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ABSTRACT 
 

Broadband Reflective Metalens in Visible Band Based on Bragg Reflector 
Multilayers for VECSEL Applications 

Zahrah Alnakhli 

 

In conventional optics, curved lenses focus light rays to a focal point after light passes 

through them. These lenses have been designed to shape the wavefront of the incident 

beam as it emerges from the curved surface of the lens. Conventional lenses suffer from 

many limitations, such as limited optical quality for imaging and integration difficulties 

with other optical components due to their large size, huge thickness, as well as being 

difficult to manufacture. Using subwavelength structure, it is possible to fabricate flat, 

thin lenses (metalenses) with new optical properties not found in nature, in which many 

fundamental properties of light (like polarization, focal point, and phase) can be 

controlled with high accuracy. This results in high resolution and high quality of optical 

imaging.  

This thesis demonstrates a new design of reflective metalens, in which the metalens 

structure is integrated with another optical component: Distributed Bragg Reflector 

(DBR). The metalens planer is a two-dimensional ultrathin planer arranged as an array 

with subwavelength separation distance. In recent works, a metalens was integrated 

with (metal/dielectric)-mirrors to form reflective metalenses. Simulation results show 

that, high-focusing efficiency is obtained for the lens (> 60%) with the ability to 
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reflect96% of total incident optical power. In comparison, the new metalens-DBR design 

- processes maintain the same high-focusing efficiency, but with a reflectance of 

99.99%, which makes it promising for optoelectronic integration and perfectly suitable 

for integration with Vertical Cavity Surface Emitting Lasers (VCSEL) technology. This 

study of the optical properties: focal length; optical aberration; insensitivity to light 

polarization; and focusing efficiency of demonstrated metalens was done mainly by 

Finite Difference Time Domaine (FDTD) by using Lumerical FDTD solution. 
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Chapter 1 
 

This chapter aims to provide the basic theories, mathematics, and concepts used to 

design reflective metalens for Vertical Cavity Surface Emitting Laser (VCSEL) 

applications. This thesis focuses on wavefront modification of plane waves with a 

particular focus on illustrating a new design found to enhance the performance of 

designed reflective planer. The first part begins with the description of Maxwell’s 

equations and a brief discussion of numerical simulation method of Finite-Difference-

Time-Domain (FDTD) and Transfers Matrix Methods (TMM). In the second section, a 

description of metalens working principles and the concepts behind the proposed 

design are discussed.  

1. Introduction 
In real-world applications, the challenge of modeling electromagnetic radiations 

propagating in other media apart from free space can be overwhelming. Each of these 

media has different electrical and optical properties, such as the electrical permittivity 

and the magnetic permeability. Optical signals are part of the electromagnetic signals 

and thus also fall under this category. When dealing with a given propagation media 

whose properties are not clearly known, the models of the wave related to 

electromagnetic scattering and radiation are impossible to calculate. The natural media, 

which are always available in the real world, are made up of numerous layers that 

contain a range of irregular geometries that cannot necessarily be predicted. In natural 

media, examples of these electromagnetic radiations would include optical signals and 
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radio signals that make up part of the electromagnetic spectrum. These types of waves 

are normally made up of an electrical field and a magnetic field, which are orthogonal. 

The directions of these waves are normally obtained by the help of unit vectors i, j, and 

k, which denote the x, y, and z-axes, respectively. Maxwell’s equations were developed 

to help explain these relationships between the electrical and magnetic components of 

electromagnetic waves and therefore help in modeling the propagation process of these 

waves for the sake of study. 

The use of computational electromagnetics is normally employed to determine the 

solutions to the closed form of Maxwell equations concerning boundary conditions in 

different media found in free space. These electromagnetic waves also interact with 

different physical properties of these media, which determine the response of the 

media to external stimuli through the constitutive equations also derived from 

Maxwell’s equations. 

Computational electromagnetics is another important aspect of modeling the 

electromagnetic radiation systems, including both the optical devices and radio devices 

such as antennas and satellites. This method comes in handy when calculating the 

magnitude of the magnetic field and the electric field distribution across the medium 

and their direction in vector form. The solutions of Maxwell’s equations of these fields 

usually employ the use of the Poynting vector in obtaining the direction of the flow of 

energy. Furthermore, the natural models of media assume different geometrical forms, 

sometimes being symmetrical or asymmetrical. Symmetrical models are easily solved by 
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the computational electromagnetics in the 1-dimensional or 2-dimensional modes 

placed and travel perpendicular to each other. 

1.1  Maxwell’s equations 

To understand the modeling of electromagnetic waves, it is significant first to consider 

the different forms of Maxwell’s equations that define the basic fundamentals of the 

electric and magnetic fields in general media. Maxwell’s equations explain the basic 

relationships between the electric and magnetic fields. They explain how a charged 

particle can create a magnetic field and electric field and explain the relationship between 

these two fields. They include a total of four equations, each of which was created in 

integral and differential forms to explain these basic principles. The difference in these 

two forms is the use of the del (∇) operator in dot or cross form, also known as the 

divergence and the curl operators, respectively [1]. Using the del operator in these two 

forms produces Maxwell’s. The four Maxwell’s equations are Gauss’ Law, Gauss’ Law for 

Magnetism, Faraday’s Law of Induction, and Ampere’s Law.  

Gauss’ Law in differential form is   

𝛻. 𝐷 = 𝜌                                                                   ( 1) 

Where, D is the electric displacement field, and ρ is the free electric charge density. This 

law explains the behavior of an electric field surrounding a charge, and it implies that the 

divergence of the electric displacement field at any point in space where there is a charge 

is non-zero, and is zero when there is no charge [1].  In integral form the law is written as  
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∮ 𝐷. 𝑑𝐴 = 𝑄                                                                                               ( 2) 

where dA is the area of the surface being dissected by the electric field. 

The differential form of Gauss’ Law for Magnetism is written as 

𝛻 ∙ 𝐵 = 0                                                                                                ( 3) 

Where, B is the magnetic flux density. This law thus implies that the divergence of B is 

equal to zero, and this can be attributed to the lack of magnetic charge. They do not exist. 

The integral form of this law is written as  

∮ 𝐵. 𝑑𝑆 = 0                                                                                             ( 4) 

Faraday's Law in differential form of Electromagnetic Induction is  

𝛻 × 𝐸 =  −                                                                                              (5) 

This law explains the relationship between the induced electric field in a solenoid. It states 

that the electric field induced in a conductor is directly proportional to the rate of change 

of the magnetic field over time. On the other hand, Farady also implied that a changing 

electric field gives rise to a correspondingly varying magnetic field [1]. The integral form 

of Faraday’s Law is  

∮ 𝐸. 𝑑𝑙 = − ∫ 𝐵. 𝑑𝑆                                                                                   ( 6) 

The differential form of Ampere’s Law is. 

𝛻 × 𝐵 = + 𝐽                                                                                          ( 7) 
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Where, J is the current density. This law explains the relationship between the forces 

exerted on a current-carrying conductor as it crosses a magnetic field. This force is relative 

to the rate of change of the magnetic field and a constant, which is defined to be the 

current density. In integral form, Ampere’s Law can be written as 

∮ 𝐵. 𝑑𝑙 = 𝜇𝑜 (∬ 𝐽. 𝑑𝑆 + 𝜀𝑜 ∬ 𝐸. 𝑑𝑆)                                                                (8) 

In regards to the modeling applications of computational electromagnetics, Maxwell’s 

equations are developed and used as hyperbolic systems in partial differential equations 

to provide solutions to the models. In this case, the electromagnetic waves are assumed 

to be traveling in a direction parallel to the z-axis, and therefore the electric and magnetic 

components of the wave are in the x and y-axis perpendicular to each other. This is 

normally referred to as a transverse magnetic wave [1]. With this type of wave, Maxwell’s 

equations can assume the format shown in the equation below. 

 𝜇 + 𝐴  𝜇 + 𝐵  𝜇 + 𝐶 𝜇 = 𝑔                                             ( 9) 

1.2  Numerical Methods 

Numerical methods are mathematical tools are used to solve for specific models following 

specific numerical algorithm. To solve for a model, the problem under consideration can 

be subdivided into steps that provide the coordinate of each point on the grid, and then 

the solution can be obtained from the respective points on the grid. After the grid has 

been obtained, these equations are solved to analyze given problem. In this work, two 

numerical methods are used to study demonstrated device optical properties, which are 

the Finite Difference Time Domain (FDTD) method and the Transfer Matrix Method. It is 
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important to select a method that is less time consuming or less bulky as some of the 

methods are very tedious to implement or might take up a lot of computer processing 

resources. These two methods are considered the most appropriate. 

1.2.1 Finite-Difference-Time-Domain 

This method has been embraced as a popular method for solving Maxwell’s equations in 

model spaces, owing to its simplicity and the ability to apply it over a wider variety of 

cases. The main objective of using this method is to determine the waveguide 

structures, which means that it is necessary to, first of all, have the parameters of the 

incident wave and also to know the boundary conditions at the end of the object being 

modeled.  

To obtain a familiar incident, a wave whose properties are known, it is necessary to 

carry out a waveguide simulation that simulates a wave, which is usually in 1-

dimensional magnitude. The 3 –dimensional wave simulation often requires too many 

resources, and therefore the work is accomplished by the use of a 1-D wave [2]. 

Developing and forming boundary conditions in the method is achieved by the use of 

mathematically developed Green’s functions. These developed boundary conditions, 

however, do not work for 3D models, especially when the wave approaches the cutoff 

frequency of the waveguide. For these reasons, a 1D model of the FDTD is used instead. 

This proposed model provides an alternative of working around this issue of changing 

modes and varying dimensions. Since it is not possible to obtain a natural system that 

has a homogenous form of single-mode waves all through the propagation medium. The 
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1D model of FDTD is derived directly from the FDTD computations, and therefore it 

provides all the characteristics of the 3D model and, at the same time helps to model 

perfect absorbing boundary conditions for the whole frequency range including the 

cutoff frequency [2]. This, therefore, means that the 1D model can provide a fully 

comprehensive and more efficient replacement to the 3D model. 

The preexisting 3D models included the use of repetitive computations for the electric 

(E) and magnetic field (H), as shown in Figure 1.1. The E is for the electric field and H for 

the magnetic field. 
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These equations can be used to express al other components of the waveguide similarly. 

In the case of a homogeneous waveguide, the electric and magnetic properties of the 

waveguide remain constant despite variations in time, frequency, or the coordinates. 

Therefore, it is easy to derive these equations mathematically. For example, if the wave 

is traveling in the z-direction, we can obtain a sample representation in a diagram, as 

shown below. 
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Figure 1.1: The preexisting 3D models included the use of repetitive computations for the 
electric (E) and magnetic field (H). 

 The Maxwell equations for this situation can be represented as 
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These two coefficients represent ratios of the quantities available in the field across the 

medium of the waveguide [2]. Since these quantities are all constant, they can be 
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computed by selecting points in the medium with denominators greater than or less 

than zero but not equal to zero. The obtained equations are 1-dimensional FDTD with 

waves running along the z-axis and predetermined values of the unit vectors i and j [2]. 

The application of this model must be strictly for the z-axis vectors for the E and H 

waves to be determined along the x and y-axis.                                                                                                           

1.2.2 Transfers Matrix Method 

This method is effective in modeling the propagation of incident electromagnetic wave 

in a multilayer medium. In the case of an optical wave, the medium selected is made up 

of several thin-film layers that contain different electromagnetic properties, each 

affecting the wave propagation differently. During transmission of an optical wave in a 

multilayer medium, there occurs a series of reflections and refractions within the 

medium that may themselves produce reflections of reflections. The complex nature of 

these media means there is plenty of interference, which might be constructive or 

destructive depending on the phase of the waves during interference [3]. According to 

Maxwell’s equations, the conditions for an electric field during this propagation across 

the boundaries of different media is continuous. Therefore, the method of transfer 

matrix works with this principle and aims to find out the electric field at the end of the 

media given that the incident electric field is known. 

If a light wave is propagating through multiple layers of thin media at normal incidence, 

then the following methods of transfer matrix can be implemented in solving for the 
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output wave. Assuming the wave is moving in the positive z-direction, the electric field 

in a given medium is 

𝐸(𝑧) = 𝐸 𝑒 + 𝐸 𝑒                                                                           (12) 

Where k is the wave number. As we had earlier mentioned from Maxwell’s equation, 

the E and H across a boundary are continuous; therefore, the field can be represented 

as vectors of electric and magnetic field magnitude and traveling in the z-direction as 

(E(z), H(z)), and the magnetic field is given by  

𝐻(𝑧) = −                                                         (13) 

The unimodular matrix, M, is used to describe the propagation of a wave over a distance 

L along the z-axis. This matrix is represented below 

𝑀 =
𝑐𝑜𝑠 𝐾𝐿 𝑖𝑍 𝑠𝑖𝑛 𝐾𝐿

𝑠𝑖𝑛 𝐾𝐿 𝑐𝑜𝑠 𝐾𝐿
                                                                     (14) 

And multiplication by the E and H fields by the unimodular matrix gives the same result 

for the distance traveled by the waves through the distance L along the z-axis in the 

positive direction.  

𝐸(𝑧 + 𝐿)

𝐻(𝑧 + 𝐿)
= 𝑀.

𝐸(𝑧)

𝐻(𝑧)
                                                                         (15) 

In the above equation, L is the thickness of the medium and k is the wavenumber. When 

the overall media has to say N number of layers, each layer has its own transfer matrix, 

labeled Mj, where the subscript j denotes the position of the layer that is increasing with 

an increase in the value of z, the direction of travel [3]. The overall transfer matrix can 



26 
 

then be obtained by the product of all the Mj matrices from j=1 up to j=n where n is the 

maximum value of z. this is illustrated below 

𝑀 = 𝑀 ∗ … 𝑀 ∗ 𝑀                                                                                    (16) 

From this point, one can move ahead to determine the reflectance and the 

transmittance of the combined layers. The following equation describes the electric field 

of the wave for values of z less than 0. This describes the area before the start of the 

layer. 

𝐸 (𝑧) = 𝐸 𝑒 + 𝑟𝐸 𝑒 ,     𝑧 < 0,                                                                  (17) 

E0 is the amplitude of the incident electromagnetic wave; KL is the wavenumber before 

the wave enters the medium, and r is the amplitude of the reflectance coefficient of the 

layer structure [4]. The values of the electric field amplitude can also be determined 

after the wave has exited the medium. In this section, the field is obtained by the 

equation 18. 

𝐸 (𝑧) = 𝑡𝐸 𝑒 ,            𝑧 > 𝐿 ,                                                  (18) 

Where t is the transmittance amplitude. 

1.3  Dielectric Metalens 

Metasurfaces are used scientifically due to their ability to manipulate light as well as 

their versatility in ultrathin optical applications. Additionally, metasurfaces are preferred 

over other materials due to their simplified fabrication process and the fact that they 

integrate well with on-chip nanophotonics devices due to their planner profiles [5]. 
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These qualities mean metasurfaces have more applications and be preferred than other 

metamaterials.  

The research in metasurfaces can be traced back to as early as 1902 when a scientist, 

Robert Wood, discovered that there were dark areas that resulted from the reflection 

spectra of subwavelength. This was an unusual phenomenon that led to the discovery of 

the surface plasmon polariton [5]. Another milestone towards the discovery of 

metasurfaces was the discovery of the Levi-Civita relation, which showed that a 

subwavelength-thick film could lead to a dramatic change, especially when exposed in 

electronic boundary conditions. 

The discovery of metasurfaces is a recent phenomenon. Traditionally, only 

metamaterials were known, and their usage was huge. However, recent discoveries 

have led to the development of a special class of metamaterials known as metasurfaces. 

These are two-dimensional metamaterials that have received substantial attention 

among researchers. Metasurfaces are different from three-dimensional metamaterials 

in the sense that they can be utilized in a number of ways, such as controlling the 

electromagnetic waves within one infinitely thin layer. This manipulation makes the 

metasurfaces have various advantages over three-dimensional metamaterials such as 

high degree of integration, low cost, as well as ease of fabrication.  

The working principle of metasurfaces contrasts with that of three-dimension 

metamaterials. While three-dimensional meta-materials work by manipulating the 

propagating phase of the bulk media to obtain some specific wave-control effects, 
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metasurfaces mostly rely on the abrupt phase changes on the structure of a surface 

especially for reflected or transmitted waves[5]. Thus, metasurfaces work by tailoring 

the spatial inhomogeneity of surfaces to ensure that they exhibit some predetermined 

phase distributions for reflected or transmitted waves. They function to reshape wave-

fronts of beams of light as per Huygen’s principle. The devices that are used for this 

function are usually easy to fabricate: thin, and flat. One example of metasurfaces is 

metalenses. 

Metalenses are flat surfaces that focus light on the use of nanostructures. They are 

preferred because they are a good replacement for bulky, curved lenses, which are 

mostly used in optical devices. To explain best how metalenses focus light at the 

focalpoint, see Figure 1.2. 

                                 

Figure 1.2: Illustration of a metalens focusing incident beam at its focal point. 
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The above diagram shows complementary nano-antennas forming circular metalenses 

in a plane. The plane is used to focus light at point F, which is the focal point. The point 

P is an arbitrary nano-antenna that aids in the convergence of light. Any light that may 

have been scattered by using the nano-antennas is expected to have constructive 

interference at point F. Thus, the purpose of metalenses is to focus an entire visible 

spectrum of light to one point.  

1.4  Design Inspiration 

Refractive lenses are fundamental optical parts in many optical devices such as compact 

camera, telescope, and microscope. Conventional refractive lenses suffer from a 

number of limitations, such as that they are much thicker than the incident wavelength 

required in order to achieve π phase shift, limited with their numerical aperture (NA), 

their focal length is very long, they suffer from optical aberration, and most importantly: 

they are very expensive. Though metalenses are ultrathin (1µm), light weight, less 

aberration, high NA, and short focal length. Recent progress in fabrication technology 

makes it possible to design an ultrathin reflective planer metalens that achieve high 

performance. 

There are two main designs that have been demonstrated for reflective metalenses: 

dielectric nanoblocks on dielectric-metal structures (DDM), and metallic nanoblocks on 

dielectric-metal structures (MDM). The size of the unit cells varies from design to 

another depends on operated wavelength of the mirrors. The reflectance of the lenses 
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is ≤ 96%. The focusing efficiency of an MDM lens with NA = (0.44) is 69%, whereas a 

DDM lens with NA 0.65 is 85%[6-7].  

This thesis proposes a novel design for refractive metalenses, in which the conventional 

mirror is replaced by a dielectric Distributed Bragg Reflector (DBR). This design is found 

to increase the lens reflectance to 99.99%, where the focusing efficiency is limited by 

the properties of the metalens. This design is expected to improve optical device 

performance.  

One additional advantage of our design is that the modification of the Vertical Cavity 

Surface Emitting Laser (VCSEL) by adding metalens improved the directionality of the 

laser gadgets. First, the split metallic materials (check Fig 1.3) helped to converge the 

light produced by the VCSELs to cover longer distances[8], thereby enhancing their 

applications as military illuminators to be used at night and even in harsh weather 

conditions such as snow  or even fog. Additionally, the beaming effect in lensed VCSELs 

produces high power and thus high propagation distances through an injection current. 

This is achieved through a reduced threshold and an increase in the refractive index that 

enhances the operation of the VCSEL to produce beam lights of up to 650 W.  Figure1.3B 

below shows a graphical comparison of propagation distance against an increase in 

beam spot size in both lensed and non-lensed VCSEL [8-9].  
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Figure 1.3 : A: Schematic of metalens integrated with conventional VCSEL[9]; B: 
Metalenses VCSEL Beam spot size against Propagation distance [8]. 
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The diagram is an analysis obtained using the Pico Scope oscilloscope beam scanner. 

Furthermore, the power and performance of the metalensed VCSEL can be improved by 

increasing the injection current [8]. Thus, metalensed VCSEL performances depend 

entirely on the magnitude of the injected current. 

VCSELs are the dominant technology in the field of optical interconnects. In such 

applications, focusing generated electromagnetic waves in a small spot improves its 

performance. To obtain such ability we propose converging melalenses integrated with 

BDR surfaces of VCSELs and studying their ability to reflect and focus incident 

electromagnetic wave without affecting their performance. Converging melalenses are 

chosen because of low manufacturing and packaging costs, low power consumption, 

high bandwidth density, small footprint and high reliability 

This thesis focuses on simulating (TiO2/SiO2) DBR-Metalens performance as well as 

analyzing its optical properties. This device is designed to operate at the visible band of 

the spectrum at a central wavelength (600 nm) but it can be generalized to operate at 

any range of the spectrum from UV to IR. The scope of this thesis is analyzing lens 

performance of designed lens using FDTD.  
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Chapter 2 

 Numerical analysis of designed DBR-metalens. 
 

We proposed a flat optical planer based on plasmatic reflect array metasurface, which 

made of planar arrays of cylindrical-shaped Titanium Dioxide (TiO2) nanoantennas 

designed on a distributed Brag Reflector (DBR). The DBR layer consists of a number of 

(SiO2/TiO2) pairs. The width of SiO2 and TiO2 enable unique wavelengths (550-700 nm) 

to reflect and focus on the visible band because of its hyperbolic reflection-phase 

profile. The focal length and the total width of metalens are tunable based on 

application requirements. Moreover, the demonstrated metalens creates a small focal 

spot, maintains high focusing efficiency and minimize losses due to the use of DBR, 

whose reflectivity exceeds 99.99%. Our proposal of simple and symmetric nanoantennas 

is used to realize a wide phase-changeable range that offers an advanced strategy to 

design a broadband metalens. Our proposed metalens has been designed to enhance 

VCSEL efficiency, compact camera, telescope, and microscope 
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Figure 2.1: DBR-metalens design overview. 

2.1  Distributed Brag Reflector Design methods 
 

A dielectric DBR mirror is a key building block in the formation of semiconductor VCSELs. 

Conventional DBRs consist of repeated pairs of high-low refractive index (nH/ nL) 

materials with optical quarter wavelength (λd/4) film thickness. The number of DBR pairs 

and their material refractive index determine reflectivity (R), designed wavelength (λd), 

stop bandwidth (Δλ) and the angle-dependent reflectance (θinc). Also, the wavelength 

region with the highest reflectivity is controlled by adjusting the film thickness of 

alternating (t = λd/4). On the other hand, the conventional DBR has fundamental 

limitations for several reasons, including that it is made of two different materials, has a 

high fabrication cost, and experiences thermal expansion. In order to overcome these 



35 
 

limitations, it is important to fabricate DBRs with high R out of good thermal stable 

materials and fabricated with a cost-effective and simple process[10].  

The optical thickness of each DBR layer is designed at a quarter wavelength to maintain 

(λd/2) or 180o phase difference between reflections from interfaces. The reflections 

from the nL layers have exactly λd/2 path length difference, but there is a 180o 

difference in phase shift at an (nH/ nL) interface, compared to an (nL/ nH) boundary, 

which means that these reflections are also in phase.  

Figure 2.2: Illustration of DBR. The thinnest layer with a high refractive index n1=nH is 
interfaced with a thicker layer with a lower refractive index n2= nL. The difference in path 

lengths between lA and lB is one wavelength, which causes constructive interference. 

For light with the normal incident angle, the key spectral characteristics can be studied 

using the following equations [11]. 

𝑅 =                                                           (21) 

∆𝜆 =  𝑠𝑖𝑛 1                                                        (19) 

𝐿 = 𝑚(𝑑 + 𝑑 ) + 𝑑                                                                                 (20) 
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Where R is DBR reflectivity, m is the pair numbers, nH is the refractive index of the thinner 

layer, nL is the refractive index of the thicker layer and dH , dL refers to the thickness of 

layers in each pair.  λ is designed wavelength and ∆𝜆  is the stop bandwidth of the DBR 

and L is the total device length[12].  

From equation (21), the reflectivity of designed DBR depends on the number of pairs and 

refractive index of each layer in the pair. According to equation 21, the maximum 

reflectivity is achieved as the number of pairs increases until it saturates at (≈ 100%) at m 

= ∞. The ∆𝜆  in equation (22) specifies the stop bandwidth of DBR when a pair’s 

number is infinity. The stop bandwidth is proportional to designed wavelength and it is 

controlled by the material’s refractive indexes. For wide stopband and high peak 

reflectance, a higher nH – nL is desirable. The total thickness of DBR is determined by the 

pair’s number and the thickness of layers forming the pairs as equation (23) 

Illustrates[10].  

Figure2.3: Illustration of light propagating through DBR at a non-perpendicular angle of 
light incidence to DBR interface. 
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To demonstrate the reflectance spectrum of the patterned DBR with a different pairs 

number with θinc ≠ 90o, several electromagnetic computational methods can be used due 

to the layer thickness changing as the angle of incidence increases. In this thesis, two 

different simulation methods are used to model proposed DBR: Transfer Matrix Method 

(TMM) and the finite-difference time-domain (FDTD).  

In this work, the design of DBR based on TiO2 / SiO2 is proposed at a central wavelength 

of 600 nm. We design the DBR with the minimum number of layers and a high 

transmission peak at the designed wavelength with high reflectivity and wide stop 

bandwidth. The material was selected based on refractive indices and the absorption 

coefficient of the materials. TiO2 was chosen for its high refractive index at 600 nm (nH = 

2.46832), whereas SiO2 was chosen for its low refractive indices (nL = 1.462) at the same 

wavelength. Hence, ∆𝜆 is achieved with fewer pair numbers [13]. 

2.1.1 Transfer Matrix Method (TMM) 
 

Figure 2.4 shows schematic image for designed DBR of different number of pairs. TMM 

simulation was conducted to determine the number of pairs and∆𝜆 . TMM is a simple 

numerical method used to model waves passing through layered media. This approach 

employs continuity boundary conditions at layers interfaces of the two materials as well 

as wave equations to describe reflectance values across each layer [13]. The reflectance 

of an interface with an m-layer creating thin layer can be described by a 2x2 matrix (M ); 

the matrix of the layer is 
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𝑀 = ∏
𝑐𝑜𝑠𝛿

𝑖 𝜂 𝑠𝑖𝑛 𝛿 𝑐𝑜𝑠𝛿
                                                 (21) 

Where, 𝛿 =  𝑑  𝑁  cos 𝜃 , is the phase shift caused by the layer. 

( 𝜂 =   ) Is the material admittance. 

At inclined angle of incidence, the light wave is divided into two different polarized beam 

components, P-polarization and S-polarization. The optical admittance of the two 

polarization beams are 𝜂 =  for (TM wave) and  𝜂 = 𝑁 cos 𝜃  for (TE 

wave), where εo and µo are the permittivity and permeability of air and vacuum 

respectively, also Nr = nr - ikr represents the thickness of the layer. In the case of TiO2/SiO2, 

DBR layers are real valves because no absorption is conducted at a designed wavelength. 

This leads to Nr = nr. θr, where θr is the refractive angle in the layer. This angle can be 

calculated by the use of incident angle θo and Snell’s Law. In this case of m-layers, the M 

matrix is the product of independent matrices of each layer respectively [13]. The 

reflectance R can be calculated using the equation (35): 

𝑅 =
∗

                                                      (22) 

Where * is the complex conjugate. 

B and C are the amplitudes of total electric and magnetic field propagating 

through DBR layers. These values can be calculated as follow: 
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𝐵
𝐶

=  ∏
𝑐𝑜𝑠𝛿

𝑖 𝜂 𝑠𝑖𝑛 𝛿 𝑐𝑜𝑠𝛿
 

1
𝜂

                                          ( 23) 

Where ηe is the optical admittance of exit medium [13]. 

TMM method is a simple and fast method used to describe the construction tolerance of 

DBRs for a specific design wavelength in VCSEL structures. The variations in reflectance 

with 600 nm wavelength for a different layer structure is related to the incidence angle, 

and the pairs number is investigated with the TMM method using MATLAB software. In 

figure 2.4, the results of the simulation are given for a DBR stack with different pairs 

number for the two-beam polarizations (S-polarization and P-polarization) at a 45o angle 

of incidence. For an S-polarization beam, DBR stack for different pairs numbers (1, 3, 5, 7, 

10, 13, 15, 17 and 20). As the number of pairs increases, the maximum reflectivity at 600 

nm wavelength increases till it is saturated at approximately (100%) for DBR stack with 9 

pairs. In contrast, the number of pairs required to achieve a 100% reflectivity increases to 

11 pairs.  

This study also investigates the bandwidth of a single-DBR stack, using   the reflectivity 

simulation results of the bandwidth of single DBR, which is less than 350 nm for S-

polarized beam and 270 nm for P-polarized beam. The wide bandwidth of designed DBR 

stack exhibits advantages for expanding the application, backlight for cell phones [10]. 

The effect of the oblique angle of light incident on a single-DBR stack reflectivity spectrum 

is investigated. Figure 2.5 shows the reflectance spectrum under oblique angles of 0o to 

60o S-polarized and P-polarized beams. In these results, numerous interesting features 

are noted: (1) the bandwidth center moves toward the shorter wavelength, (2) the 
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bandwidth of the stopband is tapered. As the incident angle is increased, the center 

wavelength in the DBR moves toward the shorter wavelength. As a result, if the design 

wavelength was 600 nm with varying incidence angles with high control over VCSELs 

lasing parameters like temperature and pumping current, the computational results 

provide good approximation in the shift in centered wavelength as a function of layers 

thicknesses and incidence angle of optical waves. 

Figure 2.4: Reflectivity spectrum of a DBR stack calculated for different pair’s number at 
45o; A: Reflectivity spectrum of different pairs numbers for S-polarized beam; B: 
Relationship between layers number and reflectivity of the S-polarized beam; C: 

Reflectivity spectrum of different pairs numbers for P-polarized beam; D: Relationship 
between layers number and reflectivity of P-polarized beam. 
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Figure 2.5: Reflectivity spectrum of different wavelengths at a different angle of 
incidence: A: For S-polarized beam; B: For P-polarization. 

2.1.2 Finite-Difference Time-Domain FDTD.  
 

In this thesis, the finite-difference time-domain (FDTD) numerical modeling method is 

considered to be an essential method for designing proposed reflective metalens by using 

Lumerical FDTD solution. It is one of the most precise and simple electromagnetic 

computational modeling methods used to analyze the optical properties of the DBR 

structure. The FDTD method models any optical structure using a clear computational 

solution to Maxwell’s curl equations. 

The FDTD method is derived from Maxwell’s curl equations:  

 = − 𝛻 × 𝐸                                                           ( 24) 

 = − 𝛻 × 𝐻                                                              (25)  

Where E is an electric field, H is the auxiliary magnetic field, ε is the permittivity and µ the 

permeability of the medium. The E and H equations are solved alternately at each half 

time step, with the last E values depending on the last H values, and vice versa. Hence, 
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one full time step simulation results in electric and magnetic field values at each point for 

each time step. Then, the power of the incidence of electromagnetic waves is calculated 

by squaring the absolute value of the discrete Fourier-transformation of the frequency 

scale. The reflectance of DBR is found by normalizing the resulted power to the input 

power. 

The DBR optical properties are studied again using FDTD, which depends strongly on the 

incident angle of the beam. For the designed TiO2/SiO2 DBRs with different pairs, 

dependent reflectance characteristics are studied for differently polarized beams. Figure 

2.6 shows the (a) measured reflectance spectra at different pairs number. Comparing to 

TMM results the number of pairs required to achieve 100% reflectance increases to 10 

pairs for S-polarized beam and 13 pairs for P-polarized.   
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Figure 2.6: Reflectivity spectrum of a DBR stack calculated for different pair’s number at 
45o; A: Reflectivity spectrum of different pairs numbers for S-polarized beam; B: 
Relationship between layers number and reflectivity of the S-polarized beam; C: 

Reflectivity spectrum of different pairs numbers for P-polarized beam; D: Relationship 
between layers number and reflectivity of P-polarized beam. 

Figure 2.7 shows the (A, C) measured reflectance spectra and (B, D) contour plots of 

variations of the calculated reflectance spectra at θinc = 0-60° for the SiO2/TiO2 DBR with 

20 pairs at λd = 600 nm in P- and S- polarized lights. The high R bands are shifted toward 

shorter wavelengths with increasing the θinc, for both polarized lights. The 

maximum R values and bandwidth for the P-polarized light are decreased, whereas those 

are increased for the S-polarized light. This is recommended because of the differences in 

film thickness for inclined incident lights. It is found that, at λd = 600 nm, the R values of 
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≈ 100% are kept in a broad θinc range of 0-60°. Hence, for theoretical optical analysis of 

the SiO2/TiO2 DBR with 20 pairs, the simulation results of FDTD software illustrated are 

approximate, with a similar trend to the measured data obtained with TMM at designed 

wavelengths and different incident angles for all the P- and S-polarized lights, as shown 

in figures 2.8.  

Figure 2.7: A&C: Measured reflectance spectra at angles 0-60o; B&D: Contour plots of 
variations of the calculated reflectance spectra at angles 0-60o for the SiO2/ TiO2 DBR 

with 20 pairs at λd = 600 nm in S-polarization and P-polarization lights. 
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2.2 Reflected Metalens Design methods 
 
2.2.1 Metalens Model derived from conventional thick lens 
 

To have a better understanding of metalens theory, it is better to start with the 

conventional lens. The conventional lens is a piece of transparent material with curved 

sides for converging or diverging light. Figure 2.8 illustrates the basic structure of different 

types of conventional lenses. The shape of its surface curvature determines the function 

of the lens. In biconvex (both surfaces are convex) and plano-convex (one surface is 

convex) lenses, the incident beam is converged at one point, known as the lens focal 

point. The distance between the lens and the focal point defines the lens’s focal distance. 

In contrast, biconcave and plano-concave lenses diverge incident light beams. In this case, 

the focal length is defined as the distance at which the back-projected Rayes would focus.   

Figure 2.8: Illustrations of different types of conventional lenses A; Biconvex, B; Plano-
convex, C; Biconcave, and D; Plano-concave. 
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From the perspective of how electromagnetic waves travel, the incident light waves 

with wavelength λ propagate through a lens, whereas the waves slowdown in the 

middle of the lens. While on the edges of the lens, where the lens is thinner, the light is 

slowed down less. That causes the shape of the wavefront of the incident beam as it 

emerges from the lens is now curved. Hence, there is a converging wavefront at lens 

focal point. 

Figure 2.9: Conversion of a plane wave into a spherical wavefront as it propagates via a 
plano-convex lens. 

In order to simplify this model, the discretization method can be applied to study light-

converging by a lens. Figure 2.10 shows an example of discrete analyses of the plano-

convex lens. From the illustration two different light propagations, A&B are focused at 

focal point F that is separated by focal length distance 𝑓 from the surface of the lens. In 

the illustration, Propagation A followed bath A-O-F and propagation B followed bath B-

C-D-F, the L distance is the distance between A and O, and Y is the distance between C 

and D [14]  
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Figure 2.10: Illustration of a discrete analysis method applied on a plano-convex lens. 

The general mathematical form of a sinusoidal wave that traveling along z is  

𝐸 = 𝐸 𝑐𝑜𝑠(𝜔𝑡 − 𝑘𝑧 + 𝜑)                                                  (26) 

Where, 𝐸  is the electric field at position z and time t, k is wave propagation constant = 

,𝜆: is the wavelength, 𝜔 is the angular frequency, 𝐸  is wave amplitude, 𝜑 is the phase 

constant.  

The propagation direction is indicated by a wave vector k, which is normal to the constant 

phase plane. From equation 26, the phase of an incident wavefront is(𝜔𝑡 − 𝑘𝑧 + 𝜑). For 

propagation, A&B both have the same𝜔. Because the same light source generates A & B, 

both have the same𝜑. Hence, −𝑘𝑧 is attracting more attention to studying the phase shift 

[14]. 
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Looking at propagation A, the phase shift can be mathematically described as: 

Phase shift A = (−𝑘 × 𝐴𝑂) + (−𝐾 × 𝑂𝐹) = (−𝑘 × 𝐿) − 𝐾𝑓              (27) 

Turning to propagation B 

Phase shift B = (−𝐾 × 𝐵𝐶)(−𝑘 × 𝐶𝐷) + (−𝐾 × 𝐷𝐹) = (−𝑘 × 𝑌) +

−𝐾(𝐿 − 𝑌) + (−𝐾(𝐷𝐸 + 𝑓))                                                                                               (28) 

In order to achieve a focus at the focal point Phase shift A has to equal Phase shift B 

(−𝑘 × 𝐿) − 𝐾𝑓 = (−𝑘 × 𝑌) + −𝐾(𝐿 − 𝑌) + (−𝐾(𝐷𝐸 + 𝑓))          (29) 

Given that k = 2π/λ (kmedium = nk) 

𝑘(𝑛 − 1) × (𝐿 − 𝑌) = 𝐾 × 𝐷𝐸                                               (30) 

Equation 32 can be rewritten as 

 (𝑛 − 1)(𝐿 − 𝑌) = 𝑓 + 𝑥 − 𝑓                                                 (31) 

So, the phase difference between O &D is 

𝜑(𝐷) − 𝜑(0) = 𝑓 + 𝑥 − 𝑓                                         (32) 

 

From equation 32, we can conclude that the shorter the Y, the larger the phase difference. 

In other words, the mechanism of a thick lens is to vary the thickness of the lens to meet 

the required phase difference between O&D [14]. 

Figure 2.11 A shows a cross-section of metalens; it can be represented as a slap of 

different materials with different refractive indexes to replace the variation in thickness 

of a conventional lens. The value of the different refractive indexes of each unit cell is 

represented by n0, n1, n2, n3, and n4. Each unit cell functions as an isolated phase shifter. 

Since this lens is symmetric, the value of the refractive index is the same at each 
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symmetric position. Then, the same approach explained in the previous section can be 

followed to analyze the phase shift of propagations A&B [14]. 

Figure 2.11: Cross-section of metalens planer; B: An assumption of a flat lens. 

From figure 2.11 B; 

Phase shift A = (−𝑘 × 𝑛 × 𝐴𝐶) + (−𝑘 × 𝐶𝑂) = −𝑘 × ((𝑛 × ℎ) + 𝑓)                    (33) 

Phase shift B = (−𝑘 × 𝑛 × 𝐵𝐷) + (−𝑘 × 𝐷𝑂) = −𝑘 × ((𝑛 × ℎ) + 𝑓 + 𝐷𝐸)      ( 34) 

In order to form an image at the focal point, phase shift A has to be equal to phase shift 
B 

From equations 33 and 34, we obtained: 

−𝑘 × ((𝑛 × ℎ) + 𝑓)  = −𝑘 × ((𝑛 × ℎ) + 𝑓 + 𝐷𝐸) 

𝑘 × ((𝑛 − 𝑛 ) × ℎ)  = 𝑘 × 𝐷𝐸) 

2𝜋

𝜆
(𝑛 − 𝑛 )ℎ =

2𝜋

𝜆
𝑓 + 𝑥 − 𝑓 

So, 𝜑(𝐷) − 𝜑(𝐶) = (𝑛 − 𝑛 )ℎ = 𝑓 + 𝑥 − 𝑓                                            (35) 

Equation 35 describes the phase difference between the phase of the wavefront at points 

C and D from this equation we can conclude that the phase difference is 𝑓 + 𝑥 − 𝑓 

, which means that it’s a function of position x. Hence, a flat lens with fixed thickness h 
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can be designed by designing a phase shifter with a refractive index at each position x on 

the lens [14].  

Typically, the size of one unit cell of metalens is less than the wavelength of the incident 

beam, which leads the structure as a whole to be considered with an independent 

refractive index neff. In figure 2.12 A the size of one-unit cell is defined as W is the width 

of the unit cell, P is the length, and h is its height. Hence, if one dimension of the structure 

is changed (W) in each unit cell, this results in a new phase shifter with different neff. As a 

result, these unit cells cause required phase difference ( 𝑓 + 𝑥 − 𝑓) to obtain at 

each position x of the lens. Figure 2.12 B illustrates the basic schematic of the metalens. 

The metalens is symmetric in shape and each unit cell with different neff is desined at 

specific position x at symmetric position to achieved condition given in equation 35 [14]. 

Figure 2.12: A: Schematic of metalens design unit cell, and B: Illustration of full design of 
metalens. 

2.2.2 Design and structure 
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A metalens is a special arrangement of (metallic or dielectric) nano-antennas at an 

interface, whose designed to shape the incident light wavefront by adjusting the location 

of the nano-antennas. By this design, one can control the basic properties of the incident 

light like amplitude, polarization and phase shift. In this thesis, dielectric metasurfaces 

were chosen owing to the lower reflection and absorption losses of the dielectric 

metalenses that makes them more efficient in ‘transmissive mode’ for VCSEL system. 

Among all dielectric materials, Crystalline titanium dioxide (TiO2) is been chosen as a 

metasurface material because of its high refractive index (2.46832), wide band gap, 

thermal stability, as well as a low loss indicated at designed wavelength. An appropriate 

separating distance was picked by examining the reflection coefficient and the phase by 

the radii and the dispersing of different TiO2 nanopillars. These two characteristics ensure 

the metalenses have a high focusing efficiency and a small focusing spot size at the design 

wavelength of 600 nm, as determined by the numerical aperture. Also, the effect of high 

focusing efficiency, small spot size, focal length, are studied in detail. FDTD simulation 

results show that for larger radii nanopillars waveguiding effect is the dominant 

phenomena which is the reason for realizing 2π phase shift without coupling effect 

between the pillars. Further, designed reflective metalens is polarized insensitive which 

makes it appropriate for circular and linear polarized applications. Also, it can reflect and 

focus incident beam with inclined angles up to ±30° off-axis. Hence, demonstrated 

metalens can be used for potential application and many others such as, imaging and 

beam splitters.  
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The building blocks of proposed metalens are TiO2 nanopillars on SiO2/TiO2 DBR. The 

desired characteristics of this structure comprise high diffraction and reflection 

efficiencies, large numerical aperture (NA), and broadband wavelength operation. The 

proposed metalens reflects and focuses incident beam into a small spot at the focal point 

of the lens. To make it acts like a spherical lens, unit cell size is fixed at 𝑈 × 𝑈 in 𝑥- and 𝑦- 

axis. The phase profile 𝜑(𝑥, 𝑦) of the metalens is given by(Khorasaninejad and Capasso 

2017). 

𝜑(𝑥, 𝑦) = 𝑥 + 𝑦 + 𝑓 − 𝑓                                           ( 36) 

The total phase profile is realized by subwavelength nanopillars of fixed antennas 

separation distance 𝑈 and nanofiller hight 𝐻.  

To investigate the ability of the nanopillars’ reflection and their full 2𝜋 phase control, the 

FDTD method is used to analyze 𝜑(𝑅) by fixed  𝑈 at 300 nm to meet the Nuquist sampling 

criterion (𝑈 < ) and changing nanopillar radius from 30 nm to 80 nm. Additionally, H 

is varied between 400 nm and 600 nm for 𝜆 = 600 𝑛𝑚. 

Figure 2.13 shows the simulated phase of TiO2 nanopillars arranged in a rectangular 

lattice, as a function of nano-pillar diameter. A 𝑈 = 300 𝑛𝑚 unit cell can achieve 2𝜋 

phase coverage by changing the values pillars radius from 30 to 80 nm. The arrangement 

operates at λ between 550 nm and 700nm because GaN nanopillars are placed on DBR 

with bandwidth-operated wavelength. Obviously, a 2𝜋 phase shift can be obtained across 

DBR wavelength bandwidth. To design a nanopillar that implements this, we find a set of 
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periodic nanopillars with a different lattice that provides 2𝜋 phase shift. This set is shown 

in figure 2.13.  

Figure 2.13: Simulated phase map 𝜑 (𝑟) for the metalens designed at 600 nm each point 
on the phase map shows the relative phase difference between a nanopillar with radius r 

and a reference point where there is no nanopillar. The lensed DBR operates only at its 
bandwidth. 

In regards to understanding the phase realization mechanism, the single nanopillars are 

modeled as a circular dielectric waveguide through which electromagnetic waves 

propagate. Referring to figure 2.14B, a circular dielectric waveguide is considered with a 

step-index profile [15]. 

𝑛(𝑟) =
𝑛 , 𝑟 ≤ 𝑎

1, 𝑟 > 𝑎
                                                          (37) 

Where, a is the core radius. It consists of a core of refractive index 𝑛  on TiO2/SiO2 DBR 

substrate and air cladding (𝑛 = 1) with propagation direction along the +𝑧. Varying the 
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core diameter from zero (no nanopillar) to 1 (radius equals to lattice constant) is 

important to increase the phase coverage. It is been noted that the change in the nano-

pillar radius causes the 𝑛  to change accordingly. The phase realized by the waveguide 

effect is given by [15]: 

𝛥𝜑 = 𝑛 𝐻                                                         ( 38) 

The core refractive index of a circular TiO2 nanopillar as a function of its radius for 600 nm 

incident wavelength is calculated by FDTD and step-index circular waveguide model. For 

the step-index model, the modes of propagation in the proposed waveguide are a mixture 

of TE and TM polarization waves. The number of modes can be supported by the circular 

fiber defined with the parameter [15] 

 𝑉 =  𝑛 − 1.                                                         (39) 

Regardless of the value of V, the first fundamental mode always appears. As the value of 

V increases beyond V = 2.405, other modes start to appear. The exact solution of these 

modes require solving Maxwell’s equations in cylindrical coordinates, after which 𝑛   as 

a function of V is plotted. By adjusting the radius of the nanopillar, the effective refractive 

index of its fundamental mode can vary from 𝑛  = 1 (when there is nanopillar) to 𝑛  

= 𝑛  (when light mostly propagates in TiO2). It is clear that the agreement between the 

two methods is better for a larger radius. To guarantee high efficiency, U should be 

optimized at designed wavelength, so the nanopillars can confine light in a subwavelength 

region, allowing the antennas to be densely packed on DBR. Furthermore, the height of 

the nanopillars should be tall enough to provide 2π phase coverage through a range of 
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different radii. Finally, the process of building the full design of proposed metalens 

requiring phase φ (xi, yi) is discretized according to equation (38), assuming U × U unit cell 

size. At each position (xi, yi) an appropriate TiO2 nanopillar with diameter r is chosen that 

gives 2π phase coverage at the designed wavelength [16]. 

Figure 2.14: A comparison of the phase calculated by FDTD of five different nanopillars 
designed as a function of pillar radius. The pillars are designed for propagating 600 nm 

wavelength through them with the same U and different H. B: compression of FDTD and 
step-index model for circular waveguide considering its HE11 fundamental mode at 600 

nm incident wavelength for a changing radius nanopillars with 400 nm height. 

2.3 Results and Discussions 
 

The main purpose of this designed metalens is to control the far-field emission of Vertical 

Cavity Emitting Surfaces and improve their beam quality, control light transmission, and 

control polarization via integration with lensed DBR. The optimum diameter for the oxide 

aperture and P-contact is in the range of hundreds of micrometers. One advantage of 

using DBR-metalens is that it is tunable in terms of Focal length (𝑓), lens diameters (D) 

and Numerical Aperture(NA). these criteria can be calculated using the following equation 

[17]. 



56 
 

𝑁𝐴 = 𝑠𝑖𝑛 𝑡𝑎𝑛                                                  ( 40) 

For example, a DBR-metalens with Numerical Aperture (NA) = 0.8 and a diameter of 

200µm can reflect a beam at a distance of 125µm. lens Diffraction limit (DL) or minimum 

size that the lens can resolve is calculated using the following equation [17]. 

𝐷𝐿 =  
.

                                                                      (41) 

The loptical characteristics of the proposed metalens are analyzed using 3D-FDTD 

simulation. We built-in an FDTD solution environment metalens with NA = 0.6 and D = 

200µm on TiO2/SiO2 DBR. Because of the large size of designed metalens and our limited 

computational resources, we analyzed the performance of the design at the smaller 

diameter D= 14 µm and similar NA which reduced results from focal distance to 10 µm. 

Figure 2.15 shows the required phase profile at the default focal length calculated by 

equation (38), considering 𝜆 = 600 𝑛𝑚. The proposed metalens is of the radius within 

the blue line. It can be clearly seen that designed metalens has asymmetric phase 

distribution, which results in the symmetry of its focused light spot.  

Figure 2.15: A: Top view image of a metalens with NA = 0.6 and f0 = 10 um built in FDTD 
simulation. B: the required phase to demonstrate metalens (NA = 0.6) at 𝜆 = 600 𝑛𝑚. 
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Figure 2.16 B and C show the simulated focal spot intensity (|E|2) profile at the designed 

wavelength at x-y, as well as x-z planes. The focusing efficiency is defined as the ratio of 

the total power of beam focused within 3 × 𝐹𝑊𝐻𝑀 to total incident power(Yang, Li et 

al. 2017). From figure 2.16 C, the plane metalens provides focusing capability with an N.A. 

of ~0.60 and a focusing efficiency of ~64 %. Here, the calculated focusing efficiency is 

relatively low because the reflection in DBR-metalens from the surfaces of nanopillars 

introduces more reflection effects into measured incident power leading to lowering its 

focusing performance. From Figure 2.16 A, the full width half maximum (FWHM) of the 

normalized intensity of the focused beam is 480 nm (less than λ/2 N.A.), which indicates 

a sub-diffraction-limited focusing of DBR-metalens.  

Next, further analysis on proposed metalens was done using FDTD simulation to study its 

off-axis focusing properties, broadband characteristics, polarization insensitivity, and 

with changing 𝑓 . 
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Figure 2.16 A: corresponding vertical cut of the focal spot; B&C: Field intensity (|𝐸 |) 
distributions of metalens in the xz- plane, and xy -plane, respectively. 

2.3.1 On-and Off-Axis focusing 
 

For conventional VCSEL devices, the divergence angle of the emitted beam is more than 

20o. To study the effect of the deviation of the incident beam from the right angle of the 

lens, several imaging on-and off-axis plane wave sources were obtained. A point source 

was modeled with different divergence angles (0o, 5o, 10o, 15o, 20o, 25o and 30o) and 

placed in the front of the lens. Figures 2.17 (A-G) shows Field intensity distributions of 

the focusing effect in the xz-plane. The intensity plots show a shift in x-coordinate of 

light focused points as the incidence angle increases. It is noticeable that the 
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displacement distance of the focal point is directly proportional to the beam angle of 

incidence. Theoretically, the distance between the focused spot point and the axis of 

imaging can be calculated as follows [6]. 

𝑥 = 𝑓 𝑡𝑎𝑛 𝜃                                                              (42) 

Where x is the displacement distance of lens focal point, 𝑓  is designed focal length of 

the lens and θ is the oblique angle of incident light measured in rad. Figure 2.18 (A) 

illustrates a good agreement between simulated and theoretical values of focal point 

shifts, which promotes the accuracy of our design.  

Figure 2.18 (B) shows the vertical cut of normalized intensity profiles of focused power 

for a different angle of incidence. It is notable that the maximum normalized intensity 

measured is for the normal incident light and as the angle increases the intensity 

decrease, linearly. This would result in a reduction in calculated focusing efficiency and 

an increase in FWHM of normalized intensity profiles. At all diverging angles, the 

focusing efficiency remains above 50%. Therefore, the designed metalens shows well 

performance in applications where the falling light is not normal to the surface.  
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Figure 2.17:  Field intensity (|𝐸 |) distributions of metalens in the xz plane at different 
angles of the light incident; A (0o); B (5o); C (10o); D (15o); E (20o); F (25o) and G(30o). 

Figure 2.18: A: simulated and theoretical values of focal point displacement distance 
caused by the oblique angle of the incident light. B: the normalized intensity for different 

angles of incidence varying from 0° 𝑡𝑜 30°in the XZ-plane. C: summary of Simulated 
figures of lens focusing efficiency and FWHM spot size for different angles of incidence 

varying from 0° 𝑡𝑜 30°. 



61 
 

2.3.2 The Broadband Characteristics 
 

When a metalens is integrated with VCSELs, one should take into consideration that the 

designed wavelength of the emitted light is subject to red or blue shift due to several 

factors, such as high temperature and an increase of cavity materials refractive index. 

Therefore, it is necessary to research its focusing characteristics for shorter and longer 

wavelengths within the DBR bandwidth. Despite the fact that the shift in the wavelength 

would be very small, the effective range is selected from 550 nm to 700 nm, where the 

lens operates. Figure 2.19A shows the focal length dependence of incident wavelength. 

The FDTD results agrees with the conventional diffractive lens that the following 

equation models [17]: 

𝑓(𝜆) =
( )

                                                        ( 43) 

From the intensity distributions plots 2.19 B, it can be seen that the chromatic 

aberration is significantly reduced across the entire bandwidth, with the focal points for 

all wavelengths lying very close to one another.  

Figure 2.19C shows that the FWHM and focusing efficiency of the lens are determined 

by the wavelength of the incident beam. The FWHM of the spot size rises when moving 

away from the designed wavelengths, which causes the rate of focusing efficiency to fall 

down comparing with the value reported for designed wavelength. The focusing 

efficiencies of most wavelengths remain above 50%, which proves the high efficiency of 

the lens even at wavelengths not exactly equal to designed wavelength with a slight 

shift in its focal length.   
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Figure 2.19: A: A Study the deviating behaviors for different wavelengths within the DBR 
bandwidth range. B: Measured normalized intensity distributions in the axial plane (x–z- 
axis) are shown for select wavelengths spanning from 550 to 700 nm. C: λ dependence of 

FWHM spot size and focusing efficiency of the metalens. 

2.3.3 Polarization insensitivity 
 

The proposed metalens is designed to be insensitive to the polarization of the light 

incident by having a circular symmetric nanopillar as the unit cell. This study examined 

the shape and light intensity of the lens focal spot for three different linearly-polarized 

beams. Initially, X-polarized light at 600 nm wavelength plane wave source was placed 

on top of the lens. Then, the polarization angle of incident beam changed to 30°, 60°, 

and 90°, respectively. These results are presented in figure 2.20. As can be seen, we saw 
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insignificant changes the focal spots shapes and sizes, whereas the focusing intensity 

remained constant. In addition, the dispersion of FWHM for the four polarized beams is 

~ 30 𝑛𝑚 . The sensitivity of the designed metalens to the circular polarized beam was 

tested as well. The circularly-polarized beam is the sum of two linearly polarized beams, 

where a phase difference of have 𝜋 2and are normal to each other. The proposed 

metalens focuses on circularly-polarized incident beams, with no change in focused light 

characteristics.  The resulted intensity of circularly polarized incident light is the sum of 

the intensities of its components: I = |Ex|2 + |Ey|2.  Hence, DBR-metalens can focus x-

polarized, y-polarized and circular-polarized incidence lights, with insensitivity to the 

incident polarization. 
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Figure 2.20: Field intensity (|𝐸 |) distributions of metalens in the xy plane for different 

polarization angles of incident light; A(0o), B(30o), D(60o) and E(90o). F: comparison study 
of horizontal cut of field intensity in xy-plane for different linearly polarized inputs (0°, 

30°, 60°, and 90°) for linearly polarized incident electromagnetic waves. 
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2.3.4 Free Spherical aberration DBR-metalens 
 

Designed metalens for VCSELs applications exhibit non-spherical shapes of focal spots at   

wide angles and large fields. The problem can be illustrated by considering figure 2.21, 

that shows focusing at normal incidence Blue and at inclined incidence Red. X and y are 

the planer coordinates. The phase-difference between propagations A and B that must 

be implemented for perfect focusing at normal angle of incidence is given by equation 36. 

We have shown in section 2.3 that a hyperbolic shape of metalens phase profile creates 

a spherical wavefront of focused incident electromagnetic at the focal point for normal 

incidence, whereas for beams non-parallel to the lens substrate, full control over incident 

plane waves is not possible due to spherical aberration.   
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Figure 2.21: Cross-section of metalens planer focusing normal (red lines) and inclined 
(blue lines) light rays. 

 

In conventional spherical lenses, there has been much proposals on designing free 

spherical aberrations. For example, Later, Conrady, in their analysis, showed that the 

spherical aberration of a spherical lens can be minimized to zero when the object is 

located at the center of curvature and two aspheric adjacent surfaces are used to form 

free spherical aberration images [18]. We decided to apply this approach on our proposed 

DBR-metalens to derived an iterative method to design a flat planer that is free from 
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spherical aberration. In this technique, we begin with two flat lens and a point source 

located at 𝑂 = 2𝑓. Then, Discretization method is applied to calculate the phase profile 

of the corrective lens to minimize the spherical aberration.  

 
Figure 2.22: Schematic of modified design cross section. 

For the First planer: 

Phase shift A = (−𝑘 × 𝑅𝐶) + (−𝑘 × 𝑛 × 𝐶𝐴) = −𝑘 × ((𝑛 × ℎ) + 2𝑓)                    (46) 

Phase shift B = (−𝑘 × 𝑅𝐷) + (−𝑘 × 𝑛 × 𝐷𝐵) = −𝑘 × ((𝑛 × ℎ) + 2𝑓 + 𝐷𝐸)      (47) 

Phase shift A has to be equal to phase shift B because they are emitted from the same 

point source 

From equations 46 and 47, we obtained: 
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−𝑘 × ((𝑛 × ℎ) + 2𝑓)  = −𝑘 × ((𝑛 × ℎ) + 2𝑓 + 𝐷𝐸) 

𝑘 × ((𝑛 − 𝑛 ) × ℎ)  = 𝑘 × 𝐷𝐸) 

2𝜋

𝜆
(𝑛 − 𝑛 )ℎ =

2𝜋

𝜆
4𝑓 + 𝑥 − 2𝑓 

So, 𝜑(𝐷) − 𝜑(𝐶) = (𝑛 − 𝑛 )ℎ = 4𝑓 + 𝑥 − 2𝑓                                            (48) 

Equation 36 describes the phase difference between the phase of the wavefront at points 

C and D. Now we repate the same analysis for the second planer which also give  phase 

difference =  4𝑓 + 𝑥 − 2𝑓 . Then, doublet lenses designs can employ one substrate 

metalens planer to eliminate additional wavefront distortion from cement between the 

two planers , so we added the two phases profiles to gother which results  

𝜑(𝐷) − 𝜑(𝐶) = 4𝑓 + 𝑥 − 2𝑓                                           (50) 

Becaue metalens is 2D planer, the phase profile is: 

𝜑 = 4𝑓 + 𝑥 + 𝑦 − 2𝑓                                              (49) 

We built-in a 3D FDTD solution environment metalens with NA = 0.6 and D = 15µm on 

TiO2/SiO2 DBR considering 𝜆 = 600 𝑛𝑚. Figure 2.22 shows the required phase profile at 

10 µm focal length of the initial design (blue line) and the modified one (red line). It can 

be clearly seen that modified designed metalens has asymmetric phase distribution and 

hyperbolic shape, which results in the symmetry of its focused light spot. 
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In common cases, the initial desing, where the sorcse of the electromagnatic beam is 

quite close to the lens, and the electromagnatic field is spherical wave not a plane wave. 

Therefore, a large spherical aberrations in the focal spot occures specially at oblique angle 

of incedent. So, we indused the new phase profile based on equation 49. Figure 2.23 

shows that there is a ∆𝑥 shift between these kinds of metalens. 

        
Figure 2.23: Phase Profile of normal DBR-metalens (blue line) and Modified DBR-

metalens (red line). 

To confirm the theoretical analyses, full-wave simulations were performed by FDTD. The 

focal length f is fixed at 10 μm, so object position  is set at 20 μm in the simulations to 

compare it with normal desinge. Figure 2.24 shows the xz-plane vartical cut of the focal 

spot of normal desing and modified one respectively of normal incednt plan waves. Both 

have the same FWHM being 480nm. However, the normal metalens exhibits higher 

focusing capability, which indicates that a lower resolution can be achieved as it is utilized 

for for a normal incedent beam plane source. 
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For oblique angles cases, from figure 2.24 C &F  it is observed that a notable reduction in 

the size of the focal spots up to 17% in case of 30° inclined. Which, confirm our numerical 

analysis that the modified desing minimize the spherical aberrication effect of the normal 

metalens due to its spherical phase profile. 

Figure 2.24: Field intensity (|𝐸 |) distributions of normal DBR-metalens in the xz plane at 
different angles of the light incident; A (0o); B (20o); C (30o); and of modified DBR-

metalens at D (0o); E (20o) and F(30o). 

Figures 2.25 A & B show numerical comperison between the normal metalens (blue 

squirs) and the modified metalens (red circuls) in terms of lens focussing efficincy and 

FWHM chaacteristics, respectively. In figure 2.25 A, the modified design performs with 

lower focussing efficincy at normal angle of incedince than the normal one but when the 

incedent waves inclines at angles highers than 10° the modified metalens shows higher 

focussing efficincy than the normal one. Figure 2.25 B confirms the ability of the modified 

metalens to focus incedent light at normal and inclined angles at smaller focal spot size, 
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which explans the improvement obtained for the modified metalens in terms of the 

focusing efficincy and minimizing spherical aberrations effect. 

Figure2.25: A: A comparison FDTD results of normal and modified metalens focusing 
efficiency and B: FWHM of corresponding vertical cut of the focal spots as a function of 

electromagnetic wave angle on incidence. 
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2.4 Conclusion 
 

In summary, we demonstrated a broadband, polarized-insensitive, visible wavelength 

reflective metalens by integrating a metalens structure on DBR for VCSEL applications. 

DBR design is critical in order to create operating wavelength and the appropriate width 

of planer peak reflectance. A DBR multilayer structure consists of two different dielectric 

materials, TiO2 and SiO2. It was found that the optimized design would be composed of 

20 pairs to attain maximum reflectivity (~100% ). Then, a single cylindrical dielectric 

nanoantenna based on DBR was used as a building block. This structure can produce a 

reflection-phase profile in almost the wavelength bandwidth due to waveguide effect, 

the focal length, FWHM, and focusing efficiency. The simulation results of reflecting and 

focusing function coincide with theoretic analysis. It has a high-focusing efficiency as 

well as small FWHM. Further investigation proved that metalens can work well for an 

incident beam angle of 30o with spherical aberration effect. We find that aberration free 

focusing for inclined angle of incedence is possible with an alternative design of 

metalens based on proposed solution for free spherical aberration conventional lenses. 

The proposed metalens is insensitive to incident electromagnetic wave polarization.  

Thus, DBR-metalens configuration can be used to improve the directionality of 

electromagnetic wave for potential application because it successfully, overcome critical 

limitations; mirror losses and polarization dependency by using multiple layers design 

and using elements that control simultaneously electric and magnetic polarized 

currents.  
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2.5 Future work 
 

The main focus of the thesis was on the optimization of metalens based on DBR. The 

fabrication process has been started but many different adaptations, tests, and 

experiments have been left for the future due to lack of time. Future work will concern 

fabricating a proposed device then testing with deeper analysis of particular 

mechanisms, focusing ability, focusing efficiency, and aberration. Here I will present a 

comprehensive review of the fabrication process of DBR-metalens based on lithography 

and reactive ion etching. The presented fabrication process of the device is on sapphire 

substrate because of its wide transmitting optical band, from ultraviolet band to 

infrared light band, which makes it the best candidate for optical devices.  

2.5.1 Device parameters for DBR metalens 
 

Table 2.1: Table of Device Parameters. 

Parameter Dimension 
TiO2 thin film thickness, tTiO2  =   

SiO2 thin film thickness tSiO2  =   

Lens diameter, D 20 𝜇m 
DBR thickness Pairs number (tTiO2+ tSiO2) 
Nanopillar height, h 600 nm  
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2.5.2 Device fabrication process 
 

 

 

Fi
gu

re
 2

.2
6:

 S
ch

em
at

ic
 o

f (
Ti

O
2/S

iO
2) D

BR
-m

et
al

en
se

s 
fa

br
ic

at
io

n 
pr

oc
es

s.
 (1

) F
ab

ric
at

io
n 

of
 (T

iO
2/S

iO
2) D

BR
 

by
 E

BE
.  

(3
) S

pi
n-

co
at

in
g 

ph
ot

or
es

is
t o

f P
M

M
A.

 (4
) T

ra
ns

fe
r p

at
te

rn
s 

on
to

 p
ho

to
re

si
st

 b
y 

EB
L.

 (5
) D

ep
os

iti
on

 
of

 N
i a

nd
 L

ift
-o

ff
 th

e 
re

si
du

al
 P

M
M

A 
la

ye
r. 

(6
) R

IE
 a

nd
 fi

na
l p

ro
du

ct
 

 



75 
 

Table 1.2: Summary of DBR-metalens fabrication process. 

Step Module Material Process Equipment Process Condition Rationality 
Cleaning  Nitrogen gas Clean wafer by nitrogen 

gas flew for 3 minutes 
Nitrogen gun Room temperature Removing any 

visible particle on 
the wafers 

Acetone The wafer is placed in an 
Ultrasonic Bath for 10 

minutes to enhance this 
process by agitation. After 
that, the wafer is placed in 
a glass beaker containing 

De-Ionized water for 1 min 
to remove any chemical 

residuals 

Glass beaker Temperature: Room 
temperature  

Method: Ultrasonic 
Bath with water  

 Composition: acetone 
Time: 10 minutes 

Removing any 
organic 

contamination 

Isopropyl Alcohol (IPA) The wafer is moved to a 
beaker containing 

Isopropyl Alcohol (IPA) and 
placed in an Ultrasonic 
path for 10 min, then 

washed with De-Ionized 
water to remove any 

chemical residues from 
the substrate. 

Glass beaker Temperature: Room 
temperature  

Method: Ultrasonic 
Bath with water  

 Composition: IPA  
Time: 10 minutes 

Removing any 
chemical residuals 

Nitrogen gas Clean wafer by nitrogen 
gas flew for 3 minutes 

Nitrogen gun Room temperature Drying the wafer  

Thermal Energy The complete evaporation 
of any solvent absorbed by 

the surface is done by 
placing the wafer on a hot 

plate 

Hot Plate  Temperature: 180 Co 
Method: Hot plate 
Time: 2 minutes 

Complete dryness 

Parameters 
optimization 

 Sapphire substrate 
TiO2 e-beam 

evaporator target. 
SiO2 e-beam 

evaporator target. 

Single thin films of TiO2 
and SiO2 with thickness of 
100 nm are deposited on 

two different sapphire 
substrates in order to 

optimize thin film 
properties 

Two different groups 
of sapphire 
substrates. 

Electron Beam 
Evaporator,  

TiO2 ,SiO2 targets 
and Crucibles 

made of elemental 
carbon 

Temperature: 300oC 
Pressure high vacuum 

To fabricate two 
identical groups of 
TiO2 and SiO2 thin 

film samples 

FILMETRICs Room temperature To optimize film 
refractive index and 

thickness. 
Hot furnace Temperature: 400, 

600, 800, 1000, 1200 
To change thin film 

phase from 
amorphous to Rutile 
in order to increase 
its refractive index 

XRD Room temperature To Optimize Thin 
film phase 

FILMETRICs Room temperature To optimize film 
refractive index and 

thickness. 
DBR 

deposition 
Sapphire substrate 

TiO2 e-beam 
evaporator target. 

Samples with different 
pairs number of 

(TiO2/SiO2) is fabricated 
using EBE (4, 8, 10, 14, 16, 

20). Then, annealing at 
optimized conditions is 

applied. 

Two different groups 
of sapphire 
substrates. 

Electron Beam 
Evaporator TiO2 ,SiO2 
targets and Crucibles 
made of elemental 

carbon 

Pressure high 
vacuum 

Temperature: 300oC 

To fabricate DBR 
Planer. 

W
afer Preparation 

D
BR fabrication 
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UV-VIS spectrometer Room temperature 
Wavelength Range: 
400 nm to 700 nm  

To Optimize DBR 
planers reflectivity as 

a function of pairs 
number 

DBR planer deposited 
with TiO2 (450 nm) 

DBR with Reflectivity of 
99.999 % and 80 % are 

deposited with Thick TiO2 
layer for metalens 

fabrication purposes 
.Following annealing step 

is required. 

Two Different DBR 
samples, TiO2 target, 

crucible and EBE 

Pressure high vacuum 
Temperature: 300oC 

To fabricate 
TiO2thin film at 

required thickness 
for metalens 
fabrication 

Resist coating  Organic polymers 
positive photoresist 
type PMMA (A4) 

 
 
 

Thermal Energy  

Photoresist coated using a 
spinning technique where 

a small amount of 
photoresist is put on the 
center of the wafer and 

spun around the central of 
axis. The polymer changes 

its structure when it is 
exposed to radiation. 

Baking the photoresist 
on Hot plate for 1 
minute at 180°C. 

Spin Coater 

 
 
 
 

Hot plate 

Thickness: 200 nm. 
 Rotational speed: 

3000 rpm.  
Temperature: room 

temperature. 
 Concentration: A4. 
 Time: 2 minutes. 

 
Temperature: 

800oC 
 Time: 1 minute 

Positive photoresist 
is chosen because it 

will give us high 
resolution to make 
many transistors in 
the single wafer. 

 
To evaporate the 
solvent and make 

the photoresist 
bond energy 

stronger. 
Pattern 

transferences  
Lithography The pattern is transformed 

by exposing the wafer with 
a dosage, of 600 µC cm2. 

EBL Temperature: room 
temperature. In high 

vacuum pressure 

High resolution  

Development Methylisobutylketone 
and IPA  

Desorb the reaction 
chemical to be soluble into 

the chemicals 

Solution of 
methylisobutylketone 

and IPA (1:3 in 
volume) 

Liquid IPA 
Glass beaker 

 
 

Nitrogen gun 
SEM/ SEM sample 

holders 

Temperature: room 
temperature. 

 Concentration: (1:3). 
 Time: 1minutes. 

Temperature: room 
temperature. 

Time: 30 seconds 
 

Room temperature 
Room temperature 

Remove exposed 
regions 

 
 

Remove residual 
chemicals. 

 
 

Drying the wafer 
Check successful 
pattern transfer 

Hard mask  Ni deposition Thin film of Ni is deposited 
using ALD to act as a hard 

mask for the etching 
process 

Atomic layer 
deposition 

Temperature: 400oC 
Thickness: 20 nm. 

 
 

Transfers metalens 
pattern to TiO2 Film 

Piranha solution Wafer is in a glass beaker 
that has the composition 

of (H2SO4, H2O2, and water) 
for 4 minutes then wafer 
dry with the nitrogen gun 

Container with liquid 
chemical 

Nitrogen gun 

Temperature: Room 
temperature  

Method: Container 
with liquid bath. 

Composition: H2SO4, 
H2O2 and water IV. 
Time: 4 minutes 

Strip photo resists 

TiO2 etching ICP-RIE machine The anisotropic etch 
profile is attained to create 
metalens -nanaopillers on 

DBR. 
During fabrication process, 

the fabricated TiO2 
nanopillars are possible to 
be tapered sidewalls that 

differ from what we 
simulated for the library 

due to fabrication process 
imperfections. This will 
degrade lens ability to 

focus light. [19] 

SF6/Ar 

 
 
 
 
 

SEM/ SEM sample 
holders 

Gas flow rate: 10/15 
(sccm). 

Bias voltage: 280 
(V) 

ICP power: 800 W 
Pressure 2.6 Pa 

 
 

Room temperature 

To achieve the 
anisotropic etch 

profile and fabricate 
metals nanopillers 

 
 
 

Check successful 
pattern transfer 

Electron beam
 Lithography 

M
etalens Fabrication 
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Preparing top 
VCSELs part 
for metalens 
fabrication 

 Laser wafer The epitaxial grown laser 
wafer contains p-type top 
DBR and n-type bottom 
DBR. The number of top 
DBR pairs is less than the 

bottom DBR pairs 

Purchased Laser 
wafer 

--- Laser wafer emits 
light from the top 

part 

SiO2 e-beam 
evaporator target 

A 500 nm thick SiO2 
deposited onto the wafer 

as hard mask 

Laser Wafer 
SiO2 target and 

Crucibles made of 
elemental Carbon 

Temperature:  300oC 
Pressure: High vacuum 

Create a hard mask 
required for ICP-RIE  

Organic polymers 
positive photoresist 
type PMMA (A4) 

 
 
 

Thermal Energy  

Photoresist coated using a 
spinning technique where 

a small amount of 
photoresist is put on the 
center of the wafer and 

spun around the central of 
axis. The polymer changes 

its structure when it is 
exposed to radiation. 

Baking the photoresist 
on Hot plate for 1 
minute at 180°C. 

Spin Coater 

 
 
 
 

Hot plate 

Thickness: 200 nm. 
 Rotational speed: 

3000 rpm.  
Temperature: room 

temperature. 
 Concentration: A4. 
 Time: 2 minutes. 

 
Temperature: 

800oC 
 Time: 1 minute 

Positive photoresist 
is chosen because it 

will give us high 
resolution to make 
many transistors in 
the single wafer. 

 
To evaporate the 
solvent and make 

the photoresist 
bond energy 

stronger. 
Lithography 

 
 

RIE 

Circular mesas of 200 𝜇𝑚 
diameter is defend using 
standard UV lithography. 

Then, top DBR is etched to 
create laser top part 

EBL 
 
 

ICP-RIE 

Temperature: room 
temperature. In high 

vacuum pressure 
Gas flow rate: 10/15 

(sccm). 
Bias voltage: 280 

(V) 
ICP power: 800 W 

Pressure 2.6 Pa 
 

Create top laser part 
 
 

Buffer Oxide Etch Removal of SiO2 hard mask 
by chemical etching 

mixture 

HF/H2O Temperature: 80oC 
 

Accurate control of 
the etching rate with 

±0.5℃ 
Metalens 

fabrication on 
Top VCSEL-

DBR 

Steps illustrated in Metalens Fabrication section is suggested to be followed after create current confinement aperture 

Fabrication of 
P-contact and 

n-contact 

(Ti/Au) p-contact 
(AuGeNi/Au) n-contact 

The top ohmic (Ti/Au) 
circular P-contact is 

patterned and the bottom 
ohmic  (AuGeNi/Au) N-

contact is fabricated 

Double-side UV-
Lithography 

Lift-off of additional 
metals. 

Rapid thermal 
annealing  

Temperature: room 
temperature 

 
 

Temperature: 320oC 
Time: 35 s 

 
 

Required to 
connect leaser 

wafer with electric 
power source 

 

 

 

 

 

 

 

M
etalens Fabrication on VCSELs D

BR [9] 
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2.5.3 Experimental Characterization of DBR-metalens 
 

To practically explore the performance of integrated metalens on DBR, the three-

dimensional (3D) intensity distribution of light transmitted and reflected through the 

fabricated DBR-metalenses will be studied. Samples with different reflectivity will be 

tested. From measured intensity distributions, focal length, focal spot size, aberration 

can be measured and compared with theoretical values.  

Figure 2.27: Schematic of Optical set up required for 3D far-field mapping of DBR-
Metalens [20]. 

 

 

 

 

 

 

 

 

Laser 
Source 
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APPENDICES 

MATLAB CODE FOR TMM NUMERICAL METHODE 

na = 1;       %Free space refractive index 
nL = 1.462;   % SiO2 refractive index 
nH = 2.46832; % TiO2 refractive index 
LH = 0.25;    % TiO2 layer thickness 
LL = 0.25;    % SiO2 layer thickness 
La0 = 500;    % free space wavelength 
La = linspase(300,700,501); 
th = 30; 
N = 20; 
n = [na, nH, remat([nL,nH], 1, N), nb]; 
L = [LH, remat([LL,LH], 1, N)]; 
TE = 100 * abs(multidiel(n,L,La,La0,th,'te')).^2; 
TM = 100 * abs(multidiel(n,L,La,La0,th,'tm')).^2; 
 

 


