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  The evolution of artificial intelligence and communication technologies have 
enabled to provide various technological devices in a form that is accessible 
anytime and anywhere. Thus, this trend requires the convergence of various 
complicated optical devices. However, not only the bulky size but also the 
difficulties in the integration of the conventional optical components such as 
polarizers, spatial light modulators, and optical mirrors are significant obstacles in 
developing the mobile optical devices. 
In order to overcome the limitations of conventional optical devices, the 
development of compact optical devices using metamaterials and metasurfaces has 
been actively studied. However, the weak light-matter interaction of the 
metasurface and the complex fabrication process of the metamaterials hinder to 
develop practical optical systems. 
In this dissertation, the miniaturized various optical devices are demonstrated using 
the multi-layered metasurfaces that are achieved by stacking multiple metasurfaces 
with subwavelength distances among the layers. Compared with the single layer of 
metasurface, the multi-layered metasurfaces can enhance the light-matter 
interaction and combine multiple functions through allowing additional degrees of 
freedom to manipulate the light. Moreover, it can be a promising solution for 
practical applications because the fabrication is relatively easier than the three-
dimensional metamaterials. Therefore, in this dissertation, novel optical devices 
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that combine the multiple roles of various optical elements within subwavelength 
scales are demonstrated using the multi-layered metasurfaces. 
Firstly, a novel optical device capable of independently controlling the amplitude 
and polarization angle of the transmitted light is proposed. The proposed structure 
consists of anisotropic nanorods and grating layers. The nanorods serve to rotate 
the polarization of light according to the rotated angle of their axes, and the grating 
layer acts as a linear polarizer. The polarization rotation angle of the transmitted 
light is determined by the rotated angle of the grating structure, and the final 
transmittance is determined by controlling the rotated angle of the nanorods. Thus, 
the proposed structure can transmit linearly polarized light with an arbitrary 
polarization angle and amplitude when unpolarized light is incident. The proposed 
structure is expected to be applicable to various optical devices because the 
function of polarization rotator and amplitude modulator can be realized with 
thickness of several hundred nanometers. 
Secondly, ultracompact color pixels that can express high color depth with wide 
gamut have been proposed. The proposed structure can be understood as a structure 
that mimics the combined structure of a polarizer, a color filter, and a liquid crystal 
in liquid crystal display. The proposed structure is achieved by stacking grating 
layer on the rotated nanorod metasurface. Each nanorod works as a polarization 
rotator only at a specific resonance wavelength determined by the Mie resonances 
of the nanorods. Therefore, when white light polarized parallel to the grating axis is 
incident on the proposed structure, only the specific spectral response can be 
transmitted through the polarization rotation. Thus, the spectral resonance 
(resonance wavelength and bandwidth) and the intensity of the transmitted light 
can be independently controlled by the size and the rotated angle of the nanorods, 
respectively. Also, the cavity effect originating from the metasurface layers permits 
an additional degree of freedom for manipulating the Mie resonances, and thus this 
effect is exploited to generate pure colors. The proposed structure is expected to be 
applicable to next-generation display devices because it has advantages of thin 
thickness and very small pixel size. 
Finally, an ultrathin circular polarizer capable of operating over the entire visible 
light is implemented by the helically stacked metal nanogratings. The proposed 
structure transmits the circularly polarized light rotating in the opposite direction to 
that of the structure, but it reflects the light rotating in the same direction. In this 
configuration, the nanograting structures are not linear polarizers but anisotropic 
current sheets. The nanograting layers induce the electrical currents along the axis 
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of each layer, which results in the non-resonant three dimensional chiral loop. The 
proposed structure with a thin thickness is expected to be useful for miniaturization 
of various optical devices by replacing the conventional circular polarizers having 
narrow bandwidth and bulky size. 
This dissertation is expected to contribute to the miniaturization of existing optical 
elements by developing ultrathin optical elements and multifunctional optical 
devices with a small form factor. 
  
Keyword: Amplitude modulation, Color generation, Metasurface, Multi-layered 
structure, Polarization control, Subwavelength structure.   
Student Number: 2015-30199 



iv 

Contents 
 

Abstract ................................................................................................................ i 

Contents ............................................................................................................. iv 

List of Figures .................................................................................................... vi 

Chapter 1. Introduction ................................................................................. 1 

1.1 Backgrounds .......................................................................................... 1 

1.2 Motivation and purpose of this dissertation ............................................ 4 

1.3 Organization of this dissertation ............................................................. 9 

Chapter 2. Spatial light modulation of polarization and amplitude over 
broad bandwidth using multi-layered anisotropic metasurfaces .................... 11 

2.1 Introduction ......................................................................................... 11 

2.2 Polarization rotation in multi-layered anisotropic metasurfaces ............ 14 

2.2.1 Polarization rotation in bi-layered anisotropic metasurfaces ................ 14 

2.2.2 Broadband nondispersive optical rotator using tri-layered metasurfaces
 ................................................................................................................... 23 

2.3 Simultaneous control of polarization and amplitude using multi-layered 
metasurfaces ................................................................................................... 29 

2.4 Conclusion .......................................................................................... 34 

Chapter 3. Ultracompact meta-pixels for true color generation using bi-
layered hybrid metasurfaces ............................................................................. 37 

3.1 Introduction ......................................................................................... 37 

3.2 Principles of the spectral modulation using the bi-layered hybrid 
metasurfaces ................................................................................................... 40 

3.3 Independent control of the spectral resonance and intensity using the bi-
layered hybrid metasurfaces ............................................................................ 51 

3.4 Meta-pixels for high color depth generation ......................................... 56 

3.4.1 Concept of the meta-pixels based on additive color mixing method ..... 56 

3.4.2 Gradual tuning of the response colors using the meta-pixels ................ 58 

3.5 Fabrication and optical measurement ................................................... 61 

3.5.1 Fabrication process ............................................................................. 61 



v 

3.5.2 Optical measurement .......................................................................... 64 

3.6 Discussion & Conclusion ..................................................................... 67 

3.6.1 Reflection type structures.................................................................... 67 

3.6.2 Conclusion ......................................................................................... 68 

Chapter 4. Broadband ultrathin circular polarizer using helically stacked 
nanogratings  .................................................................................................... 70 

4.1 Introduction ......................................................................................... 70 

4.2 Circular polarizer using helically stacked nanogratings ........................ 74 

4.2.1 Basic principle .................................................................................... 74 

4.2.2 Non-resonant characteristic of helically stacked nanogratings ............. 75 

4.2.3 The helically stacked multiple nanograting layers ............................... 82 

4.3 Experimental demonstrations ............................................................... 87 

4.4 Discussion & Conclusion ..................................................................... 91 

4.4.1 For various optical systems ................................................................. 91 

4.4.2 Conclusion ......................................................................................... 92 

Chapter 5. Conclusion .................................................................................. 94 

Bibliography ...................................................................................................... 97 

Appendix ......................................................................................................... 102 

  ............................................................................................................... 103 

 



vi 

List of Figures 
 

Figure 1.1 Schematic illustration of the multi-layered metasurfaces (left) and the additional 

physical phenomena originating from the multiple layers (right). ....................................... 4 
Figure 1.2 Schematic illustrations of the miniaturized optical devices using the multi-

layered metasurfaces, which are proposed in this dissertation. (a) Spatial light modulation 

of amplitude and polarization angle. (b) Ultracompact color pixel with high color depth and 

wide gamut. (c) Ultrathin circular polarizer with broadband width. .................................... 5 
Figure 2.1 An artistic illustration of the bi-layered anisotropic metasurface and (b) its unit 

cell structure. The Al nanograting, the first layer, is aligned along the y-axis and has a 

period = 150 nm, width = 40 nm and thickness = 100 nm. The Al nanorods, which have a 

period = 300 nm, width = 85 nm, length = 290 nm and thickness = 70 nm, are stacked on 

the nanograting with separation d and twisted angle . .................................................... 14 
Figure 2.2 Cross-sectional schematic illustration of the proposed bi-layered structure for x-

polarized incident light. .................................................................................................. 16 
Figure 2.3 (a) For x-polarized incidence, the transmission spectra of co- (black solid line) 

and cross-polarization components (black dotted line) and rotation angle  (gray solid line) 

of the proposed structure, with  d = 50 nm. (b) The phase difference between the 

transmitted x- and y-polarized light (black solid line) and DoLP (gray solid line). The 

shaded region refers to the operating bandwidth that ensures high quality linearly polarized 

light. .............................................................................................................................. 18 
Figure 2.4 The electric field distributions of x-polarized (left) and y-polarized light (right) 

in the x-z plane for x-polarized incident light with wavelength of 1000 nm. The grating and 

the nanorod are indicated by black solid lines. ................................................................. 20 
Figure 2.5 For x-polarized incident light, (a) rotation angle  and (b) total transmission of 

the bi-layered anisotropic metasurface while varying the twisted angle of the nanorod . (c) 

Rotation angle  and (d) total transmission of the bi-layered anisotropic metasurface for 

varying d. ....................................................................................................................... 21 
Figure 2.6 Schematic illustrations for the tri-layered anisotropic metasurface. The nanorod 

layer and upper grating layer are twisted 1 and 2 with respect to the lower grating layer, 

respectively. ................................................................................................................... 23 



vii 

Figure 2.7 The transmission spectra and DoLP of the tri-layered metasurface with 1 

2 d =50 nm for x-polarized incident light. ....................................................... 25 
Figure 2.8 (a) Rotation angle  and (e) total transmission of the tri-layered structures for 

varying 2. ...................................................................................................................... 26 
Figure 2.9 (a) Transmission spectra of the tri-layered structure having various grating 

periods of 300 nm (black) and 150 nm (gray) with same filling factor (width of the gratings 

are 80 nm and 40 nm, respectively). The inset shows the electric field distribution (at 550 

nm) of the tri-layered structure having Pg = 300 nm. (b) The transmission spectra of the tri-

layered structure having various nanorod periods of 450 nm (black) and 300 nm (red) with 

same filling factor (width/length of the nanorods are 120nm/435nm and 80nm/290nm, 

respectively). .................................................................................................................. 27 
Figure 2.10 (a) A schematic illustration of the polarization-amplitude modulators based on 

multi-layered metasurface simultaneously generating an arbitrary amplitude and rotation 

angle . (b) The magnification of the proposed structure. The Al nanograting layers have a 

period = 150 nm, width = 40 nm and thickness = 100 nm. The Al nanorods have a period = 

300 nm, width = 85 nm, length = 290 nm and thickness = 70 nm. Each layer is sequentially 

stacked with separation = 50 nm. The nanorod and top nanograting layer are twisted by 1 

and 2 with respect to the bottom nanograting layer, respectively. The amplitude and optical 

rotation angle are modulated by 1 and 2, respectively.................................................... 29 
Figure 2.11 Electric field distributions of the multi-layered structures with various 1 and 2 

are presented. The insets indicate the top view of the multi-layered structures with the 

bottom grating (blue), the nanorods (purple), and the upper grating (red). (a) 1 2 = 

1 2  1 2  1 2  1 2 = 

 1 2  1 2  1 2  (i) 1 2 = 

 ................................................................................................................................ 31 
Figure 2.12 Transmission spectra obtained for the polarization amplitude modulators with 

(a) 2 2 2 1. The white dashed lines indicate 

the condition, 1 = 2/2.Rotation angle  of the polarization amplitude modulators with (d) 

2 2 2 1. .................................................. 33 
Figure 3.1 (a) Artistic rendering of the bi-layered hybrid metasurface. (b) Unit cell 

structure of the proposed structure. The period, thickness, and width of the nanograting are 

125 nm, 40 nm, and 120 nm, respectively. (c) The unit cell structure on the y-z plane. The x-



viii 

polarized light is incident on the rod side. ....................................................................... 40 
Figure 3.2 Schematic demonstration of the independent control of the spectral intensity and 

wavelength. The intensity and wavelength of the transmitted light can be controlled by the 

rotated angle ( ) and size (w, l) of the nanorods, respectively. .......................................... 44 
Figure 3.3 Transmittance spectra of the bi-layered hybrid metasurfaces having various 

nanorods of (a) w = 30 nm, l = 80 nm, (b) w = 60 nm, l = 90 nm, (c) w = 100 nm, l = 120 

nm and fixed d................................................................................. 45 
Figure 3.4 (a) The transmittance spectra of the various structures with w = 100 nm, l = 120 

nm, and x-polarized incidence light, the transmitted y-polarized light of the 

nanorod layer without the nanograting (black line) and the transmittance of the bi-layered 

structures varying d (color lines) are calculated. (b) The electric distributions of various 

structures represented as R1, R2, and R3 in Fig. 2(e). The R1 and R3 have the nanograting 

layer with d = 150 nm and 100 nm, respectively, and R2 does not have the nanograting layer.

 ...................................................................................................................................... 47 
Figure 3.5 (a) Calculated CIE chromaticity diagrams of the bi-layered hybrid metasurfaces 

as changing w and l. The distance d and the rotated angle of the nanorods  are set to 170 

-layered structures with the highest purity RGB colors are 

indicated by white solid stars. Each RGB structure has various size of w = 30 nm, l = 50 nm 

(blue), w = 60 nm, l = 90 nm (green), w = 110 nm, l = 120 nm (red). (b) The area of the 

RGB color space of the bi-layered structures with various d. ........................................... 48 
Figure 3.6 Calculated CIE chromaticity diagrams of the nanorod layers without the 

nanograting as changing w and l...................................................................................... 50 
Figure 3.7 The cross-sectional (left) and the top view (right) SEM images of the fabricated 

bi-layered hybrid metasurface sample. ............................................................................ 51 
Figure 3.8 (a) Captured images of the transmitted light from the fabricated bi-layered 

hybrid metasurfaces with  w and l. (b) Transmittance spectra of the 

fabricated samples (S1  S8) and (c) the spectra normalized by the intensity of the source 

LED. .............................................................................................................................. 52 
Figure 3.9 CIE chromaticity diagrams of the simulation (a) and experimental results (b). 

The simulation results are calculated for the proposed structures with various size (w = 30 ~ 

110 nm and l = w + 10 ~ 120 nm) at  d = 170 nm. .......................................... 54 
Figure 3.10 Captured images of the transmitted lights from the fabricated bi-layered 



ix 

structures with varying  while keeping (a) w = 45 nm, l = 90, (b) w = 60, l = 100, (c) w = 

120, l = 180. Transmittance spectra of the fabricated samples with (d) w = 45 nm, l = 90, (e) 

w = 60, l = 100, (f) w = 120, l = 180. ............................................................................... 55 
Figure 3.11 Schematic illustration of supercell structure of the proposed meta-pixel. For 

simplicity, the nanogorating layer is omitted in this illustration. ....................................... 56 
Figure 3.12 -pixel with 

orange and green sub-pixels (left), and the image of the transmitted light from the 

fabricated meta-pixel sample (right). The rotated angle of the orange sub-pixel is fixed at 

-pixel ( g) changes from 0  to  .................. 58 
Figure 3.13 Experimentally measured (a) Transmittance spectra and (d) color space of the 

meta-pixel sample divided by five areas (A1  A5). ......................................................... 59 
Figure 3.14 Fabrication flow chart for the bi-layered hybrid metasurfaces. ...................... 61 
Figure 3.15 Flow chart for aligning the multi-layered structures. ..................................... 63 
Figure 3.16 The experimentally measured spectrum of the input LED source. ................. 64 
Figure 3.17 (a) Captured images of the transmitted light from the fabricated bi-layered 

hybrid metasurfaces with  w and l, without the polarizer parallel to the 

grating axis. (b) Transmittance spectra of the blue color pixel (blue line) and single grating 

layer (black line) with an additional polarizer. (c) The captured images of the transmitted 

light from the color pixel (left) and the single grating layer (right) with an additional 

polarizer. ........................................................................................................................ 66 
Figure 3.18 (a) Schematic illustrations of the reflection type color pixel structures. (b) CIE 

diagrams of reflected y-polarized lights of the reflection type structures varying sizes (w, l) 

of the nanorods. The reflection spectra of x-polarized light from the structures with (c) w = 

50 nm, l = 110 nm, (d) w = 80 nm, l = 120 nm as changing the rotated angle of the nanorods.

 ...................................................................................................................................... 67 
Figure 4.1 (a) Schematic illustrations of the proposed helically stacked Al nano-grating 

structure for visible wavelength ranges. (b) The magnified schematic of the double-layered 

Al nano-grating structure. The nano-gratings have period (p), width (w) and thickness (t), 

and they are helically stacked with twisted angle ( ) and separation (d). .......................... 74 
Figure 4.2 (a) Transmission of Al nanorod array for the LP light and (b) helically stacked 

nanorod array for the CP lights. The nanorods have p = 150 nm, l = 100 nm, w = t = 30 nm. 

The bottom nanorods are parralel to y-axis, and the upper nanorods are helically stacked 



x 

with d = 50 nm and -gratings for the LP light and (d) 

helically stacked nano-gratings for the CP lights (d) with p = 150 nm, w = t = 30 nm, d = 50 

nm and  .............................................................................................................. 75 
Figure 4.3 Extinction ratio (TRCP/TLCP) and operting bandwidth of the stacked nanorod 

(black) and nano-grating (gray). ...................................................................................... 79 
Figure 4.4 Electric current distribution in the helically stacked Al nanorods (a) for LCP 

incident light at 508 nm and (b) RCP incident light at 653 nm. Electric current distribution 

in the helically stacked Al nano-grating for (c) LCP and (d) RCP incident light at 609 nm. 

The white arrows indicate the direction of the induced current. ........................................ 80 
Figure 4.5 Transmission curves and ER for CP light as changing the number of the 

helically stacked nano-grating layers. The structures are constructed with left handed 

manner, and structure parameters are p = 150 nm, w = t = 30 nm, d = 30 nm and  82 
Figure 4.6 Transmission spectra of the 7-layered structures varying d for (a) RCP and (b) 

LCP incident light........................................................................................................... 84 
Figure 4.7 Averaged extinction ratio (TRCP/TLCP) and (b) averaged transmission for RCP 

light of the four-layered Al nano-grating structure over the wavelength ranges from 400 nm 

to 700 nm as a function of d and . (c) The averaged extinction ratio and (d) averaged 

transmission for RCP light of the four-layered Al nano-grating structure with fixed d = 30 

nm and  as a function of t and fill factor. .............................................................. 85 
Figure 4.8 (a) Flow chart of the fabrication process for helically stacked nanograting layers. 

(b) Cross-sectional SEM images of the fabricated sample. ............................................... 87 
Figure 4.9 (a) The captured CCD images from the fabricated sample at 532 nm, 660 nm, 

and 980 nm. The left figure is for RCP incident light and the right one for LCP incident 

light. (b) The output intensity of the RCP light (black) and LCP light (red) along the red line 

in Fig. 4.8(a) is shown. ................................................................................................... 89 
Figure 4.10 Transmission curves for (a) the helically stacked gold nano-grating and (b) the 

helically stacked silver nano-grating. The structures are helically stacked with the four 

layers of the nano-gratings as shown in the inset of Fig. 4.5(c), and the structure parameters 

are p = 150 nm, w = t = 30 nm, d = 30 nm and  ................................................... 92 

 



1

Chapter 1.  Introduction 

1.1 Backgrounds 

The development of information and communication technology has 

inspired huge changes in various areas in modern society. People can 

use mobile devices to create and send massive information anytime, 

anywhere. Nowadays, the 4th industrial revolution is emerging from the 

technical convergences, and thus many countries are making a lot of 

effort to prepare this new paradigm. To successfully take a leading 

position in the revolution, it is very important not only to  make massive 

software platforms for generating information, but also to develop 

high-tech hardware to address the massive information. Thus, the next 

generation information devices are required to have multiple functions 

to sense, process, and communicate the surrounding information. 

Therefore, the development of multi-functional devices through 

integrating various devices within a small form factor becomes a key 

issue for the next-generation technologies. 

Optics has been treated as a crucial technology in many fields because 

the light can provide people and devices with the opportunities to 

receive and transmit vast information. For examples, sensors can 

collect information, and the optical communication allows the 

interaction among the devices, and displays are the best means for 

transferring information to people. In other words, optics plays a 
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significant role in connecting the surrounding environment, devices, 

and human. Despite this powerful potential, there are crucial 

limitations in developing complex and compact optical devices. 

Conventional optical components such as a polarizer, spatial light 

modulators, and lenses are difficult to miniaturize their volume and 

integrate with each other. This limitation originates from the diffraction 

limit, an inherent property of light, which makes it impossible to 

squeeze light into the structure smaller than the wavelength of the light. 

Thus, miniaturization of optical devices has caused a bottle-neck in 

most of the mobile optical devices. 

Recently, metamaterials and metasurfaces have been received great 

attentions for promising solutions to develop the miniaturized optical 

devices. Metamaterials that are artificially engineered three-

dimensional (3D) periodic structures enable to control the light, even in 

the manner that does not exist in nature [1-3]. Also, metasurfaces are 

two-dimensional (2D) periodic structures with subwavelength scales 

[4]. Various optical elements such as polarizers [5,6], complex 

modulators [7], lenses [8,9] have been realized through the magnificent 

light modulation abilities of the metamaterials and metasurfaces . 

However, there are several difficulties for the metamaterials and 

metasurfaces to become practical optical devices. The metamaterials 

are fabricated by the complex processes such as direct laser writing, 

and micro-electromechanical fabrication methods. Moreover, in the 

case of 3D metallic metamaterials, the materials and substrates of the 

structures are limited because the electrochemical deposition method 
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requires conductive substrate such as indium-tin-oxide coated substrate 

and because only certain metals such as gold, silver, and tungsten [10]  

can be deposited by the method. Furthermore, it makes difficult for the 

single layer of metasurfaces to develop multi-functional devices 

because they exhibit relatively weak light-matter interaction and the 

limited degree of freedom. Thus, to overcome these limitations, multi-

layered metasurfaces have been studied [11].  
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1.2 Motivation and purpose of this dissertation 
 

 
Figure 1.1 Schematic illustration of the multi -layered metasurfaces (left) 

and the additional physical phenomena originating from the multiple layers 

(right). 

 

   Figure 1.1 shows the schematic illustration of the multi-layered 

metasurfaces which are realized by multiple metasurface layers through 

sequentially stacking the layers with a subwavelength distance. 

Compared with the 3D metamaterials, the multi-layered metasurfaces 

can be easily fabricated by multiple lithography method. The multi-

layered metasurfaces can support stronger light-matter interaction than 

the single layer of metasurfaces through additional physical effects 

such as near-field coupling, wave guide effect, and interferences among 

the lights. Thus, these physical effects can be additional options to 

manipulate the light and provide high degree of freedom. Furthermore, 
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the physical results of the multi-layered metasurfaces can be intuitively 

deduced from the physical effects of the individual single layer 

metasurfaces. Thus, this insight could be a tremendous help for 

developing versatile optical devices.  

Figure 1.2  Schematic il lustra tions of the minia turized optica l  devices  

using the mult i -layered metasur faces, wh ich are proposed in th is 

dissertation .  (a)  Spat ia l light  modula tion of ampl itude and polar iza tion  

angle.  (b)  Ul tracompact  color  pixel  wi th high color  depth  and wide 

gamut. (c)  Ul trathin cir cular  polarizer  wi th broad  bandwidth.  

  

In this dissertation, the miniaturized optical devices using multi-

layered metasurfaces is the main purpose. It also includes the 
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development of novel optical devices which enable to provide multiple 

functions within subwavelength scales. To achieve the purpose, the 

multi-layered metasurfaces that are composed of multiple metasurfaces 

with various geometric configurations and materials are exploited. The 

role of the individual single metasurface layers are studied, and then 

the novel effects originating from the interaction among the layers are 

also investigated to develop the miniaturized optical devices . In this 

dissertation, three of the miniaturized optical devices are proposed 

using multi-layered metasurfaces.  

Firstly, a novel structure that can independently control the amplitude 

and polarization angle of the transmitted linearly polarized (LP) light is 

proposed by stacking several metallic metasurfaces  as shown in Fig. 

1.2(a). The proposed device consists of anisotropic nanorods serving to 

rotate the polarization of light depending on the rotated angle of their 

axes, and the grating layers acting as linear polarizers. Each layer is 

sequentially stacked with each rotated angle. The rotation angle of the 

transmitted light is determined by the rotated angle of the grating layer, 

and the transmittance is controlled by adjusting the rotated angle of the 

nanorods. Thus, the proposed structure transmits LP light with an 

arbitrary polarization angle and amplitude when unpolarized light is 

incident. The proposed structure is expected to be applicable to various 

optical devices because the function of polarization rotator and 

amplitude modulator can be realized with thickness of several hundred 

nanometers. 

Secondly, ultracompact color pixels that can express various colors 
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with high color depth and wide gamut are demonstrated using the 

multi-layered metasurfaces as shown in Fig. 1.2(b). The independent 

control of the resonance wavelength and intensity of the transmitted 

light can be realized by adjusting different geometric parameters.  The 

proposed structure can be understood as a structure in which a polarizer, 

a color filter, and a liquid crystal of a conventional liquid crystal 

display are combined. The proposed structure is achieved by stacking 

the metal grating layer on the dielectric nanorod metasurface. When 

white light polarized parallel to the axis of the grating layer is incident, 

only the specific spectral resonance which is determined by the 

interferences among the Mie resonances in the nanorods can pass 

through the grating layer. At that time, the intensity of the transmitted 

light is related to the rotated angle of the nanorods because the 

nanorods can rotate the incident light depending on the rotated angle. 

Moreover, the cavity effect between the layer can provide an additional 

degree of freedom for manipulating the interferences, and thus this is 

exploited to obtain pure colors. In addition,  a method for realizing 

ultracompact color pixels with high color depth is proposed using the 

multi-layered structures. The proposed structure is expected to be 

applicable to next-generation display devices because color pixels 

having high color depth and wide gamut can be realized within thin 

thickness and very small pixel size. 

Finally, an ultrathin circular polarizer operating over the entire visible 

wavelengths is implemented by the helically stacked metal nanograting 

layers. Here, the nanograting layer is anisotropic current sheets 
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inducing electric current along the axis of the nanograting rather than a 

linear polarizer. When the light rotating in the opposite direction to that 

of the structure is incident on the structure,  it feels the structures nearly 

transparent. In contrast, for the incident light rotating in the same 

direction, it reflects the light . In the proposed structure, the non-

resonant chiral current loop that is formed in the helically stacked 

structure allows to make it operable in a wide bandwidth. The proposed 

structure is expected to be useful for miniaturization of various optical 

devices by replacing the conventional circular polarizer s which have 

been suffered from narrow bandwidth and bulky volumes . 
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1.3 Organization of this dissertation  

   This dissertation proposes several optical devices using multi-

layered metasurfaces. 

In Chapter 2, spatial light modulation of amplitude and polarization 

rotation is demonstrated by multi-layered metasurfaces. In section 2.1, 

the principle of the polarization rotation in the proposed structure is 

explained with numerical simulations and analytic equations. In section 

2.2, it is numerically explained that the amplitude of the transmitted 

light is controlled. Finally, the conclusion and brief discussion are 

presented in section 2.4. 

In Chapter 3, ultracompact color pixels that can provide high color 

depth and wide gamut are presented. The principle of independent 

control of spectral resonance and intensity of the transmitted light is 

theoretically demonstrated in section 3.2. The section 3.3 accounts for 

the independent control with experimental results and simulations. In 

section 3.4, the scheme for high color generation using the proposed 

structures is proposed based on additive color mixing method. Also, the 

concept is experimentally verified. In section 3.5, the fabrication 

process and optical measurement for the multi-layered metasurfaces are 

elucidated. In section 3.6, the conclusion and brief discussion for 

application to practical display systems are explained.    

In Chapter 4, an ultrathin circular polarizer  is proposed using helically 

stacked nanograting layers. In section 4.2, the principles of the 

proposed structure are theoretically explained and verified by 
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simulation results. In section 4.3, the fabrication process is addressed, 

and the proposed structure is experimentally verified by the fabrication 

samples. The section 4.4 provides conclusion and discusses the 

improvement to apply to practical devices.  

In Chapter 5, a summary of this dissertation is presented, and 

perspectives of the proposed structures are discussed.  

 



11

Chapter 2. Spatial light modulation of 

polarization and amplitude over broad 

bandwidth using multi-layered anisotropic 

metasurfaces 

2.1 Introduction 

Polarization and amplitude of electromagnetic waves are 

fundamental properties that can be used to manipulate the manner of 

light-matter interactions. Thus, controlling the polarization state and 

amplitude of light is essential in complex and multifunctional optical 

applications such as optical communication, chemistry, biology, and 

diffractive optics [12-15]. Conventional methods for manipulating 

polarization states are implemented using multiple optical elements 

such as polarizers, waveplates, liquid crystals, and magneto-optical 

crystals. However, their weak light-matter interaction and highly 

dispersive optical activity result in a narrow bandwidth and bulky 

configurations. In addition, multiple optical components are required to 

control the polarization and amplitude simultaneously, which is a 

bottleneck in the miniaturization of optical information processing 

systems. 

Metasurfaces are arrays of nanoantennae and serve as promising 
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solutions for engineering optical properties within a subwavelength 

thickness. It is possible to use metasurfaces to manipulate the complex 

amplitude and polarization of transmitted light in a subwavelength 

thickness. Hence, many flat optical devices based on metasurfaces such 

as polarizers [16], waveplates [17,18], and meta-holograms [19] have 

been studied. Recently, optical rotators that can rotate the polarization 

plane of linearly polarized (LP) light have been demonstrated using 

metasurfaces for various wavelengths [20-23]. However, the 

transmission-type rotators suffer from problems of a narrow bandwidth 

and dispersive optical activity, and their application is limited due to 

their low transmission and modulation depth. Therefore, it has been an 

ongoing challenge to realize large and nondispersive optical activity 

with high transmittance over a broad wavelength range. Furthermore, to 

the best of  knowledge, nanophotonic devices that enable the 

simultaneous control of polarization and amplitude have not yet been 

reported. 

Here, we propose a transmission -type polar ization-amplitude 

modulator that can independently control the polar ization and 

amplitude of the transmitt ed light  simultaneously using mult i -

layered anisotropic metasurfaces (grating -nanorod-grating layers).  

This simultaneous control is accomplished by the phenomenon 

that  the rotat ion of the polar ization plane and amplitude of the 

transmitted light  are det ermined by the dist inct geometric  

parameters of the metasurface layers.  First , the upper grating 

layer determines polar ization rotat ion that  can pass through it .  
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Next,  the nanorod layer  controls the amount of polar ization 

conversion and serves to align the polar ization rotat ion to the 

upper grating layer. This scheme is differ ent from the stacking 

three subwavelength wir egr id polar izers that provides  

polar ization rotat ion.  Also, the staking thr ee wire polar izer is not  

a suitable approach to realize independ ent control of polar ization 

and amplitude.  That is  because the wire gr id polar izers,  in 

contrast  to the nanorod layer,  do not serve to a l ign the 

polar ization rotat ion to the upper  grating layer  but  serve to a l ign 

the polar ization rotat ion to their rota t ion  angles. Broadband 

polar ization rotation with an arbitrary angle and high 

transmission over  a broad wavelength range is demonstrated 

numerically for  mult i- layered metasurfaces.  High transmission 

and nondispersive optical rotat ion are obtained by Fabry - t-

like cavity that or iginates from the adjacent two anisotropic  

metasurface layers and improves the l ight -matter interactions  

over  a broad bandwidth.  The proposed structure allows extreme 

miniatur ization of optical systems and can be applied to optical  

communication, polar ization resolved image,  and disp lays. In 

this section,  the proposed structur es ar e theoret ically analyzed 

and numerically ver if ied.  
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2.2 Polarization rotation in multi-layered 
anisotropic metasurfaces 

 
 

2.2.1 Polarization rotation in bi-layered anisotropic 
metasurfaces

 

Figure 2.1 An art ist ic il lustra tion of the bi - la yered anisotropic  

metasur face and (b)  i t s uni t cel l structure. The Al nanograt ing, the 

fir st la yer,  i s a ligned along the y -axis and has a per iod = 150 nm,  

width = 40 nm and thickness = 100 nm. The Al nanorods, which have a  

period = 300 nm, width = 85 nm, length = 290 nm and thickness = 70  

nm, are stacked on  the nanograt ing wi th separat ion d  and twisted angl e 

.    

   First, a bi-layered anisotropic metasurface is considered. Figures 

2.1 shows schematic illustrations for the bi-layered metasurface, which 
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consists of an aluminum (Al) nanograting and twisted Al nanorods with 

a twist angle of and separation of d.  

When the thickness of each metasurface layer is smaller than the 

wavelength of the incident light, such metasurfaces can be modeled as 

effective surfaces with averaged transverse polar ization currents.  

Also, when the distances between the mult iple l ayers are large 

enough to prohib it near-field coupling effect among the layers ,  

the mult i- layered metasurface structures can be regarded as a  

ser ies of ultra thin optical sheets, and thus the transmission and 

reflection character ist ics can be predicted by t he Jones vector  

calcu lus.    

The nanograting acts as a  linear polarizer : it  is  near ly transparent  

to x-polar ized incident light  but reflects mos t of the y-polar ized 

incident l ight .  For the simplic ity,  the nanograting is assumed to 

be an ideal l inear  polar izer, and the transmission and r eflection 

Jones matr ices of the nanograting can be expressed as  

and . Addit ionally, the Al nanorod interacts dominantly 

with the l ight  polar ized along the direction paralle l to the rod 

axis and generates a plasmonic resonance,  which is determined 

by geometr ic parameters of the nanorods [24]. The transmission 

and ref lect ion Jones matr ices of the anisotropic nanorod with  =  

0 can be expressed as  and , respectively 

[25].  Those for  the nanorod twisted by  can be descr ibed by the 
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following equations,  

   (2.1) 

   (2.2) 

 

where  is  the rotat ion matr ix.  

For  the case of bi-layered structure which is composed of the 

nanograting and twisted nanorods,  Fabry - -l ike cavity effect  

that  originates from the mult ip le ref lections between the grating 

and the nanorod is induced only for y-polar ized l ight  as shown in 

Fig.  2.2.  

Figure 2.2 Cross-sect ional schematic i llustrat ion of the proposed bi -

la yered structure for  x -polarized incident light .  
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The total transmiss ion of bi- layered structure is resu lt ed from the 

superposit ion of the non-cavity and cavity modes. Thus, it  can be 

expressed via Jones calcu lus as following equation  

  (2.3)  

 

Here, k and n ar e free space wavenumber  and refractive index of  

dielectric spacer between the two layers, respect ively. The first  

term of the equation indicates the transmitted l ight without the 

cavity effect ,  and the other t erms represent the li ght  enhanced by 

Fabry- - like cavity effect.  It is  noticeable that the total  

transmitted l ight  is decided by the interference between the non -

cavity and the cavity modes. Also, the cross polar ized component  

(from x- to y-polar ized light) implies that th e bi- layered 

structures act as a polar ization conver ter  when the nanorod 

provides anisotropic response that is cr it ically achieved around 

the plasmonic resonance wavelength of the nanorod.  If the 

separation length d is small enough to make the phase retardation 

(ei2knd) negligible, the transmitted y-polarized lights can be enhanced 

over broad wavelengths. Addit ionally,  since the polar ization 

conversion is proportional to sin cos ,  it  can be controlled by .  

Figure 2.3(a) shows the transmission spectra  of th e co- and 

cross-polar izations and optical rotat ion angle ( ) of the bi-
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layered structure when  d  = 50 nm for  x-polar ized 

incidence.  For  the numer ical simulations, a  commercial finit e -

differ ence t ime-domain method tool (Lumerical Solutions, Inc.)  

is  used.  Dielectr ic constants for  Al are taken from a textbook 

[26], and the r efractive index of the surrounding environment  

including substrate and dielectr ic spacer between the stacked 

layers is  assumed to be 1.5. The rotat ion angle  accounts for the 

rotat ion of the polar ization p lane for the LP l ight .  Here,  the 

nanograting and nanorod are designed to work as a  linear  

polar izer and exhib it  anisotropic transmiss ion at approximately 

1000 nm, respectively.   

 
Figure 2.3 (a)  For  x -polar ized incidence, the tr ansmission  spectra  of  

co-  (black sol id l ine)  and cross -polar iza tion  componen ts (black dotted  

line) and rota tion angle  (gra y sol id l ine)  of the proposed structure,  

wi th  d = 50 nm. (b)  The phase di fference bet ween th e 

transmitted x - and y-polarized l ight (black sol id line) and DoLP ( gra y 

sol id line) . The shaded r egion r efer s to the operating bandwidth that  

ensures high quali ty l inear ly polarized light.  
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Owing to the Fabry- - l ike cavity,  the polar ization conversion 

to y-polar ized light  is enhanced compared to the s ingle nanorod;  

thus,  a rotat ion angle of 40 - 

wavelength range (600 - 1850 nm).  Since the cross -polar ized 

light exper iencing the Fabry- -l ike cavity is vulnerable to 

Ohmic losses of Al,  its transmission and optical rotat ion angle 

are deter iorated at  approximately 800 nm where the interband 

transit ion in Al occurs.  In spit e of this loss,  our  structure can b e 

a good candidate for  highly eff icient  transmission typ e 

polar ization generator owing to its  large modulation angle with 

high transmission over  0.8 for a wide bandwidth. Next, to 

invest igate the quality of the transmitted LP light , the phase 

differ ence between the transmitt ed x- and y-  polar ized light  and 

the degree of l inear  polar ization (DoLP= and S0 ,  S1 ,  and  

S2   are Stokes parameters ) ar e calculated. As shown in Fig.  2.3(b),  

the proposed s tructure shows a  wavelength-dependent phase 

differ ence.  When the DoLP is above 0.9,  the transmitt ed light  can 

be cons idered as a high-quality LP light . Thus, the transmitt ed 

light  is near ly LP light  from 750 nm to 1260 nm, but it is  

considered as an ell ipt ically polar ized (EP) light  a t  the other  

wavelengths .  Figure 2.4 shows the electr ic f ield distr ibutions in 

the x-z plane. The incident x-polar ized light  sequentia lly passes  

through the nanograting and the nanorod.  However,  it  is  apparent  

that  the y-polar ized light  excit ed from the nanorod cannot  
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penetrate the nanograting layer  and propagates in the + z dir ection.  

Based on this f ield distr ibution,  it  can be deduced that  our Fabry -

-l ike cavity works in different  manner  than does a  

conventional Fabry-  cavity. The conventional Fabry-

resonator exhib its high electr ic field confinement between 

adjacent layers, and thus it provides a  highly dispersive 

transmission spectrum. In contrast,  our anisotropic bi -layered 

metasurface,  Fabry- -l ike cavity,  does not concentrate the 

electr ic field inside it . This enables the structure to maintain the 

enhanced transmission and nondispersive optical rota t ion angle 

over a wide bandwidth, as shown in Fig. 2. 3(a).  

 
Figure 2.4  The electr ic field distr ibutions of x -polarized (left )  and y -

polar ized light  (r ight) in  the x -z plane for  x -polarized incident l ight  

wi th wavelength of 1000 nm.  The grat ing and the nanorod ar e 

indicated by black sol id l ines.  
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Figure 2.5 For x -polar ized incident light,  (a)  rotation angle  and (b)  

tota l transmission of the bi - la yered an isotropic metasurface wh ile  

var ying the twisted angle of th e nanorod .  (c) Rota tion angle  and 

(d) total transmission of the bi - la yered anisotropic metasurface for  

var ying d.  

 

To further understand the under lying mechanisms of the bi -

layered structure, the spectra  for  the tota l transmission and 

rotat ion angle  are numerically investigated while changing the 

twist  angle of the nanorod and separation d .  As shown in Figs.  

2.5(a) and 2.5(b),  it  is  noticeable that  the rotat ion angle  

increases a lmost linear ly over  a wide wavelength range when  
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ddit ionally, the tota l transmission,  for  

remains over  0.8 in a broad wavelength range,  but  it  drops  

that the transmitted co- and cross-polar ized light  ar e adjusted by 

the twist  angle  (cf.  Eqs. (2.1) and (2.2)); the cross -polar ized 

light  has a maximum value when  -polar ized 

light is  steeply decreased at large . In addit ion, the separation d  

plays a signif icant  role in the performance of the structur e 

because the dis tance condit ion,  2d  k,  should be satisfied to 

make the phase retardation from the Fabry - -l ike cavity 

negligible.  Addit ionally,  when d  is  too small,  the interaction 

between the adjacent layers becomes strong,  and the effect  of the 

higher order Floquet modes must be taken into account, which 

makes the structure vulnerable to interlayer a lignment errors. As  

shown in Figs. 2.5(c) and 2.5(d),  the transmission and rotat ion 

dips, due to destructive interfer ence between the non-cavity and 

cavity modes, a re periodically explored for  varying d from 100 

nm to 600 nm. Addit ionally,  when d  is  less than 50 nm,  

transmission fluctuations caused by the inter layer interaction 

occur. Therefore, the optimal distance d is  decided as 50 nm,  

which is shor t enough to render  the phase retardation negligib le.  
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2.2.2 Broadband nondispersive optical rotator using tri-
layered metasurfaces

Figure 2.6  Schematic il lustra tions for  the tr i - la yered an isotropi c 

metasur face.  The nanorod la yer  and upper gra ting layer  are twisted  by 

1 and 2 wi th respect to the lower grating la yer, r espect ivel y.  

 

   In the aforementioned bi-layered structures, the optica l  

rota t ion angle and operation bandwidth guaranteeing high quality 

LP light  ar e limited. To el iminate this bandwidth limita t ion and 

increase the rotat ion angle,  a tr i -layered anisotropic metasurface 

is considered,  which stacks an addit ional Al nanograting layer,  

ident ical to the nanograting in the f irst  layer, on the top of the 

bi-layered metasurface,  as shown in Fig. 2.6. The nanorod layer  

and upper  grating layer  are twisted  by 1 and 2 with respect  to 

the lower grating layer, r espectively.  The tr i-layered structur e 

can be cons idered as a  ser ies of two bi -layered metasurfaces.  

Thus, the transmission Jones matr ix of the lower  configuration 

that  is composed of the bottom grating a nd the nanorod layer  can 

be derived by assigning 1 to Eq. (2.3), and it  is  indicated by  
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.  Similar ly,  the transmission Jones  

matr ix of the upper  configuration composed of the nanorod and 

the top grating layer can be der ived by as signing 2- 1 and 

transforming Eq.  (2.3),  and it  can be expressed as following 

equation:  

 
2 2

2 2 2 2 2 2 2 2 2 2
2 2

2 2 2 2 2 2 2 2 2 2

x y x ybi up
total

x y x y
 (2.4)  

 

where e 2x  = ex( 2- 1) and e2y  = e y( 2- 1). When the interaction 

among the metasurface layers can be negligible,  the tota l  

transmission of the tr i-layered structure can be obtained by the 

product of the transmission matr ices of the two bi - layered 

structures as following equation: 

  (2.5)  

 

This equation indicates that the transmitted light is , r egardless of  

1,  LP light  with rotat ion angle of 2  which is perpendicular  to 

the axis of the upper  grating layer.  In other  words,  the incident  

light  is  conver ted from LP to EP light  while passing through the 

first  and second layers,  then the second and third layers co nver t  

the EP l ight  to LP light . Also,  it  is  noticeable that  1 = 2/2 leads 
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to e2x  = e1x and e2y  = e1y ,  and the amplitude of the transmitted 

light  in Eq.  (2.5) becomes maximum value.  

Figure 2.7 shows the simulation result  of the transmitt ed light  

waves and DoLP for  the tr i-layered structure with 1   2  =  

d  =50 nm. The data show an almost unity DoLP and 

range (600 nm - 2050 nm) except for shor t  wavelengths where 

the 150 nm per iodic nanograting does not act as a perfect  linear  

polar izer.  Moreover,  it  is  easy to understand that  the maximum 

total transmission appears near the resonance wavelength of the 

nanorod.  Based on this scenar io,  it  can be deduced that  the 

operation bandwidth of the mult i- layered metasurfaces can be 

tuned by scaling up and down of the twisted nanorods.  

 

Figure 2.7  The tr ansmission  spectra  and DoLP of the tr i -la yered 

metasur face wi th 1  2  d  =50 nm for  x -polar ized 

incident  l igh t.  
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Figures 2.8(a) and 2.8(b) show the transmission spectra and 

rotat ion angle  for varying . It can be seen that  in the tr i-

layered structure is determined in the dir ection perpendicular to 

the axis of the top nanograting layer and satisfies  = 2 which 

shows a good agreement with the result from Eq. (2.5) . Any rotat ion 

angle for the polar ization plane can be provided by the tr i -

layered structure as twist ing 2 from - r e 

a lso exhib its an addit ional transmission dip near 1800 nm due to 

the inter layer  interactions, but it  shows a  high transmission over  

a broad bandwidth of 600 nm or more.   

 

 
Figure 2.8 (a) Rotation angle  and (e)  total tr ansmission of the tr i -

la yered structures for  var ying 2 .  

Also, to understand the phys ical effects of the geometr ica l  

parameters of each layer, it is important to understand the design 

rules of the proposed structures.  First ly,  as descr ib ed above,  the 

operation wavelength can be controlled by the dimensions  

(per iod, width,  length, thickness) of the nanorod. Secondly, the 

nanograting layers are des igned to act l ike a  linear polar izer  for  
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the operation wavelength range to form the cavity lik e effect .  

Based on these design rules, if the per iod of the nanograting 

increases,  the transmitted l ight  a t  shor t  wavelengths cannot be 

controlled by the mult i-layered structur es.  

 

 

Figure 2.9 (a) Transmission spectr a of the tr i -layered structure havin g 

various gra ting periods of 300 nm (black) and 150 nm ( gra y) wi th  

same fi ll ing factor  (width of the grat ings are  80 nm and 40 nm,  

respectivel y) . The inset shows the electr ic field di str ibut ion (a t 550 

nm) of the tr i -la yered structure having Pg  = 300 nm.  (b)  The 

transmission  spectr a of the tr i -la yered structure having var ious  

nanorod periods of 450 nm (black) and 300 nm ( gra y) wi th same 

fi ll ing factor  (width/ length of the nanorods are 120nm/435nm and 

80nm/290nm, r espect ivel y) .  

As shown in Fig.  2.9(a), the non-rotat ing l ight  leaks a t  the shor t  

wavelength range where the nanograting having Pg  = 200 nm 

does not act like a linear polar izer. Also, when the per iod of  

nanorod incr eases, a red shift  of the operation wavelength ra nge 

occurs as shown in Fig.  2.9(b). Intuit ively, theses des ign rules  
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indicate that the proposed multi - layered structur es have 

flex ibility in the dimens ions of the metasurfaces. In this  

disserta t ion,  the per iod of the gr ating is set  as Pg  = 150 nm to 

ensure that the nanograting works as a l inear polar izer  a t the 

shor t wavelengths (~600 nm),  but it is  not  the unique solution.  It  

is possib le that the nanograting layer  having Pg  = 200 nm is a  

solution if the width and thickn ess are carefu lly designed [27].  
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2.3 Simultaneous control of polarization and 
amplitude using multi-layered metasurfaces 

 

 
Figure 2.10 (a) A schemat ic il lustra tion of the polarization -ampli tude 

modula tor s based on mult i -la yered metasur face simul taneousl y 

genera ting an arbitrary ampli tude and rotation angle .  (b) Th e 

magn ificat ion of the proposed structure. The Al  nanograting layer s  

have a  per iod = 150 nm,  width = 40 nm and thickness =  100 nm.  The 

Al  nanorods have a per iod = 300 nm, width = 85 nm, length = 290 nm 

and thickness = 70 nm.  Each la yer  i s sequentia ll y stacked wi th  

separation = 50 nm. The nanorod and top nanograting la yer  are twisted 

by 1  and 2  wi th respect  to the bot tom nan ograting la yer,  respect ivel y.  

The ampli tude and optical  rota tion angle are modulated by 1  and 2 ,  

respectivel y.  

 

   Next, a strategy for  simultaneous control of the amplitude and 

polar ization of the transmitted l ight  is  demonstrated,  as shown in 

Fig.  2.10.  The nanorod and top nanograting layer  are twisted by 

1  and 2  with r espect  to the bottom nanograting layer,  

respect ively.  When unpolar ized light  impinges on the mult i -
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layered structur e from the substra te side,  only x-polar ized l ight  

can pass through the nanograting.  Then,  the twisted nanorods  

par t ially conver t the x- to y-polar ized light . Finally,  the specif ic  

light  with rotat ion angle perpendicular to the axis of the upper  

grating layer can pass through the last layer. Thus, the more light  

appropriately rotated from the lower  two layers,  the more light  is  

transmitted through the upper grating layer.  Based on this  

scenario, the proposed multi - layered structure can independently 

control rota t ion angle  and transmitt ed amplitude by adjusting 

2 and 1 ,  respectively. Here, the 1  and 2  are assumed to sat isfy 

the following condit ions :  

              (2.3) 

 

As shown in Fig. 2.10

 shows maximum transmission when 1  =  2/2 which 

leads to the rotat ion angle matching the upper grating layer. The 

1  

indicates minimum polar ization conversion.  To investigate the 

simultaneous control in the mult i- layered structure, the electr ic 

field distr ibutions at  the wavelength of 1000 nm are numer ically 

calcu lated as shown in Fig. 2.11. 
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Figure 2.11 Electr ic field distr ibut ions of the mul ti -la yered structures  

wi th var ious 1  and 2  ar e presented. The insets indicate the top view 

of the mult i- la yered structures wi th the bot tom grat ing (blue) , th e 

nanorods (purple), and the upper gra ting (r ed). (a) 1  2  

(b) 1  2   1  2   1  = 3 2  

(e)  1  2   1  2   1  2   

1  2   1  2   

Figure 2.11 shows the calculated electr ic distr ibutions a t 500 nm 

from the surface of the upper grating layer  under  var ious 1  and 
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2.  The transmitted light  is polar ized perpendicular to the axis of  

the upper  grating layer  regardless of the twisted angle of nanorod 

1.  Also, the amplitudes change from maximum to minimum as 1  

changes from 2 ion is  

determined by the geometr ic parameters,  it  is possible to 

implement a  spatia l l ight  modulator  that  can generate arbitrary 

transmitted amplitudes and rotat ion angles  as shown in Fig.  

2.10(a). This spatia l l ight  modulator  can be r ealized by 

posit ioning the nanorods and the upper  gratings with differ ent  1  

and 2  in each posit ion. Figure 2.12 shows the tota l transmission 

spectra  and rotat ion angle  of the proposed structures with 

differ ent  2 while changing 1.  As can be seen,  the maximu m 

transmission occurs a t 1  = 2/2,  and this is  a good agreement with 

the results of Eq. (2.5). The transmission can be tuned 

continuously from the maximum to minimum value by adjusting 

1 from 2 Also,   provides a  

near ly constant  value and satisfies  = 2  while varying 1.  Thus,  

the proposed structures can provide independent control of  

amplitude and polar ization over  broad wavelengths ranging from 

700 nm to 1300 nm. The amplitude modulation depth (def ined as  

|E ma x | - |Emi n |)  reaches up to 0.9 over  a broad bandwi dth of 600 

nm, and an arbitrary rotat ion angle of polar ization plane can be 

obtained.  Thus,  the proposed strategy can be an excellent  

solution for  simultaneous control of the amplitude and optica l  

rota t ion without requir ing any other  optical components.  
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Figure 2.12 Transmission spectra obtained for  the polar iza tion

ampli tude modulator s wi th (a) 2 2  2  

whi le var ying 1 .  The whi te dashed l ines indicate the condit ion , 1  =  

2 /2.  Rota tion angle  of the polariza tion ampli tude modula tor s wi th  

(d)  2  2  2  1 .  
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2.4 Conclusion 
 

The proposed structures are demonstrated as a  powerful  

solution for  ultrathin polar ization-amplitude modulators in 

transmissive optical systems. Such structures  can adjust  both the 

polar ization plane of LP light and the transmitted amplitude over  

a wide wavelength range.  Addit ionally, the proposed structur es  

exhibit nondispersive optical activity or iginating from pha se 

compensation among the layers and the non-r esonant  

character ist ic of the Fabry- -l ike cavity.  Based on our  

structure,  the simultaneous control of the polar ization and 

amplitude is realized within a subwavelength thickness. The 

proposed structures provide high modulation depths for rotat ion 

by any rotat ion angle and amplitude of 0.9.   

Here, a potentia l fabr ication method for  the proposed mult i -

layered metasurfaces is br ief ly discussed.  The multi - layer  

structures can be manufactured by performing multi p le 

fabr ication methods using focused ion beam (FIB) [ 16] and 

electron-beam (E-beam) l ithography [28]. Here,  E-bea m 

lithography is suggested as the potentia l fabr ication method for  

the proposed mult i-layered structure because it  has advantages to 

fabr icate large area metasurfaces.  First,  Al f i lm is deposit ed on a  

glass substrate using an evaporator machine.  Next, the 

nanopatterns ar e transferred to posit ive E -beam resist using E-

beam lithography, and then the metal layer is  patterned by 
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plasma etcher  using Cl2  BCl3,  and Ar gases [29, 30].  After  

fabr icating the s ingle layer,  the planar ization of the metasurface 

is conducted by spin-on glass coating.  These processes can be 

repeated several t imes to produce the proposed multi layer  

structures.  Since the proposed  structures  a llowing only the 

fundamental Floquet mode are robust to inter layer alignment  

errors [31], the above fabr ication process can be a  promising 

method for  fabr icating the structures.  

In addit ion,  since the operating wavelength region is determined 

by plasmonic resonance of the nanorod, our design can be 

exploited for  var ious wavelength regions by scaling the 

structures up or down. The layered metasurfaces could be 

fabr icated by multiple l ithography techniques,  but  with their  

thicknesses rema ining be low the operating wavelengths.  

Therefore,  the proposed structur e is a  great  candidate for  

realizing extr eme miniatur ization of var ious mult ifunctional  

nanophotonic systems.  Moreover, the proposed devices can be 

exploited to realize functionalit ies such as asymmetr ic  

transmission, linear polar ization conversion and amplitude 

modulation.  For  the tr i- layered structure with  x -

polar ized incident light in the forward dir ect ion (+ z dir ection) is  

conver ted into y-polar ized light with high conversion efficiency 

of up to 80%. In contrast,  the x-polar ized incident light  in the 

backward dir ection ( -z  dir ection) cannot penetrate the third layer  

with the grating axis parallel to the x-axis. Thus, the tr i- layered 
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structure can provide tr emendous asymmetr ic transmiss ion 

(T fo r w a rd/T ba c k wa rd  = 10 - 170) over  an ultrabroad wavelength range 

(550 nm - 3000 nm).  Our  structures offer  a promis ing alternative 

to pr evious studies of polar ization conversion and asymmetr ic  

transmission [32-34]. Therefore,  it is expected that the extreme 

miniatur ization of var ious optical systems can be realized based 

on the proposed structures.  
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Chapter 3. Ultracompact meta-pixels for true 

color generation using bi-layered hybrid 

metasurfaces 

3.1 Introduction 
 

   Nowadays, high-end display systems are faced with the 

demands for compact form factors,  small pixel sizes,  and wide 

color gamut. However, such a demand has not been completely 

sat isfied due to the diff icu lt ies of miniatur ization and integration 

of the convent ional optical elements such as color filt ers and 

polar izers.  Recently,  plasmonic color  generations have been 

widely studied to generate colors a t nanoscales.  A wide range of  

color generation has been demonstrated by tuning the p lasmonic 

resonance of the array of metall ic antennas with var ious metals  

such as silver  [35-38], and aluminium [39-41]. However, the 

plasmonic nanoantennas provide broad spectral r esponse and low 

saturation colors due to intr insic loss of the metals. Thus,  to 

achieve highly saturated colors, dielectr ic metasurfaces based on 

the resonances in high index dielectr ic nanoantennas have been 

proposed [29, 42-46]. High refractive index  dielectr ic mater ia ls  

such as si licon can support  electr ic and magnetic resonances,  
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called Mie resonances  [47,48],  and their  scatter ing 

character ist ics are determined by the interfer ences among the 

resonances.  Through manipulating carefu lly these Mie r esonance s ,  

a pure color generation has been presented in ref lect ion type 

dielectric metasurfaces.  However, transmittance type dielectr ic  

metasurfaces suffer from low saturation colors because it  is  

diff icult  to provide narrow resonance bandwidth over  the entir e 

vis ible wavelengths by designing the mult ipolar  electric and 

dielectric resonances of dielectr ic structur es. In addit ion, the 

aforement ioned structural color generations have common 

limitations of low color depth (~ thousands  of colors). This is  

because the spectral tuning relies on t iny adjustment of the 

length parameters such as per iod,  radius and distances between 

the nanostructur es. This approach makes difficu lt to obtain the 

color pixels that  ar e expressed in the des ired colors with specific  

hue,  saturat ion,  and value because the r esonance wavelength and 

intensity ar e changed s imultaneous ly by adjusting the length 

parameters  [49,50].  As a result ,  the l imited number  of colors 

drastically degrade a resolut ion of a real picture and leads to 

limited appliactions in imaging and display systems.  

Here, a novel structure of bi -layered hybrid metasurfaces  is  

proposed to achieve highly saturated colors and high color depth 

generation with ultracompact form factors.  The proposed bi -

layered metasurfaces consist ing of a luminium (Al) nanograting 

layers and anisotropic amorphous sil icon (a -Si) nanorods can 
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provide independent control of spectral resonance and intensity 

by adjusting differ ent  geometr ic parameters.  The hybrid 

metasurfaces only a llow specif ic resonance trans mittance peaks  

determined by size of the nanorod to be transmitted by 

polar ization rotat ion or iginating from the rotated anisotropic  

nanorods. In addit ion,  a cavity effect  between the nanograting 

and nanorod layers permits highly saturated color generation.  

This is  because the spectral broadening caused by the electric  

and magnetic mult ipolar resonances in the dielectr ic nanorods  

can be ameliorated by manipulating the interfer ences among 

those resonances through adjusting the distance between the 

layers.  Also,  based on the proposed structures, the method for  

gradual color tuning and high color depth generation is presented 

using addit ive color mixing.  Spatia lly varying unit cell structur es  

of the proposed hybrid metasurfaces, called meta -pixels,  a llow to 

design the spectral resonance and intensity.  Through this color  

mixing method,  myriad of color  pixels having des ired hue,  

saturation, and value can be created within subwavelength 

thickness, and thus it could be applied to reproduce real pictur e 

images.  Therefore, the bi- layered hybrid metasurfaces can be a  

powerful solution for  extreme miniatur ization of many imaging 

and display systems.  
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3.2 Principles of the spectral modulation using the 
bi-layered hybrid metasurfaces 

 

 

Figure 3.1  (a) Art istic r endering of the bi -la yered h ybr id metasur face.  

(b)  Unit cel l  structure of the proposed structure.  The per iod,  th ickness,  

and width of the nanograting are 125 nm,  40 nm, and 120 nm,  

respectivel y.  (c)  The unit  cel l structure on  the y -z  plane. The x -

polar ized light  i s incident on the rod side.  

   Figure 3.1 shows schemat ic i llustrat ions of the bi -layered 

hybrid metasurfaces composed of Al nanograting layer  and 
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rotated a -Si nanorod layer. Here,  the nanograting layer is  

designed to act l ike a  linear polar izer  over  entire vis ible 

wavelengths,  and the nanorods ar e rotated by  and are separated 

by d from the nanograting layer.  When the x-polar ized white l ight  

is  incident on the bi- layered metasurface, the rotated nanorods  

rotate, depending on , the polar ization angle of the incidence 

light  at the resonances of the nanorods. The y-polar ized 

component of the rotated l ight  can pass through the nanograting 

layer, but the x-polar ized component does not penetrate.  Thus,  

the x-polar ized component of the incident x-polar ized l ight  

undergoes mult iple ref lect ions between the nanograting and 

nanorods unt il it  is  ref lected back to z dir ection or  conver ted to 

y-polar ized l ight  by the nanorods as shown in Fig.  3.1(c).  That is ,  

except for the y-polar ized l ights conver ted by the polar ization 

rotat ions of the nanorods, the incident white light  is fi ltered 

while passing through the structur e.  

The spectral character ist ics of the rotated nanorod layer can be 

rela ted to the polar izabil ity t ensor  of the electr ic a  and magnet ic  

b  mult ipolar r esonances which are determined by dispersion of  

the mater ia ls and their geometr ic parameters  [24]. When the 

nanorods are anisotropic and small enough compared to the 

wavelength of inter est ,  electric dipole (ED) and magnetic dipole 

(MD) are dominantly der ived and the polar izability tensors can 

be reduced to , and . For  the nanorods  
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smaller  than the wavelengths of the incident l ight ,  the nan orod 

layer  can be modeled as the effect ive surface with averaged 

transverse polar ization currents  [51],  and their  transmiss ion and 

reflection matr ices can be calcu lated as the following equations  

   (3.1) 

(3.2)

where p x and p y are periods,  is  angular frequency, 0 is  the free 

space impedance, C  is  an interaction coeffic ient ,  and the 

superscr ipt e and m mean electr ic and magnetic, respect ively.  As  

shown in equation (3.1) and (3.2),  the transmission and ref lect ion 

coefficients are combination of ED and MD der ived components.  

For  convenience,  the components der ived from ED and MD are 

def ined as  and ,  

respect ively.  For the simplicity, it is assumed that the 

nanograting acts like a perfect  l in ear  polar izer  and high order  

mult ip le ref lect ion t erms can be negligible.  Similar to the method 

for der ivation of equation (2.3), the tota l transmitt ed complex  
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electr ic field E t o t of the bi-layered hybrid metasurface for x-

polar ized incident l ight  can be d ecomposed by the ED and MD 

components as following equations  

 (3.3)  

 (3.4)  

   (3.5) 

where k  is  the free space wavenumber, n1  is the refractive index  

of the spacer medium, and  is unit  vector  a long with y-axis, E e  

and Em are complex electr ic fields caused by ED and MD 

resonances,  respect ively (see Supplementary Information for  the 

details of the der ivation). The first and second terms in the 

square bracket  of equation (3.3) and (3.4) indicate the direct  

transmission and ref lection components,  respectively (cf.  Fig.  

3.1(c)).  Also,  it  is  apparent that anisotropic response of ED ( y  - 

x) and MD ( y - x) r esonances permit  the incident light  to 

penetrate the proposed structure as conver t ing the incident light  

to y-polar ized light ,  and the amplitude can be controlled by the 

rotated angle of the nanorod . It is  a lso noticeable that the 

transmitted l ight  is  rela ted not only to the amplitude and phase of  

both ED and MD resonances but also to the cavity terms  

governed by d.  This indicate that the proposed structur es give an 

addit ional degree of freedom for  tuning the spectral  
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character ist ics by adjusting d ,  and thus it  could be fruitful to 

provide wide gamut of the response colors.   

 

Figure 3.2 Schematic demonstration of the independent con trol of th e 

spectral intensit y and wa velength. The intensit y and wavelength of the  

transmitted light can be con trolled by the rotated  angle ( ) and size ( w,  

l)  of the nanorods, r espect ivel y.  

Based on this scenar io,  it  is possible that  the spectral resonance 
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and intensity are independently controlled by the differ ent  

geometric parameters as shown in Fig .  3.2.  The spectral  

resonance and intens ity can be controlled by size ( w,  l) and ,  

respect ively.  

Figure 3.3  Transmittance spectra  of the bi -la yered hybri d 

metasur faces having var ious nanorods of (a) w = 30 nm, l  = 80 nm, (b)  

w =  60 nm, l  = 90 nm, (c)  w =  100 nm,  l  =  120 nm and fixed  = 45  a s 

changing d.  

To understand the cavity effect  in the bi -layered hybrid 

metasurface structure,  the transmittance spectra  of the structures  

having var ious w and l  are calcu lated as changing d  as shown in 
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Figs. 3.3(a)-3.3(c). Since Mie resonances are excited at longer  

wavelength as the s izes of nanorods increase,  the spectra l  

resonances exhib it  a  r ed shift  when the size incr eases.  As  

predicted in equation (3.3)-(3.5), it  can be seen that the 

transmittances of the structures ar e per iodically suppressed or  

enhanced  depending on d due to the cavity effect . Moreover, it  

is noticeable that the resonance wavelengths  and bandwidths of  

the structur es are fluctuated as changing d.  

To investigate this t endency,  the spectra  and electr ic field 

distr ibutions of the bi- layered structures varying d  are compared 

with those of the rotated nanorod layer  without the nanograting.   

Figure 3.4(a) shows the transmittance of the y-polar ized light  of  

the nanorod layer without the nanograting (black solid line).  As  

can be seen,  the nanorod layer  without the nanograting layer  

exhibits broad spectral response due to the electric and magnet ic  

resonances.  In contrast, the spec tral bandwidth and resonance of  

the proposed bi- layered structur es are f luctuated by d because the 

interferences between the Mie resonances can be adjusted 

through the ref lection components (cf. equation (3 .3) and (3.4)).  

In part icu lar, the cavity effect  of the bi- layered structures leads  

to the significant  narrower full width a  half maximum (HWHM) 

of 26 nm compared to the HWHM of the nanorod layer  without  

the nanograting (106 nm).  
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Figure 3.4 (a) The transmittance spectra  of the various structures wi th  

w =  100 nm, l  = 120 nm, and  = 45 .  For x -polarized incidence light,  

the transmit ted y -polarized l igh t of the nanorod la yer  wi thout  th e 

nanograting (black line)  and the transmittan ce of the bi -layered 

structures var ying d (color  lines)  are ca lculated.  (b) The electr i c 

distr ibut ions of var ious structures represented as R 1 ,  R2 ,  and R3  in  Fig.  

3.4(a). The R1  and R3  have the nanograting la yer  with d = 150 nm and  

100 nm, r espect ivel y,  and R2  does not  have the nanograting la yer.  

 

To understand the cavity effect more concretely,  the electr ic field 

distr ibutions of var ious structures (d = 150 nm (R 1), without the 

nanograting (R 2),  and d  = 100 nm (R 3)) a t  the same wavelengt h 

of 612 nm is calcu lated as shown in Fig.  3.4(b). For R 1 ,  the MD 

resonance is dominantly excit ed in the nanorod, and the 

transmittance peak occurs at 612 nm. As the structur e changes  

from R 1  to R 3 ,  the ED resonance becomes stronger, and thus the 

transmittance decreases due to the destructive interfer ence 

between the ED and MD components.  This destructive 

interference leads to transmittance deep for  R 3  through enhancing 
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the ED resonances and strongly supporting both of ED and MD 

resonances. That is , the Mie resonances in the nanorods can be 

controlled by the cavity effect ,  and the cavity effect  plays a  

significant role in manipulations of the spectral responses  

including transmittance,  resonance wavelength,  and bandwidth.  

Therefore,  the cavity effect  can be used to make the pr oposed bi-

layered metasurfaces to express wide color  range.   

 

 
Figure 3.5 (a) Calcula ted CIE chromaticit y diagrams of the bi - la yered 

hybrid metasur faces as changing w and l .  The di stance d and the  

rota ted angle of the nanorods  ar e set to 170 nm and 45 , r espect ivel y.  

The bi -la yered structures wi th the highest  purity RGB color s ar e 

indicated by whi te sol id star s. Each  RGB structure has var ious size of  

w =  30 nm, l  =  50 nm (blue) , w =  60 nm,  l  =  90 nm (green),  w = 110 

nm, l  = 120 nm (red). (b) The area of the RGB color  space of the bi -

la yered structures wi th various d.  

 

For  the color  generation devices,  it  is  impor tant  to cons ider not  
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only high transmittance but a lso wide color  gamut which is  

determined by spectral bandwidth and wavelength range of the 

expressib le colors. Figure 3.5(a) shows the CIE 1931 color space 

of the bi-layered structur es with d  = 170 nm,  

among the var ious nanorod sizes,  the thr ee specif ic structures  

generating RGB colors with the highest  purity (highly saturated)  

are selected to calcu late the area. Here, the area of the RGB 

color space is defined as the area of the tr iangle formed by thes e 

RGB structur es. According to addit ive color mixing method,  

every points ins ide this RGB color  space can be expressed by the 

combinations of the RGB colors,  and thus the wider RGB color  

space becomes,  the more the var ious color  can be expres sed.  

Therefore,  comparing the RGB color spaces having var ious d  

could be exploit ed to evaluate the effect  of the cavity effect  in 

the color  gamut of the proposed bi -layered metasurfaces. Figure 

3.5(b) shows the calcu lated the area of the RGB color spaces as a  

function of d.   As can be seen,  the cavity effect  leads to the 

fluctuation of the area ranging from 0.0239 to 0.0712.  To obtain 

pure color and wide gamut, the optimal d is  decided as 170 nm 

where moderate transmittance can be obtained.  Moreover,  to 

confirm the wide gamut of the bi -layered hybrid metasurfaces,  

the area of the RGB color  space for the nanorod layer  without the 

nanograting layer  is caculated as shown in Fig. 3.6. Compared 

with the nanorod layer without the nanograting layer, the bi -

layered structure can express more var ious colors at  shorter  
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(around 480 nm) and longer  (around 605 nm) wavelengths, and 

thus the area of RGB primary color space of the bi - layered 

structures can cover  wider  area (0.072386) than that of the 

nanorod layer  without the grating (0.050293).  As a  result ,  the 

cavity effect  can provide purer color, and the RGB color space of  

the bi- layered structure is 144% wider  than that  of the nanoro d 

layer without the nanograting.  

 

 
Figure 3.6  Calculated CIE chromaticit y diagrams of the nanorod 

la yer s wi thout the nanograting as changing w and l .  
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3.3 Independent control of the spectral resonance 
and intensity using the bi-layered hybrid 
metasurfaces 

 

 
Figure 3.7  The cross-sect ional  ( left )  and the top view (r ight)  SE M 

images of the fabr ica ted bi - la yered hybrid metasur face sample.  

   The bi-layered hybrid metasurfaces ar e fabr icated by using 

conventional nano patterning techniques such as electron -bea m 

lithography and focused ion beam milling ( See following section 

3.5 for details of fabrication process).  Here, the nanograting layer is 

fabr icated to have a  per iod of 200 nm, thickness of 100 nm, and 

width of 100 nm in order  to operate as a  linear polarizer  over  the 

operating wavelengths of the input source. Figure 3.7 shows SEM 
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images of the fabr icated bi- layered hybrid metasurfaces.  

 

 

Figure 3.8 (a) Captured images of the transmit ted l igh t from the 

fabricated bi -la yered h ybr id metasur faces with  = 45  and various w 

and l .  (b)  Transmit tance spectr a of the fabr icated samples (S1  S8)  

and (c) the spectra normalized by the intensity of the source LED. 

The fabr icated samples have var ious size of nanorods and  = 45 ,  

and their transmitted l ights for normal incidence of x-polar ized 

white LED light  are captured by a camera as shown in Fig. 3 .8(a).  

As can be seen,  the respons e colors of the fabr icated structures  

exhibit a red shift  as the sizes increase and express from blue to 

red.  Also, it is  can be seen that the intensity of the transmitt ed 

light  incr eases as l increases. This t endency is because the 
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transmitted intens ity of the proposed structure is proportional to 

the anisotropy of the nanorods as demonstrated in equation ( 3.3) 

and (3.4). Figure 3.8(b) shows the transmittance spectra of the 

fabr icated samples with var ious size of the nanorods. The 

resonance wavelengths of the samples are gradually shift ed from 

450 nm to 660 nm when the size incr eases . The transmittance 

deeps occurr ing around 480 nm or iginate from the transmittance 

deep of the input source.  Also, it  can be understood that the 

cavity effect  successfully inhib its the spectral broadening from 

the Mie resonances in that the spectral responses maintain 

narrow bandwidth over the var ious visible wavelengths.  

Moreover,  as can be seen in Fig. 3.8(c), the proposed structur e 

can control the transmitted light varying blu e to r ed regardless of  

the input source spectrum. To compare the exper imental results  

and simulations, CIE1931 color space of the spectral responses  

of the bi-layered hybrid metasurfaces is presented in Fig.  3.9.  At  

the shor t wavelength range, the response  colors undergo a  

slightly low saturation due to imperfect ion of the fabr icated 

nanograting layer  which permits transmittance of the undes ired 

x-polar ized l ight .  However,  the pure colors can be generated at  

the long wavelength range,  and the response colors of the 

fabr icated samples can cover  as wide area as the color  space of  

the simulation resu lt .  
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Figure 3.9 CIE chromat icit y diagrams of the simulat ion  (a) and 

exper imental r esul ts (b) . The simulation r esults ar e ca lculated for  the  

proposed structures wi th var ious size ( w = 30 ~ 110 nm and l  = w + 10  

~ 120 nm) at   d = 170 nm.  

 

Next,  to independently control the intensity of the response color,  

the bi-layered hybrid metasurfaces with varying  while keeping 

the size of the nanorods  ar e fabr icated.  Figure 3.10 shows the 

images and spectra  of transmitt ed colors f rom the fabr icated 

samples that  generate RGB colors. As can be seen in the captured 

images,  the intensit ies of the RGB samples  decrease,  reta ining 

their  hue and saturation,  and finally the response colors become 

black while  This intensity control can 

be c lear ly shown in the spectra  as shown in Figs.  3.10(d)-(f).  The 

resonance wavelengths of each RGB sample keep near ly constant  

regardless of , and the intens it ies decrease as  decreases . Also, 

it can be observed that the spectral distortions are exacerbated at  
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due to the imperfection of the nanograting layer leaking the unwanted 

x-polarized light. This distortion can be addressed by fabricating the 

homogeneous nanograting layer operating as a perfect linear polarizer. 

Never theless, it is shown that the independent control of spectral  

resonance and intens ity can be obtained by adjusting the size and 

rotated angle of the dielectr ic nanorods, r espectively.  

Figure 3.10 Captured images of the transmit ted lights from th e 

fabricated bi - la yered structures wi th var ying  whi le keeping (a) w =  

45 nm, l  = 90, (b)  w = 60, l  = 100, (c) w = 120, l  = 180. Transmittance  

spectra of the fabr ica ted samples wi th (d) w =  45 nm, l  =  90, (e)  w =  

60, l  =  100, (f)  w = 120,  l  = 180.  
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3.4 Meta-pixels for high color depth generation 

3.4.1 Concept of the meta-pixels based on additive color 
mixing method

 

 

Figure 3.11 Schematic i llustrat ion of supercell structure of the 

proposed meta -pixel.  For  simpl icit y,  the nanogorati ng la yer  i s omitted 

in this i llustr at ion.  

   Intuit ively,  the aforementioned bi -layered metasurface can 

provide high resolution color pixels that are achieved by placing 

the nanorods having var ious size ( w and l) and  at  differ ent  

posit ions.  However,  gradual tuning of hue,  saturation,  and valu e 

of the r esponse color is  st il l challenging due to limited tunabilit y 

of the length parameters (w and l). To overcome this low color  

depth, meta-pixels which can provide gradual tuning of colors  
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based on addit ive color mixing is proposed. Figure 3.11  

demonstrates n m meta-pixel that is supercell structure of the 

proposed bi- layered metasurfaces having var ious w,  l  and . Each 

sub-pixel of the meta-pixel changes the size  of the nanorods (w 

& l) a long the columns and changes  a long the rows. In other  

words, each column represents different  n pr imary colors, and the 

tota l intensity of each pr imary color  is  encoded by the sum of  

their  . According to addit ive color  mixing method,  the meta-

pixels can express various colors inside the color space composed of 

the primary colors of the sub-pixels, and the response chromaticity (hue 

and saturation) can be controlled by adjusting the ratio of the 

pr imary colors. Also, the value of the meta-pixel can be controlled by 

adjusting  while keeping the ratio of the primary colors. Thus, the 

expressible number of colors of the meta-pixel (#C) can be decided by 

following equation 

   (6) 

 indicate the variation of the rotated angle of the nanorods . 

The gradation of each primary color is assigned by . Thus, 

gradation of the finally created colors becomes smoother and 

 and m become smaller and larger, respectively. Also, 

increasing the number of primary colors (n) is very profitable in that 

#C increases exponentially, and it allows to cover wide area in the 

color space.  
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3.4.2 Gradual tuning of the response colors using the meta-
pixels

 

Figure 3.12 Schematic il lustra tion  of the supercell structures of the 1  

-pixel  wi th orange and green  sub-pixels ( left ),  and the image 

of the transmit ted light from the fabrica ted meta -pixel sample (r ight) .  

The rota ted angle of the orange sub-pixel  i s fixed  at  

angle of the green sub-pixel ( g) changes from 0  to  

   As an example, the 1  2 meta-pixel that has orange and green as 

primary colors is demonstrated as shown in Fig. 3.12. The rotated angle 

of the green pixels ( g

 As shown in the captured image of the transmitted light  of 

the fabricated meta-pixel sample, it can be observed, in spite of high 

magnification of the image, that the response color changes from 

orange to yellow and then from yellow to green as g increases. To 

understand this gradual color changes more clearly, the fabricated 
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sample is divided into five regions (A1  A5), and the transmittance 

spectra and CIE color space of each region are investigated as shown in 

Fig. 5.13.  

 

Figure 3.13 Experimental ly measured (a) Transmit tance spectra  and  

(d) col or  space of the meta -pixel sample divided by five areas  (A1  

A5).  

 

The resonance wavelengths of the orange and green pixels can be found 

at 618 nm and 542 nm, respectively. Also, it can be seen that the 

intensity of the resonance at 542 nm can be independently controlled by 

g while that of the resonance at 618 nm remains nearly constant. As a 

result of this spectral changes, the response colors of the meta-pixels 

can gradually change on the straight line connecting the two primary 

colors (orange and green) in the color space as shown in Fig. 5.13(b). 

Compared with the method for controlling the chromaticity by 

adjusting the size of nanorods (cf. Fig. 3.9), the proposed meta -pixels 

based on additive color mixing can be used to more gradually tune the 
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response colors, and the gradation can be improved by increasing  

and m. In addition, as can be seen in Fig. 5.13, the response color of the 

meta-pixels can be intuitively predicted according to the additive color 

mixing method. Therefore, it is a promising solution for generating 

high color depth and reproducing real pictures to exploit the proposed 

meta-pixels.  
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3.5 Fabrication and optical measurement 
 

   In this section, the details of the fabrication process and optical 

measurement for the proposed bi-layered hybrid metasurfaces are 

demonstrated.  

 

3.5.1 Fabrication process
 

 
Figure 3.14  Fabricat ion  flow char t for  the bi -la yered hybri d 

metasur faces.  

   For  fabr ication of the bi- layered hybrid metasurfaces,  

conventional nano-fabr ication t echniques such as focused ion 

beam (FIB) mill ing and electron beam lithography methods ar e 
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used. Figure 3.14 shows the flow char t of the fabr ication process  

for  the bi- layered hybrid metasurfaces.  First ly,  sil icon oxide of  

100 nm and a -Si thin f ilm of 200 nm is sequentia l ly deposit ed on 

quar tz wafer substrate using PECVD (AMAT P5000, OEM group) .  

The refractive index of the deposit ed a -Si film is measured by 

el lipsometer  (J.  A. Woollam, V-VASE).  Next, a negative-tone 

resist (XR-1541-006, Dow Corning) is spin -coated, and then the 

nanorod patterns are transferr ed to the resist  using electron bea m 

lithography (JBX-6300FS, JEOL) and developed.  For the mult i-

layered metasurfaces, it  is important  to a lign the sequentia l ly 

stacked multip le layers. Therefore, the cross-line-shaped 

reference marking structures are a lso transferred to the resist  as 

shown in Fig.  3.14.  The patterns are transferred to the a -Si layer  

via  inductively coupled plasma etching with Cl 2  and HBr gases.  

For  the planar ization, PMMA (950PMMA A4, Micro Chem) is  

spin-coated on the sample,  and then the PMMA coated on the 

reference markings are cleaned up by acetone solution before the 

bake process. Next,  the 100-nm-thickness of Al is deposit ed 

using an E-gun evaporator  (ZZS550-2/D, Maestech).  Finally,  the 

nanograting patterns with period of 200 nm are milled at the Al 

layer  by FIB milling machine (Quanta 200 3D, FEI).  At this t ime,  

the posit ion of the nanorods layer  should be a ligned with the 

grating layer. The al ign process is explained in Fig. 3.15.  

Because the PMMA removal hinders the p lanar ization on the 

reference marking structures, they can be observable after  the Al 
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deposit ion.   

 

 

Figure 3.15 Flow chart  for  al igning the mult i - la yered structures .  

The rela t ive posit ion of the marking structures indicates the + y  

dir ection of the nanorod patterns. First ly,  find the center  posit ion 

of the left  marking structure.  And then, parallel moving the FIB 

sample stage in parallel to +x dir ection to find the r ight marking 

structure.  This process instructs the rotated angle of the stage.  

Next,  rota te the sample stage to a l ign the center posit ion s of the 

left  and r ight  marking structures  on the stra ight l ine parallel to 

x-axis of the sample stage.  After  this process,  the nanorods can 
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easily found by translat ional shift  of the sample stage.    

 

3.5.2 Optical measurement
   The fabr icated bi- layered hybrid metasurfaces is i lluminated 

from the substrate side using a  broadband white light  LED 

(MNWHL4 LED, Thorlabs).  The spectrum of  the LED source is  

exper imentally measured as shown in Fig.  3.16.  the spectrum of  

the LED source exhibits broad wavelengths.  Also,  it  is  seen tha t  

the transmittance deep is observed at  480 nm due to the narrow 

bandwidth of the blue light  composed of the white LED. This  

transmission deep r esults in the transmit tance deep of the 

fabr icated color pixel samples in Fig.  3.8(b).   

 

 
Figure 3.16  The exper imen tal l y measured spectrum of the input  LED 

source.  

 

The LED source is il luminated through a broadband l inear  
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polar izer (High Contrast Glass Linear  Polar izers, Edmund 

Optics) a ligned perpendicular to the nanograting axis and 10 X or  

50X objective lens.  The l ights transmitt ed through the samples  

passes a  linear polar izer  al igned parallel to the nanograting axis ,  

and then their microscopic images are captured by camera  

(UCMOS05100KPA, Touptek),  and the spect ra are measured by 

spectrometer  (Pr inceton Instruments, SpectraPro 2300).  

Actually,  the addit ional l inear  polar izer parallel to the grating is  

not  needed if the grating layer  perfectly prohib its the undesir ed 

x-polar ized l ight . However, the undes ired x-polar ized light  is  

transmitted through the fabr icated grat ing layer  due to the 

imperfection of the grating layer.  This leads to the degradation of  

pur ity of the response colors of the proposed structures as shown 

in Fig. 3.  17(a). The captured images from the color pixels with 

var ious w,  l  (same as Fig.  3.8 (a)) are taken without the polar izer  

parallel to the grating axis. Compared with the exper imental  

results with the polar izer  (cf. Fig. 3.8(a)), it  is clear ly seen that  

the unwanted x-polar ized light  leaked from the grating layer  

leads to low saturation of response colors. Moreover,  it  is  not  

sufficient to reject  the x-polar ized light that  using an addit iona l  

polar izer. Figures 3.17(c) and 3.17(c) show the transmittance 

spectra and the captured images  (with the addit ional polar izer)  of  

the blue color pixel and the fabr icated single grating layer. As  

can be seen,  the unwanted x -polar ized light  is  slightly 

transmitted through the structure and the polar izer. Therefore, it  



66

is signif icantly important that the high quality grating layer that  

can perfectly prohib it  the undes ired x-polar ized l ight .    

 

Figure 3.17 (a) Captured images of the transmit ted light from th e 

fabricated bi -la yered h ybr id metasur faces with  = 45  and various w 

and l ,  wi thout  the polarizer  paral lel to the grat ing axis. (b)  

Transmit tance spectr a of the blue color  pixel (blue line) and single  

grat ing la yer  (black l ine)  wi th an addi tional polarizer.  (c)  Th e 

captured images of the transmitted l igh t from the color  pixel (left )  and 

the single gra ting layer  (r ight)  wi th an  addit ional  polarizer .  
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3.6 Discussion & Conclusion 

3.6.1 Reflection type structures 
 

 

Figure 3.18  (a) Schematic i llustr at ions of the reflect ion type color  

pixel  structures.  (b)  CIE diagrams of r eflected y -polar ized l ights of  

the r eflect ion t ype structures var ying sizes (w,  l )  of the nanorods. Th e 

reflect ion spectra of x-polarized l igh t from the structures wi th (c)  w =  

50 nm, l  = 110 nm, (d) w = 80 nm, l  = 120 nm as changing the rotated  

angle of the nanorods.  
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   Intuit ively,  the under lying phys ical mechanisms of the bi -

layered hybrid metasurfaces can also be applied to the r eflection 

type color pixels as shown in Fig. 3.18(a). When y-polar ized 

light  is incident on the reflection type structures, x-polar ized 

light conver ted,  through the cavity effect and the optical rota t ion 

of the nanorods, is  reflected back.  Figure 3.18(b) shows the CIE 

color space of the ref lected x-polar ized lights from the ref lection 

type structures having var ious w,  l.  It can be seen that the 

structure can express var ious colors ranging from blue to red but 

they exhibit  low saturation.  The reason for the low luminance is  

that  strong ref lect ions of high order Mie r esonances occur in the 

shor t wavelength region. This unwanted spectral broadening can 

be seen in Figs.  3.18(c) and 3.18(d).  The r eflectance eff ic iency 

exhibits r ela t ively high however t he higher order resonances  

excited in short wavelengths are not suffic iently a tt enuated 

according to the rotated angle of the nanorods .  

3.6.2 Conclusion 
 

   The independent control of spectral resonance wavelength and 

intensity with narrow bandwidth is demonstrated in the proposed 

bi-layered hybrid metasurfaces. Also, a potential method for  

generating high color depth is presented by the proposed meta -

pixels. The proposed structur es have been successfully 

demonstrated by theoretical and exper imental analysis, but some 
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improvements are needed to apply  them to practical imaging 

systems.  

First ly,  the fabr ication method for the homogeneous nanograting 

layer  in large area is r equired.  Actually,  it  is  hard to fabr icate the 

nanograting of a per iod of several hundred nanometers over a  

wide ar ea by using FIB milling technique.  Therefore,  

nanoimprint  lithography,  which has been reported to successfully 

fabr icate high quality visib le polar izers in cent imeter  scales ,  

could be a promising solution for fabr ication of the nanograting 

layer. Secondly,  a potentia l of t he bi- layered structures as  

dynamic color pixels will be addressed.  To achieve dynamic 

color pixels, it  would be a possible solution to rep lace the a -S i 

nanorods with phase change mater ia ls [52-54] that changes their  

refractive index according to the exter nal stimuli. The size of the 

phase change mater ia l nanorods would decide the resonance 

wavelength,  and the refractive index var iat ion would result  in the 

transmittance changes by manipulating the anisotropy of the 

rotated nanorods.  

The bi- layered hybrid metasurfaces have significant  advantages 

in ultra thin thickness and high color  depth generation.  Therefore,  

it is expected that the bi-layered structure can be a promis ing 

candidate for  the next generation imaging systems such as  

flex ible and foldable displa ys.  
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Chapter 4. Broadband ultrathin circular 

polarizer using helically stacked 

nanogratings 

4.1 Introduction 

   A circular  polar izer  has played signif icant  roles in optics.  

With the increasing importance of polar ization r esolved imaging 

system, circular polar izers have been applied to enhanced 

contrast  [55], circular  polar ization microscopy [56,57], remot e 

sensing of chiral signatures [58],  and detection of biomolecules  

such as amino acid,  DNA and glucose which have inherent chiral  

structures [56,  58-60]. Especially,  circular  polar izers operating at  

vis ible wavelength have attracted much attention because they 

are exploit ed as crucial optical components to control the 

polar ization sta te of l ight  in the complex disp lay systems such as  

three-dimens ional (3D) displays for  virtual reality and 

augmented r eality (VR/AR) [61]. Convent ionally, a circular  

polar izer is achieved by a combination of  several polar izers.  

However, this polar ization system has l imita t ion in var ious 

applications due to bulky configuration and narrow op erating 

bandwidths.  

Recently,  metamater ia ls with 3D helix structures have been 
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demonstrated as potentia l solutions for broadband circular  

polar izers because of their  thin thickness and broad bandwidth.  

The 3D helix metamater ia ls can be fabr icated by using var ious  

fabr ication processes such as dir ect  laser  writ ing (DLW) [ 5,  62] ,  

DNA based self-assembly [63], focused ion beam induced 

deposit ion (FIBID) [64],  focused electron beam induced 

deposit ion (FEBID) [65], glancing angle deposit ion (GLAD) [66,  

67],  and tomographic rotatory growth (TRG) [68]. With the 3D 

helix structures,  broad bandwidth and high circular polar ization 

selectivity are achieved at infrared frequencies. However, the 

aforement ioned fabr ication techniques are incompatible with the 

other  optica l components, and thus they ha ve l imitat ion in 

fabr icating the circular polar izer integrated nanophotonics  

systems.  

As an alternative approach,  stacking a  few layers of planar  

metasurfaces within the subwavelength distance has been 

proposed [69-75].  As twist ing and stacking multiple metasurfaces  

layers, strong resonance in a single layer of  metal inclusions is 

conver ted into broadband bianisotropic effect  by magneto -

electr ic coupling among the stacked layers. This approach is  

more at tractive solution than the aforementioned 3D helix structures 

because it  can be fabr icated by the mult iple conventional  

lithography techniques such as focused ion beam and electron 

beam lithography. The stacked metasurface based circular  

polar izers have been implemented in var iou s wavelength ranges  
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of microwave [69,70],  infrared [72,74], and near-infrared [6,73] .  

However, on these resonances based structures, the trade-off  

between bandwidth and resonance strength is inevitably 

accompanied,  and thus it  is hard to achieve high circu lar  

polar ization selectivity and broad bandwidth simultaneously.  

Also, it  is  difficu lt  to realize vis ible c ircular polar izer  made of  

gold or silver inclusions because these noble metals have low 

plasma fr equencies [76,77].  Therefore,  broadband circular  

polar izers operating in the ent ire vis ible wavelength range have 

remained as a key challenge. In addit ion,  precise a l ignment  

between the stacked unit  cell structures  is required, that  

increases complexity in the fabr ication process.  As a result  of  

these limita t ions,  the helically stacked metasurfaces with noble 

metals are far  away from appl ication to the practical polar izer  

integrated imaging systems even though they have gr eat  

advantages in ultra -thin thickness and broad bandwidth.   

In this section,  an ultra thin circular  polar izer  operating over  

entir e visib le wavelengths  is proposed.  The proposed structur e 

having helically stacked mult iple nanograting layers which lead 

to non-resonant chiral current  loop.  By exploit ing non-resonant  

and broadband anisotropic character ist ics in the nano-gratings,  

the proposed structur e provides dist inct 3D chiral current  loops  

depending on the polar ization sta te of light . This gives a detour  

route for avoiding the trade-off r ela t ion between circular  

polar ization selectivity and bandwidth, so that it  is possib le to 
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achieve both propert ies simultaneously.  Thus, it  can be indicated 

that the proposed structures are differ ent from the double -layered 

gold crossed-gratings with symmetry breaking structures and 

resonant character ist ics in ref.  24.  Also, fabr ication process is  

simplified by alignment -fr ee mult ip le l ithographies  as the 

proposed des ign is based on twists of  whole nano-grating layers  

rather than twists of unit cel l structur es. The induced current  

distr ibutions impinged by the circular ly polar ized (CP) light  ar e 

invest igated to demonstrate circular polar ization select ivity in 

the proposed design. Finally, in order to investigate the 

fabr ication feasib il ity and circular  polar ization select ivity of the 

proposed structure,  exper imental demonstrat ion is pr esented by 

fabr icating a  prototype of the proposed structure using 

successive ion-beam mill ings and multi-wavelength optica l  

measurements.  



74

4.2 Circular polarizer using helically stacked 
nanogratings 

 
 

4.2.1 Basic principle

Figure 4.1 (a) Schematic i llustr at ions of the proposed helical ly 

stacked Al  nano-grat ing structure for  visible wavelength  ranges. (b)  

The magnified schematic of the double -layered Al  nan o-gra ting 

structure. The nano-gratings have period (p) ,  width ( w)  and th ickness 

(t ),  and they are hel ical ly stacked wi th twisted angle ( ) and 

separation  (d).  

   The proposed broadband circular  polar izer  that  is hellically 

stacked aluminum (Al) nano-gratings as shown in Fig. 4.1.  

Specifically, each layer  consists of Al nano -gratings,  and they 

are stacked in gradually twisted manner  with subwavelength 

separation d and twisted angle . For the clockwise stacked 

proposed structure,  left  circular ly polarized (LCP) incident l ight  

rotat ing in the same direction as the structure forms 3D chiral  

curr ent  loop and is ref lected back.  In contrast,  r ight  circular ly 

polar ized (RCP) light  weakly interacts with the structures, and 
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thus feels that the structures are a lmost transparent.  

4.2.2 Non-resonant characteristic of helically stacked 
nanogratings

Figure 4.2  (a) Transmission of Al nanorod arra y for  the LP l ight and (b) 

helicall y stacked nanor od array for  the CP lights.  The nanorods have p 

= 150 nm, l  = 100 nm, w = t  = 30 nm. The bot tom nanorods are 

parra lel  to y -axis, and the upper  nanorods are helically stacked wi th d 

= 50 nm and -gra tings for  the LP 

light  and (d) helica ll y stacked nano-gra tings for  the CP lights (d)  wi th  

p = 150 nm, w = t  = 30 nm,  d = 50 nm and 

   For  comparison,  transmission proper t ies of nanorod and nano -

grating based structures are examined first by numerical analysis.  

In this section,  a ll numerical simulations  are performed by 
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commercial f init e-differ ence t ime-doma in tool (FDTD, Lumerica l  

Solutions, Inc.). Dielectr ic constants of Al are referred to the 

textbook [26] and the refractive indexes  of substra te and 

dielectric spacer between stacked layers are assumed as 1.5. For  

calcu lat ion of transmission matr ices for CP light , the simulations  

are conducted under  the LP incident light (x  and y polar ized 

incident light).  Hence,  the following equation is used:  

   (4.1) 

 

where the subscr ipts r and l r epresent the r ight circular ly RCP 

and LCP light, respect ively.

The calculated transmission spectra  of the Al nanorods for  LP 

light  and the double- layered one for  CP light  are shown in Figs .  

4.2(a) and 4.2(b). The Al nanorods with anisotropic structure 

make plasmonic resonances a t  different  wavelengths depending 

on the polar ization sta te of incident light .  As shown in Fig.  

4.2(a),  the Al nanorods,  for  y-polar ized l ight  which is parallel to 

the nanorod axis, exhibit  the strong resonant transmission dip a t  

the wavelength of 558 nm. Also,  the weak transmission dip  

occurs around 880 nm due to the intr insic optical loss of Al.  On 

the other hand, for x-polar ized l ight  which is vert ical to the 

nanorod axis,  the incident l ight  easily passes through the 

nanorods without strong r esonance over the wavelength range.  
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Also, it is  worth not ic ing that the anisotropic transmission in the 

entir e visib le range is obtained,  which is difficu lt for  gold and 

silver  nanostructures since Al p rovides plasmonic resonance at  

shor ter  wavelength than that of the noble metals. When the unit  

cell of the nanorod array is twisted and closely stacked within 

subwavelength distance of d = 50 nm and twisted angle  

(inset of Fig.  4.2(b)), the LP eigenmodes on each single nanorod 

can be conver ted into CP ones by magneto-electr ic coupling 

between the cascaded nanorod layers. As shown in Fig.  4.2(b),  

the helically stacked two-layered nanorods show resonant  

transmission dips a t 508 nm and 653 nm for LCP and RCP 

incident l ight ,  r espectively.  These dist inct  transmiss ion dips  

depending on the polar ization sta te of incident light lead to 

moderate circular polar ization selectivity: RCP light  selectively 

passes through the structur e between 320 nm and 575 nm, wh ile 

LCP light  mainly passes through it  between 575 nm and 780 nm.  

However, since this bianisotropic effect  is based on the strong 

resonance in the nanorods,  high ER  and broad bandwidth cannot  

be achieved simultaneously by this r esonance based structure.  

Next,  non-r esonant metamater ia l is  cons idered,  which provides  

low optical loss and broad bandwidth  [78,79]. Al nano-gratings  

are exploit ed as shown in Fig.  4.2(c).  The nano-gratings a llow 

curr ent  to flow in a near ly inf init e length on y-axis, but not  on x-

axis. Therefore, the nano-gratings exhib it  non-r esonant  

character ist ics over  the wide wavelength range of y-polar ized 
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light ,  but  do not interact  much with the x-polar ized l ight .  As  

shown in Fig. 4.2(c), the Al nano-grating layer transmits x-

polar ized light  and reflects y-polar ized light  over broad 

wavelength range with a small transmission dip around 800 nm due 

to intr ins ic loss of Al. It is  easy to confirm that the nano -grating 

layer resu lts in non-resonant and broadband anisotropic  

transmission from vis ible to t elecommunication wavelength 

ranges. Then,  the nano-gratings are stacked helically  with twist of 

the entir e nano-grating layer,  rather than twist ing the unit cel l 

structure (Fig.  4.2(d)).  As shown in Fig.  4.2(d),  it  is apparently 

shown that the stacked nano-gratings, over the extremely broad 

wavelengths ranging from visib le to telecommunication 

wavelengths, selectively transmit  RCP light  quite well,  but  the 

most of LCP incident light  is ref lected.   

Extinction rat io (ER) and figure of merit  (FOM) of the helically 

stacked nano-gratings and nanorods are compared over operating 

bandwidth as shown in Fig.  4.3. Here,  the operating bandwidth  is  

def ined as a wavelength span where ER is larger than , and 

FOM  is  defined by a product of the  operating bandwidth and the 

averaged ER .  The proposed nano-grating structure can provide 

the operating bandwidth of 922 nm and the FOM  of 1816, which 

are about 8 t imes larger than those of the helically stacked 

nanorod structure.  
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Figure 4.3 Extinct ion r at io (TR C P /TL C P)  and oper ting bandwidth of th e 

stacked nanorod (black) and nano-grat ing (gra y).  

 

To understand the under lying mechanism of  the stacked nano -

grating structure, electr ic current  density in the stacked nanorod 

and the stacked nano-grating structur es are compared as shown in 

Fig.  4.4. In this section,  the effective mater ia l parameters are not  

exploited because the proposed multip le layered structure comes  

from complicate interaction among the nano-grating layers. When 

the nanorod array is excit ed by the l ight  polar ized along the 

nanorod axis, free electrons are accumulated on both ends of the 

nanorod,  and strong oscil lat ion of current  flows through the 

nanorod. In the case of the helically stacked nanorods, the strong 

oscil lat ion of current  in the bottom nanorods is transferr ed to the 

next upper nanorod by the magneto -electr ic coupling between the 

nanorods.  
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Figure 4.4 Electr ic current distr ibut ion in the helical l y stacked Al  

nanorods (a) for  LCP incident  l igh t at  508 nm and (b)  RCP inciden t  

light  at  653 nm. Electr ic curren t distr ibut ion  in  the hel ically stacked 

Al  nano-grat ing for  (c) LCP and (d) RCP incident  light at 609 nm. Th e 

whi te arrows indicate the direct ion of the induced curren t.  

 

Hence,  3D chiral current  loop is formed.  For  LCP incident light ,  

the helically stacked nanorods with left  handed manner cause the 
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resonantly induced currents t o flow in the same direction in the 

bottom and the upper nanorods (anti -bonding mode) at  the 

resonance of 508 nm (Fig. 4.4(a)). For RCP incident light  on the 

left  handed configuration,  similar resonant transmission dip 

occurs but  it  resonates at  the longer  wavelength of 652 nm (Fig.  

4.4(b)), because the currents form the bonding mode.  On the 

other  hand,  in the case of the nano -gratings, when the LP l ight  

parallel to the nano-grating is incident on the structure,  the 

induced current  path becomes infinit ely l ong. When the nano-

gratings are helically stacked,  the stacked structure forms quit e 

differ ent  current  distr ibution depending on the handedness of the 

incident l ight . For LCP incident light ,  the stacked nano-gratings  

with left  handed manner  induced current  flows to the upper layer  

and exhibit  rela tively strong magneto-electr ic coupling.  This  

coupling leads to 3D chiral current  flows and provides high 

reflectance (Fig. 4.4(c)).  On the other hand,  for RCP light ,  the 

induced current  at the bottom layer cannot strongly interact with 

the upper layer (Fig.  4.4(d)).  Therefore, the proposed structur e 

exhibits weak 3D chiral curr ent  loop and acts like near ly 

transparent materia l for  the same handedness of light  with a 

small amount of ref lection at the bottom layer  an d the intr insic  

Ohmic loss of Al.  As a  result ,  the proposed s tacked nano -grating 

structure can provide ultra -broadband circular  polar ization 

selectivity.  

 



82

4.2.3 The helically stacked multiple nanograting layers  
 

Figure 4.5  Transmission  curves and ER  for  CP light  as changing the  

number of the helical ly stacked nano-grat ing la yers. The structures ar e 

constructed wi th left handed manner, and structure parameter s are p = 

150 nm, w = t  = 30 nm, d = 30 nm and  

 

   The bianisotropic effect  a t the visib le wavelength ranges of  

inter est is  invest igated with the helically stacked mult iple layers  
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as shown in Fig.  4.5.  The more the nano-grating layers ar e 

helically stacked with the left  handed configuration,  t he more the 

structures block LCP light  over the wide wavelength range 

because they exhibit  the longer  3D chiral curr ent  loops a long 

with the stacked layers. In the case of RCP incident light , it  

remains near ly transparent. But the overall transmittance 

decreases due to the intr insic loss of Al. This result  is  in a good 

agreement with the aforementioned results that the helically 

stacked nano-grating can pass the same handedness of light  and 

reflect most  of the opposit e handedness one. As increasing the 

number  of the nano-grating layers,  the averaged ER  of the seven-

layered structur e reaches up to ~8 over  the entire visib le 

wavelength regime.  Note that the proposed design rema ins wit h 

subwavelength thickness of 390 nm even with seven layers of 

stacking,  which corresponds to about one-tenth of the thickness  

required for conventional polymer  based micro -circular  

polar izers.  Therefore,  the proposed helically stacked nano -

grating structure can be a promis ing candidate as an ultra thin 

circular  polar izer  for visib le wavelength range.  

Figure 4.6 shows the transmission spectra of the 7 -layered 

structures varying d .  As d  incr eases,  the transmission band for  

RCP incident light  shifts to a  longer  wavelength.  This indicate s  

that the spatia l frequency of the helically stack ed structures has  

to match that of the wavelength of the incident light .  



84

Figure 4.6  Transmission  spectra  of the 7 -layered structures var ying d  

for  (a) RCP and (b)  LCP incident  l ight .  

Next, to understand the physical effects of each geometr ica l  

parameter  of the structure are investigated.  For achieving high 

performance circular polar izer, it is needed to consider not only 

ER but also transmission of the selected polar ization over  the 

entir e vis ible wavelength range. Also,  the chiral effect  in the 

helically stacked structures may be determined by twisted angle 

 and the separation distance d .  Therefore, averaged ER and 

averaged transmiss ion for  RCP incident light  are calculated a s 

changing  and d (Figs. 4.7(a) and 4.7(b)). The averaged values  

are calculated over  wavelength ranges from 400 nm to 700 nm.  
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Figure 4.7 Averaged extinct ion ra tio ( TR C P /TL C P) and (b)  averaged 

transmission  for  RCP light of the four -layered Al nano-gra ting  

structure over the wavelength ranges from 400 nm to 700 n m as a  

funct ion of d and .  (c) The averaged extinction r atio and (d) averaged  

transmission  for  RCP light of the four -layered Al nano-gra ting  

structure wi th fixed d = 30 nm and  as a  function of t and fill 

factor. 

The nano-grating structures with small  lead to low averaged ER  

because they form weak 3D chirality.  Also,  as can be seen,  the 

averaged ER decrease when the distance d incr eases from 30 nm 

to 120 nm. This is  because the 3D chiral current  loop for  LCP 

light  is  formed at larger  wavelength as d  becomes larger.   Thus,  

d  = 30 nm and  
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highest  averaged ER  and moderate RCP transmission.  In addit ion,  

as discussed above,  the chirality of the proposed structur es is  

resulted from stacking helically the anisotropic transmissive 

layers.  Therefore, whether  each nanograting layer  can be 

regarded as transmissive current  sheet  having anisotropic current  

flows plays a signif icant  role in the proposed structure . To 

invest igate the phys ical effect  of the geometr ical parameters of  

the nanograting,  the averaged ER and averaged transmission for  

RCP incident light  are calcu lated as changing t  and fi l l factor  

with fixed d  = 30 nm and  4.7(c) and 4.7(d)).  The 

highest  averaged ER can be obtained at fi ll factor of 0.2 -0.3 and t  

of 20-30 nm, and the averaged transmission dramatically 

decreases when fil l factor increases. Therefore, fil l factor and t  

are set  to 0.2 and 30 nm, respectively,  for  the high transmittance 

and fabr ication feasib il ity of the nano-grating layer.  
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4.3 Experimental demonstrations 
 

 
Figure 4.8 (a) Flow chart of the fabr ica tion process  for  helical l y 

stacked nanograt ing la yer s. (b) Cross -sect ional  SEM images of the  

fabricated sample.  

 

   To exper imental demonstrat ion of the proposed structures,  a 

prototype of the proposed structure is fabr icated with p = 150 nm,  

w = t = 30 nm, d = 30 nm and 

 

based on the fabr ication scheme descr ibed in Fig.  4. 8(a).  For  the 
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fabr ication of four-layered nano-grating structure,  at  first , 30 -

nm-thick Al layer is deposit ed on a glass substrate using electron 

beam evaporator  (MUHAN, MHS -1800). Next, the nano-grating 

patt erns are milled on the Al layer using focused ion bea m 

mill ing machine (FEI, Quanta 200 3D), and then 30 -nm-thickness  

polymethyl methacrylate (PMMA) is  spin  coated for  

planarization process. This process for the single nano -grating 

four-layered nano-grating based circular  polar izer. Figure 4.8(b)  

shows a  cross-sectional SEM image of the four -layered nano-

grating structur e. The structure is fabr icated with the left  handed 

manner  (

with respect  to y-axis. For  polar ization sensit ive optica l 

measurement,  CCD images of the transmitted l ight  is  captured 

under  the incident l ight of the selected polar ized l ight ,  LCP, and 

the unselected polar ized light ,  RCP, a t 532 nm, 660 nm and 980 

nm (Fig. 4.9(a)). For the optical measurement, three different  

monochromatic continuous wave lasers with center  wavelen gth of  

532 nm, 660 nm and 980 nm were exploited as the input light .  

The input light  sequentia l ly passes through a  quar ter -wave plate,  

a half-wave p late,  the four -layered nano-grating sample,  an 

objective lens, a second quarter -wave plate and a linear polar izer,  

and then the output light  is  captured by CCD cameras.   
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Figure 4.9  (a) The captured CCD images from the fabricated sample a t  

532 nm,  660 nm, and 980 nm.  The left  figure is f or  RCP incident  ligh t  

and the r ight  one for  LCP inciden t l ight. (b)  The output  intensi ty o f  

the RCP light (black) and LCP light (r ed) along the r ed l ine in Fig.  

4.8(a) i s shown.  

For ER calcu lat ion, the intensit ies of the CCD images ar e 

compared as shown in Fig.  4.9 (b).  The ERs of 1.651, 1.479,  and 

1.821 are calculated at 532nm, 660nm and 980nm, respect ively.  

It can be seen that the RCP incident light  passes well through the 

fabr icated structure while the LCP incident l ight  passes through 

it with r ela t ively low intensity. However, transmission for LCP 

incident light  is not suppressed enough compared to the 
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simulation resu lt  (Fig.  4.5(c)). This is  because the fabr icated Al 

nano-gratings have blunt edges under the FIB mill ing process of  

nano-scale width and thickness less than 50 nm. Despite thes e 

imperfections in the fabr icated structure,  it  is  worth notic ing that  

the proposed device and working pr incip le present circular  

polar ization selectivity in the fu ll range of vis ible wavelengths  

for  the first t ime 

 

 



91

4.4 Discussion & Conclusion 

4.4.1 For various optical systems 
 

   For the aforementioned sections, the ultrathin circular polarizer is 

focused on the broad bandwidth ranging from visible to near-infrared 

wavelengths. Actually, it can be required to revise the configuration 

and materials of the proposed structures , depending on the practical 

optical systems. For example, it is sufficient for the circular polarizer 

used for visible display systems to operate at moderate bandwidth 

covering from 380 nm to 750 nm. In this case, combination of resonant 

nanorod and non-resonant nanograting layer might provide better ER

over the entire visible wavelengths. In addit ion,  the proposed design 

can be extended to wider  wavelength ranges when Al is r eplaced 

to other  noble metals.  For  example,  helically stacked gold or  

silver  nano-gratings can be good u ltra -broadband circular  

polar izers for near infrar ed wavelength ranges. The proposed 

helically stacked nano-grating des ign can be applied to micro 

circular polar izers operating in var ious wavelength range thr ough 

scaling up the structure with differ ent  metals having low 

intr insic loss.  Here,  transmission curves  are calcu lated for  the 

gold (Au) and si lver (Ag) based cases with four -layered structur e 

as shown in Fig. 4.10.  In the proposed structure, cross -

polar ization components of transmission ma tr ices for  circular ly 

polar ized incident light  ar e successfully suppressed,  and thus the 
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transmitted wave is circular ly polar ized light . Unlike Al,  Au and 

Ag do not have strong intr insic losses in the near infrar ed 

wavelength range,  so an ultra -broadband circular  polar ization 

selectivity can be obtained.  

 

Figure 4.10 Transmission curves for  (a) the helica ll y stacke d gold 

nano-gra ting and (b)  the hel ical ly stacked silver  nano -gra ting.  The 

structures are hel ica ll y stacked wi th the four  la yer s of the nano -

grat ings as shown in the inset  of Fig.  4 .5(c),  and the structure 

parameter s are p = 150 nm, w = t  = 30 nm,  d = 30 nm and  

 

Therefore, it  is important  to re-optimize the configuration and 

materia ls of the structure to apply the proposed structures to 

var ious optical systems.   

 

4.4.2 Conclusion 
 

   In this section, the concept of the helically stacked Al nano-

grating s tructure which provides non-resonant character ist ics of  
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circular polar izer for the vis ible l ight  with ultra -thin thickness is 

demonstrated.  The bianisotropic effect  is  obtained in a  broad 

range of visib le wavelengths and exper imentally demonstrated.  

For  the visib le wavelength range,  the non-resonant structure 

provides broader  bandwidth and higher  ER than r esonance-based 

structure by overcoming the trade-off between bandwidth and ER .  

Also, the helically stacked Al nano-grating structure is highly 

suitable for  practical applications in terms of cost and mass 

production, especial ly consider ing abundancy of Al in the ear th 

crust and simple fabr ication process. Furthermore,  due to the 

simple structure of the nano-grating,  nano-imprint ing l ithography 

method can be introduced to reduce cost  with high throughput 

and resolution.  Also,  through scaling up the structures or  using 

other  mater ia ls  [80] having low intr ins ic absorption loss, it  is  

easy to apply the proposed des ign to ultra-broadband strong 

biansiotropy effects in var ious wavelength ranges. Based on the 

proposed structure and methodology, it  is possible to achieve 

extreme miniatur ization of optical systems  integrated with a  

circular polar izer such as polar ization-resolved spectroscopies  

and mobile/wearable 3D displays.
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Chapter 5. Conclusion 

 

   In this dissertation, novel optical devices using multi -layered 

metasurfaces are proposed to miniaturize various optical systems. The 

proposed structures are theoretically demonstrated and numerically 

verified. Also, some devices are experimentally testified their 

feasibility and performances. Here, the summary of the results of this 

dissertation is presented as followings.  

In Chapter 2, the spatial modulator for amplitude and polarization 

rotation is realized by tri-layered anisotropic metasurfaces with 

thickness of 370 nm. The proposed structure allows the independent 

control of amplitude and the rotation angle of polarization plane of LP 

light. The proposed structure generates LP light with arbitrary rotation 

angle and amplitude modulation depth up to 0.9. Also, this independent 

control exhibits over broad wavelengths ranging from 700 nm to 1300 

nm.       

In Chapter 3, the meta-pixels that can provide graduation tuning of the 

expressed colors are demonstrated using the bi-layered hybrid 

metasurfaces with thickness of 470 nm. It is experimentally verified 

that the resonance wavelength and intensity of the transmitted light can 

be independently controlled by adjusting the sizes (length & width) and 

the rotated angle of the nanorods, respectively. Also, the highly 

saturated response colors originating from the cavity effect can be 

observed, and the structures express various colors varying from blue 
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to red. Furthermore, the meta-pixel that has orange and green as 

primary colors is experimentally described. The gradual tuning of 

response colors changing from orange to green is apparently seen in the 

meta-pixel samples. Therefore, the proposed meta-pixels could be a 

promising candidate for future displays such as AR, wearable, and 

foldable displays.  

In Chapter 5, the ultrathin circular polarizer is demonstrated by the 

helically stacked nanogratings.  The proposed circular polarizer has 

subwavelength thickness in spite of the multiple layers.  The proposed 

structure can provide the operating bandwidth of 922 nm and the 

FOM  of 1816, which are about 8 t imes larger  than those of the 

helically stacked nanorod structure.  Thus,  it is verified that the 

proposed structures give a  detour  route for  avoiding the trade -off  

rela t ion between circular  polar ization select ivity and bandwidth.  

The proposed structure can provide the averaged extinction ratio up to 

8 over entire visible wavelengths. In addition, the feasibility and the 

performance of the proposed structures are experimentally explained.  

In the aforementioned sections, various novel optical devices are 

realized by the multi-layered metasurfaces. They can not only 

overcome the limitations of conventional optical components but also 

offer versatility by combining various optical functions within 

subwavelength thickness. Here, it is noticeable that the proposed 

devices are benefited from the insights that allow to intuitively predict 

the functions of the multi-layered structures in the role of the 

individual single layer metasurfaces. Due to these powerful advantages, 
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it is strongly expected that the proposed multi-layered metasurfaces can 

be applied to various next-generation optical devices.     

 

 



97

Bibliography 
 

 Engheta, 
Wiley & Sons

 

 

 

 



99

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



100

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101

 

 

 

 

 

 

 

 



102

Appendix 

Some portions of the work in this dissertation are also presented in the 

following publications: 

 

Chapter 2: 

J.-G. Yun, J. Sung, S.-J. 

polarization and amplitude over broad bandwidth using multi -layered 

-

29836, 2018. 

Chapter 5:

J.-G. Yun, S.-J. Kim, H. Yun, K. Lee, J. Sung, J. Kim, Y. Lee, and B. 

Lee, "Broadband ultrathin circular polarizer at visible and near -infrared 

wavelengths using a non-resonant characteristic in helically stacked 

nano-gratings," Optics Express, vol. 25, no. 13, pp. 14260-14269, 2017. 
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