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FIGURE 1.4: (a-c) (i) Close-view of dark-field microscope and (ii) SEM images from single 

silicon nanoparticles. (iii) Experimental dark-field scattering spectra of the 

corresponding (a-c) nanoparticles (30). (d) Dark-field microscope image of similar silicon 

nanoparticles fabricated by a single laser pulse on a glass receiver substrate (29). 

 

 

FIGURE 1.5: (a) Schematic of THG from individual silicon nanodisk on a silica (SiO2) layer 

(left). Photographic image of silicon sample illuminated by an invisible infrared beam 

(indicated by the red arrow), the blue dot represents the scattered THG (right). (b) 

Negative logarithm of the normalised transmission spectrum from the array, given by the 

gray area, indicating a resonance centred at 1.24 µm. The THG spectrum of the sample, 

shown in purple dots, is strongly enhanced within the spectral band of the resonance. The 

inset shows  an SEM image of the sample with a scale bar of 500 nm length (47). 



 

FIGURE 1.6: (a) Schematic of three photon up-conversion by a Fano-resonant silicon 

metasurface (left), and sharp resonance observed experimentally and in the simulation 

of metasurface transmittance spectra (right) (88). (b) Concept images of functional 

nonlinear metasurfaces. Left image represents a nonlinear beam deflector while right 

image represents a nonlinear vortex beam generator. The metasurfaces are assembled 

from a set of different silicon nanopillars, which generates third harmonic emissions of 

different phases (91).  

Chapter 2 

 

FIGURE 2.1: Primitive cell of GaAs zinc blende crystal lattice, with the three main directions 

of the crystal: [100], [010] and [001].  

 

 

FIGURE 2.2: (a) Absorption coefficient and (b) refractive index of GaAs, as a function of the 

photon energy (97).  



 

FIGURE 2.4: (a) Decomposition of the total scattering efficiency (Qsca) of an AlGaAs cylinder 

with a radius of 225 nm and height of 440 nm, as a function of the incident wavelength. 

The decomposition shows four main contributions to the Qsca: magnetic dipole (MD), 

electric dipole (ED), magnetic quadrupole (MQ), and electric quadrupole (EQ). The 

electric field distribution at the MD resonance is shown in the inset, where the arrows 

represent the electric field in the xz plane (106). (b) Conceptual representation of SHG 

radiation pattern engineering. A red pump beam with a frequency ω in the near-infrared 

is focused by a microscope objective on the cylindrical nanoantenna. The second-

harmonic process generates green light of frequency 2ω which is emitted in different 

directions (see radiation patterns in the right side), according to the polarisation state Ep 

and angle of incidence (see k) of the pump beam (107). (c) Measured SHG intensity as a 

function of the cylindrical nanoantenna radius. The experimental points were fitted to a 

multi-Gaussian function featuring three distinct peaks. A SEM image of the fabricated 

AlGaAs nanoantennas is shown in the inset (108). 

 

 

FIGURE 2.5: (a) At the left, a 75° side view SEM image of fabricated GaAs metasurface. At 

the right, measurements of SHG intensity (using logarithm scale) showing higher 

enhancement of the harmonic when excited at the magnetic resonance, as compared to 



the electric resonance excitation. The measured reflectivity of the metasurface is shown 

in the blue background (110). (b) Nonlinear spectrum exhibiting eleven peaks generated 

from seven different nonlinear processes, when two optical beams at λ2 1.24 µm and λ1 

1.57 µm simultaneously excite a GaAs metasurface. The nonlinear processes requiring 

only one excitation beam such as harmonic generation and photoluminescence are 

indicated by blue labels. The nonlinear processes involving both excitation beams are 

indicated by red labels. In the inset, an optical metamixer consisting of an square array of 

GaAs resonators is shown to be excited by two infrared beams, generating a variety of 
new frequencies (114). 
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FIGURE 3.13: Calculations of the total SHG and THG intensities and its multipolar 

decomposition, as a function of AlGaAs nanoantennas diameter. The nanoantennas are 
excited by offset RP and AP CVBs. The CVBs are offset by 500 nm in the x direction. 



 

FIGURE 3.15: Calculated electric near-field distributions at the fundamental wavelength 

(FW), second-harmonic (SH), and third-harmonic (TH) emissions of an AlGaAs 

nanoantenna with d= 620 nm excited by an offset RP and AP CVB. The beam is offset by 
500 nm in the x direction. 
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FIGURE 4.15: (a) Measured and (b) calculated second-harmonic radiation patterns of a 

nanoantenna with d=360 nm, and their corresponding polarisation states. The angle of 
the fundamental beam is changed from 0° to 45°, with a 5° step. 

 

 



Chapter 5 

 

FIGURE 5.2: (a) Schematic of individual nanoantennas experiment. The inset shows the 

zinc blende crystal structure in the (111) plane orientation, with atoms bonded in a 

tetrahedal phase. (b) Calculated electric energy density as a function of the nanoantenna 
radius. The gray bars highlight the peaks of enhancement. 

 

FIGURE 5.5: SHG radiation patterns of (111)-GaAs nanoantenna excited by three incident 

polarisation angles: φ = 0°, φ = 30°, and φ = 60°. (a) Calculated 3D SHG far-field radiation 

patterns. (b) Calculated and (c) measured forward SHG radiation patterns. The black 

circles in the calculated forward SHG radiation patterns indicate the angular aperture of 

the objective lens used in the optical system (NA of 0.9). In the simulations, a nanoantenna 

with r=320 nm was considered while in the experiments, a nanoantennas with r=340 nm 
was measured. 



 

FIGURE 5.10: Calculated polar plots of (a) total SHG efficiency and (b) forward to backward 

SHG ratio, as a function of the incident polarisation angle φ. In the simulations, GaAs 

nanoantennas (r = 210 nm, h = 400 nm) with different crystalline plane orientations were 

considered: (100) in red, (111) in blue and (110) in green. 
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FIGURE 6.11: Concept schematic of infrared imaging. (a) An infrared signa beam, encoding 

the image of a target, and a pump beam illuminate the GaAs metasurface simultaneously. 

At the output of the metasurface a visible image of the target is obtained through the SFG 

emission. In the measurements, a Siemens star was used as the target image. (b) 

Schematic of infrared imaging using a GaAs metasurface: an infrared image of the target 

(in the signal beam) illuminates the GaAs metasurface, at the output of the metasurface a 

visible image of the target (in the SFG) is obtained. The infrared and visible images 

were acquired with an InGaAs and CMOS cameras, respectively. 


