centrosymmetric in order to produce a nonzero SHG 
signal from the bulk of the material, as the SHG is a se-
cond-order nonlinear process. Therefore, silicon, germa-
nium and other elemental semiconductors are not suita-
ble for SHG. On the other hand, III-V semiconductors are 
non-centrosymmetric materials and benefit from large 
second-order susceptibilities48,49,77 and fast carrier recom-
bination times50–52. The strong second-order bulk suscep-
tibility of III-V materials would therefore intrinsically 
increase the nonlinear conversion efficiency, as compared 
to silicon or germanium. Furthermore, like IV semicon-
ductors, III-V semiconductors also exhibit high refractive 
indices that allow employing strong Mie-resonances45,78–80 
to boost the nonlinear signals. Subsequently, free stand-
ing III-V nanoantennas have been theoretically predicted 
to enhance the SHG efficiencies, significantly53.  

Unfortunately, the fabrication of III-V semiconductors 
on transparent substrates has not come to full fruition 
because of the absence of good quality 
dielectric-semiconductor interfaces. III-V semiconduc-
tors must be grown on a substrate with a minimal lattice 
mismatch to avoid defects. Recently, Cambiasso et al. 
have proposed an alternative to this issue. Instead of 
growing an III-V film for fabricating nanoantennas, they 
immediately made nanoantennas on the same wafer. 
They fabricated different designs of GaP nanoantennas of 
200 nm height (Fig. 6(a)) by masking a GaP wafer using 
an EBL, followed by an ICP etching step54. The lossless 
GaP nanopillars are chosen for visible light applications. 

Fig. 5 | (a) SEM image of the fabricated resonator on mirror configuration. (b) Illustration of the current and field distributions of a resonator on 

a PEC substrate, respectively. (c) Measured TH power as a function of pump power. Figure reproduced from ref.76. 
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The authors have shown that the manipulation of reso-
nant modes at the surfaces of the dielectric structure can 
benefit the nonlinear SHG characteristics for a single 
nanostructure, in the visible range with a good conver-
sion efficiency (see Fig. 6(b)).  

It is well-known that confined electromagnetic fields 
inside the resonators can be significantly enhanced if a 
large refractive index contrast between the resonators and 
the substrate is present. Therefore, more efficient nonlin-
ear optical signals can be generated if high-refractive in-
dex nanoparticles are placed on oxide layers with low 
refractive indices. Indeed, the lack of a viable technology 
to produce high quality interfaces has been a barrier for 
reliable investigations and comprehensive understanding 
of compound semiconductor dielectric nanoantennas 
until very recently. GaAs nanoantennas have been re-
cently fabricated on a glass substrate by Person et al.55. 
They implemented an epitaxial lift-off technique in con-
junction with a water-bonding procedure to attach GaAs 
membrane (grown on a GaAs substrate) to a fused silica 
substrate. Using molecular beam epitaxy (MBE), a sacri-
ficial layer of AlAs was grown on a GaAs substrate. On 
top of the AlAs layer a 1 μm film of GaAs was grown. 
Using the epitaxial lift-off procedure, the 1 μm GaAs film 
was transferred to a fused silica substrate. The transferred 
GaAs film was initially reduced to a thickness of ~150 nm 
by reactive ion etching (RIE). Disks were then patterned 
by EBL, followed by RIE. To this time, the authors only 
studied the forward and backward scattering from GaAs 
nanoparticles in the linear regime and did not explore the 
potential for nonlinear optics using such III-V structures 
on a transparent substrate. 

Although, the abovementioned technique was the first 
of its kind, the low quality of resonators and the rough 
side-walls precluded to employing such nanopillars for 
applications in the nonlinear regime. Until recently, the 
full development of an III-V platform was hindered by 
the difficulty of fabricating monolithic shallow resonators 
in a way similar to the SoI platform. In particular, such 
opportunity was hindered by the shortcomings of wet 
selective oxidation of the epitaxial layers. To overcome 
these limitations, Gili et al. proposed an AlGaAs-based 
monolithic platform for nonlinear nanophotonics, as de-

picted in Fig. 7(a)56. The authors grew their samples by 
MBE on non-intentionally doped GaAs wafer, with a 400 
nm layer of Al0.18Ga0.82As on top of an aluminium-rich 
layer, to be oxidized at a later stage. After patterning disks 
by EBL, the samples were dry etched with a non-selective 
ICP-RIE. Then, the etched samples were oxidized in the 
oven. After oxidation, each Al0.18Ga0.82As nanocylinder 
lies upon a uniform AlOx substrate (see Fig. 7(b)), whose 
low refractive index (n=1.6) enables sub-wavelength op-
tical confinement in the nanocavity. The authors em-
ployed these resonators to study the process of SHG and 
aimed to understand the effect of the Mie-resonances on 
the efficiency of the process. A typical power-tuning 
curve for the SHG from a nanocylinder with a radius of 
193 nm is shown in Fig. 7(c). 

A similar approach has also been demonstrated by Liu 
et al, where the authors fabricated a nonlinear metasur-
face comprised of a square lattice of GaAs nanodisks 
resonators lying on a low refractive index (AlxGa1–x)2O3 
oxide spacer layer that is formed by selectively oxidizing 
high-Al content AlxGa1–xAs layers (see Fig. 8)57. Figure 8(a) 
shows the fabrication steps for creating the GaAs me-
tasurfaces starting from molecular beam epitaxial growth 
of a 300 nm thick layer of Al0.85Ga0.15As followed by a 300 
nm thick layer of GaAs on top of a GaAs substrate. A 
negative tone hydrogen silsesquioxane (HSQ) was used as 
the mask. The shape of the SiOx nanodisks was then 
transferred onto the GaAs and AlGaAs layers using an 
ICP. Finally, the sample was heated for a selective wet 
oxidization process that converted the layers of 
Al0.85Ga0.15As into its oxide (AlxGa1–x)2O3, which has a low 
refractive index of n =1.6, see Fig. 8(b). Again, the authors 
studied the process of SHG from such metasurfaces and 
tuned the incident wavelength to optimise the SHG con-
version efficiency, which peaks at the spectral position of 
the Mie-resonances, aligned with the maximum of the 
reflectivity, shown in Fig. 8(c). 

Both approaches above for fabricating AlGaAs and 
GaAs on an insulator, respectively, led to efficiencies that 
exceed ~10-5. However, in both cases the antennas are 
sitting on a handle GaAs wafer that is not transparent in 
the visible range, and therefore limits the nonlinear emis-
sion in the forward or backward direction. An important 

Fig. 7 | (a) Schematics of a single Monolithic AlGaAs-on-AlOx nanoantenna. (b) Scanning-electron-microscope picture of a part of the array and 

(c) power curve in Log/Log scale. SHG intensity as a function of the pump intensity for nanoantenna with 193 nm radius. Figure reproduced 

with permission from ref.56. 
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strategy for achieving full control of the harmonic radia-
tion is to be able to fabricate high-quality III-V nanore-
sonators that can freely emit in both the forward and the 
backward directions. However, the standard fabrication 
techniques forbid this approach, as they require a 
non-transparent III-V substrate for direct growth of III-V 
semiconductors. The growth on transparent substrates 
(e.g. glass) is avoided because it results in films with a 
high density of dislocations. Recently, Camacho et al., 
have implemented a novel fabrication procedure of Al-
GaAs-in-insulator, containing epitaxial growth in con-
junction with a bonding procedure to a glass substrate58. 
Their final sample contains high-quality Al0.2Ga0.8As 
nanodisks embedded in a transparent benzocyclobutene 
(BCB) layer, with an equivalent refractive index to glass, 
on a glass substrate.  

The fabrication steps can be seen in Fig. 9(a). The sam-
ple was grown by metalorganic chemical vapour deposi-
tion (MOCVD) on a semi-insulating GaAs substrate. 
First, the 20 nm AlAs buffer layer was grown, followed by 
300 nm of an Al0.2Ga0.8As layer. Patterned SiOx masks 
were fabricated via standard EBL and subsequently trans-
ferred to AlGaAs, AlAs, and GaAs wafer, respectively, by 
RIE etching. Then, surface treatment was performed via 
Cl2 purging, through ICP, to decrease the adhesion be-
tween the BCB polymer and the exposed GaAs surface of 
the wafer. The SiOx masks and AlAs layers were then re-
moved by hydrofluoric acid, which resulted in minimum 
adhesion between AlGaAs disks and GaAs wafer. It was 
followed by spin-coating of 4 μm BCB layer on the sam-
ple, then bonding it to a thin glass substrate. Finally, the 
glass substrate, including the AlGaAs disks embedded 

Fig. 8 | (a) Steps for fabricating GaAs based dielectric metasurfaces starting with molecular beam epitaxial growth, followed by e-beam 

lithography patterning, ICP dry etching, and selective wet oxidation. (b) A 75° side view. The GaAs resonators have the same diameter of 

∼250 nm and height of 300 nm. (c) The experimental linear reflectivity spectra of the sample are used as the backgrounds. Figure reprinted 

with permission from ref.57, American Chemical Society. 

Fig. 9 | (a) Steps for fabricating AlGaAs nanoantennas on a glass substrate. (b) Schematic of the single antenna experiment in both forward 

and backward directions. (c) Experimentally measured SHG radiation patterns depicting the directionality and polarization diagrams of the SH 

signal in forward and backward directions. Arrows visualize the polarization states. Figure reprinted with permission from ref.58, American 

Chemical Society. 
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within the BCB layer, was peeled off from the main GaAs 
wafer58. The electron microscopy images of AlGaAs disks 
and the pillar bases remaining on the original substrate 
can be seen on the right-hand-side of Fig. 9(a).  

This technique allows not only obtaining efficient SHG, 
but also enabling the control of directionality and full 
characterisation of the polarization of the nonlinear 
emission in both forward and backward direction, as 
shown in Fig. 9(b). Figure 9(c) demonstrates the experi-
mentally measured polarization states in both directions, 
where vector-beam formation at the SH frequency takes 
place. Interestingly, in the experiment, one can observe 
nearly perfect radial polarization of the SH in the forward 
direction. It is worth mentioning that GaAs family reso-
nators are capable to exhibit nonlinear interaction beyond 
SHG and THG, e.g. sum-frequency generation, four-wave 
mixing, etc81–83. This is a unique opportunity that enables 
nonlinear mixing for wide range of applications such as 
communications and quantum optics. 

Hybrid nanoantennas 
In the previous sections, it was shown that metallic 
nanoantennas are a good alternative for nonlinear 
nanophotonics due to the strong local field enhancement 
in such systems. Subsequently, it was discussed that 
high-index dielectric nanoparticles could provide new 
avenues for the study of nonlinear effects due to their 
very low losses and large light scattering efficiency. In the 
meanwhile, some research works have demonstrated that 
combining the advantages of the metal and dielec-
tric/semiconductor approaches can push the conversion 
efficiency to even larger values. Various types of hybrid 
nanoantennas, consisting of metallic resonators embed-
ded in dielectric and semiconductor media or vice-versa, 
have been proposed and realized in the recent years. In-
dium tin oxide (ITO) particles within Au 
nanoantennas19,20,84–86, is an example of such efforts with 
promising results. As can be seen in Fig. 10(a), Aouani et 
al., have obtained a ground breaking 106 fold enhance-
ment of THG from an individual ITO nanoparticle, upon 
being decorated by a gold antenna20. Subsequently, there 

have been several publications, in which the localised 
fields in nanoscale gaps width of metallic antennas have 
been studied, through Landau damping87, hyperbolic co-
sine catenary function88, etc. 

Similarly, several orders of magnitude increase in 
nonlinear conversion efficiencies of second- and 
third-order effects have been demonstrated in plasmonic 
particles placed on top of nonlinear GaAs substrates10, 
nanopatterned plasmonic films filled with GaAs89, 
metal/dielectric core-shell nanoparticles90, plasmonic ring 
filled by concentric Lithium Niobate91, silicon92, AlGaAs93 
disks, etc. It was also shown in linear hybrid nanostruc-
tures that plasmonic-Mie mode hybridization can give 
rise to high radiation directivity94–96. The fabrication 
technique for hybrid nanostructuring is generally a com-
bination of the techniques discussed above, consisting of 
multiple EBL steps, requiring precise alignment of every 
subsequent mask to the previous steps. 

Layered materials 
Layered materials, known as 2D materials and their 
hetrostructures, are a rapidly growing class of materials 
with the ability to emit and detect light at different wave-
length ranges97,98. These materials possess different band 
gaps and a large range of conductivities. Graphene is the 
most studied 2D material that has no band gap and be-
haves like a metal. On the other hand other 2D materials, 
such as WS2, MoS2, MoSe2 and WSe2 have semiconduct-
ing band gaps on the order of 1–2.5 eV, and hexagonal 
boron nitride (h-BN) with a wide band gap on the order 
of 6 eV99. Very recently, 2D materials have been employed 
for enhancing nonlinear efficiencies at nanoscale97. One 
of the common issues of 2D materials is that a single 
monolayer only slightly perturbs the cavity mode. Thus, 
the cavity is formed by another linear material, while 2D 
materials only provide the required nonlinearity. For ex-
ample, by using graphene and hBN layered structures it is 
possible to create hyperbolic metamaterials100,101. Thereby, 
2D materials offer an important alternative for enhancing 
the nonlinear optical interaction102. Chemical vapor dep-
osition (CVD) technique is the most employed method 

Fig. 10 | Measured THG intensity from (a) an isolated ITO particle (left) versus (b) hybridized ITO-Au antenna. Insets show SEM image of 

an antenna for each case. Figure reproduced from ref.20. 
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that has enabled the synthesis of large area and uniform 
thickness 2D layer of metal and insulating surfaces for the 
large-scale device fabrication including electronic and 
flexible optoelectronic devices103.  

Conclusions 
In summary, we have reviewed the area of nonlinear 
nanoantennas and metasurfaces, including those based 
on metallic, high-index dielectric, semiconductor, and 
hybrid nanostructures. We have discussed the role of ma-
terials in the harmonic generation, including the relevant 
fabrication techniques. We explained the evolution of the 
field, starting with the studying of metallic nanoantennas 
that are mostly fabricated via standard electron beam 
lithography and metal evaporation techniques. 
High-index dielectrics are the second most studied non-
linear nanoantennas that mostly require PECVD for film 
growth and RIE-ICP for etching. Recently, III-V semi-
conductors, with large intrinsic second-order nonlinearity, 
have been the focus of attention. Such nonlinear 
nanoantennas require either oxidization or transfer tech-
niques. Certainly, the intense current researches in the 
area of nonlinear nanophotonics are expected to lead to 
novel industrial applications of nonlinear nanoantennas 
and metasurfaces, including spectroscopy7, 
nanomedicine104 bio-imaging and sensing105, generation 
of coherent ultraviolet light106, supercontinuum white 
light generation107, and quantum optics108, all within min-
iaturized nanoscale photonic circuits and miniaturized 
devices. 
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