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ABSTRACT 

Titanium Dioxide Metasurface for Vacuum Ultraviolet Third-harmonic 
Generation 

by 

Ming Zhang 

Vacuum ultraviolet (VUV) light, in the wavelength regime between 100nm 

and 200nm, is of long-lasting interest in both academia and industry for its intense 

photon energy and efficient absorption in most common materials. However, a 

robust and straightforward way of VUV light generation remains to be found. In this 

thesis, I report a titanium dioxide (TiO2) all-dielectric metasurface that enables light 

generation at 185nm through photonic-resonance-enhanced third-harmonic 

generation (THG). Both theoretical analysis and experimental measurements of the 

metasurface are presented in detail. A multi-step model to calculate generated THG 

strength is demonstrated. Also, A heat transfer model is included to analyze the 

thermal effect of the high input laser power on THG power dependence. A nonlinear 

signal enhancement factor of 180 compared to an unpatterned TiO2 thin film is 

reported in the experiment. Finally, the possibility to further enhance the 

conversion efficiency of the device by using a reflective structure and redesigning 

the structure geometry through inverse design is also discussed in the simulation 

aspect.
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Introduction 

Vacuum ultraviolet (VUV) light, in the wavelength regime between 100 and 

200nm, is of intense photon energy and can be efficiently absorbed in most common 

materials. As such, VUV light has many current and potential research and 

technological applications. For example, it can be used to study the electronic 

structure of crystals or to analyze chemical reaction mechanisms [1,2]. Coherent 

VUV light has been produced in several different ways, such as high harmonic 

generation in gases and solids [3-6], excimer lasers [7], free-electron lasers [8] and 

supercontinuum generation in photonic crystal fibers [9]. Though these methods all 

have their advantages, a robust and straightforward way of generating VUV light has 

yet to be developed. Nonlinear crystals have been a common way for high order 

harmonic generations. However, traditional nonlinear crystals fail to perform well 

in the VUV region due to the low transparency of the material. Though some 
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nonlinear crystals with improved transparency in this wavelength region have been 

reported [10,11], the design and fabrication of this kind of novel nonlinear crystal 

remain a challenge in this field.  

The thesis studies an alternative way of generating VUV nonlinear signal by 

all-dielectric metasurface. Lumerical FDTD and COMSOL are used for both 

electromagnetic and thermal analysis. In chapter2, a general introduction of third-

harmonic generation concept and nonlinear materials is presented; In chapter3, a 

novel titanium-dioxide-based square-lattice all-dielectric metasurface and its 

performance in the vacuum UV region is demonstrated. Both the optical and thermal 

properties of the structure are simulated and analyzed; Chapter4 gives the 

conclusion of our work and future directions basing on the current progress. The 

feasibility of including reflective design and inverse design based nonperiodic 

structure to enhance the nonlinear signal is discussed.  
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Physics of Third Harmonic Generation 

2.1. Introduction to Third-harmonic Generation 

The optical properties of a material system can be modified by the presence 

of a potent light source. Since the observation of the change in the refractive index of 

organic liquids and glasses in the presence of an electric field [12], nonlinear optics 

has been a growing field in optics.  Here, the term “nonlinear” refers to the 

phenomenon that the optical response of the material system to an applied optical 

field depends on the intensity of the incident light in a nonlinear manner.  

If the incident light becomes as strong as the internal interaction strength of 

the atoms, the relation between the polarization of the materials and the electric 

field can be written as a power series 

P = ε0�𝜒𝜒(1)𝐸𝐸 + 𝜒𝜒(2)𝐸𝐸2 + 𝜒𝜒(3)𝐸𝐸3 + ⋯�, 

where χ(i) is the ith order susceptibility and ε0 is the permittivity of free 

space. For simplicity, all the quantities in the formula take scalar form. However, 
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considering the vector nature of polarization P��⃗  and electric field E��⃗ , χ(i) becomes 

(i + 1)th rank tensor. Without loss of generality, we shall refer to the term P��⃗ (2)(𝑡𝑡) =

𝜀𝜀0𝜒𝜒(2)𝐸𝐸�⃗ 2(𝑡𝑡) as second-order nonlinear polarization and  P��⃗ (3)(𝑡𝑡) = 𝜀𝜀0𝜒𝜒(3)𝐸𝐸�⃗ 3(𝑡𝑡) as 

third-order nonlinear polarization.  

The time-dependent electric field can be written as E��⃗ = E1𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 + E2𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖, 

where ω is the frequency of the light. Substitute E in the expression for third-order 

nonlinear polarization: 

P��⃗ (t) = ε0𝜒𝜒(3)�𝐸𝐸13𝑒𝑒𝑖𝑖3𝑖𝑖𝑖𝑖 + 𝐸𝐸23𝑒𝑒−𝑖𝑖3𝑖𝑖𝑖𝑖 + 3𝐸𝐸12𝐸𝐸2𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 + 3𝐸𝐸1𝐸𝐸22𝑒𝑒−𝑖𝑖𝑖𝑖𝑖𝑖�, 

The first two terms in the above formula describe a response at frequency 3ω. This 

fact leads to the process of third-harmonic generation (Figure 2-1). During the 

process, three photons of frequency ω are destroyed and one photon of frequency 

3ω is created [13]. The last two terms in the formula show a polarization 

component at the fundamental frequency ω that is contributed by third-order 

susceptibility χ(3). As a result, it gives an additional term to the refractive index of 

the material, namely 𝑛𝑛 = 𝑛𝑛0 + 𝑛𝑛2𝐼𝐼, where I is the intensity of the input light field. 

The relation between the nonlinear refractive index n2 and χ(3) is 

n2 =
3

4𝑛𝑛02𝜀𝜀0𝑐𝑐
𝜒𝜒(3). 

n2 is treated as an optical constant that characterizes the strength of the optical 

nonlinearity. Since it is usually an easier quantity to measure in the experiment, an 
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estimate of χ(3) is usually calculated through n2 in experiment. The imaginary part 

of  χ(3) can introduce a power-dependent absorption in the fundamental wavelength 

ω in a similar manner. If the absorption coefficient of the material is neglectable as 

in the dielectric material case, we can write the relation between χ(3), n2 and 

nonlinear absorption coefficient β as [14] 

χ𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
(3) =

4
3
𝑛𝑛02𝜀𝜀0𝑐𝑐𝑛𝑛2, 

χ𝐼𝐼𝐼𝐼𝑅𝑅𝐼𝐼
(3) = �

𝑛𝑛02𝜀𝜀0𝑐𝑐𝑐𝑐
3𝜋𝜋

�𝛽𝛽, 

where λ is the wavelength of the electric field. In Chapter3, we used n2 =

−6.3 × 10−17 m2/W and β = 10−17 m2/W [15] to estimate χ(3) in all the nonlinear 

simulations. 
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Figure 2-1 Schematics of third harmonic generation on a dielectric 
metasurface. The frequency of the outcome nonlinear signal (185nm) is three 

times the frequency of the input signal (555nm). 

2.2. Methods for Frequency Tripling 

Third-harmonic generation falls into the broader area of frequency tripling 

[16]. In industry, this process is mainly achieved by introducing a cascaded process 

instead of direct third harmonic generation due to the weak third-order 

susceptibility in most materials. The process consists of a frequency doubling of the 

input beam and the subsequent sum-frequency generation of both waves (Figure 

2-2). In this case, both processes are based on nonlinear crystal materials with a 

high χ(2) nonlinearity. Nonlinear crystals are the most commonly used materials for 

such process. Lithium triborate (LBO) and beta barium borate (BBO), for example, 
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are both competent candidates. The unique crystalline structures of these crystals 

allow strong nonvanishing second-order susceptibilities. On top of that, for 

applications in near UV, these crystals are almost perfectly transparent in both 

fundamental and tripled frequency. This allows the frequency-tripling device to be 

fabricated in a stacked manner, where the nonlinear signal from each material layer 

can have constructive interference upon phase matching, thus greatly enhance the 

total conversion efficiency of the system. These materials are also very well-

developed that people can efficiently integrate them into nonlinear optical devices. 

 

Figure 2-2 Pipeline of cascaded frequency tripling. The triple frequency signal 
is generated by the second harmonic generation and sum-frequency 

generation. 

However, this cascaded process for frequency tripling comes with its 

disadvantages.  Due to the two-step sum-frequency generation mechanism of the 

method, the system requires fine tuning to achieve phase matching in different 

steps, making it sensitive to external perturbations. Also, as the target wavelength 

drops down to vacuum UV region, traditional nonlinear crystals fail to perform well 

due to the dampened nonlinear susceptibility and increased absorption at tripled 
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wavelength. At 200nm, the transmission of both LBO and BBO is well below 50%. In 

this case, stacking material layers to enhance the nonlinear signal becomes 

impossible because the nonlinear signal from one layer will soon be absorbed by the 

following layers. Therefore, an alternative way for frequency tripling is desired for 

this wavelength region.  

Though the intrinsic third-order nonlinear susceptibility of most common 

materials are magnitudes lower than the reported second-order susceptibility of 

nonlinear crystals, it is still possible to use direct third-harmonic generation to 

generate commercially valuable nonlinear signal due to the cubic dependence of 

material polarization on the electric field. Also, the third-harmonic generation 

doesn’t require intensive phase-matching or symmetry-breaking. Thus it doesn’t 

need very sophisticated experiment setups. Recently, nanophotonic structures have 

received increasing attention in nonlinear generation [17-20] because of its 

excellent light confining ability.  Nanophotonic structures can provide a strongly 

localized electric field with a significant enhancement factor to greatly boost 

nonlinear generation.  The strong localized field also allows the use of thinner 

materials, mitigating the negative influence of material absorption on the nonlinear 

signal. Moreover, the high customizability of nanophotonic structure can provide 

device designers with more flexibility in designing structures that suits their needs.  

Metallic nanostructures, which supports the collective oscillation of 

conduction band electrons, have been a popular candidate for nanophotonic devices 
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for decades due to its large absorption cross section and field enhancement. The 

integration of metallic nanostructures into nonlinear generation has been reported 

in several works [21,22]. However, the high intrinsic absorption of metal limits its 

ability to endure high input laser power. As the input power increases, metallic 

nanostructures will soon be melted. Since the conversion efficiency of nonlinear 

generation is proportional to the input power density, the disability to function 

under high power density is a crucial disadvantage of metallic nanostructures. 

As an exciting alternative to improve nonlinear generation on nanoscale, 

dielectric nanostructures, on the other hand, don’t suffer as much from high laser 

power due to its low absorption at the fundamental wavelength. Also, dielectric 

nanostructures have been reported to support a variety of photonic resonances 

such as electric and magnetic dipoles. High-refractive-index dielectric materials can 

also offer highly confined electric field inside the structure, thus enabling significant 

bulk nonlinear enhancement. Several different dielectric nanostructures have been 

reported to support nonlinear generation from IR to UV region [23-25]. However, to 

the best of our knowledge, there has yet been a published work about third-

harmonic generation in vacuum UV.  

Titanium dioxide is one of the most popular materials for third-harmonic 

generation. Here, we demonstrate a titanium-dioxide-based transmissive dielectric 

square disk array that supports third-harmonic generation in vacuum UV. The 

structure is designed and fabricated to have an overlap of an anapole and a 
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magnetic dipole at the fundamental wavelength (555nm) to generate an electric 

field enhancement of around 9. The experimental linear spectrum confirmed the 

simulation. The nonlinear measurement of the sample shows an enhancement factor 

of about 180 at the third-harmonic wavelength (185nm) compare to an unpatterned 

titanium dioxide thin film of the same thickness. A Multiphysics model is developed 

to investigate the thermal effect of the high input laser power. Potential future 

works are also discussed. 
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Titanium Dioxide Transmissive 
Metasurface For Vacuum UV Third 

Harmonic Generation 

This chapter is based on an ongoing project and the results have yet been 

published. The experiments were performed in Dr. Din Ping Tsai and Dr. Naomi 

Halas’s lab. Michael Semmlinger designed and built the measurement setup. Dr. 

Ming Lun Tseng fabricated the samples, and Michael Semmlinger performed both 

the linear and nonlinear characterization. The simulations were carried out in Dr. 

Peter Nordlander’s group. I designed the sample geometry and investigated the 

linear, nonlinear and thermal properties of the structure. The project was 

supervised by Dr. Din Ping Tsai, Dr. Naomi Halas, and Dr. Peter Nordlander. 
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3.1. Structure Design 

For the designing of our dielectric nanostructure, we used Lumerical FDTD 

and COMSOL Multiphysics to simulate the linear optical properties. According to the 

simulations, we finalized the structure as a square periodic array of titanium dioxide 

disks of diameter 𝑑𝑑 = ~300𝑛𝑛𝑛𝑛, periods 𝑝𝑝 = 346𝑛𝑛𝑛𝑛 and thickness ℎ = 150𝑛𝑛𝑛𝑛 

(Figure 3-1). The disk array sits on a glass substrate. The dielectric functions of SiO2 

and TiO2 are obtained from previous reports [26,27]. In both simulations and 

experiments, the normal incident light at fundamental wavelength comes from the 

glass side and both the linear and nonlinear transmission are detected from the air 

side. Our structure is designed to resonate at 555nm to provide large field 

enhancement at the fundamental wavelength to boost the strength of THG signal.  
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Figure 3-1 The schematics of the disk array: (A) top view. (B) side view. The 
lattice unit cell consists of a titanium dioxide disk (dark red) and a glass 

substrate (gray). 

3.2. Linear transmission spectrum and mode analysis 

The linear spectrum of the disk array is calculated by integrating the 

Poynting vector in the upward direction inside the simulation region divided by the 

input power in the two simulation software: T = ∬𝑆𝑆 ⋅ �̂�𝑧𝑑𝑑𝑑𝑑 /𝑃𝑃𝑖𝑖𝑖𝑖 . Figure 3-2 shows 

the linear simulation results. A truncated-cone-like geometry is used to match the 

experiment. Figure 3-2B shows the linear transmission of the structure. A dip can be 

clearly observed at around 555nm, which is our target fundamental wavelength. 

The transmission starts to drop below 500nm because of the excitation of higher-

order modes. However, the dip at 555nm shows an asymmetric line shape, 



 
14 

 

indicating a coupling between different modes. To better understand this 

phenomenon, we performed the dipolar mode analysis. The relative strength of the 

induced multipole moments contributing to the far-field response can be calculated 

through multipole expansion as 

I =
2ω4

3c3
|𝑷𝑷|2 +

2ω4

3c3
|𝑀𝑀|2 +

2ω6

3c5
|𝑻𝑻|2 +

4ω4

3c4
|𝑷𝑷 ⋅ 𝑻𝑻| +

𝜔𝜔6

5𝑐𝑐5
𝑄𝑄𝛼𝛼𝛼𝛼𝑄𝑄𝛼𝛼𝛼𝛼 +

𝜔𝜔6

20𝑐𝑐5
𝑀𝑀𝛼𝛼𝛼𝛼

+
2𝜔𝜔6

15𝑐𝑐5
(𝑀𝑀 ⋅ 〈𝑅𝑅𝑀𝑀2 〉) + 𝑜𝑜 �

1
𝑐𝑐5
�, 

where  

electric dipole moment:𝐏𝐏 =
1

iω
�𝒋𝒋𝑑𝑑3𝑟𝑟, 

magnetic dipole moment:𝐌𝐌 =
1

2c
�(𝒓𝒓 × 𝒋𝒋)𝑑𝑑3𝑟𝑟, 

toroidal dipole moment:𝐓𝐓 =
1

10c
�[(𝒓𝒓 ⋅ 𝒋𝒋)𝒓𝒓 − 2𝑟𝑟2𝒋𝒋]𝑑𝑑3𝑟𝑟. 

Figure 3-2C shows the relative mode strength for electric dipole, magnetic dipole 

and toroidal dipole moments. There’s a dominant magnetic dipole moment at 

around 560nm, which is the main contributor of the dip at 555nm in the linear 

transmission spectrum. The electric dipole moment and toroidal dipole moment is 

of the same magnitude.  Apart from that, we can also observe the existence of an 

anapole. Anapole is a non-radiative mode resulting from the destructive 

interference between electric dipole moment and toroidal dipole moment which 
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have similar far-field radiation patterns. Due to such nature of anapole mode, at the 

position of resonance peak, the electric and toroidal dipole moment will be out of 

phase, i.e., have a phase difference of π (Figure 3-2D). The anapole mode in the 

structure also shows interesting field distribution.  Figure 3-3 shows both the 

electric field (Figure 3-3A, B) and magnetic field (Figure 3-3C, D) distribution at 

555nm. Figure 3-3A is the top view of the electric field where the streamline 

indicates the direction of the displacement current. Note that the two top view plots 

are cutting through the center of the structure. Two vortexes of the electric field can 

be observed inside the structure, indicating a strong toroidal dipole component. 

Figure 3-3B is the side view of the electric field where the streamline indicates the 

direction of the magnetic field. A strong bright spot of electric field locates at the 

mid-bottom of the disk with a circular magnetic field surrounding it. The streamline 

of the magnetic field is not completely closed due to the strong magnetic dipole 

moment at the position of the anapole. Figure 3-3C and Figure 3-3D show the top 

view and the side view of the magnetic field enhancement. In both figures, two 

separated bright spots can be seen inside the disk. This indicates a magnetic field of 

high curvature, further confirming that this is an anapole resonance.  
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Figure 3-2 Linear simulations for TiO2 metasurface. (A) Simulation geometry. 
Period=346nm, Thickness=150nm, Top Diameter=274nm, Bottom 

Diameter=304nm. A 10nm rounding is added to the top corners of the disk. 
(B) Linear spectrum. (C) Dipolar mode analysis. (D) The phase of the electric 

and toroidal dipole. The phase difference between electric and toroidal dipole 
components (black line) drops down to −𝛑𝛑 at 545nm.  
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Figure 3-3 Electric and magnetic field profile at 550nm. Both top and y-z side 
profiles are plotted on cut planes going through the center of the disk. The 
scale bar shows the corresponding field enhancement. (A) Top view of the 

electric field. The black line represents the direction of the electric field. (B) 
Side view of the electric field. The black line represents the direction of the 

magnetic field. (C) Top view of the magnetic field. (D) Side view of the 
magnetic field. 
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3.3.  Fabrication and Linear Characterization 

To fabricate the TiO2 metasurface, 100-nm ZEP-520A was spin-coated on a 

150-nm sputtered TiO2 thin film (substrate: soda lime glass) and baked at 180°C for 

5 minutes. To prevent the charging issue, a conductive polymer layer, ESPACER 

(SHOWA DENKO K.K.), was spin‐coated over the ZEP-520A layer. Electron beam 

writing was performed by using an e-beam lithography system (FEI Inspect F SEM) 

at an acceleration voltage of 30 kV with a beam current of around 18.5 pA. A 

commercial software (NPGS, JC Nabity Lithography Systems)1, 2 was employed to 

precisely define the scanning path and the writing dose of the electron beam. After 

the e‐beam exposure, the sample was rinsed with deionized water to remove the 

ESPACER layer, then developed in ZEP-N50 solution for 60 s. It was subsequently 

rinsed with isopropyl alcohol for 20 s and blow‐dried with nitrogen gas. A 30-nm 

chromium film was deposited by E‐gun evaporation on the substrate as a hard 

mask. The sample was etched in a mixture of CF4 /Ar /O2 chemistry by using a 

reactive ion etching (RIE) system at RF source power of 100W and pressure of 

20mTorr. The final sample was obtained after the removal of the patterned 

Chromium hard mask with Chromium etch solution (Figure 3-4). 
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Figure 3-4 Outline of the key fabrication steps. 

After the fabrication, the sample was characterized by scanning electron microscope 

to ensure good sample quality (Figure 3-5a). For the linear transmission 

measurements, an inverted Zeiss microscope (Axiovert 200 MAT) coupled with a 

spectrometer consisting of a monochromator (Princeton Instruments, Acton 

SP2150) and a charge-coupled device (CCD, Princeton Instruments, Pixis 400) was 

used. A broad band wire grid polarizer (Thorlabs WP25M-UB) was used to select the 

excitation polarization. The sample was oriented so that the illumination passed 

through the glass substrate first. The transmission spectrum of the metasurface was 

calculated by dividing the signal from the metasurface by an adjacent blank area of 

the glass substrate (Figure 3-5B). The measured linear transmission spectrum 

shows a strong dip at 555nm and a drop of transmission below 500nm,  same as 

previous simulations. There are small features at 525nm which only shows on the 

experimental spectrum. It is probably caused by less radiative higher order modes 
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or imperfections in the disk array, but the true origin of these features remains 

unclear yet. 

 

Figure 3-5 TiO2 sample characterization. (A) Tilted scanning electron 
microscope (SEM) image of the metasurface. Scale bar: 500nm. (B) 

Experimental linear transmission spectrum (red line) and laser excitation 
spectrum for THG (green line). 

3.4. Nonlinear Simulation, Measurement, and Analysis 

3.4.1. Nonlinear Simulation 

The nonlinear simulation was performed with COMSOL Multiphysics 5.3a. As 

we obtained the third-order susceptibility χ3, we can directly calculate the 

polarization distribution at the third-harmonic wavelength as  

Pnl(2𝜔𝜔) = 𝜖𝜖0𝜒𝜒3|𝐸𝐸(𝜔𝜔)|3. 
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Here we assumed no nonlinear response from air and substrate. The 

simulation consists of two steps (Figure 3-6): In the first step, we calculate the linear 

response from the structure at the fundamental wavelength with incident light 

comes from the glass side. Upon the simulation converges, we extract the electric 

field distribution and calculate the nonlinear polarization inside the disk; In the 

second step, we perform another electromagnetic simulation at the third-harmonic 

wavelength. The calculated nonlinear polarization in the first step is treated as a 

bulk light source. The third-harmonic signal strength is calculated by integrating the 

pointing vector in the upward direction in the second step. 

Unlike other simulation methods where reciprocal theorem is utilized to 

qualitatively estimate the strength on the nonlinear signal, this two-step nonlinear 

simulation method can quantitatively determine third-harmonic signal strength 

given proper χ3 values. Figure 3-7A shows the total relative nonlinear transmission 

for our structure compare to an unpatterned TiO2 thin film of the same thickness. 

The third-harmonic signal is greatly enhanced at the position of anapole (550nm) 

with a peak enhancement factor of around 3000. A shoulder with an enhancement 

factor of around 400 can be observed at around 565nm, which corresponds to the 

magnetic dipole. A more thorough look into the effect of disk height on the THG 

signal strength reveals that anapole is not necessarily the main contributor to the 

nonlinear signal. At lower disk thickness, the nonlinear signal enhancement factor 

for magnetic dipole will increase. However, as shown in Figure 3-7A, C, E, upon 

tuning the anapole resonance of samples with different disk height at 550nm, the 
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sample with disk height of 150nm shows the largest nonlinear signal strength. This 

proves that our choice of geometrical parameters is correct.  

  

Figure 3-6 Sketch for nonlinear simulation method. The optical response of 
the metasurface (blue pattern) with source light at fundamental wavelength is 

used as the light source at third-harmonic wavelength. 

At third-harmonic wavelength 185nm, the wavelength is shorter than the 

period of the structure (346nm). According to the diffraction theory: 

d sin𝜃𝜃 = nλ, 

 two additional diffraction orders 01 and 11 will appear at 32.3 and 49.1 degrees 

(Figure 3-8B). We simulated the power distribution in different diffraction orders 
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(Figure 3-8A). As the figure shows, the zero-order diffraction, i.e., the upward 

diffraction order, only contains a small portion of the total third harmonic signal.   At 

555nm, the 01 and 11 diffraction order take up 7
8
 of the total nonlinear signal. Due to 

the limited numerical aperture of the collection lens we use in the experiments, we 

are not able to collect the nonlinear power in all the three diffraction orders. 

However, a collection lens with NA larger than 0.6 will be able to collection the 01-

order diffraction and greatly boost the collection efficiency.  
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Figure 3-7 Simulation for TiO2 metasurfaces of different thickness. The 
anapole mode is at around 550nm in each case. (A, B) Linear transmission 

spectrum, nonlinear signal enhancement, and dipolar mode analysis for 
metasurface of thickness 150nm. (C,D) Linear transmission spectrum, 

nonlinear signal enhancement, and dipolar mode analysis for metasurface of 
thickness 50nm. (E, F) Linear transmission spectrum, nonlinear signal 

enhancement, and dipolar mode analysis for metasurface of thickness 200nm. 
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Figure 3-8 Simulated metasurface diffraction. (A) THG signal strength in the 
first three diffraction orders. (B) Sketch of the metasurface diffraction 

pattern. Blue, red and green dots correspond to 00, 01 and 11 diffraction 
order respectively. The black line represents the  NA (0.75) of the collection 

lens used in the experiment. 

 

3.4.2. Nonlinear Measurements 

Figure 3-9 shows the schematics of the nonlinear measurement setup. a 

custom built setup was used to measure the nonlinear signal. It consisted of a mode-

locked, ultrafast Ti: Sapphire laser system that included a seed laser (Coherent Mira 

900), pumped with a Coherent Verdi V5 diode laser, an amplifier (Coherent RegA 

9000), pumped with a Coherent Verdi V10 diode laser, and an optical parametric 

amplifier (Coherent OPA 9400). The OPA was tuned to produce a beam centered at 
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555nm. The pulse width was about 205 fs and the repetition rate was 200 kHz. The 

beam was focused on the sample using a UV fused silica lens  (40mm focal length). 

As in the linear measurements, the sample was oriented so that the laser would pass 

through the substrate first. The spot size was about xx µm with peak powers ranging 

between 1~10 GW/cm2. The peak power density was estimated by taking into 

account the spot size, the pulse width, and the repetition rate of the laser. The 

transmitted light included light of both the fundamental and the third harmonic 

wavelength and was collected with an aspheric UV fused silica lens of 0.75 NA 

(15mm focal length). The light was then routed through an equilateral dispersive 

calcium fluoride prism (Thorlabs PS863) to achieve a pre-separation between the 

transmitted third harmonic and the fundamental light before entering the 

monochromator (Thermo Jarrel Ash, 2400 grooves/mm grating). This is necessary 

to avoid excess scattering of the fundamental light within the monochromator. The 

VUV light was then detected with a PMT (ADIT Electron Tubes, 9781B6019). For the 

power-dependent measurements, a simplified setup using only filters (instead of the 

prism and monochromator) in combination with a PMT (Thorlabs, PMTSS) was 

used. For both setups, the majority of the detection light path (from the sample to 

the detector) was purged with nitrogen to minimize absorption of the VUV light by 

the oxygen in the ambient air. 
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Figure 3-9 Schematic of the nonlinear measurement setup. 

The third-harmonic generation spectrum (Figure 3-10B) shows a strong 

peak at 185nm, which follows the Gaussian line shape of the input laser beam 

spectrum. The THG signal-input power dependence (Figure 3-10A) compared the 

nonlinear signal from the square titanium dioxide disk array and a titanium dioxide 

thin film of the same thickness. The nonlinear signal from the thin film is cut off at 

the peak power density of 10 GW/cm2 due to the low signal to noise ratio. The 
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nonlinear signal from the disk array is also cut off near this power density as it’s 

approaching the damage threshold of the structure. Despite the mismatch between 

the input peak power density between the disk array and the thin film, it is obvious 

that the disk array is much more efficient at generating third harmonic signals. At 

the peak power density of 10 GW/cm2, the titanium dioxide disk array outperforms 

the thin film of the same material by a factor of around 180. This enhancement 

factor is a magnitude higher than previous work from Michael Semmlinger and Dr. 

Ming Lun Tseng, where they achieved a nonlinear signal enhancement factor of 15 

at a similar wavelength by using a second-harmonic-generation-based zinc oxide 

dielectric metasurface.   

 

Figure 3-10 Nonlinear measurement. (A) THG power dependence of the 
metasurface (red dots) compared to the unpatterned thin film (black dots) 

showing an enhancement factor of around 180. The two solid black lines are 
fitting lines with a slope of 3. (B) Third-harmonic spectrum. The curve follows 

the shape of the input laser spectrum.  
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3.4.3. Thermal effect 

Due to the cubic connection between nonlinear polarization and linear 

electric field, theoretically, the third harmonic generation power-input power 

relation will show as a straight line with a slope of 3 (black line in Figure 3-10A). In 

Figure 3-10A, as the peak power density increases, the nonlinear-linear power 

relation starts to deviate from the theoretical line. This indicates that there’re other 

nonlinear processes happening when we excite the third harmonic signal. One 

important factor is the temperature increase in the sample due to the high laser 

power, which is missing in the previous nonlinear simulation model. Muhammad 

Rizwan Saleem et al [28] showed that the refractive index of TiO2 thin film 

fabricated by atomic layer deposition is temperature dependent. In their paper, as 

the environment temperature increases from 25°C to 155°C, the refractive index 𝑛𝑛 

and extinction coefficient 𝑘𝑘 both slightly dropped.  

To characterize the influence of temperature on the nonlinear signal, we 

included a thermal component into our electromagnetic simulation model. The 

pipeline of the modified model is shown in Figure 3-11. The new model added two 

additional steps (2,3) basing on the original thermal-less model. In the new second 

step, we use the ohmic loss in the first step as the heat source and calculate the 

temperature distribution inside the structure; in the third step, we alter the 

refractive index of TiO2 basing on the temperature distribution and redo the 

electromagnetic simulation at fundamental wavelength.  At the last step, instead of 
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using the electric field distribution in the first step for nonlinear polarization 

calculation, we use the updated electric field distribution in the third step. The exact 

relation between the TiO2 refractive index and temperature is unclear. According to 

previous work [28], we assumed a linear dependence between the two factors: 

𝑛𝑛 = 𝑛𝑛0 − 𝜂𝜂(𝑇𝑇 − 𝑇𝑇0), 

where n0 is the material refractive index at room temperature T0 (293.15K), η is the 

index changing coefficient. In the simulations, we set η to be 0.00005/K, similar to 

what is reported in the literature. To avoid unnecessary complication, a uniform 

input light source with power density same as the peak power density in the 

experiment is used in the simulation. The simulation result is shown in Figure 3-12. 

Figure 3-12A compared the electric field distribution (side view) with/without the 

temperature-based refractive index correction. Since heating will lower the 

refractive index of TiO2, the maximum field enhancement after the correction will 

be dampened.  On the other hand, due to the low index changing coefficient, the 

overall mode profile remains the same. Figure 3-12B shows the temperature 

distribution in the second step. Though the absorption coefficient of TiO2 at our 

target fundamental wavelength (555nm) is low, the temperature increase is still 

impressive due to the extremely strong input laser power. Figure 3-12C shows the 

simulated third harmonic generation power dependence. A similar deviation from 

the theoretical power dependence line can be observed.  
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Figure 3-11 Pipeline for temperature-dependent nonlinear simulation model. 
In the second step, we use the ohmic loss in the first step as the heat source 
and calculate the temperature distribution inside the structure; In the third 

step, we alter the refractive index of TiO2 basing on the temperature 
distribution and redo the electromagnetic simulation at fundamental 

wavelength. 
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Figure 3-12 Temperature-dependent nonlinear simulation. In the simulation, 
diameter = 286nm, period = 350nm. There’s a rounding of 40nm for the top 

corners of the disk. (A) y-z profile of electric field at anapole resonance 
with/without heating effect. (B) Temperature distribution at anapole 

resonance with input peak power density = 10GW/cm2. (C) THG power 
dependence with (red line) and without (green line) heating effect.  

 

 

3.5. Conclusion 

Here, we report a dielectric resonance-enhanced vacuum UV third-harmonic 

generation nanodevice. We design and fabricate a titanium square disk array that 

has both magnetic dipole and anapole at around 555nm. To confirm the correctness 
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of simulation, we measured the linear transmission spectrum of the fabricated 

samples, which agrees with the ones in simulation. 

We built a vacuum UV nonlinear measurement setup and used it to measure 

the nonlinear spectrum and the nonlinear power dependence with fundamental 

wavelength at 555nm. The result shows an enhanced third-harmonic generation at 

185nm, close to the absorption limit of nitrogen. The enhancement factor reaches 

180 with a peak input power density of 10GW/cm2 compared to the TiO2 thin film 

of the same thickness, a magnitude higher than our previous zinc oxide 

nanostructure which was able to generate a nonlinear signal at similar wavelength 

through second harmonic generation.  Since symmetry breaking is not required in 

the third-harmonic generation, our structure also allows simpler and more robust 

experiment processes.  

To explain the deviation from theoretical third-harmonic generation power 

dependence in experimental results, we developed a multiphysics model where we 

were able to modify the refractive index of TiO2 basing on the temperature increase 

inside the structure. The simulated result agrees with experimental ones, indicating 

that temperature can be an influential factor in the observed phenomenon.  
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Outlooks 

In this chapter, we discuss the possibility of further enhancing third-

harmonic generation from TiO2 in VUV. The chapter is separated into two parts: in 

the first part, I present a reflective metasurface design and compare its performance 

to our current structures; In the second part, I discuss how inverse design may help 

us in this scenario and demonstrated the program we built for it.  

4.1. Reflective Design 

Figure 4-1 presents a reflective metasurface for TiO2 third-harmonic 

generation. In the transmissive design we demonstrated above, the incident light 

only passes the structure once. However, by adding a reflective layer beneath the 

structure, we enable the constructive interference between the direct incident light 

and the reflected light, thus achieve higher field enhancement at the fundamental 

wavelength. In the new reflective design, I use gold as the reflective layer and keep a 

120nm-thickness glass spacer between the TiO2 disks and the reflective layer. All 
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other geometric parameters are the same as the ones used in the design in chapter3. 

In the simulation, the incident light always comes down normally from the air side. 

According to the simulation, the new reflective design achieves higher field 

enhancement at anapole resonance (Figure 4-1B). Also, the nonlinear simulation 

shows that by including a reflective layer, we can enhance the third-harmonic 

generation from TiO2 square disk array by 5 times.  
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Figure 4-1 Simulation for a reflective metasurface design.  Thickness of disk = 
150nm, thickness of glass = 120nm, period = 246nm, bottom diameter = 

304nm, top diameter = 274nm. The normal incident light comes from the air 
side. (A) Schematics of the design. (B) y-z profile of the electric field at 550nm. 
(C) The nonlinear signal from original design (red line) and the new reflective 

design (blue line). 
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4.2. Inverse Design 

Till today, most of the structures in nanophotonics are still designed by hand. 

Due to the limit of human labor, this traditional way of device design is geometry-

oriented. In other words, we take regular geometries with well-known physical 

effects or have historically been proved effective such as sphere, cube or bowtie to 

achieve our target application. During the process, the designer only tunes a handful 

of parameters of the geometry to finely control the system performance. This 

method, however, has several drawbacks. First, the geometry that most suitable for 

a certain application is not necessarily regular; Second, to design a large-scale 

nanodevice following this procedure, it is inevitable to introduce periodicity to 

reduce the number of parameters. In Chapter3, we discussed the influence of 

diffraction on the collectible nonlinear signal. Even with a collection lens with large 

NA (0.75), we were still unable to collect all the outgoing THG signal. This drawback 

can only be mitigated by reducing the repetition of unit cells in each direction to 

reduce diffraction, or in other words, by increasing the size of unit cells if we keep 

the same device dimensions. However, Designing unit cells that are magnitudes 

larger than working wavelength is beyond the capability of human labor due to the 

astronomical amount of parameters in the system. Hence, it is necessary for us to 

adopt the inverse design for this task. 
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Inverse design is the concept of using computational optimization methods 

to help designers design structures that meet certain needs. Here, “inverse” means it 

follows the opposite pipeline as the traditional device design. Inverse design is 

target-oriented, namely, the designer first converts the research goal to an 

optimization problem, then choose a proper evolutionary optimization method to 

generate the device design. Since the device geometry is fully determined by the 

algorithm used with little human labor, this design process allows a very high 

degree of geometrical freedom of the optimized design. The additional freedom in 

geometry in inverse design has been reported to enable better device performance 

than its traditional counterparts [29,30]. 

4.2.1. Choice of Simulation Method 

Though inverse design has been an increasingly focused field in 

nanophotonics, the design of large nonperiodic structures remains a big challenge 

due to the polynomially increasing requirement for storage and computation power 

as the device dimensions scale up. The traditional high-accuracy numerical 

simulation methods such as finite-difference time-domain method and finite 

element method are usually not adopted in inverse design due to the limited 

controllability over device geometry and high computational cost. Instead, 

researchers often turn to semi-analytical methods such as rigorous coupled-wave 

analysis (RCWA) [31] for periodic structures or discrete dipole approximation 

(DDA) [32], where devices are represented by connected cells in a cartesian grid. 
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However, for devices that are magnitudes larger than their working wavelength, 

even semi-analytical methods can fail to work. In DDA, the system is regarded as a 

collection of single dipoles connected by dipolar interactions. Theoretically, the 

response from a system in DDA can be fully expressed by the polarization of each 

individual dipoles and corresponding external electric field. That is to say, for a 

system composed of n dipoles, its electromagnetic response to an external field can 

be included in a vector P of size 3n considering each component of dipole 

polarization. However, to solve P, we need to solve a set of linear equations where 

𝐀𝐀𝑃𝑃 = 𝐸𝐸0, 

E0 is another size 3n vector that represents the external field. A is a non-sparse 

matrix of size 3n ∗ 3n that describes the interactions between each pair of dipoles. 

In the original form of DDA, A is stored as a full-size matrix inside the program. As a 

result, if we scale the system by a factor of 10 in each direction, the memory usage 

for storing matrix A will increase 9000000 times. The polynomially increasing size 

of A will soon exceed the storage capacity of any existing servers as the system scale 

grows. To overcome this, we wrote a modified DDA code to allow the reuse of 

different parts of A matrix. The code stores A as a set of unique 3*3 submatrix 

instead of a full-size 3n*3n matrix. In this way, we are able to reduce to program 

memory requirement to the square root of the original one, thus enabling the 

calculation of devices 2~3 magnitudes larger than its working wavelength.   
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4.2.2. Choice of Optimization Method 

Generally, evolutionary optimization is the process to iteratively change the 

parameters of a certain system to optimize the result of the target function. This 

concept can be achieved by a variety of different algorithms. Nevertheless, all the 

algorithms share a common similarity: to find the optimal solution of the problem, 

they seek the direction of the next movement such that the solution in the next 

iteration is closer to the optimal solution. Among all the relevant algorithms, 

randomized optimization methods, such as genetic algorithm (GA) [33], particle 

swarm optimization (PSO) [34] and ant colony optimization (ACO) [35], have been 

proved successful in solving evolutionary optimization problems in many scenarios. 

In these algorithms, a population of a different set of system parameters is created 

in initialization. In each step of optimization, every individual in the population 

updates its moving direction and velocity according to the solution of itself and 

other individuals in the population until the target function value from the best 

performing individual inside the population converges. However, due to the large 

number of parameters in inverse design problem, the corresponding searching 

space for algorithms is extremely huge. In this case, we need a large population of 

individual solutions to ensure the performance of randomized optimization 

algorithms, which would result intolerable long program execution time. To avoid it, 

we chose to use adjoint method [36] in our program instead.  
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Assume the system geometry is defined by a set of parameters x, the target 

function is ℱ(P(x), x). The gradient at given x is 

dℱ
dx

= ℱ𝑥𝑥 + ℱ𝑃𝑃𝑃𝑃𝑥𝑥. 

The first term on the right can be easily calculated. For the second term, 

considering that 

𝐀𝐀(x)P(x) = E0, 

we have 

ℱP𝑃𝑃𝑥𝑥 = ℱ𝑃𝑃(𝐴𝐴−1𝐸𝐸0)𝑥𝑥 = −(ℱ𝑃𝑃𝐴𝐴−1)𝐴𝐴𝑥𝑥𝑃𝑃. 

If we solve an adjoint equation (thus the name “adjoint method”) 

AT𝑐𝑐 = ℱ𝑃𝑃𝑇𝑇 , 

we can rewrite the above equation for gradient calculation as 

dℱ
dx

= ℱ𝑥𝑥 − 𝑐𝑐𝑇𝑇𝐴𝐴𝑥𝑥𝑃𝑃. 

This method allows us to obtain the gradient at certain positions by solving only one 

additional matrix multiplication in each step, thus much more efficient than random 

optimization methods.  
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4.2.3. Program execution flow 

 

Figure 4-2 pipeline of the program 

Figure 4-2 shows the execution procedure of the program we developed 

based on modified DDA and adjoint method. Most of the program components are 

written in python for better readability and more flexible control. To boost the 
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efficiency of the program, the codes concerning solving the DDA problem with a 

given structure are written in C++ and are bridged to other parts by a C++-python 

interface. The geometry optimization of both 2D and 3D structures is enabled. We’ve 

successfully demonstrated that our program is capable of calculating the optical 

response from a large structure with decent accuracy. The optimization of a smaller 

structure has also been achieved. However, the geometry optimization on a large 

nonperiodic structure is still yet to be realized due to the decreasing convergence of 

algorithms as the system size grows. 
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