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ABSTRACT 

Nanophotonics for Novel Refractive Index Sensing                

and Deep UV Light Generation 
 by 

Burak Gerislioglu 

From its very birth, the study of nanophotonics has become a vibrant field of 

research that continues to surprise year after year with disruptive innovation 

opportunities. Using artificially engineered subwavelength metallic or all-dielectric 

building blocks (e.g., 3D and flatland metastructures), researchers now control the 

flow of light far beyond the classical diffraction limits and unveil unique 

functionalities not accessible in nature. In light of these, this thesis reports: (i) 

refractive index sensing characteristics of a plasmonic metal dimer on a substrate of 

the same metal and (ii) third harmonic generation (THG) of deep ultraviolet (DUV) 

light using toroidal dipole-based plasmonic meta-atoms. Chapter 1 presents the 

developed monolithic metal dimer-on-film structure in-detail, where the 

implementation of such all-metal magnetic dipole-resonant metasurface provides 

high-performance localized surface plasmon resonance (LSPR)- and surface lattice 

resonance (SLR)-based plasmonic sensors. Chapter 2 demonstrates a reliable 

candidate to generate high-energy light using toroidal excitations (an intriguing 

concept in light-matter interactions), as the first example of its kind.   
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Chapter 1 

Refractive Index Sensing using 

Monolithic Metal Dimer-on-Film 

Structure 

1.1. Introduction 

In the past decade, plasmonic structures have been explored deeply, providing 

a wide range of distinct features, such as optical-frequency magnetism, negative 

indices of refraction, and toroidal resonances.1-5 Particularly, localized surface 

plasmon resonance (LSPR)-based platforms have gained too much attention.6,7 These 

designs, together with noble metal nanostructures, give rise to high-quality scattering 

and absorption peaks, in addition to subwavelength localization and robust 

electromagnetic field enhancements.  With the help of noteworthy improvements in 

the fabrication of metallic nanoparticles, resonant excitation of LSPRs and the above 

mentioned features can be utilized in, including but not limited to, optical switching,8 
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sensing,9 and imaging.10 On the other hand, significant efforts have been performed 

to develop nanoplatforms capable of possessing magnetic hot spots on top of 

substantial field confinement capabilities.11,12 As an example, plasmonic metal-

insulator-metal (MIM) nanostructures, with large magnetic field enhancement, have 

been investigated toward novel refractive index sensing mechanisms.13,14 Beyond 

these studies, recently, it has been demonstrated that excluding the insulator layer 

from the MIM design yields to extreme absorption of impinging light via the induced 

magnetic hot spot,15,16 in which this technology can still be applied for sensing 

purposes.  

In light of these, we investigated the characteristics of monolithic metal-

dimer-on-metal-film nanostructure. This design possesses modal features different 

from standalone nanodimers or nanodimers on insulating substrates, where 

magnetic charge transfer plasmon modes can be excited at visible frequencies. It is 

important to note that these modes are induced through their electric dipole 

moments that efficiently couple to incidence. In addition, we evaluated the sensitivity 

of the devised platform to dielectric perturbations for two distinct regimes: (a) a unit 

cell nanodimer atop a metallic substrate and (b) periodic arrays of dimer-on-metallic 

substrate nanoplatforms. In these set of calculations, we observed a superradiant 

bonding dimer plasmon (screened by the metal) and a magnetic charge transfer 

plasmon at longer wavelengths. Besides, a wide range of high-order hybrid modes are 

perceived in the visible part of the spectrum through modifications in the dielectric 

characteristic of the medium. In both regimes, the implemented geometries indicate 

a highly sensitive refractive index sensing. Before proceeding, it will be helpful to 
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provide some technical details on the physics of LSPR and its refractive index sensing 

capabilities.  

Let us start with the definition of a plasmon. A plasmon is a collective 

oscillation of free electrons in a noble metal. The plasmon oscillations can be 

described as mechanical oscillations of an electron gas of a particular metal (or 

displacements of an electron gas with respect to the fixed ionic cores) in the presence 

of an external electric field. In the case of bulk plasmons, where the considered 

material is larger than the wavelength of the incident light in all dimensions, these 

oscillations occur at the plasma frequency ( p ) and have the following energy: 

2

p

0

ne
E

m
  

where is the reduced Planck’s constant, n is the electron density, e is the 

electron charge, and m is the electron mass. 

At the surface of a metal (or at the metal-dielectric interface), plasmons 

convert into surface plasmon polaritons (SPPs), or more simply surface plasmons. In 

this limit, the incident light can be coupled into the surface plasmon modes (either 

propagating or standing) with the help of a grating or a defect in the metallic surface. 

Here, it is noteworthy to mention that light with a high angle of incidence, meaning 

that the wave vector (k) is almost parallel to the surface, couples more effectively.7 

When the surface plasmons are squeezed into a particle comparable with the 

wavelength of the impinging light in size (e.g., a nanoparticle), the collectively 
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oscillating free electrons of this nanoparticle called as localized surface plasmons 

(LSPs). They provide two significant effects: (a) remarkable electric field 

enhancement, highest at the surface and rapidly decrease with distance, and (b) 

maximum optical extinction at visible frequencies. Indeed, the extinction extreme is 

the foundation of sensing applications, since it depends on the refractive index of the 

environment. Following, to have a more in-depth understanding of LSPR, we will go 

through Mie theory.  

In 1908, Gustav Mie proposed an analytical solution to Maxwell’s equations, 

which describes the absorption and scattering of light by spherical particles.6 As 

described below, one can find the scattered fields due to plane wave incidence on a 

homogeneous conducting sphere through total extinction, scattering, and absorption 

cross-sections:17  

 ext 2
1

2
(2 1) Re( )L L

L

L a b
k








    

2 2

sca 2
1

2
(2 1)( )L L

L

L a b
k








    

where k is the wavevector, L are the integers representing dipole, quadrupole, 

and high-order multipoles of the scattering, and La and Lb can be defined using Riccati-

Bessel functions ( L and L ):  
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In the equations above, / mm n n , where 
R In n in  is the complex refractive 

index of the metal, mn is the real refractive index of the environment, and mx k r . In 

fact, to dive into the LSPR phenomena, one should consider much simpler equations. 

As a starting point, a very small nanoparticle, compared to the wavelength, can be 

considered. For this case, the Riccati-Bessel functions can be written in terms of 

power series. By keeping only 3x terms, we have:  

3 2

1 2

2 1

3 2

i x m
a

m


 


 

1 0b   

where the high-order La and Lb are zero. Then, the real part of 1a can be 

described as: 

2 2 23

R I R I m
1 2 2 2

R I R I m

22

3 2 2

n n i n n nx
a i

n n i n n n
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Subsequently, by considering the complex dielectric function ( 1 2i    ) 

and the following equations,
2 2

1 R In n   ; 2 R I2n n  ;
2

m mn  , we can write: 

2 2 23

1 1 2 2
1 2 2

1 2

3 22

3 ( 2 )

m m m

m

i i i ix
a

      

  

    


 
 

As a final step, substitution of the equation above into
ext and considering the 

dipole term only, we have: 

3/2

m 2
ext 2 2

1 m 2

18 ( )

[ ( ) 2 ] ( )

V  


     


 
 

where V is the particle volume. Similarly: 

2 24 2

1 2m
sca 4 2 2

1 2

( )32

( 2 )

m

m

V    


   

 


 
 

Here, even if the above mentioned approximations only valid for particles <10 

nm in diameter, their predictions are still hold for larger particles.18 

To obtain a useful equation for the relationship between the peak wavelength 

of LSPR and the dielectric function of the surrounding medium, one can follow the 

frequency-dependent form of
1 from the Drude model: 

2

p

1 2 2
1
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where p is the plasma frequency and is the damping value of the bulk metal. 

For visible and near-infrared frequencies, p  , hence we can write: 

2

p

1 2
1





   

To this end, using the new form of
1 and assuming

1 m2   , we have: 

p

max

m2 1








 

where
max is the peak LSPR frequency. Here, the above equation can be 

written in terms of refractive index and wavelength as:  

2

max p m2 1n    

where
max is the peak LSPR wavelength and p is the wavelength associated 

with the plasma frequency of the bulk metal. Overall, we now show the approximately 

linear relationship between the peak LSPR wavelength and index of refraction of the 

surrounding medium at optical frequencies, which is verified by experimental 

measurements.  

Ultimately, I will discuss refractive index sensing with LSPR, as the simplest 

example of sensing applications via LSPR-active nanoparticles. In this concept, one 

can observe the variations in the refractive index of the medium through shifts (e.g., 

redshift or blueshift) in the peak LSPR wavelength. Typically, LSPR peak(s) are 
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captured through spectral extinction or scattering measurements, depending on the 

studied sample. As mentioned above, the peak LSPR wavelength shift is nearly linear 

with the refractive index variations. Thus, one can define the refractive index 

sensitivity (S) of a particular nanosystem as: 

pd

d
S

n


  

where pd

dn


represents the peak LSPR shift per refractive index unit (nm/RIU). 

Since LSPR sensing with respect to refractive index variations depends on spectral 

shifts, precise measurements can be realized by taking into account both S and 

linewidth of the resonance. Here, it is noteworthy to state that large nanoparticles 

possess high sensitivity values, however their peaks became broadened owing to 

radiative damping and multipolar excitations. Therefore, one can use figure of merit 

(FoM), as a more specific technique, to extract a nanosystem’s sensing capabilities:   

FoM
S





 

Although S and FoM were initially described in terms of wavelength, it is better 

to consider the shift in terms of resonance energy, particularly in electron volts (eV). 

To this end, by rearranging 2

max p m2 1n   , we can write: 

2

p m2 1

hc
E

n
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indicating that E is not linear with the refractive index variations. Nevertheless, if a 

relatively narrow spectral range is considered, the LSPR shift is still approximately 

linear with the refractive index variations at optical frequencies. Next, I will present 

our recent work on implementing all-metal magnetic-resonant nanostructures as 

novel LSPR- and surface lattice resonance (SLR)-based plasmonic sensors. 

1.2. Monolithic Plasmonic Metasystem as Refractive Index 

Sensor 

1.2.1. Design Characteristics, Results, and Discussion 

In a very recent study,19 we have explored the characteristics of a plasmonic 

metal dimer atop a substrate of the same metal and we have examined that the 

induced magnetic plasmon modes can be utilized towards efficient refractive index 

sensing. The proposed Au-dimer-on-Au-film platform possess modal characteristics 

different from dimers on insulating substrates and exhibit distinct magnetic charge 

transfer plasmon modes in the visible region of the spectrum. These modes are 

induced through their electric dipole moments, which couple efficiently to incident 

electromagnetic wave. We studied and analyzed the sensitivity of this metasystem to 

the refractive index variations for two different regimes: (a) a standalone unit cell 

dimer-on-substrate and (b) dimers-on-substrate nanostructures in periodic arrays. 

What we observed is a plasmonic response that is highly sensitive to the refractive 

index of the surrounding environment, indicating that the magnetic plasmon modes 

can be exploited for efficient refractive index sensing. 
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As demonstrated in Figure 1.1, periodic arrays of Au nanodimers on an Au film, 

deposited on a glass substrate, were fabricated using e-beam lithography. An artistic 

schematic of the all-metal platform is displayed in Figure 1.1a (not to scale) and 

associated geometric parameters are superimposed on Figure 1.1b. A cross-sectional 

diagram of the unit cell points out that the Au sublayer (100 nm) has the role of being 

a conductive path for charge transfer between the two nanodisks, whereas the 

conventional Au dimer (50 nm) enables field localization through its capacitive 

junction (Figure 1.1c). Scanning electron microscopy (SEM) images of the fabricated 

nanodimer array, with a period of 2300 and 1350 nm along the x- and y-directions, 

respectively, are illustrated in Figure 1.1d. These values are judiciously selected to 

cancel near- and far-field coupling. 
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Figure 1.1 – Design of the Au-Au plasmonic LSPR sensor. (a) Schematic of the 

proposed LSPR metasensor including Au dimer, Au thin film, and SiO2 substrate. 

(b) Top-view schematic of the unit cell with geometric parameters. (c) Cross-

sectional view of the metastructure. (d) SEM images of the Au dimer on Au film 

in an array geometry. Scale bar: 2300 nm. The inset shows a zoom-in SEM image 

of the Au disk-dimer. Scale bar: 450 nm.19 Copyright 2020, American Chemical 

Society (ACS). 

To investigate the plasmonic response of this structure in detail, we performed 

numerical simulations. A plane wave at normal incidence (x-axis polarized) generates 

a strong coupling between the two nanodisks giving rise to a screened bonding dimer 

(SBD) plasmon resonance at 600 nm (Figure 1.2a(i)) and a charge transfer plasmon 

(CTP) resonance at 900 nm (Figure 1.2a(ii)), owing to the conduction through the 

metallic substrate.20,21 The experimentally obtained scattering spectrum is consistent 

with the simulated spectrum (see subsection 1.2.2 for details) with the discrepancies 

most likely originating from the slight differences between the sizes and shapes of the 

fabricated and simulated structures. To better understand the physical background 

of these modes, we performed surface charge distribution analyses (see subsection 

1.2.2 for more information). As illustrated in Figure 1.2b(i), the charge distribution 

on the exposed surfaces for the SBD mode shows a strong electric dipolar character 

with a nonuniform charge distribution along the x-axis.22 This mode obviously 

resulting from the dipolar bonding dimer resonance observed on a nonconductive 

surface. Indeed, the presence of the Au sublayer has two effects. It provides a net 

charge transfer between the disks which reduces the coupling and substrate-induced 

image screening of the charge distribution in the disks. The latter effect decreases the 

electric dipole moment but introduces a current loop with a magnetic dipole moment. 
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As expected, the charge transfer clearly dominates the mode at longer wavelengths 

(900 nm), in which can be conceived relative charge addition and depletion on the 

respective neighboring disks (Figure 1.2b(ii)). It should be noted that at the lower 

energy regime, the substrate screening is more dominant, almost perfectly screening 

the electric dipole moment of the CTP mode, making it subradiant. This is why the 

fingerprint of the CTP resonance is not visible in Figure 1.2a. A magnetic dipole 

moment also exists for this mode, due to the conductive nature of the sublayer. Next, 

the corresponding electric- and magnetic-field enhancement profiles for the SBD and 

CTP modes are plotted in Figures 1.2c and 1.2d, respectively. For both modes, the 

induced electric and magnetic fields are confined to the vicinity of the gap region. The 

electric field intensity of the CTP mode is weaker than for the SBD mode because of 

the reduced capacitive coupling across the junction.23 In Figure 1.2e, the cross-

sectional magnetic field enhancement and vectorial current density maps are shown, 

to further extend our understanding of the modes. Here, the rotational current 

density results in the magnetic dipole moments of both the SBD and CTP modes in a 

plane perpendicular to the interparticle axis. 
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Figure 1.2 – Numerical calculations and sample characterization. (a) Simulated 

(red) and experimental (blue) scattering spectrum of the proposed sensor. 

Here, ‘i’ and ‘ii’ indicate the SBD mode at 600 nm and the CTP mode at 900 nm, 

respectively. (b) The 3D charge distribution. Top-view (c) electric and (d) 

magnetic field enhancements for the SBD and CTP modes, respectively. (e) 

Distributions of the magnetic field enhancement (color contour) and vectorial 

surface current density (arrows) for the SBD and CTP modes.19 Copyright 2020, 

American Chemical Society (ACS). 

Following, in Figure 1.3, we investigated the sensitivity of the metastructure 

to the refractive index of the surrounding medium, due to the electronic screening of 

the surface charges induced by the medium. To this end, we measured the dark-field 

scattering spectra of the structure in several different dielectric environments (see 

subsection 1.2.4). The calculated and measured wavelengths of the scattering peak 

for different dielectrics are provided in Figures 1.3a and 1.3b, respectively. 

Apparently, the SBD mode redshifts extremely with increasing refractive index. Both 
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experiment and theory follow very similar trends with minor disagreements. 

Importantly, in the case of butanol (C4H9OH, n ~ 1.4; Figures 1.3a and 1.3b, blue 

curve), a high-order peak starts to become visible around 530 nm, which redshifts 

and becomes more distinct with further increasing of the refractive index. 

To elucidate the physical origin of the large LSPR shifts, we carried out FDTD 

and FEM simulations for the case of toluene (C7H8, n ~ 1.5) to state if the broad 

spectral feature in Figures 1.3a and 1.3b (highlighted region in Figure 1.3b between 

630 and 840 nm) consists of a single resonance or a combination of several plasmonic 

multipoles. The corresponding charge distribution profiles for the targeted 

wavelengths throughout this spectral region are plotted in Figure 1.3c. These specific 

wavelengths are selected when a modification in the charge distribution is obtained 

during wavelength sweeping. As substantiated by the charge and current density 

maps (see Figure 1.3c and Supplementary Information of Ref. 19), the long-

wavelength side of the SBD mode redshifts from 600 nm in vacuum to 840 nm in 

toluene. To analyze the modal characteristics in this specific spectral region, we track 

the mode progression from longer to shorter wavelengths (800-530 nm). While the 

wavelength is decreased from 800 to 740 nm, the SBD preserves its magnetic dipole 

behavior with a slight decrease in overall dipole moment. When the wavelength is 

further decreased from 700 to 630 nm, the charge distribution develops into a 

bonding electric quadrupole (Figure 1.3c(v-vii)) and both the electric- and magnetic-

fields begin to increasingly leak out of the interparticle region (see Supplementary 

Information of Ref. 19). At these higher energies, the substrate screening is decreased 

and the magnetic dipolar character of the mode reduces. Besides, a new mode 
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appears at 530 nm (due to phase retardation effects) with a charge distribution that 

can be classified as a bonding electric octupolar mode. As anticipated, a magnetic hot 

spot in the junction are no longer apparent at this wavelength (see Supplementary 

Information of Ref. 19). Noticeably, rather than having a localized electric field within 

the gap region, here, the structure exhibits hot spots surrounding the disk dimers, 

which might also be utilized in sensing applications. 

 

Figure 1.3 – Scattering evoloutions for various analytes and mode analysis. (a) 

Experimental and (b) simulated scattering spectra of the LSPR tool, where the 

spectal tuning occurs because of the refractive index of the surrounding. (c) 3D 

charge distribution maps of the metadevice with C7H8 at specifically selected 

wavelenghts, including the higlighted area and the shoulder peak in (b).19 

Copyright 2020, American Chemical Society (ACS). 

 

For the purpose of developing a more practical sensing platform, we 

fabricated arrays of Au dimers on a Au film, which then can be examined by simply 
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measuring the reflection spectra before and after analyte conditions. Two array 

structures were fabricated: one with array periodicities detuned from SLRs (Figure 

1.1d) and one that supported SLRs (see Supplementary Information of Ref. 19). At 

this point, we should note that the origin of SLRs stems from constructively and 

deconstructively coupled LSPRs that result an incredible narrowing of the resonance 

linewidth.24 In Figure 1.4a, the calculated reflection spectrum of the dimer-on-film 

array without SLRs is plotted for various refractive indices (from n = 1 to n = 1.5). 

Similar to Figure 1.3b, a significant redshift (∼250 nm) of the SBD is observed when 

the array is immersed in a solution with a refractive index of 1.5 (vs 1). (The refractive 

index sensitivity of the dimer-on-film array with SLRs is provided in the 

Supplementary Information of Ref. 19). Furthermore, numerically calculated and 

experimentally measured LSPR and SLR shifts as a function of refractive index (see 

subsection 1.2.4 for measurement and spectroscopy details) are summarized in 

Figure 1.4b. Lastly, to probe the refractive index sensitivities of both LSPR and SLR 

reflection spectra, we calculated their FoM using the following formula:25 

1[m(evRIU )]
FoM

[fwhm(eV)]



  

where m is the slope of the plot of the resonance shift versus refractive index and 

fwhm stands for full width at the half-maximum of the resonance. Since the relative 

energy shift of the SBD is larger (0.55 eV for n = 1.5 and 0.14 eV for n = 1.1) than that 

of a traditional dipolar disk resonance on a nonconductive substrate (see 

Supplementary Information of Ref. 19), the FoM will be remarkably larger, ranging 
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from 5.8 to 6.3. In spite of having relative energy shift similar to SBD modes, the 

resonance linewidth of SLRs are narrower with fwhm nominally 0.05 eV for n = 1.5 

and 0.06 eV for n = 1.1, resulting in FoM values in the range of 21.6−22.2. 

 

Figure 1.4 – Reflection spectra of the unit cell for various refractive indices and 

performance analyses. (a) Numerically calculated reflection spectra for 

different refractive indices. (b) Simulated and experimental LSPR and SLR 

relative energy shifts versus refractive index. The inset represents the 

corresponding FoMs of the simulated LSPR and SLR reflection spectra.19 

Copyright 2020, American Chemical Society (ACS). 

 

1.2.2. Numerical Calculations 

Full-wave electromagnetic simulations were conducted using FDTD 

(Lumerical 2019) and FEM (COMSOL Multiphysics 5.4) tools. In each simulation, the 
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size of the spatial grids in all axes was set to 1.25 nm and perfectly matched layers 

(PMLs) were utilized along the propagation directions. In the devised design, complex 

refractive indices for Au and glass were taken from Johnson and Christy26 and Palik,27 

respectively. The dark-field scattering spectra of the standalone structure were 

analyzed using FDTD via total-field scattered-field approach over the wavelength 

range of interest, with 15° incident angle longitudinal polarized light. The reflection 

spectra of both unit-cell and metasurface arrangements were performed using a 

regular plane-wave with a pulse length of 75 fs. Different from the unit-cell simulation 

setup, periodic boundary conditions (BCs) were applied along the x- and y-axes to 

form a plasmonic metasurface. Both electric- and magnetic-field enhancement plots 

were calculated in FDTD using frequency-domain field and power monitor in a plane 

20 nm above the structure. Moreover, the charge distribution and current density 

profiles were obtained through electromagnetic waves-frequency domain module, 

and implementing Gauss’s theorem in FEM. It is noteworthy to mention that the 

upper edges of the nanodisks have been slightly smoothed to eliminate unphysical 

structural discontinuities. 

1.2.3. Sample Fabrication 

All solvents were purchased from Sigma-Aldrich and utilized without 

following further purification process. SiO2 substrates were rinsed with acetone 

while sonicating for 5 min and afterwards rinsed with isopropanol (IPA) before use. 

The substrate was deposited 2 nm of Ti and 100 nm of Au through e-beam 

evaporation. Then, it was spin-coated with poly(methyl methacrylate) (PMMA) (950 
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PMMA A4, MicroChem) and baked on a hot plate at 180 °C for 3 min. The 

nanostructures were patterned using a FEI Quanta 650 SEM with Nanometer Pattern 

Generation System (NPGS) software. To this end, a beam voltage of 30 kV, a beam 

current of 40 pA, and a working distance of 7 mm were used. Next, the substrate was 

developed in 1:3 methyl isobutyl keton (MIBK)/IPA for 50 s. After this step, 50 nm of 

Au was deposited using e-beam evaporation and liftoff was performed in acetone for 

2 h. Finally, the sample was dried with nitrogen. 

1.2.4. Measurements 

Dark-field scattering measurements were conducted using an inverted Zeiss 

microscope (Axiovert 200 MAT) coupled with a spectrometer including a 

monochromator (Princeton Instruments, Acton SP2150) and a charge-coupled device 

(CCD, Princeton Instruments, Pixi 400). A microscope illuminator (HAL) was utilized 

as an excitation source. The impinging light was focused on the sample and the 

scattered light was collected with a Zeiss EC Epiplan-Neofluar 10× objective. For the 

measurements in different dielectric media, the sample was centered inside a quartz 

cuvette (Starna Cells), which is filled with the corresponding solvent. The polarization 

of the incident beam was set using a broad band wire grid polarizer (Thorlabs 

WP25M-UB). The scattering profile was obtained by subtracting the adjacent 

unpatterned region from the antenna followed by normalization. In addition, the 

reflection measurements were conducted using same setup after removing the dark-

field stop. The incident beam was mainly hitting the surface at normal incidence with 

an angular range of +14° (NA=0.25). To get rid of any possible second-order 
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diffraction, a long pass filter (with a cutoff wavelength of 400 nm) was added in the 

beam path. 

1.2.5. Conclusions 

Consequently, we have studied the properties of a plasmonic dimer on a 

substrate of the same metal, identifying two dominant modes arising from the 

coupling of metallic dimer to the conductive sublayer. By considering the monolithic 

metal dimer-on-film platform in media of different refractive indices, we noticed the 

presence of a range of additional modes in the system, as well as enhanced spectral 

sensitivity, which might be beneficial for sensing applications. The explored, 

relatively simple, plasmonic metasystem might bring new opportunities for the 

development of easily manufacturable sensors with high-performance sensitivities.
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Chapter 2 

Toroidal Dipole-Enhanced Nonlinear 

Lasing: Deep UV source 

2.1. Introduction 

The nonlinear harmonic signal generation from all-dielectric and metallic 

nanoplatforms has received copious attention within the last decade.28,29 The tight 

confinement of local electromagnetic fields in well-engineered nanophotonic and 

nanoplasmonic metasurfaces strongly enhance the nonlinear properties of optical 

materials, and facilitates the generation of light at higher frequencies and the ability 

of controlling photon-photon interactions at length scales below the optical 

wavelength.30,31 Technically, the process of transforming multiple low-energy 

photons into a single high-energy photon is known as harmonic signal generation, 

which is utilized in a broad range of research fields including but not limited to 
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nonlinear light sources,32 enhanced nano (bio)imaging,33 beam shaping,34 

photovoltaics,35 and space sciences.36 Searching for an intense nonlinear signal based 

on second or third harmonic generation has canalized researchers to satisfy this 

requirement by developing next-generation optical metasurfaces.37-40 Such a 

particular design strategy is promising for high-energy beam generation (e.g., 

ultraviolet (UV) beam),41,42 in which traditional nonlinear crystals reach their limits 

in terms of achieving phase-matching between incoming and outgoing fields and 

transparency.43,44  

Among different second and third harmonic generation modalities, deep 

(λ=190-280 nm) and vacuum (λ=100-190 nm) UV, as DUV and VUV, signals make plenty 

of significant applications possible, such as extreme-subwavelength scale device 

fabrication, environmental remediation, photochemistry, and spectroscopy.45,46 Up to 

now, numerous methods have been conducted to induce high-gain, high-energy, and 

coherent UV beam sources (e.g., excimer lasers,47 prism-coupled devices,48 III-nitride-

based light emitting diodes (LEDs),49 free electron lasers50). Even most of these 

modalities yield coherent and intense DUV and VUV light, their effective usage is 

mostly limited due to costly fabrication, high complexity, and lack of tunability. As 

mentioned above, optical quasi-infinite metastructures are potential candidates to 

address these deficiencies. In the nonlinear nanophotonics limit, so far, various 

plasmonic and all-dielectric 2D metamaterials have been proposed to tailor second 

or third harmonic signals with the motivation of enhanced UV light generation. 

Earlier numerical and experimental studies based on all-dielectric and plasmonic 
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metasurfaces demonstrated that producing such shorter wavelengths has its own 

advantages and limitations. As all-dielectric metasurfaces possess inherent low-loss 

optical response, intensity of the generated nonlinear UV signal degenerates due to 

the thickness of the metasurface. On the contrary, intrinsically lossy plasmonic 

building blocks benefit from their remarkable electromagnetic field localization 

toward UV light generation at subwavelength dimensions. Before proceeding, it is 

instructive to give some technical details on nonlinear optics, third harmonic 

generation (THG), and toroidal electrodynamics. 

The field of nonlinear optics discusses the characteristics of materials in the 

presence of intense electromagnetic field.51,52 It is started with the discovery of light 

amplification by stimulated emission of radiation (laser) by T. H. Maiman in 1960.53 

Maiman showed that under intense electromagnetic field, the response of atoms are 

no longer linear. Conventionally, it was believed that the correlation between the 

electric field and the associated polarization was linear for all materials. Whilst this 

is definitely true at low source amplitude values, it does not valid for the values 

comparable with interatomic fields (e.g., 106-108 V/m). After Maiman’s discovery, P. 

A. Franken and coworkers experimentally observed the first ever nonlinear harmonic 

effect, namely second harmonic generation (SHG), in 1961.54 

As one expected, at these field strengths, certain properties of optical 

materials will be changed and the induced fields can interact with the incident fields. 

These outcomes actually form the origin of nonlinear optical phenomena.55 As 
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described above, the linear relation between the electric field in a material and the 

corresponding polarization (
0( ) ( )P t E t  ) is no longer valid, and one should 

consider a more general formulation that governs nonlinear effects and power 

dependence of the induced polarization.51 For most light intensities (e.g., 2GW/cm2), 

one can Taylor expand the nonlinear polarization around E=0, since the contribution 

of nonlinear effects are comparably small. Then, the nonlinear optical response of a 

material can be written as:51 

2 3(2) (3)

0( ) ( ( ) ( ) ( ) ...)P t E t E t E t        

where ( )P t is the material polarization, 0 is the permittivity of free space, ( )E t

is the electric field strength, and  , 
(2) , and 

(3) are linear, second, and third-order 

nonlinear optical susceptibilities, respectively, to describe processes like intensity-

dependent refractive index and THG. It is noteworthy to state that the above 

mentioned nonlinear optical susceptibilities are indeed tensors, since they express 

the connection between the polarization and the product of electric field vectors. 

Moreover, one can easily visualize the nonlinear optical process by considering a 

simple harmonic oscillator. As a well-known fact, when a small displacement occurs, 

a restoring force is induced to preserve the equilibrium. However, when the 

displacement exceeds the linear regime (e.g., anharmonic oscillator), nonlinear 

effects should be taken into account for much better modeling. For our case, some of 

the important consequences of these effects are: (i) power dependent refractive 
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index, (ii) variations in light frequency depending on the nonlinear medium, and (iii) 

violation of superposition principle.  

The physical mechanism behind the THG process can be explained by centered 

on the third-order contribution to the nonlinear optical polarization,51,52,55 which is 

(3) 3(3)

0( ) ( )P t E t  . Here, we can assume ( )E t as
0( ) cosE t E t , where the 

polarization can be written as: 

(3)
(3) 3 (3) 3

0 0 0 0

1 3
( ) cos3 cos

4 4
P t E t E t        

using the following identity
3 1 3

cos cos3 cos
4 4

t t t    . In the above 

updated polarization equation, the first term represents the response at frequency 

3  due to incident electromagnetic field at frequency , and the second term 

indicates the nonlinear contribution to the polarization at the frequency of applied 

field. In fact, the first one summarizes THG, where three photons of frequency are 

converted into one photon of frequency of 3 , and the latter one verifies the 

nonlinear contribution to the refractive index because of the incident wave. As 

another significant factor, to maximize the nonlinear frequency conversion efficiency 

and amplitude of the induced harmonic signal, one should also pay attention phase-

matching condition between harmonic-generated and fundamental beams, where 

nonlinear metasurfaces are free from the constraints of phase-matching. In the last 
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part of this section, I will introduce an interesting and extremely important concept 

in classical electrodynamics, which is dynamic toroidal excitations. 

Since the beginning of 21st Century, light-matter interactions have a 

foundational importance for the development of revolutionary technologies all 

around the globe. Interpretation of these interactions is largely framed in terms of 

multipole expansion,56-58 a tool that is composed of electric and magnetic multipole 

excitations, and associated charge and loop currents, where toroidal electrodynamics 

is based on an independent family of electromagnetic multipoles and complete the 

multipole paradigm. In relation to the ever-increasing demand for developing the 

most efficient and active optics-based tools, a new type of metamaterial based on the 

use of toroidal multipoles was introduced by K. Marinov et al. in 2007.59 Indeed 

toroidal multipoles (or moments)60-62 and toroidal current configurations were 

originally explored and elucidated in the context of nuclear physics by Zel’dovich in 

1957.63 Since then, various different studies on toroidal moments have been 

performed in the field of nuclear,64 atomic,65 molecular,66 and solid-state physics.67 

The static toroidal moments (e.g., anapole mode) were the first examples that 

indicate the formation of static currents flowing on the surface of a torus, while the 

dynamic toroidal moments represent dynamic electromagnetic multipoles in 

addition to the dynamic electric and magnetic multipoles. Here, it is important to 

emphasize that ‘anapole’ and ‘toroidal moment’ terms refer to physically different 

concepts:68 An anapole mode does not interact with external electromagnetic fields 
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and does not show far-field radiation, whereas toroidal moments interact with time-

dependent electromagnetic fields and possess far-field radiation.69,70 In the modern 

electromagnetic limit, the first explicit observation of dynamic toroidal dipole modes 

(as the lowest order excitations in this family) was made in 3D metamolecules in the 

microwave regime.71 To make this possible, T. Kaelberer et al. engineered a 

metastructure that can enhance the toroidal dipole response while suppressing the 

low-order electric and magnetic excitations. On the other hand, due to the ability of 

supporting ultrasharp resonance lineshapes and providing substantial field 

localization, the practical use of toroidal metastructures has received growing 

interest. Considering the unique characteristics of these spectral features, up to now, 

dynamic toroidal charge-current configurations have been excited in both 2D and 3D 

architectures from visible to microwave frequencies.72-77   

In principle, the excitation of the dynamic toroidal dipole accompanies with 

currents oscillating on the meridians of a torus, leading to the formation of a closed 

loop of magnetic field confined within. Theoretically, the electromagnetic fields of 

these time-dependent multipoles have been calculated based on Lorentz and Feld-Tai 

lemmas theorems,78 and the observation of dynamic toroidal responses is quite 

challenging, owing to the dominant contributions from electric and magnetic 

multipoles to the projected far-field radiation pattern.79 However, this has been 

addressed using so-called toroidal metamaterials, as some of the noteworthy 

examples are provided above.80-82 
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The challenge behind the observation of toroidal multipoles in far-field can be 

elucidated by considering the scattering profiles of electric, magnetic, and toroidal 

dipoles, which are scaling as ~(R/λ), ~(R/λ)2, and ~(R/λ)3 respectively. In this 

formulation, R represents the characteristic length scale of the geometry and λ 

indicates the free-space wavelength.70,74,83 In light of this, one can expect that the 

fingerprints of dynamic toroidal excitations become more visible in far-field when the 

size of a specific design approaches to the free-space wavelength, R≤λ, where the 

relative strength of particular multipole moments can be calculated based on 

following (in a Cartesian coordinate system):71 
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where the first two terms related to the electric and magnetic dipole 

scattering. The third term correspond to the interference between the electric and 

toroidal dipoles, which is non-zero due to similar parity and angular momentum 

characteristics of these dipoles. The fourth term represents the toroidal dipole 

scattering. The fifth and sixth terms correspond to electric and magnetic quadrupoles, 

and the last part is a correction term comes from the interference between the first-

order mean-square radius of the magnetic dipole distribution ( 2

MR ) and the 

magnetic dipole. Lastly, for the purpose of creating more complete formulation, the 

following representations should also be taken into account:  



 
38 

 

electric dipole moment: 31
d r

i
 P j , 

magnetic dipole moment: 31
( )

2
d r

c
 M r j , 

toroidal dipole moment: 2 31
( ) 2

10
T r d r

c
     r j r j , 

electric quadrupole moment: 31 2
( )

3
Q r j r j d r

i
    



 
    

 
 r j , 

magnetic quadrupole moment: 31
( ) ( )

3
M r r d r

c
    

      r j r j , 

mean-square radius of magnetic dipole distribution: 2 2 31
( )

2
r d r

c
 MR r j , 

where j is the current density and c is the speed of light. Next, I will present our 

recent work on THG of DUV light using toroidal plasmonic metasurfaces.  

2.2. Nonlinear Plasmonic Toroidal Metasurface 

2.2.1. Design Characteristics, Results, and Discussion 

Recently, we have introduced toroidal dipole-based plasmonic meta-atoms as 

a promising candidate for DUV beam generation, nominally five times stronger than 

that of a conventional plasmonic nanodimer system.84 The metasurface was built as 

a periodic array of Au unit cells on a ITO/SiO2 substrate, where it supports closed-
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loop charge-current configurations, corresponding to the toroidal dipole moment           

(T ), between the proximal resonators of the design (Figure 2.1a). The geometrical 

parameters and cross-sectional schematic of the toroidal meta-atom are 

demonstrated in Figures 2.1b and 2.1c, respectively. Here, the underlying ITO layer 

(100 nm) serves as the nonlinear material with high third-order susceptibility                  

(
(3) ),85 and the Al2O3 layer was deposited on top of the metasurface to protect it 

from possible pump laser beam damage. It is noteworthy to state that the unit cells 

provide the required field enhancement (or field localization) to boost THG signal. 

Lastly, Figure 2.1d represents the SEM image of the fabricated device.  
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Figure 2.1 – Design of the nonlinear plasmonic toroidal metadevice. (a) 

Schematic of the metasurface, showing the formation of charge-current 

configurations and the direction of the generated toroidal dipole moment. (b) 

Top-view schematic of the unit cell, including geometric parameters. (c) Cross-

sectional view of the metastructure, including considered materials. (d) SEM 

image of the metasurface prior to Al2O3 deposition. Scale bar: 400 nm.84 

Copyright 2019, American Chemical Society (ACS). 

As plotted in Figure 2.2a, excitation along y-axis induces a pronounced optical 

response close to 785 nm. The numerically calculated transmission spectra possesses 

fairly good consistency with the experimentally measured spectra, while slight 

discrepancies are most likely originated from the geometric differences between the 

simulated and fabricated metastructures. Next, to conceive the physical mechanism 

behind the induced toroidal resonance, a multipolar decomposition analysis is 

conducted (Figure 2.2b), in which the total scattering cross-section of the 

metasurface can be imagined as the contributions from a toroidal dipole (TD), an 

electric dipole (ED), a magnetic dipole (MD), and an electric quadrupole (EQ). One can 

easily see that the dominant mode around the fundamental wavelength can be 

attributed to the TD mode. To further verify the formation of the TD mode, the 

accompanying charge distribution is provided in Figure 2.2c, using FEM. As indicated, 

the electric field is majorly confined within the two capacitive openings on both sides, 

supporting antiparallel magnetic moments in neighboring resonators. The mismatch 

between the induced magnetic moments is particularly important for the generation 

of charge-current configuration. Indeed, it facilitates the localization of the spinning 

magnetic field that penetrates into the ITO layer, clearly illustrated as cross-sectional 
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profiles at both fundamental (top) and third harmonic (bottom) wavelengths (Figure 

2.2d). 

 

Figure 2.2 – Numerical calculations and sample characterization. (a) 

Experimental (solid, red) and simulated (dotted, blue) transmission spectra of 

the toroidal metasurface. (b) Theoretical calculations of the scattering cross-

section of several multipoles captured under illumination: toroidal dipole (TD), 

electric dipole (ED), magnetic dipole (MD), and electric quadrupole (EQ). (c) 

Charge distribution on the top surface of the unit cell at the resonance 

frequency. (d) Cross-sectional view of normalized magnetic field distribution at 

the fundamental (|Hpump(λ)|) and THG (|HTHG(λ)|) wavelengths.84 Copyright 

2019, American Chemical Society (ACS). 

Next, the generation of third harmonic signal around 262 nm was probed by 

conducting both numerical and experimental studies, and the obtained results are 
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presented in Figures 2.3a and 2.3b, respectively. To validate the advantages of the 

proposed toroidal topology over conventional plasmonic systems, we compared this 

topology with a nanodimer system, in terms of fundamental plasmonic response and 

third-order harmonic signal generation performance. As displayed, the disk-dimer 

platform, with a similar resonance position, shows much weaker nonlinear harmonic 

signal response (~ five times), despite applying higher average pump power. Thus, 

the intensities in Figure 2.3a were scaled based on the effective third-order 

susceptibility values. Moreover, in Figures 2.3b and 2.3c, spectral verification and 

power dependence of the observed DUV signal are plotted, respectively. For both 

cases (toroidal and dimer metasurfaces), the log-log plot of the nonlinear signal with 

respect to the excitation power follows a third-order dependence. As expected, the 

signal intensity from the toroidal metasystem is five times larger than that of the 

dimer array. A further study to elucidate the nonlinear efficiency was conducted by 

calculating the effective third-order susceptibility ( (3)

eff ) directly from the extracted 

experimental data based on the following formula:86,87 

1/2
2

(3) 0 0 3 3

6
eff

c n w n n P

lP P

   

 

 


  
   
  

 

where 0 is the vacuum permittivity, c is the speed of light, is the wavelength 

of the fundamental harmonic, n and 3n  are the refractive indices at the fundamental 

and third harmonic frequencies, 0w is the beam waist radius, l is the interaction length, 
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and P and 3P are the peak powers at the fundamental and third harmonic, 

respectively. By choosing an interaction length of 100 nm (i.e., thickness of the ITO 

layer), the effective nonlinear coefficient for the toroidal metasurface, disk-dimer 

array, and an unpatterned ITO film (as reference) are calculated, where (3)

eff (toroid) 

was 1.2×10-21m2/V2. It should be mentioned that this value was 2.2- and 3.1-times 

greater than that of the disk-dimer array and the unpatterned ITO layer, respectively. 

Ultimately, the effect of the ITO thickness on the induced nonlinear signal intensity is 

investigated numerically (see Figure 2.3d). In principle, the thickness of the ITO layer 

defines the effective refractive index of the whole platform, in which most of the light 

power is coupled into the channel underneath. In our metadevice, the excited 

magnetic hot spots strongly amplify the toroidal dipole mode by enhancing the 

spinning charge-current configuration, therefore, one can anticipate to perceive 

substantial confinement of the incident electromagnetic field, mostly within the ITO 

layer, toward boosting the nonlinear harmonic signal. 
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Figure 2.3 – Nonlinear characterization. (a) Experimental and (b) simulated 

third harmonic spectrum of the toroidal metasurface (red) and disk-dimer 

array (green). (c) A log-log plot for the THG power dependence of the toroidal 

metasurface (red) and disk-dimer (green) with respect to pump power. Here, a 

third-order power dependence is clearly observed. (d) Intensity of the THG 

signal as a function of ITO thickness for the toroidal metasurface (red) and disk-

dimer (green).84 Copyright 2019, American Chemical Society (ACS). 
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2.2.2. Numerical Calculations 

In this work, to perform a set of simulations for obtaining the spectral 

response of the devised metasurface and the disk-dimer array, we used FDTD 

(Lumerical 2018b) and FEM (COMSOL Multiphysics 5.3a). The size of the spatial grids 

was set to 1.5 nm (in all axes) and periodic BCs were applied to form a metasurface. 

A plane wave is considered with a pulse length of 100 fs. The current density profile 

was calculated using the divergence current analysis module, which basically 

consider the effective permittivity of the system ( effD E ) and the following 

equation: 0( )effj i E     . Here, the connection between the displacement and 

electric fields is introduced by
0( ) ( ,dt) ( )rD E     . When dt goes to zero:

2

dt 0
lim ( ,dt) ( )r n  


 , where ( )n  is the frequency-dependent refractive index. 

Besides, the provided electric field map in Figure 2.2c (for the charge distribution) 

was generated by implementing Gauss’s theorem using FEM. To model both 

structures, we utilized dielectric permittivity values of Au by Johnson and Christy,26 

and the refractive data of ITO was adopted from Ref. 88. The nonlinear response of 

these platforms was modeled through solving Maxwell equations and defining ITO as 

a material with an nonlinear susceptibility value (
(3) )85 in FDTD. During the linear 

electromagnetic simulations, the obtained resonance wavelength was considered as 

the source (fundamental) wavelength to extract the THG signal. In light of this, the 

following relationship was utilized: (3) (3)

0 ( )jP E  E E , where 0 is the permittivity 
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of vacuum, iE is a component of the electric field E , and j is the component in three 

axis directions. Here, the electric field value, as the near-field intensity, was extracted 

through integration over the toroidal unit cell and ITO sublayer. Lastly, since the 

devised metasurface structures are formed of infinite number of artificial scatterers 

along the x and y axes, the projected toroidal momentum normal to the z-axis 

(incidence axis) was described as T , where ( ) T Tx yx y  T r r .49 

2.2.3. Sample Fabrication 

For this work, all solvents were purchased from Sigma-Aldrich and utilized 

without performing further purification. ITO/SiO2 substrates, purchased from Ossila 

Inc., were rinsed with while sonicating for 5 min. and then rinsed with IPA before use. 

Following, the substrate was spin-coated with PMMA from MicroChem, and baked on 

a hot plate at 180 C for 3 min. Then, these nanostructures were patterned using a FEI 

Quanta 650 SEM with NPGS software. A beam voltage of 30 kV, a beam current of 40 

pA, and a working distance of 7 mm were used. Subsequently, the substrate was 

developed in 1:3 MIBK/IPA for 50 s. Next, 2 nm of Ti and 50 nm Au were deposited 

using e-beam evaporation. Liftoff process was performed in acetone for 1 h, and 

ultimately, the nanostructures were coated with a layer of 50 nm Al2O3 using atomic 

layer deposition (ALD) followed by 250 nm thick Al2O3 layer using e-beam 

evaporation.  
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2.2.4. Measurements 

2.2.4.1. Linear 

Linear transmission measurements were performed via inverted Zeiss 

microscope (Axiovert 200 MAT) coupled with a spectrometer including a 

monochromator (Princeton Instruments, Acton SP2150) and a charge-coupled device 

(CCD) (Princeton Instruments, Pixis 400). As an excitation source, a microscope 

illuminator (HAL 100) was utilized and the polarization is defined via a broadband 

wire grid polarizer (Thorlabs WP25M-UB). Besides, the transmission spectra of both 

metasurface designs were extracted by dividing the signal from the metasurface by 

the adjacent unpatterned area (i.e., the SiO2 substrate) and the ITO and Al2O3 layers. 

2.2.4.2. Nonlinear 

Nonlinear measurements were conducted using an ultrafast laser system 

(Coherent Mira 900). Incident light was centered to 785 nm and the pulse repetition 

rate was 76 MHz. It is noteworthy to note that the ultrafast pulses have a temporal 

width of ~100.6 fs. The laser beam was focused onto the sample using a CaF2 lens (75 

mm focal length) and similar to the linear measurements, the beam passed through 

the substrate first. Moreover, the incident peak power density on the sample ranged 

between 0.4 and 3.5 GW/cm2 with a spot size of ~177 μm2 (7.5 μm beam waist 

radius). The peak power density was estimated based on the spot size, pulse width, 

and repetition rate of the laser. Then, the transmitted light was collected through two 
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CaF2 lenses (40 mm focal length each). For the power measurements, the output beam 

was passed through several UV bandpass filters to cancel the pump signal, and 

detected via PMT (Thorlabs PMTSS). Lastly, for the spectral measurements, the 

output beam was routed through a UV bandpass filter, as well as a UV monochromator 

(Thermo Jarrel Ash, 2400 grooves/mm grating), and detected with a PMT (ADIT 

Electron Tubes, 9781B6019).89   

2.2.5. Conclusions 

We have presented a novel plasmonic metasurface for THG of DUV light. With 

the help of unique features of the induced toroidal dipole mode (e.g., remarkable field 

enhancement and low mode volume), we achieved dramatically boosted THG signal, 

which is five times greater than that of a traditional disk-dimer array and ten times 

greater than the unpatterned substrate. On the other hand, the strength of the THG 

signal strongly depends on the ITO sublayer thickness, demonstrating the 

significance of matching the spatial extent of the toroidal mode with the thickness of 

the ITO sublayer to maximize the THG enhancement. Overall, this study clearly shows 

how meticulously created plasmonic structures, when matched with an appropriate 

nonlinear material, can lead next-generation hybrid metallodielectric media for 

frequency generation in high-energy regimes of the electromagnetic spectrum.  
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