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Abstract 

 

All-optical wavefront switch based on phase 

change metasurface 

 

 

 Chulsoo Choi 

Department of Electrical and Computer Engineering 

College of Engineering 

Seoul National University 
 

Since we live in an age of overflowing information and ultra-fast communication, 

there is growing interest to improve the data processing rate. Especially in the field 

of optical signal processing, the spotlight is in the research to improve the switching 

performance of active devices that plays a decisive role in improving communication 

capability. Among various approaches, the all-optical wavefront switch has recently 

received a great deal of attention thanks to their not only ultra-fast switching 

performance but also parallelism to handle a great amount of optical information at 

once. 

In this dissertation, the author introduces methodology to improve switching 

functionality of all-optically controllable wavefront switching devices through 

exploiting the combination of the concept of metasurface and phase change material 

GeSbTe (GST). The metasurface is an optical element composed of a cluster of 

arbitrarily designed nanostructures designed to exhibit desired optical characteristics. 

Thanks to their large degree of freedom to modulate the incident light, various 

optical elements can be demonstrated. To actively modulate the metasurface through 

applying an external optical signal, the optically mediatable active material is 
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required as a composition of the metasurface. As the best candidate of active material, 

the GeSbTe is utilized that can reversibly switch its phase (from amorphous to 

crystalline and vice versa) within the nanosecond time scale. Hence, the GST 

metasurface-based wavefront switch (GMWS) can exhibit highly efficient wavefront 

switching operation because of not only the inherent switching characteristic of GST 

but also the large degree of design freedom of metasurface. These studies mainly 

focus on improving three operation characteristics of GMWS, i.e., operation 

bandwidth, tunability, and diffraction efficiency which are considered a cumbersome 

task to improve in the field of engineering all-optical devices.  

First, to improve the operation bandwidth of GMWS, the non-resonant GST 

nanostructure-based GMWS is presented to provide broad operation bandwidth over 

500 nm in a near-infrared wavelength regime. The non-resonant GST nano-structure 

using U-shape meta-atoms is proposed that exhibits large transmittance contrast. By 

specifying two different sizes of U-shape antenna with opposite transmittance 

tendency, the switchable optical phase profiles are introduced by exploiting the 

principle of geometric phase. As an example of the wavefront switching 

functionality, anomalous refraction angle switching and dispersionless active 

hologram are demonstrated.  

Second, the method to expand the switching functionality of GMWS to three-level 

through engineering thermo‐optically creatable hybrid state that is the co‐existing 

state of amorphous and crystalline GST‐based meta‐atoms is proposed. The hybrid 

state is created by exploiting the fact that the temperature variation of GST meta-

atom for the external optical pulse signal incidence is dependent on the size and 

shape. Based on this concept, the proposed GMWS that is composed of two different 

sizes of GST-based meta-atom can undergo selective crystallization once adequate 

energy of pulsed light is incident. Furthermore, the novel hologram technique is 

introduced for providing the visual information that is only recognizable in the 

hybrid state GST metasurface. Thanks to thermo‐optical complexity to make the 

hybrid state, the metasurface allows the realization of highly secured visual 
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cryptography architecture without the complex optical setup. 

Lastly, the topology optimization method is exploited to dramatically improve the 

operation efficiency of GMWS. As the topology optimization method, the gradient 

ascent method is utilized that iteratively optimizes the randomly distributed index 

profile of the overall metasurface in the direction of maximizing the target scalar 

amount of output light. The gradient calculation is conducted based on the adjoint 

variable method. And as a gradient ascent method algorithm, the adaptive 

momentum estimation method (ADAM) that can efficiently find the global optimum 

value of the objective function is utilized. In order to check the feasibility of this 

approach, it is designed in such a way that the GST metasurface grating (GMG) 

routes the monochromatic incident light to the +1st diffraction order in the 

amorphous phase and -1st diffraction order in the crystalline phase. As a result of 

optimization, the diffraction efficiencies of our proposed GST metasurface are 91 % 

and 76 % for amorphous and crystalline phases while providing SNR 15 dB and 11 

dB, respectively. 

In conclusion, this dissertation presents the practical optical design method and 

detailed analysis for enhanced functionalities of GMWS. The proposed approaches 

are expected to be utilized as an innovative solution for improving the functionalities 

of all-optical devices. 
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Chapter. 1 Introduction 
1.1 Current status of all-optical device 
 

Optical signal processing using photons as information carriers is an important 

development goal of optical communication technology. The most basic requirement 

is to modulate the propagation state of the signal light by applying control light, 

which forms the entire foundation of optical communication networks, optical 

computing systems, and quantum information processing chips [1, 2]. These light‐

controlled‐by‐light technique is called all‐optical switching. As an analogue to its 

counterpart of electronic switching, all‐optical switching perform the function of 

control light induced signal light optical characteristic modulation. Therefore, all‐

optical switching can be regarded as a core element, playing a crucial and essential 

role in optical network. According to the requirement of the practical applications, 

the basic significant characteristics for all‐optical switching are ultrafast switching 

time, low threshold control power, ultrahigh switching efficiency, and nanoscale 

feature size. Due to the fact that the dynamic light scattering modulation could be 

realized efficiently with the help of nonlinear optical media, the nonlinear optical 

properties modulated by the control light bias have determined the performance of 

the all‐optical switching [3-7]. Therefore, ultrafast response time as well as giant 

modulation of optical properties are vital for the nonlinear optical materials 

constructing all-optical switching devices. In addition, the inducement of large light-

matter interaction is required to let signal light undergo a significant effect by an 

optical properties change of non-linear media [8, 9]. Hence, the combination of non-

linear materials and the resonant micro-and nanostructures are utilized to achieve the 

large signal light scattering characteristic contrast. Various type-of resonant 

structures such as micro-ring resonators, plasmonic resonators, and high-index 

dielectric resonators are enthusiastically investigated and these endeavor results in 

control light-induced cutting‐off (or putting‐through) of the signal light, i.e., it 
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possesses the ON/OFF conversion function [10-14]. 

 

Figure 1.1 Conceptual diagram of the all-optical on/off switching device. 

 

However, there are only a few studies for achieving dynamic wavefront modulation 

of signal light through the mediation of control light bias even though the wavefront 

modulation of light possesses an explicit advantage in terms of optical signal 

processing capacity thanks to their parallel characteristic. In this dissertation, it is 

presented that the active devices modulation the wavefront of incidence signal light 

by applying a control light source. As a non-linear media, the phase change material 

GeSbTe (GST) is utilized. And the metasurface design methodology is exploited to 

acquire an additional degree of freedom for modulation of the wavefront while 

keeping the light-matter interaction enhancement characteristics according to the 

refractive index change of non-linear media.  

In the following sections of Chapter 1, the concept and advantage of GST and the 

metasurface are explained in detail. Furthermore, the design methodology of 

wavefront switching devices through GST metasurface is explained briefly. 
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1.2 Phase change material GeSbTe and its application 

to optical device 
 

Phase change materials GST have bi-stable phases so-called amorphous and 

crystalline phases, and they can be rapidly (< ns) and repeatedly switched between 

these phases in non-volatile fashion. The switching is typically induced by heating 

through optical pulses or electrical (Joule) heating, and the optical and electronic 

properties exhibit significant contrast between the amorphous and crystalline phases. 

Considering the molecular dynamics of GST, the amorphous to crystalline phase 

transition occurs when thermal bias is applied to the amorphous material above the 

crystallization temperature for a sufficiently long time for the material to crystallize. 

Switching from the crystalline state to the amorphous state is achieved by a pulsed 

bias with a very short trailing edge. The pulsed bias such as laser pulse or current 

pulse heats the material through Joule heating, melts it, and enables very fast cooling 

(melt-quenching) such that the material solidifies in the amorphous state [15-18].  

 

Figure 1.2 Phase change mechanism of phase change  

 

Thanks to these outstanding switching characteristic, GST have been utilized in the 

field of data storage such as optical disk storage and for the provision of electrical 

nonvolatile memories. Furthermore, the usage of GST is in the spotlight as a key 

ingredient of all-optical switching devices recently. Representatively, two-types of 
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operation methods is exploited. First, the on-chip operation through putting on GST 

film as a cladding layer of the waveguide to modulate the intensity of guided signal 

light through controlling the phase of GST by the control light [19, 20]. Through this 

methodology, the multi-bit optical switch has been demonstrated and even expand 

its application into the deep-learning network for describing the parallel neural 

networks. Second, the free-space type flat optic On/Off switching devices has been 

designed by utilizing the combination of GST and micro-and nano-resonator [21, 

22]. Once phase change of GST is induced, the large scattering contrast occurs that 

results in large transmittance/reflectance contrast. 

Until now, many researchers in the field of material science are investigating the 

method to make switching characteristics of GST more beneficial compare to other 

non-linear materials. Hence, there is infinite potential in the field of engineering GST 

based optical devices. 
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1.3 Metasurface for wavefront modulation 
 

Metasurfaces are planar optics designed by the arrangement of artificially 

fabricated nanostructures so-called meta-atoms that imposing unique optical 

scattering characteristics. These meta-atoms roles as individual scatterers that 

spatially modulate the complex amplitude of incident light at will. To enhance the 

modulation capabilities of meta-atoms, the high-index dielectric material and 

plasmonic materials are usually utilized [23-27]. The geometric parameters of meta-

atoms are determined arbitrarily to impose desired scattering characteristics. Thanks 

to their outstanding abilities to modulate electromagnetic waves, metasurfaces have 

been enthusiastically researched, especially in the field of wavefront modulation [28-

31]. 

 

Figure 1.3 Conceptual diagram of metasurface for wavefront modulation 

 

Various approaches have been proposed to implement novel optical devices with 

versatile functionality such as high-quality holographic light reconstruction with 

both spatial amplitude and phase information at sub-wavelength scale resolution, 

which is expected to be applied to next-generation imaging technologies such as 

three-dimensional holographic imaging and optical data storage. In addition, 

metasurface lenses, called meta-lenses, have powerful features such as flatness, high 

numerical aperture, and versatility that were not found in conventional optical lenses.  
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Recently, to enlarge its preeminent functionality, the research interests on 

metasurfaces have been extended to active control of scattering characteristics 

without any input light variation nor moving part. The studies mainly focus on active 

materials whose optical properties can be tuned through applying appropriate 

external bias [32-36]. The type and tuning mechanisms of active materials should be 

discreetly selected to maximize their tunable characteristic at their target operation 

wavelength. Accordingly, various platforms of active metasurface have been 

proposed and experimentally demonstrated. Especially, for near‐infrared (NIR) and 

mid‐infrared (MIR) wavelength ranges, the phase change material GST has attracted 

enormous attention as an ingredient of all-optically controllable metasurface by the 

virtue of its optically controllable large optical contrast between amorphous and 

crystalline phases, while providing relatively low optical losses. Also, its proven 

tunable characteristics such as ultrafast switching (nanosecond or less), non-

volatility, and reconfigurable phase change potentially up to 1015 cycles make it more 

attractive for usage as an ingredient of actively controllable metasurface.  

Among various approaches based on GST metasurface, the design method and 

demonstration of GST metasurface wavefront switch (GMWS) are mainly discussed 

in this dissertation. Before outlining the scope of this dissertation, a brief explanation 

of the engineering method of metasruface is briefly introduced in the next section. 
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1.4 Introduction of metasurface design process 
 

The main focus for designing metasurface is a selection of constituent materials 

and modulation of geometric parameters. As the constituent material, high-index 

dielectric materials and plasmonic materials have been mainly utilized to increase 

the modulation possibility of complex amplitude control by maximizing the 

interaction with incident light. In the case of the active metasurface, the active 

ingredients can be exploited as environmental material of passive-type meta-atom or 

constituent material of meta-atom itself. And the method for geometric parameters 

determination can be categorized in two type: Forward design approaches and 

inverse design approaches. In this section, the brief introduction of two different 

metasurface design methods and introduces how these approaches can be applied to 

GST wavefront switch design. 

 

1.4.1 Forward metasurface design process 
 

The forward metasurface design process refers to a design method in which the 

scattering characteristics of meta-atoms constituting the metasurface are first 

designed, and then the desired characteristics of the output light are determined 

through a combination of designed meta-atoms. Therefore, meta-atom design must 

precede metasurface design. Through modulating the geometric parameters of meta-

atoms, the amplitude, the optical phase, and the polarization can be modulated at will. 

Basically, the anisotropic shape meta-atom is utilized that inducing different 

complex amplitude shift for two orthogonal polarization state, that result in scalar 

and vector value modulation of light once the sufficient light matter-interaction 

occurs [37-39]. 
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Figure 1.4 Schematic diagram of meta-atom 

 

 To expand the degree of freedom of scattering characteristic modulation, the 

principle of Phanchartnam-Berry phase can be exploited in case when circular 

polarized light is incidence. For the cross-polarized light, the additional abrupt phase 

shift is induced with amount of twice rotation angle as following equation, 
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whose, tL and tS are transmission coefficients of long- and short-axis and σ is 

topology charge of incident light. Throughout this dissertation, the set of circular-

polarized light input and the cross-polarized light output is utilized to acquire degree 

of freedom for optical scattering characteristic modulation. Then, the meta-atom size 

dependent complex envelope modulation and the rotation angle dependent optical 

phase shift can be modulated individually. Furthermore, through locating two 

different shape of meta-atom into the subwavelength unit cell structures, the 

superposition effect of two individual dipole source can be utilized. Then, the 

metasurface with arbitrary complex amplitude profile can be achieved through 
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locating designed unit cell structures possessing individually different geometry. For 

example, to achieve anomalous refraction device, optical phase values between 0 

and 2π are selected with equal intervals, and a phase gradient is created through an 

array of unit cell structures that enable the induction of the selected abrupt optical 

phase shift [40, 41]. If clusters forming a phase gradient are created and arranged 

periodically, it can be designed as a kind of blazed grating that deflects light to a 

desired diffraction order.  

 

Figure 1.5 Metasurface blazed grating constructed by the combination of meta-atoms 

 

To apply forward metasurface design process to GST wavefront switching device, 

the unit cell structures of GST metasurface should be designed to exhibit large 

scattering characteristics contrast between amorphous and crystalline phases. To 

enhance the possibility of contrast, the two different shape of meta-atom is 

interleaved into the subwavelength unit cell structures (Figure 1.6a). Then, the 

scattered electric field from unit cell structures is determined as following equations, 

 

 
, 1, 1 2, 2exp(2 ) exp(2 )out p p pE a i a i     (0.2) 

 

whose a1,p and a2,p is complex envelope from each GST meta-atom (The subscript p 

is the phase of GST. The a is amorphous and the c is crystalline). Once the phase 

transition of GST is induced, the a1,p and a2,p is changed. The a1,p and a2,p are 

determined by the complex scattering coefficients difference of two orthogonal 

modes as shown in equation 1.2. Hence, the key objective of designing unit cell 
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structures of GST metasurface is to make large complex amplitude shift contrast 

once phase transition is induced (Figure 1.6b).  

 

 

Figure 1.6 (a) Interleaved unit cell structures of GST to expand the degree of freedom 

for modulation of Eout. (b) The required complex amplitude contrast between 

amorphous phase and crystalline phase. 

 

Then, the complex amplitude profile for both stated of GST should be considered 

when arranging designed GST based unit cell structures. As a similar example of 

passive type anomalous refraction metasurface, the cluster of GST unit cell 

structures exhibiting reverse set of optical phase gradient values between 0 and 2π is 

required that result in deflect the incident light to opposite direction for each phases 

of GST. Based on this concept, various wavefront switching devices such as focal 

length switching, orbital angular momentum switching, and hologram switching can 

also be demonstrated. 

 

 

Figure 1.7 Anomalous refraction angle switching device based on reverse phase 

gradient GST metasurface. 
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1.4.2 Inverse metasurface design process 
 

The inverse design of the metasurface refers to a method of optimizing the 

geometric parameters of metasurface in the direction of maximizing the target scalar 

amount of output light. For example, once the metasurface designer set an objective 

to maximize the focusing efficiency, the geometric parameters of metasurface are 

updated to exhibit lens profile through the process of optimization. Optimization is 

based on the gradient ascent method. The gradient ascent method refers to a method 

of changing the derivative variable in the direction to find the extreme value of the 

objective function through calculation of gradient value. Hence, to design 

metasurface through inverse design process, the derivative variable is the geometric 

parameters of metasurface and the objective function is the target scalar value of 

desired wavefront. The gradient calculation is done based on adjoint variable method. 

Through utilizing adjoint variable method, it is possible to quickly calculate the all 

of the individual gradient values for each spatial point of metasurface by the inner 

product of electromagnetic field data extracted through the forward simulation and 

adjoint simulation [42-45].  

 

 

Figure 1.8 Conceptual diagram of metasurface inverse design method based on 

gradient ascent 

 

To design a topology-optimized GST metasurface, the designer should set the 

objective function as a linear summation of the scalar value of the desired wavefront 

for both phases of GST. Then, through exploiting gradient ascent method, especially 
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ADAM optimization method, the both diffraction efficiencies for each phases of 

GST can be increased. Based on this concept, the wave scalar value switchable 

devices such as deflection angle switching device and focus tunable lens can be 

demonstrated. 

 

 

Figure 1.9 Conceptual diagram of GST metasurface wavefront swtich inverse design 

method based on gradient ascent 
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1.5 Scope and organization 
 

The main body of this dissertation is composed of three chapters. In Chapter 2, the 

non-resonant GST nanostructure based GMWS is presented to provide broad 

operation bandwidth over 500 nm in a near-infrared wavelength regime. Two 

different sizes of the GST nanostructure are designed to exhibit large transmittance 

contrast and their optical phases are determined by imposing the orientation angle 

variation. As an example of the functionality, anomalous refraction angle switching 

and dispersion-less active hologram are demonstrated.  

In Chapter 3, the multi-level tunable GMWS is presented through utilizing novel 

concept so-called selective crystallization. The two different shape of GST nanorod 

exhibit different heat generation density once control light in incident. Through these 

thermos-optical phenomenon, the selective crystallization can be induced that result 

in coexistence state of amorphous and crystalline nanorod. Based on proposed multi-

level tunable GMWS, the hologram optimization technique is proposed that 

providing noise-less holographic image only when selective crystallization is 

occurred and providing destroyed image at the rest of the states. Through these multi-

physical device, all-optical cryptography system is experimentally demonstrated 

providing high-security level.  

In chapter 4, the topology-optimization method is exploited to overcome inherent 

low diffraction efficiencies of conventional GMWS. Considering the computational 

load of topology-optimization, the author present the deflection angle switchable 

GST metasurface that can be designed only one period of grating is engineered. To 

enhance both switching efficiency and diffraction efficiency of GMWS, the object 

function is determined as the summation of target diffraction order intensity for 

amorphous and crystalline phases. The object function is maximized through the 

gradient ascent method and the gradient value is efficiently calculated thanks to the 

adjoint variable method. As a result of optimization, deflection angle switching 
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device is presented exhibiting over 60 % diffraction efficiencies for both phases of 

GST.  

As described above, this dissertation focuses on enhancing the switching 

functionality of all-optical wavefront switching devices. The proposed optical 

devices and architecture can effectively resolve critical issues of the conventional 

all-optical devices without compromising the ultrafast switching speed, power 

consumption, and compact form factor 
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Chapter 2 Broadband-operating wavefront 

switch based on nanostructured Ge2Sb2Te5 

 
2.1 Introduction 
 

2.1.1 Research background 
 

Broadband-operating active devices within a small-footprint are highly on demand 

in various nanophotonic fields such as fiber-optic communication systems and chip-

based integrated optical circuits. As pioneering approaches, diverse platforms of 

active metasurfaces (AMs) have been proposed due to their superior tunable 

functionality and ultra-compact size. Especially, for near‐infrared (NIR) and mid‐

infrared (MIR) wavelength ranges, the phase change material G2Sb2Te5 (GST) has 

attracted enormous attention as an active component of AM by the virtue of its large 

optical contrast between amorphous and crystalline phases, while providing 

relatively low optical losses. Also, its proven tunable characteristics such as ultrafast 

switching (nanosecond or less), nonvolatility, and reconfigurable phase change 

potentially up to 1015 cycles make it more attractive for usage as an ingredient of 

actively controllable metasurface. Hence, many experimental researches have been 

demonstrated such as amplitude modulation, polarization control, resonance tuning, 

and active wavefront modulation. Though all of those researches exhibit different 

optical functions, they use a similar configuration: a combination of GST film and 

plasmonic metasurface (Figure 1). The reason for such preference of this particular 

combination is the sensitive scattering characteristic of plasmonic antennas that 

readily responds to phase change of environmental GST film [46-50]. Additionally, 

one can easily follow the well-known recipe for the plasmonic metasurface 

fabrication after the GST film deposition, which allows for relatively easy device 

fabrication. However, there remains a fundamental limitation in terms of operation 

bandwidth owing to inherent nature of plasmonic antennas that rely on resonance.  



 

 

 

 
16 

 

Figure 2.1 Working principle of conventional GST metasruface 

 

In some applications, broad-band operation bandwidth is one of the most important 

factors. Typically, a dynamic optical router, a kind of wavefront switch, requires 

broadband operation to enlarge optical signal processing throughput for practical 

implementation. Considering that the GST exhibits relatively nondispersive optical 

properties at NIR and MIR spectral bands, a combination with resonant plasmonic 

antennas presented so far is an inefficient method since it eliminates the possibility 

of expanding to broadband operation of AM.  

In this study, we suggest a novel mechanism for wavefront switching AM, of which 

bandwidth exceeds 500 nm in the NIR spectrum utilizing U-shaped GST 

nanoantennas. Unlike other resonant antenna–based AM, our antennas are designed 

to exhibit nonresonant scattering characteristic to acquire broad-band operation 

functionality. As an example of active wavefront switching device, we implement 

two applications: anomalous refraction angle switching and dispersionless active 

hologram with 1.16 µm pixel size, which cannot be implemented with a conventional 

bulk active device. The proposed devices provide not only broadband operation but 

also high signal-to-noise ratio (SNR) switching, above 7 dB for overall operational 

spectral bands. To achieve these functionalities, the two types of U‐shaped GST 
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antennas are numerically designed and fabricated. These antennas are called antenna 

1 and antenna 2, respectively, throughout this paper. The geometry of antenna 1 is 

optimized to show large cross‐polarized light transmittance (CPT) for amorphous 

phase in case of circular‐polarized light (CPL) incidence while exhibiting near zero 

CPT value for crystalline phase for broad NIR wavelength range (Figure 2.2a). On 

the comparison, the antenna 2 is optimized to exhibit near zero CPT for amorphous 

phase and large CPT for crystalline phase (Figure 2.2b). After that, we multiplex 

these two antennas into subwavelength size unit cell that results in electric field of 

cross‐polarized light of 

 

 1 1 2 2( ) ( )exp(2 ) ( )exp(2 )crossE a i a i        (2.1) 

 

where a1, a2 are the complex amplitudes from antenna 1 and antenna 2, and θ1 and 

θ2 are orientation angle of antenna 1 and antenna 2 (Figure 2.2c). The absolute 

squares of a1 and a2 correspond to CPTs for antenna 1 and antenna 2, respectively. 

The exponential terms are originated by the principle of Pancharatnam–Berry phase 

(geometric phase) that exhibits no chromatic dispersion [51-53]. Following Equation 

1, for the amorphous phase that results in near vanishment of a2 for broad NIR 

wavelength range, the optical phase of Ecross is dominantly determined by θ1. For 

crystalline phase on the contrary, the a1 is almost vanished for same wavelength 

region that results in optical phase of Ecross dominantly determined by θ2. Then, the 

designed AM can generate two arbitrary wavefronts related to 2θ1(x,y) and 2θ2(x,y) 

that correspond to amorphous phase and crystalline phase, respectively. Once phase 

change of GST is induced through external thermal bias, the wavefront that 

corresponds to 2θ1(x,y) is switched to 2θ2(x,y) and vice versa. 
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Figure 2.2 Working principle of proposed wavefront switching AM based on GST. 

(a) Periodic arrangement of antenna 1 results in large CPT for amorphous phase and 

near zero CPT for crystalline phase over broad NIR wavelength range for CPL 

illumination. (b) On the contrary for crystalline phase, periodic arrangement of 

antenna 2 exhibits near zero CPT for amorphous phase and large CPT for same 

wavelength range. (c) Antenna 1 and antenna 2 are multiplexed into sub-wavelength 

size unit cell with different orientation angle θ1 and θ2. Each orientation angle results 

in optical phase shift 2𝜃1 and 2𝜃2 with no chromatic dispersion according to the 

principle of geometric phase. For amorphous phase in which effects of antenna 1 is 

dominant, the optical phase of transmitted cross-polarized light is determined by 

2θ1(x,y). On the contrary, the optical phase of transmitted cross-polarized light is 

determined by 2θ2(x,y) for crystalline phase for which the effect of antenna 2 is 

dominant. Hence two independent arbitrary optical phase profiles can be obtained 

for two discrete phases of GST. 
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2.2 Numerical design of GeSbTe nanorods and 

experimental demonstration 
 

2.2.1 Nanorods design strategy and numerically calculated results 
 

To find optimized shapes of antenna 1 and antenna 2, we calculate the CP

T through finite element method (FEM) simulation according to the geometr

y variation of U-shape GST antenna (Figure 2.3a). The optical properties for

 both phases of GST are based on measured data from spectroscopic ellipso

metry (Figure 2.3b). The simulations are conducted for 1550 nm wavelength 

and expanded to broad wavelength range, from 1300 nm to 1800 nm. In ca

se of CPL incidence from quartz substrate to periodic arrangement of the U-

shape GST antenna, the CPT is dominantly determined by two excited mode

s so called symmetric and anti-symmetric modes that satisfy mutual orthogon

ality. When the symmetric axis of U-shape antenna lies along the x-direction,

 the x-polarized component of CPL dominantly excites symmetric mode and 

y-polarized component of CPL dominantly excites anti-symmetric mode (Figu

re 2.3c).  
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Figure 2.3 Scattering characteristics of U-shape GST antenna. (a) Schematic 

illustration of U-shape GST antenna. The geometric parameters P, w1, d, and t are 

fixed with P = 550 nm, w1 = 320 nm, d = 255 nm, and t = 260 nm. (b) Measured 

optical properties for both phases of GST through spectroscopic ellipsometry. n is 

refractive index and k is extinction coefficient. Subscripts a and c denote amorphous 

and crystalline phase, respectively. (c) Electric displacement field profiles for 

symmetric (Dx) and anti-symmetric (Dy) modes in case of x-polarized and y-

polarized light incidences, respectively. The black arrow represents displacement 

current. 

 

Then, the CPT can be determined to be: 
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where ts and ta are complex transmission coefficients related to symmetric and 
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anti-symmetric mode, respectively. The ts and ta are highly dependent on not o

nly to geometric parameters of U-shape antenna but also to optical property of 

host material. Hence, the calculated CPT exhibits large contrast between two di

screte phases of GST, following variation of U-shape antenna geometric param

eters, especially w2 and d (Figure 2.4a, b). The geometry which is indicated by

 white rectangle (w2 = 90 nm, g = 50 nm) exhibits high CPT for amorphous p

hase while providing near zero CPT for crystalline phase. On the comparison, t

he geometry which is indicated by white circle (w2 = 90 nm, g = 250 nm) sho

ws near zero CPT for amorphous phase, but exhibits high CPT for crystalline 

phase. Furthermore, by the virtue of non-dispersive optical properties of GST f

or both phases at NIR spectral range, the calculated CPTs for central waveleng

th 1550 nm can be kept for broad wavelength range from 1300 nm to 1800 n

m without drastic variation (Figure 2.4c, d). Hence, we designate antenna 1 wit

h white rectangle and antenna 2 with white circle. It is because these two ante

nnas satisfy high CPT contrast with opposite tendency for two discrete phases 

of GST over broad NIR wavelength range that is key principle of our propose

d device. 
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Figure 2.4 Calculated CPTs according to geometric parameters variation for (a) 

amorphous phase and (b) crystalline phase. The calculation is conducted for central 

wavelength of 1550 nm. The white rectangular denotes geometric parameter of 

antenna 1 (g = 50 nm, w2 = 90 nm) and the white circle denotes geometric parameter 

of antenna 2 (g = 250 nm, w2 = 90 nm). Calculated CPT spectra from 1300 nm to 

1800 nm for antenna 1 and antenna 2 for (c) amorphous phase and (d) crystalline 

phase. For amorphous phase, the antenna 2 exhibits near zero CPT while antenna 1 

shows relatively high CPT value. On the comparison, for crystalline phase, the 

antenna 1 exhibits near zero CPT and antenna 2 presents relatively high CPT value. 

  

2.2.2 Fabrication and optical measurement of designed nanorods 
 

For rigorous verification of antenna 1 and antenna 2 scattering characteristics, 

we experimentally measure their CPT spectra for both phases of GST. We fabr

icate the periodic arrangement of antenna 1 and antenna 2 with 220 μm × 220 

μm size that has 400 × 400 number of antennas with standard electron beam li

thography process (Figure 2.6a, b). The phase of fabricated sample is kept as-d

eposited phase, amorphous phase, during overall fabrication process. To obtain 
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crystallized GST sample, we employ hot plate annealing with temperature 180°

C for 10 minutes that is higher than well-known crystallization temperature 16

0°C. The fiber-coupled supercontinuum laser is used as broadband light source 

and the CPT spectra for antenna 1 and antenna 2 for both phases of GST are 

detected by optical spectrum analyzer. The measured CPT spectra exhibit exact

 contrast between antenna 1 and antenna 2for both phases of GST as proven in

 simulation results (Figure 2.5c, d). 

 

Figure 2.5 Experimentally measured CPT spectra. The tilted view (30°) and top view 

(insets) of scanning electron microscopy images for periodic arrangement of (a) 

antenna 1 and (b) antenna 2. The length of scale bar is 500 nm. Measured CPT 

spectra for antenna 1 and antenna 2 for (c) amorphous phase and (d) crystalline phase. 

Owing to sensitivity limitation of optical spectrum analyzer, the CPTs are measured 

only from 1300 nm to 1680 nm. The absolute CPT value is normalized to exhibit 

similar profile with simulation results. a.u. means arbitrary units 

 

To measure CPT spectrum of U-shape antenna accurately, we use linear polarizer 

that makes input polarization state with 45° from symmetric axis of U-shape antenna, 
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instead of circular polarizer that makes input polarization state with circular 

polarization. It is because commercial circular polarizers that are composed of 

quarter wave plate and linear polarizer cannot provide reliable circular polarization 

state over broad spectral range owing to bandwidth limitation of each components. 

The bi-convex lens with low numerical aperture (0.13) is used to focus light to the 

fabricated sample with size of 220 μm × 220 μm while minimizing high-k 

components of light that result in noise. The co-polarized light (+45 ° linearly 

polarized light) is filtered out using linear polarizer and cross-polarized light (-45 ° 

linearly polarized light) is finely focused to optical spectrum analyzer through 

telecentric lens (X10). Owing to wavelength sensitivity range limitation of optical 

spectrum analyzer, the spectral measurement is conducted only up to 1680 nm 

(Figure 2.6). 

 

Figure 2.6 Super K, NDF, and LP denote supercontinuum laser, neutral density filter, 

and linear polarizer, respectively.  

  

In this section, we numerically design antenna 1 and antenna 2 that operate i

n NIR spectral bands and experimentally demonstrate their switching functional

ity. The U-shape antennas can be redesigned for other NIR and MIR spectral b

ands, where GST’s optical properties satisfy non-dispersive, high refractive ind

ex contrast and low optical losses.  
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2.3 Demonstration of broadband operating deflection 

angle switching and dynamic hologram 
 

2.3.1 Implementation of deflection angle switching 
 

Designed antenna 1 and antenna 2 are multiplexed into sub-wavelength unit

cell that results in transmitted Ecross following the Equation 1. The distance f

rom adjacent antennas is set to be 580 nm to avoid mutual interaction. For 

the concept demonstration of wavefront switching AM through proposed mec

hanism, we firstly design beam steering AM that anomalously deflects norm

ally illuminated light to +x direction for amorphous phase and to –x directio

n for crytstalline phase. The deflection angle (θt) is engineered through the 

principle of generalized Snell’s law, 
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where Λs denotes the period of supercell structure. In case of normal incide

nce and free space propagation, the generalized Snell’s law can be simplifie

d to sin t
s

 


 . Our proposed supercell structure is composed of two ro

ws, upper row has antenna 1s and lower row has antenna 2s (Figure 2.7a). 

Each row is designed to cover optical phase from 0 to 2π with 8 discrete l

evels that have equal optical phase jump with opposite signs. In case of rig

ht-CPL incidence, the cross-polarized light (left-CPL) deflects with angle 

1sint
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  (+1st diffraction order) for amorphous phase for which the 

effect of antenna 1 is dominant while the effect of antenna 2 is almost vani

shed. Once crystallization is induced, the effect of antenna 2 becomes domin

ant compared to antenna 1 and it results in deflection with angle 
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1sint
s

  
 
 

 


  (-1st diffraction order). The beam steering simulations for

 the designed supercell structure are conducted for 1550 nm wavelength for 

both phases of GST, and their results coincide with generalized Snell’s law 

(Figure 2.7b). For experimental demonstration, we fabricate the beam steerin

g AM with 232 um × 232 um size that has 400×200 unit cells (Figure 2.7

c).  

 

Figure 2.7 Simulation and experimental results of beam steering AM.  (a) Supercell 

structure schematic of beam steering AM. The upper row is composed of antenna 1 

that has gradual increment of rotation angle with 22.5°. On the contrary, the lower 

row is constructed by antenna 2 that shows gradual decrease of rotation angle with 

22.5°. The input light dominantly interacts with upper row for amorphous phase, and 

lower row for crystalline phase. (b) Simulated Ecross (left-CPL) profile for 1550 nm 

wavelength. The most of Ecross is deflected with angle 19.5° (+1st diffraction order) 

for amorphous phase and -19.5° (-1st diffraction order) for crystalline phase. (c) 

Scanning electron microscopy image of the fabricated sample. The scale bar denotes 

500 nm. 

 

For the characterization of the fabricated AM, monochromated supercontinu

um laser is used as light source and IR camera is used to capture the Fouri

er planes of deflected light that are generated by means of Fourier transform

 lens with focal length fF (Figure 2.8). 
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Figure 2.8 QWP denotes quarter-wave plate. The Fourier lens has focal length of 2 

cm and the numerical aperture of 0.5. The bi-convex lenses that compose 4-f imaging 

system have same focal length 15 cm.  

 

 Five discrete monochromated lights from 1300 nm to 1700 nm with interva

l of 100 nm are selected. The light with wavelength of 1800 nm cannot be 

measured owing to camera sensitivity limitation. The captured Fourier plane 

images for both phases of GST exhibit the axial distance d of deflected li

ght that can be directly calculated as fFsinθt following the Abbe sine conditi

on. For amorphous phase, arrangement of antenna 1 deflects most of left-CP

L to +1st diffraction order with small noise corresponding to deflected light 

to -1st diffraction order caused by slight excitation of antenna 2. For the cr

ystalline phase, on the contrary, the antenna 2 becomes dominant compared 

to antenna 1, which results in most of left-CPL to deflect to -1st diffraction 

order while deflected light to +1st diffraction order almost vanishes. The int

ensity plots of deflected light present quantitative results for SNR calculation

 of our wavefront switching device. The calculated SNR is above 7 dB for 

overall operation spectral bands for both phases of GST and this result prov

es that our wavefront switch AM provides reliable operation. Unfortunately, 

the 0th order diffracted light that corresponds to co-polarized light is not cle

arly vanished owing to the limitation of optical elements such as polarizer a

nd wave-plate that are used in our experimental setup (Figure 2.9). 
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Figure 2.9 Captured Fourier plane images that exhibit the deflected light for five 

discrete wavelengths.  d denotes axial distance from center that correspond to 

deflection angle. The intensity plots show quantative results of our beam steering 

AM.  

 

 It is noteworthy that our device can deflect light not only to same deflecti

on angle with opposite sign that can be achieved by input polarization contr

ol but also to arbitrary deflection angle.25 We experimentally demonstrate arb

i t ra ry  angl e  beam s tee r ing  AM tha t  de f lec t s  l i gh t  wi th  angl e  

1sin
a

t
  
 
 




  for amorphous phase whose Λa is supercell period compose

d of antenna 1 and deflects light with angle 1sin
c

t
  
 
 

 


  for crystallin

e phase whose Λc is supercell period composed of antenna 2 (Figure 2.10). 
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Figure 2.10 (a) Super cell structure of arbitrary angle deflection switching device. 

The upper row has super-period Λa (4640 nm) that covers 0 to 2π optical phase with 

8 number of antenna 1. The antennas are designed to have gradual increment of 

rotation angle with 22.5 °. On the other hand, the lower row has super-period Λc 

(6960 nm) that covers 0 to 2π optical phase and it is composed of 12 number of 

antenna 2. These antennas are designed to have gradual decrease of rotation angle 

with 15 °. The input light dominantly interacts with the upper row for amorphous 

phase that results in deflection angle  1sint
a




 , and the lower row for 

crystalline phase that results in deflection angle 1sin
c

t
  
 
 

 


 . (b) Captured 

Fourier plane images of arbitrary angle deflection switching device for both phases 

of GST at various wavelengths. 

 

2.3.2 Implementation of dynamic hologram 
 

Secondly, we demonstrate the dispersionless active hologram that generates 

holographic image ‘S’ for amorphous phase, and ‘C’ for crystalline phase. F

or dispersionless hologram image generation, we use computer-generated pha

se-only Fourier holography based on Gerchberg-Saxton algorithm that is a w
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ell-known iterative method for phase-only hologram [54]. One hundred iterati

ons are performed to obtain accurate optical phase profiles that generate hol

ographic images ‘S’ and ‘C’ in the Fourier plane. The obtained optical phas

e profile for image ‘S’ is matched to twice the orientation angle of antenna 

1, 2θ1(x,y), and optical phase profile for image ‘C’ is matched to twice the 

orientation angle of antenna 2, 2θ2(x,y). To avoid image degradation from un

avoidable 0th order light, we use off-axis image configuration, ‘S’ located b

ellow center and ‘C’ located above center (Figure 2.11a). We harness double

-sampled unit cell for single pixel composition to avoid image distortion ind

uced from asymmetry of pixel size. For experimental demonstration, we fabr

icate the sample with 232 um × 232 um size that has 200×200 pixels (Figu

re 2.11b). The same experimental setup with beam steering AM is used to c

apture the Fourier plane images. The captured Fourier plane images for both

 phases of GST show reliable image reconstruction with slight noise (Figure 

2.11c). For amorphous phase, the arrangement of antenna 1 generates letter 

‘S’ clearly located at the bottom of the center while exhibiting slight noise l

etter ‘C’ located above the center generated by the arrangement of antenna 

2. For crystalline phase on the contrary, the effect of antenna 2 becomes do

minant compared to antenna 1 that results in sharpening of letter ‘C’ while 

letter ‘S’ fades out. Because our dispersionless active hologram device harne

sses same mechanism with beam steering AM, the SNR is considered as sa

me. In this section, we successfully realize two examples of wavefront switc

hing AM based on nano-structured GST which provides broad operational ba

ndwidth with tiny noises. To incorporate our devices in real application syst

ems, simple SiO2 deposition process can cover durability issues such as oxid

ation or thermal degradation [55]. Apart from presented applications, we can 

design other various active wavefront modulation devices such as tunable vo

rtex beam generator and focal spot switchable metalens. In this paper, we o
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nly deal with broadband operating wavefront switching device through propo

sed mechanism: nano-structured GST with high aspect ratio. However, consid

ering that the key principle of our proposed device is non-resonant light-mat

ter interaction that exhibits obvious scattering characteristic contrast between 

two phases of GST, the other devices such as broadband amplitude modulat

or and broadband switchable wave-plate can also be designed. 

 

 

Figure 2.11 Experimental results of dispersionless active hologram based on the 

proposed GST AM. (a) Reconstructed Fourier holographic images, ‘S’ and ‘C’, 

obtained by Gerchberg-Saxton algorithm. (b) Scanning electron microscopy image 

of the fabricated sample. To avoid image distortion induced from pixel asymmetry, 

we harness double-sampling to compose single unit cell as denoted with dashed 

rectangule. The scale bar denotes 500 nm. (c) Captured Fourier plane images that 

exhibit reconstructed hologram images for five discrete wavelengths for both phases 

of GST. 
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2.4 Conclusion 
 

In summary, we come up with the platform for broadband operational (> 500 nm) 

GST based AM that provides low-noise wavefront switching. Our AM is composed 

of two different sizes of U-shape GST antennas that exhibit obvious CPT contrast 

with opposite tendencies for two discrete phases of GST. Unlike other GST based 

AM, our antennas are designed to accomplish non-resonant light-matter interaction 

to acquire broadband operation functionality. Through successfully fabricating the 

designed U-shape antennas, we experimentally realize two examples of wavefront 

switching devices: beam steering device and dispersionless active hologram. The 

reliable operations with minimum SNR of 7 dB over all operation wavelength range 

are demonstrated. Additionally, the reconfigurable phase change process of GST 

(amorphous to crystalline and vice versa) is known to be achieved within nanosecond 

time scale through illumination of ultra-short pulsed heat source such as laser pulse 

signal [56-58]. Hence, our proposed platform is highly expected to be applicable as 

an all-optical switch that is enormously on demand to overcome bottleneck of optical 

signal processing throughput. Since all-optical switching devices require ultra-fast 

switching time, low-power consumption, small foot-print and low SNR, our device 

is a potent candidate for state-of the art all-optical switch. Thanks to its simple and 

compact structure, the proposed structure can be easily merged to various kinds of 

integrated devices to achieve unprecedented multi-purpose microscopic system. 

Overall, our proposed mechanism not only paves the way to broadband dynamic 

meta-devices but also proposes the possibility of expansion into desirable all-optical 

switching devices. It is believed that our device can be explored in various on-

demand nanophotonic applications such as chip-based scanning systems combining 

optical routers, fiber optic communication systems and integrated optical storages. 
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Chapter 3 Multilevel wavefront switch 

based on GeSbTe metasurface and its 

application to visual cryptography 

 
3.1 Introduction 
 

Chalcogenide material Ge2Sb2Te5 (GST) has the bistable phases so-called 

amorphous and crystalline phases that exhibit large refractive index contrast. 

Recently, GST has been exploited as an ingredient of all-optical dynamic 

metasurfaces thanks to its ultrafast and efficient switching functionality as 

introduced in Chapter 1. However, most of these devices provide only 2-level 

switching functionality and this limitation hinders their application to diverse all-

optical systems. A few papers have claimed multilevel switching of GST 

metasurface, but they relied on the partial crystallization of thick GST that cannot be 

quantitatively controllable owing to non-precise molecular dynamics of GST [59-

61]. Hence, their multilevel switchable functionality is limited to only spectrum 

modulation of input light that cannot be precisely predictable. 

 

 

Figure 3.1 Schematic illustration of partial crystallization 

 

In this paper, we propose the method to expand the switching functionality of GST 

metasurfaces by analyzing the temperature variation of GST induced by light-matter 

interaction. When the material is illuminated by the light, part of the light energy is 
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lost through interaction with matter. The amount of lost energy is proportional to the 

inner product between the electric field and displacement current induced in the 

material which is heat generation density Q (W/m3). The Q affects temperature T of 

material as the following heat equation, 

 

 2 ,v

T
C k T Q

t



  


  (3.1) 

 

where Cv is volumetric heat capacity, k is the thermal conductivity, and ρ is density. 

This optically driven temperature increment can be usefully exploited when applied 

to metasurfaces that are composed of different shapes of temperature-dependent 

meta-atoms. Each meta-atom undergoes different scattering for incident light that 

results in different Q inducement. Hence, meta-atom shape-dependent temperature 

increment can be induced even if the entire metasurface is illuminated by the uniform 

intensity of light. In other words, in case when control light is incident to metasurface 

composed of different shape GST based meta-atoms (Figure 3.2a), the optically 

driven phase transition of each meta-atom occurs in a different manner: Some GST 

meta-atoms reach to phase transition temperature and the others do not (Figure 3.2b). 

Therefore, when the appropriate condition of control light is incident to amorphous 

state GST metasurface, a coexistence state of amorphous and crystalline phase GST 

meta-atoms can be created. We call this phenomenon selective crystallization and 

named this state the hybrid state. In short, through exploiting the concept of selective 

crystallization, the state of GST metasurface can be expanded to 3-level from 2-level. 
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Figure 3.2 (a) Schematic illustration of unit cell structure composed of N1 and N2 

when control light incidence from the upper direction. (b) Spatially averaged 

temperature profile of the GST part for N1 and N2. Tc denotes the crystallization 

temperature of 423K. The peak temperature of N1 surpasses the Tc while the peak 

temperature of N2 is bellow Tc: N1 is crystallized while N2 keeps the amorphous 

phase. The single pulse control light with peak power corresponding to 5.4 W is 

incident to induce selective crystallization. The temperature profile at 1.3 ns in xy-

plane perspective is observed in the middle of the GST part. 

 

Furthermore, the novel hologram technique which generates deciphered visual 

information only in the hybrid state while providing ciphered information in the rest 

of the states is introduced. We call this 3-level switchable phase-change metasurface 

the crypto-MH (Figure 3.3a). To design crypto-MH satisfying above conditions, 

multiphysics analysis is done considering two important parts (Figure 3.3b). First, 

optical-thermal analysis is preceded to select the adequate size of GST meta-atoms 

that constitute crypto-MH. Second, based on selected meta-atoms, the hologram 

optimization process for reconstruction of the high-contrast dynamic holographic 

image is conducted through the unit cell structures design, and their arrangement 

optimization. Further details for meta-atom size selection, unit cell structure design, 

and arrangement optimization are dealt with in Section 3.2 and 3.3. The proposed 

crypto-MH assisted all-optical cryptography platform is expected to be applied to 

various information protection applications thanks to its ultrafast cryptographic 

optical data processing speed while providing high-security level encryption without 
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complex optical setup. 

 

 

Figure 3.3 Working principle and design strategy of crypto-MH. (a) The state of the 

GST-based metasurface can be changed from amorphous to crystalline state and vice 

versa by applying thermal bias. It is possible to realize the hybrid state where the 

amorphous and crystalline nanorods coexist by applying predefined conditions of 

control light source to the amorphous state GST metasurface. Furthermore, it is 

designed to reconstruct the neat holographic image only when hybrid state 

metasurface is achieved, while providing totally destroyed holographic image in 

condition of two other states of metasurface. (b) Both optical-thermal analysis and 

hologram optimization processes are conducted to design crypto-MH. As a result of 

the optical-thermal analysis, the dimensions of meta-atoms are selected. Based on 

selected meta-atoms, unit cell structures exhibiting high contrast scattering 

characteristics between their GST phases are designed. Sequentially, the 

arrangement of designed unit cell structures is optimized to construct high-contrast 

dynamic hologram. 
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3.2 Optical-thermal analysis for switching level 

expansion 
 

3.2.1 Heat generation density calculation of GeSbTe nanorods 

 
In our study, an aluminum and GST stacked nanorod is utilized as a meta-atom of 

the metasurface. The thickness of each layer is set as 60 nm and 65 nm, respectively. 

The length of nanorod (w1) is fixed to 330 nm and the period of single nanorods is 

500 nm × 500 nm. And the pulse laser with a wavelength of 800 nm is exploited as 

control light source. The polarization state is circular polarization (left circular 

polarization in this paper) to induce equivalent Q for GST nanorods with arbitrary 

rotation angle. And the beam profile is the flat-top shape rather than the Gaussian 

shape to ensure uniformly distributed illumination intensity to metasurface. To 

explore the possibility of selective crystallization, we interleave two different shapes 

of amorphous phase GST nanorods and calculate the Q profile when the control light 

illuminates from the upper direction; The Q profile in xy-plane perspective is 

observed in the middle of the GST part (Figure 3.4a). The width (w2) of the left-side 

nanorod is 60 nm and that of the right-side nanorod is 150 nm. The calculation is 

conducted through the finite element method (FEM) in the periodic boundary 

condition. The calculated result shows an obvious Q profile contrast between two 

nanorods. It means the selective crystallization can be induced once the appropriate 

energy of the control light is illuminated. To quantitatively compare the Q difference 

according to nanorod dimension variance, the spatially-averaged Q of amorphous 

phase GST is calculated according to the variation of w2 in the periodic boundary 

condition (Figure 3.4b). The power of the incident control light is set to 1 W. The 

calculated results show that the average Q decreases as w2 increases. And the inset 

of Figure 2b shows that the Q is generated uniformly along the propagation axis of 

control light. It is noteworthy that Q is barely induced in aluminum because most of 

the control light incident from the upper-side is absorbed into GST following the 
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Beer-Lambert law. For the more rigorous numerical demonstration of selective 

crystallization, the time-dependent temperature simulations are conducted based on 

calculated Q. Since the time-dependent FEM solution is required, the power profile 

of control light is defined as the following equation, 
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  (3.2) 

 

where τp is pulse width and t is time. Considering the computational load of the 

simulation, we assume single-pulse incidence condition and τp is set as 1 ns. The 

spatially-averaged temperature of the amorphous phase GST is calculated according 

to the variation of w2 and P0; The peak values of spatially-averaged temperature are 

observed (Figure 3.4c). At the condition of the upper-left side of the dotted line 

which denotes crystallization temperature 423 K, we can assume that the GST 

nanorod is crystallized. On the other hand, the GST nanorod with the lower-right 

side condition keeps the amorphous phase. 
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Figure 3.4 Optical-thermal analysis of GST nanorod. (a) Schematic illustration of 

interleaved GST nanorods and its heat density profile in the condition of control light 

incidence. The heat density profile is observed in the middle of the GST part. (b) 

Calculated average heat density of amorphous GST for control light incidence 

according to variation of w2. The power of the incident control light is set to 1 W. 

The inset figure is a vertical plane (long-axis cut plane of left-side nanorod) heat 

density profile of GST nanorod observed in the center of nanorods. (c) Calculated 

peak (temporal) average (spatial) temperatures of amorphous GST according to 

variation of w2 and P0. The white dotted line denotes the crystallization temperature 

of GST. And the condition of white circles denotes the selected size of nanorods and 

their required minimum power for crystallization. 

 

To calculate spatially-averaged temperature according to variation of w2 and P0, the 

multi-physics simulation that coupling electromagnetic power loss density, i.e., heat 

density Q, into equation 3.1 is conducted based on simulation space as shown in 

Figure 3.5. For the boundary condition for x-and y-direction, the periodic boundary 

is assumed considering the compactness of simulation space. And the boundary for 
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+z-and –z-direction is set as an input and output port for control light while set as a 

thermally open boundary that means infinite space for heat transfer. And the 

interface between the material and air space is set as a radiative boundary condition 

[16]. 

 

Figure 3.5 The schematic illustration of multi-physics simulation space for solving 

electromagnetic wave and heat transfer equation. 

 

The thermal and optical properties of constituent materials are notated in Table 3.1. 

 

Table 3.1. The thermal and optical properties of constituent materials. The optical 

properties of GST and aluminum are measured by spectroscopic ellipsometry. The 

thermal properties of GST are from ref. [62], and those of aluminum are from the 

COMSOL Multiphysics 5.3 material library. 

 a-GST c-GST Aluminium 

ρ (kg*m-3) 6150 6150 2700 

Cp (J*kg-1*K-1) 210 210 904 

k (W*m-1*K-1) 0.2 0.58 237 

n (λ = 800 nm) 4.66 4.53 2.8 

k (λ = 800 nm) 1.37 4.09 8.45 

 

 Based on the above assumption, two different sizes of nanorods corresponding to w2 

= 60 nm and w2 = 150nm are selected. The selected nanorods are referred to as N1 

and N2 throughout this paper. Note that the required minimum P0 for crystallization 
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is 4.1×10-13 W for N1 and 8.9×10-13 W for N2 from the simulation results Figure 

3.4c. It means that the required control light energy for crystallization is different for 

two nanorods. 

 

3.2.2 Experimental demonstration of optical thermal analysis 
 

To experimentally verify the simulation results, we construct a measurement setup 

and fabricate two metasurfaces that are distinguished by a constituent unit, N1, and 

N2 (Figure 3.5a). As a control light source, the femtosecond pulse laser (Mai Tai HP, 

Spectra-Physics) with 800 nm wavelength is utilized. For energy control, the 

combination of a half-wave plate, polarizing beam splitter, and the motorized shutter 

are used. The half-wave plate modulates the power ratio of x-polarized light and y-

polarized light. Then, polarizing beam splitter routes the y-polarized light to the 

blocker side while routing x-polarized light to the sample side. The number of pulses 

incident to the sample is fixed to 8×104 through considering the time interval of the 

motorized shutter (0.1 ms) and repetition rate (80 MHz) of control light source. To 

convert the polarization state of light routed to sample to left-circular polarization, 

the circular polarizer is used. And, we make use of beam homogenizer that is 

composed of two microlens arrays and a plano-convex lens to make a spatial profile 

of control light as a flat-top shape. To confirm when phase transition of GST 

metasurfaces occur, the probe light with 1550 nm wavelength is utilized and its 

reflected light intensity is measured through infrared camera. The power of control 

light that is routed to the sample is modulated through rotation of the half-wave plate. 

The half-wave plate is connected to the motorized controller that rotates the fast axis 

with an amount of 5° at a time. At first, the initial fast axis is calibrated to send almost 

zero power of control light to the sample. And we rotate the half-wave plate nine 

times that result in fast axis variation (θf) from 0° to 45°. It means the power routed 

to the sample increases following the function sin2(2θf) with ten discrete levels. The 

average power is measured through the power meter (OHM-6772B, Lightwave). We 
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compare the reflected light intensity with simulation results to check whether the 

GST metasurface undergoes the phase transition (Figure 3.5b, c). From the results, 

the metasurface with N1 crystallizes when the average power with 1.06 W is applied 

to the sample. On the other hand, the crystallization of the sample with N2 occurs 

when higher average power 2.26W is applied. Hence, the metasurface that is 

composed of N1 and N2 can change its state from the amorphous to the hybrid state 

once control light with energy corresponding to average power between 1.06 W and 

2.26 W is incident. 

 

 

Figure 3.5 Experimental demonstration of optical-thermal analysis. (a) The 

schematic illustration of the measurement setup. The HWP, PBS, and CP denote 

half-wave plate, polarizing beam splitter, and circular polarizer, respectively. M, LA, 

and PCL denote mirror, micro-lens array, and plano-convex lens, respectively. The 

scanning electron microscopy images of samples which are each of the periodic 

arrangements of N1 and N2. The length of the scale bar is 500 nm. (b) The intensities 

are obtained by calculating the ratio of the peak pixel value of reflected probe light 

to maximum pixel value 255. The polarization state of probe light is along the long 

axis of N1 and N2. (c) The simulation results of reflectance for x-polarized light 

incidence for both GST phases of N1 and N2. 

 

In short, we introduce numerical and experimental demonstration about the method 
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to create a third-stable state, i.e., hybrid state GST metasurface, via optical-thermal 

analysis. Based on the demonstrated 3-level switching of GST metasurface, the MH 

that provides high-contrast holographic image switching according to the state 

transition of GST is presented in Section 2.2.  

Unfortunately, owing to the limitation of our control light source (weak power and 

the high repetition rate), the experiment about re-amorphization that requires the 

higher power and lower repetition rate optical pulse signal is not covered in this 

paper.  
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3.3 Hologram optimization for dynamic image 

encryption and decryption 
 

3.3.1 Image perturbation technique for image encryption 
 

To take advantage of metasurfaces in the field of visual cryptography, it is required 

to design adjustable MH which provides the ciphered holographic image unless 

decryption conditions are satisfied. Here, based on the selected nanorods in Section 

2.1, we design the 3-level switchable MH that exploits the condition of control light 

inducing the hybrid state GST metasurface, as a decryption key. This MH, so-called 

crypto-MH, reconstructs the clear holographic image at a hybrid state while 

providing the perfectly damaged holographic image in the amorphous and crystalline 

states. 

The crypto-MH is engineered through multiplying the binary computer-generated 

hologram (CGH) and the periodic square function whose amplitude can be 

dynamically switched through the phase transition of GST. The constituent number 

of pixels (unit cells) is 200×200. The CGH is calculated through the weighted 

Gerchberg-Saxton algorithm to reconstruct the holographic image alphabet ‘S’ and 

the binary values exhibit π optical phase difference [63, 64]. The square function is 

arranged into a cross-configuration with a certain period Λ for both x- and y-direction. 

The constituent complex amplitudes of square function are Ap and Ap' whose 

subscript p means a state of GST metasurface (a is amorphous, h is hybrid, and c is 

crystalline state) (Figure 3.6a). Then, the complex amplitude profile of crypto-MH 

is determined as the following equation 
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  (3.3) 

 

whose F(kx, ky) is the Fourier transform of the CGH and the C(nx, ny) is the Fourier 

series of the square function. When the condition Ap = Ap' is met, the crypto-MH 

operates as a normal binary CGH that reconstructs a clear target holographic image 

‘S’ and its conjugate image (Figure 3.6b). This condition is a decrypted state that 

shows a clear target image in the detection area. In the other condition, the cross-talk 

images are generated at diffraction channels with intensity distribution 

corresponding to C(nx, ny) as shown in Figure 3.6c; We specify the conditions as ∠

Ap -∠Ap' = 2π/3 and Λ = 20 for calculation. The distance between the target image 

and cross-talk image at first-order diffraction channel is inversely proportional to Λ. 

Therefore, the image overlap occurs as the Λ increases, which results in image 

distortion (Figure 3.6d). This condition is an encrypted state that generates an 

unrecognizable ciphered image. Note that, the difference between Ap and Ap' is 

required to be sufficiently large for allocating energy to diffraction channels that 

induce image distortion. The degree of image distortion is defined as the root mean 

square error (RMSE) between the original target image and reconstructed image at 

the detection area after normalization of brightness. Therefore, the objectives in 

order to design crypto-MH that contains the well-protected visual image in the 

hybrid state GST metasurface, are cleared up as follows: 1. Design two phase-

changeable unit cell structures that satisfy complex amplitude conditions Ah = 

Ah' and Aa, c ≠ Aa, c', and design their π optical phase-shifted versions of each. 2. Based 
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on the designed unit cell structures, select the optimized period Λ that exhibits near-

zero RMSE for the hybrid state and large RMSE for the amorphous and crystalline 

states. 

 

 

Figure 3.6 Strategy for designing complex amplitude profile of crypto-MH. (a) The 

complex amplitude profile of crypto-MH is the multiplication of the computer-

generated hologram profile for reconstruction target image ‘S’ and periodic square 

function for both x-and y-directions. (b) The Fourier transform image of crypto-MH 

when condition Ap = Ap' is met. (c) The Fourier transform image when ∠Ap -∠Ap' = 

2π/3 and Λ = 20. The distance between the target image and the adjacent diffraction 

channel image is inversely proportional to Λ. (d) The Fourier transform image when 

∠Ap -∠Ap' = 2π/3 and Λ = 50. Owing to image overlap, the image distortion occurs 

at the detection area. 

 

3.3.2 Unit cell structure and arrangement optimization to achieve high 

contrast dynamic hologram  
 

For the probe light source of crypto-MH, the 1550 nm wavelength laser source is 
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utilized. The polarization state of the probe light is right circular polarization and its 

reflected cross-polarized component is observed. Therefore, the unit cell structures 

with cross-polarized reflection coefficients (CPRC) Ap, Ap' are required as well as 

their π optical phase-shifted versions of each. The unit cell structure that satisfies 

CPRC condition Ap is called S1, and the unit cell structure with CPRC Ap' is S2. 

Through rotating constituent meta-atoms of S1 and S2 by angle π/2, respectively, the 

π optical phase-shifted version of each can be designed by the principle of the 

Pancharatnam-Berry phase. The rotated version of S1 and S2 is called S1r and S2r. 

As mentioned above, the objective for designing S1 and S2 is to meet condition Ah 

= Ah' and Aa, c ≠ Aa, c'. To achieve this condition, the S1 is optimized to exhibit large 

CPRC contrast between the hybrid state and the rest of the states. And the structure 

of S2 is adjusted to exhibit almost the same CPRC with CPRC of hybrid state S1 

(Ah) while showing large CPRC deviations for the rest states of GST. 

S1 is constructed through locating two N1 and N2 each into a 1μm2 scale unit cell 

structure with a cross-arranged configuration. The scattered electric field from S1 is 

determined by the summation of dipole sources that scatter electric fields from N1 

and N2. Hence, cross-polarized electric field (Ecross) is determined by the following 

equation, 

 

  22
1 2 ,c dii

crossE e r r e 
   (3.4) 

 

where θc is the common rotation angle, and θd is rotation angle difference between 

N1 and N2. The r1 and r2 are CPRC of N1 and N2, respectively, when the rotation 

angle is not considered. The calculated values of r1 and r2 for each phase of GST are 

shown in Figure 3.7a. The calculation for N1 and N2 is conducted in the periodic 

boundary condition with a period of 500 nm. From the calculation results, the 

assumption that r1 = r2 is reasonable for both amorphous and crystalline state GST. 
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Under these assumptions, the abrupt π optical phase shift can be induced at the 

vicinity of θd = 90°. On the other hand, in the hybrid state that N1 is the crystalline 

phase and N2 is the amorphous phase, the above assumption is not reasonable 

anymore. Hence, the dramatic optical phase shift cannot be induced at the vicinity 

of θd = 90°. To numerically confirm these conditions, we calculate the CPRCs by 

varying θd by 10° from 60° to 120° for each GST state of S1 (Figure 3.7b). Then the 

dramatic optical phase shift occurs when θd changes from 90° to 100° for both 

amorphous and crystalline states and not for the hybrid state. Hence, the condition 

of rotation angles of N1 and N2 is selected as θc = 0°, and θd = 100° for satisfying 

the requirements of S1, i.e., large contrast between Ah and Aa, c. 

For the next step, the S2 is designed through interleaving two N2s with different 

rotation angles and doubly sampling them with cross-arranged configuration to 

construct a 1 μm2 scale unit cell structure. In case when two same dimension 

nanorods are placed in the sub-wavelength unit cell, the complex amplitude of cross-

polarized light can be completely covered as the following equation, 
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  (3.5) 

 

where θ1 and θ2 are the respective rotation angles of N2s that are different from each 

other. Hence, the strategy of adjusting the CPRC of hybrid state S2 (Ah') to CPRC 

of hybrid state S1 (Ah) is possible. We calculate the CPRCs of S2 in periodic 

boundary condition according to the variation of θ1 and θ2 when GST metasurface is 

in the hybrid state. From the simulation results, θ1 and θ2 are selected as 50° and -20° 

that meets the condition Ah = Ah'. Note that, because S2 is composed of only N2, S2 

is a full amorphous state even when the GST metasurface is in the hybrid state: Ah' 

is equal to Aa'. The CPRC for the crystalline state S2 (Ac') is similar to Aa' because 

r2 exhibits almost the same value for each state of GST (Figure 3.7c). The CPRCs of 
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Ap and Ap' are provided in Table 3.2. 

 

Table 3.2. CPRC of S1 and S2 (Ap and Ap') for each state of GST metasurface. The 

absolute value of CPRCs for each state of GST determine the efficiency of 

hologram. 

 Aa / Aa' Ah / Ah' Ac / Ac' 

Amplitude 0.012 / 0.107 0.104 / 0.107 0.023 / 0.086 

Phase (rad) -0.474 / 1.458 1.471 / 1.458 -0.453 / 1.365 

 

Sequentially, the quality of the reconstructed holographic image (Fourier plain 

image) is assessed by calculating RMSE according to the variation of Λ based on 

CPRCs of designed unit cell structures. The RMSE is calculated for each state of the 

GST metasurface (Figure 3.7d). The RMSE values for the amorphous and crystalline 

states are highest when the Λ is 80 while exhibiting near-zero value for the hybrid 

state: The condition of Λ = 80 is desirable for the realization of high encryption level. 

Hence, the arrangement of the complex amplitude profile of crypto-MH is cleared 

up as shown in Figure 3.7e and their Fourier plane images for each state of crypto-

MH is shown in Figure 3.7f.  
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Figure 3.7 Unit cell structures design and arrangement optimization. (a) Calculated 

CPRCs for both phases of GST for incidence probe light. (b) Calculated CPRCs of 

S1 according to the variation of θd for each state of GST. The full circle denotes the 

selected θd (100°) for S1 that exhibits large CPRC contrast between the hybrid state 

and the amorphous/crystalline state. (c) Calculated CPRCs of the hybrid state S2, 

according to the variation of θ1 and θ2-θ1. The hybrid state of S2 is same with the 

amorphous state. The selected θ1 and θ2 are 50° and -20°, respectively. The CPRC 

of the crystalline state S2 is also calculated for selected geometric parameters. (d) 

The calculated RMSE values according to variation of Λ for each state of GST. (e) 

The unit cell arrangement of crypto-MH and schematic illustration of designed unit 

cell structures. (e) Calculated Fourier plane images of crypto-MH for each state of 

GST.  
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3.3.3 Experimental demonstration of visual cryptography 
 

For an experimental demonstration of our all-optical cryptography architecture, the 

crypto-MH is fabricated through an electron beam lithography process and the 

optical measurement setup is constructed (Figure 3.8a). As the probe light source, 

the monochromated supercontinuum source with 1550 nm wavelength (Super K 

Select IR Tunable Filter, NKT Photonics) is exploited, and the circular polarizer is 

used to convert probe light to right circular polarized light. As a beam condenser, the 

combination of L1 and L2 is used. L2 acts as a Fourier transform lens that forms the 

Fourier plane at the back focal plane. The target image plane, i.e., the detection area 

of Fourier plane, is captured by an infrared camera (PA640F100TCL, NIP) through 

a 4-f imaging system. The image plane is switched with 3-levels through applying 

control light source to crypto-MH as we experimentally proved in Section 2.1. The 

as-fabricated crypto-MH is the amorphous state that reconstructs the destroyed 

holographic image in the detection area. When we illuminate the control light with 

the energy of average power 1.5 W (called hybridization energy), the hybrid state 

crypto-MH, which is the coexisting state of crystallized N1 and amorphous phase 

N2, is created that reconstructs holographic image ‘S’. On the other hand, when the 

control light with over the hybridization energy corresponding to average power 2.5 

W is incident to crypto-MH, the overall crystallization occurs that generates a 

destroyed holographic image (Figure 3.8b). In short, our all-optical cryptosystem 

experimentally provides decrypted information only when amorphous state crypto-

MH is illuminated by the predefined condition of control light that satisfies the 

conditions of flat-top shape beam profile, circular polarization, and hybridization 

energy. For more durable operation of our crypto-MH, the SiO2 passivation layer 

can be easily adopted onto our metasurface to prevent degeneration induced by 

oxidization and thermal degradation. 
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Figure 3.8 Experimental demonstration of crypto-MH. (a) The crypto-MH is 

illuminated by the probe light source. The scale bar of sample SEM image is 1μm. 

The combination of L1 and L2 is used as a beam condenser. The back focal plane of 

L2 is the Fourier plane. The 4-f imaging system that is composed of L3 and L4 is 

used to capture the Fourier plane image. The infrared camera is used as a detector. 

(b) The captured Fourier plane image for each state of GST metasurface. 

 

For the practical application of our crypto-MH to the visual cryptography system, 

the most desirable target image is the Quick Response Code (QR Code) that can 

contain a vast amount of information in a single image rather than simple letter ‘S’. 

Unfortunately, demonstration for QR Code image generation is not experimentally 

conducted owing to limitations of the numerical aperture of the Fourier transform 

lens and the sensor size of the infrared camera; QR Code image requires a wide range 

of spatial frequency space for high-resolution image generation. If we can handle the 

abovementioned limitations of optical components, the target visual image can be 

changed from ‘S’ to the QR Code by applying the crypto-MH design process 

straightforwardly (Figure 3.9).  
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Figure 3.9 The crypto-MH reconstructs a clear QR code image that contains 

information corresponding to ‘Decoded result’ only in the hybrid state. The method 

to design crypto-MH that contains QR code is the same as the method to design 

crypto-MH containing letter 'S' 
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3.4 Conclusion 
 

In this paper, the design method of all-optical crypto-MH is introduced. First, 

optical-thermal analysis is preceded to find the condition of control light source that 

can induce the hybridization of GST metasurface. Sequentially, the hologram 

optimization method is exploited to achieve high-contrast dynamic holographic 

image according to the state transition of GST metasurface: Optimized hologram 

generates unrecognizable holographic image for the amorphous and crystalline states 

while reconstructs clear target holographic image at the hybrid state. In other words, 

the crypto-MH provides deciphered visual information only when the hybridization 

of the GST metasurface is induced. As a proof of concept, the encryption and 

decryption of the target visual image ‘S’ are demonstrated in both the numerical and 

experimental manner. The complex decryption mechanism of crypto-MH that 

requires multi-physical knowledge provides an unprecedented level of 

communication security. Even though the encryption level is dramatically increased, 

the advantage in the aspects of system compactness and communication speed is not 

degraded thanks to the large information capacity of our metasurface and inherent 

phase transition speed of GST. Our proposed all-optical crypto-MH is noteworthy in 

that it provides a novel type of hardware-assisted optical cryptography exhibiting 

outstanding functionality in every aspect.  

It is noteworthy that the switching level can be more flexibly expanded even though 

only 3-level switching is demonstrated in this study. Through interleaving the 

diverse size of meta-atoms as the constitution of the metasurface, there can be more 

degree of freedom for multistate selective crystallization. At the Appendix A, the 

numerical study about 5-level spectrum modulation is dealt with through utilizing 

multistate selective crystallization. 
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Chapter 4 High-efficient deflection angle 

switching through topology-optimized 

GeSbTe metasurface 

 
4.1 Introduction 
 

In order to design GST metaurface wavefront switch (GMWS), spatially variant 

optical information is required, and also each individual scatterer corresponding to 

each spatial point should exhibit large optical information contrast according to the 

phase transition of GST. For the effort to meet these requirements, most relevant 

works exploit the forward design process. The forward design method means the 

engineering process that individual scatterer of each spatial point, i.e., unit-cell 

designing is preceded before determining the spatially variant optical scattering 

profile of the overall metasurface. Hence, the cluster of unit-cell composed of GST 

exhibiting large optical contrast between each distinct phase of GST are firstly 

designed, and then the arrangement of pre-designed unit-cells is determined to obtain 

a switchable spatial optical scattering profile. The conventional GST based unit-cell 

structures can be classified in two types. The type 1 is unit-cell structures is 

composed of two different shape of GST meta-atom which utilize the principle of 

geometric phase (Figure 4.1a). To achieve large scattering contrast at the complex 

domain according to phase change of GST, the designer should modulate complex 

amplitude value near the center of the complex plane. The reason is that it is difficult 

to achieve large absolute complex amplitude value contrast according to GST phase 

change, but the relatively large optical phase difference can be obtained by 

modulating near the center [65-69]. However, there is a crucial disadvantage in that 

the diffraction efficiency of the device is inevitably low. And the type 2 unit-cell 

structure is a combination of the resonator, GST film, and backside reflector that act 

as a metal-insulator-metal (MIM) resonator (Figure 4.1b). This phase-changeable 
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MIM resonator structure exhibit moderate resonance for one phase of GST that 

induces optical phase modulation characteristic according to variation of the width 

of the resonator (w). On the other hand, the resonance is not induced for the other 

phase of GST and it results in no variance of optical phase according to w variation 

of the resonator. Hence, the wavefront modulation can be conducted in only one 

phase of GST and the light is just passing through for the other phase [70-73]. Hence, 

both of these studies only focus on designing clusters of GST meta-atoms providing 

large switching contrast while ignoring two aspects, the diffraction efficiency of 

GST meta-atoms for both phases and the efficient spatial distribution of designed 

meta-atoms. 

 

Figure 4.1 Two different types of conventional GMWS unit-cell structure. (a) Type 

1 unit-cell structure composed of two different shape of GST meta-atom which 

utilize the principle of geometric phase. (b) Type 2 unit-cell structure composed of 

resonator, GST film, and backside reflector. 

 

In this paper, we exploit an inverse design method to overcome the limitations of 

GMWSs engineered by forward design method. As the inverse design method, the 

gradient ascent method is utilized that iteratively optimizes the randomly distributed 

index profile of the overall metasurface in the direction of maximizing the target 
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scalar amount of output light. The gradient calculation is conducted based on the 

adjoint variable method (AVM). By utilizing the AVM, it is possible to calculate all 

individual gradient values for each spatial point of metasurface by the inner product 

of electromagnetic field data extracted from the forward and adjoint simulations. As 

a gradient ascent method algorithm, the adaptive momentum estimation method 

(ADAM) that can efficiently find the global optimum value of the objective function 

is utilized. 
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4.2 Topology optimization of deflection angle switch 
 

4.2.1 Optimization process 
 

To design GMWS through the inverse design, the designer should set the objective 

function, i.e., Figure of Merit (FoM) as a linear summation of the scalar amounts of 

the desired wavefront for each distinct phase of GST. In order to check the feasibility 

of this approach, it is designed that the GST metasurface grating (GMG) routing the 

monochromatic incident light to the +1st diffraction order in the amorphous phase 

and -1st diffraction order in the crystalline phase (Fig. 3.3). 

 

Figure 4.2 Schematic illustration of inverse design process for deflection angle 

switchable GMG. The na and nc are refractive index of amorphous and crystalline 

phase of GST. 

 

For the calculation of FoM gradient value through AVM, the forward and adjoint 

simulation is conducted for both phases of GST. The adjoint simulation is conducted 

through illuminating light from the target diffraction order (Figure 4.4). 
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Figure 4.3 Schematic illustration of forward and adjoint simulation for the 

optimization of grating structure routing incident light to +1th diffraction order. 

  

Through the electro-magnetic wave simulation data, the gradient of FoM according 

to the index density ρ for each spatial grid is calculated through following equation,  

 

 1 1

1 2

FoM
Re ( ) ( ) ,F A F A

a a c ca conj t E E a conj t E E 
     

  (4.1) 

 

where superscript F means the forward simulation and A means the adjoint 

simulation. And the subscript a and c denotes amorphous and crystalline, 

respectively. For the electromagnetic wave simulation, the Reticolo, the MATLAB-

based rigorous coupled wave analysis (RCWA) solver, is utilized. For the efficient 

optimization, the calculated gradient value is updated through hyper parameters of 

ADAM optimizer. And the updated index profile ρ is putted into following function, 
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whose np is refractive index of GST for each distinct phase and na is refractive index 

of air. At the beginning of optimization process, the β is 0 so that the function became 
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linear function and the β is increase with amount of 0.3 for every iteration so that the 

function became almost step function at the end of optimization process. In other 

words, the overall refractive index profile of GMG is gradually updated at the 

beginning of optimization process and eventually perfectly binarized at the end of 

optimization process. 

 

4.2.2 Iteration plot and optimization results 
 

The y-polarized light with wavelength 4 μm is set as the incident light. The period 

of the grating for x-direction is determined to 5.8 μm that results in the inducement 

of the first-order diffracting wave. And the period for y-direction is determined to 

2.68 μm to suppress the out-of-plane diffraction. The thickness of grating is set as 

1.2 μm. The grid size at each spatial point is set to 40 nm. The weight factor a1 and 

a2 are determined as 0.3 and 0.7 that empirically exert the best performance of the 

device. To acquire the perfectly binarized and smoothly refined structure, the 

appropriate binarization function and image filter functions are applied during the 

optimization process (Figure 3.4a, b).  

 

Figure 4.4 (a) Iteration plot of the optimization process. (b) Top-view of optimized 

GMG. 

 

The transmitted y-polarized electric field profile from the optimized GMG shows 

that the incident light deflects to +1st diffraction order for the amorphous phase and 
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deflects to -1st diffraction order for the crystalline phase (Figure 4.5a). And the 

diffraction efficiencies bar graphs for both phases show that optimized GMG shows 

the signal-to-noise ratio (SNR) of 15 dB for amorphous phase and 11 dB for 

crystalline phase while providing high diffraction efficiencies of 91 % for amorphous 

and 76 % for crystalline phase (Figure 4.5b). 

 

Figure 4.5 (a) The xz-plane perspective view of transmitted Ey for both phases of 

GST and (b) bar graphs of their corresponding diffraction efficiency distribution. 

 

It is noteworthy that the optimized GMG structure of Figure 4.4 (b) is not a unique 

solution for obtaining a high-efficient deflection angle switching device. According 

to the simulation space and initial index profile, the optimization result is highly 

affected. In Appendix B, the optimization results for different simulation conditions 

are provided. 
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4.3 Theoretical analysis of deflection angle switch 
 

4.3.1 Coupled-Bloch resonator model 
 

For the theoretical analysis of optimized GMG, the coupled Bloch resonator model 

(CBRM) is exploited [74, 75]. When the light is incident to grating, the induced 

fields inside the grating can be decomposed into a Bloch mode basis due to the 

periodicity. There are a finite number of propagating Bloch modes and an infinite 

number of evanescent Bloch modes. The evanescent modes are negligible for 

sufficiently thick grating structure because they exponentially decay along the 

vertical direction. Hence, the diffraction efficiencies of GMG can be explained by 

analyzing the coupling dynamics of propagating modes. The excited propagating 

Bloch modes with effective mode index (neff) propagate along z-direction and 

iteratively bounce between the grating-air and substrate-grating interfaces; the 

grating can be treated as Fabry-Perot resonator, in which the propagating modes 

experience multiple round trips within the resonator. At each of these interfaces, the 

modes undergo three coupling processes so-called intra-mode coupling, inter-mode 

coupling, and in/out-coupling. The intra-mode coupling denotes the coupling 

between individual modes itself and inter-mode coupling describes the coupling 

between each mode (Figure. 4.6).  
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Figure 4.6 The coupled Bloch resonator model for analysis of GMG. The field profile 

inside GMG can be expanded to N number of Bloch mode. The target diffraction 

order for amorphous phase GMG is +1st diffraction order, and -1st diffraction order 

for crystalline phase. 

 

Based on the CBRM, the transmission coefficient for target diffraction order (ttar) 

for each phase of GST can be calculated as the following equation, 
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   (4.3) 

 

where tB and tT are vectors describing in/out-coupling coefficients to the +z direction 

for N number of Bloch modes. The ′ denotes the transpose operator. SB and ST are N 

ⅹ N matrices describing inter-and intra-mode coupling at the bottom and top 

interfaces. The off-diagonal terms of SB and ST correspond to inter-mode coupling, 

while the diagonal terms in the matrices correspond to intra-mode coupling. The φ 

(N ⅹ N) is the diagonal matrix of the propagation phases 0exp( )effin k h . And the m 

denotes the number of round trips. And the m denotes the number of round trips. 
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4.3.2 Bloch mode contribution analysis 
 

The number of excited propagating Bloch modes for optimized GMG is 35 and 88 

for the amorphous and crystalline phase, respectively (Figure 4.7a). To validate the 

feasibility of CBRM, the diffraction efficiency for target diffraction order (Ttar) for 

both phases of GST are calculated through equation 4.3 according to variation of m 

and compared with Ttar calculated by RCWA solver (Figure 4.7b). The calculated 

Ttar based on CBRM saturate to Ttar calculated by RCWA solver before round trip 

number m reach to 100 for both phases of GST.  

 

Figure 4.7 (a) The extracted neff for both phases of GMG from RCWA solver. The 

35 and 88 number of Bloch modes are excited for the amorphous and the crystalline 

phase, respectively. (b) The comparison plot between Ttar calculated by CBRM and 

RCWA solver for both phases of GST according to variation of round trip number 

m. 
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For the analysis of the degree of contribution (DOC) of each Bloch mode to Ttar, 

the DOC is defined as the following equation, 

 

 DOC ,
tar ex

n

tar

T T

T


   (4.4) 

 

where Tn
ex is the target diffraction efficiency when Bloch mode with neff is excepted 

from the interference of out-coupled light. The DOCs of each Bloch mode 

corresponding to neff are calculated for both phases of GST (Figure 4.8). The DOCs 

with positive value means that the excepted out-coupled Bloch mode with neff 

contributes to constructive interference with the rest of the out-coupled light. 

Otherwise, the excepted out-coupled Bloch mode interferes destructively with the 

rest of the out-coupled light. 

 

Figure 4.8 The stem plot of DOC according to each Bloch mode corresponding to 

neff for both phases of GST. 
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4.4 Conclusion 
 

In this chapter, the inverse design method is exploited to dramatically increase the 

diffraction efficiency of the GST metasurface wavefront switch for both phases 

while providing a high SNR. The diffraction efficiencies of our proposed GST 

metasurface are 91 % and 76 % for amorphous and crystalline phases while 

providing SNR 15 dB and 11 dB, respectively. Also, the rigorous theoretical analysis 

is done through the coupled Bloch resonator model to clarify the device operation 

physics. In this study, the GMWS with periodic structure (GMG) is only 

demonstrated considering the simulation space issue of the inverse design process. 

However, there are various researches about engineering non-periodic metasurfaces 

through the inverse design process and these approaches can also be employed to 

design GMWS [76, 77]. Our finding is noteworthy in providing a practical approach 

for designing microsocpic scale wavefront switchable device without losing reliable 

operating functionality. 
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Chapter 5. Conclusion 

 
This dissertation presents studies on improving the switching performance of the 

GST-based all-optical wavefront switch. Based on the research trend analysis, the 

cumbersome problems that were difficult to handle based on conventional design 

methodology are solved by proposing a novel engineering platform. In addition, the 

author provides not only overall methodology for designing GST based wavefront 

switching device but also all-optical control mechanism through analyzing optical-

thermal analysis. As a design methodology, the forward and inverse design 

methodologies are introduced. In chapters 2 and 3, the forward design method is 

utilized and the inverse design method is utilized in chapter 4. And in chapter 3, the 

numerical optical thermal analysis is done by utilizing multi-physics simulation and 

the feasibility of the proposed analysis is experimentally demonstrated. 

In chapter 2, the non-resonant GST nanostructure-based GMWS is presented to 

provide broad operation bandwidth over 500 nm in a near-infrared wavelength 

regime. To achieve broadband-operation functionality, the non-resonant GST nano-

structures, i.e., U-shape meta-atoms are proposed that exhibit large transmittance 

contrast. By specifying two different sizes of U-shape antenna with opposite 

transmittance tendency, the switchable optical phase profiles are introduced by 

exploiting the principle of geometric phase. As an example of the wavefront 

switching functionality, anomalous refraction angle switching and dispersionless 

active hologram are demonstrated.  

In chapter 3, the method to expand the switching functionality of GMWS to three-

level through engineering a thermo‐optically creatable hybrid state that is the co‐

existing state of amorphous and crystalline GST‐based meta‐atoms is proposed. The 

hybrid state is created by exploiting the fact that the temperature variation of GST 

meta-atom once the external optical pulse signal incident is dependent on the size 

and shape. Based on this concept, the proposed GMWS that is composed of two 
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different sizes of GST-based meta-atom can undergo selective crystallization once 

adequate energy of pulsed light is incident. Furthermore, the novel hologram 

technique is introduced for providing the visual information that is only recognizable 

in the hybrid state GST metasurface. Thanks to thermo‐optical complexity to make 

the hybrid state, the metasurface allows the realization of highly secured visual 

cryptography architecture without the complex optical setup. 

In chapter 4, the inverse design method is exploited to dramatically improve the 

operation efficiency of GMWS engineered by forward design method. As the inverse 

design method, the gradient ascent method is utilized that iteratively optimizes the 

randomly distributed index profile of the overall metasurface in the direction of 

maximizing the target scalar amount of output light. The gradient calculation is 

conducted based on the adjoint variable method. And as a gradient ascent method 

algorithm, the adaptive momentum estimation method (ADAM) that can efficiently 

find the global optimum value of the objective function is utilized. In order to check 

the feasibility of this approach, it is designed in such a way that the GST metasurface 

grating (GMG) routes the monochromatic incident light to the +1st diffraction order 

in the amorphous phase and -1st diffraction order in the crystalline phase. As a result 

of optimization, the diffraction efficiencies of our proposed GST metasurface are 91 % 

and 76 % for amorphous and crystalline phases while providing SNR 15 dB and 11 

dB, respectively. 

The author expects that this dissertation can help to develop optically controllable 

GST metasurface with outstanding functionality that provides reliable operation 

within small form factor. Furthermore, the author hopes that this dissertation inspires 

research not only on GST based metasurface but also on various active material 

based metasurface design platform. 
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Appendix 
A. 5-level spectrum modulation through multistate 

selective crystallization  
 

The possibility of selective crystallization comes from meta-atom size-dependent 

heat generation density. Hence, once the unit cell structure of metasurface is 

composed of four different size meta-atom, the four-state selective crystallization 

can be induced that results in 5-level switching as shown in Figure A1. 

 

 

Figure A1. Schematic illustration of multilevel metasurface working principle. 

 

To quantitatively verify the possibility of four-state selective crystallization, the 

meta-atom size dependent average heat density (Q) is calculated. The 45˚ linear 

polarized control light with 940 nm wavelength is utilized as control light condition. 

As shown in Figure A2, the average Q value is decreased according to increment of 

w2. 
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Figure A2. (a) Building block of metasurface unit cell structure. P denotes period of 

building block. w1 and w2 denote geometric parameters of nanorod. The P is 500 nm 

and the w1 is fixed as 350 nm. (b) Meta-atom size dependent average heat density 

and (c) heat density profile in case of 45˚ linear polarized control light incidence with 

940 nm wavelength.  

 

Based on calculated average Q values, the four different size of meta-atom is selected. 

The w2 with 120 nm, 150 nm, 190 nm, and 250 nm are selected and called A. 1, A. 

2, A.3, and A. 4, respectively. The selected meta-atoms are interleaved into unit cell 

structure and the temperature simulation is conducted according to increase of 

control light power.  
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Figure A3. (a) Unit cell structure of metasurface and its heat generation profile. (b) 

Time dependent spatially-averaged temperature plot as power of control light (P0) 

increase.  

 

As shown in Figure A3 (b), the numerical data verification about the possibility of 

four-state selective crystallization is conducted. Based on the calculated results, it is 

demonstrated that the metasurface with unit cell structured composed of A.1, A. 2, 

A. 3, and A.4 can provide 5-level switching from state 1 to state 5 through 

modulation of the power of control light. To apply the proposed 5-level switchable 

GST metasurface to multilevel spectrum modulation, the reflectance of individual 

meta-atom for the wavelength range from 1200 nm to 1600 nm is calculated as 

shown in Figure A4.  
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Figure A4. Meta-atom size dependent reflectance in case of signal light incidence 

for both phase of GST. 

 

According to phase change from amorphous to the crystalline phase, the reflectance 

dip is slightly red-shifted and the overall reflectance is decreased. As the reflectance 

of the unit cell structure is linear summation of reflectance from individual meta-

atom, the reflectance spectra are gradually decreased for the overall wavelength 

regime (especially right side regime of target wavelength regime) according to state 

transition from state 1 to state 5 (Figure A5 a). As shown in Figure A5 (b), the 

extinction ratios between each state are sufficiently large for the overall target 

wavelength regime. 

 

 

Figure A5. (a) Reflectance spectra for each state. S is an abbreviation of state. (b) 

Extinction ratio of multilevel switch in dB scale. 

 

B. Simulation space-dependent optimization results 
 

The optimization result is highly affected by the condition of simulation space and 

initial index profile. As shown in Figure B1, the topology-optimized GMGs 

according to different simulation spaces and random initial index profiles are 

numerically demonstrated. Except for a period of the grating for y-direction (Λy), the 

simulation space for topology optimization is the same as that of optimized GMG 

dealt with in Chapter 4. 
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Figure B1. The iteration plot, optimized GMG structure, and diffraction efficiency 

distributions for (a) Λy = 2.44 μm, (b) Λy = 2.58 μm, and (c) Λy = 2.68 μm. 
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C. Related works 
 

Portions of the work discussed in this dissertation were also presented in the 

following publications: 

 

[Chapter 2] C. Choi, S.-J. Kim, J.-G. Yun, J. Sung, S.-Y. Lee, and B. Lee, 

“Deflection angle switching with a metasurface based on phase-change nanorods,” 

Chinese Optics Letters, vol. 16, no. 5, pp. 050009, (2018). (Invited paper)  

 

[Chapter 2] C. Choi, S.-Y. Lee, S.-E. Mun, G.-Y. Lee, J. Sung, H. Yun, J.-H. Yang, 

H.-O. Kim, C.-Y. Hwang, and B. Lee, "Metasurface with nanostructured Ge2Sb2Te5 

as a platform for broadband‐operating wavefront switch," Advanced Optical 

Materials, vol. 7, no. 12, article 1900171, (2019). 

 

[Chapter 3] C. Choi, S.-E. Mun, J. Sung, K. Choi, S.-Y. Lee, and B. Lee, “Hybrid 

State engineering of phase change metasurface for all-optical cryptography,” 

Advanced Functional Materials, vol. 4, no. 31, article 2007210 (2020). 
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초    록 

 

초고속 정보통신 시대에 살고 있는 현 시점에서, 데이터 처리 속도 

향상에 대한 관심은 지속적으로 높아지고 있다. 이러한 관심에 부응하여, 

광 신호 처리 분야에서는 통신 능력 향상에 결정적인 역할을 하는 

능동형 광 제어 소자의 스위칭 성능 향상을 위한 연구가 성황리에 

이루어지고 있다. 능동형 광 제어 소자 관련된 다양한 연구 중, 전광 

제어 가능한 파면 전환 소자는 빠른 초고속 스위칭 성능뿐만 아니라 

많은 양의 광 정보를 한 번에 처리 할 수 있는 파면의 병렬적 특성으로 

인해 많은 주목을 받고 있다. 

본 논문에서는, 메타 표면과 위상 변화 물질 GeSbTe (GST)의 

조합을 통하여 전광 제어 가능한 파면 스위치의 성능 향상을 위한 설계 

방법론을 소개한다. 메타 표면이란, 원하는 광학 특성을 나타내도록 

임의로 설계 된 나노구조체들의 배열로 이루어진 초소형 광학 소자를 

일컫는다. 설계 된 메타 표면의 광학적 산란 특성을 외부 광학 신호를 

통해 능동적으로 변조하기 위해서는, 광원 조사에 의해 광학적 물성이 

변조되는 활성 물질을 메타 표면의 구성 요소로 활용하여야 한다. 해당 

요구 조건을 만족하는 최적의 활성 물질로써, 가역적으로 상을 변환 

시킬 수 있는 쌍 안정성 물질인 GST가 활용한다. GST를 접목시킨 메타 

표면 기반 파면 전환 소자 (이하, GMWS)는 GST 고유의 훌륭한 

스위칭 특성과 메타 표면의 높은 설계 자유도를 활용함으로써 높은 

성능을 띄는 파면 전환 소자를 설계하는데 있어 적합하다. 본 

연구에서는, 기존의 전광 제어 파면 전환 소자를 설계 할 때 개선하기 

힘들었던 동작 대역폭 확장, 변조 단계 확장, 그리고 회절 효율 증가에 

초점을 맞춰 GMWS 설계를 진행하였다. 

먼저 GMWS의 작동 대역폭을 개선하기 위해, 비 공진 GST 나노 

구조 기반 GMWS를 제시함으로써 근적외선 파장 영역에서 500 nm 
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이상의 넓은 작동 대역폭을 제공하였다. 스펙트럼 상에서, GST의 각 

상에 따라 투과율의 경향성이 반대로 유지되는 서로 다른 모양의 U자형 

안테나를 설계 한 후, 기하학적 위상의 원리를 활용하여 각 상에 따라 

독립적인 위상 분포를 형성 하였다. 파면 전환 기능의 예로서, 굴절 각 

전환 및 동적 홀로그램을 넓은 대역폭에 걸쳐 시연하였다. 

다음으로, 비정질 및 결정질 GST 기반 나노구조체가 공존하는 상태인 

하이브리드 상태를 만들어내는 방법을 제안함으로써, 종래의 GMWS의 

스위칭 단계를 2단계에서 3단계로 확장하는 방법을 제안하였다. 

하이브리드 상태 GMWS는 외부 광원 입사시 GST 기반 나노구조체에 

여기 되는 열 생성 량이 크기와 모양에 따라 다르다는 사실에 입각하여 

설계된다. 이 개념을 바탕으로 서로 다른 모양을 갖는 2개의 GST 기반 

나노구조체로 구성된 GMWS에 적절한 에너지를 갖는 외부 광원을 

입사시켜, 선택적 상 변이 현상을 유도 시켰다. 이에 더 나아가 본 

논문에서 제안한 3 단계 상 변이 GMWS를 암호화 시스템에 접목시키기 

위하여, 하이브리드 상태의 GMWS에서만 인식 가능한 시각 정보를 

제공하고 나머지 GMWS 상에서는 인식 불가능한 시각 정보를 제공하는 

새로운 홀로그램 기법을 도입하였다. 제안 된 암호화 시스템은, 

하이브리드 상태를 만들기 위해 필요한 열 광학 복잡성 덕분에, 복잡한 

알고리즘없이 안전한 시각적 암호화 구조를 실현할 수 있다. 

마지막으로 구조 최적화 방법을 활용하여 GMWS의 회절 효율을 

획기적으로 향상시켰다. 구조 최적화 방법으로는, 목적으로 한 출력 

광의 크기를 최대화하는 방향으로 전체 메타 표면의 구조 분포를 

반복적으로 변화시키는 경사 상승 방법을 활용하였다. 이 접근 방식의 

타당성을 확인하기 위해, 비정질 단계에서 +1차 회절 차수로 빛을 굴절 

시키고, 결정질 단계에서는 -1차 회절 차수로 빛을 굴절 시키는 GST 

메타 표면 격자를 설계하였다. 최적화 결과, GST 메타 표면 격자의 

회절 효율은 SNR 15dB 및 11dB를 제공하면서 비정질 및 결정질 

위상에 대해 각각 91 % 및 76 %를 달성 하였다. 
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본 논문은, GMWS의 향상된 기능을 위한 실용적인 광학 설계 방법과 

상세한 분석을 제시하였다. 제안 된 접근 방식은 전광 제어 파면 전환 

소자의 성능을 개선하기위한 혁신적인 솔루션으로 활용 될 수 있을 

것이라 예상된다.  
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