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Conventional optical components, such as lenses, mirrors, waveplates and 

polarizers, have been widely developed and used in many electronic and optical 

devices. Because these components are bulky, they are not suitable for miniaturization 

and integration. In recent years, metasurfaces have emerged as a platform to realize 
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the transformation of the field of optical devices as they have the potential to 

revolutionize the way light is controlled on a chip. 

Metallic nanostructures are intrinsically lossy in the optical spectral region due 

to the absorption in metals. In addition, the design parameters of metasurfaces have 

limitations for controlling the optical phase-front in the full range of 0 to 2π. These 

restrictions lead to the introduction of several undesirable losses, including reflection, 

diffraction, and polarization conversion. Compared to metallic nanostructures, 

dielectric metasurfaces have several significant advantages such as high transmission 

efficiency because they do not suffer from the intrinsic nonradiative losses in metals. 

All-dielectric metasurfaces can allow a diverse range of practical efficient wave-

shaping applications of novel materials.  

In this dissertation, we report on the experimental study of the anomalous 

transmission effect in ultrathin metallic gratings, where the metal thickness is much 

thinner than the skin depth. In particular, incident TM polarized waves are reflected 

while incident TE polarized waves are transmitted. The anomalous transmission 

strongly depends on the metal width, thickness and refractive indices of the 

surrounding dielectric material. We systematically investigate and demonstrate the 

anomalous effect and determine the optimized nanostrip thickness and width by 

introducing a shadow-mask fabrication approach. The combined effect of thickness 

and width is experimentally investigated, and shown to match well with theoretical 

analysis. The main advantage of our ultrathin metal gratings lies in insertion loss 

reduction by utilizing the ultrathin metallic film fabrication. This advantage makes our 

structure readily suitable for a variety of applications including high efficiency 
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metasurfaces, polarization steering, and polarization dependent spectral filter 

applications. 

Also, we explore the design, fabrication, and characterization of dielectric 

metasurface lens created by varying the density of subwavelength low refractive index 

nanoholes in a high refractive index substrate, resulting in a locally variable effective 

refraction index. It is demonstrated that constructed graded index lenses can overcome 

diffraction effects when the aperture to wavelength ratio (D/λ) is smaller than 40. Our 

design parameters for engineering the effective refractive index of a composite 

dielectric are created by controlling the density of deeply subwavelength low index 

nanoholes in a high index dielectric layer (e.g., Si). The phase of the optical wavefront 

incident on such a composite dielectric is modulated by the local effective index of the 

layer. We have demonstrated that the microlenses can be made polarization dependent 

by asymmetric design as well as polarization independent by symmetric design 

operating with radiation from a broad spectral range. The main advantages of our 

dielectric nanosurface lenses include further reduction of insertion loss by adding 

antireflection (AR) coating of element size and weight via submicron thickness 

fabrication and miniaturization. Such advantages make our structure readily suitable 

for a variety of applications, such as microlens arrays, high resolution CCD sensors, 

and other miniature imaging systems. The experimental results demonstrate the 

practical potential of polarization and position dependent graded index components by 

asymmetric designs. We envision using Cartesian and polar coordinate designs for 

future nanohole region realizations, such as space variant circular nanohole patterns or 

space invariant elliptical nanohole patterns.    



1 
 

Chapter 1: Introduction 

1.1. Introduction 

The conventional optical components such as lenses, prism, mirrors, waveplates 

and polarizers have been developed and widely used. These components are bulky, 

hence they are not suitable for miniaturization and integration. Lenses are required to 

have a curved surface carefully designed because their beam focusing in the focal 

point is based on Snell’s law of reflection and refraction. It is difficult to apply these 

curves surfaces to compact devices or high resolution elements. In graded index lenses, 

the wavefront is shaped by gradual phase accumulations along the propagation 

distance for several wavelengths. The waveplates also function based on different 

phase accumulation for two orthogonal polarizations. In order to overcome this 

disadvantage, diffractive optical components are implemented. Diffractive optical 

elements have been developed for visible to near infrared wavelengths to replace 

bulky, curved optical components by compact planar elements [1 - 6]. However, such 

elements can only be designed for monochromatic light and furthermore involve 

complex surface profiles that are difficult to fabricate. Moreover, these approaches 

require a minimum aperture size to avoid aperture-limiting diffraction affecting 

focusing power of the lens and causing aberrations. With recent advances in 

nanotechnology, high resolution nanoscale structures can be designed and fabricated. 

Metamaterials are defined as materials that are engineered to have properties that have 

not yet been found in nature. They are made from an assembly of multiple elements 

fashioned from composite materials such as metals or plastics. Additionally, 
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metamaterials are defined as an electromagnetically homogenous arrangement of 

artificial structural elements, designed to achieve advantageous and unusual 

electromagnetic properties. Metamaterials generally are composed of smaller 

structural elements which are preferentially assembled together. As shown in Figure 

1.1, a material whose permittivity and permeability are simultaneously negative, such 

that the material has any measurable degree of optical transparency, will refract an 

incident wave on the same side of the incident wave rather than crossing the normal 

surface.  Applications of metamaterials have been reported in cloaking, optical 

antennas, lenses, photovoltaics, and sensors [7-14]. A metasurface is one subcategory 

of metamaterials, defined as an artificial sheet of material with sub-wavelength 

thickness and tunable electromagnetic properties on demand. Metasurfaces may also 

refer the two-dimensional counterparts of metamaterials. An initial optical application 

discovered was the anti-reflective coating, as first observed by Lord Rayleigh. Since 

then, new metasurfaces have surfaced such as plasmonic metasurfaces, [15,16] 

metasurfaces based on geometric phases [17, 18] and impedance sheets [18, 20]. 

Optical metamaterials and metasurfaces have possibilities in manipulating light waves 

and producing new functionalities. 

                                

Figure 1.1 Refraction characteristics of conventional and metamaterial  
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1.2. Introduction of Metasurfaces  

In recent years, metasurfaces have emerged as a platform to realize 

transformational optics. Below are multiple definitions as discussed amongst 

researchers: 

1. “An alternative approach that has gained increasing attention in recent years 

deals with one- and two-dimensional (1D and 2D) plasmonic arrays with 

subwavelength periodicity, also known as metasurfaces. Due to their negligible 

thickness compared to the wavelength of operation, metasurfaces can (near resonances 

of unit cell constituents) be considered as an interface of discontinuity enforcing an 

abrupt change in both the amplitude and phase of the impinging light” [15].  

2. “Our results can be understood using the concept of a metasurface, a 

periodic array of scattering elements whose dimensions and periods are small 

compared with the operating wavelength” [16].  

3. “Metasurfaces based on thin films.” A highly absorbing ultrathin film on a 

substrate can be also considered as a metasurface, with properties not occurring in 

natural materials [21].  

Thus, metamaterials have a variety of relevant applications and purposes. One 

the most important applications of metasurfaces is to control the wavefront of 

electromagnetic waves by imparting a local gradient phase shift to the incoming waves, 

so that light can be transmitted through, reflected from, or propagated along a 

designed optical interface [21 - 24]. The main advantages are subwavelength-thick 

optical components, which can be fabricated using a single lithographic step. 
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1.3 Basic Concept of Metasurfaces and their applications  

 All conventional optical components shape the wavefront using the 

propagation effect, in which the change in phase and polarization is gradually 

accumulated during light propagation. In recent years, we can control light 

propagation by using phase discontinuities by introducing abrupt phase shifts at the 

interface between two optical media. We can directly engineer the phase, amplitude 

and polarization along the surface using optical resonators. This can be achieved by 

using the large and controllable phase shift between the incident and scattered light of 

resonant optical scatterers, assembled in suitable arrays as proposed [25]. The 

arrangement should satisfy two requirements: subwavelength thickness of the array 

and subwavelength separation of the scatterers, (e.g., nanoparticles [26], nanocavities 

[27, 28], nanoparticles clusters [29], optical antennas [30, 31], and dielectric 

resonators such as nanocrystals or quantum dots [32]). The array of scatterers is 

needed to satisfy the condition of metasurfaces, subwavelength separation, and 

spatially varying geometric parameters (e.g., antenna shape, size and orientation) [22], 

with their phase response covering the entire 2π range. As explained by a research 

group of Harvard University (F. Capasso), the physics of metasurfaces in terms of 

Huygens’ Principle is "every point on an interface creates a spherical wavelet, and the 

interference of the wavelets forms the new wavefront. For a regular non-structured 

surface, normal incident light passes through without changing the propagation 

direction. However, for an inhomogeneous interface: made of a distribution of 

resonators dissimilar in their scattering properties, the wavefront will be molded 

according to the phase response of the resonators" [33]. Fermat's principle is applied 
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to explain the reflection and refraction of such metasurfaces. Fermat's principle, which 

determines the path of light should have stationary phase, impose the stationary phase 

condition. In the case of an interface with a constant gradient of phase delay, the two 

paths infinitesimally close to the actual light path would have the same optical phase. 

They derived the generalized laws of reflection and refraction by imposing the 

stationary phase condition on the so-called “gradient metasurface”, which introduces a 

constant phase gradient at the interface between two media [33].  In Figure 1.2, Φ is a 

continuous function of the position along the interface. If we introduce a constant 

gradient of phase discontinuity along the interface (dΦ/dx), the generalized Snell’s law 

of refraction contain a term proportional to the phase gradient    

                       t  t       i  i = 
 0

  
        (1.1)                                                                       

Thus all the incident energy is transferred into the anomalous reflection and refraction.  

Phase discontinuity along the interface can be controlled by spatially tailoring the 

geometry of the resonators in an array and their corresponding frequency response, 

thus molding the wavefront of the reflected and refracted beams in nearly arbitrary 

ways. To provide full control of the wavefront, designed phase shifts along the 

interface are needed to cover the 0 to 2π range. The metasurface used to demonstrate 

the generalized laws of reflection and refraction was a phased array antenna in the 

mid-infrared (mid-IR) [17]. To achieve the required phase coverage while maintaining 

large scattering amplitudes, V-shaped antennas were used consisting of two arms of 

equal length h connected at one end at an angle Δ. The V-shape antennas support a 

symmetric mode of the oscillation of the current and an antisymmetric mode, which 
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are excited, respectively, by components of the incident field along ŝ and â axes [34, 

35]. By changing the length of the antenna arms and the angle between the two arms, 

the phase of the scattered light can be varied from 0 to π.  

                      

Figure 1.2 Schematics used to derive the generalized Snell’s law of refraction. The 

interface between the two media is artificially structured in order to introduce an 

abrupt phase shift in the light path, which is a function of the position along the 

interface. Φ and Φ + dΦ are the phase shifts where the two paths (blue and red) cross 

the boundary [17]. 
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Figure 1.3 a) The double-resonance properties of V-shaped antenna. A V-shaped 

antenna consists of two arms of equal length. The angle between the incident 

polarization and the antenna symmetry axis is 45°. b) V-shape antenna corresponding 

to mirror images of those in (a). (c) Schematic unit cell of the plasmonic interface for 

demonstrating the generalized laws of reflection and refraction. (d) Finite difference 

time-domain (FDTD) simulations of the scattered electric field for the individual 

antennas composing the array in (c). [33] 
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The direction of current flow is indicated by arrows with color gradient in 

Figure 1.3 (a) and (b), which corresponding to mirror images of those in (a). In Figure 

1.3 (d), the plasmonic interface is created by periodically translating in the x-y plane 

the unit cell (c). The plots in Figure 1.3 (d) show the scattered electric field polarized 

in the x direction for y-polarized plane wave excitation at normal incidence from the 

substrate. The projections of the spherical waves scattered by the antenna unit is 

shown by tilted red line in Figure 1.3 (d). The generalized Snell's law with a phase 

gradient terms (|dΦ/dx| = 2π/Γ) explain the anomalous reflection resulting from 

superposition of these spherical waves. 

 Other groups have demonstrated a similar concept in the near-infrared around 

λ = 800 nm by using simple rod antennas with varying lengths [36]. A full 2π phase 

coverage was controlled by designing the near-field coupling between the rods and 

their dipolar images in the back metal sheet.  
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1. 4 Applications based on metasurfaces 

Many research groups have demonstrated the applications based on 

metasurfaces. They can control light transmitted through, reflected from, or 

propagating along a designer optical interface.  Some research group demonstrated 

wave plates based on metasurfaces [37]. In Figure 1.4, two sub unit cells composed of 

a V-shape antenna were shifted with respect to each other by a quarter wavelength 

length (d = Γ/4).  

The unit cell creates two linearly-polarized field components with the same 

amplitude and orthogonal polarizations, thus creating a circularly polarized wave with 

a phase shift of 90°. They demonstrated a quarter-wave plate working from 5 to 12μm 

wavelength range. The generated circularly-polarized anomalously refraction beam 

was separated from ordinary transmitted beam. 

Another application based on metasurfaces are metalenses [38] based on 

metasurfaces. A metalens which consists of arrays of optical scatters enables the 

creation of a spherical wavefront. To create a spherical wavefront, the total 

accumulated phase has to be the same from every point on the metalens to the focal 

point of the lens, in which the total accumulated phase includes propagation phase and 

phase jumps due to optical scattering.  

One research group demonstrated metalenses in which the spatial distribution 

of the phase jumps follows a hyperboloidal function in Figure 1.5. They designed the 

metalens to compensate for the propagation phase shift by decreasing the abrupt phase 

shift due to scattering in the outer regions of the lens [39].  
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Figure 1.4 (a) Schematics of a metasurface quarter-wave plate. The two unit cell of 

the metasurface. (b) Calculated degree of circular polarization of the extraordinary 

beam as a function of wavelength. (c) Polarization analysis for the extraordinary beam 

at λ = 5.2, 8, and 9.9μm. [33] 
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Figure 1.5 (a) Schematic showing the design of a metalens. (b) SEM image of a 

fabricated planar lens (Inset: Zoom-in view of fabricated antennas) and Phase profile 

of the lens. (c) Calculated and measured intensity distribution of the lens (b) on the 

focal plane. [33] 

 

The other groups (Andrea Al´u and Anthony Grbic) have shown enhancement 

of the transmission efficiency of optical power using metalenses with three layers of 

optical scattering elements [40, 41].  

Optical vortex plates are also one of applications based on metasurfaces. 

Several research groups have used metasurfaces to create optical vortex beams. 

Conventional optical vortices have been created using spatial light modulators, spiral 

phase plate, or fork-shaped gratings. An optical vortex has a spiral wavefront which 

carries orbital angular momentum (OAM) [42, 43]. One group created the fork 

holographic metasurface and measured far-field intensity distributions at λ = 633nm 
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and λ = 850nm in Figure 1.6. By the fork hologram, the first-order diffracted beam 

had radially polarized intensity patterns [44]. 

Metasurfaces can also find applications in electromagnetic absorbers, 

polarization converters, spectrum filters, etc. The many relevant applications of 

metasurfaces in the field of optics makes them compelling structures to study. 

 

                           
Figure 1.6 (a) SEM image of the fork holographic metasurface. (b) Measured far-field 

intensity distributions at two wavelengths. [33] 
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1.5 Efficiency of the flat optical components based on 

metasurfaces 

Many applications of metasurfaces based on plasmonic elements suffer from 

poor efficiency. The plasmonic elements are intrinsically lossy in the optical spectral 

region due to the absorption of metals [21, 45 - 46]. In addition, the design parameters 

of metasurfaces have restrictions for controlling the optical phase-front in the full 

range of 0 to 2π. These restrictions lead to the introduction of several undesirable 

losses, including reflection, diffraction, and polarization conversion losses. Recently, 

dielectric metasurfaces in the optical regime have attracted interest. As compared to 

metallic nanostructures, the dielectric metasurfaces have several significant 

advantages such as high transmission efficiency because they do not suffer from 

intrinsic nonradiative losses in metals. By exploring resonant effects in dielectric 

nanostructures that exhibit significantly lower losses than their metallic counterparts 

[18, 47 - 53], the all-dielectric metasurfaces can allow a diverse range of practical 

efficient wave-shaping applications [48 - 51]. As an example, Huygens’ dielectric 

metasurfaces have provided full phase coverage and high transmittance efficiencies 

[19,52]. Huygens’ metasurfaces rely on the overlap of the electric and magnetic 

resonances of the high-index dielectric nanoparticles [54]. Also, silicon is the most 

commonly used material in the semiconductor industry. These significant advantages 

of dielectric metasurfaces can make it an ideal platform for high-efficiency 

metasurfaces and integration on optical chip [55]. 
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Chapter 2: An anomalous transmission effect of an ultrathin 

metallic grating  

2.1 Introduction  

Metallic subwavelength gratings such as wire-grid polarizers have been 

commonly used for control of polarization state of optical fields. These structures 

transmit electromagnetic waves with an electric field vector perpendicular to the 

grating wires (transverse magnetic, TM) and reflect light with an electric field 

component parallel the grating wires (transverse electric, TE) [1]. The TE polarized 

waves induce the movement of electrons (i.e., current) along the wires, and 

consequently, are reflected similar to that from a planar metal surface, except for a 

small amount of absorption. For TM waves, movement of electrons is restricted to the 

width of the wires; therefore, little energy is reflected and most of the incident wave is 

transmitted. For wire-grid polarizers, the metal thickness typically ranges from 100nm 

to 200nm and the grating period is subwavelength. Recently, an ultra-thin nano-strip 

antenna, in which the metal thickness is smaller than the skin depth, has attracted 

extensive attention as a unit structure of metasurfaces. It can be used to realize 

anomalous enhanced reflection and absorption, as well as suppressed transmission, 

and can be used in photonic devices. An anomalous effect in metallic subwavelength 

gratings, where TM polarized waves are reflected and TE polarized waves are 

transmitted was reported for metal thickness smaller than the skin depth [2-3]. An 

enhanced anomalous reflection and suppressed transmission occur in the ultra-thin 

nano-strip array [4–9]. A grating made of thin metal nano-strips holds for high 
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reflection for TM polarized incident wave with nearly zero transmission occurring [5, 

6]. However, a metal film with an equal thickness experiences high transmission in the 

visible range with half-transparency in the near infrared. The advantage of this 

anomalous reflection effect, such as the low material loss, makes the ultra-thin 

metallic nano-strip antenna a promising unit for practical metamaterial devices. 

Several research groups reported that an anomaly was also found in periodic arrays of 

graphene ribbons [10] and ultra-thin disk and hole arrays [11, 12]. It was reported that 

nearly zero transmission of a 15 nm thick periodic gold nano-strip array on silica 

substrate was measured for TM incidence [7]. Other research groups calculate the 

reflection and transmission of a periodic nano-strip array using the simulation of 

rigorous electromagnetic numerical [6] or Fourier-modal methods [8], while Green’s 

function approach is employed to calculate the absorption of a stand-alone strip [8]. 

This suppressed transmission is owing to the resonance of an individual nano-strip 

antenna [5]. In detail, the anomalous phenomenon resulted from the localized surface 

plasmon resonance (LSPR) supported by an individual strip antenna. The resonant 

wavelength of the LSPR strongly depends on the width and the thickness of the nano-

strip [12, 13, 14]. Other research groups have reported that this phenomenon had been 

generally attributed to short range as well as localized surface plasmons, where the 

collective resonant plasmons result in quenched transmission for periodically spaced 

nanostrips [15-23]. However, the fundamental origin of this phenomenon is still not 

evident. There remains a lack of clear analysis to explain systematically these 

phenomena of ultra-thin metamaterials. 
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In this chapter, by combining the effect of nanostrip resonators and the 

interference between the incoming and scattering optical fields, we demonstrate 

anomalous transmission dependence on metallic grating thickness, where the thickness 

of metal grating is on the order of or smaller than the skin depth of the metal. A 

shadow-mask fabrication approach is employed to deposit a metal layer with gradient 

thickness on a gradient TiO2 adhesion layer on a single substrate. We find 

experimentally and theoretically grating thicknesses and widths that exhibit an 

anomalous TM reflection, an effect not observed in the past. The optimum grating 

thickness is parameterized by nanostrip width, incident wavelength and refractive 

indices of surrounding dielectrics. Our analysis and experimental validations show that 

by tuning the metal thickness and width, a considerable transmission contrast between 

TE and TM waves can be achieved. 
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2.2 Mechanism study of an anomalous transmission effect  

Plasmonic nano-antennas have been considered ideal candidates for a large 

number of applications such as localized field enhancement [24, 25], light focusing 

[26, 27], directional radiation [28, 29], and phase modulation [30]. Metallic nano-strip, 

featured by flat subwavelength metallic wire, was also studied as an antenna [13–16, 

31]. Wire-grid polarizers consisting of metallic subwavelength nano-strip gratings are 

well known classical optical elements. Wire-grid polarizers work by transmitting 

electromagnetic waves with an electric field vector perpendicular to the grating wires 

(TM) and reflect light with an electric field component parallel the grating wires (TE) 

[32-35]. The general concept is that TE electromagnetic waves, with a component of 

their electric fields aligned parallel to the wires induce the movement of electrons 

along the length of the wires. Since the electrons are free to move in this direction, the 

polarizer behaves in a similar manner to the surface of a metal and the wave is 

reflected backwards along the incident beam (minus a small amount of energy lost 

to Joule heating of the wire). For TM waves, with electric fields perpendicular to the 

wires, the electrons cannot move very far across the width of each wire; therefore, 

little energy is reflected, and the incident wave is able to pass through the grid. The 

typical thickness of the wires is large enough to make the material opaque and is 

generally 100nm-200nm for the visible range of the spectrum.  Characteristically, the 

pitch of the grid of parallel lines would be half the wavelength of the light it is 

intended to polarize. When its thickness reduces to below its skin depth, interesting 

features can be found. An inverse polarization effect where TM polarized waves are 

reflected and TE polarized waves are transmitted were observed when the thickness of 
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the metal grating is on the order of or smaller than the skin depth of the metal [15, 36]. 

Some research group reported that the inverse-transmission effect is effective only for 

paraxial illumination over a narrow wavelength range, but the grating period is 

approximately two thirds of the optical wavelength and a thinner metal layer is 

required than in the case of conventional metal-stripe polarizers operating at the 

quasistatic limit. The work has been largely motivated by the flexibility of such zeroth 

order diffractive elements [37] in comparison with traditional polarizers: one can 

fabricate devices with spatially variable properties, including radial or azimuthal 

polarizers. On the other hand, metallic nanostrip resonators have been broadly 

investigated in terms of their widths, which determine the resonant scattering 

wavelengths and metal thickness [13,14, 20, 38, 39]. Some group reported that this 

phenomenon had been generally attributed to short range as well as localized surface 

plasmons. [9, 14, 15]. One research group reported effective index for 20nm thick film 

in visible range and they explained that short-range surface plasmon polaritons play a 

key role leading to this novel phenomenon in Figure 2.1. Recently other group 

suggested [13, 14, 31, 40], these resonances can be ascribed to constructive 

interference between forward and backward travelling SR-SPP modes experiencing 

high reflection at strip terminations.  
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Figure 2.1 (a) Measured optical constants of Au films at two thicknesses of 20 (dots) 

and 300 nm (solid lines) (b) Measured TM transmission spectra through metal films 

with/without nanopatterns of a 20-nm-thick gold film. The period and width of the 

slits are 350 and 170 nm. (c) Numerical simulation of the TM transmission and 

reflection spectra through the two samples [9].  
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One group reported SR-SPP effective index of Ag and Au film for the different 

thicknesses 5nm, 10nm and 15nm, in a very wide range of wavelengths, from the 

visible to the near-infrared (400 – 1700 nm). And they explained that the metal 

nanostrip acts approximately as a two mirror-like Fabry-Perot resonator for SR-SPP 

modes, with a resonance condition given by the following equation:  

 
  

 
 eff                                                                                             (2.1) 

neff is the effective index of a SR-SPP mode bound to and propagating along a 

metal film with the same thickness as the strip, m= 1,2,3, ... accounts for the order of 

the resonance, and φ is a phase change (modulus π ) due to reflection at the edges. By 

the equation (2.1), they showed two resonance peaks in the scattering spectrum, one at 

968 nm and another at 589 nm for the 300nm wide strip in Figure 2.3. Due to the high 

effective index by SR-SPP modes, the first order resonant wavelength is much longer 

than twice the strip width.  
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Figure 2.2 (a) Effective index and propagation length of SR-SPP modes sustained by 

silver films of different thickness t. (b) Same as (a) for gold films [14]. 

 
 

                        
 
Figure 2.3 Scattering cross section (normalized to the strip width) as a function of 

wavelength for 10 nm thick silver strips of three different widths w. Black and white 

arrows indicate first and second order (harmonic) resonances, respectively. [14] 

 
 
 
 
 
 

 



28 

 

 
 

Combining the single nanostrip resonator and the interference among the 

nanostrip array, in this work, we systematically investigate the effect of the thickness 

of the thin metallic grating on the inverse polarization. We find the existence of an 

optimum thickness, which has never been addressed. Our analysis shows that a 

combination of metal thickness and width is the primary contributor to a large TTE/TTM. 

Most importantly, our simulation results reveal that the inverse wire-grid effect can 

happen for a randomly spaced besides the periodic grating structure, believed to be the 

prerequisite requirement for a wire-grid polarizer. By optimizing the fill factor and 

metal thickness we’re able to achieve a maximum contrast ratio of >600.  

Figure 2.4 illustrates the geometry of our inverse wire grid polarizer. An 

infrared electromagnetic wave centered at λ = 1550nm is incident on a silver grating 

residing on a dielectric substrate with a refractive index of ns and with a background 

refractive index nb. The complex refractive index of Ag at λ = 1550nm is n = 0.14447 

– j11.336, obtained from Ref. [41] (Johnson and Christy 1972). Skin depth of silver 

was estimated at about 22nm [42]. Calculations were performed using the Rigorous 

Coupled Wave Analysis (RCWA) technique in RSoft DiffractMOD. Figure 2.5 gives 

the transmission (T), reflection (R) and absorption (A) of TM-polarized and TE-

polarized wave versus Ag thickness at λ = 1550nm.  This structure is characterized by 

a grating period of Λ = 750nm, a substrate index of ns = 1.51, and a background index 

of air (nb = 1.0), with a fill factor of f = 0.5. 
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Figure 2.4 The geometry considered in this paper, W = metal width, t = metal 

thickness, S = space, Λ = period, ns = refractive index of Substrate, nb = refractive 

index of background. 

 

It might be expected that in the range of 5nm-10nm metal thickness, this 

grating will be semitransparent to 1550nm incident light and as the metal thickness is 

increased the transparency will become less pronounced. The TE transmittance (TTE) 

matches well with the above assumption in Figure  (a), but the TM transmittance (TTM) 

shows an anomalous suppression at around 6nm Ag thickness. In this region, TM 

reflection and absorption increase despite the ultrathin metal layer. The (TTE / TTM) 

contrast ratio at λ = 1550nm is shown in Figure .5 (b) and it depends on several 

parameters including the metal thickness, metal width, and the difference in refractive 

indices between the substrate and background. 
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Figure 2.5  Contrast Ratio (TTE/TTM) 50% Ag fill factor, Λ = 750nm (a) The 

transmission (T), reflection (R) and absorption (A) of TM-polarized and TE-polarized 

wave vs. Ag thickness at λ = 1550nm : Red lines are T, R, and A of TE wave, Blue 

lines are T, R and A of TM wave 6nm (b) the contrast ratio of embedded structures 

with different index ns = nb = 1.0, 1.43, 1.51. 
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With the refractive index of the overlayer increasing, the optimal metal grating 

thickness increases from 6nm in air to 10 nm when surrounded by an index of 1.51. 

The contrast ratio, defined as the efficiency ratio for TM and TE, reaches to more than 

600 for the case when the refractive index is 1.51. 

In single nanostrip [14], the resonant wavelength is determined by the 

nanostrip width, which changes when the thickness varies. We analyze this further in 

Figure 2.6, which shows that the combination of metal width and metal thickness are 

mainly responsible for high TM polarization rejection. The optimal metal thickness for 

the minimal TM wave transmission relies on the width of the metallic strip and not on 

the periodicity. The optical metal thickness increases together as the strip width 

increases; from 2nm at 125nm wide strip to 6nm at 375nm. The resonant efficiency 

also improves from 0.1056 to 0.002. Furthermore, the minimum TTM for a given Ag 

thickness does not depend on the fill factor or period (as long as Λ ≤ λ/2), as shown 

with the blue solid, and red stripe curve corresponding to a 6nm Ag layer for 375nm 

wide strip in period of 750nm and the same wide strip but 625nm periodicity. More 

striking, a randomly spaced strip with a fixed metal width of 375nm (red solid line) 

exhibits the same optimal thickness. The response of this structure is the same as that 

of a periodically spaced one (both possess a similar metal stripe width).  

As metal thickness decreasing from thick metal in the range of wire-grid 

polarizer, contrast ratio decrease due to TTM decreasing. Further decreasing, at some 

optimal thickness, TTM has minimum. We explain these minimum TTM by means of 

the poynting vector difference between top surfaces vs. bottom surfaces. By the 
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incident light, electrons on the metal surfaces move thus these movements induce 

magnetic field.  

 

As according to decrease the metal thickness, the total magnetic fields on the 

top surface vs. bottom surface have opposite sign, despite of same sign of the electric 

field. The poynting vector, power flow, is represented by E × H. At 6nm thickness for 

the metal width 375nm, Hz of bottom surface has negative sign and the magnitude is a 

maximum, TTM is a minimum. As thickness decreasing further, Hz of the bottom 

surface has negative sign also, but the magnitude is smaller than the case of 6nm.  

Figure 2.7 shows power flower (S) and magnetic field (Hz) distribution of the structure, 

incident wave and metal response. In the figure 2.7 a), the magnetic field (Hz) 

distribution and poynting vector, single metal strip with w (width) = 375nm, d 

(thickness) = 20nm, 10nm, 6nm and 3nm with the same scale factor. In the figure 2.7 

b) shows the plot of magnetic field (Hz) on the top surface vs. bottom surface.   
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Figure 2.6  TM transmittance for different grating parameters, Blue solid line : Λ = 

750nm, W = S = 375nm, Red dash line : Λ = 625nm, W = 375nm, S = 250nm, Green 

solid line : Λ = 625nm, W = 250nm, S = 375nm, Green dot line : Λ = 500nm, W = 

250nm S = 250nm, Gray solid line : Λ = 500nm, W = 125nm, S = 375nm, Red solid 

line : Λ = random, W = 375nm, S = random. 
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Figure 2.7 (a) The magnetic field (Hz) distribution and Poynting vector (S), Single 

stripe with w (width) = 375nm, d (thickness) = 20nm, 10nm, 6nm and 3nm. (b) The 

magnetic field (Hz) distribution on the top surface and bottom surface of metal stripe 
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At 20nm thickness case, the Hz on top and bottom surface have same sign thus 

the power flow lies in direction of the incident light. From 10nm thickness case, the Hz 

on the bottom surface has a negative sign. At 6nm thickness, the magnitude of Hz has 

a maximum and the power flower below the metal column, goes to zero. These 

magnetic field distributions according to metal thickness are agreed with the 

transmission curve of Figure 2.6 with metal width 375nm. In Figure 2.7 shows the 

simulation results of the metal single strip. These results are agreed with the 

transmission curve of the periodic as well as random spaced grating structure with 

375nm wide strip in the Figure 2.6. In other word, the transmission curve is 

characterized from the optical properties of the single metal strip and the collective 

behavior of the metal strips of structures.   

Figure 2.8 shows the electric field (Ex) and magnetic field (Hz) distribution on 

the top surface and bottom surface, having different metal width from W1 = 125nm to 

W5 = 700nm with 20nm (a) and 10nm (b). 

The electric field (Ex) is localized with field enhancement with same sign, but 

the magnetic field (Hz) has opposite sign in wider stripe, like W4 (500nm) and W5 

(700nm). By decreasing the thickness to 10nm in Figure 2.8 (b), the magnitude of 

bottom surface magnetic field (Hz), W4 and W5, increase and W3 reaches around zero.  
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Figure 2.8 (a) The magnetic field (Hz) distribution and electric field distribution (Ex), 

with metal stripe W (width), W0 = 1000nm, W1 = 125nm, W2 = 250nm, W3 = 375nm, 

W4 = 500nm and W5 = 700nm, stripe thickness d = 20nm . (b) The magnetic field (Hz) 

distribution for 10nm. 
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In Figure 2.6, the structures with wider strips have a minimum TTM at thicker 

metal point and it is agreed with the simulation results of Ex and Hz distribution 

according to width in Figure 2.8. The electron movements by the incident wave are 

limited by the metal width (at the metal edge, Ex is localized and enhanced). So at 

same thickness within a range discussing in this paper, the induced magnetic field (Hz) 

by the electron movements of wider stripe is larger than narrower stripe.   

2.3 Conclusion 

We have analyzed the phenomenon of inverse transmission in ultrathin 

metallic gratings which are thinner that the skin depth of the metal. In particular, our 

systematic study shows that this anomalous effect depends mainly on the metal 

thickness and metal width. This inverse effect is shown for periodic as well as 

randomly spaced structures. By optimizing the thin grating parameters, a maximum 

contrast ratio of >600 can be achieved. The contrast ratio is tunable with respect to the 

desired spectral range by adjusting the duty ratio (periodic structures), the metal width 

(non periodic gratings), and the refractive index of the substrate or background. 
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Chapter 3: Experimental demonstration of an anomalous 

transmission effect of an ultrathin metallic grating 

3.1 Ultrathin Au film on Si substrate 

In order to demonstrate the anomalous effect and find the optimized nanostrip 

thickness and width, we introduce a shadow-mask fabrication approach. Fabrication of 

a continuous metallic film with thickness of a few nanometers using typical deposition 

tools is challenging. Additionally, the processes for ultrathin Au film on Si (SiO2) 

substrate suffer from a severe drawback: weak adherence of the Au layer to the 

substrate. Our approach is employed to deposit a metal layer with gradient thickness 

on a gradient TiO2 adhesion layer on a single substrate by introducing a shadow-mask.  

Some research group studied of aggregation effect on the dielectric function of 

ultrathin Au films consisting of self-assembled gold nanoparticles (Au NPs) on SiO2 is 

conducted. In their experiment, the Au thin films were deposited on quartz or silicon 

substrate covered with a thin SiO2 layer using electron-beam (e-beam) evaporation 

technique. A continuous film is formed for the film thickness of 10 nm; and for the 

films thinner than ~10 nm the Au NP film is discontinuous films. In Figure 3.1, the Au 

films with the thicknesses of 4, 5 and 6 nm exhibit a large-scale coalescence of Au 

NPs. The average size and irregularity of the Au NPs increase with increasing film 

thickness.  The Au films with the thickness of 10nm showed a continuous film due to 

continuous growing of inter-links between the coalescences of Au NPs. They studied 

the dielectric function of self-assembled gold nanoparticles on SiO2 using with 

spectroscopic ellipsometry (SE) based on the Drude and Lorentz dispersion functions.  
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It has been observed that Au NPs aggregate into large-scale coalescence with 

increasing film thickness [1]. 

 

Figure 3.1 HRSEM images of the ultrathin Au films with the nominal thicknesses of 

4-8 nm on the SiO2 layer. [1] 

 

One more difficulties in ultrathin Au film on Si (SiO2) substrate is weak 

adhesion of Au layer to the substrate. It is well known that such coating processes 

suffer from weak adherence of the Au layer to the substrate. To overcome weak 

adhesion, The using an intermediate layer and sequentially thermal annealing 

techniques have been reported in the literature. As an intermediate layer, thin (1 to 

5nm) Cr [2-5] or Ti [6-9] usually have been used. One research group [6] showed that 
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Ti is preferred over chromium as it less strongly absorbs light and less prone to 

variations in transmission. Thermal treatment results in the coalescence of the gold 

particles, increasing the mechanical strength of the gold layer. SPR depends strongly 

on the nanoparticle layer structure and morphology [10-12]. Thermal treatment has 

been superimposed to the fabrication procedure above to enhance the ultimate layer 

properties. Annealing has a strong influence on the film properties [13], One group 

controlled the substrate temperature during sputter deposition [14]. Other group [5] 

optimized the thermal treatment procedure for Au films (40 to 60 nm) sputtered on 

glass substrates containing 1-nm chromium under layer [5]. Many other efforts for 

enhancing the layer properties have been reported; such as 1) chemical affinity of the -

SH group with Au (3-Mercaptopropyltrimethoxysilane has also been used for 

improving the adherence of gold to glass substrates [4]. 2) the effect of using Au/Ag 

bimetallic layers [15]. They aimed at obtaining a higher signal-to-noise ratio by 

introducing Ag as a primary layer, 3) bimetallic layers and thermal annealing [16]. 4) 

Metal-on-oxide systems, interesting in our experiments due to avoiding noise from 

metallic adhesion layer such as Ti or Cr.  

In recent years, the growth of TiO2 films on Si substrates has been studied 

extensively, and it has been found that Si-free TiO2 films can be formed [17-19]. One 

research group studied the growth of ultrathin Au films on the TiO2 (110) surface 

using low-energy ion scattering (LEIS), x-ray photoelectron spectroscopy (XPS), and 

low-energy electron diffraction (LEED), in order to understand the noble metal/oxide 

surfaces and their interfacial reactivity. By annealing Au/TiO2 to temperatures up to 

775 K, the Au islands continue to grow; encapsulation of the Au islands by Ti 
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suboxides is not observed [20]. The other group studied the adhesion, shape, and 

electronic structure of gold particles supported on TiO2 (110). Their calculations 

showed that gold particles do not bind to a perfect TiO2 surface, but have a binding 

energy of about 1.6 eV/defect on an oxygen vacancy in TiO2. These results in an 

indirect effect of the support material on the catalytic activity: The distribution and 

dynamics of the oxygen vacancies determine the dispersion and shape of the gold 

particles, which in turn affect the catalytic activity. A theoretical analysis of the gold 

particle shape reveals that it is flat, about 3–4 layers for a gold particle of 3 nm 

diameter. Their calculated flat geometry is in good agreement with electron 

microscopy and EXAFS measurements of a high surface area Au/TiO2 catalyst 

containing 2.4 wt% gold [21]. In Figure 3.2, Drawing the slab models which they used 

in the calculations for Au on TiO2 is shown. 

 

 

Figure 3.2 Drawing of the slap models used in the calculations for Au on TiO2 Ball 

and stick models for the interaction of a monolayer of gold with a perfect rutile TiO2 

(110) surface (left), and with oxygen defects in the rutile TiO2 (110) surface (right). 

[21] 
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One research group studied that as an adhesion layer between Au nanoparticles 

(NPs) and a SiO2/Si(100) substrate, highly stoichiometric TiO2 film was formed by Ti 

deposition in O2 at 1 × 10
-6

 Torr with a slow deposition rate (0.16nm/min). They 

proposed that a TiO2 film deposited on the SiO2/Si substrate is a promising candidate 

for the passivation layer against the diffusion of Si atoms into Au NPs. In their study, 

a TiO2 film can be formed by the reactive deposition of Ti in an ultrahigh-vacuum 

(UHV) chamber with a low deposition rate. This TiO2 film formed by their process 

condition satisfies the conditions as the passivation layer below the Au NPs: "(1) In 

order to form two-dimensional patterns of Au NPs through self-assembly, the surface 

should be atomically flat. (2) In order to insulate NPs from the substrate effectively, 

the film should be stoichiometric, because oxygen vacancies are predicted to mediate 

hopping conduction."[22]  

 

Figure 3.3 (a) AFM image of the surface of the TiO2 film formed on SiO2/Si (100) 

(the boundary region: the nondeposited_bare SiO2/Si (100) region) measured in a 

noncontact mode. (b) Height profile of the AFM image along the line shown in (a).[22] 
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In Figure 3.3, an AFM image of the surface of the 10nm TiO2 film shows flat 

surface. The estimated surface roughness, the root mean square (rms) of the deviation 

from the average height is about 0.3 nm, which is nearly the same as that of the 

surface of SiO2/Si (100). By their results, without any heat treatment procedure, the 

TiO2 film with a flat surface that enables the formation of two-dimensional patterns of 

Au NP arrays. In Figure 3.1.4, A SEM image of the surface of the TiO2 film on 

SiO2/Si (100) on which Au NPs are deposited (a) the SiO2/Si (100) surface on which 

Au NPs (10 nm) are deposited are shown. 

In order to overcome the weak adhesion problem of our ultrathin metallic 

grating, we are employed to deposit a metal layer with gradient thickness on a gradient 

TiO2 adhesion layer on a single substrate by introducing a shadow-mask. 
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Figure 3.4 SEM images of (a) the TiO2 film surface on which Au NPs (10 nm) are 

deposited, and (b) the SiO2/Si (100) surface on which Au NPs (10 nm) are deposited. 

[22] 
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3.2 Fabrication of ultrathin Au film  

In this chapter, we will present a summary of the methodology used to fabricate 

and analyze the ultrathin gold gratings samples studied. First, Fabrication of a 

continuous metallic film with thickness of a few nanometers using typical deposition 

tools is challenging. A shadow-mask fabrication approach is employed to deposit a 

metal layer with gradient thickness on a gradient TiO2 adhesion layer on a single 

substrate. By a shadow-mask approach, a continuous Au film with gradient thickness 

down to 4nm was fabricated. A 30nm TiO2 adhesion layer, followed by an Au layer 

sputtered with deposition parameters equivalent to 50nm of Au without a shadow-

mask served to define a gradient Au/TiO2 film with estimated thickness of 4nm/1nm 

to 30nm/18nm in an area of 3000μm × 3000μm. This shadow-mask fabrication 

method is described in Section 3.2.1.  The grating arrays were lithographically 

prepared using standard electron-beam lithography (EBL) techniques, as described in 

Section 3.2.2. Following the EBL process, the arrays are characterized by scanning-

electron microscopy (SEM) and optical measurements. 
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3.2.1 Overview of sample fabrication procedure  

Sample fabrication process of ultrathin metallic grating consists of (1) substrate 

cleaning (2) deposition of 30nm TiO2 as adhesion layer and continuously 50nm Au 

layer. At this step, in order to gradient thickness film, shadow mask was placed on the 

top of sample area. (3) spin-coating and annealing the electron-beam resist poly 

(methyl methacrylate) (PMMA) onto a cleaned, TiO2 and Au deposited substrate, (4) 

exposing the resist to an electron-beam of suitable energy, (5) chemically developing 

the resist to create the nano-sized pattern, (6) dry etch processing defined the features 

of the gratings, and (7) chemically removing the resist to leave behind the desired 

pattern of nanostructures. Figure 3.2.1 shows the process flow.  

 

Figure 3.5 Sample fabrication process of ultrathin metallic grating  
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In the following sections we will discuss each step of this process in detail, 

starting with preparation of the substrate and followed by the lithography process. 

 

3.2.2 Substrate Preparation and Au/TiO2 Deposition 

Dual-polished Si substrates were used for sample fabrication. Si substrates are 

transparent at 1550nm wavelength; also Si wafer is to conduct electrons from the 

surface during E-Beam lithography. Substrates were cleaned using a standard protocol 

consisting of dipping and agitating the substrate for up to a minute in beakers of room-

temperature acetone, methanol, and deionized water (DI) in sequence. A cotton swab 

or a clamped chemical wipe was also used to remove large particles of contaminant 

from the surface in before and during the acetone dip. The substrate was inspected 

visually and the process repeated if necessary. The samples were then dried using 

filtered air and annealed at 250˚C, 10min. immediately following the cleaning 

procedure, Deposition step of TiO2 adhesion layer and Au was done using sputter 

system.  

Our approach to solve an adhesion problem was deposit a TiO2 adhesion layer 

on Si Substrate and continuously deposit Au layer. A shadow mask was placed 5mm 

above a Si wafer shading half the wafer in the sputter system (Denton Discovery 18). 

The sputter system, we used for the experiment, has 3 guns, having tilt angle via 

rotation stage as shown in Figure 3.6. 
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Figure 3.6 A sputtering system (Denton Discovery 18) used for our gradient Au/TiO2 

film deposition. 

 

The accumulating TiO2 or Au materials are shading by shadow mask, placed 

5mm above thus the continuous thickness film was deposited from the shadow mask 

edge into deep inside under shadow mask in Figure 3.7. A 30nm TiO2 adhesion layer, 

followed by an Au layer sputtered with deposition parameters equivalent to 50nm of 

Au without a shadow-mask served to define a gradient Au/TiO2 film with estimated 

thickness of 4nm/1nm to 30nm/18nm in an area of 3000μm × 3000μm. 
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Figure 3.7 A Schematic showing the design of our shadow-mask and the sample Si 

substrate of continuous thickness Au on TiO2 film 

 

3.2.3 Electron Beam Lithography 

Following the Au deposition procedure, the EBL resist, a 4% solution of 

PMMA in anisol with a molecular weight of 950,000 (MicroChem product 

designation 950PMMA A4 resist), was spin-coated on to the substrate to a thickness 

of approximately 200 nm. For our desired thickness of 200nm, Spin coating was done 

at the condition provided by MicroChem: ramp to final spin speed 4000rpm at a high 

acceleration rate and hold for a total of 45 seconds. After spin-coating, the substrate 

was annealed at hot plate for pre-bake step: 180˚C for 90 sec (above the glass-

transition temperature for PMMA, 95 to 106˚C). 

 Electron-beam lithography (often abbreviated as e-beam lithography) is the 

practice of scanning a focused beam of electrons to draw custom shapes on a surface 

covered with an electron-sensitive film called a resist ("exposing") [23]. The electron 



54 

 

 
 

beam changes the solubility of the resist, enabling selective removal of either the 

exposed or non-exposed regions of the resist by immersing it in a solvent 

("developing"). The purpose, as with photolithography, is to create very small 

structures in the resist that can subsequently be transferred to the substrate material, 

often by etching. Electron-beam lithography (EBL) has been used since the 1960s and 

PMMA has been used as a resist since later in that decade. The technique has become 

essential for many industrial and research efforts, as it allows for precise and accurate 

positioning of nanostructures.[24] The EBL system used in our fabrication is the 

Vistec EBPG5200, shown in Figure 3.8. This system's resolutions go down to ≤ 8nm 

lines within a 100μm field size ±3nm at 100kV lines. The precise resolution limits 

depend on many factors, including the resist, accelerating voltage, and the lift-off 

protocol used.[25] The resolutions of this system reaches at each conditions ≤ 8nm 

lines within a 100μm field size ±3nm at 100kV, ≤ 10nm lines within a 250μm field 

size ±3nm at100kV, ≤ 12nm lines within a 500μm field size ±3nm at100kV, ≤ 15nm 

lines within a 1000μm field size at100kV. And the other performances are beam 

position stability: better than 50nm/hr open loop (i.e. without periodic calibrations), 

current Stability: <±0.5% /hr open loop and In field distortion : better than <±12nm 

for 500μm main field. Stitching accuracy (Max/Min): ≤ ±15 nm for 100μm main field 

at 100kV and ≤ ±40 nm for 1000μm main field at 50kV. Overlay Accuracy 

(Max/Min): ≤±15 nm for 100μm main field at 100kV and ≤±40 nm for 1000μm main 

field at 50kV. Minimum beam diameter is 2.2nm at 100pAmps.   
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Figure 3.8 The Vistec EBPG 5200 Electron-Beam lithography system at Nano 3 clean 

room. 
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For the samples in this fabrication, the accelerating voltage used was 50 kV at a 

working distance of 10 mm. A higher accelerating voltage Va could have been used to 

increase resolution by decreasing the number of scattered primary and secondary 

electrons interacting with the resist; [24] The increased scattering in the resist at lower 

Va also means that a smaller dose of electrons is needed to expose the pattern to be 

written. Major overexposure hardens the PMMA to the chemical developer used to 

dissolve the damaged PMMA. The dosages used in this fabrication were 800 to 1000 

μC/cm
2
 [26]. 

3.2.4 Development, Au etches and resists removal 

PMMA resists are compatible with immersion, spray puddle, and spray process 

modes. Process variables such as soft bake, exposure conditions, choice of resist and 

developer should be optimized to achieve desired results. Following EBL, 

development of the sample was done using a 1:3 solution of methylisobutyl ketone 

(MIBK) and isopropanol. The low concentration allows for slower development, but 

higher resolution. The sample was immersed in the developer for 60s followed by 30s 

of pipette rinsing with the developer. To terminate the develop process and prevent 

scumming, PMMA should be immersed with 1:3 or 1:4 MIBK: IPA, alcohol or DI 

water immediately following develop. To remove residual developer, rinse solvent, 

and moisture from the resist image, the developed sample was then dried with filtered, 

pressurized air and annealed on a hot plate at 100˚C for 90s [27].  

Following development, PMMA residuals are removed using dry etching. Dry 

etch of the Au layer was conducted in an Oxford Plasmalab 80 RIE with an Ar gas 

flow rate of 40sccm, chamber pressure of 20mTorr and 200W power. The sample was 
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dipped in Remover PG bath for 1hour at 70˚C in order to remove residual e-beam 

resist. Following this procedure, the sample was rinsed in acetone, followed by DI 

water, and finally dried with pressurized, filtered air. 

The final device is imaged under scanning electron microscope (SEM, Philips 

XL30 ESEM) in Figure 3.9, with the Au layer gradient visible along the vertical 

direction. The fabricated area is composed of twelve 30μm × 100μm grating patterns, 

where each pattern corresponds to a different metal nanostrip width ranging from 

150nm to 250nm with a 10nm interval between them. The Au thickness varies from 

30nm to 4nm as confirmed by an Atomic Force Microscope (NanoScope Quadrex, 

Digital Instruments Veeco). The estimated thickness variation in the same grating 

pattern (30μm x 100μm) is about 0.8nm, which will not have any significant effect to 

our measurements.   
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Figure 3.9 SEM images, the width of nanostrip are 150nm to 250nm (from left to 

right), 10nm interval on a gradient Au layer (4nm to 30nm thick Au from top to 

bottom) on a gradient TiO2 adhesion layer, fill factor = 0.5. A Si-wafer substrate was 

used 
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3.3 Demonstration of anomalous transmission in ultrathin 

metallic grating 

In order to investigate the practical potential of the anomalous transmission 

effect, we developed a shadow-mask approach to fabricate a continuous Au film with 

gradient thickness down to 4nm in chapter 3.2. In this chapter, we report on the 

experimental study of an anomalous transmission effect in ultrathin metallic gratings, 

where the metal thickness is much thinner than the skin depth. In particular, incident 

TM polarized waves are reflected while incident TE polarized waves are transmitted. 

This anomalous effect is strongly dependent on the metal thickness and metal width. 

We systematically investigate and demonstrate the anomalous effect and find the 

optimized nanostrip thickness and width. Our results demonstrate the possibility of 

developing ultra-thin nano-strip based planar metasurfaces with low loss. 

3.3.1 Design of ultrathin metallic grating for experimental 

demonstration 

 An anomalous transmission effect of ultrathin metallic grating was studied 

using theoretical calculations of ultrathin Ag film in Chapter 2. In Figure 2.5, the 

optimum grating thickness is parameterized by nanostrip width, incident wavelength 

and refractive indices of surrounding dielectrics. By increasing the refractive indices 

of surrounding dielectrics, the optimum grating thickness increase. We choose a Si-

substrate for the experimental demonstration, which refractive index of Si (n ~ 3.5) 

substrate is larger than those of Air (n ~ 1.0) or glass (n ~ 1.5) substrate. Further, we 

choose an Au instead of Ag in order to avoid a property degradation of Ag such as 
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oxidation.  Figure 3.10 (a) shows the calculated effect of ultrathin Au nanograting 

thickness on transmission (T), reflection (R) and absorption (A) regarding to incident 

TM-polarized and TE-polarized waves, respectively. For simplicity, in our simulation 

in Figure 3.10 (a), an infrared electromagnetic wave centered at λ = 1550nm is 

incident on a gold grating surrounded by air. The grating is characterized by a period 

of Λ = 750nm and metal width of 375nm. We use the complex refractive index n = 

0.52406 – j10.742 for Au at λ = 1550nm obtained from Ref. [17]. Calculations are 

performed by means of Finite Element Method (FEM) (COMSOL Multiphysics). It 

can be observed from Figure 3.10 (a), that the TE transmittance (TTE) behaves 

similarly to that of a continuous metal film. As the thickness is increased from 2nm to 

20nm, transmission for TE wave (TTE) does not undergo a significant change, 

decreasing from 0.96 to 0.80. In contrast, the TM wave transmission (TTM) 

dramatically decreases from 0.82 to 0.10 for a grating thickness range of  2nm to 4nm. 

TTM increases to 70% when the thickness reaches 8nm. At 20nm grating thickness, 

TM transmittance is equal to that of TE. TTM shows an anomalous suppression at 

around 4nm metal thickness. The incident TM waves show strong reflection and 

resonant absorption despite the extreme thinness of the metallic grating.  
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Figure 3.10 The COMSOL Multiphysics (FEM) simulation of our ultrathin metallic 

grating at λ =1550nm. (a) The transmission (T), reflection (R) and absorption (A) of 

TM-polarized and TE-polarized wave vs. Au thickness: Red lines are T, R, and A of 

TE wave, Blue lines is T, R and A of TM wave; refractive index of substrate (ns) is 

1.51. (b) The transmission (T) of TM-polarized wave vs. Au thickness with metal 

width 375nm and 250nm on different substrates: refractive index 1.0 (air), 1.51 (SiO2) 

and 2.5 (TiO2). 
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This anomalous effect also strongly depends on nanostrip width initially 

proposed by others and the properties of the surrounding dielectric. As shown in 

Figure 3.10 (b), when the width of the nanostrip increases from 250nm to 375nm on 

the same SiO2 substrate (ns=1.51), the optimal strip thickness corresponding to the 

minimal TM transmission, shifts from 4nm to 7nm and the anomalous thickness 

variation, defined as the difference of thicknesses where the transmission drops to half, 

increases from 2nm to 4nm. Figure 3.10 (b) also reveals the dependence of minimal 

transmission on the metal thickness and its thickness variation on the environmental 

parameters. When the substrate refractive index is increased from 1.51 (SiO2) to 2.5 

(TiO2) for 250nm wide nanostrip arrays, transmission minima shifts from 4nm metal 

thickness to 12nm and the anomalous thickness variation increases from 4nm to 10nm.  

In similar with Figure 2.7, Near-field electromagnetic fields were calculated as 

shown in Figure 3.11 for the ultrathin Au nanograting in order to validate the 

mechanism behind the anomalous ultrathin metal grating transmission effect. A TM 

wave illuminates the grating at normal incidence (electric field linearly polarized 

along x, propagating towards -y). The normalized power, calculated by integrating the 

time-averaged density of power flow, is depicted by the black arrows in Figure 3.11 (b) 

for nanostrip thickness at 4nm, 7nm, 15nm and 20nm (w = 375 nm, ns = 1.51); the 

corresponding transmission spectra can be evaluated from Figure 3.11 (b). As 

predicted, the transmission minimum occurs at 7nm metal thickness.  
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Figure 3.11 The COMSOL Multiphysics (FEM) simulation of Au nanostrip array. (a) 

The electric field distribution (Ex), (b) The Poynting vector distribution (black arrow) 

and the magnetic field distribution of Hz (color) of TM polarized wave vs. Au 

thickness (20nm, 15nm, 7nm and 4nm) at strip width of 375nm. 
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The corresponding electric field distributions at selected thicknesses, Figure 

3.11 (a), exhibit typical dipole resonant moments. Suppressed transmission results 

from excitation of the dipole resonance, as previously suggested. If the phase of the 

incident magnetic field (H0) is set to zero at the nanostrip center for resonant thickness, 

the phase of the displacement current density Jx in the strip also reaches zero. This 

phase matching contributes towards forward propagating energy suppression. Note 

that the induced magnetic field (or scattered field, labeled Hsc) generated by Jx near the 

nanostrip, has an anti-symmetric distribution about the y-axis near the nano-strip 

surface (see Figure 3.11 (b)). Consequently, the scattered field (Hsc) behind the strip is 

in anti-phase with Jx and H0, which leads to destructive interference in the forward 

direction and suppresses the forward propagating energy. The resultant total field is 

the addition of the incident and scattered fields by taking into consideration of the 

phases of the fields. The backward scattered field interferes with the incident field, 

forming a standing wave pattern as suggested previously. In this Chapter, we 

investigated the anomalous transmission effect of ultrathin Au nanograting and 

validated the mechanism.   
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3.3.2 Measurement of an anomalous transmission effect of 

ultrathin metallic grating  

In chapter 3.2, we fabricated an ultrathin Au nanograting array with gradient 

thickness on TiO2 adhesion layer on a single Si-substrate by a shadow-mask 

fabrication approach. In this chapter, we measured the TM transmission efficiencies 

TTM (Reflection RTM, Absorption ATM) for Au gratings; results indicate dependence of 

the anomalous phenomena on both the nanostrip width and the metal thickness. Also 

we measured the wavelength of the incident beam dependence. In our measurement 

setup, a linearly polarized beam centered at 1500nm from a tunable laser source (M 

SQUARED Firefly-IR laser, Signal tuning range from 1485nm to 1970nm) 

interrogated the nanograting sample. The transmitted beam was imaged onto a CCD 

camera (XEVA-CL- 320, 320 × 256 pixels with a 30μm pixel pitch), while the 

reflected beam was imaged onto a side-positioned CCD camera (XEVA-CL- 320) by a 

beam splitter as depicted in Figure 3.12 The captured images of transmitted beam are 

shown in Figure 3.13. For TM polarized incident beam, image of thickness 9 shows 

the suppressed transmission due to anomalous transmission effect. The images of 

thickness 30 and 7 show semitransparent. For TE polarized incident beam, all 3 

images are semitransparent.  
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Figure 3.12 Transmission and reflection measurement set up. The transmitted beam 

was imaged onto a CCD camera), while the reflected beam was imaged onto a side-

positioned CCD camera by a beam splitter.  

 

 

 

Figure 3.13 The captured images of transmitted beam through gradient thickness Au 

nanograting. For TM polarized incident beam, image of thickness 9 shows the 

suppressed transmission due to anomalous transmission effect. The images of 

thickness 30 and 7 show semitransparent. For TE polarized incident beam, all 3 

images are semitransparent. 
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Measurement results are shown in Figure 3.14, where the efficiency of TTM 

(RTM, ATM) is characterized considering substrate effects by calculating the ratio TTM 

(RTM, ATM) on the nanostrip sample vs. TTM (RTM, ATM) on the Si-wafer, (TTM on 

sample/TTM on Si-wafer). TM transmission efficiencies were measured for Au gratings 

on silicon where the nanostrip widths were 180nm, 200nm and 220nm with a filling 

factor of 0.5. The Au thickness varied from 30nm to 4nm and the TiO2 adhesion layer 

varied from 18nm to 2nm, respectively. Reflection was measured for a grating area 

with nanostrip width of 180nm. From Figure 3.14 (a), it can be observed that when the 

nanostrip width is 180nm, TTE increases from 0.74 to 0.97 as the metal thickness 

varies from 25nm to 4nm, while the transmission for TE wave (TTE) does not undergo 

a significant change. In contrast, TTM decreases from 0.74 to 0.27 as the metal 

thickness varies from 25nm to 12nm. Further decrease of the metal layer thickness to 

4nm causes TTM to increase again to 0.9. RTM increases from 0.06 to 0.63 and ATM 

increase from 0.03 to 0.1 in the range of 25nm to 12nm grating thicknesses, 

respectively. As the thickness is further decreased to 4nm, RTM decreases to 0.09. The 

anomalous thickness variation, defined as the difference of the grating thickness where 

the transmission drops by 1/2, is 6nm for both TTM and RTM. A change in the strip 

widths causes the efficiency curves to shift. Transmission minima accompanying 

metal thickness of 12nm, 14nm and 17nm appear for strip widths of 180nm, 200nm 

and 220nm, respectively, while the thickness variations are 6nm, 9nm and 15nm. 

 
 
 
 
 



68 

 

 
 

            
 

Figure 3.14 (a) the measured transmittance of TM wave for nanostrip width W = 

180nm, 200nm and 220nm, filling factor = 0.5 on Au layer with gradient thickness. 

The TE wave transmittance (TTE), TM wave reflection (RTM) and TM wave absorption 

(ATM) efficiencies are measured for a pattern with nanostrip width of 180nm. (b) the 

simulated TTE of TE wave and TTM, RTM and ATM of TM wave using COMSOL 

Multiphysics (FEM) 
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We recalculate the efficiency-thickness relationship to factor in the Si-wafer 

substrate (different from those shown in Figure 3.10 (b) with gradient thickness of 

TiO2 layer as an adhesion layer). Figure 3.14 (b) shows the simulation results of an 

ultrathin metal grating on Si-substrate with parameters matching those of our 

measured samples. The TM transmission minima are positioned at 13nm, 15nm and 

17nm Au thicknesses for metal widths of 180nm, 200nm and 220nm. Our simulation 

results match well our experimentally measured values shown in Figure 3.14 (a), with 

a slight difference in the percent efficiency, possibly owing to the accuracy of metal 

refractive indices adapted in the simulations, the roughness of metal film and the 

rounded etched corners of nanostrip as confirmed by COMSOL simulations. The 

maximum of reflection for TM field occurring for 13nm metal thickness with 180nm 

wide nanograting matches well with our experiment, but the efficiency is considerably 

higher (0.90 versus 0.63). The calculated thickness variations show wider than the 

measured values for all the nanostrip widths.  

Both experimental and calculated results indicate dependence of the anomalous 

phenomena on both the nanostrip width and the metal thickness. The anomalous effect 

reveals a resonant phenomenon of the nanostrip in three dimensions. It is evident that 

the resonant condition will depend on the wavelength of the incident TM wave. In 

Figure 3.15, a 200nm wide Au nanograting exhibits a measured TTM minima at 14nm 

(blue dots), 12nm (red dots) and 10nm (green dots) for incident wavelengths of 

1550nm, 1650nm and 1750nm, respectively. The corresponding calculated minima are 

for 15nm (blue line), 12nm (red line) and 11nm (green line) grating thicknesses. We 
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observe that the resonant thickness of the metal strip decreases with the wavelength of 

the incident radiation.  

 

 

Figure 3.15 The simulated TM transmittance of incident wavelengths 1550nm (blue 

line), 1650nm (red line) and 1750nm (green line) using COMSOL Multiphysics 

(FEM), and the measured TM transmittance of each incident wavelength (1550nm to 

1750nm) for nanostrip width W= 200nm, fill factor = 0.5 on gradient-thick Au layer 

on gradient TiO2 layer 

 
 

Discrepancy between experimental results and the calculated values may be 

attributed to the fabricated metal and adhesion layer thickness variation (total 

thickness variation in one pattern is about 0.8nm), and the refractive index difference 

of ultrathin nanostrip from bulk Au. Other effects such as scattering, fabrication and 

measurements errors may also contribute to this disagreement.   
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3.4 Conclusion  

We have demonstrated anomalous TM transmission phenomena in ultrathin 

metallic gratings, where the metal thickness is much thinner than the skin depth of the 

metal layer. The anomalous transmission strongly depends on the metal width, 

thickness and refractive indices of the surrounding dielectrics. By introducing a 

gradient thickness approach, the combined effect of thickness and width is 

experimentally investigated, and shown to match well with theoretical analysis. The 

anomalous transmission can be explained as the coherent interference between direct 

transmission and resonant scattering from the nanogratings. The main advantage of 

our ultrathin metal gratings lies in insertion loss reduction by utilizing the ultrathin 

metallic film fabrication. This advantage makes our structure readily suitable for a 

variety of applications including high efficiency metasurfaces, polarization steering, 

and polarization dependent spectral filter applications. Other potential applications 

involve phase coding nanosurfaces with spatially variable patch designs and computer 

generated holography (CGH) to achieve high efficiency metallic nanosurfaces. 
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Chapter 4: Highly efficient composite dielectric metasurfaces for 

phase control of vector field 

4.1 Metasurfaces based on dielectric  

Metasurfaces are two-dimensional artificial materials with thicknesses much 

smaller than incident light wavelength, being produced in simple process step, which 

makes them practical for many flat optical components applications. Functions of 

metasurfaces are allowing complete control of the phase, amplitude, and polarization 

of light beams [1−24]. While this functions can be accomplished using plasmonic 

surfaces [25]: metal-dielectric structure, dielectric meta-surfaces have the huge 

advantage of reducing or even eliminating insertion losses [7]. Recently, it has been 

shown that high-refractive index nanoparticles embedded in a low-index surrounding 

medium can be designed such that both magnetic and electric resonant responses 

occur in the same frequency range [26−32].  

One research group demonstrated high-efficiency full-phase manipulation with 

dielectric metasurfaces at near-infrared wavelength by considering light propagation 

through an infinite array of high refractive index polysilicon nanoblocks on top of 

semi-infinite fused silica substrate [33]. 

Flat and compact micro-lens arrays can be used for many applications 

including optical systems for beam shaping, deflecting, collimating, and imaging, as 

well as for displays.  Dielectric meta-surface lenses can improve size, weight, and 

wafer-level integration characteristics for optical components, as well as assembly 
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cost. Recently flat lenses based on diffractive structures have also been proposed [34-

37]. Some dielectric diffractive structures have been used for designing physically thin 

versions of various optical components, including computer generated holograms [38–

40], waveguide couplers [41–43], blazed grating lens[36,44], blazed gratings [45–51], 

and lenses for on-axis and off-axis imaging [50,52,53]. A similar lens has been 

proposed using silicon pillars on an oxide substrate [54].   

 

 

 

Figure 4.1 Schematics of an infinite array of silicon nanoblocks metasurface on top of 

bulk-fused silica substrate; beam deflecting metasurface and optical vortex beam 

converter 

 

Especially, binary surface GRIN lenses as a metamaterial layer can be more 

efficient. In this study, we design, fabricate, and characterize dielectric metamaterial 

lens, constructed graded index lens created by varying the density of subwavelength 

low refractive index nanoholes in a high refractive index substrate, resulting in locally 

variable effective refraction index [7]. 

 

 



77 

 

 
 

4.2 Composite dielectric metasurface lens with polarization 

dependence  

Diffractive optical elements are among the most commonly used compact 

components in applications involving the manipulation of quasimonochromatic light, 

including optical systems for beam shaping, deflecting, collimating, and imaging, as 

well as for displays. Diffractive optical elements [55 - 60] have been developed for 

visible to near infrared wavelengths to replace bulky optical components by compact 

planar elements. However, such elements can only be designed for monochromatic 

light and furthermore involve complex surface profiles that are difficult to fabricate. 

Moreover, these approaches require a minimum aperture size to avoid aperture-

limiting diffraction affecting focusing power of the lens and causing aberrations.  For 

example, prior reports show that when the aperture/wavelength (D/λ) is smaller than 

40, diffraction dominates the refractive effects [61].   

To overcome these issues, a number of nanoscale engineered surface 

approaches have been investigated. Planar binary surfaces with subwavelength 

patterns have been developed in the past [31, 62-67], and by using a plasmonic 

surface, phase modulation of the transmitted wave was achieved [2]. However, 

plasmonic surfaces are impractical for transmission optics applications because such 

plasmonic metasurfaces result in very low transmission due to strong intrinsic 

absorption within the operating spectral bandwidth. For practical transmission optics 

applications, dielectric subwavelength nanostructures have been proposed for 

realization of a variety of optical components. One such component is a metasurface 
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lens using nanopillars on a Si-substrate for operation at wavelength of 1550nm and on 

an oxide substrate for operation in visible spectral range [7, 54]. Dielectric grating 

reflectors with focusing effect were proposed using nonperiodic patterning of the 

grating surface [68]. Ultrathin gratings, lenses and axicons have been reported, 

exploiting the patterning of a 100nm-thick Si layer into a dense arrangement of Si 

nanoantennas [3]. 

 In this study, we explore the design, fabrication, and characterization of 

dielectric metamaterial lens created by varying the density of subwavelength low 

refractive index nanoholes in a high refractive index substrate, resulting in locally 

variable effective refraction index. It is shown that constructed graded index lens can 

overcome diffraction effects even when aperture/wavelength (D/λ) ratio is smaller 

than 40. In addition to the conventional design of polarization insensitive lens, we also 

show that polarization diversity lens (fo≠fe) can be realized by arranging nanoholes in 

patterns with variable density in different transverse directions.  
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4.2.1 Design of composite dielectric metasurface lens   

We explore the design parameters for engineering the effective refractive index 

of a composite dielectric created by controlling the density of deeply subwavelength 

low index nanoholes (e.g., air) in a high index dielectric layer (e.g., Si). The phase of 

the optical wavefront incident on such a composite dielectric is modulated by the local 

effective index of the layer. Intuitively, when a Si layer is perforated by a high density 

of air nanoholes, the composite layer will possess a low effective index close to that of 

air. Alternatively, when the density of air nanoholes is low, the effective index of the 

composite layer will be close to that of Si. Such planar layer composite dielectrics 

enable full space-variant control of the optical wavefront phase and allow for the 

realization of graded index lenses with polarization dependent focal length and graded 

index beam phase plates.  

The distance between the nanoholes must be deeply subwavelength to avoid 

diffraction effects and therefore support only near field evanescent modes. Thus the 

distance between the nanoholes should be less than λ0/n, where λ0 is the wavelength of 

incident light in a vacuum and n is the refractive index of the host medium layer (e.g., 

that of bulk Si). For example, for the Si nanostructure designed for operation with an 

incident light wavelength of 1550nm, the distance between the nanoholes can be 

varied from 400nm to 150nm to achieve a high and low effective refractive index, 

respectively. The depth h, the thickness of the composite dielectric, is chosen to be 

about ~ 600nm in order to avoid 2π phase wrapping, resulting in the phase mask depth 

variation, Δφ ~ 2πδn(h/λ0) < 2π.  
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Figure 4.2 the effective index of a Si-based (ns = 3.5) composite dielectric layer vs 

density of perforating lattice of air nanoholes with diameters of 50 (red curve) and 

100nm (blue curve). 

 

Figure 4.2 shows the calculated effective refractive index for nanoholes with 

fixed diameters of 50nm (red curve) and 100nm (blue curve) versus the distance 

between the nanoholes. These calculations are based on the volume average theory 

[69, 70] showing that the effective refractive indices are proportional to volumetric fill 

factor and can be varied between 1.5 and 3. By varying the density of nanoholes in 

various regions of the composite dielectric slab, an arbitrary refractive index 

distribution can be achieved and used for lossless, space variant isotropic and 

anisotropic phase modulation of the transmitted optical field.  

To demonstrate the concept, we have developed two designs for ultrathin 

dielectric microlenses with space invariant and space variant nanohole distributions, to 

implement polarization independent and polarization dependent impulse response 

designs, respectively. A polarization independent graded index (GRIN) microlens 
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employs a locally symmetric square lattice of nanoholes, with local spacing Δx = Δy, 

whereas a polarization dependent GRIN microlens employs a locally asymmetric 

rectangular lattice of nanoholes, with local spacing Δx ≠ Δy. The lattice spacing for 

each design varies according to a smooth radial dependence of the local phase profile 

on transmission.   

These lenses are designed to consist of concentric regions, where each region 

is formed by a discrete collection of square or rectangular unit cells is perforated by 

nanoholes for isotropic and anisotropic effective index modulation, respectively. 

While an individual hole radius is kept constant over the entire lens surface, the hole 

density is different in each region. For example, the region in the center of the lens is 

about 2µm×2µm square area is perforated by a low density nanohole array and the 

regions at the edge of the lens are about 1.15µm×1.15µm squares is perforated by high 

density nanoholes. The regions at the lens edge are designed with a smoother graded 

index profile based on smaller unit cells, with a fine density variation. Consequently, 

the nanohole periodicity changes from region to region. We performed computer 

simulations for propagation of an incident plane wave through such a composite 

dielectric slab lens using COMSOL Multiphysics (FEM, Finite Element Method). The 

intensity distribution of the transmitted light demonstrats the focusing effect.  
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4.2.2 Fabrication of composite dielectric metasurface lens   

For experimental validation, we explored two lens designs: polarization 

independent graded index lens by symmetric design (design A. Δx = Δy) and 

polarization dependent graded index lens by asymmetric design (design B. Δx ≠ Δy). 

For design A, the spacing in between the nanoholes starts from 150nm near the edge 

of the substrate and increases to 400nm at the center with 50nm increments for each 

spacing. For design B, the spacing ranges from 200nm to 400nm with 100nm 

increments.  

Sample fabrication process consists of (1) substrate cleaning (2) spin-coating 

and annealing of bi-layer the electron-beam resists; poly (methyl methacrylate) 

(PMMA) and hydrogen silsesquioxane (HSQ). A HSQ/PMMA bilayer resist system, 

in which HSQ as negative tone electron beam resist top layer and PMMA as bottom 

layer is used for negative tone lift-off process. Patterns are first defined on the HSQ 

resist using electron beam lithography, and then transferred into the bottom PMMA 

layer using oxygen reactive ion etching [71]. (3) exposing the resist to an electron-

beam of suitable energy; by electron beam exposure of HSQ on top of PMMA layer, 

the PMMA under-layer has no effect on the exposure of HSQ, (4) chemically 

developing the resist (HSQ) to create the nano-sized pattern, (5) Patterns transfer into 

PMMA layer using oxygen reactive ion etching (6) Ni deposition for metal mask, and 

(7) Si deep etching using reactive ion etching (8) chemically removing the resist to 

leave behind the desired pattern of nanostructures. Figure 4.3 shows the process flow.  
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Figure 4.3 Schematic fabrication process flow 
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In detail, the composite dielectric nanostructures were fabricated by patterning 

Ni circular holes in the designed patch configuration as a mask for dry etching of a 

0.5m thick Si substrate. The process consists of electron beam lithography and lift-off 

processing to fabricate the designed Ni-mask. 90nm thick PMMA and 90nm HSQ 

layers were spin coated onto a double-side polished silicon substrate. The nanohole 

regions of our design were first patterned into the PMMA layer by a Vistek EBPG 

5200 electron beam writer. After lithography, HSQ resist and PMMA were developed, 

and a 40nm Ni layer was deposited via electron beam evaporation to create a mask for 

consequent dry etching. The PMMA resist was then removed via lift-off, leaving the 

Ni mask with nanohole patterns on the substrate. Si substrate was etched using plasma 

etching to a depth of about 570nm, followed by Ni mask removal using a wet Ni 

etchant.  
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Figure 4.4 SEM images of fabricated structures: (a) Top-view of the fabricated lens 

with asymmetric deign B, (b) Side-view image of the dielectric composite lens with 

estimated  depth of about  570nm, (c) Rectangular lattices of nanoholes used in 

asymmetric design B for the corresponding lattices of nanoholes in ①, ② and ③ 

regions: 400nm × 400nm, 350nm × 300nm and 250nm × 200nm, and (d) Square 

lattices of perforating nanoholes for symmetric design A in regions 400nm × 400nm, 

300nm × 300nm and 250nm × 250nm. 
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The fabricated devices are imaged under scanning electron microscope (SEM, 

Philips XL30 ESEM) in Figure 4.4. SEM image of the fabricated lens (design B) in 

Figure 4.4 a), is demonstrating fabricated regions is perforated by low and high 

density nanoholes in the center and at the edges of the lens (graded with fill factor of 1 

to 0). Figure 4.4 c) and d) show a zoom in nanostructure for symmetric and 

asymmetric nanohole lattice arrangements, respectively (e.g., in symmetric design Δx 

= Δy, in asymmetric design Δx ≠ Δy). For asymmetric design, the graded effective 

indices in the x direction (i.e., Δneff_x) and the y direction (Δneff_y) are different and are 

expected to impose different impulse responses, for the linearly polarized optical field 

in these two orthogonal directions. Consequently, modulation of the light wavefront 

phase passing through the composite dielectric structure is determined by the 

polarization of incident light. The etched nanohole depth reach about 570nm, as 

shown in Figure 4.4 b), (i.e., side-view SEM image of fabricated lens, design B).   
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4.2.3 Measurement of fabricated dielectric metasurface lens 

To experimentally validate the focusing effect of the composite dielectric 

microlens, a linearly polarized 1550nm laser beam was demagnified to assure plane 

wavefront illumination of the fabricated devices. The spatial distribution of a beam, 

transmitted through the element, was imaged onto a CCD camera (XEVA-CL-320, 

320×256 pixels with 30µm pixel pitch) in Figure 4.5.  

By scanning the imaging lens along the optical axis, the evolution of the beam 

distribution along the optical axis was captured at each scan position in figure 4.6.  

Figure 4.7 shows intensity distribution at the measured focal point behind the 

composite dielectric lens with a total efficiency about 50%. The efficiency can be 

further improved by depositing anti-reflection (AR) coatings on the high refractive 

index substrate.  For the symmetric design A, the light is focused with highest 

intensity at a distance of about 35µm behind the composite dielectric lens. The 

focusing occurs at the same plane for both x- and y-polarized incident beams. As 

expected, however, for our asymmetric design B, the measured focal length for x-

polarized incident light decreased to 22µm due to the large difference in the nanoholes 

density in the x direction (Δx) in Figure 4.8. For the y-polarized light, the performance 

is similar to that of the symmetric design. The intensity distribution in the focal plane 

of the lens is shown in Figure 4.7 c), for symmetric design A and in Figure 4.8 c), for 

asymmetric design B. 
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Figure 4.5 Schematic of the focusing effect demonstration. a linearly polarized 

1550nm laser beam was demagnified on the Si sample surface to monitor the 

evolution of the beam distribution along the optical axis.  

 

 

 

                        
 

Figure 4.6 Intensity profiles taken at different image planes behind the micro-lens 

surface.  
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The FWHM of both focal spots are about 4µm, which is much smaller than the 

patterned lens aperture (i.e., diameter of 20µm). From the estimated focal length of 

35µm and diameter of 20µm for a wavelength of 1550nm, we expect a focal spot size 

of about 5µm diameter (using expression 2λf/D with focal length f and aperture of the 

lens D,                    ), which is in very good agreement with our 

measured result. This result shows that with our approach, it is possible to overcome 

diffraction effects even when aperture/wavelength (D/λ) is smaller than 40 [61]. 

Moreover, our approach may enable realization of composite dielectric lens with 

further improved performance through design of the effective refractive index varied 

as higher order phase polynomials. 

Finally, it should be noted that a composite dielectric lens allows for 

continuous control of the phase profile (from 0 to 2π) and may enable unique 

functionalities with little to no dependence on the wavelength of operation. To validate 

this hypothesis, we investigate the element response for broad spectral range 

operation. The FEM computer simulations of the intensity distribution for light 

transmitted through the composite dielectric lens show nearly constant focal length at 

the wavelengths of 1550nm, 1650nm, 1750nm and 1850nm sampling points, 

demonstrating the robustness of the lens as a broadband element.   
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Figure 4.7 The measured light intensity distribution of fabricated composite dielectric 

slab lens of the symmetric designs A. Captured image (a) shows the intensity 

distribution at the lens surface, whereas (b) is image captured in the focal plane of the 

composite dielectric lens. The lens aperture is defined by the blue box. As expected, 

the focal spot size in Figure 4.7 (b) is much smaller than the lens aperture. (c) The 

measured intensity distribution for symmetric design A provides a focal length of f = 

32µm for both x-and y-linearly polarized incident fields. Intensity scale in Figure (c) is 

Ioutput/Iinput. 
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Figure 4.8 The measured light intensity distribution of fabricated composite dielectric 

slab lens of the asymmetric designs B. Captured image (a) shows the intensity 

distribution at the lens surface, whereas (b) is image captured in the focal plane of the 

composite dielectric lens. The lens aperture is defined by the blue box. As expected, 

the focal spot size in Figure 4.8 (b) is  much smaller than the lens aperture. (c) For the 

asymmetric designs B the estimated focal length remains the same (i.e., 32µm) for the 

y-polarized incident field, but for the x-polarized field the focal length decreases to f = 

22µm. Intensity scale in Figure (c) is Ioutput/Iinput. 
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Figure 4.9 (a) COMSOL (FEM) simulation of light intensity distribution at the 

operating wavelengths of 1550nm, 1650nm, 1750nm and 1850nm show similar 

performance (b) COMSOL (FEM) simulation of focal length, f (red dots) and focal 

depth, w; spot length of Ioutput/Iinput ≥ 2.0 (blue to green lines) for the composite 

dielectric lens operating in the wavelength range 1400nm - 2000nm and measured 

focal length, f results (black square). The change in focal length (red dot) is smaller 

than that of the depth of focus.   
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We also conducted calculations and compared to experiments to validate the 

broad band operation of the fabricated element. The calculations and the experimental 

results of focal length and focal depth, w (spot length of Ioutput/Iinput ≥ 2.0) in 

wavelength range from 1450nm to 2000nm are shown in Figure 4.9 b). The change in 

focal length is smaller than that of the depth of focus (about 25µm to 40µm) over all 

wavelengths. This fact suggests that our element can act as a broadband achromatic 

microlens.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



94 

 

 
 

4.3 Conclusion 

We have demonstrated a thin planar composite dielectric nanosurface lens 

patterned with subwavelength, space variant nanoholes on a silicon wafer surface. The 

microlenses can be made polarization dependent by asymmetric design as well as 

polarization independent by symmetric design operating with radiation from a broad 

spectral range. The main advantages of our dielectric nanosurface lenses include 

further reduction of insertion loss by adding AR coating and of element size and 

weight via submicron thickness fabrication and miniaturization. Such advantages 

make our structure readily suitable for a variety of applications, such as microlens 

arrays, high resolution CCD sensors, and other miniature imaging systems. The 

experimental results demonstrate the practical potential of polarization and/or position 

dependent graded index components by asymmetric designs. We envision using 

Cartesian and/or polar coordinate designs for future nanohole region realizations, such 

as space variant circular nanohole patterns or space invariant elliptical nanohole 

patterns. In addition, we plan to develop scalable composite dielectric nanosurfaces 

with high order polynomial designs to achieve exceptional focusing power and 

overcome diffraction effects.  
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Chapter 5: Conclusion and Future Works 

5.1 Conclusion 

In this work, we explored design, fabrication and characterization high 

efficiency optical components based on metasurfaces. The most important applications 

of metasurfaces is to control the wavefront of electromagnetic waves by imparting 

local, gradient phase shift to the incoming waves, so that we can control light 

transmitted through, reflected from, or propagating along a designer optical interface. 

The main advantages are subwavelength-thick optical components, which can be 

fabricated using a single lithographic step. 

First, we have demonstrated anomalous TM transmission phenomena in 

ultrathin metallic gratings, where the metal thickness is much thinner than the skin 

depth of the metal layer. The anomalous transmission strongly depends on the metal 

width, thickness and refractive indices of the surrounding dielectrics. By introducing a 

gradient thickness approach, the combined effect of thickness and width is 

experimentally investigated, and shown to match well with theoretical analysis. The 

anomalous transmission can be explained as the coherent interference between direct 

transmission and resonant scattering from the nanogratings. The main advantage of 

our ultrathin metal gratings lies in insertion loss reduction by utilizing the ultrathin 

metallic film fabrication.  

Second, we have demonstrated a thin planar composite dielectric nanosurface 

lens patterned with subwavelength, space variant nanoholes on a silicon wafer surface. 

The microlenses can be made polarization dependent by asymmetric design as well as 
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polarization independent by symmetric design operating with radiation from a broad 

spectral range. The main advantages of our dielectric nanosurface lenses include 

further reduction of insertion loss by adding AR coating and of element size and 

weight via submicron thickness fabrication and miniaturization. 

5.2 Future Works 

We demonstrated ultrathin metallic nanogratings, which lies in insertion loss 

reduction by utilizing the ultrathin metallic film fabrication. This advantage makes our 

structure readily suitable for a variety of applications including high efficiency 

metasurfaces, polarization steering, and polarization dependent spectral filter 

applications. Other potential applications involve phase coding nanosurfaces with 

spatially variable patch designs and computer generated holography (CGH) to achieve 

high efficiency metallic nanosurfaces. 

Also, we have demonstrated a thin planar composite dielectric nanosurface 

lens patterned with subwavelength, space variant nanoholes on a silicon wafer surface. 

Our dielectric nanosurface lenses include high transmission efficiency and of element 

size and weight via submicron thickness fabrication and miniaturization. Such 

advantages make our structure readily suitable for a variety of applications, such as 

microlens arrays, high resolution CCD sensors, and other miniature imaging systems. 

We envision using Cartesian and/or polar coordinate designs for future nanohole 

region realizations, such as space variant circular nanohole patterns or space invariant 

elliptical nanohole patterns. In addition, we plan to develop scalable composite 

dielectric nanosurfaces with high order polynomial designs to achieve exceptional 

focusing power and overcome diffraction effects. 




