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Abstract 

 

    Metasurface holographic applications such as imaging, sensing, data encryption and 

biophotonics are promising for more advanced photonic devices. However, most 

prevailing material platforms are constrained to rigid substrates with transparency 

windows at λ > 500 nm, where absorption losses become significant at shorter 

wavelengths. This thesis demonstrates rigid and flexible material platforms to realise 

holographic metasurfaces functioning at shorter wavelengths across the visible spectrum. 

In particular, it presents zirconium dioxide metasurfaces as a novel material platform, all-

polymeric metasurfaces, and incoherent light metasurfaces. Pillar with top and air-hole 

meta-atoms configurations, operating in transmission across the visible spectrum, are 

introduced. 

    Zirconium dioxide metasurfaces, characterised by a high refractive index, hardness, and 

biocompatibility, are systematically designed, fabricated, and experimentally measured. 

These metasurfaces are utilised for holographic image projection and lab-on-chip optical 

trapping, employing a retrieval algorithm for hologram design. The integration of these 

lab-on-chip devices has the potential to replace conventional bulky objective lenses, 

thereby advancing optics integration. 

    All-polymeric holographic metasurfaces are designed, fabricated, and experimentally 

characterised using a novel single-material meta-atom design adaptable to various 

materials. Specifically implemented with SU-8, these metasurfaces are applied to achieve 

conformable holographic image projection. Their potential for mass-scale production is 

highlighted by the low fabrication cost and design simplicity, exploiting nanolithography 

methods. 

    Metasurfaces designed to operate with incoherent light sources are developed, 

fabricated, and partially characterised. The design methodology is described. The initial 

experimental results are rewarding, but further investigations are required to enhance their 

performance. These findings are promising to extend the applicability of these incoherent 

metasurfaces for out-of-lab applications. 

The advancement of holographic devices, including their materials, operational 

wavelengths, and excitation methods, will pave the way for advances in the field. 
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Chapter 1 

Introduction 

 

This chapter introduces the main topics of this thesis and its context. It discusses the 

physics behind the four main types of metasurfaces and categorises them by their 

constituent material. Finally, the chapter gives a brief overview of the applications of 

metasurfaces. 

 

1.1 Introduction to metasurfaces 

Metamaterials are well-known three-dimensional (3D) structures in the photonics 

community. They are artificial materials that may be engineered to have properties that 

cannot be found in natural materials. Interestingly, they gain their properties from their 

structure rather than their composition. These artificially man-made 3D structures are also 

known as Meta-films [1-2]. The prefix Meta indicates that its characteristics are beyond 

normal structures, which can be found in nature. The reason behind these names is that 

the thickness of these devices compared to their area is negligible. 

Metasurfaces (MSs) are two-dimensional versions of metamaterials. Hence, they take up 

much less space in the third dimension. Subsequently, and compared to metamaterials, 

MSs represent the possibility of easier fabrication with a less challenging scheme. These 

structures have sub-wavelength features that can manipulate the complex wavefront of 

light waves. For instance, MSs bring us complete control of the wavefront in terms of 

amplitude, phase, polarisation, and the direction of propagation [3-4]. 

It is essential to emphasise that these types of control over the complex wavefront of light 

waves are usually achieved by using bulky optics that take a considerable amount of 

volume; thus, integrating these bulky optics is an obstacle. However, introducing MSs with 

small thin areas that can replicate these controls over the complex wavefront with  
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improved properties over the scattered light facilitates the manipulation of light waves and 

holds promise for their integration into numerous applications. 

Moreover, MSs leverage their electromagnetic scattering characteristics to not only 

facilitate the precise manipulation of phase, amplitude, and polarisation of incident light 

at subwavelength scales but also to effectively suppress the undesirable effects associated 

with high-order diffraction [4-6]. 

Consequently, MSs have facilitated the manipulation of optical properties capabilities that 

pose challenges to conventional optics. A noteworthy aspect that has garnered significant 

interest among researchers is the compatibility of these two-dimensional structures with 

contemporary semiconductor technology [7]. Furthermore, they can be fabricated using 

techniques such as photolithography and nanoimprinting [8].  

Here, I illustrate the phase discretisation concept using an example. Fig. 1.1(a) depicts a 

simple refractive lens focusing light on its focal length. Figure 1.1(b) depicts the division 

of the lens into 2π optical phase segmentations, signifying that these segmented portions 

have no impact on the lens's performance.  

 

Fig. 1.1. (a) A simple refractive lens, (b-c) idea of Fresnel lens. 
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This becomes evident when comparing it to Fig. 1.1(c), where the segments mentioned 

above are removed, leaving only the representation of the underlying concept akin to that 

of a Fresnel lens. The principal challenge associated with lenses of this nature lies in the 

intricacy of their fabrication, demanding a precise manufacturing process. 

The discretisation of phase at various discrete levels allows for the creation of diffractive 

lenses. As an illustration, Fig. 1.2 demonstrates a two-level phase discretisation scheme, 

namely 0 and . While the fabrication of such lenses is relatively straightforward, their 

efficiency is poor and suffers from substantial phase information losses. Increasing the 

number of phase discretisation levels is imperative to enhance efficiency. However, 

achieving this poses a formidable challenge due to the demanding fabrication process 

involved. 

 

Fig. 1.2. Schematically showing the transformation of the complex cross-sectional profile of a Fresnel 

lens to a binary phase mask, representing 0 or  optical phase shift. The black and red arrows 

schematically illustrate the change in the direction of light propagation. 
 

Discussing the characteristics of light when it encounters an obstacle in its path is 

interesting. This matter can be considered from two points of view: (i) ray optics, where 

the object dimensions are much larger than the light wavelength, and (ii) wave optics, 

where the object dimensions are comparable to the light wavelength. The light behaviour 

is understandable through Snell’s law of refraction when it impinges homogeneous large 

interfaces like water or glass. However, a more complex situation should be considered 

when light impinges inhomogeneous small interfaces when the light wavelength is 

comparable to the interface’s feature sizes. 
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1.1.1 Generalised Snell’s law 

The determination of the positions of objects submerged in water has historically 

captivated human thought as it diverged from external observations. This phenomenon is 

depicted in Fig. 1.3, highlighting the distinction between the actual location of a fish and 

its apparent position as perceived by a fisherman. In earlier times, the underlying cause of 

this disparity remained elusive; today, we attribute it to 'refraction', a phenomenon arising 

from changing the direction of light as it traverses through two substances with different 

densities. 

 

Fig. 1.3. Refraction phenomenon in the water. 

 

Refraction occurs when the velocity of light changes while transitioning between different 

media. This alteration in light velocity arises due to density variations in different media. 

This velocity change during light propagation results in a change in the direction of 

propagation. Exploiting ray optics, Snell's law of refraction elucidates the relationship 

between the refractive index (n) of a medium and the angle of refraction, given by 

𝑛𝑖 𝑠𝑖𝑛(𝜃𝑖) = 𝑛𝑟 𝑠𝑖𝑛(𝜃𝑟), where ni and nr are the refractive indices of the incident and 

refraction media, θi and θr represent the angles of incidence and refraction, respectively 

[9]. Although Snell's law is a valuable tool for isotropic and planar interfaces, it does not 

provide an accurate response for anisotropic and complex non-planar interfaces with 

different materials and geometries. However, wave optics provide more accurate results  
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in this situation. In 1962, it was demonstrated that Snell’s law must have a more general 

form in a nonlinear medium [10]. More recently, since 2008 and 2011, with the advent of 

two-dimensional artificial structures, MSs, it has been shown that the direction of 

refraction and reflection can be carefully engineered [11-13]. The point is that Snell’s law 

works very well for homogeneous media. To analyse a medium that is inhomogeneous 

and usually consists of different materials/media, wave optics rather than ray optics can 

give a better understanding by exploiting generalised laws of reflection and refraction [13].  

The continuity of the electromagnetic fields’ factors at the boundary between two different 

media supports Fresnel [14] and Snell’s law equations. Therefore, conventional optical 

components are designed based on this continuity. However, with the progress in the field 

of nanotechnology, allowing the making of engineered inhomogeneous interfaces with 

different materials, another approach was introduced to control light behaviour in such 

interfaces. Structured interfaces containing different materials with different refractive 

indices can create the required optical response in terms of phase and amplitude 

modulation. This extraordinary response comes from the reflection and refraction laws 

introduced by generalised Snell’s law.  

MSs introduce an abrupt phase shift when light traverses through a thin engineered 

interface between two media. Snell's law was generalised by Federico Capasso and his 

team in 2012 when they explored the properties of thin MSs [13]. Introducing phase 

discontinuity brings new degrees of freedom and great flexibility in designing devices for 

countless applications [15-16]. The choice of unit cells for MSs is wide, including 

electromagnetic cavities [17-18], nanoparticle clusters [19-20], and plasmonic antennas 

[21-22], which offer broad tailorable optical features [23-27] and are relatively easy to 

fabricate. 

Starting with Fermat’s principle [28], the path taken by a ray between two given points is 

the path that can be traversed in the least time, considering a plane wave is illuminated 

from medium one toward medium two with the angle of θi. Looking at Fig. 1.4, assume 

that the two depicted paths are infinitesimally close to the actual light path. To this end, 

the phase difference between them must be zero, resulting in the following equation [13]: 

[k0nisin(θi)dx + (Φ+dΦ)] - [k0ntsin(θt)dx + (Φ)] = 0, (1.1) 
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Fig. 1.4. Using the concept of Fermat’s principle to derive the general law of reflection and refraction. 

 

where 𝑘0 = 2𝜋/λ0 and λ0 is the vacuum wavelength, ni and nt  are respectively, the refractive 

indices of the first and second media, θt is the angle of refraction, dx is the distance between 

two crossing points, Φ and Φ+dΦ are the local phase discontinuities at the interface 

crossings. By designing the phase gradient along the interface to be constant, relation (1) 

would be [13]: 

sin(θt)nt - sin(θi)ni = 0

2

d

dx






  (1.2) 

This equation indicates that the refracted light could have an arbitrary direction. The 

direction is related to introducing a constant gradient of phase discontinuity, /d dx ,  

along with the interface [13]. This means the angle of transmitted and reflected light 

depends also on the local phase gradient created by the meta-atoms. Hence, Snell’s law is 

a specific situation of this equation where the phase gradient is constant.  

In addition, it is worth pointing out that (i) the separation between resonators controls the 

amount of extraordinary reflection and refraction, and (ii) it is assumed that the amplitude 

of scattered waves by each unit-cell is the same, so the refracted and reflected beams are 

plane wave [13]. 

Figure 1.5 shows the potential of MSs in creating a desirable wavefront. The phase shift 

between the incident and emitted radiation of an optical resonator gradually changes 

across a resonance. The phase discontinuity along the interface can be engineered by  
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designing the meta-atoms with appropriate spatial separation in an array [13]. The meta-

atoms must cover the whole 0-2π range for complete wavefront control. 

 

Fig. 1.5. FDTD simulation of meta-atoms consisting of an array of metallic resonators (Γ is the unit 

cell array lengths), each segmented part illustrates the electric field scattering of the meta-atoms shown 

[13]. 

 

In the first demonstration of phase discontinuity, as illustrated in Fig. 1.5, eight elements 

of the metallic antenna are used to cover the 0-2π range. Each of them shifts the phase 

with the amount of π/4 with respect to that of the incident wave. The array of antennas is 

in the x-y plane, while Fig. 1.5 shows the electric Field in the x-z plane. Γ is the period of 

the unit cell, the meta-atoms are located in air at z>0, and the space z≤0 is a silicon 

substrate. The scattered electric field is x-polarized, while the excitation is a y-polarized 

plane wave at normal incidence with respect to the silicon substrate. The drawn red line is 

the envelope of the projections of the spherical waves scattered by the antennas onto the 

x-z plane. Considering Huygens's principle, the anomalously refracted beam is made of 

the superposition of these spherical waves with the phase gradient along with the interface 

[13]. This indicates the direction of the scattered waves can be further controlled. The 

control over the wavefront plus the direction of the propagation opens up an enormous 

opportunity for lots of applications, through which the metalens can be mentioned as a 

prominent example.  
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1.2 Types of metasurfaces 

The materials used in the structure of the MSs determine some of their main properties, 

including their working spectrum. Metal-based MSs are relatively easy to make, but they 

absorb light in the visible range. However, dielectric materials hold promise for designing 

MSs operating in the visible light spectrum. This section presents different techniques for 

designing MSs with regard to their constituent material (metallic or dielectric). Following 

this, the physics underlying different MSs is explained through examples.  

 

1.2.1 Resonant metallic metasurfaces 

According to Huygens' principle, the wavefront can be manipulated by controlling the 

phase and amplitude of the individual point sources that constitute the wavefront. In 

resonant metallic MSs, each meta-atom, as the basic building block of the MS, works as a 

spherical point source. Consequently, complete control over the wavefront is achieved by 

manipulating the phase and amplitude of these fundamental building blocks. The key 

point in the working principle of these structures is surface plasmon polaritons (SPPs). 

SPPs are electromagnetic excitations at the interface between a metal and a dielectric 

material [29]. Generally, resonant metallic or plasmonic MSs are made of metal 

nanoparticles over a substrate. In these structures, free electrons are excited on the surface 

and oscillate collectively when the incident light impinges the metal. The collective 

oscillations of free electrons with the frequency of the incident electromagnetic wave 

introduce a resonance. These resonances are forcefully dependent on the natural frequency 

of their vibration, geometrical shape, size, and the dielectric surrounding the metals [30-

31]. SPPs are surface waves propagating along the metal-dielectric interface and strongly 

become evanescent in the direction perpendicular to the interface. Fig. 1.6 intuitively 

depicts how the SPPs are generated. 
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A long and highlighted list of proposed structures could excite SPPs in different spectra of EM 

waves from microwave to visible range, among which nanorod antennas as popular practical 

structures can be mentioned [4, 13, 32-36].  

 
Fig. 1.6. Distribution of charges in the presence of an electric field when SPPs are propagating on the 

metal-dielectric interface [37]. 

  

Here, to explain the concept, I used the nanorod antenna structure. Consider an incident light 

with the wavelength , the resonance approximately occurs at 𝐿𝑟𝑒𝑠 = 𝜆/2, where  is the 

surface plasmon wavelength, which is related to the dispersion in the metal. In this situation, 

the exciting antenna current is in phase with the incident light. If the antenna length is smaller 

than 𝐿𝑟𝑒𝑠, the excited antenna current phase leads compared to that of the incident. Similarly, 

if the antenna length is larger than 𝐿𝑟𝑒𝑠 the current phase lags. The coverage of the phase is 

between 0-π by involving a single antenna resonance, but some techniques are demonstrated 

for covering the whole 0-2π range, which is vital for controlling the wavefront. Among these, 

multiple independent and coupled antenna resonances can be listed [38]. 
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Fig. 1.7. (A) Scanning electron microscope (SEM) image of an antenna array fabricated on a silicon 

substrate. The unit cell of the plasmonic interface highlighted in yellow colour consists of eight gold V-

antennas of width ~220 nm and thickness ~50 nm. It repeats with a periodicity of Γ = 11 μm in 

the x direction and 1.5 μm in the y direction. (B) Schematic show the experimental setup for y-polarised 

excitation (electric field normal to the plane of incidence). (C, D) Measured far-field intensity profiles of 

the refracted beams for y- and x-polarised excitations, respectively. The refraction angle is considered 

from the normal to the surface. The red and black curves represent the measured values with and without 

a polariser, for six samples with different periodicity, respectively. The polariser is used to select the 

anomalously refracted beams that are cross-polarised with respect to the excitation. It should be noted 

that the amplitude of the red curves is magnified by a factor of two for clarity [13].  

 

For instance, Fig. 1.7 shows an array of resonant metallic MS unit cells made of eight elements. 

The unit cell is a V-shaped nanorod with two arms having different angles. Each element 

applies an additional phase shift of π/4 to the incident wave compared to its left sub-unit-cell 

starting from 0 to 7π/4 [13]. Fig. 1.8 shows this MS. Panel (a) shows the applied phase shift 

in different areas of the MS imposed by the meta-atoms. Panel (b) intuitively illustrates 

how the meta-atoms are placed to satisfy the required phase profile to create the vortex 

beam as a complex control of the beam profile. To explain how the amplitude and 

polarisation can be controlled, I would like to explain the physics behind them through an 

example. Back in the proposed structure with a phase coverage of 0-2π, the structure consists 

of V-shaped resonant metallic antennas that support two symmetric and asymmetric modes 

[13]. 
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Fig. 1.8. SEM image of a plasmonic interface (Au nanorods on silicon substarte) that generates an optical 

vortex. The plasmonic pattern consists of eight regions, as shown in the figure, and each region is occupied 

by one constituent antenna of the eight-element. The antennas are arranged to create a phase shift that 

varies azimuthally from 0 to 2π, thus generating a helicoidal scattered wavefront. (B) SEM image of the 

centre area specified with a square in (A). (C, D) Respectively, measured and calculated far-field intensity 

distributions of an optical vortex with topological charge one. The constant background in (C) is because 

of the thermal radiation. (E, F) Respectively, measured and calculated spiral patterns generated by the 

interference of the vortex beam and a co-propagating Gaussian beam. (G, H) Respectively, measured and 

calculated interference patterns with a dislocated fringe generated by the interference of the vortex beam 

and a Gaussian beam when the two are tilted with respect to each other. The circular border of the 

interference pattern in (G) arises from the finite aperture of the beam splitter used to combine the vortex 

and the Gaussian beams. The size of (C) and (D) is 60 × 60 mm2 , and that of (E) to (H) is 30 × 30 mm2 

[13]. 

 

The antennas are made of two identical arms with a length of h and an angle ∆ between the two 

arms [13]. For simplicity in description, two unit vectors are defined: 𝑠̂ along the symmetry 

axis of the V-shaped antenna and 𝑎 ̂perpendicular to 𝑠̂ as shown in Fig. 1.9. The current 

distribution in each arm of the symmetric mode is approximately the same in that we have only 

one straight antenna with a length of h. So, the first-order antenna resonance happens at 

/ 2effh   where eff  is the effective wavelength [22, 39]. 
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Fig. 1.9. Schematic showing V-antenna supporting two symmetric and asymmetric modes excited by 

components of the incident field along ŝ  and â  respectively. The V-shaped antenna is illuminated by an 

incident light polarised 45° respect to ŝ . Current distribution is plotted while brighter colour indicates larger 

currents. Also, the direction of current flow is illustrated by arrows with colour gradient [13].  

 

The asymmetric current distribution in each arm is like a half current distribution of a straight 

antenna with a length of 2h. Similarly, the first-order antenna resonance in this mode occurs at 

2 / 2effh  .  

The polarisation state of the scattered field is the same as the incident when the incident wave 

is polarised along ŝ  and â . In the case of arbitrary incident polarisation, both the symmetric 

and antisymmetric modes will be exited but with completely different amplitude and phase due 

to the distinguished resonance conditions [13]. This means that the polarisation of the scattered 

light could be different from the incident light. This means by using the modal properties of 

these modes, one can control the scattered wave's phase, amplitude, and polarisation. 

As another example, the amplitude and phase control of the SPPs exploiting an MS is proposed 

in [4]. Figure 1.10 illustrates how the meta-atoms orientation is different when applying the 

required phase shift. The authors introduced a novel approach for independent control of the 

phase and amplitude using an array of subwavelength dipole gold Nanoantennas. The proposed 

array is in close proximity to a gold surface that enables light to be coupled efficiently to SPPs 

[4]. 
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Fig. 1.10. SEM images of the sample with the gold nanoantenna array and the etched gratings on both 

sides. The image at the top shows a magnified view of three complete rows of the nanoantennas. The 

image to the right shows parts of the right gratings, which couple the SPP to the far field [4]. 

 

 

1.2.2 Pancharatnam-Berry metasurfaces 

Pancharatnam-Berry technique is a popular and practical technique that can be used to 

design both metallic and dielectric MSs [40-45]. This technique uses local resonators, 

usually plasmonic structures interacting with circularly polarised light, and a 2π phase shift 

is achievable through the change of the resonator’s geometrical orientation. Hence, this 

method uses meta-atoms with the same geometry to obtain complete control over the 

phase [46]. Figure 1.11 shows one of the most practical realisations of this approach using 

nanorod meta-atoms. To explain this method, assume that a normal incident light 

illuminates an anisotropic nanostructure in which the incident light's polarisation state is 

along the nanostructure's two-principle axis. Also, to and te represent the complex 

transmission coefficients. 
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Fig. 1.11. Perspective of the nanorod unit cell structure with incident right-hand circularly polarised 

light. The spacing between the nanorod and backplane is denoted as t. The angle ϕ belongs to the XY 

plane and is defined between the long axis of the nanorod and the X axis [47]. 
 

Rotating this nanostructure by the amount of θ from the x-axis, as depicted in Fig. 1.12, 

results in a change in the transmission coefficients. This can be mathematically derived 

using the operation of Jones matrix [48-49]: 
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In the above calculations, R(θ) is the rotation matrix. By assuming that the incident light is 

circularly polarised (CP), the transmitted electric field of the light for the left-handed CP or 

right-handed CP can be achieved by equation (1.3). As known, each CP can be considered as 

two linearly polarised waves: /
ˆ ˆ ˆ( ) / 2L R x ye e ie=  , so it can be derived as [51-52]:  
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Fig. 1.12. Schematically showing the Pancharatnam-Berry-phase metasurfaces exploiting nanorods as unit cells 

of the metasurface and that the phase response is only related to the angle of nanorod with respect to the x-axis 

(θ) [50].  

 

From equation (1.4), one can see that the first term represents CP scattered light. At the same 

time, its helicity is identical to that of the incident wave, and the second term has the opposite 

helicity while carrying an additional Pancharatnam-Berry phase (±i2θ). As a result, the phase 

shift of 0-2π can be achieved for opposite-handed CP by rotating the nanoresonator from 0 to 

π [41].  

Metallic MSs are appropriate for numerous applications and are still among the best platforms 

to work in reflection [38, 53-55]. However, they are suffering from increasing dissipative losses 

in optical frequencies, which is the main focus of the spectrum in this thesis. There are plenty 

of undesirable loss channels during the phase-modulation process, among which diffraction, 

ordinary refraction/reflection, and polarisation conversion losses can be listed. Although using 

reflective type MSs, there are reported works with efficiency of more than 80% in microwave 

and optical frequencies [40, 56], they cannot efficiently perform in transmission and visible 

range, particularly the shorter wavelengths. 

In many applications and this thesis, MSs working in transmission mode are required. To this 

end, researchers paved the way and found metallic MSs counterparts using dielectric materials 

that do not inherit the loss of metals.  

 



 

16 
 

    1.2.    Types of metasurfaces 

 

1.2.3 Huygens metasurfaces 

 

To overcome the limitation of metallic MSs, all-dielectric MSs are introduced. Their ability to 

interact with light in optical frequencies, especially at the visible range, is one of the most 

significant reasons that dielectric MSs have drawn the attention of numerous researchers during 

recent years [57-58].  

In general, Huygens' MSs consist of a thin layer of electric and magnetic dipoles that are 

orthogonal to each other, creating an array of Huygens' sources [59-63]. Huygens’ 

principle states that the complex wavefront of an EM wave can be constructed from 

spherical source points [64]. This becomes interesting when the EM wave faces a small 

slit, where the wavelength is comparable to the size of the slit. 

Maxwell's equations state that electric and magnetic fields induce each other. Thus, in 

Huygens’ MSs, the idea is to use the superposition of electric dipole (ED) and magnetic 

dipole (MD) resonances to achieve 2π phase coverage. To satisfy this term, each meta-

atom, which can be considered as a Mie resonance, can achieve an approximate π phase 

shift. Thus, the 2π phase shift is achievable when ED and MD resonances of the same 

order overlap. Therefore, designing a structure that satisfies the overlapping of ED and 

MD resonances is the key to the design. Usually, Huygens’ MSs, owing to their working 

principle, are subwavelength thick [65]. 

Following the physics underlying Huygens MSs, the Helmholtz equation can be separated 

for spherical or cylindrical dielectric particles, and it is in excellent agreement with Mie 

scattering theory [66]. Hence, the calculation of Mie theory is enormously appreciated and 

is a powerful tool for dielectric nanoparticles. Besides, by extending the solution to the 

spherical vector wave function, the radiation and internal field of spherical shapes are 

calculated [37]. Usually, the experimental data and the analytical calculations for the  
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radiation field are compared to extract each mode's contribution. Also, the analytical 

expressions for the internal field correspond to the distribution of the field inside the 

medium, and it discloses the physical mechanism of transmission or reflection for the MS 

[37].  

It has been proved that high-refractive-index nanoparticles/nanodisks can generate 

electric and magnetic responses with considerable strength in approximately the same 

spectra. For instance, this feature is the key requirement to achieve optimal transmission 

efficiency for Huygens’ MSs [59-63, 67]. The inherent losses at the visible spectrum for 

metallic MSs result in poor efficiency. In contrast, dielectric MSs take advantage of low 

loss and can couple the incident light, producing circular current displacement and, 

consequently, having a strong magnetic dipole resonance, as depicted in Fig. 1.13 [68-72]. 

 

(a) 

 

(b) 

 
Fig. 1.13. a) Schematic of dielectric Huygens’ MS using arrays of nanodisks represented as electric and 

magnetic dipoles with polarisabilities αe and αm under x-polarised illumination. b) the dominant Electric 

(coloured arrows) and magnetic (plain colour) field distributions for the magnetic (top) and electric 

(bottom) modes of periodic Si nanodisks [3, 68].  
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Besides, in aspherical geometries, the magnetic dipole modes occur [37]. As an instance, 

the electric and magnetic dipole resonances for a single-layer cylindrical silicon resonator 

on a silicon-insulating substrate are shown in Fig. 1.14(a).  

(a) 

 

 

 

(b) 

 
Fig. 1.14. (a) The metasurface consists of an elliptic amorphous silicon column with the same height, 

different diameters (Dx and Dy), and different azimuthal angles (𝜃). The columns are located in the centre 

of the hexagonal unit cell. (b) Rectangular dielectric nanoparticles also exhibit electromagnetic field 

polarisability. The figure shows the dominant ED and MD [37, 65, 73]. 

 

Also, for rectangular resonators, the variation of the size provides easy tuning over the 

resonant wavelength, which is depicted in Fig. 1.14(b) [73]. Thus, Huygens’ MSs can be 

realised by carefully managing these ED and MD resonances. 

 

1.2.4 High-contrast metasurfaces 

These types of MSs can be realised using dielectrics with high refractive index and offer 

transmission phase MSs, which can be considered as truncated waveguides [74-76]. In 

contrast with Huygens MSs, where the meta-atoms support two resonant modes, one with 

a strong electric dipole and another with a strong magnetic dipole, the meta-atoms in high-

contrast MSs contain diploe, quadrupole and higher electric and magnetic multipoles [75]. 

Owing to the truncation on both ends, they support multiple low-quality Fabry-Perot 

resonances, where the light bounces back and forth between the two ends of the meta- 
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atom [75]. The constructive interference of these resonances contributes to the high 

transmission. Meta-atoms with high refractive index materials induce a dephasing 

dependent on their geometry [75-81]. In the most popular form, the meta-atom unit cell 

consists of a high-refractive index material on a low-refractive index substrate [75-82]. As 

a result, the illuminated light strongly interacts with the higher refractive index material 

and excites different modes. These excitations provide the required optical amplitude and 

phase response, which depends on the geometry of the meta-atom.  

Figure 1.15 depicts the excitation of eight dominant modes inside a meta-atom to show 

their contribution to transmission. This meta-atom consists of a high refractive index 

material (amorphous silicon) embedded inside a low refractive index material 

(Polydimethylsiloxane (PDMS)). Fig. 1.15(d) shows the superposition effect of these eight 

dominant modes that create a strong transmission through the meta-atom.  

 
Fig. 1.15. Highlighting the contribution of different resonant modes of the nano-posts to transmission. (a) 

Schematic illustration of the metasurface unit cell with cross-sectional planes. (b) Magnetic energy density 

distribution of 8 dominant resonant modes in the bandwidth from 820 nm to 1000 nm, at horizontal (top) 

and vertical (bottom) cross sections specified in (a). (c) Schematic illustration of a uniform array of nano-

posts illuminated with a plane wave at normal incident. The amplitude of the transmission coefficient 

(|t|) and its phase (ϕ) are indicated in the illustration. (d) Contribution of 8 dominant resonant modes to 

the transmission of a periodic array of nano-posts with a diameter of 200 nm. The reconstructed 

transmission amplitude from these 8 modes is shown. (e) Transmission amplitude and phase of the 

periodic array of nano-posts, and reconstructed transmission amplitude and phase using the 8 dominant 

resonant modes. |tRC|: reconstructed transmission amplitude, |φRC|: reconstructed transmission phase 

[75]. 
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It is essential to emphasise that due to the presence of a high dielectric index material 

compared to a low refractive index substrate material, the coupling effect between unit 

cells is typically negligible [75, 78-82]. Though the meta-atoms are made of subwavelength 

nanostructures, their thickness can be comparable to the wavelength [75, 82].   

Achieving high transmission requires minimal absorption within the designated spectral 

range in such a structure. It relies on the high refractive index with low absorption 

coefficients of dielectrics to ensure robust light confinement within the MSs’ meta-atom. 

That is why each meta-atom can be considered as an individual truncated waveguide [75-

77]. As a result, the transmittance coefficient is primarily determined by the nano 

scatterers' geometry, considering the negligible coupling effect between meta-atoms. 

In this thesis, mainly a high-contrast MS is explored. Thus, I will elaborate more on this 

technique in the following chapters, explicitly depicting the phase modulation mechanism. 

   

 

1.3 Applications 

There is quite a long and highlighted list of functionalities enabled by MSs. The reason for 

such a variety is the ability of MSs to perform in a very small footprint, particularly in the 

optical regime, as of a few tens or hundreds of microns. MSs also show precise and 

unprecedented control over electromagnetic waves, e.g., employing phase discontinuity at 

the interface [13]. To this end, achieving such functionalities with traditional optics is 

challenging. In this section, I categorised some of the most popular applications in the 

following sub-sections [83-131]. 

 

1.3.1  Flat lenses 

Flat lenses are among the most significant areas that hugely benefit from MSs. To begin 

with, traditional optics use the accumulated phase of bulky optics to create the desired 

functionality. While this approach is greatly appreciated in the optics society, bulky optics  
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impose a practical limitation on many possible application scenarios simply because of the 

size and volume they take. Particularly, this matter is of great importance in the integration 

of optics, which is highly in demand simply due to the interest in having smaller devices. 

As MSs can mimic the operation of traditional optics, they offer the manipulation of the 

electromagnetic wave properties, including phase, amplitude, polarisation, and the 

direction of propagation. To this end, MSs can take the role of traditional optics with 

having a much smaller footprint and, in several cases, offering functionalities that are not 

possible by traditional optics, such as but not limited to miniaturised optical planar 

cameras, planar reflectors, and conformable structures for lensing and cloaking [38, 65, 

73, 75, 77, 83-87]. Metalenses are another functionality of flat lenses enabled by MSs [88-

92]. A lens made of MSs where meta-atoms can individually and precisely control the 

characteristics of the scattered light can offer functionalities through which aberration 

correction, extending the depth of focus, varifocal characteristics, and high numerical 

aperture (NA) lenses can be listed. Compared to conventional refractive or diffractive 

lenses, metalenses enabled by MSs can offer numerous advantages of bespoke 

functionalities. For instance, replacing the array of lenses with traditional optics has 

immensely reduced the volume of achromatic metalenses [92]. In addition to high NA, 

metalenses offer a high resolution for applications in direct laser lithography [93], 

microscopic imaging [94], and optical trapping [95-97]. The applications enabled by 

metalenses cover a wide variety of fields [98]. Here, I present an example to show their 

capabilities. 

Imaging with subwavelength resolution demands lenses with a high NA, which can be 

satisfied by bulky and expensive objective lenses. However, MSs can offer a solution which 

is small in footprint and is planar. A shining example of a flat lens that enabled diffraction-

limited focusing and subwavelength resolution imaging in the visible range is reported in 

ref [88]. Figure 1. 16 shows the unit cell design with meta-atoms made of titanium dioxide 

(TiO2) and efficiency measurements for three different structures operating across the 

visible range. Figure 1.16(h) illustrates an image of the fabricated sample for this work. 
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Fig. 1.16. (A) Schematic illustration of the metalens with its meta-atoms consists of TiO2 nanofin. (B) 

schematic view of a TiO2 nanofin on a glass substrate as a unit cell. (C, D) Side and top views of the unit 

cell showing height H, width W, and length L of the nanofin, with unit cell dimensions S × S. (E) The 

required phase is imparted by rotation of the nanofin by an angle θnf, based on the geometric 

Pancharatnam-Berry phase. (F) Simulated polarisation conversion efficiency as a function of wavelength. 

This efficiency is defined as the fraction of the incident circularly polarised optical power that is converted 

to transmitted optical power with opposite helicity. Periodic boundary conditions are applied at the x and 

y boundaries and perfectly matched layers at the z boundaries. Details of the three designs are as follows: 

for the metalens designed at λd = 660 nm (red curve), nanofins have W = 85, L = 410, and H = 600 nm, 

with centre-to-centre spacing S = 430 nm. For the metalens designed at λd = 532 nm (green curve), 

nanofins have W = 95, L = 250, and H = 600 nm, with centre-to-centre spacing S = 325 nm. For the 

metalens designed at λd = 405 nm (blue curve), nanofins have W = 40, L = 150, and H = 600 nm, with 

centre-to-centre spacing S = 200 nm. (G) Optical image of the metalens designed at the wavelength of 660 

nm. Scale bar, 40 μm. (H) SEM image of the fabricated metalens with the shown scale bar, 300 nm [88]. 

 

This lens has reported a magnification of 170× with the ability to resolve structures with 

subwavelength spacing [88]. Hence, the compact design of these metalenses has the 

potential to facilitate the development of portable/handheld instruments for a variety of 

applications. Figure 1.17 presents an example of imaging with these metalenses and its 

comparison to commercial objectives. 
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Fig. 1.17. Metalens imaging designed at λd = 532 nm with diameter D = 2 mm and focal length f = 

0.725 mm. 

(A) Image of 1951 USAF resolution test chart formed by the metalens taken with a DSLR camera. 

Laser wavelength is 530 nm. Scale bar is 40 μm. (B to E) Images of the highlighted region in Fig. 

1.18(a) at wavelengths of (B) 480, (C) 530, (D) 590, and (E) 620 nm. Scale bar, 5 μm. (F to I) Images 

of the highlighted region in Fig. 1.18(a) at a centre wavelength of 530 nm and with different 

bandwidths: (F) 10, (G) 30, (H) 50, and (I) 100 nm. Scale bar is 5 μm. (J) Nanoscale target prepared 

by FIB. The smallest gap between neighbouring holes is approximately 800 nm. (K) Image of the 

target object (Fig. 1.18(j)) formed by the metalens. (L) Image of target object formed by the 

commercial state-of-the-art objective. Scale bar is 10 μm in Fig. 1.18, J to L. (M) Image formed by 

the metalens illustrates that holes with subwavelength gaps of ~450 nm can be resolved. The scale 

bar is 500 nm [88]. 

 

1.3.2  Holography 

Reconstruction of the complex wavefront of the electromagnetic waves with both 

amplitude and phase information is called holography, first introduced by Gabor in 1947 

[99]. Originally, it was an imaging technique that used the scattering of an incident 

coherent source when the incident light passed through an interface pattern to reconstruct 

the 3D optical features of a target object. I should emphasize that in this thesis, holographic 

imaging refers to the holographic image projection using a phase mask. 

https://www.science.org/doi/full/10.1126/science.aaf6644?casa_token=uecqWhI-h8IAAAAA%3Acn7DxWON_fN9XRgwLji0O5yAstaeWEGHkoU84n30uMGRdHZKHcjC6hPs-Ivm8x5W3JDwsdsQSZT58w#F4
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Holography has garnered significant interest since its utilisation in achieving cutting-edge 

3D displays [100-101]. Recently, the emergence of MSs as the designated interface pattern 

has made the realisation of holographic applications feasible with the aid of MSs. The 

precise engineering of the phase of an optical beam, with high accuracy and spatial 

resolution, is ideally suited for applications in holography [102]. In the most popular form 

of holography with MSs, phase modulation of the incident light is required while the 

amplitude is almost unchanged [103-105]. To this end, there is a long list of holographic 

applications enabled by MSs [103-109]. In particular, the wavefront engineering capability 

is exploited to realise numerous applications in security [55], storage and manipulation of 

data [110-111], conformable platforms [47, 75], and several different areas [112-113]. 

Here, and through examples, the capability of holographic MSs, rather than summarising 

all the reported works, is discussed.   

As an example to show the capability of MSs for holographic applications, a design 

procedure of a reflective type MS to make Einstein's portrait is shown in Fig. 1.18. In panel 

(a) of this figure, the incident light impinges the MS (patterned interface/hologram), and 

Einstein portrait as the target holographic image will be created in the designed distance 

and angle with respect to the normal MS plane. In panels (b-c), the phase profile of this 

hologram is shown. Realising this phase profile is achievable with the specific orientation  

 
Fig. 1.18. (a) Illustration of the reflective nanorod-based computer-generated hologram under a circularly 

polarised incident beam. The circularly polarised incident beam is generated from a linearly polarised 

source that is passed through a quarter wave plate (QWP) and illuminates the metasurface. The reflected 

beam creates the holographic imaging in the far field. (b) The 16-level phase distribution with 2 × 2 periods 

designed to generate the target holographic image in the far field. (c) Enlarged phase distribution 

(100 × 100 pixels) of the upper-left corner of (b) [56]. 
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of the meta-atoms that create the holographic image. This necessitates the incorporation 

of pixel-by-pixel design to guarantee the acquisition of the target phase profile. 

 
Fig. 1.19. Experimental holography using a nanorod-based metasurface. The created holographic image 

projection is taken using visible and infrared cameras. (a) SEM image of a portion of the fabricated 

nanorod array. (b) Experimentally obtained optical efficiency (determined by subtracting the zeroth-order 

beam signal from the image intensity) for both the image and the zeroth-order beam. The measurements 

show a high optical efficiency above 50% for the image beam over the range 630–1,050 nm. (c–e) 

Simulated holographic image of Einstein's portrait with an enlarged zoom of his face and the character 

‘M’. (f–h) Experimentally obtained images captured by a ‘visible’ camera in the far field. The operating 

wavelength is 632.8 nm. (i–k) Experimentally obtained images captured by an infrared camera in the far 

field, with an operating wavelength of 780 nm [56]. 
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Figure 1.19 shows the realisation of this design by demonstrating a Scanning Electron 

Microscopy (SEM) image of the fabricated sample and the measurement results. Panel (a) 

of this figure depicts how the meta-atoms are arranged in a different geometrical 

orientation, using the Pancharatnam-Berry technique to impose the required phase profile. 

Panel (b) of this figure shows the measured efficiency of this structure versus wavelengths, 

including the visible range and near-infrared region. Figure 1.19(c-k) reports the simulated 

and measured images using a visible camera and an infrared camera. This example can be 

considered as a proof of concept that holography exploiting MSs can hold promise for 

several holographic functionalities [102-113]. 

As another example of optical holography, a significant progress in 3D imaging methods, 

this approach has obtained interest due to its capability to capture both the amplitude and 

phase information of the light scattered from objects. This functionality requires ultimate 

control over the complex phase in each hologram pixel. MSs can efficiently satisfy these 

requirements, allowing applications in holographic image projection [107]. 

MS holograms play a key role in creating the desired holographic function by encoding 

the information through the meta-atoms. For instance, Fig. 1.20 illustrates a simple idea 

of holographic image projection using a hologram [55].  

 

 
Fig. 1.20. Illustration of the effect of incident light on the created holographic images. The reflective-type 

metasurface consists of silver nanorods with spatially varying orientations on the top, a SiO2 spacer 

(80 nm) and a silver background layer (150 nm) resting on a silicon substrate. (a) Under the illumination 

of LCP light, the holographic images ‘flower’ and ‘bee’ are reconstructed on the left and right side viewing 

from direction of the incident light, respectively. (b) The positions of the two holographic images are 

swapped when the helicity of incident light changes from LCP to RCP. The incident circularly polarised 

light excites the reflective-type metasurface at normal incidence and the reflected light that contributes to 

the images has the same polarisation as that of the incident light [55]. 
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In panel (a), a left-handed circularly polarised (LCP) light impinges the hologram, creating 

two holographic images. Then, when the same hologram impinges by a right-handed 

circularly polarised (RCP) light, the holographic information is changed, specifically in 

this example, is rotated [55]. 

Full-colour holography is another interesting functionality proposed by MS-based 

holography [108]. For instance, Fig. 1.21 shows full-colour holography using both 

amplitude and phase modulations to reconstruct both two-dimensional (2D) and 3D 

holographic images [109]. There are various types of MS holograms with different 

characteristics, including performance, resolution, efficiency, polarisation selectivity, and 

full-colour operation. So, depending on the specific application’s requirement, one can use 

an appropriate meta-atom. 

 
Figure 1.21. Reconstruction of 3D full-colour holographic images for a colour helix pattern with the aid 

of metasurfaces. (a) Side view and top view of the colour helix. (b) Simulated on-axis evolution of the 

holographic images of the colour helix on four 2D planes along the z direction. (c) Experimentally 

reconstructed 3D holographic images on different 2D planes. All the scale bars indicate 10μm [109]. 
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1.3.2.1 Flexible holographic metasurfaces 

Though having bespoke holographic MSs in a rigid and non-flexible substrate provides us 

with amazing functionalities, it would be more desirable to have them in a flexible and 

conformable platform. This can offer several advantages compared to that of MSs with 

rigid substrates.  

First, nanoimprint lithography, as a high-throughput fulfilling industrial-scale 

manufacturing, offers roll-to-roll production of flexible MSs [114]. There is a substantial 

demand for roll-to-roll production to efficiently bring a high volume of MSs to the market 

due to its well-established technological maturity and cost-effectiveness [115-117].  

Second, mechanical tuning of the flexible MS structure through stretching or vibration 

holds promise for new applications and functionalities such as searchability [119-122]. For 

instance, Fig. 1.22 qualitatively shows how the focal length of a MS lens can be tuned by 

stretching the flexible substrate. 

 
Fig. 1.22. A tunable metasurface on a stretchable substrate introduces a reconfigurable focal length of the 

structure. A schematic illustration of a metasurface on stretched PDMS is shown on the left image. The 

right image illustrates how the focal length of the metasurface is changed with regard to the stretchability 

of the substrate [118]. 
 

 

Most importantly, the conformability of flexible MSs, which can be applied to non-planar 

surfaces, introduces an excellent potential for several diverse applications [123-126], e.g.,  
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to apply ultrathin devices on contact lenses [127]. Additionally, flexible MSs can offer 

shape-dependent holographic applications, e.g., having MSs that the holographic 

information shown on the screen depends on how the MS is wrapped around the target 

object [106]. 

To shine a light on this concept, let us consider the capability offered by conformable MSs 

through this instance. Not surprisingly, the correlation between an object and its optical 

functionality is inevitable. For instance, a spherical lens focuses light on a point, while a 

cylindrical lens focuses light on a line. Now, consider a transparent object with an arbitrary 

shape. It will send the light passing through it to different points. Here, I explain how we 

can use flat lenses to decouple an object's geometry and optical functionality. Figure 

1.23(a) illustrates a transparent arbitrary object covered by a planar thin layer. Figure 

1.23(b) shows how light responds after passing through this object. Clearly, the light is not 

converging at a point. Fig. 1.23(c) depicts how the optical functionality of this object can 

be reformed as desired (focusing light to a point) by locally applying the phase profile 

required to create the desirable optical response [75].   

 
Fig. 1.23. (a) A schematic illustration of a dielectric metasurface layer conformed to the surface of a 

transparent object with arbitrary geometry. The inset draws the unit cell of the metasurface structure: an 

amorphous silicon (a-Si) nano-post on a thin layer of aluminium oxide (Al2O3) embedded in a low-index 

flexible substrate (PDMS for instance). (b) Cross-sectional view of the arbitrarily shaped object depicting 

how the object refracts light based on its geometry. As depicted, it generates an undesirable wavefront. (c) 

The same object with a thin dielectric metasurface layer conformed to its surface to manipulate its optical 

response to a desired wavefront [75]. 
 

 

First, the object without a flat lens layer is analysed and the phase profile of the optical 

waves transmitted through the outermost layer of the object is calculated. Then, along the 

outermost layer of the object, the optical path length and the corresponding optical path  
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difference (OPD) of the rays transmitted through different points of the arbitrary object 

with respect to the chief ray are numerically calculated. Finally, exploiting an OPD-based 

approach, the required phase profile to realise the desired functionality is achievable [75].  

As proof of concept, Fig. 1.24(a) reports the change in the focal length of a converging 

cylindrical lens from 8.1 mm to the desired value of 3.5 mm. This is done by adding a MS 

layer at the outermost layer of the cylindrical lens, as depicted in Fig. 1.24(a). Also, the 

measured intensity at the focal plane is shown on the right side of this panel. Figure 1.24(b) 

illustrates how a concave glass cylinder with a focal length of 12.7 mm using a planar MS 

layer is optically modified to focus the light 8 mm away from its surface. Again, the focal 

plane measurements are depicted on the right side of this figure. To this end, conformable 

holographic holograms are an excellent opportunity for real-life applications [105, 123, 

125-126]. 

 
Fig. 1.24. Illustration of manipulating the optical response of a transparent object to a desired wavefront 

pattern. (a) A converging cylindrical lens with a radius of 4.13 mm and a focal distance of 8.1 mm is 

optically manipulated using a conformal metasurface with a diameter of 1 mm. The cylinder combined 

with the metasurface coated layer behaves as an aspherical lens with a focal length of 3.5 mm. (b) A 

different metasurface is mounted on a concave glass cylinder with a radius of 6.48 mm and a focal distance 

of 12.7 mm, which makes it focus to a spot 8 mm away from its surface (as an aspherical lens). Schematic 

illustrations (side and top views) are shown on the left, and intensities at planes parallel to the focal plane 

and at different distances from it are shown on the right. Intensities at the focal plane are depicted in the 

insets. The operational wavelength is 915 nm [75]. 
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Shape-dependent holograms are one of the examples where the holographic image 

happens only if the hologram is placed in a specifically designed way [106]. The 

holographic information can either be robust with respect to deformation  [47] or strongly 

dependent on the shape of support they are applied [75, 105-106]. This opens a new road 

and opportunities for new applications using holographic MSs. For example, Fig. 1.25 

illustrates a reflective type MS working in the visible spectrum. It shows how the 

holographic information can be severely distorted when the polarisation of incidence and 

the substrate shape is changed (see caption) [105].  

 
Fig. 1.25. (a–d) Simulated holographic image projections; (e–h) Experimental holographic image 

projection. (a, e) and (b, f) were taken on a concave substrate with a radius of curvature of 6 mm. (c, g) 

and (d, h) were taken on a convex substrate with identical radius of curvature. (a, e) and (c, g) were taken 

with right-handed circularly polarised incident light. (b, f) and (d, h) were taken with left-handed circularly 

polarised incident light. The left-handed circularly polarised images are naturally rotated 180° about the 

z axis in the xy plane. The scale bar is 10 mm [105]. 

 

Figure. 1.26 shows another example of how holographic information can depend on the 

form of support [106]. This increases the potential applications of holographic MSs.  
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Fig. 1.26. Shape-dependent conformable holographic MSs, where the projected pattern will change 

depending on how it is conformed on an object. (a) MS applied to a convex object depicting two points, 

(b) the same MS applied to a concave object depicting three points [106]. 
 

In conclusion, holographic MSs can play a pivotal role in optical technologies, given the 

bespoke functionalities. A holographic MS can be more functional by making it flexible. 

Flexibility offers more potential for real-life applications. 

 

1.3.3 Other applications 

Given that usually, the scale of molecules and cells is in the range of hundred microns to 

hundred nanometres, biologists and photonics engineers are actively collaborating on 

some projects to study the biological particles of interest through the nano-photonics tools. 

Interestingly, optical MSs are made from meta-atoms whose dimensions scale from a few 

hundred nanometres to a few microns. This introduces various applications using MSs in 

biology [128-129]. 

From bioimaging to biosensing, MSs can play a significant role in studying biological 

particles [128-129]. Its valuable role in optical chiral imaging, endoscopic optical 

coherence tomography, fluorescent imaging, super-resolution imaging, magnetic 

resonance imaging, and quantitative phase imaging is fully described in ref [130]. Besides, 

in biosensing applications, antibodies and proteins, DNAs, cells, and cancer biomarkers 

are detected using these fascinating 2D structures [130-131].  
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Furthermore, MSs enable extraordinary abilities to guide, block, absorb, concentrate, and 

disperse waves both on the surface at grazing incidence and in space at normal and oblique 

incidences. Figure 1.27 schematically illustrates this concept for some of these properties 

[7]. The existence of such a potential to manipulate the characteristic features of the 

scattered light opens up a window of appealing applications, some of which have already 

been discussed.  

 
Fig. 1.27. Illustrating various functionalities enabled by metasurfaces: (a) band pass frequency selective 

surface; (b) band stop frequency selective surface; (c) high-impedance surface; (d) narrowband perfect 

absorber; (e) twist polariser; (f) right-handed circular-polarization frequency selective surface; (g) linear-

to-circular polarisation converter; (h) two-dimensional leaky wave antenna with a conical-beam pattern; 

(i) focusing transmit array; (j) focusing reflect array; (k) flat Luneburg lens; (l) hologram [7]. 
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1.4 Thesis structure 

 

This introductory chapter has established the fundamental principles that underpin this 

work. 

Chapter 2 illustrates the design and modelling used in this work. First, it outlines a 

numerical method to design holograms using a well-known technique. Secondly, It details 

the design of novel meta-atoms.  

Chapter 3 describes the fabrication procedures for the different MSs of this study. This 

chapter contains a significant novelty in nanofabrication. Hence, the challenges are 

appropriately reported, and the solutions are discussed. 

Chapter 4 outlines the experimental setups exploited in this study.  

Chapter 5 disseminates a novel conformable polymeric MS membrane in the visible 

spectrum. The proposed design can facilitate mass-scale production of holographic MSs. 

Chapter 6 communicates the concept, hologram design, and experimental results of 

holographic optical trapping and image projection in the visible range using a quiet novel  

transmissive MS platform. 

Chapter 7 conveys work on incoherent holographic MSs. In particular, the concept, 

hologram design, and experimental results are discussed. 

Finally, chapter 8 summarises the work of this thesis and describes the outlook. 
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Chapter 2 

Modelling 

 

This thesis is principally concerned with the creation of holographic MSs. In this chapter, 

I present all aspects of the numerical modelling required to design a holographic MS for a 

given application. First, I will present how existing computer-generated holography 

methods can be used to design a phase-modulating mask that can shape light into a desired 

pattern. Secondly, I will discuss how I numerically designed new meta-atoms that will be 

used as the basic building blocks of these phase masks. In particular, I introduce new meta-

atom designs that allow us to introduce new materials that have not been previously 

harnessed in MS design. Specifically, I describe the design for the zirconium dioxide 

(ZrO2) meta-atoms in the visible range, which is a novel material for MS engineering and 

is the most used meta-atom throughout the majority of this thesis. I also introduce the 

design of a new meta-atom for conformable visible light MSs.  

   

2.1 Design of holographic metasurfaces 

There exist different approaches for designing holograms that directly can be applied to 

MSs. Among these methods, the point source algorithm, Genetic algorithm, and 

Gerchberg-Saxton algorithm (GSA) can be mentioned [132-133]. A conjugate gradient 

minimisation-based hologram calculation technique is another approach that uses a spatial 

light modulator and offers high-fidelity phase and amplitude control [134]. In this thesis, 

I used GSA and explained this approach here. It generates the hologram from the target 

image using the source intensity and other parameters, such as the source shape, 

wavelength and the hologram pitch. The GSA propagates the light between two spatially 

separated planes, the hologram plane and the holographic image plane. As a phase 

retrieval algorithm, it converges to the right solution of the hologram through many 

iterations [135]. Figure 2.1 illustrates the schematic view of this algorithm, with a 

Gaussian source intensity distribution and a smiley face as the target image. Here, I 

describe it through even steps: 1) set the holographic image as the target image. 2) Back-  
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propagate the holographic image to the hologram plane. 3) Replace the intensity achieved 

by propagation with the intensity of the source. 4) Propagate the updated complex field to 

the holographic image plane. 5) Replace the intensity with the intensity of the target image. 

6) Calculate the least square differences of the absolute values between the holographic 

image and target image, and repeat steps 2-6 if this value is greater than a pre-defined 

value. 7) Return the hologram phase. 

 
Fig. 2.1. Graphical illustration of the GSA(A, Φ, and I represent amplitude, phase, and intensity, 

respectively). 

 

These propagations are achievable through a Fast Fourier Transforms (FFT) or a 

numerical integration method. The FFT method is simple to implement and ideal to 

generate a simple hologram. For instance, Appendix A presents a simple MATLAB code 

to generate a hologram using the FFT method. However, in some cases, the FFT is not 

suitable to describe light propagation, e.g. when the image plane is not flat and not distant 

enough from the hologram plane. In these cases, it is best to use numerical integral 

methods, such as the Rayleigh-Sommerfeld (RS) method [105, 136]. It gives the freedom 

to design the coordinates of the hologram, e.g. to design a curved or arbitrarily shaped 

hologram, at the desired distance between the hologram and holographic planes. Hence, 

the RS method opens up an opportunity to design conformable MSs.  

The RS numerical integral method in the cartesian coordinate is derived as below [105, 

136]: 
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(2.1) , 

 

 

where U is the complex light fields at the coordinates (xj, yj, zj), identified by position 

vector rj, the subscripts j= I, O refer to the holographic image and hologram (MS) planes 

respectively, and k is the wave vector. The origin of the coordinate system is the centre of 

a virtual, undistorted hologram plane, as denoted in Fig. 2.2.     

 
Fig. 2.2. Illustration of light propagation using the RS equation from rO(xO, yO, zO) to rI (xI , yI , zI ) [105, 

136]. 

 

Propagating light through the numerical integral can require intense computational power, 

as the propagation is evaluated point by point. Given this, an approximation is needed 

where the number of points increases.  

The Fraunhofer condition defines Far-field as distance ≥ 2 × D2/, where D is the 

maximum linear size of the antenna source and  is the wavelength [137]. In this region, 

the radiated energy at a given angular distribution is constant, and the power decays based 

on the inverse square law with distance. 

Full details of these approximations are presented in [136]. Here, I summarised them by 

presenting the outcome. 
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In the near-field, the term ik is dominated by the larger values of  
1

|𝑟𝐼 − 𝑟𝑂|
 term [138]. As a 

result, equation (2.1) can be written as [136]: 

 

 

(2.2) . 
 

 

The Far-field (Kirchoff) approximation disregards the contribution of the near-field 

components and considers only the far-field terms [138]. In far-field, the fractional term 

1

|𝑟𝐼 − 𝑟𝑂|
→ 0.  Consequently, equation (2.1) can be derived as [136]: 

 

 

(2.3) . 
 

 

The Fourier approximation requires a few assumptions to convert equation (2.1) to 

FFT under certain conditions. The most pivotal points employed by the assumptions are 

far-field operation and a physically small holographic image compared to the distance 

between two spatially separated planes, the hologram and holographic image planes [139]. 

Under these assumptions, by defining: 

 

, (2.4) 

equation (2.1) can be written as:  

 
. (2.5) 

Considering the standard two-dimensional Fourier transform, this equation can be 

derived: 

 
(2.6) 

and finally, 
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. (2.7) 

Independently of the used approximation, the intensity of a given light field Uj at a given 

position (xj, yj, zj) can be defined as: 

 
(2.8) 

and the corresponding phase can be derived as: 

 

(2.9) 

where Im and Re represent the imaginary and real parts of U(xj, yj, zj), respectively. 

Notably, amplitude-only holograms modulate the amplitude information to encode the 

hologram while keeping the overall phase constant. This amplitude modulation is usually 

achievable by engineering point-by-point the absorption of the hologram. While this 

approach is simple, it ends in a low-efficiency hologram owing to the absorption of a 

portion of the incident light. 

On the other hand, phase-only holograms use the modulation of the phase information 

while keeping the overall amplitude information constant. Thus, it offers higher achievable 

efficiency compared to amplitude-only holograms. 

Holograms that use both amplitude and phase modulation to encode the information 

create the highest quality holographic images as they regenerate the complete information 

of the hologram [140, 141].    

Throughout this thesis, phase-only holograms were used as they are simpler to fabricate 

while exhibiting similar efficiencies to that of full holograms.  

 

2.1.1. Implementation of the GSA with RS integration  

In this thesis, all the hologram designs are made using the GSA method with the RS 

numerical integral method as the light propagator. 

The key parameters are: 
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1. Hologram resolution: it mentions the number of hologram pixels, e.g. 

100×100. 

2. Holographic image resolution: it refers to the number of holographic image 

pixels, denoting the resolution, e.g. 1000×1000. 

3. Hologram pixel pitch: it refers to the periodicity of the meta-atoms used to 

encode the hologram. 

4. Holographic image pixel pitch: it indicates the holographic image's pixel size. 

5. Source intensity: Gaussian distribution or a plane wave can be used. 

6. Wavelength: it refers to the propagation wavelength between the hologram and 

holographic image planes. 

7. Closest separation z: it conveys the distance between the hologram and 

holographic image planes. 

8. Holographic image offset: it states the position of the holographic image with 

respect to the x- and y-axis. 

Using GSA with the FFT and RS numerical integral in the far-field approximations, a 

simple hologram with 100 iterations is designed with the parameters listed in Table 2.1.  

Table. 2.1. Hologram parameters. 

Parameter Value 

Hologram resolution 500×500 

Holographic image resolution 100×100 

Hologram pixel pitch 400 nm 

Holographic image pixel pitch 0.7 mm 

Source intensity Plane-wave 

Wavelength 488 nm 

Closest separation z 200 mm 

Holographic image offset in x-y-z -50,50,0 mm 

 

Figure 2.3(a) shows the target image.  The simulated holographic image using RS 

numerical integral approximation in the far-field is depicted in Fig. 2.3(b). FFT 

approximation result is illustrated in Fig. 2.3(c). Finally, the phase profile of this 

hologram shown in panel b) is presented in Fig. 2.3(d).  
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Fig. 2.3. GSA hologram design, a) target image. Simulated holographic image using b) RS numerical 

approximation illustrates the designed image shown in the red box in section (c), and c) Simulated 

image using FFT approximation with the off-set consideration (see Table 2.1), d) RS numerical 

approximation phase profile. 
 

With this setting, the size of the holographic image is 70×70 mm2.  

The phase profile obtained by the GSA can then be implemented with MS, where each 

meta-atom imparts the required phase to the scattered field. In the following, I will 

present the design of meta-atoms used in this thesis. 

 

2.2 Meta-atom designs 

This section presents three different meta-atom designs of which two are novel. Here, the 

aim is to design phase-only holograms in transmission. Therefore, the meta-atoms need to 

provide phase modulation with high transmission. Following this, this section details the 

optical response of the designed meta-atoms when they are made of different materials. In 

particular, first, it introduces  ZrO2 as the core material of the most used unit cell for this 

thesis. Then, it discusses the meta-atoms made of ZrO2, SU-8, and  polymethyl 

methacrylate (PMMA). 
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2.2.1 Introduction to zirconium dioxide (ZrO2) 

Zirconium dioxide, known as zirconia, is an oxide of zirconium. It offers an excellent 

weakly-dispersive-like optical response in the ultraviolet (UV) and visible range. Due to its 

unique properties, it can be suitable for a variety of purposes across many industries, 

including biomedical implants [142], protective coating layers [143-144], and optical 

materials [145]. It is most famous for producing hard ceramics [146-147], while it is widely 

used for the production of various dental implants due to its hardness, chemical 

unreactivity, and biocompatibility [148]. Having excellent resistance to corrosion and 

different chemicals, very high fracture toughness, high hardness and density, good 

frictional behaviour, low thermal conductivity, solid electrical insulation and generally 

long lifetime make this material interesting to be used in light-matter interactions [149]. 

Besides, ZrO2 can be deposited relatively fast and at low temperatures. These properties of 

ZrO2 make it a great candidate to be employed for the technology offered by MSs in areas 

such as light-matter interaction applications, including but not limited to holography, 

optical trapping, and biomedical applications.  

The visible range is of primary importance due to its relevance to human vision. ZrO2 has 

a moderately high refractive index in the visible range, with low dispersion. Besides, it is 

transparent as a thin-film material. Therefore, ZrO2 shows untapped potential to be used 

as the dielectric material for MSs operating in the visible range. Figure 2.4 illustrates the 

typical real and imaginary parts of the refractive index of amorphous ZrO2, used in this 

work. The film was deposited via Atomic Layer Deposition (ALD) and measured via 

ellipsometry, as further discussed in the next chapter. Throughout the entire visible 

spectrum, ZrO2 exhibits a refractive index greater than 2 and negligible losses. 
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Fig. 2.4. The measured ZrO2 refractive index. 

 

2.2.2 Pillar meta-atoms 

Here, I discuss the meta-atom design which is made of a pillar on a substrate. Figure 2.5 

illustrates the unit cell design of the ZrO2 pillar meta-atoms. It consists of a thick 

microscope glass as a substrate, a layer of 50 nm Indium Tin Oxide (ITO) as a conductive 

layer to reduce the effect of electron backscattering, and ZrO2 pillars with height ta = 650 

nm. The meta-atoms are arranged in a hexagonal lattice with p= 350 nm. The change in 

their radius creates the required phase response. In this example, the operating wavelength 

is =632.8 nm. 

 
Fig. 2.5. Schematic view of the ZrO2 pillar meta-atoms. 
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The meta-atom is designed to work in an air environment. The design is done using 

commercial multi-physics software COMSOL [150], where the dispersion data of 

microscope glass (bk7), ITO, and ZrO2, measured by Ellipsometer, are used to model this 

unit cell. In the design, a linearly polarised (E-field on the x-axis) plane wave illuminates 

the structure at normal incidence. To minimise the simulation time, symmetrical boundary 

conditions have been applied in xz and yz planes where the z-axis is considered as an open 

space boundary. These conditions are applied throughout all the simulations with 

COMSOL for the rest of this section's designs. 

The radius sweep of 20 nm to 175 nm provides high transmission with the phase 

modulation offered by the meta-atoms, as depicted in Fig. 2.6. This design provides 0-2π 

phase modulation, which is crucial for phase-only holograms. 

 
Fig. 2.6. COMSOL simulation results of the transmission and phase of ZrO2 nanopillars of differing 

radius, for a wavelength of 632.8 nm. 

 

Figure. 2.7 depicts the electric field (E-field) distribution for a simulated structure. This 

structure considers a quarter of two pillars in a rectangular shape combined with the 

boundary conditions, to apply the hexagonal lattice constant. As expected, the electric 

field distribution is strong inside the pillars and the coupling between them is negligible. 

 

 

 



 

46 
 

2.2    Meta-atom designs 

 

 
Fig. 2.7. E-field distribution of the ZrO2 pillar meta-atom (r = 140 nm ) designed at  = 632.8 nm. 

 

It is noteworthy to mention that this unit cell design is versatile within the visible range as 

long as the meta-atoms are considered to work in subwavelength dimensions. Thus, 

depending on the application, these meta-atoms can be designed for other visible 

wavelengths while providing qualitatively the same results.  

This design is similar to that used in [151-152], providing full-phase coverage with high 

transmission. In my case, given the hardness of ZrO2 and due to the required fabrication 

scheme, this design is not very practical. Therefore, I developed the following design, 

which has less ideal performance but offers other benefits such as easier fabrication and a 

more robust structure. 

 

2.2.3 Pillar with top meta-atoms 

Figure 2.8 shows a novel ZrO2 meta-atom structure. It offers an independent optical 

response of the meta-atoms due to the top ZrO2 cap, as this flat layer physically separates 

the ZrO2 meta-atoms from the medium they are designed to work. To fabricate the 

previous design, it was necessary to pattern a photoresist and then deposit ZrO2, followed 

by an etch-back step and then remove the photoresist. However, in this design, the etch-

back step followed by removal of the photoresist is not required, which is the main 

difference between this design and the previous one. This will be further discussed in 

Chapter 4 where I detail the fabrication of meta-atoms.  
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As illustrated, the unit cell comprises a thick microscope glass as a substrate, a 50 nm thin 

layer of ITO, ZrO2 pillars as the core material with the height ta, and radius r, embedded  

in PMMA, a ZrO2 top cap, with a hexagonal lattice constant p consisting of a triangular 

shape. The lattice constant, height of ZrO2 pillars, and atop cap can be optimised 

depending on the application and operational wavelength. Further, the operational 

medium atop the ZrO2 flat cap can be chosen as desired. Here, I considered air for 

holographic applications and water for biological applications, where the meta-atoms 

operate in a microfluidic environment to interact with biological samples of interest. 

 
Fig. 2.8. Schematic view of the ZrO2 pillar with top meta-atoms. 

 

2.2.3.1 ZrO2 meta-atom designs for holographic applications at 488 nm 

and 532 nm 

This design considers air as the operational medium for the meta-atoms. Given the 

perspective of the unit cell presented in Fig. 2.8, I designed meta-atoms to encode 

holograms at 488 nm and 532 nm with the details provided in Table 2.2. 

Figure 2.9 illustrates the transmission and phase modulation of these meta-atoms. The 

achieved phase modulation at  = 488 nm and  = 532 nm is 300° and 265°, respectively. 

The resonances shown in Fig. 2.9(a) are mainly due to the comparable scale of the lattice 

constant with the illuminated wavelength. These resonances can be removed by reducing  
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the lattice constant size. For instance, the resonances disappeared in Fig. 2.9(b) due to the 

decrease of the lattice constant and increase of the operational wavelength. 

 

Table. 2.2. Meta-atom parameters at 488 nm and 532 nm, designed for holographic applications.  

 

 
Parameter Value 

488 nm 

Operational wavelength 488 nm 

Lattice constant (p) 400 nm 

Radius scan (r) 20-200 nm 

ZrO2 pillar height (ta) 700 nm 

ZrO2 atop cap (tc) 180 nm 

 

532 nm 

Operational wavelength 532 nm 

Lattice constant (p) 300 nm 

Radius scan (r) 20-150 nm 

ZrO2 pillar height (ta) 700 nm 

ZrO2 atop cap (tc) 180 nm 

 

 
Fig. 2.9. Optical response of the meta-atoms designed at (a) 488 nm, and (b) 532 nm for holographic 

applications. 
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However, in the practical implementation of the meta-atoms designed at  = 488 nm, I 

did not use the resonance areas to realise the required phase shift. Table 2.3 reports on the 

16-level phase quantisation for these designs. It should be emphasised that the ZrO2 pillar 

height for both cases is identical, but the phase coverage is not the same. The structure 

provides less phase modulation at larger operational wavelength, e.g. at the case of  = 

532 nm. Nevertheless, this can be solved by increasing the aspect ratio of the pillars. This, 

however, is not only a matter of design but also depends on the accessible nanofabrication 

facilities.  

Table 2.3. 16-level phase quantisation for meta-atoms at 488 nm and 532 nm. 

488 nm 

Phase -168° -146° -123° -101° -78° -56° -33° -11° 

Radius 57 nm 17 nm - - - 187 nm 174 nm 159 nm 

Phase 11° 33° 56° 78° 101° 123° 146° 168° 

Radius 147 nm 137 nm 115 nm 109 nm 96 nm 88 nm 79 nm 71 nm 

 

532 nm 

Phase -175° -152° -130° -107° -85° -62° -40° -17° 

Radius 114 nm 104 nm 96 nm 87 nm 77 nm 66 nm 53 nm 31 nm 

Phase 5° 27° 50° 72° 95° 117° 140° 162° 

Radius - - - - - 143 nm 134 nm 123 nm 

 

Figure 2.10 shows the E-field distribution for the designed structure at  = 532 nm. The 

electric field confinement is strong inside the pillars. However, this E-field distribution is 

different from that of the previous design as there is PMMA between the meta-atoms.   

 
Fig. 2.10. E-field distribution of the meta-atom (r = 115 nm) designed at  = 532 nm for holographic 

applications. 
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2.2.3.2 ZrO2 meta-atom designs for optical trapping applications at 488 nm 

and 532 nm 
 

The NA of a lens plays an important role when it comes to optical trapping applications. 

Here, the goal was to design a high numerical aperture metalens using ZrO2 meta-atoms 

for optical trapping at 488 nm. Hence, the lattice constant is chosen to be small enough to 

satisfy the required NA. This comes with slightly less phase modulation offered by the 

meta-atoms and imposes a practical limitation on the maximum achievable NA. Full 

details of the relation between the lattice constant and the numerical aperture of a metalens 

are discussed in chapter 6 of this thesis. Table 2.4 reports the meta-atoms parameters for 

both designs at 488 nm and 532 nm. 

Table. 2.4. Meta-atom designed parameters at 488 and 532 nm for optical trapping applications.  

 Parameter Value 

488 nm 

Operational wavelength 488 nm 

Lattice constant (p) 200 nm 

Radius scan (r) 10-100 nm 

ZrO2 pillar height (ta) 700 nm 

ZrO2 atop cap (tc) 180 nm 

 

532 nm 

Operational wavelength 532 nm 

Lattice constant (p) 210 nm 

Radius scan (r) 10-105 nm 

ZrO2 pillar height (ta) 700 nm 

ZrO2 atop cap (tc) 180 nm 
 

 

The operation of these meta-atoms is considered in two different media, where atop ZrO2 

cap can be air (used for characterisation) or water (used for optical trapping experiment) 

as the operational medium. The transmission and phase modulation of the unit cells for 

these two scenarios are shown in Fig. 2.11(a-b). These meta-atoms offer higher 

transmission when they are considered to work in water rather than air. This increase in 

transmission for the water case is expected as the wave encounters a less refractive index 

change when it passes through the ZrO2 cap to water rather than the air case. Here, the 

achieved phase modulation for structures optimised at 488 nm and 532 nm is slightly 

smaller than those of larger lattice constants, decreasing to 290° and 255°, respectively.  
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                         a) 

 
                        b) 

 
Fig. 2.11. Optical response of the meta-atoms designed at (a) 488 nm and (b) 532 nm for optical 

trapping applications. 
 

Importantly, owing to the medium-independent response of meta-atoms, the phase 

modulation for the air and water cases is the same.  

Table 2.5 reports on the phase quantisation of the meta-atoms for both wavelengths. 

Notably, this quantisation can be used for air or water as the operational medium. 
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Table 2.5. 16-level phase quantisation for meta-atoms at 488 nm and 532 nm. 

488 nm 

Phase -173° -150° -128° -105° -83° -61° -38° -16° 

Radius - - - 92 nm 87 nm 83 nm 79 nm 73 nm 

Phase 7° 29° 52° 74° 97° 119° 142° 164° 

Radius 67 nm 61 nm 54 nm 47 nm 39 nm 28 nm 15 nm - 

 

532 nm 

Phase -168° -146° -123° -101° -78° -56° -33° -11° 

Radius - - 100 nm 95 nm 89 nm 83 nm 77 nm 71 nm 

Phase 11° 33° 56° 78° 101° 123° 146° 168° 

Radius 65 nm 58 nm 49 nm 38 nm 19 nm - - - 

 

 

 

2.2.4 Air-hole meta-atoms 

This section presents a novel approach for designing meta-atoms with high transmission 

and complete phase modulation while the unit cells are made of a single material. 

Importantly, this method can be implemented using any suitable material having the 

ability to be processed, to create patterned membranes. Here, using two popular high-

contrast photoresists, SU-8 and PMMA, I present all polymeric MS membranes. Then, I 

show how this approach can be extended for the silicon case.  

2.2.4.1 Design of SU-8 meta-atoms 

SU-8, a very popular epoxy-based, negative tone resist that can be patterned using 

photolithography and electron beam lithography. Besides, it shows a relatively high 

average refractive index np≃ 1.58 within the visible range with a negligible absorption 

coefficient. Figure 2.12 illustrates the schematic view of this unit cell. It consists of an air 

cylinder with the height ta and radius r, in a hexagonal lattice constant p consisting of a 

triangular shape. The substrate is made of the same material and the change in its thickness 

(tp) qualitatively has minimal effect on the optical response of the meta-atoms. In this 

configuration, the radius of the air pillar determines the phase of the transmitted light. 
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Fig. 2.12. Schematic view of the SU-8 meta-atoms. 

 

The unit cell was numerically modelled with COMSOL commercial finite element 

software. To minimise the simulation time, symmetrical boundary conditions in the xz 

and yz planes were applied, and adopted open boundary conditions for the z-axis were 

considered. The designed parameters for meta-atoms optimised at =532 nm are presented 

in Table 2.6. Figure 2.13 illustrates the phase modulation and transmission of this unit cell 

for varying air cylinder radii, for polarisation aligned along the x and y axes. As seen, it 

reveals a polarization-independent response due to the symmetry of the air hole in the unit 

cell. 

Table. 2.6. SU-8 meta-atom designed parameters at 532 nm for holographic applications.  

Parameter Value 

Operational wavelength 532 nm 

Lattice constant (p) 300 nm 

Radius scan (r) 20-150 nm 

Air hole pillar height (ta) 1000 nm 

SU-8 substrate (tp) 0.0 nm 
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Fig. 2.13. Optical response of the SU-8 meta-atom designed at 532 nm for holographic applications. 

 

Table 2.7 reports on twelve-level phase quantisation for the practical implementation of 

these meta-atoms. 

Table 2.7. 12-level phase quantisation for SU-8 meta-atoms at 532 nm. 

Phase -175° -145° -115° -85° -55° -25° 5° 35° 65° 95° 125° 155° 

Radius 26 nm 51 nm 68 nm 82 nm 94 nm 104 nm 113 nm 120 nm 127 nm 133 nm 139 nm 145 nm 

 

The effect of the geometrical parameters on the response of the meta-atoms, sketched in 

Fig. 2.12, is numerically modelled and shown in Fig. 2.14(a-b). Panel a) of this figure 

shows how the transmission and phase of the transmitted light are affected by the air 

cylinder height, in a range of ±30% around the nominal value. In this range, the phase 

coverage of the structure spans from 3π/2 to 5π/2, with a marginal effect on the amplitude 

of the transmitted light. Not surprisingly, the thickness of the membrane that guarantees a 

2π coverage of the phase is higher than /np since the presence of the air region reduces 

the effective index of the unit cell. 

Figure 2.14 (b) shows the optical response of the meta-atoms for varying substrate 

thickness. The results show that the phase coverage is unaffected, and the transmission 

changes are qualitatively not different. Likewise, changing the lattice constant p produces 

qualitatively similar results, provided that the subwavelength condition is retained. Figure 

2.15 reports on the optical response of the meta-atoms with the same parameters as 
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Table 2.6 but a lattice constant p = 400 nm. For larger p, the phase changes less quickly 

with the radius. This could help to manage potential fabrication imperfections, as 

deviation from the intended meta-atom size would lead to more contained local error in 

the phase. 

a) 

 
b) 

 
Fig. 2.14. Optical response of the SU-8 meta-atoms with regards to geometrical variation in (a) the air 

hole cylinder height, and (b) the SU-8 substrate thickness. 

 

Figure 2. 16(a-b) depicts the E-field distribution of this meta-atom in the xy and xz planes. 

Panel a) illustrates the confinement of the electric field in the SU-8 area.  
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Fig. 2.15. Optical response of the SU-8 meta-atom designed at 532 nm with p = 400 nm. 

 

a) 

 
b) 

 
Fig. 2.16. E-field distribution (excited with a y-polarised plane wave) of the SU-8 meta-atom (r = 125 

nm) designed at  = 532 nm for holographic applications. (a) shows E-field at z = 530 nm plane, and (b) 

illustrates E-field at y = 75 nm plane. 



 

57 
 

2.2    Meta-atom designs 

 

However, panel b) gives a more intuitive view of how the light is propagating through this 

structure. 

 

2.2.4.2 Design of PMMA meta-atoms 

As mentioned, the designed unit cell provided in Fig. 2.12 is versatile for a suitable 

material with the ability of Nanopatterning. PMMA, a transparent high-resolution 

positive photoresist, offers a good membrane platform for the implementation of 

polymeric MSs as it can be patterned using photolithography and electron beam 

lithography. It offers a slightly lower average refractive index np≃ 1.49 within the visible 

range with a negligible absorption coefficient. The unit cell of this design is presented in 

Fig. 2.17, where PMMA meta-atoms are designed at  =  nm Again, the same 

boundary conditions as of the SU-8 case were applied in the COMSOL simulations.  

 
Fig. 2.17. Schematic view of the PMMA meta-atoms. 

 

The designed parameters are reported in Table 2.8. As expected, the smaller refractive 

index of PMMA compared to SU-8 resulted in slightly taller air cylinders in the unit cell. 
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Table. 2.8. PMMA meta-atom designed parameters at 532 nm for holographic applications.  

Parameter Value 

Operational wavelength 532 nm 

Lattice constant (p) 300 nm 

Radius scan (r) 20-150 nm 

Air hole pillar height (ta) 1170 nm 

PMMA substrate (tp) 0.0 nm 

 

Figure 2.18 reports on the transmission and phase modulation of this unit cell. This 

structure offers a high transmission while the phase modulation covers 0-2π. Again, and 

likewise, to the SU-8 unit cell, the change in the periodicity qualitatively produces the 

same results as long as the subwavelength condition is considered. Table 2.9 reports on 

the twelve-level phase quantisation of this unit cell. The E-field distribution of this unit cell 

is very similar to that of SU-8 meta-atoms. 

 
Fig. 2.18. Optical response of the PMMA meta-atom designed at 532 nm. 

 

Table 2.9. 12-level phase quantisation for PMMA meta-atoms at 532 nm. 

Phase -175° -145° -115° -85° -55° -25° 5° 35° 65° 95° 125° 155° 

Radius 21 nm 48 nm 67 nm 81 nm 92 nm 102 nm 110 nm 118 nm 125 nm 131 nm 138 nm 144 nm 

 

2.2.4.3 Design of silicon meta-atoms 

MSs made of silicon could gain an advantage in the context of mass-scale manufacturing 

simply due to the maturity of the current technology and existing facilities for 

manufacturing silicon chips. Hence, it would be useful to extend the air-hole design  
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method to (crystalline) silicon, as illustrated in Fig. 2.19. For consistency, the meta-atoms 

are designed at  =  nm, while they can be designed at other visible wavelengths  

 
Fig. 2.19. Schematic view of the silicon meta-atoms. 

 

To simulate this structure, the same boundary conditions as of the SU-8 case were 

applied. The designed parameters are reported in Table 2.10.  

Table. 2.10. Silicon meta-atom designed parameters at 532 nm for holographic applications.  

Parameter Value 

Operational wavelength 532 nm 

Lattice constant (p) 190 nm 

Radius scan (r) 20-95 nm 

Air hole pillar height (ta) 230 nm 

Si substrate (tp) 0.0 nm 

 

Figure 2.20 depicts the optical response of this unit cell. As expected, the high refractive 

index of silicon results in a severe phase change with respect to the pillar radii, and a much 

thinner membrane compared to previous cases. However, the increased impedance 

mismatch between the structure and surrounding environment leads to a less favourable 

transmission response.  
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Fig. 2.20. Optical response of the silicon meta-atom designed at 532 nm. 

 

In this design, the substrate thickness (tp) was considered zero. Hence, given the proposed 

thickness of the membrane (230 nm), it is compatible with commercially available Silicon-

On-Insulator (SOI) chips to facilitate its fabrication. It should be noted that silicon with 

this thickness can still be used as a flexible and conformable structure [153]. Hence, one 

can embed this MS membrane in a transparent flexible substrate such as SU-8 or PDMS 

for conformable applications. Table 2.11 reports on the twelve-level phase quantisation of 

this unit cell. 

Table 2.11. 12-level phase quantisation for silicon meta-atoms at 532 nm. 

Phase -175° -145° -115° -85° -55° -25° 5° 35° 65° 95° 125° 155° 

Radius 23 nm 41 nm 59 nm 69 nm 69 nm 73 nm 80 nm 84 nm 87 nm 90 nm 92 nm 94 nm 
 

Figure 2.21 depicts the E-field distribution for this meta-atoms. The E-field distribution is 

more strong in the silicon part rather than the air pillar. It should be noted that the 

proposed structure in Fig. 2.19 can be designed to work in reflection depending on the 

target application. This, however, can be done by considering a thick crystalline silicon 

substrate under the meta-atoms structure and further optimising the design.   
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Fig. 2.21. E-field distribution of the silicon meta-atom (r = 50 nm) designed at  = 532 nm for 

holographic applications. 

 

 

2.3 Conclusion 

I discussed the methodology for designing holographic MSs using the GSA algorithm. 

This algorithm is extensively used to design holograms throughout the following chapters. 

The design of novel meta-atoms using ZrO2 in the visible range is comprehensively 

described. Furthermore, I presented a novel design consisting of air holes and further 

designed meta-atoms made of SU-8, PMMA, and silicon. In the next Chapter, I discuss 

the creation of these described meta-atoms. 

 

2.4 Contribution 

The hologram design formalisation of the GSA with RS was done by James Burch [136]. 

I used the combination of his code and mine to design the holograms. Then, I designed, 

analysed, and simulated all the ZrO2 meta-atoms for different applications in the visible 

range. Importantly, I introduced and developed a new versatile method for the design of 

all-polymeric conformable holographic MSs in the visible range and ran all the 

simulations.  
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Chapter 3 

Fabrication 

 

This chapter presents the fabrication procedures of the novel MSs used in this thesis. 

Particularly, it addresses the fabrication methods to create rigid and flexible holographic 

MSs in the visible range. These techniques led to the creation of MS membranes with cm2 

sizes and thicknesses of hundreds of nanometres. 

 

3.1 Fabrication procedures 

This section provides general information about the fabrication procedures and 

conditions, including nanofabrication tools and materials to realise the required structures. 

All fabrication was conducted in either of the two Class 10,000 cleanrooms, which refers 

to the number of particles larger than 0.5 μm per cubic foot. Processes that require high 

sensitivity, such as spin-coating, were carried out in a Class 1000 wet-deck. To put things 

into perspective, a standard room contains tens of millions of particles larger than 0.5 μm 

in the same volume. Additionally, the cleanrooms' temperature and humidity were tightly 

controlled to ensure greater consistency in the fabrication processes, such as spin-coating. 

 

3.1.1 Materials 

Various materials were exploited to realise the fabrication of MSs for this thesis, with the 

primary constraint being the chemical stability of these materials. This means that selected 

materials must withstand all subsequent steps in the fabrication process. For instance, if 

the material degrades or is entirely removed during subsequent developing or baking steps, 

it is considered to exhibit poor chemical stability. Consequently, a meticulous selection of 

materials is essential, tailored to the specific structures intended for fabrication. In the 

following, the materials used in this thesis are discussed. 
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Glass slides, as the most used substrate for this thesis, are cost-effective and optically 

transparent. This transparency makes it suitable for transmissive devices which were the 

main idea of this thesis. Importantly, glass slides exhibit chemical inertness, making them 

compatible with the entire fabrication process. Nevertheless, glass has a limited ability to 

dissipate charges during electron beam lithography (EBL) or SEM, often necessitating an 

additional conductive layer. 

Silicon, due to its outstanding properties, was the second most used substrate in the 

fabrication process. Commercially produced silicon wafers are planar with minimal 

defects, crucial as subsequent materials layered onto them are influenced by any defects 

present in the initial substrate. Also, silicon's relative inertness offers compatibility with a 

broad spectrum of subsequent chemical processes. Furthermore, its crystalline structure 

facilitates easy cleaving, a vital step in membrane release for flexible structures. Lastly, 

silicon exhibits sufficient electrical conductivity to minimise charging effects during both 

EBL processes and SEM, eliminating the need for an additional conductive layer. 

Zirconium dioxide, due to its availability and outstanding material properties described in 

Chapter two, has been selected and used as the core material of the most implemented 

meta-atoms in this thesis. Across the visible range, it offers a weakly-dispersive high 

refractive index with negligible loss. Its hardness and transparency combined with its 

biocompatibility make ZrO2 an ideal material platform for real-life applications. 

Compared to TiO2, ZrO2 temperature resistance and its mechanical strength is 

advantageous. In addition, TiO2 conformal deposition typically happens in high 

temperatures while that of ZrO2 occurs at 80 °C. Recently, Hafnium dioxide (HfO2) has 

been explored as an interesting alternative material [154]. Compared to HfO2, ZrO2 offers 

a higher refractive index in the visible range while it is cheaper. However, it should be 

mentioned the choice between these materials depends on various factors such as the 

specific requirements of the given application, the operating conditions, and the 

fabrication process. 

I have explored and used a variety of polymers to ensure they are the ideal material for the 

intended fabrication procedure. The three polymers that I used the most and found ideal 

for the fabrication of this thesis are PMMA, SU-8, and Omnicoat. PMMA is a high-

resolution positive tone resist, transparent, and affordable. This material was used mainly  
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for EBL patterning. Nevertheless, PMMA is less chemically inert, as it dissolves in 

common solvents such as acetone and MF-319.  

SU-8, a negative tone polymer resist manufactured by Microchem and available in various 

molecular weights, derives its name from the epoxy groups present in its monomers. Upon 

exposure to UV radiation or an electron beam (Ebeam), these epoxy groups undergo 

polymerisation, forming a highly stable compound with outstanding chemical stability. It 

is essential to mention that after exposure, SU-8 is chemically stable. 

In this thesis, two different SU-8 resist types, SU-8 2050 and SU-8 2000.5, with varying 

molecular weights and viscosities, were employed. The viscosity of the resist determines, 

among other factors, the thickness of spun resist layers using a spin coater. The viscosity 

of SU-8 resists was further customised by blending different ratios of 2050 and 2000.5 with 

the solvent Cyclopentanone. Increasing Cyclopentanone content results in a thinner layer 

at the same spin speed, while a higher proportion of 2050 results in a thicker layer.  

Omnicoat, a polymer available from Microchem, was initially formulated as an adhesion 

promotion layer for SU-8 to enhance the quality of spun SU-8 layers. However, in this 

thesis, Omnicoat served a different purpose as a sacrificial layer. The primary goal of this 

sacrificial layer was to facilitate the removal of SU-8 membranes from a rigid carrier as the 

last step of the fabrication for flexible structures. Omnicoat demonstrates chemical stability 

during the SU-8 development, including baking, exposure, and other required developing 

procedures. Nonetheless, it dissolves in two chemical solvents, MF319 and 1165, both 

available from Microchem. This enables the removal of Omnicoat from the structure, 

resulting in realising the membrane attached to it previously. 

Gold was the metal material of choice for the work done in this thesis due to its 

compatibility with all fabrication processes. Its adhesion can be enhanced by applying a 3 

nm layer of NiCr. It is physically soft, conductive, and chemically inert. This makes it 

exceptionally well-suited for Reactive Ion Etching (RIE). I have used gold mostly as a hard 

mask for the RIE step and to use its properties in SEM, to ensure the PMMA development.  
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3.1.2 Nanofabrication processes 

In this section, I detailed the process of using the machines involved in fabricating my 

structures, rather than delving into the details of their working principles. 

3.1.2.1 Electron Beam Lithography 

EBL was employed to define patterns for all the samples presented in this thesis. This 

process utilises a highly focused electron beam to expose and create patterns in photoresist 

materials. These materials can be positive or negative tone resists that can be selected 

depending on the intended pattern. The bond structure within the resist undergoes 

alterations upon exposure to electrons or UV radiation. Subsequently, the loosely bonded 

areas can be eliminated through a developing step following exposure. 

The utilized EBL system was a RAITH eLine Plus Nanofabrication. In this system, 

electrons accelerate from the tip at variable energies, reaching up to 30 keV. Numerous 

lenses facilitated beam collimation and adjustments to spot position, focal distance,  

aperture alignment, and stigmation. Different apertures control the current and spot size 

while further collimating the beam. For instance, larger apertures such as 30 m lead to 

faster writing time for larger features. In contrast, smaller apertures such as 7 m provide 

slower writing time but offer higher accuracy and they can more accurately define features 

in a few hundred nanometres scale. The spot position on the sample could be adjusted in 

three dimensions by altering the stage position. 

To implement the designed pattern with EBL, the preparation of a position list prior to 

writing is required. This position list was the position of meta-atoms to realise the required 

phase shift for the target MS. All the position lists in this thesis were obtained through a 

customised MATLAB code written by myself, and then imported to the RAITH eline Plus 

software. It is essential to mention that for all the patterns made, proximity correction was 

applied to optimise the received dose by each meta-atom, to ensure all of them can fully 

develop at the same time. This requirement is due to the different sizes of the meta-atoms, 

so they need a different amount of exposed dose to be fully developed simultaneously with 

other meta-atoms. It should be noted that the final delivered dose to a feature/meta-atom  
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consists of three doses including base dose, design dose, and dose factor. The base dose is 

the same for all the features. The design dose can be the same for all the features or it can 

be optimised, e.g. using a proximity correction procedure. The dose factor can be 

engineered for each structure separately. For instance, smaller features/meta-atoms 

required a larger dose in my fabrications.  

Before each writing, the system was aligned. This was done initially using a scalpel blade 

to create a scratch at the corner of each sample, to align the focus, aperture, and stigmation. 

Further adjustments included focus optimization for the sharpest SEM image, wobbling 

the focus for aperture alignment, and finding a circular object for stigmation adjustment. 

Then, after importing the position list to the software, an initial beam optimization 

involved burning a contamination spot into the resist, near the intended exposure area of 

the structures. Subsequent spots were burned to further optimize the beam. 

It should be noted that in all the samples I have used a customised dose test including 

different features with different doses to examine the outcome after development. I used 

these features to make sure my target MS is fully developed.  

 

3.1.2.2 Atomic Layer Deposition 

ALD is a powerful thin-film deposition technique that offers precise control over film 

thickness and composition by growing layer-by-layer deposition. It is a controllable cyclic 

process in vapor-phase, to create thin films on various substrates with remarkable 

conformity and uniformity. The film thickness then can be controlled by the number of 

cycles in a sub-nanometric scale. Each cycle usually consists of two half-reactions which 

leads to the deposition of one atomic layer. Each reaction comes from a precursor, where 

the target material is stored.  

The ALD used was a Cambridge Savannah ALD System with six precursors for different 

materials, and a circular-shaped chamber, large enough to introduce numerous samples 

with an average size of 5 × 5 cm2. The chamber does have inner and outer rings with 

controllable temperature. It uses nitrogen as the carrier gas to carry the vaporised materials  
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to the chamber. During the ALD procedure, the chamber was under vacuum. The 

processing time for each sample can be relatively slow due to the ALD cyclic nature but it 

depends on the material under deposition and the target thickness. Deposition of some 

materials requires higher temperatures. This high temperature under vacuum combined 

with the long processing time can introduce a challenge as the patterned features of the 

sample should withstand this situation until the target thickness is met. In my case, I used 

ALD to deposit ZrO2 and for the target thickness, it took around five hours. This time 

under the aforementioned situation was enough to melt my patterned sample which was 

made of a polymer (this point will be addressed later in this chapter). However, this is a 

fair cost to deposit high precision thicknesses with conformable coating combined with 

uniformity across large areas. 

 
Fig. 3.1. Schematically showing the conformal deposition using ALD technique. The deposition growth 

from side walls and is not directional. 

 

In this thesis, using ALD was inevitable as I was required to deposit my material in high-

aspect-ratio structures in which ALD could provide this deposition with uniformity. 

However, this goal was not achievable with other deposition methods like Ebeam 

evaporation. This is simply because controlling the deposited film's uniformity for high 

aspect ratio features was challenging. One of the main features of ALD rather than other 

deposition methods is shown in Fig. 3.1. This figure illustrates the deposited material in 

the ALD technique grows from the walls, and is not directional. This makes it a well-

suited method for the deposition of high-aspect-ratio features. 
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3.1.2.3 Electron Beam Evaporation 

The evaporation processes described in this thesis were conducted using an Edwards 

AUTO 306 Electron Beam evaporator. This evaporator mainly consists of a chamber, a 

sample holder on top of the chamber, a shutter, rotational crucibles systems allowing 

different crucibles with different materials, and an electron gun which directs the beam 

onto the underside of a selected tungsten crucible. 

By turning the beam on, the energy emitted by the electrons through the gun transfers to 

the crucible, heating the metal contained inside it. At sufficiently high beam intensity, the 

metal undergoes evaporation in a directed manner towards the sample, located at the top 

of the chamber. A quartz crystal was used to monitor the deposition rate, calculate the 

tooling factor, and eventually measure the final deposited thickness. It should be noted 

that the tooling factor can vary depending on the deposition rate. All evaporation 

procedures were carried out in a high vacuum environment (≈10−5 Pa) to minimise 

collisions between metal and air molecules. 

The shutter was used to block the material from reaching the sample at both the start of 

the evaporation and the end of the evaporation. This was important when the evaporation 

started because the deposition rate was not yet fixed, and it could be excessively high, 

resulting in a risk of damage to the sample by imparting too much heat. On the other hand, 

the deposition rate could be too low, potentially compromising the formation of high-

quality films. Therefore, the shutter provides material deposition onto the sample only 

when the evaporation rate falls within the fixed target range. 

Furthermore, the evaporator incorporates sample rotation around the centre to enhance 

uniformity by eliminating angular dependence. This tool was specifically used when a 

uniform layer was needed. However, for deposition onto the patterned sample, e.g. to 

deposit some metal into a developed sample to examine their development, this rotation 

was avoided. This was due to the creation of some deposited unfavourable features around 

the patterned features, making it challenging to examine the sample.   
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3.1.2.4 Reactive Ion Etching 

In this thesis, a customized RIE machine was employed to transfer the required patterns 

in the desired material. Usually, a layer of 40 nm gold, as the mask was used for this 

purpose. Argon was selected for the RIE steps due to its substantial mass, effectively 

milling the gold. In this process, a direct current (DC) bias propels heavy argon ions at 

high velocities into the sample, resulting in a uniform physical milling of the material. The 

pivotal factor in the RIE procedure is the DC bias, determining the kinetic energy 

transferred during argon-sample collisions. Additionally, argon etching is a 

straightforward physical process, obviating the need for chemical etchant gases in the case 

of thin gold layers. Materials with different thicknesses may necessitate a more intricate 

etching process to ensure parallel sidewalls. 

To operate the RIE procedure, the sample was initially loaded in a high vacuum chamber, 

which was then evacuated to approximately 10-6 Pa to eliminate impurities that could 

impact etching properties. Argon is introduced into the chamber at a controlled rate using 

a mass flow controller to achieve a predetermined pressure. A radio frequency (RF) signal 

ionises the gas at 13.56 MHz, and the heavy ions remain relatively stationary. The 

electrons, however, are accelerated to the top plate and the walls where they are connected 

to the ground. This procedure creates a static DC field within the chamber and generates 

a plasma. 

Also, I have used the mixture of oxygen (O2) and Sulfur hexafluoride (SF6) to etch 

polymers like SU-8 and PMMA. A similar process except for the employed gasses was 

used for these processes. The pre-set power of the RF signal combined with the etching 

pressure are important elements in determining the etching rate. Hence, the etching time 

is dependent on the etching rate and the target thickness. For a 40 nm gold layer, the 

typical etching time was 8 minutes, while for a 1 m SU-8 layer, it was 6 minutes, resulting 

in an approximate etching rate of 5 nm minute-1 for gold, and 166 nm minute-1 for SU-8, 

respectively. It should be noted for all the etching processes performed for this thesis, I 

waited 10 minutes to ensure the introduced gasses into the RIE chamber were evenly 

spread, leading to an even etching process. 
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3.2 ZrO2 metasurfaces for visible light holography and 

optical trapping 

To fabricate ZrO2 MSs operating in the visible range, the workflow illustrated in Fig. 3.2 

and described in detail later in this section was followed. These procedures were the same 

for MSs functioning for the holography and optical trapping applications and took around 

four days per sample.  

 
Fig. 3.2. Schematic of the fabrication process for the ZrO2 MSs. (a) A glass substrate was initially coated 

with a thin ITO layer by evaporation and a thick PMMA film by spin-coating. (b) PMMA layer was 

patterned through the standard EBL process. Nanopillars were defined after the development process. (c) 

ZrO2 nanopillars with a flat surface atop were obtained after the ALD process. 
 

However, achieving a working recipe to fabricate these structures was challenging and it 

happened after examining a lot of sacrificial samples. The challenges followed by their 

solutions are presented in the following. 
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3.2.1 Challenges and solutions 

The fabrication scheme of these ZrO2 MSs is presented in Fig. 3.2. However, in the interest 

of simplification and clarification, I address Fig. 3.3 which can clearly show the required 

process. Hence, I discuss the challenges considering this nanofabrication process. 

 

 
Fig. 3.3. Schematic of the fabrication procedure for ZrO2 MSs. (a) EBL and development, and (b) ALD 

procedure to fulfil the nanofeatures with ZrO2. 
 

I started to make the designed MS patterns using silicon rather than glass substrate as it is 

a semiconductor and compatible with the EBL procedure. This step was required to make 

sure the developing recipe works for the most suitable situation. Then, it was easier to 

make them on glass. 

The MS features consisted of high-aspect-ratio pillars, and the electron backscattering 

phenomenon was not an issue with silicon. Figure 3.4 shows microscope and SEM images 

of the created pattern on a silicon substrate with 350 nm PMMA coated on top. For 

simplicity, I started with a square lattice constant and considered all the pillars to have 

identical radii as clearly shown in Fig. 3.4(c). After reaching the stage shown in Fig. 3.4(f), 

where I could create nanopillars with fully developed features for one fixed pillar radii, the 

next crucial step was to develop a fabrication recipe to create fully developed nanopillars 

with various radii and an increased thickness in the PMMA layer. The minimum and 

maximum pillar diameter sizes were 30 nm and 374 nm, respectively. Creating these 

nanopillars with different geometrical sizes combined with an increased layer of PMMA 

up to 700 nm, imposed a considerable challenge in their nanofabrication process. 

 

 

 

Substrate Substrate

a) b)

PMMA ZrO2
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Fig. 3.4. (a) Schematic showing a sacrificial sample to create nanopillars on a silicon substrate with 350 

nm coated PMMA on top. (b) Schematic showing the cleaved sample from its edge. (c) shows the cleaved 

sample to inspect the nanopillars with SEM. The blue line indicates the feature areas. (d) SEM image of 

the cleaved sample, looking from its cleaved edge while the sample is tilted. (e) SEM image of the 

nanopillars from the top. (f) SEM image of the cleaved sample with higher magnification. This clearly 

shows the pillars were fully developed. 
 

The nature of this challenge comes from the fact that all the nanopillars must develop 

simultaneously together. Hence, the delivered EBL exposure dose of each of them should 

not be identical. Generally, smaller pillars require a higher EBL exposure dose while the 

larger pillars require a smaller EBL exposure dose. 

Figure 3.5 illustrates SEM images of some attempts with sacrificial samples. These 

samples were made of a silicon substrate with 700 nm coated PMMA on top. I created 

many of these sacrificial samples to optimise two important factors: (i) delivered EBL 

exposure dose to pillars with different radii, and (ii) development time. To shine a light on 

this matter, Fig. 3.5(a-d) illustrates SEM images of developed samples, while it is clear 

that some of the nanopillars are either merged or completely washed away. These images 

indicate the cycle of exposure and development was ineffective. One might consider that  
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because some of the pillars were merged, the nanopillars were fully open and they had 

reached the bottom of the substrate (silicon). This can be inspected by depositing a layer 

of metal on the sample, in particular, on PMMA and then removing it.  

The nanopillar pattern should be retained if they were fully opened. Figure 3.5(e) presents 

the SEM images of the sample after the evaporation of 5 nm NiCr for adhesion purposes 

followed by 30 nm of gold. Figure 3.5(f) shows the SEM image of the sample after the 

removal of PMMA. It is clear that a considerable number of nanopillars were not fully 

opened and did not reach the silicon substrate. 

 

Fig. 3.5. SEM images of sacrificial samples with silicon substrate and 700 nm PMMA coated on top. (a-

d) SEM images of different developed samples with different delivered EBL exposure doses and 

development times. (e) SEM image of a developed sample with 35 nm deposited metal on top of it. (f) 

SEM image of a sample after removal of PMMA.  
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Figure. 3.6 illustrates an SEM image of a developed sample obtained after carefully 

cleaving it to see the nanopillars from their cleaved edge. 

 

Fig. 3.6. SEM images of a sacrificial sample to inspect the created nanopillars. The scale bar is 500 nm. 

The image shows that even though the features are open from the top, they are not fully opened with 

straight walls to the bottom of the substrate.  
 

Addressing this issue posed a significant challenge. It involved determining the precise 

parameters for exposure and development. After an extensive effort to optimise the 

proximity correction, required doses, development time, and other involved parameters to 

ensure complete pattern development, I should have transferred this approach to the glass 

substrate to realise transmissive structures. 

During this transition, the first issue I faced was the electron backscattering as glass is a 

dielectric material and the electron charging during the EBL writing would have destroyed 

the resolution and the geometry of the target features. Especially, the side walls of the 

features shown in Fig. 3.3(a) were not developed as straight walls and adjacent pillars 

occasionally merged. To address this problem, I decided to coat a thin conductive layer 

onto the glass before spun coating the photoresist. This helped to overcome this issue. 

The second major issue I was dealing with was the developing stage in which not all the 

meta-atoms with different sizes were developed at the same time. The larger meta-atoms 

were overdeveloped and merged with the adjacent features and the smaller meta-atoms 

were underdeveloped, not reaching the glass substrate. Though optimising the proximity 

correction to optimise the given exposure dose to each pillar can help, this was not enough 
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to solve the issue. The final solution, after many tests, was reached by optimising the ratio 

of deionised (DI) water to IPA which is addressed further in this Chapter.  

To illustrate the importance of having straight-developed walls (see Fig. 3.3(a)), Fig. 3.7 

shows an example of a failed sample due to incomplete development and not having 

straight walls for larger nanopillars. After ZrO2 deposition, as schematically shown in Fig. 

3.3(b), the centre part of the nanopillar is not filled with ZrO2 which significantly affects 

its performance. This challenge was overcome by optimising the parameters for the 

fabrication.  

 

Fig. 3.7. SEM image of a nanopillar. 

 

To validate the solution and ensure all the nanopillars with different sizes were fully 

developed, a gold deposition of 40 nm was done on a developed sacrificial sample. Then, 

the PMMA was lifted off to see the results. Figure 3.8(a) shows an SEM image of a part 

of this sacrificial sample after EBL and development. Figure 3.8(b) illustrates an SEM 

image of the lifted-off sample. This procedure was followed and repeated a couple of times 

to ensure the samples were fully developed in different fabrication runs. 

After this stage, where I had fully developed patterns, the next step was to fill the 

nanopillars with conformal deposition of ZrO2 using the ALD technique.  
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Fig. 3.8. Sacrificial sample to ensure development. (a) SEM image of the sample after the EBL and 

developed procedure. (b) SEM image of the lifted-off sample. 

          

The sample should stay and survive in the ALD chamber for approximately five hours to 

gain the required deposition thickness. This was a problem because the patterned PMMA 

was melting inside the ALD chamber, so the obtained sample after the ALD procedure 

was not the structure that was initially designed. The solution to this issue was to post-

bake the sample again on a hotplate with the reported temperature and time following this 

Chapter and to decrease the ZrO2 deposition temperature to 80 °C. At this stage, I 

developed a working recipe to successfully fabricate ZrO2 MSs. 

Figure 3.9 (a-b) shows some microscope images of the developed samples with different 

side lengths which were fabricated for optical trapping purposes. Figure 3.9(c) illustrates 

the sample after the ALD procedure. Figure. 3.9(d-f) depicts some SEM images of the 

cleaved samples to inspect the fabricated nanopillars. 
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Fig. 3.9. Microscope (a-c) and SEM (d-f) images of fabricated samples. 

 

3.2.2 Fabrication procedure for ZrO2 metasurfaces 

1. Cleaned the microscope glass by submerging it in acetone and then isopropyl 

alcohol (IPA) under sonication. Each cleaning step was carried out at room 

temperature for 5 minutes. Deposited 50 nm of ITO onto the glass substrate to act 

as a thin conductive layer. The typical deposition parameters are shown in Table 

3.1. 

 
Table. 3.1. Typical deposition parameters. 

Parameters Value 

Base Pressure 1e-6 mPa 

Deposition Pressure 1e-5 mPa 

Deposition rate 0.3 nm min-1 

 

2. Spin-coated a thick layer of PMMA as the photoresist to define the pattern, at 1250 

rpm for 1 minute. The thickness of this layer was 700 nm. This thickness is dictated 

by the design.  

3. Baked for 5 minutes at 180 °C. 
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4. EBL step using a RAITH eLine Plus with the parameters recorded in Table 3.2. 

 

Table. 3.2. Typical electron bean parameters for defining nanopillars. 

Parameters Value 

Extra High Tension (ETH) 30 kV 

Base dose 150 µC cm-2 

Dose factor 0.65 

Working distance 9.7 mm 

Write field size 100 × 100 µm2 

Aperture size 10 µm 

Basic step size 6 nm 

Area step size 20 nm 

 

 

5. Developed the PMMA resist with DI water and IPA solvent with a ratio of 1:1, for 

1 minute at room temperature. 

6. Post-baked the sample for 20 minutes at 95 °C. This step was necessary to increase 

the rigidity of the PMMA membrane to prevent the melting of the pattern into the 

ALD chamber. The baking temperature was chosen to be below the glass transition 

temperature.  

7. Deposited 180 nm ZrO2 onto the sample by inserting the sample into the ALD 

chamber. To create ZrO2 using ALD, H2O and TDMAZr precursors with the 

parameters recorded in Table 3.3 were used. These parameters gave the average 

deposition rate of 1.78 Å per cycle. 

 

Table. 3.3. parameters used for atomic layer deposition of ZrO2. 

Parameters Value 

Inner ring temperature 80 °C 

Outer ring temperature 80 °C 

Valve manifold temperature 120 °C 

Exhaust line temperature 120 °C 

Trap temperature 120 °C 

TDMAZr precursor temperature 75 °C 

Chamber pressure during deposition 0.270 Torr 

H2O pulse time 0.3 s 

Waiting time 7 s 

TDMAZr pulse time 0.03 s 
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Figure 3.10 shows the finished ZrO2 MSs with the microscope glass substrate, mounted 

on a 30 mm cage for experimental purposes. In addition, Fig. 3.11 displays an SEM image 

of the finished fabricated sample, where it was cleaved, and the image was taken from the 

cleaved edge of the sample.  

 
Fig. 3.10. An image showing the MSs on a roughly 7.5 × 7.5 cm2 glass microscope mounted on a 2D 

stage for an experiment. 

 

 
Fig. 3.11. An SEM image of a cleaved ZrO2 MS, looking at the edge of the cleaved part. 

 

3.3 Polymeric membrane metasurfaces 

In this section, I introduce a new type of meta-atoms operating at the visible range, 

consisting of an airhole inside a polymeric material. All-polymeric membrane MSs 

operating in the visible range can be made using two popular photoresists, PMMA and  
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SU-8. The choice of material depends on the application and fabrication procedure, e.g. a 

negative or positive photoresist should be patterned. Also, The PMMA refractive index in 

the visible range is slightly lower than that of SU-8.  

Here, I present the fabrication of All-polymeric SU-8 membrane MSs. To fabricate SU-8 

MSs, the workflow depicted in Fig. 3.12 and described in detail below was followed. These 

procedures took around four days per sample. 

 
Fig. 3.12. Schematic of the fabrication process for the SU-8 MSs membranes. (a) A standard silicon carrier 

was initially coated with a thin Omnicoat as a sacrificial layer and then a thick SU-8 layer by spin-coating. 

(b) Then, the sample was coated with a thin layer of gold via evaporation. After that, a thin PMMA layer 

was spun coated onto the gold layer. (c) PMMA layer was patterned through the standard EBL process. 

Air nanopillars were defined after the development process. (d) Air nanopillars inside the SU-8 layer 

appeared after two RIE steps to etch the gold inside the nanopillars and then to etch the SU-8 layer, 

respectively. The leftover gold atop SU-8 was removed with a wet-etching process. (d) Flexible SU-8 MS 

membrane was obtained through a lift-off process. 
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3.3.1 Fabrication procedure for SU-8 metasurfaces 

1. Cleaned the silicon carrier by submerging it in acetone and then isopropyl alcohol 

under sonication. Each cleaning step was carried out at room temperature for 5 

minutes. 

2. Spin-coated a sacrificial layer of Omnicoat (Microchem) at 1000 rpm for 45 

seconds. The thickness of this layer was 100 ± 15 nm. 

3. Baked for 1 minute at 230 °C. 

4. Spin-coated a thick layer of SU-8 (Microchem) to act as a flexible membrane, this 

was a blend of SU-8 2050 and SU-8 2000.5 mixed 1:1, at 1000 rpm for 1 minute. 

The thickness of this layer was 6 ± 0.1 μm. This thickness was chosen to guarantee 

both the high flexibility and robustness of the MS membrane. 

5. Baked for 5 minutes at 65 ◦C, then 5 minutes at 90 °C. 

6. UV-exposed the SU-8 layer, to cross-link it, for 5 minutes. 

7. Baked, to finalise cross-linking in the SU-8, for 5 minutes at 65 °C, and another 5 

minutes at 90 °C. 

8. Hard-baked, for 20 minutes at 170 °C  

9. Evaporated 40 nm of gold onto the SU-8 to act as a hard mask. This layer was thick 

enough to protect the SU-8 underneath. 

10. Spin-coated a thin layer of PMMA A2 950 K at 1000 rpm for 1 minute. The 

thickness of this layer was 200 ± 30 nm. 

11. Baked for 5 minutes at 180 °C. 

12. EBL step using RAITH eLine Plus with the parameters in Table 3.4. 

 
Table. 3.4. Typical electron bean parameters for defining nanopillars. 

Parameters Value 

ETH 30 kV 

Base dose 150 µC cm-2 

Dose factor 0.75 

Working distance 10 mm 

Write field size 100 × 100 µm2 

Aperture size 10 µm 

Basic step size 10 nm 

Area step size 20 nm 
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13. Developed the PMMA resist with DI water and IPA solvent with respectively a 

ratio of 3:7, for 1 minute at room temperature. 

14. Dry RIE step to remove the gold at the end of the nanopillars to make it ready for 

transferring the pattern from PMMA to the SU-8 layer. This step was carried out 

with Argon gas for 9 minutes, with the parameters reported in Table 3.5. 

 
Table. 3.5. RIE parameters to remove 30 nm gold. 

Parameters Value 

Base pressure 1e-6 mPa 

Etching pressure 3e-2 mPa 

Argon flow rate 500 sccm 

RF Power 20 W 

DC Bias -300 V 

 

15. Dry RIE step to etch the SU-8 layer at the end of the nanopillars to transfer the 

pattern to the SU-8 layer. The gold atop the unpatterned SU-8 layer protects the 

SU-8 underneath. This step was carried out for 6 minutes with a mixture of SF6 

and O2 gases, with a ratio of 1:5, respectively. This etching with the parameters 

reported in Table 3.6 guarantees the removal of 1 µm SU-8, which was dictated by 

the design.   

Table. 3.6. RIE parameters to etch 1 µm of SU-8. 

Parameters Value 

Base pressure 1e-6 mPa 

Etching pressure 2e-2 mPa 

SF6 flow rate 20 sccm 

O2 flow rate 100 sccm 

RF Power 20 W 

DC Bias -252 V 

 

16. Cleaved 4 edges of the sample to allow the lift-off solvent to dissolve all parts of the 

sacrificial layer. 

17. Dissolved the Omnicoat layer, to release the membrane from the silicon carrier, 

using MF319 (Microposit). Then, the sample was transferred to DI water for 

rinsing and transferring the membrane to the desired carrier.  
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Figure. 3. 13 illustrates an image of the finished flexible SU-8 MS membrane, taken with 

a standard camera. 

 
Fig. 3.13. An image showing the SU-8 MS membrane. The square-shaped structures are MSs with  

200 × 200 µm2 size. 

 

 

3.4 Conclusion 

This chapter details the fabrication procedures for holographic MSs operating in the visible 

range used in this thesis. In particular, it reveals the fabrication of two different meta-

atoms, ZrO2 and SU-8 MS platforms. The challenges combined with their proper solutions  
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are discussed. Furthermore, the presented methods could be incrementally improved, or 

the materials could be easily swapped if required. Specifically, for the flexible MS 

membrane platform made by SU-8, the main rate-limiting step for large-scale production 

was the EBL time. In theory, the nanoimprinting method with roll-to-roll printing could 

overcome this issue. 

Generally, implementing automation could simplify the techniques used in this thesis for 

mass-scale production. The yields were already approaching 100%. In the next Chapter, I 

describe the experimental setups made to characterise the fabricated MSs. In particular, I 

use the setups to characterise MSs created by air-hole meta-atoms in Chapter 5, and pillar 

with top meta-atoms in Chapters 6 and 7. 

 

3.5 Contribution 

I carried out all the fabrication steps for all samples from similar processes utilised in the 

Synthetic Optics research group. I customised the existing recipes for fabrication 

procedures in this research group to satisfy my needs. In particular, I was extensively 

exposed to Nanofabrication tools, including Spin coater, hot plate, EBL eLine Plus, 

Ebeam evaporator, Sputerrer, Atomic layer disposition, RIE, Ellipsometry, Dek-talk 

profiler, and EVG system. In addition, I worked with a variety of photoresists and 

materials to develop a working recipe for the fabrication of two different platforms 

presented. In general, I made approximately eighty ZrO2 MS samples, and eight SU-8 

samples. 
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Chapter 4 

Characterisation 

 

This chapter outlines the experimental setups used in this thesis. In particular, it addresses 

the optical setups utilised to characterise the operation of holographic MSs in the visible 

range, for holographic imaging and optical trapping applications.  

 

4.1 Experimental setup to characterise the efficiency of 

the metasurfaces 

This section presents the experimental setups that were developed to measure the 

performance of the different types of MSs presented in Chapter 2. Also, the method of 

measuring the efficiency is described in detail. 

4.1.1 Characterisation of the ZrO2 and SU-8 metasurfaces 

The efficiency of the holographic MSs is dependent on the target holographic image as 

different meta-atoms interact with the incident light and deflect the light in different 

directions to create the target holographic image. Hence, it is best to design a hologram to 

focus light into a point to enable the consistent measurement of the efficiency. Therefore, 

to quantitatively appraise the efficiency of these transmissive MSs, their ability to focus 

the light in a dot-shaped hologram using a customised setup is measured. The MSs were 

excited using a broadband supercontinuum laser (SuperK, NKT Photonics) in the visible 

range, mainly from 488 nm to 700 nm in increments of 50 nm. SuperK lasers use non-

linear optical effects such as supercontinuum generation in photonic crystal fibres to 

generate a broad spectrum of wavelengths. Then the light is carefully guided and interacts 

with the fibre structure. Eventually, this interaction causes the light to spread out and break 

up into many different colours. Here, Fig. 4.1 shows the setup with the bandwidth of the 

beam ≈ 10 nm. 
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The laser beam was passed through a linear polariser and then expanded to a beam with 

a  diameter of 1.5 cm with a telescope made of two lenses with focal lengths of 50 mm and 

400 mm. After that, the beam was focused on the MS sample with a lens with a focal 

length of 1000 mm. This leads to a small beam with a narrow angular distribution and  

a) 

 

 
b) 
 

 
Fig. 4.1. The experimental setup to measure the efficiency of transmissive MSs. (a) schematic view, and 

(b) image of the experimental setup. 
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gives a good approximation of the normal incident. The setup produced a spot size of 

∼250 μm in diameter at the plane of the sample at the designed wavelength. Notably, the 

size of the MSs for characterisation was 200 × 200 µm2. Thus, the focused laser beam 

obtained by this setup efficiently overfilled the square MS sample. Given this, the ratio of 

the power onto the MS sample was scaled to determine the incident power to the sample. 

The beam size as a function of wavelength was measured using a Thorlabs BC106N-

VIS/M CCD beam profiler to measure the accurate beam size in each wavelength used. 

The efficiency of the MSs was then obtained by a designed hologram that produced a dot-

shaped image at 30 degrees with respect to the MS normal, at the designed wavelength. 

Figure 4.2, schematically shows this concept. It should be noted that the MS structure 

deflected the light at 30 degrees for the designed wavelengths. However, the efficiency 

measurements were done across the visible range and the detector position moved when 

measuring in different wavelengths due to the dependence of the diffraction angle on the 

incident wavelength.    

 
Fig. 4.2. Illustration of a MS design for efficiency measurements. 

 

The diffraction efficiency was then obtained by normalising the power in the two first 

diffracted orders, normalised to the power of the (not diffracted) zeroth order. The power 

measurements were done using a Thorlabs S130C Photodiode Power Sensor. Figure. 4.3 

intuitively shows a typical image of the focused spot created by the MS designed at  = 

488 nm. 

 

 

 

Incident laser beam
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4.1    Experimental setup to characterise the efficiency of the metasurfaces 

 

 
Fig. 4.3. The focused spot at 30° using the MS designed at  = 488 nm. 

 
Figure 4.4 illustrates the collection of images taken by this MS performing across the 

visible range at different wavelengths. It should be noted that these images were taken by 

placing a white screen instead of the power meter to show the performance of these MSs. 

Hence, their value is qualitative and not quantitative. The camera and exposure conditions 

were almost identical for all images.  

 

 
Fig. 4.4. The performance of the ZrO2 MS to create a focused spot across the visible range. 

 
 

 

 

 

MS sample

Normal incident
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4.2    Experimental setup for optical trapping applications of metasurfaces in microfluidic environments 

 

4.2 Experimental setup for optical trapping applications 

of metasurfaces in microfluidic environments 

The MS samples were prepared via a 100-micron-thick plastic strip and then sealed with a 

150-micron-thick glass coverslip, where DI water and the particles of interest were placed 

in the space between the MS and the glass coverslip, as depicted in Fig. 4. 5. Notably, the 

MS structure was in the centre of this black plastic strip. 

 

 
Fig. 4. 5. Sample preparation for operating in microfluidic environments. 

 

Then, the experiment was done with the setup sketched in Fig. 4.6. It consists of two lasers 

with designed optics and a 4f system to access the microscope objective lens from top and 

bottom. 

A gem-solid state continuous wave laser at 532 nm was linearly polarised and expanded 

to a beam with a diameter of 1.3 cm with a telescope made by two lenses with focal lengths 

of 100 mm and 1000 mm. The selection of lenses was made to magnify the input beam 

large enough to cover the circular aperture of the next optics. Then, to access the 

microscope objective from the bottom, the beam was redirected using a movable mirror 

and the beam was collimated again using a 4f system, made of two lenses with focal 

lengths of 750 mm. It should be noted that the use of a 4f system was necessary to control 

the collimation and size/magnification of the delivered beam to the back of the high NA 

objective lens, given the long optical path between the laser and the microscope. In 

addition, it simplified the alignment and stability of the system as the optical axis of the  
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input and output beams remained aligned. The beam then reached the back of the objective 

lens using a long pass filter that reflected 532 nm.  

 

 
Fig. 4.6. Experimental setup for optical trapping applications at 488 nm and 532 nm. 

 

Also, a toptica solid-state laser at 488 nm was linearly polarised and expanded to a beam 

of 1.2 cm with a telescope made by two lenses with focal lengths of 35 mm and 400 mm. 

Again, the selection of lenses was made to ensure the output beam would cover the whole 

area of the next lens. Then, the beam was focused on the metasurface that was mounted 

on an adjustable microscope 2D stage via a periscope, with a lens with a focal length of 

1000 mm. This setup produced a spot size of ∼250 µm in diameter at the MS. Given the 

long focal distance of 1000 mm and considering the input beam covering the whole area 

of the lens, the focused beam with a good approximation can be considered as a plane 

wave. To access the objective lens atop with laser beam at 532 nm, the three mirrors 

illustrated in Fig. 4.6 were displaced. 

It should be emphasized that the alignment of this setup was not an easy task and took a 

lot of time for different experiment runs. Delivering the green laser beam from the back of 

the objective was not challenging as the 4f system helped with its alignment and this part 
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of the setup was stable and worked well. However, delivering a collimated beam from the 

top to the MS sample and making sure it illuminates the sample at normal incident was 

challenging and time-consuming. This was simply because of the small distance between 

the MS sample and the last optics used (dichroic mirror) combined with a set of mirrors 

and irises used in the setup to redirect the light up from the optical table. The periscope 

system combined with the mirrors used in the setup provided a good degree of freedom  

 
Fig. 4.7. The experimental setup for optical trapping and imaging applications at 488 nm and 532 nm. 

 

for alignment, but it also made the setup very sensitive to small changes. To tackle this 

challenge, I used an adjustable dichroic mirror providing alignment in three dimensions, 

to align the input beam, right before the MS sample, as shown in Fig. 4.6. To make sure 

the beam was illuminating at the normal incident, I used a glass microscope slid covered  
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with 200 nm gold, and placed it instead of the sample for many times. This made the beam 

reflect and I made sure the incident beam and the reflected beam were covering each other 

far away from the sample.  

In this experimental setup, as Fig. 4.7 illustrates the microscope part, a Nikon microscope 

(Eclipse Ti-U) with a PRIOR 2D stage providing movement in the x- and y-axis for 

alignment, was used. Also, this setup provided a calibration in the z-axis where one can 

trace the movement in the z-axis with regard to the image plane. In the experiment, I used 

two cameras: ININITY3-3UR, mainly for alignment, and a Baumer VCXU-13M for 

recording purposes. I recorded the images and videos exploiting the condenser white light 

of the microscope where a long pass filter was set before the camera. Importantly, a water 

immersion 60X microscope objective lens with NA = 1.2 was used for experimental and 

recording purposes. 

More details about the use of this setup will be provided in Chapter 6, where the 

experiments are described. 

 

4.3 Conclusion 

The experimental setups required to characterise the holographic MSs for efficiency 

measurements and optical trapping applications were presented. The method of measuring 

their efficiency was described and experimental images were shown. The optical trapping 

setup with two lasers operating at 488 nm and 532 nm was discussed in detail and the 

challenges and solution were highlighted. In the next Chapters 5 to 7, I will discuss how 

these setups are used in different applications. 

4.4 Contribution 

I made the required setup to characterise the efficiency of the MSs. Also, I customised the 

optical trapping setup which was already built to satisfy my needs. I re-aligned it from 

scratch several times to optimise the coupling from the top. 
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Chapter 5 

Conformable polymeric metasurfaces 

for holographic applications at visible 

wavelengths 

 

This chapter details a new class of flexible MSs that was explored in this thesis. Photonic 

MSs are commonly constituted through the periodic arrangement of meta-atoms, each 

comprising two or more distinct materials. This essential prerequisite imposes notable 

constraints during the design and manufacturing processes, which are especially 

prominent in the context of adaptable and conformable MSs. Here, I report on the design 

and fabrication of a new class of MS membranes for holographic applications constructed 

solely from polymeric materials, which are efficient and polarisation-independent across 

the visible spectrum. These findings represent a substantial stride toward streamlining the 

mass production of flexible holographic MSs. 

 

5.1 Introduction 

MSs can be designed using different approaches such as Huygens', Pancharatnam-Berry, 

and High-contrast techniques, as expounded in Chapter 1. Irrespective of the chosen 

methodology to design meta-atoms, these approaches generally require the integration of 

multiple materials, which is essential to elicit the desired response from the meta-atoms, 

such as embedding high-contrast dielectric nanopillars on/in a substrate with low index 

or resorting to plasmonic effects on metallic layers deposited over dielectric features. The 

presence of distinct materials within the structure increases both the cost and intricacy 

associated with the design and manufacturing processes.  
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This constraint is of great importance in the context of flexible holographic metasurfaces 

(FHMS), which are conventionally fabricated using pliable substrates that house either 

dielectric or metallic nano-features, situated either on their surface or embedded within 

the flexible support, to create the meta-atoms [47, 75, 106]. 

When compared to flat and rigid holographic metasurfaces (HMSs), FHMSs extend the 

design possibilities for generating high-quality holograms. They can be applied 

conformally to a variety of chosen surfaces, providing the target object with customized 

photonic capabilities, independently from the material or shape of the underlying target 

object [47]. On the other hand, the resulting holographic information can be designed in a 

way that either exhibits resilience to deformation [47] or be intricately linked to the 

contours of the support structure [75, 105-106]. 

Despite the capabilities offered by sophisticated fabrication methods to incorporate 

dielectric and metallic nano-features into polymeric substrates, it would be highly desirable 

to enable the realisation of FHMs using simple, low-refractive-index polymer materials. 

This approach would alleviate numerous design and manufacturing limitations, enabling 

the comprehensive utilization of the diverse attributes inherent to polymers. For instance, 

depending on the specific application, it would become feasible to fine-tune aspects such 

as flexibility, cost-effectiveness, ease of manufacturing, weight, and stretchability.  

    Here, I present a thin-film all-polymeric FHMS membrane operating in the visible 

range. This is similar to traditional instances of photonic crystals [154], which are offered 

for sensing and filtering applications [156-158]. Within the landscape of MS technology, 

this kind of transparent membrane has recently been proposed for imaging in the infrared 

region [159]. However, here, a transparent MS membrane is proposed to work in the 

visible range with the engineered meta-atoms inside a polymeric membrane.   

The proposed structure works in transmission and offers a full 2π phase modulation of the 

scattered light, as described in detail in Chapter 2. In the following, the hologram design, 

fabrication, discussion on imperfections, and holographic images across the visible 

spectrum are presented. 
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5.2 Design 

This part outlines the design of meta-atoms and the hologram for visible light holography. 

Notably, the meta-atom design was presented in Chapter 2. Here, I describe the design of 

meta-atoms in more detail, considering their operation at other visible wavelengths. Then, 

the hologram design for efficiency measurements and holographic imaging across the 

visible range are presented. 

 

5.2.1 Meta-atom design 

This approach can be realised by exploiting any suitable material that shows the capability 

of patterning using nanofabrication techniques. In this context, I opted to utilise SU-8, a 

widely used epoxy-based negative-tone resist, amenable to precision patterning through 

both photolithography and electron beam lithography techniques [160], and exhibiting 

long-term stability [161]. SU-8 films offer versatility in thickness, ranging from several tens 

of nanometres to several hundred microns, and can be patterned in high aspect ratio 

features. Furthermore, SU-8 exhibits a comparatively elevated average refractive index 

(np≃1.58) and negligible absorption coefficients across the entire visible range, as shown 

in Fig. 5. 1.  

In the interest of readability and clarity, Fig. 5. 2(a-b) shows a sketch of the meta-atom, 

with ta = 1 µm, p = 300 nm, tp = 0.0 nm, and its optical response at  = 532 nm, as presented 

in Chapter 2. 
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5.2    Design 

 

 
Fig. 5.1.SU-8 2000 (Microchem) refractive index across the visible range [162]. 

 

 
Fig. 5.2. (a) Schematic view of the SU-8 meta-atoms. (b) Optical response of the SU-8 meta-atom 

designed at 532 nm for both polarisations. 

 

The dependence of the optical response of the meta-atoms from its geometrical parameters 

has already been studied in Chapter 2. It is noteworthy to remember that for a constant ta, 

the phase shift is fully determined by the pillar radius, whereas tp has minimal effect on the 

qualitative response of the device. Therefore, it is best to have tp>ta for practical purposes.  

Here, I will elaborate on the optical response of the designed meta-atoms at other visible 

wavelengths than the designed wavelength (d = 532 nm). This could open a vision to 

understand the optical behaviour of the final device across the visible range spectrum.  

Figures 5.3(a-b) illustrate the phase and transmission response of the optimised meta-

atoms for operation at d but excited at =488 nm and =632 nm, respectively. 

a) b)
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As expected, at shorter wavelengths, the phase modulation covers a range superior to 2, 

as shown in Fig. 5.3(a). This means that having a working device with 2 phase coverage 

at =488 nm requires a lower height for air holes (ta<1 m). However, at longer 

wavelengths, the meta-atoms are incapable of covering 2 phase shift. Similarly, this 

means that having a 2 phase coverage at  = 632 nm requires taller air holes (ta>1 m). 

In both cases, the transmission is qualitatively similar and offers an average transmission 

greater than 85%. However, I expect a reduction of the efficiency due to dephasing, but 

the degradation is more severe in the long wavelength range. This is confirmed by the 

experimental results to measure efficiency presented later in this chapter.  

 

 
Fig. 5.3. Optical response of the SU-8 meta-atom designed at d = 532 nm, but excited at (a)  = 488 nm 

and (b)  = 632 nm. 
 

 

 

 

 

a)

b)
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5.2    Design 

 

5.2.2 Hologram design 

To measure the efficiency, a hologram to create a dot-shaped holographic image with the 

parameters reported in Table 5.1 was designed.   

 

Table. 5.1. Hologram parameters to design a dot-shaped hologram for SU-8 MS at 532 nm. 

Parameter Value 

Hologram resolution 666×666 

Holographic image resolution 200×200 

Hologram pixel pitch 300 nm 

Holographic image pixel pitch 0.4 mm 

Source intensity Plane-wave 

Wavelength 532 nm 

Distance in z 150 mm 

Holographic image offset in x-y-z 86.6,0,0 mm 

 
Figure 5.4 reports on the target image, simulated holographic image, and the phase profile 

obtained by the RS numerical method for this hologram.  

 

a) 
 

 

b) 
 

 

c) 
 
 

 
Fig. 5.4. (a) Target image to design a dot-shaped hologram. (b) Simulated holographic image. (c) Phase 

profile. 

 
As a proof of concept, I designed a holographic image of a penguin image, with the 

parameters reported in Table 5.2.  

 
Table. 5.2. Hologram parameters to design a penguin hologram for SU-8 MS at 532 nm. 

Parameter Value 

Hologram resolution 667×667 

Holographic image resolution 333×333 

Hologram pixel pitch 300 nm 

Holographic image pixel pitch 0.7 mm 

Source intensity Plane-wave 

Wavelength 532 nm 

Distance in z 150 mm 

Holographic image offset in x-y-z 86.6,0,0 mm 
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Figure 5.5 reports on the target image, simulated holographic image, and the phase profile 

obtained by the RS numerical method for this hologram.  

 

a) 
 

 

b) 
 

 

c) 
 

 
Fig. 5.5. (a) Target image to design a penguin hologram. (b) Simulated holographic image. (c) Phase 

profile. 

 

The phase profile is then mapped to the required radii to realise this hologram using a 

MATLAB code created by myself. A 12-level phase quantisation is used, as reported in 

Chapter 2, which guarantees high-quality holographic images. 

5.3 Fabrication 

The fabrication procedure of these polymeric membranes is presented in Chapter 3. Here, 

I will elaborate on the fabricated devices in detail and show some SEM images of the 

fabricated sample. Fig. 5.6(a-c) illustrates the fabrication workflow. Fig. 5.6(d) displays 

the flexible membrane of the SU-8 MSs, and Fig. 5.6(e) depicts the SEM image of the 

sample before the RIE step. Then, to ensure the pattern was transferred to the SU-8 layer, 

SEM images of the final fabricated sample were taken. Figure 5.7 shows the SEM images 

of the SU-8 FHMS. 
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5.3    Fabrication 

 

 
Fig. 5.6. Schematic of the fabrication workflow of the flexible SU-8 MS membrane. (a) Silicon carrier was 

initially coated with Omnicoat, SU-8, and gold, followed by PMMA, which was patterned through a 

standard EBL process. b) Following the development, the MS pattern was transferred onto the SU-8 layer. 

(c) The MS was released from the carrier through a lift-off process. (d) Image of the fabricated sample. 

The blue arrow indicates the MSs area (e) SEM image of the fabricated sample [163]. 
 

It is useful to mention it is very hard to create high-definition SEM images of the sample, 

and therefore make a quantitative comparison between the design and the experimental 

data, due to excessive electron charging.  This effect is particularly strong for the fully 

etched sample (Fig. 5.6(c)), when no metal is present, and therefore the image had to be 

taken at a lower magnification, as shown in Fig. 5.7(a). However, the presented figures 

show that the holes were all clearly defined, and the largest holes were almost touching. 
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a) 

 

b) 

 
Fig. 5.7. SEM images of the SU-8 FHMS. 

 

 

5.4 Experimental setup 

Here, the experimental setup that was developed to measure the efficiency and acquire the 

holographic images made by SU-8 FHMSs is discussed. The setup was identical for 

efficiency measurements and obtaining the holographic images. The only difference was 

that to measure the efficiency, I replaced the screen with a power meter to record the 

power. The MSs were excited using a broadband supercontinuum laser (SuperK, NKT 

Photonics) in the designed wavelength in the visible range, mainly at 488 nm and 532 nm, 

with the setup shown in Fig. 5.8. The laser beam was passed through a linear polariser and 

then expanded to a beam with a  diameter of 1.5 cm with a telescope made of two lenses 

with focal lengths of 50 mm and 400 mm. After that, the beam was focused on the MS 

sample with a lens with a focal length of 1000 mm to approximately act as a plane wave. 

The setup produced a spot size of ∼250 μm in diameter at the plane of the sample at the 

designed wavelength. Notably, the size of the MSs for characterisation was considered 200 

× 200 µm2. The holographic images were created after the sample on the screen at the 

designed angle of 30 ° respect to the MS normal. Then, the images were taken by a 

standard camera with a fixed position with respect to the screen. 
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Fig. 5.8. Experimental setup to acquire the holographic image made by SU-8 FHMSs. 

 

5.5 Results and discussion 

The efficiency measurements as a function of wavelength for polarisations along with the 

x- and y-axis are illustrated in Fig. 5.9. The efficiency peaks at 64% at 532 nm and is lower 

in other wavelengths. These results show the insensitivity of the designed device to the  

 
Fig. 5.9. The diffraction efficiency of the SU-8 MS designed at 532 nm as a function of wavelength for 

x- and y-polarised light [163]. 
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5.5    Results and discussion 

 

polarisation state of the incident light. The measured values for both polarisations are not 

completely matched, which contributes to the imperfections in the experiments. It is useful 

to mention at wavelengths except the design wavelength, the inability of the MS to 

modulate the phase as designed, results in lower efficiency. 

It is noteworthy to compare the efficiency of this platform with the efficiency of other MSs 

operating in the visible region. For instance, MSs with high refractive index meta-atoms 

achieved efficiencies >66% in transmission [88, 164], while those employing metal-

insulator-metal meta-atoms reached an efficiency of 80% in reflection [56].  

Figure 5.10 demonstrates the experimental holographic image of the MS membrane, 

displaying a target image positioned 15 cm away from the MS at a 30-degree angle relative 

to the normal incident. The MS membrane is placed on a glass slide for practical 

considerations. It is emphasised that the observed results remain consistent whether the 

MS is framed and suspended or positioned on a glass slide. 

 

 
Fig. 5.10. Experimental results of the SU-8 FHMS sample for holographic imaging at = 532 nm [163]. 
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5.5    Results and discussion 

 

To reveal the broadband operating ability of the proposed structure across the visible 

range, the same MS was illuminated with different wavelengths in the 488 nm to 632 nm 

range, and the corresponding holographic images were obtained, as shown in Fig. 5.11. 

As expected, and due to the diffraction effect, the image size and position change with the 

operation wavelength, as it is clearly illustrated in this figure. 

 

 
Fig. 5.11. Experimental measurement of the holographic imaging of the SU-8 FHMS membrane across 

the visible range [163]. 

 

To illustrate the capability of the experimented MS to operate effectively over a range of 

wavelengths, it is useful to study the created images with signal-to-noise (CNR) and 

contrast-to-noise (CNR) ratios. Figure 5.12 illustrates the SNR and CNR for images 

projected in different wavelengths. It should be mentioned that part of the projected images 

has been used to extract these values, hence the results should be considered in this 

context. 

As expected, this approach exhibits versatility across a broad and diverse range of 

materials. For example, Fig. 5.13 illustrates the amplitude and phase characteristics of the 

transmitted light through a unit cell, considering PMMA and crystalline silicon with SU-

8. In this instance, the lattice constant for the PMMA unit cell was maintained at 300 nm, 

as identical to the SU-8 case. However, a periodicity of 190 nm was considered for the 

silicon case. 
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Fig. 5.12. Illustration of the (a) CNR and (b) SNR for created images in different wavelengths. The blue 

rectangular shape in (a) indicates the selected part of the image for calculations. ROI 1 and ROI 2 in (b) 

indicate the region of interest used in calculations for background and signal, respectively. Red squares 

are measured experimental points. The blue discontinued line is an interpolation between the red squares.    

 

The determined minimum thicknesses ensuring complete 2π phase coverage were 1.170 

µm for PMMA and 230 nm for silicon. The elevated refractive index of silicon induces a 

more severe phase modulation with the dimension of the air holes, resulting in a 

considerably reduced membrane thickness. This means the silicon MS membranes are 

more sensitive than SU-8/PMMA cases. 
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a) 
 

 

b) 

 
Fig. 5.13. Comparing the (a) transmission and (b) phase modulation of PMMA, and silicon with SU-8 

membrane [163]. 
 

It is noteworthy that, even in the case of crystalline silicon, the flexibility and 

conformability of the nanomembranes can be effectively leveraged [153], as mentioned in 

Chapter 2. However, the heightened impedance mismatch with the surrounding 

environment and material absorption contribute to a less favourable transmission.  

Exploiting PMMA is attractive due to its amenability to straightforward direct electron-

beam exposure, albeit at a slightly increased thickness. Alternative polymeric materials, 

such as PDMS, hold promise for making stretchable and tuneable MSs, capitalising on 

their flexible and conformable nature. Moreover, the fabrication of this category of MSs 

can be upscaled using suitable polymers through hybrid nano-imprinting and etching 

techniques [165]. 

This class of MSs has the potential for additional refinement to exhibit sensitivity to a 

specific polarisation, should it prove advantageous for the intended application. Achieving 

this characteristic can be realised by defining non-symmetrical air holes. 

It is important to highlight that holographic MSs composed of single materials generally 

exhibit a reduced range of versatility in controlling the scattering properties of the meta-

atoms. Nevertheless, this limitation is compensated by the straightforwardness of both 

design and fabrication processes. Particularly, such simplicity is advantageous for  
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applications in sensing [166-167] and augmented reality [168], wherein strong scattering 

efficiencies are not inherently crucial. 

 

5.6 Conclusion 

In summary, I introduced a flexible and polarisation-independent holographic MS 

membrane operating in transmission across the visible range. In contrast with most 

realisations of MSs, our devices can be constructed using a single transparent material, 

such as a low refractive index polymer. I conducted a comprehensive study on the impact 

of both geometric and material parameters of the meta-atoms, backed by experimental 

characterisation of the fabricated samples. The proposed flexible and highly transparent 

MS membranes offer a distinctive foundation for advancing scalable applications in 

augmented reality, sensing, and Biophotonics.  

 

5.7 Contribution 

I designed the holograms and ran all the simulations. I carried out all the fabrication steps 

for all samples related to this chapter from similar processes utilised in the Synthetic Optics 

research group. Also, I customised and developed the existing recipes for fabrication 

procedures to satisfy my needs. In particular, I worked with Nanofabrication tools, 

including Spin coater, EBL eLine Plus, Ebeam evaporator, RIE, Dek-talk profiler, and 

EVG system. In addition, I worked with a variety of photoresists and materials to develop 

a working recipe for the fabrication of SU-8 membranes. I made the required setup for the 

characterisation of holographic imaging and ran all the experiments. In general, I made 

approximately twelve SU-8 samples. 
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Chapter 6 

Holographic metasurfaces for imaging 

and optical trapping applications in the 

visible range 

 

This chapter details the realisation of lab-on-chip holographic MSs employed for optical 

trapping and imaging applications in the visible range, exploiting excellent optical and 

mechanical properties of ZrO2. 

Visible light holographic MSs offer advanced imaging capabilities within compact, planar 

systems. The precise control and structuring of light are crucial in lab-on-chip biophotonic 

applications, where manipulating light with high accuracy and flexibility is essential. 

Dielectric holographic MSs are limited to near-infrared and larger wavelengths of the 

visible range due to considerable absorption loss. Overcoming the challenge of extending 

operational wavelengths into smaller wavelengths, this study demonstrates the suitability 

of ZrO2 MSs for this purpose. Here, I demonstrate the efficient operation of high numerical 

aperture ZrO2 holographic MSs for imaging and optical trapping at wavelengths as low as 

532 nm and 488 nm. 

 

6.1 Introduction 

In biophotonics experiments, working in the near-infrared (NIR) is advantageous as 

phototoxicity and light absorption in tissues can be minimised. However, visible-range 

imaging is predominant in most experiments, especially for leveraging fluorescence-based 

assays to enhance imaging resolution. Shorter wavelengths are commonly employed to 

excite fluorophores and dyes in this concept. 
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Various platforms can be employed to realise HMSs. Plasmonic meta-atoms exhibit 

outstanding performance in reflection [47, 56]. However, their implementation in the 

visible spectrum is challenging due to intrinsic losses and complicating biophotonics 

experiments with issues like localised absorption and heat. Silicon-based HMSs 

demonstrate good performance in the amorphous phase (a-si) and crystalline phase (c-si) 

[163, 169], but they are limited to the 532 nm region due to absorption losses. For instance, 

Metalenses with a numerical aperture up to 1.48 and efficiency exceeding 42% have been 

reported [79, 94, 164]. Titanium dioxide is another interesting material. TiO2 HMSs 

emerge as promising candidates for visible range applications, with reported NA of 0.8 to 

1.1 and having efficiencies from 78% to 50% [88-89, 170, 171], particularly in the 

crystalline form, which exhibits high refractive indices. Moving to smaller wavelengths, 

recent advancements include HfO2 MSs operating in the UV range with a reported NA of 

0.6 and an efficiency of 60% [154]. 

Here, I contend that ZrO2 is a compelling and viable alternative to other platforms for 

HMSs within the visible range, particularly in applications for biophotonics and optical 

trapping (OT). Given its exceptional properties, in recent studies, the utilization of 

nanoimprinting techniques has facilitated the realisation of MSs using ZrO2 nanoparticles, 

across the visible [172] and deep ultraviolet (UV) spectra [173]. Notably, these ZrO2 

nanoparticles exhibit a slightly lower refractive index and have a higher loss in deep UV 

spectra compared to bulk ZrO2. 

In this study, I show the ability of ZrO2 MSs within microfluidic environments by 

demonstrating ZrO2 HMSs tailored for optical trapping applications in the green and blue 

regions of the visible spectrum. OT, a non-invasive technique, enables precise 

manipulation of micron-sized particles [174] and smaller objects without direct contact. 

This manipulation is usually achieved by creating specific optical potentials, such as 

strongly focusing Gaussian beams to spot sizes comparable to that of the trapped object. 

The trap stiffness, indicative of the spring constant of the damped oscillator describing the 

trapping potential [175], is influenced by the power, wavelength, as well as optical and 

geometrical parameters of the trapped object [176]. OT is an invaluable method for 

measuring forces in the pN regime, by following the displacement of the trapped object on 
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the nanometric scale. This capability has elevated OT to an outstanding tool for probing 

biophysical dynamics down to the single-molecule level [177]. Furthermore, OT has been 

employed to trap living cells directly [178], manipulate nanostructures within living 

organisms [179], facilitate in-situ assembly of microscopic structures [180], and 

manipulate extended objects [181]. 

Many of these experiments utilise bulky, high numerical aperture objectives, necessary for 

achieving a balance between the optical scattering and gradient forces acting on the 

trapped object. Hence, the adoption of MSs technology for OT applications holds 

significance. In the NIR range, metalenses (based on silicon platforms with NA up to 0.88) 

yield a trap stiffness of up to 0.02 pN/µm/W [182]. Also, by employing plasmonic-based 

platforms, trap stiffness up to 0.013 pN/µm/W (NA = 0.7) has been reported [183]. 

Recently, using reflective-type PB MSs, these performance metrics have been updated to 

values comparable to objectives with NA=1.2, and trap stiffness greater than 400 

pN/µm/W [184]. 

Optical trapping in the visible range is rewarding but more challenging. OT in the visible 

spectrum, in comparison to the NIR, offers increased trapping forces (which scale 

advantageously with the inverse of the wavelength used). This is a crucial factor for 

manipulating and controlling small objects. Nevertheless, trapping at shorter wavelengths 

introduces additional challenges due to the comparable sizes between the periodicity of 

the MSs and the wavelength of the incident light. This makes achieving a high NA even 

more difficult in the visible region. A recent development in the visible range involves 

adaptive Fresnel metalenses that exploit a patterned polymer on the tip of an optical fibre 

with an NA of 0.88, working at the wavelength of 660 nm, and resulting in a trap stiffness 

of 100 pN/µm/W [185]. 

Here, I present broadband transmissive HMSs made of ZrO2, having a numerical aperture 

as high as 1.2 within the visible range. These ZrO2 HMSs are designed for on-chip optical 

trapping and imaging applications, specifically at wavelengths of 488 nm (blue HMSs) and 

532 nm (green HMSs). The experimentally measured trapping stiffness for these devices 

indicates the trap stiffness of 212 pN/µm/W and 130 pN/µm/W, for blue and green 

HMSs, respectively. 
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6.2 Design 

This part presents the considerations for the design of meta-atoms and holograms for 

efficiency measurements, holographic imaging and optical trapping. The design procedure 

of the meta-atoms for both applications was presented in Chapter 2. Here, I present the 

hologram design for efficiency measurements and image projection with the HMSs 

designed for holographic imaging. Then, I detail meta-atom designs, considering high NA 

requirements for optical trapping in the visible range. Following this, I present the 

hologram designs for efficiency measurements and optical trapping experiments.   

 

6.2.1 Meta-atom design 

The ellipsometer (J.A. Woollam) was used to measure the refractive index of the deposited 

amorphous ZrO2 in the visible range and UV spectrum. Appendix B illustrates a 

comparison between the refractive index of the deposited ZrO2 with that of reported 

works. Figure 6.1(a) illustrates the comparison of the refractive index of ZrO2 with those 

of silicon and TiO2. The data show that the deposited ZrO2 possesses a high refractive 

index that spans from the visible range well into the deep UV region, with negligible 

absorption. In the interest of readability and clarity, Fig. 6.1(b) illustrates a perspective of 

the proposed ZrO2 unit cells of the HMSs that are structured in a honeycomb lattice and 

fully described in Chapter 2.   

 
Fig. 6.1. (a) Comparison of amorphous ZrO2 refractive index with that of si and TiO2, and (b) 

perspective of the ZrO2 unit cell design. 

 

 

a) b)
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The corresponding transmission and phase modulation of the designed meta-atoms for 

both blue and green HMSs, working in air and water media, were described and fully 

explained in Chapter 2. The transmission of the meta-atoms for both green and blue HMSs 

was consistently greater than 80% in water. The meta-atoms working in the air were 

considered to enable efficiency measurements and show the HMS’ capability for creating 

holographic images.   

Though the transmission of the meta-atoms is affected by the surrounding medium, e.g. 

the transmission is higher in the water environment simply due to the elevated refractive 

index of water compared to air, the phase shift is unchanged. This means that the phase 

modulation of the meta-atoms is not dependent on the working environment, simply due 

to the ZrO2 cap on top of the unit cell, which works as a separating wall between the unit 

cell core and the working medium. This planar ZrO2 wall protects the supported modes of 

ZrO2 meta-atoms against the environment. 

 

6.2.2 Hologram designs for efficiency measurements at 488 nm 

and 532 nm for holographic image projection applications 

 

Two different sets of MSs were designed for holographic imaging and optical trapping 

applications. The main difference between them was the periodicity of the MSs, as 

holographic imaging does not necessarily require high NA which limits the MS 

periodicity, whereas smaller periodicity is necessary for optical trapping to achieve high 

NA. This matter will be discussed in detail following this section. 

To design a hologram to measure efficiency for holographic imaging applications, the 

parameters reported in Table 6.1 were used.   
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Table. 6.1. Hologram parameters designed for efficiency measurements for holographic imaging 

applications. 

 Parameter Value 

488 nm 

Hologram resolution 500×500 

Holographic image resolution 100×100 

Hologram pixel pitch 400 nm 

Holographic image pixel pitch 0.7 mm 

Source intensity Plane-wave 

Wavelength 488 nm 

Distance in z 200 mm 

Holographic image offset in x-y-z 115.47,0,0 mm 

 

532 nm 

Hologram resolution 666×666 

Holographic image resolution 100×100 

Hologram pixel pitch 300 nm 

Holographic image pixel pitch 0.7 mm 

Source intensity Plane-wave 

Wavelength 532 nm 

Distance in z 200 mm 

Holographic image offset in x-y-z 115.47,0,0 mm 

 

Figure 6.2 reports on the target images, simulated holographic images, and the phase 

profiles obtained by the RS numerical method for these holograms.  

 

a) 
 

 
 
 

 

b) 
 

 

c) 

 
d) 

 

 

e) 
 

 
Fig. 6.2. (a) Target image to design a dot-shaped hologram. (b-c) Simulated holographic image and 

obtained phase profile at  = 488 nm. (d-e) Simulated holographic image and obtained phase profile at 

 = 532 nm. 

 

20 m 

20 m 
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6.2.3 Hologram design of a deer image for holographic image 

projection  

 

To validate the performance of the proposed MSs, a deer image as a holographic image 

with the parameters reported in Table 6.2 was designed. Figure 6.3 reports on the target 

image, simulated holographic image, and the phase profile obtained by the RS numerical 

method for this hologram. 

Table. 6.2. Hologram parameters to design a deer hologram for ZrO2 MS at 532 nm. 

Parameter Value 

Hologram resolution 660×660 

Holographic image resolution 300×300 

Hologram pixel pitch 300 nm 

Holographic image pixel pitch 0.5 mm 

Source intensity Plane-wave 

Wavelength 532 nm 

Distance in z 150 mm 

Holographic image offset in x-y-z 86.6,0,0 mm 

 

 
Fig. 6.3. (a) Target image to design a deer hologram. (b) Simulated holographic image at  = 532 

nm. (c) Phase profile. 

 

 

6.2.4 High NA metasurface design 

The NA of a focusing MS is limited by the periodicity of the meta-atoms, following the 

Nyquist−Shannon sampling theorem in the spatial domain [170]: 

p ≤ d/2.NA 

 

(1) 

 

a) b) c)
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Where p is the periodicity, d is the designed wavelength. For instance, in my case, the 

MSs designed at d = 488 nm and d = 532 nm have p = 200 nm and 210 nm, respectively. 

This corresponds to a maximum achievable NA of 1.22 and 1.26, respectively. Figure 6.4 

illustrates the plot of equation (1) for the case of d = 532 nm.  

This limitation can be considered in terms of the focal length (F) of the structure and its 

side length (L). Given a specific focal length, the maximum area of the MS and the 

periodicity of the meta-atoms impose limitations on the NA of the lens. To this end, and 

considering optical trapping using MSs, it can be noted that the maximum trapping 

distance to guarantee 𝑁𝐴 = 𝑛𝑚sin (φ) , is derived by F = 𝐿
𝑛𝑚

2NA
√1 − (

NA

𝑛𝑚
)2 [184], where φ 

is the half angle of the focal length, and nm is the medium refractive index. 

 
Fig. 6.4. Illustration of the achievable NA versus the MS periodicity. Considering d = 532 nm, the blue 

curve shows the plot of equation 1. The green box depicts that with p = 210 nm, the maximum 

achievable NA is 1.26. 
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Figure 6.5 illustrates how the ratio ζ=F/L can be chosen to guarantee the selected 

periodicity meets the requirements of the designed NA. 

 
Fig. 6.5. The ratio of focal length over side length of an MS to guarantee the designed NA. Here, water 

was considered as the medium with 𝑛𝑚 = 1.33. The red cross shows having ζ = 0.21 guarantees NA of 

1.22.  

 

 

6.2.5 Hologram designs for efficiency measurements at 488 nm and 532 

nm for optical trapping applications 

 

As explained before, due to the requirement of a high NA lens for optical trapping, the 

periodicity was chosen to be reduced to 200 nm and 210 nm for  = 488 nm and  = 532 

nm, respectively. To design a hologram to measure the efficiency of these MSs, the 

parameters reported in Table 6.3 were used.  

 

 

 

 

 

 

 

m

m
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Table. 6.3. Hologram parameters designed for efficiency measurements for optical trapping 

applications. 

 Parameter Value 

488 nm 

Hologram resolution 1000×1000 

Holographic image resolution 100×100 

Hologram pixel pitch 200 nm 

Holographic image pixel pitch 0.7 mm 

Source intensity Plane-wave 

Wavelength 488 nm 

Distance in z 150 mm 

Holographic image offset in x-y-z 86.6,0,0 mm 

 

532 nm 

Hologram resolution 952×952 

Holographic image resolution 100×100 

Hologram pixel pitch 210 nm 

Holographic image pixel pitch 0.7 mm 

Source intensity Plane-wave 

Wavelength 532 nm 

Distance in z 150 mm 

Holographic image offset in x-y-z 86.6,0,0 mm 

 

Figure 6.6 reports on the target image, simulated holographic images, and the obtained 

phase profiles by the RS numerical method for this hologram. It should be noted that the 

existence of the gradient shown in Figs. 6.6(b, d) arises due to early termination of the 

GSA. The effect of the gradient on efficiency measurements is negligible.  

 
 

a) 

 

b) c) 
 

 

 

 

d) e) 
 

 

 

 
Fig. 6.6. (a) Target image to design a dot-shaped hologram. (b-c) Simulated holographic image and 

obtained phase profile at  = 488 nm. (d-e) Simulated holographic image and obtained phase profile 

at  = 532 nm. 

20 m 

20 m 
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6.2.6 Hologram designs for high NA metasurfaces at 488nm and 532 nm 

for optical trapping 

 

Figure 6.7 illustrates the concept of optical trapping using an MS. In this figure, a 

collimated green light impinges the MS structure from the top and the structure focuses 

light to a point where the spherical bead is optically trapped.  

 

 
Fig. 6.7. The concept of optical trapping using an MS instead of a bulky objective. 

 

Given the Nyquist−Shannon sampling theorem, the periodicity of 200 nm and 210 nm 

were chosen to meet the requirements of NA = 1.2 at  = 488 nm and  = 532 nm, 

respectively. Following the design procedure, considering 140 m as the side length of 

both MSs, the focal length of 30 m and 32 m guarantees the designed NA = 1.2 at  = 

488 nm and  = 532 nm, respectively. In addition, these MSs were designed to work in a 

water environment, meaning the refractive index of the propagation medium, nm = 1.33, 

should be considered for the hologram designs. To this end, m = 366.92 and m = 400 nm 

were considered as the simulation wavelengths, respectively. Given the designed 

parameters, a dot-shaped image as the holographic image with the parameters reported in 

Table 6.4 was used to design these holograms. 
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Table. 6.4. Hologram parameters designed for optical trapping applications. 

 Parameter Value 

488 nm 

Hologram resolution 700×700 

Holographic image resolution 500×500 

Hologram pixel pitch 200 nm 

Holographic image pixel pitch 25 nm 

Source intensity Plane-wave 

Wavelength 366.92 nm 

Closest separation z 30 m 

Holographic image offset in x-y-z 0,0,0 mm 

 

532 nm 

Hologram resolution 666×666 

Holographic image resolution 500×500 

Hologram pixel pitch 210 nm 

Holographic image pixel pitch 50 nm 

Source intensity Plane-wave 

Wavelength 400 nm 

Distance in z 32 m 

Holographic image offset in x-y-z 0,0,0 mm 

 
 

Figure 6.8 reports on the target image, simulated holographic images, and the phase 

profiles obtained by the RS numerical method for these holograms.  

 

 
Fig. 6.8. (a) Target image to design a dot-shaped hologram. (b-c) Simulated holographic image and 

its hologram phase profile at  = 488 nm. (d-e) Simulated holographic image and its hologram phase 

profile at  = 532 nm. 

 

 

a)

b) c)

2 m

d)

1 m

e)



 

124 
 

6.3    Methods 

 

6.3 Methods 

Here, the approaches taken to do the experiments are presented. These approaches include 

the setups made for the experiments combined with the techniques used to make the 

optical trapping experiments for blue and green HMSs. The setup made to acquire 

holographic images is identical to the presented setup in Chapter 5. 

 

6.3.1 Optical trapping experiments 

The setup made for optical trapping experiments using two lasers with wavelengths  = 

488 nm (blue laser) and  = 532 nm (green laser) was presented in Chapter 4. This setup 

provides access to the top and bottom of the objective lens for the green laser using a flip 

mirror. Also, the blue laser can reach the top of the objective lens. Figure 6.9(a,b) shows a 

simplified sketch of this setup for optical trapping using blue and green HMSs, 

respectively.  

The HMSs were mounted on an adjustable stage on top of the objective for both 

experiments. Hence, the excitation of the HMSs happened through the collimated laser 

beams illuminating the MS samples from the top, as shown in Fig. 6. 9(a,b). To conduct 

the trapping experiments, the green laser light was directed to the back of the microscope 

and utilised for trapping SiO2 beads. This was achieved using a 60X water immersion 

microscope (Nikon, PlanAPOVC60xA) objective with NA = 1.20. Then, the particle was 

positioned close to the focal point of HMSs before redirecting the green laser off and 

transferring the particle to the HMSs' optical trap.   

Optical trapping by the HMSs from the top of the objective lens is completely independent 

of the objective itself. In optical trapping with HMSs, the objective lens was only used to 

record videos using a high-spec camera. The calibration of the CCD camera was co-

ordinately calculated considering this objective, resulting in a pixel size of 80 nm.  
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Fig. 6.9. The simplified sketch of the optical trapping experiments for (a) blue HMSs and (b) green 

HMSs. It is noteworthy to mention that the objective lens’ position is fixed while the position of the MS 

mounted on the movable stage is adjustable for particle delivery. 
 

The particle trajectories were derived from 10-second videos captured at 1000 frames per 

second (fps) under various laser powers. This was accomplished through a well-established 

method that relies on the shift properties of the Fourier transform [186]. 
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6.4 Results 

To illustrate the dependency of the performance of these MSs on the fabrication procedure, 

in particular the delivered EBL exposure dose, and specifically the dose factor reported in 

chapter three, I measured the efficiency of MSs designed at  = 488 nm for holographic 

imaging but exposed at different doses during EBL exposure.  

 
Fig. 6.10. The efficiency measurement of the ZrO2 MS designed at 488 nm for different exposure doses. 

 

For efficiency measurement, HMSs were configured to project a collimated beam at 30° 

relative to the MS normal, as detailed in Chapter 4. The diffraction efficiency of these 

fabricated samples reached 77% at its correct dose. However, the efficiency dropped at 

other doses due to underdevelopment or overdevelopment depending on the used doses. 

Figure 6.10 shows a sketch of diffraction efficiency as a function of the dose factor, in the 

range of 0.35-95, where the target dose factor was 0.65.   

Figure 6.11 shows the experimental efficiency measurement of both MSs as a function of 

wavelength in the range of 488-700 nm. These MSs were designed for holographic imaging 

applications at  = 488 nm and  = 532 nm. Panel (a) shows the efficiency drops from 

77% at 488 nm to 28% at 700 nm. Panel (b) depicts the efficiency peaks at 63% at the 

designed wavelength ( = 532 nm) and is lower in other wavelengths. The phase shift of  
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a) 

 
b) 

 
 

Fig. 6.11. Efficiency measurements of the ZrO2 MSs designed for holographic imaging at (a) 488 nm 

and (b) 532 nm, as a function of wavelength in the visible range. 

 
the meta-atoms in different wavelengths for both MSs can explain the reason behind the 

drop in efficiency in wavelengths other than the designed wavelength. 

Notably, the error bars in Fig. 6.11 show the range of efficiencies measured for five 

separate but similar structures whose delivered EBL exposed dose are close to the nominal 

value. 
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a) 

 
b) 

 
 

Fig. 6.12. Efficiency measurements of the ZrO2 MSs designed for optical trapping at (a) 488 nm and (b) 

532 nm, as a function of wavelength in the visible range. 

 

Similarly, Fig. 6.12 illustrates the experimental efficiency measurements as a function of 

wavelength for MSs designed for optical trapping applications at  = 488 nm and  = 532 

nm. Panel (a) displays the efficiency peaks at 62% at 488 nm and reaches 8% at 700 nm. 

Panel (b) illustrates the efficiency peaks at 55% at 532 nm and reaches 7% at 700 nm. 

These efficiencies reveal a similar behaviour but slightly lower than the MSs designed for 

holographic imaging. The reason behind this reduction in efficiency can be attributed to a  
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slightly lower phase coverage of these MSs (due to having a smaller lattice constant) and 

fabrication quality. Similarly, the error bars show how the efficiency is dependent on the 

fabrication procedure. 

To evaluate the performance of these HMSs in creating holographic images, a deer 

holographic image was designed as detailed in the design section. Figure 6.13 shows the 

capability of the HMS optimised for  = 532 nm, depicting a deer-shaped holographic 

image at 30° off-axis with respect to the MS normal. Due to the diffraction effect, the 

holographic images were created bigger at larger wavelengths and their position slightly 

moved, as it is visible in Fig. 6.13.   

 
Fig. 6.13. Experimental measurements of the ZrO2 HMSs for holographic imaging applications across 

the visible range. 

 

To perform optical trapping experiments, a microscope slide was used as the substrate that 

acts as the ceiling of a microfluidic chip. As detailed in Chapter 4, the sample was then 

prepared using a plastic strip and a thin coverslip to seal the sample, creating a reliable 

environment for the experiments. A collimated laser beam from above was used to excite 

the HMSs (see Fig. 6.9), creating focused spots within the microfluidic environment at 

distances of 30 m and 32 m for 488 nm and 532 nm, respectively. Imaging of the spots 

created by HMSs at their focal plane and recording videos of the trapped particles were 

conducted from below using a CCD camera (see  Fig. 6.9). The blue and green HMSs 

were designed and fabricated with dimensions of 140×140 µm², corresponding to nominal 

NA values of 1.22 and 1.21, respectively. 

Figure 6.14 illustrates the simulated and measured beam profiles for both blue and green 

HMSs.  
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a) 

 

b) 

 
Fig. 6.14. Comparison of the simulated and experimentally measured beam profiles for blue and green 

HMSs.   

 

The experimental beam profiles at the focal planes for the two HMSs are presented in Fig. 

6.15(a-b). Extracting full width at half maximum (FWHM) of these profiles, both lenses 

exhibit NA=0.51/FWHM≈1.2. 

In order to determine the trap stiffness of the optical trap created by the HMSs, the 

experimental videos of a particle that was trapped under different laser powers, were 

analysed. This was done using a SiO2 particle with a diameter of 2 m. Figure 6.15(c) 

illustrates the trap stiffness (K⊥) which is averaged along the x (Kx) and y (Ky) directions. 

These indicate the values of 212 pN/µm/W and 130 pN/µm/W at 488 nm and 532 nm, 

respectively. It should be noted that the power values shown in Fig. 6.15(c) and the 

analysis are determined by measuring the power of the incident collimated light on the 

HMSs. Then, these values are scaled considering the geometrical overlap of these 

Gaussian incident beams with the HMSs and using the previously measured efficiency for  
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Fig. 6.15. Optical trapping measurements for blue and green HMSs. a) the experimental beam profile at 

488 nm. The inserted image was taken at the HMS’ focal plane, b) the experimental beam profile at 532 

nm. The inserted image was taken at the HMS’ focal plane, and c) the experimental trap stiffness 

measurements for blue and green HMSs. 
 

both HMSs. Therefore, the absolute value for the trap stiffness should be contemplated in 

the context of this approximation. The error bars in Fig. 6.15 present the standard 

deviation of five repeated experiments.  

During the experiments for both HMSs, particles remained trapped even after displacing 

the stage position by more than half an HMS side length. This indicates the light was 

coupled to the structure for these transmissive HMSs. 

  

 

227 nm

1 m

208 nm

1 m

a) b)

c)
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6.5 Discussion 

To the best of my knowledge, Fig. 6.15(c) illustrates the first demonstration of on-chip 

optical trapping at  = 488 nm. Explaining the intricacies of the trap stiffness in terms of 

the wavelength used for optical trapping and the geometry of the trapped object is a 

complex task, exceeding the scope of this study. Nevertheless, despite not specifically 

optimizing the particle geometry for this analysis, an elevated trap stiffness is observed at 

shorter wavelengths, aligning with general expectations [187]. 

    These findings indicate that HMSs create a high-quality trapping spot, with the 

measured NA restricted by the microscope objective employed for image collection. It is 

noteworthy that surpassing this value is not expected, as the basic building blocks of the 

HMSs, the meta-atoms, do not cover the entire phase space. Furthermore, the directivity 

of the scattering profiles of the meta-atoms diminishes the effectiveness of HMSs at higher 

angles which constrains the maximum achievable NA [170]. The limited phase coverage 

also affects the overall diffraction efficiency of HMSs and the trap stiffness. This can be 

explained by considering the undiffracted light propagating into the chamber, leading to 

an increased scattering force on the particle. Enhancing the diffraction efficiency of HMSs 

is possible through further optimisation of the meta-atoms design, such as achieving a 

more favourable aspect ratio. However, achieving this improvement imposes more 

demanding fabrication requirements, in particular, an EBL system with the capability of 

defining high aspect ratio pillars. Also, this could be met through advanced 

nanolithographic approaches [188]. 

   In this study, the meta-atoms are designed to generate a high-quality focused Gaussian 

beam. However, if necessary, it is possible to design HMSs with polarization-dependent 

meta-atoms, which can be easily achieved by optimising non-symmetrical nanofeatures. 

This adaptation could enable the generation of optical trapping beams with angular 

momentum, opening up possibilities for optical trapping and manipulation applications 

with increased degrees of freedom [189-190]. 
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    A notable characteristic of the suggested design is that the proposed structures create a 

flat and biocompatible layer at the microfluidic interface, encapsulating the meta-atoms. 

Consequently, the response of the meta-atoms remains unaffected by the medium in which 

the MS is employed, rendering it suitable for diverse biophotonics applications [191]. 

Furthermore, the deposition temperature for ZrO2 is as low as 80°C, facilitating its 

integration with polymeric and biophotonic chips. 

   Ultimately, ZrO2 exhibits distinct advantages over alternative material platforms, 

particularly in UV range performance [173]. These advantages can be leveraged for 

biological applications such as DNA analysis and medical applications [192, 193]. The 

combination of these features, coupled with the exceptional material hardness and device 

robustness, positions these proposed HMSs as ideal platforms for on-chip biophotonic 

integrated applications. 

 

6.6 Conclusion 

I have presented a novel material platform which performs well in the visible and UV 

spectrum. Introducing ZrO2, I experimentally showed holographic imaging and optical 

trapping exploiting ZrO2 HMSs operating in the visible range. I demonstrated ZrO2 HMSs 

with a high numerical aperture (NA=1.2) at both 488 nm, and 532 nm,  demonstrating 

trapping stiffness greater than 210 pN/µm/W (efficiency > 62%), and 130 pN/µm/W 

(efficiency > 55%), respectively. I anticipate the practical utility of these HMSs in diverse 

applications, including holography, optical trapping, and biomedical applications.  
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6.7 Contribution 

I designed the holograms, meta-atoms, and ran all the simulations. I carried out all the 

fabrication steps for all samples related to this chapter from similar processes utilised in 

the Synthetic Optics research group. Also, I customised and developed the existing recipes 

for fabrication procedures to satisfy my needs. In particular, I worked with 

Nanofabrication tools, including Spin coater, EBL eLine Plus, Ebeam evaporator, RIE, 

Dek-talk profiler, and ALD system. I made the required setup for characterising 

holographic pattern generation and ran all the experiments. In addition, I customised the 

pre-existing optical trapping setup from scratch many times to satisfy my needs, 

performing the optical trapping experiments. The data analysis for the trapping data was 

done by another PhD student in the Synthetic Optics research group, Tomasz 

Plaskocinski. In general, I made approximately 90 ZrO2 HMS samples. 
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Chapter 7 

Incoherent holographic metasurfaces 

for the visible range 

 

This chapter outlines the realisation of visible light incoherent holographic MSs employed 

for holographic imaging, exploiting excellent optical and mechanical properties of ZrO2. 

Though visible light holographic MSs opened up advanced imaging opportunities which 

can be utilised for various purposes, they need a coherent light source, such as a collimated 

laser beam for excitation. As functioning with incoherent light may open up a wider range 

of applications, here, I present the design and fabrication of ZrO2 incoherent holographic 

MSs to extend the applications of MSs to work with incoherent light sources such as light-

emitting diodes. 

 

7.1 Introduction 

Coherent light sources emit light waves with a constant phase relationship between two 

points in space, and their frequency and wavelength are the same. This coherency leads to 

characteristics including monochromaticity, directionality, and the capability to interfere. 

Incoherent light sources emit light waves whose wavelengths are not in phase with each 

other, and they are not oscillating with the same frequency. The temporal coherency of a 

light source could change the speckles emitted by the source in time, whereas spatial 

coherency determines the correlation between the phases of light waves at different points 

in space. The spatial incoherency introduces characteristics including broadband 

spectrum, lack of directionality, and inability to interfere. Lower intensity is also one of 

the characteristics of incoherent light sources compared to coherent light sources, as they 

do not concentrate their energy into a single, powerful beam. 
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Coherent light sources have found applications in various fields. A collimated laser beam 

is the most common example of these kinds of sources. Incandescent bulbs, light-emitting 

diodes (LEDs), and sunlight are incoherent light sources. Thus, having an MS that works 

with an incoherent light source would benefit real-life applications.  

To this end, there are reported works in which incoherent light sources have been placed 

for MS excitation, mostly for imaging applications [194-196]. For instance, a combination 

of specular and diffuse reflections from an MS has been used to design aluminium-based 

MSs to work with incoherent light for 3D full-colour image projection [195]. Also, the 

normal mapping technique concept is exploited to design MSs consisting of gold meta-

atoms that work equally well with coherent and incoherent light sources[196]. These 

approaches work well for the selected meta-atoms. However, Creating an MS consisting 

of numerous sub-sections (tiles) and individually engineering each section is another 

approach. 

 

Here, I present ZrO2 incoherent holographic MSs at wavelength as short as  = 488 nm 

for holographic imaging applications. These ZrO2 HMSs offer a negligible absorption loss 

across the visible range and extend their performance to operate with incoherent light 

sources. The mechanical and optical properties of ZrO2 combined with its operation with 

incoherent light sources open up opportunities for employing these HMSs for out-of-a-lab 

applications [144-146]. 

 

7.2 Design 

Here, I discuss the methodology of designing incoherent illumination for HMSs. It details 

the concept of the unit cells as building blocks of a whole MS structure. Then, it presents 

the details of the implemented design.  
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7.2.1 Concept 

This section provides a method to illuminate an MS with an incoherent light source. The 

coherence length of the light plays a pivotal role in the design methodology. The distance 

over which the light remains coherent meaning the phase relationship between different 

parts of the light is constant, defined as spatial coherence length, is different for coherent 

and incoherent light sources.  Usually, this spatial coherence length of a coherent light 

source such as a laser beam is quite long, on the order of meters. Inversely, this spatial 

coherency becomes very short for incoherent light sources, such as a solid LED, usually 

in an order of a few microns. In other words, the coherence length of laser light is large 

enough to illuminate an MS structure, e.g. with a defined size of 200×200 µm2. Typically, 

the size of the MSs is much larger than the spatial coherence length of an incoherent light 

source.  

To this end, breaking down the MS structure into pixels(unit cells), where each pixel size 

is comparable to the spatial coherence length of the incoherent light source, can be a 

solution. Each pixel structure is unique and operates independently from one another. In 

this way, the whole MS structure, which is composed of many smaller unit cells, can work 

with an incoherent light source. 

In Fig. 7.1, it is assumed that the target holographic image is a T-shaped object consisting 

of nine individual points. In panel (a) of this figure, the MS impinges with a coherent light 

source. Thus, the coherence length of the source is large enough to cover the entire MS 

size. As a result, the MS as a unit creates the T-shaped pattern. However, in panel (b), the 

MS interacts with an incoherent light source, where the spatial coherence length is in a 

range of a few microns, and subsequently, the pixel sizes named from one to nine are in 

this range. Notably, each pixel contributes to make a dot-shaped object as denoted in Fig. 

7.1(b) and the MS as a unit makes the T-shaped holographic image. 
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a) 

 
b) 

 
Fig. 7.1. The concept of (a) coherent light MSs, and (b) incoherent light MS design. 

 

Clearly, the design of MSs that interact with incoherent light sources consists of numerous 

sub-designs for each pixel. Then, all designs can stick together and create the final 

structure. Considering the low intensity of an incoherent light source, it is wise to design 

the whole structure big enough to satisfy the required intensity for holographic imaging. 

The unit cell(pixel) size is an important parameter to be considered for the design 

depending on the spatial coherence length of the light source. 
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7.2.2 Unit cell design 

Here, the design of the unit cells that create the whole MS geometry is discussed. These 

unit cells are optimised to work with an incoherent light source at the central wavelength 

of  = 488 nm. It should be noted that the operational wavelength can be chosen within 

the visible range, as ZrO2 meta-atoms can be designed at other visible wavelengths, which 

is fully addressed in Chapter 2. Each unit cell accommodates several meta-atoms, which 

can be determined given the periodicity of the meta-atoms and the size of the unit cell. 

Then, the whole size of the MS structure can be determined considering the number of 

unit cells. 

As a proof of concept, I designed a boat-shaped hologram consisting of 25 points, as 

depicted in Fig. 7.2. Each point in the target image corresponds to a designed unit cell.  

 

 
Fig. 7.2. The target image as a boat-shaped consists of 25 points. 

 
Hence, twenty-five unit cells were designed. It is essential to mention that these unit cells 

can be designed using the meta-atoms presented in Chapter 2. Here, I chose to work with 

ZrO2 meta-atoms with a periodicity of 400 nm. Table 7.1 reports the designed 

parameters for one of these unit cells.   

The size of the unit cells was then calculated to be 5.2 × 5.2 µm2. Figure 7.3 reports on the 

target image used to design, the simulated holographic image, and the phase profile 

obtained by the RS numerical method for this unit cell.  
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Table. 7.1. Hologram parameters to design a boat-shaped hologram for ZrO2 MS at 488 nm. 

Parameter Value 

Hologram resolution 13×13 

Holographic image resolution 100×100 

Hologram pixel pitch 400 nm 

Holographic image pixel pitch 0.04 mm 

Source intensity Plane-wave 

Wavelength 488 nm 

Closest separation z 150 mm 

Holographic image offset in x-y-z 30,0,0 mm 

 
 

 
Fig. 7.3. (a) Target image to design a unit cell. (b) The simulated holographic image with a resolution 

of 100 × 100 pixels shows the focused light in a small designed area of 4 × 4 mm2. (c) The phase profile 

consists of 13 × 13 elements determined by the design.   
 

A customised MATLAB code written by myself was used to put the designed unit cells 

together combined with another MATLAB code, to create the whole MS structure to map 

the phase profiles to corresponding radii, using the details presented in Chapter 2. 

 

7.3 Fabrication 

The fabrication process for these ZrO2 MSs is presented in Chapter 3. Here, I will present 

an image of the fabricated device. Figure 7.4 shows an image of a developed sample after 

the EBL procedure, consisting of twenty-five different unit cells.  

 
Fig. 7.4. Microscope image of a fabricated sample. The red squares highlight different unit cells. 

a) b) c)
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7.4 Results 

Fig. 7.5 illustrates the holographic images of the fabricated sample obtained with a 

coherent source. These images were obtained using the efficiency measurements setup 

described in Chapter 4,  with a laser beam at  = 488 nm illuminating the MS structure. 

Hence, it justifies the interference pattern for the boat shape in this figure. This preliminary 

result justifies the working principle of the aforementioned concept and design.  

 
Fig. 7.5. The holographic images gained by ZrO2 incoherent MS with a coherent laser light illumination 

at  = 488 nm. 
 

 

Figure 7.6 schematically illustrates a simplified experimental setup to obtain the 

holographic image projection with an incoherent light source. At the stage of writing this 

thesis, the results are yet to be obtained.   
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Fig. 7.6. Experimental setup to acquire the holographic image made by incoherent MSs. 

 

 

7.5 Discussion 

The performance of the proposed structure can be further improved by creating a mask at 

the back of the substrate, allowing the light to pass only through the MS aperture and block 

the rest of the substrate area. This decreases the intensity of the background light, which 

originates from the divergence of the incoherent source. This can be done by defining the 

aperture size in the EBL process followed by a gold evaporation.  

The intensity of the holographic image can be improved by increasing the number of unit 

cells which send the light to a specific determined point. This will increase the size of the 

whole MS geometry and require a proper algorithm to design and accommodate the unit 

cells. Also, increasing the size of the unit cells is another approach to improve the intensity 

of the created holographic image. This can be explained considering the increase in the 

number of meta-atoms sending the light to a specific designed point. The unit cell size is 

related to the spatial coherence length of the source, and given the target application, this 

size can even be chosen to be more than 5 m.   

The broadband response of the meta-atoms across the visible range is interesting. Given 

the generality of the proposed design method, incoherent MSs can be made with any meta-

atoms that can control the phase modulation of the scattered light. Hence, having a 

broadband meta-atom results in a broadband MS operation. Here, I used ZrO2 meta-atoms 

optimised for the blue region, but they work at other regions of the visible range with some  
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degradable features. This can be further improved by optimising the meta-atoms for a 

better optical response in other wavelengths. 

Eventually, the optical characteristics of these structures, including efficiency, are yet to 

be measured. This can be done using another design and measurement procedure. I believe 

this type of MSs can facilitate the employment of MS technology for real-life applications.  

 

7.6 Conclusion 

I have presented the design of incoherent MSs across the visible range using ZrO2 meta-

atoms. Though not complete, I have validated the concept and operation of the proposed 

device through experimental results. I have shown the initial performance of an incoherent 

MS by creating boat-shaped holographic imaging. I believe the proposed approach holds 

promise in implementing the MSs for out-of-a-lab applications.  

 

7.7 Contribution 

I designed the meta-atoms, unit cells, and ran all the simulations. I carried out all the 

fabrication steps for all samples related to this chapter from similar processes utilised in 

the Synthetic Optics research group. Also, I customised and developed the existing recipes 

for fabrication procedures to satisfy my needs. In particular, I worked with 

Nanofabrication tools, including Spin coater, EBL eLine Plus, Dek-talk profiler, and ALD 

system. Though incomplete, I made the setup for obtaining holographic imaging and ran 

the experiments. In general, I made approximately 8 ZrO2 incoherent MS samples. 
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Chapter 8 

Conclusion and future works 

 

This chapter details the summary of this thesis, describing the work done with a specific 

focus on the main achievements. Then, it outlines the future perspective of this research.  

 

 

8.1 Thesis summary 

This thesis has presented the realisation of rigid and flexible holographic MSs using unique 

materials with control over their performance in the target environment. It uses the GSA 

to design the hologram and RS equation to propagate light between the hologram and 

holographic image planes exploiting a numerical integral, which is fully described in 

Chapter 2. Following this, this chapter also delves into the modelling of these MSs using 

full-wave numerical simulations and presents three designed structures that can be realised 

using different materials. The optical response of the meta-atoms, depending on the design 

and the material used, is given. It should be noted that two of the designs are novel and 

obtained during the work of this PhD.   

Chapter 3 details the fabrication of these MSs, the challenges faced, and their proper 

solutions. The experimental setups to run the experiments to measure the results are 

presented in Chapter 4, where a complex optical trapping setup working with two 

wavelengths is shown.  

Visible light conformal holographic MSs using pure polymeric materials are discussed in 

Chapter 5, where I introduced a novel design which can be implemented using any 

material that can be processed for nanostructuring. It is essential to emphasise that due to 

the simplicity of the design and possible fabrication methods, the proposed structure holds 

promise for mass-scale production of these MSs, which can be employed in various 

applications.   
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Chapter 6 reports on holographic MSs exploiting a new material platform with properties 

that can open up great potential for real-life applications. The holographic image 

projection and efficient optical trapping across the visible range have been shown, while 

the proposed design introduces a unique opportunity for biophotonics experiments as the 

structure works independently from the operational environment. 

Finally, chapter 7 presents incoherent holographic MSs, where I show how a MS can work 

with an incoherent light source by breaking the MS structure into smaller units, each 

creating part of the holographic image. The initial experimental results have been 

presented to validate the design and working principle.   

In the following, I discuss the main novelties and achievements gained from this thesis. 

  

8.1.1  Introduction of a novel material platform  

To the best of my knowledge, this thesis has the first demonstration of bulk ZrO2 to be 

utilised for MS technology. The material refractive index shows an interesting response in 

the visible and UV spectrum, having a weakly-dispersive behaviour while the absorption 

is negligible. The excellent ZrO2 properties such as its biocompatibility make it promising 

for a variety of applications biophotonics, and biomedical fields. For instance, it can be 

used as a transparent thin-film coating to encapsulate the target structure. On the other 

hand, the hardness and unreactivity of ZrO2 make this material suitable for real-life 

holographic applications. Hence, this thesis introduces ZrO2 as a new material platform 

and demonstrates holographic imaging and optical trapping to validate this claim. 

 

8.1.2  Introduction of a novel on-chip platform at  < 500 nm   

To the best of my knowledge, this thesis presents the first demonstration of an on-chip 

optical trapping in the blue region. This is provided with high NA metasurface designs at 

two biophotonics-friendly wavelengths of 488 nm and 532 nm. Separating TiO2, the 

majority of high-index optical materials suffer from high absorption loss, especially in  
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smaller wavelengths of the visible region. However, I have used and introduced ZrO2 with 

favourable absorption loss across the visible area. In complex biophotonics experiments, 

the bulky objective lenses can be replaced with these MSs to offer integrated biophotonics 

chips. Also, the MSs can be designed to create a multi-trap optical landscape that can be 

interesting for some biophotonics experiments, e.g. to use an MS to trap four beads instead 

of a Spatial Light Modulator (SLM) for all-optical manipulation of photonics membranes. 

 

8.2 Outlook 

The primary goal of this thesis, to realise rigid and flexible visible-light MSs using 

advanced materials, has been achieved. It introduces novel material platforms and designs. 

The rest of this chapter explains the contribution of this thesis to the field followed by 

describing the most promising phenomena and applications for future works that can be 

performed based on this thesis. 

 

8.2.1  Introduction of novel meta-atom designs for various 

applications   

This thesis presents two new meta-atom designs that have not been previously explored. 

Hence, it offers new opportunities for the holographic applications of photonics MSs. In 

the following, I summarised the structural aspects and advantages that arise from their 

designs.  

 

8.2.1.1 Pillar with top meta-atoms 

The design provided in Chapter 2 is novel and reached during this PhD. The design is 

similar to most common cases of high-index meta-atoms where the meta-atoms are 

separated (not physically connected) and there is air between them. These designs usually 

need an etching step and removal of the photoresists at the end. However, I proposed a 

design in which the meta-atoms are physically connected, providing a flat layer on top of  
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the meta-atoms. This approach eliminates the need for etching which makes the 

fabrication simpler. However, this simplicity comes with the cost of not a complete phase 

modulation offered by this design. I have experimentally shown that even not complete, 

the amount of phase modulation offered by this design is enough for many applications, 

as exemplified by demonstrating high-quality focused spots for optical trapping 

applications. The holographic images shown in Chapter 6 are another validation to 

confirm this claim.  

The top cap encapsulates the meta-atoms, hence their phase response is independent of 

the medium they are employed. Given the biocompatibility of ZrO2, this flat layer is 

interesting for biophotonics experiments. For instance, one can design a light sheet 

hologram and grow a cell on top of the designed MS to study the cell using light sheet 

microscopy.  

 

8.2.1.2 Air-hole meta-atoms 

In contrast with most meta-atom designs in which there is more than one material in their 

structure, this thesis offers a single material meta-atom design that can be applied to low 

refractive index materials such as polymers. Hence, this design enables the realisation of 

MSs with complete phase modulation using a single material. The realisation of all-

polymeric visible light MSs presented in Chapter 5 validates the performance of the 

proposed design. Given the flexibility of polymers, this design can be used for different 

applications such as conformal holography, sensing, and augmented reality. Also, mass-

scale manufacturing of these polymeric MSs can be done using state-of-the-art 

nanolithography techniques, detailed in the next section.      
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8.2.2  large-scale manufacturing of polymeric MSs for 

holographic image projection and augmented reality applications 

In variance with most of the realised holographic MSs employed for various applications 

across the visible range, such as holographic imaging, sensing, augmented reality, 

encryption and data security, I have introduced a novel design with simplicity and 

demonstrated the implementation of a pure polymeric MSs across the visible range. The 

simplicity of this platform in terms of design and required fabrication scheme facilitates 

the large-scale production of these structures with methods fully described in Chapter 5. 

Depending on the required application, these conformable polymeric MSs can be designed 

for object coating, holographic image projection, augmented reality, or other useful 

phenomena. This can be implemented in a designed production line for mass-scale 

production and commercialisation.  
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Appendix A 

A Simple Gerchberg-Saxton implementation in 

MATLAB 

 

First, a simple MATLAB code representing the GSA algorithm is presented. Then, the 

amplitude and phase reconstructions of the target image are presented. 

 

clear 
close all 
clc 

  
it_no=100;    % Iteration number 

  
% ------- defining target-----------% 
target=rgb2gray(imread('smile.png')); 
target=double(target); 
[a, b] = size(target); 
figure, imshow(target) 
title('Target Image') 
%----------------------------------% 
%% 
%------ Initializing the algorithm ------------% 
ff=-pi + 2*pi*rand([a b]);     % far field with target intensity 
f_to_n=zeros(a,b);             % far field with approximate target 

intensity 
nf=zeros(a,b);                 % near field with source intensity 
n_to_f=zeros(a,b);             % near field with approximate source 

intensity 

  
source=ones(a,b);              % defining source intensity 
k=sqrt(-1);                    % definig the imaginary numebr  
ff=target.*exp(k*ff);          % initializing the far field information 
%----------------------------------------------% 

  
%------------- definig the iterative loop ------------% 
for i=1:it_no 

     
    n_to_f=ifft2(ff); 
    nf=source.*exp(1j*angle(n_to_f)); 
    f_to_n= fft2(nf); 
    ff=target.*(exp(1j*angle(f_to_n))); 

     
end 
%-----------------------------------------------------% 
%% 
%---------------- Plotting results -------------------% 
figure, imshow(mat2gray(abs(f_to_n))),title('Amplitude reconstructed of the 

target image') 
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figure ,imshow(imag(f_to_n)),title('Phase reconstructed of the target 

image') 
c=colorbar; 
c.Limits = [0 1]; 
c.Ticks = [0 0.5 1]; 
c.TickLabels = {'0','\pi','2\pi'}; 
c.Label.String = 'Phase'; 
c.FontSize=15; 
%----------------------------------------------------% 

 

a) 

 

b) 
 

 
 

c) 

 
 

Figure. A.1. a) Target image, b) Amplitude reconstructed of the target image, c) Phase reconstructed of 

the target image. 
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Appendix B 

Comparison of the refractive index of the deposited 

ZrO2 with that of reported works  

 

Figure A.2 illustrates the measured refractive index of the ALD-deposited ZrO2 using the 

Ellipsometer (J.A. Woollam) and the previously reported ZrO2 refractive index [197]. 

 

 
Fig. A.2. Comparison of the deposited ZrO2 refractive index with that of the reported works. There is no 

imaginary part reported in ref [197]. 
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