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Abstract 

The surface wave-based applications have received great attention for their various 

optical properties and possibilities.  Surface plasmon polariton (SPP) is one type of surface 

wave that can be excited at the interface between metal medium and dielectric medium. SPP 

has been investigated in a large variety of applications including biosensors, chemical sensors, 

microscopy, logic gate, and light switching. However, SPP-based applications are intrinsically 

limited in their practicality by severe ohmic losses occurring in their metal medium. The issue 

of short propagation lengths, limited operating wavelength, and narrow resonance prevent it 

from being used as part of the integrated photonic circuit (PIC). PIC offers significant 

advantages over electronic circuits, such as low-loss information transport and faster 

information processing. 

Bloch surface wave (BSW), as another type of electromagnetic surface wave, BSWs 

propagate at the interface between a dielectric multilayer and the dielectric medium and are 

considered to be a dielectric analog to SPPs. BSW-based devices could circumvent the issues 

of SPP-based devices due to the low-loss propagation and wide operating wavelength regions 

owing to the metal-free structure. BSW has drawn a great deal of attention and has been studied 

widely for various applications including sensors, photodetectors, Mach−Zehnder 

interferometers, and components of photonic integrated circuitry in recent years. However, 

most of the studies of BSW focus on sensing applications, the study of on-chip integration 

photonic applications based on BSW are incomplete. The BSW-based on-chip integration 

photonic applications are promising for the development of low-loss and wide operating 

wavelength regions PIC. 

  To realized the BSW-based on-chip integration photonic applications, the manipulation 

of BSW on a chip is needed. The basic and important components, coupler and guiding slab 
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are required for the manipulation of BSW. While the coupling of BSW by the grating coupler 

and the guiding of BSW by guiding-slab has been demonstrated in recent years, the 

demonstration of the integration of BSW-based grating coupler and guiding-slab is missing. In 

this study, the integration of BSW-based grating coupler and guiding-slab has been 

demonstrated, which opens the new possibility of BSW-based on-chip integration photonic 

applications. Furthermore, the sensing application based on the slab-guided BSW has been 

demonstrated in this study. Using metal-free structures that can serve as an efficient optical 

circuit with a long propagation length on a chip opens the new possibilities of the surface wave-

based biosensor. This study will impact the development of analysis tools for label-free sensing 

for use in medical diagnostics, pharmaceutical research, and biological research. 

 Based on the slab-guided BSW, the all-optical logic gate has been proposed in this 

study. The all-optical logic gate devices have attracted enormous attention because of their 

critical applications in the fields of information processes and the development of PIC. There 

are various approaches to realize the all-optical logic gates such as the formation of 

constructive/destructive interference in the photonic-crystal structure and the guided-SPP. 

Although several types of logic gates are realized based on the photonic-crystal structure 

platform, the intrinsic instability and low extinction ratio between on and off-state hamper it to 

be used to build a practical photonic circuit. Though the SPP-based all-optical logic gate can 

overcome the issue of low extinction ratio, the intrinsic ohmic losses from electronic excitation 

in their metal medium have been seen as a bottleneck for building a practical 

photonic/plasmonic integrated circuit with low propagation loss. The proposed slab-guided 

BSW-based logic gate overcomes the issues of photonic-crystal-based and SPP-based all-

optical logic gate. In this study, taking advantage of the metal-free structure and BSW 

interference-based mechanism, the proposed all-optical logic gate can be operated in 



Abstract 

iv 

 

telecommunication wavelengths with a high extinction ratio. Moreover, the long-distance 

waveguide-to-waveguide coupling is reached with a 100 um separation between two 

waveguides, which is almost 3 orders longer than that of the traditional evanescent waveguide-

to-waveguide coupling with around a 250 nm separation has been demonstrated in this study. 

 The other application based on slab-guided BSW, light switching, has also been 

demonstrated in this study. As PICs include more individual optical elements and realize more 

complex functions, the ability to control the propagation direction of light is becoming 

important. Light switching based on spin-controlled unidirectional coupling has been 

demonstrated in chiral photonic circuits and SPP-based chiral-metasurface. Chiral-sensitive 

metasurface, as two-dimensional nanostructures composed of subwavelength elements that can 

arbitrarily control the propagation direction of electromagnetic waves through spin-controlled 

coupling, have drawn a lot of attention owing to its high directional selectivity. The ability to 

control the propagation direction and the operating wavelength of such structures through their 

shape and period makes them highly flexible. They, therefore, have the potential to facilitate 

the development of complex optical systems and PICs. However, the BSW-based chiral 

metasurface has not been demonstrated yet. In this study, the light switching based on BSW-

based chiral metasurface has been demonstrated with high directional selectivity and long 

propagation length at telecommunication wavelengths. The ability to realize light switching on 

a chip at telecommunications wavelengths using the metal-free chiral-sensitive metasurface 

makes it promising for applications in low-loss on-chip photonic integrated devices and sensors. 

 The BSW-based applications have been widely studied as mention. However, most of 

these BSW platforms require a large number of layers to realize the coupling of the surface 

mode due to the small difference of refractive index between high- and low-refractive-index 

material. Additionally, although BSW modes have been investigated in the visible region and 
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the near-infrared region, very limited reports are available for the mid-infrared region. MIR 

spectroscopy enables the determination of characteristic vibrational resonances of many 

functional molecules so that it can be used to perform label-free sensing, medical diagnostics, 

and food analysis. In this study, the BSW has been demonstrated both in NIR and MIR regions 

with the Ge/SiO2 dielectric multilayer by adjusting the thickness of the dielectric layers of the 

BSW platform. The BSW mode was observed in the MIR range, thus greatly extending the 

range of BSW wavelengths and possibly reaching the fingerprint region of organic molecules. 
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Chapter 1 : Introduction 

1.1 Background of electromagnetic surface wave 

Surface waves occur at the interface between two different media with different 

types of permittivity or permeability. Owing to the special properties of a surface wave 

such as field localization and surface sensitivity, the surface waves have attracted a 

significant amount of attention [1,2]. Surface plasmon polariton (SPP) is one type of 

surface wave that can be excited at the interface between a metal layer and a dielectric 

layer [3,4]. The electric field of an SPP is maximum at the interface and decays 

exponentially in the dielectric layer as well as the metal layer. In order to excite the TM-

polarized SPPs, the wave vector of incident light should match with the wave vector of 

SPPs. From Maxwell’s equations, the propagation constant of the surface plasmon wave 

propagating along the metal-dielectric interface can be expressed as [5]: 

𝑘𝑆𝑃𝑃 =
2𝜋

𝜆
√

𝜀𝑚𝜀𝑑

𝜀𝑚 + 𝜀𝑑
 

where kSPP is the propagation constant of surface plasmon wave, λ is the wavelength of 

the incident light in free space, εm and εd are the dielectric constants of metal and 

dielectric medium which are functions of the wavelength. Prism coupling configuration 

and grating coupler are two common approaches to enable the wave vector of incident 

light to match the wave vector of SPPs. In order to excite the SPPs by using prism 

coupling configuration, the propagation constant of the evanescent wave needs to match 

the wave vector of SPPs. The evanescent wave is generated by the total internal 

reflection when the incident light is greater than the critical angle. When the wave 

vectors are matched, the SPPs will be excited by evanescent waves and propagate along 

with the interface between the dielectric layer and metal layer as shown in Figure 1-1 
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(a) and (c). In the case of grating coupler-based coupling, one of the directions of the 

diffraction of light that generated by incident light along the plane of the grating with a 

wave vector greater than the wave vector of SPPs. The SPPs will be excited when the 

matching condition is realized shown in Figure 1-1(c). The matching condition can be 

realized with a specific period of the grating coupler. The schematic diagram of the 

SPPs excited by the mean of the grating coupler is shown in Figure 1-1 (b) 

 

Figure 1-1 The schematic diagram of (a) prism and (b) grating coupler coupling 

configurations for SPPs excitations. (c) The dispersion curves of surface plasmon wave, 

the prism coupling, and grating coupler coupling configurations. [5] 

In the past decades, SPPs have been investigated in a large variety of applications 

including biosensors [6,7], chemical sensors [6] [8], microscopy [9], and 

waveguides [10]. However, SPPs are intrinsically limited by severe ohmic losses 

occurring in the metal layer so that applications requiring long propagation lengths 

and/or high-quality resonances have been hampered [11,12]. The propagation length of 

SPPs LSPP is defined as the distance for the SPW intensity to decay by a factor of 1/e as: 
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𝐿𝑆𝑃𝑊 ≈  √
𝜀1

′ + 𝜀2

𝜀1
′ 𝜀2

𝜀1
′ (𝜀1

′ + 𝜀2)

𝜀1
′′𝜀2

𝜆

2𝜋
 

where ε1′ and ε1″ are the real and imaginary parts of the dielectric function of the metal, 

respectively. The large value of the imaginary part of refractive index ε1″ of metal 

causes the intrinsic short propagation length of SPPs. Therefore, the propagation length 

of SPPs is limited in the order of tens μm. Figure 1-2 shows the typical propagation 

behavior of SPPs with waveguides. The light intensity of out-couple light is greatly 

decreased with the increase of the length of the waveguide. The typical propagation 

length of SPPs is the order of tens μm. 

 

Figure 1-2 Scanning electron microscope (SEM) images of a 5 μm wide and 45 μm long 

waveguide, and a set of images obtained using a CCD camera. (i)  5 μm wide and 15 

μm long waveguide to (vii) 5 μm wide and 45 lm long waveguide [12]. 

1.2 Bloch surface wave 

Bloch surface wave (BSW) is a different type of surface wave that can propagate at the 

interface between a one-dimensional photonic crystal (1D-PC) and a dielectric 

medium [13,14]. BSW is considered as the alternative to SPPs due to their superior 

properties such as longer propagation lengths and wide wavelength range 

operations [15,16]. While both SPPs and BSWs offer significant electromagnetic field 
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enhancements at the surface, the mechanisms for the electromagnetic field confinement 

at the surface are different. In the case of SPPs, the confinement is achieved through the 

collective oscillations of the free electrons in the metal. These electron oscillations limit 

the quality of the resonance due to ohmic losses so that the full width at half maximum 

(FWHM) of the SPP resonances cannot be reduced below some limit that prevents high-

resolution spectroscopy. In contrast, BSWs do not require metal layers and support 

evanescent waves between 1D-PC (dielectric multilayer) and a dielectric medium. 

Hence, BSWs possess much lower losses than SPPs [14]. The prism coupling 

configuration and grating coupler coupling that is used in coupling SPPs can also use to 

couple light into BSW. Figure 1-3(a) shows the schematic of the prism coupling 

configuration for BSW excitation. When the incident light with a certain wavelength 

and incident angle that match the wave vector of BSW, the BSW will be excited and 

propagate at the interface between the dielectric medium (air) and dielectric multilayer. 

The evanescent decaying normalized electric field distribution in the dielectric 

multilayer BSW platform (Figure 1-3(b)) shows a typical BSW mode. 
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Figure 1-3  (a) Schematic of a prism coupling configuration to excite BSW using a 

dielectric multilayer. (b) E-field intensity at the surface of a TiO2/SiO2 multilayer BSW 

platform when incident light couple into BSW [17]. 

Propagation length of BSW 𝐿𝐵𝑆𝑊 is the distance where the intensity of the propagating 

field drops down exponentially (𝑒(−𝑦/𝐿𝐵𝑆𝑊)) to 1/e of its maximum value. The study of 

the propagation length of BSW at telecommunication wavelength is shown in Figure 

1.4. By using the prism coupling approach, BSW is coupled and propagates on the top 

surface. A fiber probe is used to scan the top surface for observing the propagation of 

BSW as shown in Figure 1-4(a). Figure 1-4 (b) shows the near-field scanning optical 

microscope image, which shows the propagation of BSW on the top surface. The field 

intensity is decreased very slightly with the propagation of BSW, which shows the very 

low-loss propagation behavior. Figure 1-4(c) shows the exponential fit of the field 

intensity along the direction of propagation to measure the propagation length. Unlike 

the metal layer in the SPP platform, there is no metal layer in the BSW platform. 

Therefore, the propagation length of BSW is much longer than that of SPP. The very 

long propagation length of BSW with the order of mm at telecommunication 

wavelengths has been demonstrated with SiN3/SiO2 multilayer with a TiO2 additional 
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layer as shown in Figure1-4 [18]. The losses of BSW from the (1) absorption in the 

material, (2) surface scattering, and (3) leakage into the substrate. The absorption in the 

material can be very low when the low absorption material is used. The surface 

scattering issued can be largely improved by using high-quality deposition techniques 

such as plasma-enhanced chemical vapor deposition to realized extremely low loss from 

surface scattering from the roughness of deposited material [19]. The losses of BSW 

mainly from the leakage into the substrate. This issue can be improved by increasing 

the number of layers of the dielectric multilayer. In addition to that, the operating 

wavelength range of BSW is much wider than that of SPP (mostly in the visible region 

due to high absorption in the wavelength range above visible region wavelength). 

Thanks to the large number of possibilities of dielectric material that can be used as the 

dielectric layer of the BSW platform, the operating wavelength range of BSW is very 

broad. The BSW in the visible region, near-infrared (NIR) region and mid-infrared 

(MIR) region have been demonstrated. 

 

Figure 1-4 (a) Schematic of the BSW coupling on a dielectric multilayer platform. (b) 

Multi-heterodyne scanning near field optical microscopy image demonstrating BSW 
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propagation in the near-field. (c) Exponential fit of the field amplitude along the 

direction of propagation to measure the propagation length  [18]. 

In recent years, BSWs have drawn a great deal of attention and have been studied 

extensively for various applications including sensors [20–22] and components of 

photonic integrated circuitry such as photodetectors [23] and waveguides [24–27], ring 

resonator [28], and Mach−Zehnder interferometers [29]. 

1.3 Surface plasmon wave versus Bloch surface wave 

SPW is a type of electromagnetic surface wave that propagates at the interface between 

metal later and dielectric medium, the dielectric medium is usually air or water. Due to 

the high loss of the metal layer, the propagation length is quite short (<100μm), the 

operating wavelength is also very limited (mostly in the Visible region).  

BSW is also a type of electromagnetic surface wave, different from SPW, BSW 

propagates at the interface between dielectric medium and dielectric multilayer. Due to 

the very low loss of dielectric material, the propagation length of BSW is much longer 

than that of SPW, the propagation length of BSW has been demonstrated up to mm 

order [18]. Additionally, because several dielectric materials have good optical 

properties in different wavelength ranges, the operating wavelength range of BSW is 

very broad. The BSW has been demonstrated in visible [30] near-infrared [20] and mid-

infrared regions [31]. The summary of the comparison of surface plasmon wave and 

Bloch surface wave is shown in Figure 1-5. 
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Figure 1-5 Surface plasmon wave versus Bloch surface wave  



Chapter 2: Manipulation of BSW on a chip: slab-guided BSW 

9 

 

 

Chapter 2 : Manipulation of BSW on a chip: slab-guided 

BSW 

2.1 Introduction 

The Photonic integrated circuits (PICs) offer significant advantages over electronic 

circuits, such as low-loss information transport and faster information processing [32–

34]. A variety of devices including modulators [35], photodetectors [36], optical 

multiplexers [37], and spectral filters [38] have been demonstrated on PIC platforms in 

the past decades. The BSW-based PIC opens new possibilities in the applications of a 

low-loss surface wave such as a biosensor. To realized the BSW-based PIC, the 

manipulation of BSW on a chip is needed. The basic and important components, coupler 

and waveguide, are required for the manipulation of BSW. The grating coupler for BSW 

coupling has been demonstrated as shown in Figure 2-1 [39]. The grating couplers 

perpendicular to each other are designed for different polarization directions (P1 and 

P2) of incident light as shown in Figure 2-1 (a), (b), and (c). The light with P1 and P2 

polarized will couple into BSW and propagate to x- and y-direction, respectively. The 

fabricated sample is shown in Figure 2-1 (d), the ridge A and B are used for scattering 

light out for observing the coupled BSW in x- and y-direction, respectively. The 

experimental results are shown in Figure 2-1 (e) and (f). The incident light with P1 and 

P2 polarized are coupled into BSW and propagates to x and y direction until scattering 

out from ridge A and B, respectively. The light intensity distribution as shown in Figure 

2-1 (g) clearly shows the incident light is coupled into BSW and scattered out from the 

ridge.  
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Figure 2-1 (a) Polarization with respect to gratings. (b) Illustration of the BSW coupling 

at the single grating (c) Illustration of the BSW coupling at the inter-crossed grating. (d) 

SEM image of sample (e) Camera image of the horizontally coupled BSW (f) Camera 

image of the vertically coupled BSW (g) Cross-sections for vertically and horizontally 

couple BSWs [39]. 

The BSW guided by polymeric ridges has also been demonstrated as shown in Figure 

2-2 [24]. The schematic diagram of the realization of guided-BSW is shown in Figure 

2-2(a). Light is coupled into BSW by the prism and propagates on the ridge. The 

scanning near field optical microscope probe is used to characterize the propagation of 

guided-BSW on the polymeric ridge. Figure 2-2 (b) shows the intensity distribution of 

the polymeric ridge on the BSW platform shows the field exponentially decay in the air 

and in the BSW platform, which is a typical BSW mode. The experimental results of 

the characterization of the propagation of guided-BSW are shown in Figure 2-2 (c) and 

(d). In this study. the BSW platform is designed for TM-polarized light, so the TM-

polarized light will not couple into BSW as shown in Figure 2-2 (c). For the TE-

polarized light, the light is couple into BSW and propagate on and polymeric ridge with 

good confinement as shown in Figure 2-2 (d). 
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Figure 2-2 (a) Light couple into BSW and propagates on the polymeric ridge by the 

prism. (b) The guided-BSW total intensity distribution of polymeric ridge on BSW 

platform (c) Airy-like near-field amplitude distribution upon TM-polarized illumination. 

(d) Guided BSW field amplitude distribution on the polymeric ridge upon TE-polarized 

illumination [24]. 

However, although both BSW coupling using the line grating coupler [40] and the BSW 

guiding through a guiding slab [24] have been demonstrated, the integration of grating 

coupler and guiding slab in a single device has yet to be demonstrated. The integration 

of the grating coupler and guiding slab is critical in the development of the BSW-based 

PIC.  

2.2 Light couple into BSW by grating coupler and guided by guiding slab 

The schematic diagram of the grating coupler and guiding slab on the dielectric 

multilayer BSW platform is shown in Figure 2-3. The TE-polarized light couple into 

BSW by the grating coupler and propagate on guiding slab on 5-pair Si/SiO2 dielectric 
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multilayer BSW platform. To achieve BSWs with low propagation losses at 

telecommunications wavelengths, Si and SiO2 were selected as the high and low index 

materials, respectively, due to their low absorption coefficients over the 

telecommunications wavelength range.  

 

Figure 2-3 Schematic diagram of grating coupler and guiding slab on Si/SiO2 BSW 

multilayer 

Under normal incidence, the grating period Λ can be estimated from the target 

wavelength λ by 

𝛬 =
𝜆

𝑛eff
 

where neff is the effective mode index of the BSW mode. The Beam Propagation Method 

(BPM) (BeamPROP, RSoft Design Group, Ossining, U.S.A.) was used to find a guided 

mode as shown in Figure 2-4 (a). The layer thicknesses were optimized to be 190, 378, 

and 40 nm for the Si layer, SiO2 layer, and Si top layer, respectively. For a guiding slab 

with a width of w = 700 nm and height of h = 40 nm, the effective mode index of the 

resulting BSW mode is neff = 1.24 and the effective wavelength is λBSW = 
𝜆

𝑛eff
 =1250 nm. 

Starting from the initial calculated value, the grating period Λ is then optimized using a 
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finite-difference time-domain (FDTD) simulation (FullWAVE, Rsoft Design Group, 

Ossining, U.S.A.) in which a Gaussian beam (λ = 1550 nm, TE-polarized normal 

incident) is shone onto the grating coupler and examining the efficiency of BSW 

excitation. The grating period Λ and the slab width s were varied to obtain maximum 

BSW coupling efficiency by finding the conditions for maximum absorption. The 

schematic of the behavior of light in the grating coupler and dielectric multilayer BSW 

platform is shown in Figure 2-4(b). To optimize the grating coupler on the dielectric 

multilayer BSW platform, the absorption and transmission spectral have been simulated 

as shown in Figure 2-4(c). The normalized electric field Ey distribution for the optimized 

dimensions (period Λ = 1223 nm and slab width s = 832 nm) of the grating coupler and 

dielectric multilayer BSW platform is shown in Figure 2-4(d). The amplitude of the 

electric field was found to be at the maximum at the top layer and negligible in the 

vicinity of the substrate. These two observations together indicate that the TE-polarized 

incident light is well coupled into the BSW, and the maximum coupling is reached by 

the designed grating coupler.  

 

Figure 2-4 Characterization of the grating coupler and the guiding slabs on the dielectric 

multilayer BSW platform. (a) Normalized electric field Ey amplitude distribution (y−z 

plane) of the BSW that propagates along with the guiding slab. (b) Schematic of the 

behavior of light in the grating coupler and dielectric multilayer BSW platform. (c) The 

absorption and transmission of the grating coupler and dielectric multilayer BSW 
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platform as a function of the grating period. (d) Normalized electric field Ey amplitude 

distribution (x−z plane) of the grating coupler. (e) Normalized electric field energy 

density Edensity distribution along an x−y plane through the center of the top Si layer 

when the grating coupler is illuminated by TE-polarized light. BSW propagates along 

with the guiding slabs on the left and right sides of the grating coupler. The insets of (a) 

through (c) show schematics of the cross-sections used in each respective figure. 

The coupling of normal TE-incident light to a guided BSW using a grating coupler 

connected to a guiding slab on a dielectric multilayer BSW platform is further 

confirmed using 3D FDTD simulations. Figure 2-5 shows the normalized electric field 

energy density (Edensity) distribution in the x−y plane for the grating coupler under 

illumination by TE-polarized light (λ = 1550 nm, Gaussian beam). The guiding slab 

ensures the coupled light is confined and propagates along with the guiding slab. The 

theoretical propagation loss of the guided BSW is zero under the assumption of a semi-

infinite one-dimensional photonic crystal (dielectric multilayer), real devices have a 

finite number of periodic layers, and this introduces a finite propagation loss caused by 

light leaking out through the substrate. In contrast to surface plasmon polaritons, which 

have inherent metal losses, the BSW propagation losses can be reduced by increasing 

the number of layer pairs and also employing high-quality deposition techniques (e.g., 

plasma-enhanced chemical vapor deposition) [19] that can realize extremely low loss 

dielectric materials. 
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Figure 2-5 Characterization of the grating coupler and the guiding slabs on the dielectric 

multilayer BSW platform.  Normalized electric field energy density Edensity distribution 

along an x−y plane through the center of the top Si layer when the grating coupler is 

illuminated by TE-polarized light. BSW propagates along with the guiding slabs on the 

left and right sides of the grating coupler. The inset show schematics of the cross-

sections used in each respective figure. 

Following the design and optimization of the grating coupler and guiding slab on the 

dielectric multilayer, the device has been fabricated.  The thicknesses of 5-pair Si/SiO2 

multilayer BSW platform, Si and SiO2, with thicknesses of 190 and 378 nm, 

respectively, were deposited on a SiO2 substrate using an RF-magnetron sputtering 

system (CFS-4ES, Shibaura Engineering Works Co., Ltd., Yokohama, Japan). Guiding 

slab and grating coupler patterns were defined by electron beam (EB) lithography. The 

electron beam resist (ZEP520A, Zeon Corporation, Tokyo, Japan) was spin-coated at 

3000 rpm with a thickness of about 400 nm. The exposure dose of the electron beam 

system (F7000SVD02, Advantest, Tokyo, Japan) was set to 104 μC/cm2. The 

development was performed using n-amyl acetate as a developer and methyl isobutyl 

ketone and isopropyl alcohol for rinsing. The Si top layer with a thickness of 40 nm was 

deposited on top of the patterned resist. The lift-off process removed the resist with Si 

top layer. Dimethylacetamide was used as a stripper in the lift-off process. The process 



Chapter 2: Manipulation of BSW on a chip: slab-guided BSW 

16 

 

was done at room temperature. The SEM image of the fabricated 5-pair Si/SiO2 

multilayer, grating coupler, and guiding slab is shown in Figure 2-6. 

 

Figure 2-6 SEM image of the 5-pair Si/SiO2 multilayer, grating coupler, and guiding 

slab 

2.3 Propagation length of slab-guided BSW 

The experimental setup used to investigate the incident light coupled to BSW and the 

propagation length of BSW is shown in Figure 2-7. The tunable laser with C-band and 

L-band wavelength range as the light source. The collimator is used to have the laser 

beam from fiber become a plane wave beam. The polarization of the laser light is 

controlled by a polarizer. The NIR camera is used to capture reflected light from the 

sample and will also detect light out-coupled from the grating coupler. 
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Figure 2-7 Experimental setup used to couple incident light to a guided BSW and collect 

the out-coupled light. 

Figure 2-8 shows the NIR images captured by NIR camera with the experimental setup 

shows in Figure 2.4. The fabricated grating couplers connected with the guiding slab on 

the dielectric multilayer BSW platform can be seen in the NIR image as shown in Figure 

2.5(a). When the left grating coupler under normal TE-polarized illumination, the light 

coupled into BSW in the guiding coupler and propagated to the right side, and then out 

coupled from the grating coupler on the right side as shown in Figure 2-8 (b). 
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Figure 2-8 (a) NIR images of 20 μm-long guiding slab (b) NIR images of 20 μm-long 

guiding slab under TE-polarized illumination. Reflected light from the in-coupling 

grating is observed on the left, and decoupled light from the out-coupling grating is 

observed on the right 

To study the propagation length of BSW, the devices with different lengths of guiding 

slabs have been fabricated. Figure 2-9 (a) shows NIR images of different length guiding 

slabs with grating couplers on either end. Light is incident on the grating couplers on 

the left and is coupled into a guided BSW that propagates along with the guiding slabs 

to the grating couplers on the right side where the out-coupled light can be seen as a 

bright spot. The light intensity of the bright spot on the right side then is analyzed by 

using image processing software ImageJ. The integrated intensity of the out-coupled 

light for different guiding slab lengths is shown in Figure 2-9 (b). The result is fit to an 

exponential decay which gives an estimated propagation length of 135 μm for the 

guided BSW mode. In comparison to the very short propagation lengths of the SPPs (≈ 

10 μm) reported in the literature the observed BSW, propagation length is one order 

longer [41–44], the based on lab-guided BSW will be introduced in the ex section. 
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Figure 2-9 Coupling and propagation of a guided BSW on a dielectric multilayer BSW 

platform. (a) NIR images of 50, 100, 150, and 200 μm-long guiding slabs under TE-

polarized illumination. Reflected light from the in-coupling grating is observed on the 

left, and decoupled light from the out-coupling grating is observed on the right. (b) The 

integrated intensity of the out-coupled light spot from guiding slabs of varying lengths 

is plotted against their length. The result is fitted to an exponential decay curve. 

Coupling and propagation of a guided BSW on a dielectric multilayer BSW platform. 

(a) NIR images of 50, 100, 150, and 200 μm-long guiding slabs under TE-polarized 

illumination. Reflected light from the in-coupling grating is observed on the left, and 
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decoupled light from the out-coupling grating is observed on the right. (b) The 

integrated intensity of the out-coupled light spot from guiding slabs of varying lengths 

is plotted against their length. The result is fitted to an exponential decay curve. 

Chapter 3 : Slab-guided BSW based logic gate 

3.1 Introduction 

The all-optical logic gate devices have attracted enormous attention because of their 

critical applications in the fields of information processes and the development of 

photonic integrated circuits [45–47]. There are various approaches to realize the all-

optical logic gates such as semiconductor optical amplifier [48] and the formation of 

constructive/destructive interference in the photonic-crystal structure [49]. The working 

principle of the photonic crystal interference-based all-optical logic gate is shown in 

Figure 3.1. 2D photonic crystal consist of parallel rods embedded on a substrate. Since 

light cannot propagate in the photonic crystal at the designed wavelength, if the defect 

is introduced into the 2D photonic crystal, the line defect would work as a waveguide. 

The defect line as input and output waveguide is shown in Figure 3-1(a). The four 

images on the top of Figure 3.1(b) show the NOR gate. The input middle waveguide is 

set to be always in the on-state. Thus when neither input A nor input B is in the off-

state, the output will be in the on-state. When either input A or input B is in the on-state, 

due to the destructive interference between input A and input middle or input B and 

input middle, the output will be in the off-state. Finally, when both input A and input B 

are in on-state, the destructive interference is also formed result in the off-state in the 

output.  The four images on the bottom of the Figure 3-1(b) show the AND gate. In the 

case of AND gate, the input middle is set to be off all the time. Therefore, when both 

input A and input B are in the off-state, the output is in the off-state.  When either input 

A or input B is in the on-state, the output will be in off-stated due to the power from 
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only one input is too low. When both input A and input B are in the on-state, the output 

will be on due to the constructive interference formation from two inputs.  

 

 

Figure 3-1 (a) Schematic diagram of the NOR and AND gates based on photonic crystal 

(b) Electric filed propagation for NOR gate and AND gate [50]. 

Although several types of logic gates are realized based on the photonic-crystal structure 

platform, the intrinsic instability and low extinction ratio between on and off-state 

hamper it to be used to build a practical photonic circuit [51]. To overcome this issue, 

the all-optical logic gates that utilize the linear interference between surface plasmons 

polariton (SPP) modes has been demonstrated [52,53] with a fairly high extinction ratio 
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(~20 dB) between on- and off-state which is higher than that of the optical amplifier [54] 

(~8.5 dB) and photonic-crystal structure [51] (~16 dB) based logic gate. 

The working principle of the all-optical logic gate based on the linear interference of 

SPP mode is shown in Figure 3-2. The plasmonic slot waveguides, consisting of air 

slots etched in a thin gold film as shown in Figure 3-2(a). These structures can provide 

SPP modes that are strongly confined at the interface of the dielectric waveguide and 

metal film. The logic operation of the XOR gate is shown in Figure 3-2(b). The grating 

coupler on the left side is used to couple incident light into SPP mode, and the grating 

coupler on the right side is used to couple light out to check the state of the output. The 

XOR gate has an asymmetric Y-shape configuration, which can cause the formation of 

destructive interference between two SPP modes. For the logic operation, when either 

input A or input B is in the on-state, the output will also be in the on-state. When both 

input A and input B are in the on-state, the output will be off-state due to the formation 

the destructive interference between two SPP modes. The extinction ratio, which is the 

power ratio between on- and off-state, is up to 24 dB in this SPP-based logic gate. The 

SPP all-optical logic gate path the way for developing dense on-chip 

photonic/plasmonic integrated circuit. 
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Figure 3-2 (a) Schematic diagram of the plasmonic slot waveguide structure and the 

power density profile of a 530 nm SPP mode. (b) Logic operation of the SPP-based 

XOR logic gate [52]. 

However, despite the well-investigated SPP-based device, the intrinsic ohmic losses 

from electronic excitation in their metal layers have been seen as a bottleneck for 

building a practical photonic/plasmonic integrated circuit with low propagation loss. 

To overcome the issue of the low extinction ratio of the photonic crystal-based logic 

gate and the high loss of the SPP-based logic gate, the BSW-based logic gate is proposed 

in this thesis. BSW-based devices can overcome the issues of SPP-based devices such 

as limited operated wavelength and low propagation length. The proposed BSW-based 

logic gate is based on the interference of BSWs by the broadside radiation from the 
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near-zero-index waveguides. Near-zero-index material and near-zero-index waveguide 

will be introduced in the following section. 

The definition of the refractive index 𝑛 is: 

𝑛 = √𝜇𝜀 

where the 𝜇 is permeability and 𝜀 is permittivity. The definition of the refractive index 

shows that the index is determined by its response to both electric and magnetic fields 

of light. The propagation of light within a material can be dictated by the refractive 

index. The effective wavelength which is defined by the rate of phase accumulation is 

also related to the refractive index. The schematic diagram that considering light 

entering material with different values of refractive index is shown in Figure 3-3 [55]. 

When light entering the material with a refractive index higher than one, then the light 

will propagate with a shorten wavelength compare to that of the light in free space. On 

the other hand, when light entering the material with a refractive index smaller than one, 

then the light will propagate with s longer wavelength compare to that of the light in 

free space. For the special case, the light entering the material with zero indexes, the 

light will propagate with an infinity wavelength as shown in Figure 3-3.  
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Figure 3-3 The wavelength of light propagating through dielectric media is changed in 

inverse proportion to the refractive index. The wavelength extends to infinity as the real 

portion of the refractive index decrease to zero [55]. 

To achieve zero-index, one or both of the two parameters must be zero. When the 

refractive index equal to zero, some uncommon phenomena will occur that can be 

predicted from the wave equation: 

𝛻2𝐸 −
𝜇𝜀

𝑐2

𝜕2𝐸

𝜕𝑡2
= 0 

where 𝐸 is the electric field, c is light speed and t is time. When the refractive index of 

a material is equal to zero results in the 𝛻2𝐸 = 0 which indicates the electric field 

oscillates in time, rather than in space. The field distribution will be uniform in the entire 

material that shows phase-free and infinite effective wavelength as shown at the bottom 

of Figure 3-3. There is another phenomenon of the zero-index material called broadside 
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radiation. Considering a light source in the zero-index material and the material is 

surrounded by air as shown in Figure 3-4. The light is emitted by the light source and 

goes outward to the air. According to Snell’s law, the incident angle 𝜃 and the refraction 

angle 𝛼 can be expressed as: 

𝑛 sin 𝜃 = 𝑛𝑎𝑖𝑟 sin 𝛼 

For a zero-index material, the refraction angle is always zero due to the n is equal to 

zero. The light will radiate away from the material normal to its surface, which forms 

the broadside radiation as indicated in Figure 3-4.  

 

Figure 3-4 Broadside radiation from zero-index material. 

Zero-index material shows interesting phenomena such as phase-free propagation, 

infinite effective wavelength, and broadside radiation from its surface. One approach to 

access zero-index properties is directly using the material with a refractive index near 
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zero. Epsilon-near-zero material such as Al-doped zinc oxide and indium tin oxide 

which possessed near-zero-index properties have been widely studied for optoelectronic 

devices [56–58]. However practical implementation of on-chip integration application 

requires compatibility with complementary metallic-oxide-semiconductor technologies. 

The zero-index metamaterial consisting of a square array of air holes in a 220-nm-thick 

silicon-on-insulator wafer has been demonstrated as shown in Figure 3-5 [59]. The 

schematic design of the air-hole array structure zero-index with air hole radius r and 

period an as resonator is shown in Figure 3-5(a). Figure 3-5(b) shows the magnetic field 

distribution over a unit-cell cross-section in the plane of the array, either the dipole 

mode or the quadrupole mode would exist which depends on the frequency of entering 

light. The three-dimensional dispersion surfaces that indicate the frequency dependence 

of these of the dipole mode and the quadrupole mode are shown in Figure 3-5(c). As 

the wave equation mentioned before, when the refractive index of a material is equal to 

zero results in the 𝛻2𝐸 = 0 which indicates the electric field oscillates in time, rather 

than in space. The two dispersion surfaces intersect at the point where the wavenumber 

k both in the x and y direction, which indicates the field would not oscillates in space at 

this frequency. The zero-index frequency of light is designed to be 193.4 THz which is 

the telecommunication frequency in this study as shown in Figure 3-5(c). 
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Figure 3-5 Schematic diagram of the metamaterial air-hole array with design parameters 

radius r and pitch a. (b) Magnetic fields over a unit-cell cross-section in the plane of the 

array, corresponding to an electric dipole mode and a magnetic quadrupole mode (c) 

Three-dimensional dispersion surfaces [59].  

To characterize the air-hole array structure zero-index material, the device consists of a 

silicon waveguide, polymer waveguide, polymer slab waveguide, and air-hole array 

structure zero-index material is shown in Figure 3-6(a). The silicon waveguide is used 

to guide the incident light towards the zero-index material, where the light is refracted 

into the slab waveguide. The polymer waveguide at the outside edge of the slab 
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waveguide is used to scatter the output light for imaging. Figure 3-6(b) shows the SEM 

image of the air-hole array structure zero-index material and the testing approach. The 

incident light is set to be with an incident angle of 45°, the light will then leave from the 

air-hole array structure zero-index material with a refraction angle α, which depends on 

the refractive index of the air-hole array structure. Therefore, the refractive index can 

be obtained by observing the refraction angle α. The experimental results of the incident 

light at wavelength 1625 nm as shown in the near-infrared microscope image in Figure 

3-6(c). The scattering light at the position of refraction angle 0° is shown in the image, 

which indicates the air-hole array structure would work as the zero-index material when 

the incident light at wavelength 1625nm. Figure 3-6(d) shows both the simulated and 

experiment results of the wavelength-dependent effective refractive index of the air-

hole array structure. The relationship between effective refractive index and wavelength 

is linear along with the entire wavelength range from 1480 nm to1680 nm and in the 

vicinity of the zero-index wavelength of 1625 nm. 
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Figure 3-6 (a) SEM image of the fabricated device. A silicon waveguide carries the 

incident beam towards the zero-index metamaterial prism as outlined in black, where 

the beam is refracted into the slab waveguide. A silicon lip at the outside edge of the 

slab waveguide is used to scatter the output beam for optimal imaging. The angle of 

refraction α is determined by measuring the position of the refracted beam at the curved 

output edge of the polymer slab waveguide as indicated by the yellow scattering point. 

An additional polymer waveguide around the outside edge of the slab waveguide 

includes defects that are used to align the infrared images during experimental data 

processing. (b) Fabricated zero-index metamaterial prism showing the incident and 

refracted beams. (c) Near-infrared microscope image of the prism at 1625 nm, showing 

the refracted beam, which propagates normal to the interface between the prism and the 

slab waveguide. The black dotted lines indicate the position of the prism and input 

waveguide. The white dashed lines delineate the portion of the image that is used to 
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produce the measured near-field pattern. (d) The effective index of the metamaterial is 

extracted from the measured (blue dots) and simulated (red line) refraction angle, 

α.  [59].  

While the zero-index properties have been demonstrated with the air-hole array 

structure, this bulky structure is difficult to be used in the integration of the on-chip 

photonic application. To overcome this issue, the more convenient zero-index material 

structure, a corrugated waveguide has been proposed [60]. The design approach and 

characterization method are shown in Figure 3-7. The design principle of corrugated 

waveguide zero-index material is similar to that of the air-hole array structure. The 

corrugated waveguide is a part of the air-hole array structure as shown in Figure 3-7(a). 

Figure 3-7(b) shows the dispersion curve of the two modes that exist in the corrugated 

waveguide. The two modes intersect at the point where the wavenumber β equal to zero, 

which indicates the field would not oscillate in space at this wavelength. The field 

distribution over a unit-cell of the corrugated waveguide when operated at the zero-

index wavelength is shown in Figure 3-7(c). The hybrid mode when operated at the 

zero-index wavelength contains both an electric dipole and a magnetic dipole resonance 

in quadrature. 
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Figure 3-7 (a) Schematic of zero-index waveguide consisting of a single-channel zero-

index material. (b) The band structure for this waveguide possesses a pair of modes that 

intersect at β = 0. (c) The magnetic H-field perpendicular to the plane of the device (Hz) 

and the out-of-phase in-plane E-field (Ey) for the mode when operated at the zero-index 

wavelength [60].  

To characterize the corrugated waveguide, the standing wave was formed in the 

corrugated waveguide by having two lights entering from both sides coherently as 

shown in Figure -.8(a). The resulting standing wave shows regularly spaced nodes 

separated by a distance corresponding to Δz = (λ0/2neff), thus, the effective refractive 

index neff can be obtained by analyzing the distance between two nodes of a standing 

wave Δz. Figure 3.8(b) shows the microscope images of the corrugated waveguide when 

two light entering from both sides coherently with a wavelength range from 1575 nm to 

1675 nm. As we can observe from the figure, the light intensity is roughly the same over 
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the whole corrugated waveguide appears no nodes at wavelength 1625 nm which is 

found to be the zero-index wavelength. When the operated wavelength of the incident 

light away from the zero-index wavelength, the nodes started to occur in the corrugated 

waveguide. The distance between two nodes Δz is decreased with the more difference 

between the operating wavelength and the zero-index wavelength can be seen in Figure 

3-8(b). The effective refractive index neff estimated by observing standing wave patterns 

is shown in Figure 3-8(c). The values of neff show linear dispersion through zero indexes, 

crossing zero at the operating wavelength at 1625 nm.  

 

Figure 3-8 (a) A standing wave is formed when light enters coherently from both sides, 

which can be imaged directly in a low-index waveguide. The distance between the 

nodes in the standing wave is proportional to the effective wavelength. (b) Distance 

between the nodes increases as the operating wavelength approaches the zero-index 

wavelength (λ = 1627 nm). (c) The absolute value of the effective refractive index of a 
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zero-index waveguide attains a value near zero at λ = 1627 nm, in good agreement with 

simulated extracted indices. The black dashed line indicates the minimum effective 

index that can be measured using a 15-μm-long waveguide [60].  

The zero-index properties such as phase-free and infinite effective wavelength have 

been demonstrated with the corrugated waveguide as mentioned in the previous study. 

The other zero-index property, broadside radiation, was demonstrated in the other study 

with the same structure as shown in Figure 3-9 [61]. The broadside radiation is 

demonstrated by waveguide-to-waveguide coupling. Figure 3-9(a) and (c) show the 

traditional waveguide-to-waveguide coupling realized by the evanescent coupling 

between two silicon waveguides. The evanescent field from the input waveguide is 

difficult to couple to the second waveguide when the gap is too large as shown in Figure 

3-9(c). Comparing to the traditional waveguide-to-waveguide coupling, the waveguide-

to-waveguide coupling by using a zero-index waveguide can be realized with a much 

larger gap due to the high intensity of broadside radiation as shown in Figure 3-9 (b). 

The transmission in the output waveguide is much higher than that of the traditional 

waveguide. 
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Figure 3-9 (a) In a traditional directional coupler, light propagating in one waveguide 

cannot transfer to the other if the gap separation is too large for evanescent coupling. b) 

By contrast, the zero-index waveguide-based directional coupler radiates light from one 

waveguide to another over the same gap. Coupling is shown by the out-of-plane 

component of the magnetic field Hz computed using 3D FDTD for c) the standard 

directional coupler and d) the zero-index coupler, both with a gap of 2 µm  [61]. 

 

The design of nanostructured waveguides provides wide flexibility for PIC. These 

properties open up new possibilities for diverse applications such as super coupling [62] 

and leaky-wave far-field directive radiation [63]. The broadside radiation from the near-

zero-index waveguide has the potential to be used to form constructive/destructive 

interference at the arbitrary position between two waveguides by carefully arranging 

the distance between them. The ability to form interference of the near-zero-index 
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waveguides enables the realization of an interference-based all-optical gate. However, 

the propagate distance of broadside radiation from near-zero-index waveguide on the 

surface is still too short to form electric/magnetic field constructive/destructive 

interference on the surface. Therefore, the surface wave sustainable platform is needed 

for building this type of all-optical logic gate. The BSW platform is an ideal candidate 

that can sustain the long propagation surface wave. The realization of the BSW 

waveguide [24,25,64] facilitates the development of BSW-based all-optical logic gates. 

The surface wave interference-based all-optical logic could be realized when the 

conditions for the formation of BSW constructive/destructive interference can be 

fulfilled. The proposed all-optical logic was realized by controlling the BSW 

interference from high-intensity broadside radiation emitted by near-zero-index 

waveguide on the BSW platform. The working principle of the proposed logic gate is 

introduced in the following section.  

Chapter 4 : Slab-guided BSW based chiral-metasurface for 

light switching 

4.1 Introduction 

As PICs include more individual optical elements and realize more complex 

functions, the ability to control the propagation direction of light is becoming important. 

Light switching based on spin-controlled unidirectional coupling has been demonstrated 

in chiral photonic circuits [67]. Spin-controlled unidirectional coupling is a 

phenomenon where circularly polarized light is coupled to guided waves with a specific 

propagation direction that depends on the spin of the light [68]. In an analogy to the 

quantum spin of electrons, circularly polarized light can be seen as composed of photons 

that possess a spin angular momentum whose sign depends on the handedness of the 

light, namely, either right-handed circular polarized (RCP) or left-handed circular 
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polarized (LCP). Spin-controlled waveguiding of SPPs arising in evanescent waves 

have been studied widely in recent years [69–72]. Chiral-sensitive metasurfaces, as two-

dimensional nanostructures composed of subwavelength elements that can arbitrarily 

control the propagation direction of electromagnetic waves through spin-controlled 

coupling, have shown high directional selectivity in the unidirectional excitation of 

SPPs [41,73,74]. One of the studies demonstrated the light switching realized by SPP-

based chiral-metasurface is shown in Figure 4-1 [41]. A subwavelength line aperture in 

a metal film enables incident light that is coupled into SPP that is polarized 

perpendicular to the light aperture. The emission pattern of the coupled SPP from the 

subwavelength line aperture is approximate to that of an in-plane electric dipole as 

shown in the inset of Figure 4-1(a). When many electric dipoles are arranged in a 

column, the column would launch plane wave SPPs that propagate away toward either 

side of the column under illumination as shown in Figure 4-1(a). The SPP plane wave 

source that is realized, the propagation of the plane wave depends on the polarization 

direction of light. When two of the columns are arranged as the column pair, the 

interference of the SPP plane wave emitted by each column would result in SPP plane 

waves propagates toward two sides with a different intensity which depends on the 

polarization state of the incident light as shown in Figure 4-1(b). The column-pair would 

emit SPP plane wave to the left when under LCP illumination and emit SPP plane wave 

to the right when under RCP illumination. To enlarge the intensity ratio between SPP 

plane wave propagate to right and the propagate to left, the multiple column-pair are 

arranged to enhance the interference of SPP as a complete chiral-metasurface as shown 

in Figure 4-1(c). The experimental result that demonstrated the light switching by the 

chiral-metasurface is shown in Figure 4-1(d) and (e). The near-field scanning optical 
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microscope image shows the intensity of SPP on the right side is much higher than that 

of on the left side under RCP illumination and vice versa. 

 

Figure 4-1 Closely spaced subwavelength apertures as polarization-selective SPP plane-

wave sources. Inset of (a): The calculated normal component of the SPP electric field 

launched by an in-plane dipole (in arbitrary units), which is an approximation for a 

subwavelength aperture in a gold film (overlay) that is scattering incident light polarized 

perpendicular to its long axis (polarization indicated by a red arrow). (a) The SPP waves 
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generated by a single aperture propagate radially away from it, with wavefronts shown 

in black. The waves emitted from many apertures arranged in a column with 

subwavelength spacing interfere constructively along planes parallel to the column, 

shown as dashed lines. SPP wave vectors (kSPP) are shown as gray arrows. (b) Two 

columns of apertures (1 and 2) are positioned in parallel with spacing S. The columns 

couple to the field components E1 (blue arrows) and E2 (green arrows) of the incident 

field E (pink arrow). The resulting combined SPP plane waves propagating away from 

the column pair (red arrows) have intensities IR and IL. (c) Multiple parallel column 

pairs are spaced λSPP apart. The structure is shown such that the right (left) CPL is 

coupled to the right (left) when it is incident from the top. Near-field scanning optical 

microscope images of the structure under illumination from the back by (d) RCP and (e) 

LCP light  [41].  

The ability to control the propagation direction and the operating wavelength of such 

structures through their shape and period makes them highly flexible. They, therefore, 

have the potential to facilitate the development of complex optical systems and PICs. 

However, SPP-based devices are limited in their practicality because of the short 

propagation lengths of SPPs, the narrow resonance wavelength ranges over which SPP 

devices operate, and the low-quality resonances of SPP devices caused by ohmic losses 

in their metal layers [75]. Although these devices offer only limited propagation lengths, 

relatively high directional selectivity for the unidirectional excitation of SPPs on 

metasurfaces has been achieved [42]. 

Recently, BSWs have been applied in photonic device components [26,76] and 

sensors [77]. While the coupling, propagation, and sensing properties of BSWs have 

been investigated extensively, studies on the use of BSWs in chiral optic devices are 

limited. Only a limited directional BSW excited by a single groove has been 
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reported [78], and the directional selectivity was relatively low (≈7 dB) compared to 

SPP-based chiral optic devices which have demonstrated directional selectivities up to 

11 dB [73]. Although the near-field unidirectional coupling of the surface wave on 1D-

PC has been demonstrated in simulation, the design still contains a metal top layer 

which causes the propagation loss to be very high [79]. The study of metal-free chiral-

sensitive metasurfaces on a dielectric multilayer BSW platform remains unexplored. In 

this study, we experimentally demonstrate a metal-free chiral-sensitive BSW switching 

circuit that couples incident light to a BSW with a polarization-dependent propagation 

direction. The propagation of a guided BSW mode with a propagation length of 

approximately 135 μm along a thin (40 nm) subwavelength guiding slab is first 

demonstrated. The preferential coupling of incident light to guiding slabs on the left or 

right of the metasurface based on the handedness of the incident light polarization is 

then shown. The metasurface is optimized to have a directional selectivity (ratio of the 

electric field intensity propagating in the guiding slab on the right to the slab on the left) 

of 23 dB when illuminated by LCP light in simulation. In experiment, the design is 

found to have a directional selectivity of 13 dB. The strong directional selectivity of the 

BSW switching chiral-sensitive metasurface demonstrates its ability to manipulate the 

propagation direction of electromagnetic surface waves on a metal-free 1D-PC BSW 

platform. It is believed that this metal-free chiralsensitive BSW switching circuit is a 

promising tool in a variety of applications such as optical circuit and chirality-related 

devices. 

4.2 Design of chiral-metasurface on BSW platform 

4.2.1 Investigation of chiral-metasurface on BSW platform 

The possibility for spin-controlled light switching on the BSW platform is investigated 

in the following. A U-shaped aperture (radius R = 450 nm and width = 200 nm) is used 
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as the unit element for the chiral-sensitive metasurface. Figure 4-2 shows the real part 

of the out-of-plane magnetic field Hz distribution obtained from a single U-shaped 

aperture under illumination by linear polarized light of varying polarization angles. 

Because the incident light has no out-of-plane magnetic field Hz, this field component 

is used to investigate the behavior of the excited BSWs. When the aperture is excited 

by incident light, it behaves as an in-plane dipole source that launches BSWs. The 

launched BSWs propagate perpendicular to the polarization direction of light. This is 

different from SPPs launched by dipole sources, as they propagate parallel to the 

polarization direction of the light. Since the dipole source orientation depends on the 

polarization angle of the incident light, the phase and amplitude of the launched BSWs 

depend on the polarization angle as well. The arrangement of dipole sources enables the 

manipulation of the amplitude and phase of the BSWs, thus allowing for the excitation 

of unidirectional BSWs.  

 

Figure 4-2 Design of the chiral-metasurface on the dielectric multilayer BSW platform. 

Real part of the magnetic field distribution Hz for a single U-shaped aperture under 

illumination by linearly polarized light of various angles. The polarization direction of 

the incident light in each figure is indicated by a black arrow 
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In order to obtain propagating BSWs with a flat wavefront, the U-shaped apertures are 

arranged in a column. The interference of BSWs coupled by each individual aperture 

results in BSWs with flat wavefronts that propagate on either side of the column. This 

is observed in the Hz distribution (Figure 4-3 (a),(e)) of the BSW excited by incident 

light with polarization angles of 45° (BSW45°) and 135° (BSW135°), respectively. The 

phase and amplitude of the rightward propagating BSW depend on the polarization 

angle as shown in Figure 4-3(c). By comparing the phase of Hz between BSW45° and 

BSW135°, it can be seen that the leftward propagating BSW45° is ahead in phase by δ 

relative to BSW135° as shown in Figure 4-3(b). In the rightward propagating BSW, the 

phase difference is –δ as shown in Figure 4-3(d). When the incident light is LCP, there 

is a phase difference of π/2 between the incident light having a polarization angle of 45° 

and the incident light having a polarization angle of 135°. Therefore, the total phase 

(δtot) difference between the BSWs launched by LCP light at polarization angle of 45° 

and at the polarization angle of 135° is δtot(left) = (π/2) + δ on the left side and δtot(right) = 

(π/2) − δ on the right side. 
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Figure 4-3 Real part of the magnetic field distribution, Hz, for a single column of U-

shaped apertures under illumination by light with (a) 45° linear polarization, (e) 135° 

linear polarization. The phase variation of Hz from (b) x = -14 to -16 (left) and d x = 14 

to 16 (right) for y=0. (c) Dependence of the phase and amplitude of Hz on the 

polarization angle at the position x = 15, y = 0 when a U-shaped aperture column is 

illuminated by linearly polarized light. 

When δ is between 0 and π, BSWs propagating to the left of the column undergo partial 

destructive interference, and those to the right undergo partial constructive interference, 

giving preferential excitation of the rightward propagating BSW when the U-shaped 

aperture column is illuminated by LCP light (Figure 4-4(a)). When the U-shaped 

aperture column is illuminated by RCP light, BSWs propagating to the right of the 

column undergo partial destructive interference, and those to the left undergo partial 
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constructive interference, giving preferential excitation of the leftward propagating 

BSW as shown in Figure 4.4(b).  

 

Figure 4-4 Real part of the magnetic field distribution, Hz, for a single column of U-

shaped apertures under illumination by light with (a) LCP and (b) RCP. 

To better understand how high directional selectivity is achieved with the U-shaped 

aperture column, an analysis of the BSWs launched by LCP light is performed as shown 

in Figure 4-5. The phase and amplitude of BSWs at reference positions of x = 15 and 

−15 μm and y = 0 μm (Points A and B in Figure 4-4(a)) can be modeled as sine waves. 

To model the BSWs excited by LCP light, the sine waves of each polarization angle are 

shifted by specific amounts corresponding to the phase at which LCP light has the given 

polarization angle. These sine waves are plotted as colored curves in Figure 4-5(a) 

(Point B) and Figure 4-5(b) (Point A). The sine waves propagating to the right (Figure 

4-5(b), blue inset) are more in-phase than the sine waves propagating to the left (Figure 

4-5(a), red inset). The sine waves are summed to give the net BSWs propagating to the 

left and to the right of the aperture column as shown in the black curve in Figures 4(a) 
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and (b). The interference of the BSWs coupled by the different polarization angles 

results in the rightward propagating light having a higher intensity than the leftward 

propagating light. This explains why the U-shaped aperture column couples LCP light 

preferentially to the rightward propagating BSW as seen in Figure 4-4(a). Note that this 

result explains the concept of unidirectionally excited BSW by using a single column 

of U-shaped apertures. An array of U-shaped apertures realizing the BSW with high 

directional selectivity is demonstrated in the next paragraph. 

 

Figure 4-5 Variation of the real part of the magnetic field (Re (Hz)) with the phase at 

(b) Points A and (a) B (indicated in Figure 4.4(a)). The interference of BSWs launched 

by all components of LCP light (colored lines) results in the propagating BSW on the 

right having a higher intensity than the propagating BSW on the left, as shown by the 

net Hz (black line). Inset: Zoomed-in plot of the Hz of the BSWs launched by all 

components of the LCP light. 
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4.2.2 Optimization of chiral-metasurface on BSW platform 

To improve the directional selectivity, the interference effect is enhanced by 

arranging multiple U-shaped aperture columns into an array to form a chiral-sensitive 

metasurface as shown in Figure 4-6(a). To optimize the chiral-sensitive metasurface, 

the normalized electric field energy density distributions to the right of the metasurface 

ER and to the left of the metasurface EL are examined as shown in Figure 4-6(b). 3D 

FDTD simulations are performed for normally incident LCP light, and the electric field 

ratio |ER|2 /|EL|2 is optimized by varying four parameters, namely, the vertical period 𝑃𝑀, 

horizontal period 𝑃N, row number M, and column number N. Figure 4-6(b) shows the 

variations of the electric field extinction with the four parameters and indicates the 

optimized parameters as red dots. Note the increase in the electric field extinction as the 

parameters are being optimized. First is the vertical period 𝑃𝑀, it was optimized to be 

0.65, which is very close to half of λ𝐵𝑆𝑊. The horizontal period 𝑃N was then be optimized 

with the fixed vertical period 𝑃𝑀, the horizontal period 𝑃𝑀 was optimized to be 1.3, 

which is very close to λ𝐵𝑆𝑊. The third parameter is the number aperture in a column M, 

the BSW plane wave can not be formed with too fewer apertures in a column, but too 

many apertures in a column will disturb the formation of a plane wave,  the number of 

apertures in a column was optimized to be 7. For the last parameter, the number of 

columns N, the directional selectivity is increased with the increase of the number of 

columns due to the more surface waves with the same phase, which enhance the 

interference, resulting in larger directional selectivity as shown in the black dots. But 

since the fixed spot size of the incident light, only the limited area (the diameter of spot 

size was set to be 10 𝜇m) of chiral-metasurface will be used to couple BSW, the output 

energy is decreased with the increased of column numbers as shown in grey dots. 

Therefore, the number of columns is optimized to be 15. 
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Figure 4-6 (a) Schematic design of the BSW chiral-sensitive metasurface indicating the 

vertical period 𝑃𝑀 , horizontal period 𝑃𝑁, number of apertures in a column M, and 

number of apertures in a row N. (b) The electric field energy density extinction ratio of 

the U-shaped apertures under illumination by LCP light for four varying parameters a 

𝑃𝑀, b 𝑃𝑁, c M, and d N. Insets are the electric field intensity distributions in the xy-

plane for the conditions indicated by the red dots. 
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4.2.3 Characterization of chiral-metasurface on BSW platform 

Figure 4-7(a) shows the normalized Hz intensity distribution in the metasurface under 

illumination by LCP light. Due to constructive interferences on the right side, the Hz 

intensity on the right side becomes much stronger than on the left side. Moreover, Figure 

4-7(b), which shows that the Hz phase distribution reveals phase discontinuities on the 

left side and well-formed wavefronts on the right side. Note that the guiding slab that 

supports the guided BSW is connected to the metasurface at the position of the phase 

discontinuities to further improve the directional selectivity. 

 

Figure 4-7 Simulated results of the chiral-sensitive metasurface on the 1D-PC BSW 

platform under LCP light illumination. Normalized magnetic field Hz (a) amplitude and 

(b) phase distribution of Hz over the chiral-sensitive metasurface in an x−y plane 

through the center of the top layer. 
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The chiral-sensitive BSW switching circuit consisting of the U-shaped aperture array 

(chiral-metasurface) connected to two guiding slabs and grating couplers on the 5-pair 

Si/SiO2 dielectric multilayer BSW platform is investigated in the following. Figure 4-

8(a), (b), and (c) show the normalized electric field energy density Edensity distribution 

of the circuit under illumination by TE-polarized, LCP, and RCP light, respectively, in 

simulations. A Gaussian beam is used to launch the polarized beam onto the center of 

the chiral-sensitive metasurface. For the case of TE-polarized light, the incident light is 

coupled with equal intensities into guided BSWs propagating in the guided slabs on the 

left and right of the metasurface, as shown in Figure 4-8(a). Figure 4-8(b) and (c) show 

the simulated results for circularly polarized light with left- and right-handedness, 

respectively. The propagation direction of the BSWs coupled by the metasurface is 

controlled by the spin of the incident light, with a directional selectivity greater than 20 

dB. 
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Figure 4-8 Simulated results of the chiral-sensitive metasurface on the 1D-PC BSW 

platform under LCP light illumination. Normalized magnetic field Hz (a) amplitude and 

(b) phase distribution of Hz over the chiral-sensitive metasurface in an x−y plane 

through the center of the top layer. 
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4.3 Working principle of slab-guided BSW based chiral-metasurface for 

light switching 

The structure and working principle of the metal-free chiral-sensitive BSW switching 

circuit are illustrated in Figure 4-9. This metal-free chiral-sensitive BSW switching 

circuit (Figure 4-9(a)) consists of a central chiral-metasurface with guiding slabs on two 

sides of the chiral-metasurface and coupling gratings at the ends of the slabs, all on top 

of a 5-pair Si/SiO2 dielectric multilayer BSW platform. The chiral-metasurface enables 

the control of the BSW propagating direction. When this metasurface is illuminated by 

TE-polarized, LCP, and RCP light, the excited BSW is found to propagate on both sides, 

the right side only and the left side only, respectively (Figure 4-9 (b−d)). The BSW can 

be guided through guiding slabs connected to the metasurface on the left and right sides 

and coupled out by the grating couplers that are located at the ends of the guiding slab, 

as shown in Figure 4-9(a). 

 

Figure 4-9 Working principle of the slab-guided BSW-based chiral-metasurface light 

switching circuit. (a) The schematic illustration of the chiral-metasurface BSW light 

switching circuit. Yellow and purple arrows on the sample denote the direction that the 
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BSW propagates when the chiral-metasurface is illuminated by normally incident RCP 

light and LCP light. Schematic illustration of the metasurface launches BSWs on (b) 

both sides of the metasurface for TE-polarized incident light, (c) the right side for LCP 

incident light, and (d) the left side for RCP incident light 

4.3 Fabrication and Characterization of slab-guided BSW based chiral-

metasurface light switching circuit 

The fabrication process is the same as that of in Chapter 2. Si and SiO2, with thicknesses 

of 190 and 378 nm, respectively, were deposited on a SiO2 substrate using a RF-

magnetron sputtering system (CFS-4ES, Shibaura Engineering Works Co., Ltd., 

Yokohama, Japan). Metasurface, guiding slab, and grating coupler patterns were 

defined by electron beam (EB) lithography. The electron beam resist (ZEP520A, Zeon 

Corporation, Tokyo, Japan) was spin-coated at 3000 rpm with a thickness of about 400 

nm. The exposure dose of the electron beam system (F7000SVD02, Advantest, Tokyo, 

Japan) was set to 104 μC/cm2. The development was performed using n-amyl acetate 

as a developer and methyl isobutyl ketone and isopropyl alcohol for rinsing. The Si top 

layer with a thickness of 40 nm was deposited on top of the patterned resist. The lift-off 

process removed the resist with Si top layer. Dimethylacetamide was used as a stripper 

in the lift-off process. The process was done at room temperature. The fabricated sample 

as shown in the SEM and optical microscope images in Figure 4-10 
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Figure 4-10 (a) The schematic illustration of the slab-guided BSW based chiral-

metasurface light switching circuit. SEM images of (b) the grating coupler, (c) the 

chiral-metasurface, and (d) the cross-section of the Si/SiO2 dielectric multilayer BSW 

platform. Optical microscope image of (e) the chiral-metasurface BSW light switching 

circuit and (f) the chiral-metasurface. 

The corresponding experimental results obtained from the fabricated slab-guided BSW-

based chiral-metasurface light switching circuit are shown in Figure 4-12(a), (b) and (c) 

for TE-polarized, LCP, and RCP incident light, respectively. The evaluation was 
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conducted using the setup as shown in Figure 4-11 where the quarter-wave plate was 

used to generate LCP and RCP incident light that was focused onto the center of the 

metasurface by the objective lens. The IR camera captures images of the light reflected 

by the metasurface and out-coupled by the coupling gratings on either side of the 

metasurface 

 

Figure 4-11 Experimental setup used to couple incident light to a guided BSW and 

collect the out-coupled light. Incident light is TE-polarized, LCP, or RCP by using 

polarizer and quarter wave plate. The polarized light focused onto the in-coupling 
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grating, and the excited BSW propagates along the guiding slab until reaching the out-

coupling grating where it is decoupled, collected by the objective lens, and imaged by 

the NIR camera. 

The integrated intensity of the out-coupled light from the left and right coupling gratings 

we calculated for the three cases above and are compared in Figure 4-12. When the 

chiral-sensitive metasurface is excited by incident TE-polarized light, the intensities are 

nearly the same, and the ratio of the intensity from the coupling grating on the right to 

that on the left is 1.09. In the case of LCP light, however, the ratio is as high as 22.56, 

which corresponds to a directional selectivity of the rightward propagating BSW over 

the leftward propagating BSW of 13.53 dB. When the illuminating light is RCP, the 

directional selectivity is −13.15 dB (the negative indicates that the leftward propagating 

BSW is stronger for RCP light). The difference in the directional selectivity between 

the computed and experimental values originated in imperfections in the fabrication of 

the U-shaped aperture and also in the nonideality of the illumination (actual laser spot) 

of the structure array. These observed directional selectivities are higher than values 

reported in the literature (10 dB or less) for SPP-based spin-controlled unidirectional 

launchers [44,73]. By changing the rotation angle of the quarter-wave plate used to 

create the circularly polarized light, the directional selectivity of the chiral-sensitive 

BSW switching circuit was measured for a variety of elliptical polarization as shown in 

Figure 4.12(e). LCP and RCP light is obtained for rotation angles of +45° and −45°, 

respectively. When the rotation angle is close to either 45° or −45°, the magnitude of 

the directional selectivity reaches a maximum. On the other hand, for rotation angles of 

−90°, 0°, and 90°, where the incident light is TE-polarized, the directional selectivity is 

0 dB (intensity on the left and right are the same). The observed change in the directional 

selectivity indicates a continuous variation of the polarization state from linear 



Chapter 4: Slab-guided BSW based chiral-metasurface for light switching 

56 

 

polarization to elliptical polarization, LCP, elliptical polarization, linear polarization, 

elliptical polarization, and RCP. Such a tunable polarization state enables arbitrary 

control of the intensity of light coupled into PICs. It is worth noting that this represents 

the first demonstration of spin-controlled surface wave switching using a metal-free 

chiral-sensitive metasurface. 

 

Figure 4-12 NIR images of the fabricated chiral-metasurface with guiding slabs and 

output couplers attached to the ends of the guiding slabs under illumination by (a) TE 

polarized, (b) LCP, and (c) RCP light. Spots in the center of the images show the 

reflection of incident light from the chiral-metasurface and the spots on the left and right 
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show the light guided by the guiding slabs being out-coupled from the coupling gratings 

at the ends of the guiding slabs. (d) Integrated light intensities of out-coupled light from 

the left and right coupling gratings for TE-polarized, LCP, and RCP incident light. (e) 

Directional selectivity of light out-coupled from the left and right coupling gratings 

plotted against the rotation angle of the quarter-wave plate used to polarize the incident 

light (rotation angles of −90°, −45°, 0°, 45°, and 90° correspond to TE polarization, 

LCP, TE polarization, RCP, and TE polarization, respectively). 

4.4 Discussions 

In summary, we have theoretically predicted and experimentally demonstrated a metal-

free chiral-sensitive BSW switching circuit by carefully arranging an array of U-shaped 

apertures. We experimentally demonstrated guided BSW propagation along an ultrathin 

(40 nm thickness) guiding slab having a propagation length of 135 μm. The proposed 

chiral-sensitive metasurface is used to control the propagation direction of guided 

BSWs based on the chirality of incident light. At a wavelength of 1550 nm, directional 

selectivity is as high as 23 dB theoretically and 13.53 dB experimentally. The ability to 

realize spin-controlled light switching on a chip at telecommunications wavelengths 

using the chiral-sensitive metasurface makes it promising for applications in low-loss 

on-chip photonic integrated devices and sensors. The comparison table of this work and 

the previous works of light switching devices as shown in Table 4.1. The first SPP-

based light switching based on metal chiral-metasurface has been demonstrated in 2013 

by Lin et al [41]. The propagation length of the light switching device is around only 10 

𝜇m due to the ohmic loss from metal layer. The directional selectivity of the light 

switching device is demonstrated with around 8 dB. The nanoslit array SPP-based light 

switching device has been demonstrated with much higher directional selectivity up to 

12.48 dB [73], but the propagation length is still limited as the issue of the SPP-based 
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device. The BSW-based light switching has been demonstrated with much longer 

propagation length which is up to 120, but the directional selectivity is quite low (~7) 

due to the poor chiral sensitivity of the simple grove structure [78]. In this work, thanks 

to the metal-free and high chiral sensitive metasurface, the propagation length is as long 

as 135 𝜇m and the directional selectivity is as high as 13.53 dB. 

Table 4.1: Summary of the light switching devices 

Structure Operating 

wavelength (𝜇m) 

Propagation 

length (𝜇m) 

Directional 

selectivity (dB) 

 

SPP-based 

chiral-

metasurface 

0.633 10 ~8 Lin et al. 

Science, 

(2013) [41]  

SPP-based 

nano-slit 

array 

0.671 <10 12.48 Qiao et al. 

Advanced 

Functional 

Materials, 

(2018) [73]  

Grove 

structure on 

BSW 

platform 

1.55 ~120 ~7 Mengjia et 

al. 

Light: 

Science & 

Application

s, 

(2018) [78]  

Metal-free 

chiral-

metasurface 

on BSW 

platform 

1.55 135 13.53 Deng et al. 

ACS 

photonics 

(2020) 
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Chapter 5 : Two-pair Ge/SiO2 dielectric multilayer BSW 

platform 

5.1 Introduction 

The BSW-based applications have been widely studied as mention in Chapter 1. 

However, most of these BSW platforms require a large number of alternating layers 

(more than six-pair multilayer) [20,21,24–27,80,81] to realize the coupling of the 

surface mode due to the small difference of refractive index between high- and low-

refractive-index material. Additionally, although BSW modes have been investigated 

in the visible region [26] and the near-infrared (NIR) region [39,80] very few reports 

are available for the mid-infrared (MIR) region [82]. MIR spectroscopy enables the 

determination of characteristic vibrational resonances of many functional molecules so 

that it can be used to perform label-free sensing [83], medical diagnostics [84], and food 

analysis [85]. Therefore, a BSW platform that works in the MIR region with a few 

numbers of alternating layers is a promising candidate for the surface wave application 

in the MIR region. 

5.2 Design of two-pair Ge/SiO2 multilayer BSW platform 

To design the multilayers that match the conditions for BSW, the thicknesses of 

the high and low refractive index layers d are calculated based on the forbidden 

transmission band at the target wavelength λ of 1DPC bandgap material, 

𝑑 =
λ

4𝑛 cos 𝜃
 

where n is the refractive index and θ is the propagation angle of light within the high 

and low refractive index layers, respectively. The 2D Rigorous coupled-wave analysis 

(RCWA) simulations with the conditions of TE-polarized incident into the Ge/SiO2 

multilayer at different wavelengths and incident angle are performed. Figure 5-1 shows 
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the band diagram of the proposed Ge/SiO2 multilayer. The BSW mode represented by 

the red line falls in the forbidden band, and the red circle on the red line indicates the 

TE-polarized incident light with the wavelength λ = 1550 nm and incident angle θ = 

54.5°. The thicknesses of the multilayer are optimized with the low refractive index 

layer dL = 310 nm, high refractive index layer dH = 105 nm, and an additional top layer 

of Ge having a thickness dT = 15 nm. The additional top layer is used to modify the 

maximum field enhancement from the low-refractive-index layer to the top of the 

surface of the dielectric multilayer.  

 

Figure 5-1 The dispersion diagram of the Ge/SiO2 BSW multilayer 

Since the resonance wavelengths of BSWs are determined by the thicknesses of the 

multilayer, BSWs in the MIR region can be achieved by varying the layer thicknesses. 

BSWs with different resonance wavelengths are obtained by varying the layer 

thicknesses for fixed ratios between dH dL, and dT. The additional layer on top of the 

multilayer enable strong BSW coupling at top surface. In contrast to the multilayer 

without the additional top layer having the maxima of the electromagnetic (EM) field 

inside the low refractive index layer, the multilayer with the additional top Ge layer 

exhibits maxima inside the top layer. Moreover, the reflectance dip of the multilayer 
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with the additional top layer is much narrower than that without the additional top layer 

as shown in Figure 5-2 (a) and (b). 

 

Figure 5-2 (a) Reflectance spectrum of the two-pair Ge/SiO2 BSW multilayer with 

and without the top layer 

We introduce the thickness multiplicative factor α to study the effect of the variation in 

the layer thicknesses for fixed thickness ratios and α = 1 corresponding to dL = 310 nm, 

dH = 105 nm, and dT = 15 nm as shown in Figure 5-3. The low reflectance positions 

within the forbidden band indicate that the light is coupled into BSW mode and 

propagates on the surface. The BSW mode wavelength is red-shifted when α is 

increased can be observed in Figure 5-2 (a). The point A and B in Figure 5-2 are BSW 

modes that exist at NIR and MIR regions, respectively. For α = 1, there exists only one 

sharp dip at λ = 1550 nm corresponding to the BSW mode as shown in Figure 5-3(b). 

The reflectance spectrum shows a sharp dip with a full width at half maximum (FWHM) 

= 8.6 nm and a strong coupling of light with a minimum reflectance = 0.18. For α = 3 

(dL = 930 nm, dH = 315 nm, and dT = 45 nm), the reflectance results reveal a shift of the 

sharp-dip BSW mode to λ = 4280 nm and the presence of several high-order modes at 

shorter wavelengths. The reflectance spectrum shows the sharp dip that corresponding 
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to BSW mode with an FWHM = 12 nm and strong coupling of light with a minimum 

reflectance = 0.12 as shown in Figure 5-3 (c). 

 

Figure 5-3 Reflectance variation as a function of thickness factor α and wavelength. 

The ratio of the Ge and SiO2 thickness is fixed. Reflectance spectrum of the Ge/ SiO2 

multilayer for (b) α = 1 and (c) α = 3.  

Figure 5-4 shows the simulated reflectance variation with the incident angle and 

wavelength for the TE-polarized incident light for the Ge/SiO2 multilayer thickness with 

the case of α = 1. When the incident angle θ is larger than the critical angle for total 

reflection (44.6°), it is found that light is reflected except at specific wavelengths. These 

resonance wavelengths correspond to the BSWs, which are observed as a decrease in 

reflectance intensity when the surface modes are excited 
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Figure 5-4 Reflectance variation of the two-pair Ge/SiO2 BSW multilayer as a function 

of the incident angle θ and wavelength λ. 

Noting that the Ge/SiO2 multilayer realizes the strong BSW with only two pairs, while 

the reported BSW structures in the visible [26] and NIR [24,25,39,80,86–88] regions 

require more than six pairs to sustain strong BSW modes. The large difference between 

the refractive indices of Ge and SiO2 and the small values of the extinction coefficient 

in the NIR to MIR regions make it possible for the Ge/SiO2 multilayer to sustain BSW 

modes from the NIR to MIR regions with only two pairs. The simulated reflectance 

spectrum in the NIR region for BSW modes obtained with the widely used combination 

of materials consisting of alternating Si3N4 and SiO2 layers as shown in Figure 5.4(a). 

In comparison to the proposed Ge/SiO2 two-pair multilayer BSW platform exhibiting a 

reflectance of 0.18 at the BSW condition, the Si3N4/SiO2 based BSW structure with two 

pairs, four pairs, and six pairs only achieve the reflectance dip values of 0.99, 0.89, and 

0.69, respectively. These results indicate the weak coupling of light due to the small 

refractive index difference between Si3N4 and SiO2. The thickness of the two-pair 

Si3N4/SiO2 multilayer has been designed for coupling BSW mode in the MIR region as 

shown in Figure 5-4(b) In comparison, a low reflectance (0.18) and narrow bandwidth 

(FWHM = 12 nm) are achieved with Ge/SiO2 two-pair multilayer. On the other hand, 
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The BSW mode obtained with the two-pair Si3N4/SiO2 multilayer exhibits a reflectance 

of 0.78 and a larger FWHM of 125 nm. It is noted that the reflectance dips at the 

resonance wavelengths of the two-pair Ge/SiO2 multilayer remain narrow in a wide 

range of wavelengths as shown in Figure5-4(c). In contrast, the reflectance dips at the 

resonance wavelength of the two-pair Si3H4/SiO2 multilayer broadens with the increase 

of the wavelength.  

 

Figure 5-5 Reflectance spectrum of two-pair (red), four-pair (green), and six-pair (blue) 

Si3N4/SiO2 BSW multilayers (b) Reflectance spectrum of the two-pair Si3N4 BSW 

multilayer in the MIR region (c) FWHM of the reflectance dip as a function of the 

resonance wavelength for the two-pair Ge/SiO2 multilayer in the MIR region 

To understand the behavior of the electric field of BSW mode, the 2D finite-difference 

time-domain (FDTD) simulations (FullWAVE, RSoft Design Group, Ossining, U.S.A) 

have been performed. Figure 5-5 shows the simulated electric field distribution for the 

BSW mode found in Ge/SiO2 two-pair multilayer and Si3H4/SiO2 two-pair multilayer 

both in NIR and MIR regions. The electric field distributions exhibit the evanescent 

decay of the field at the interface between the multilayer and air as shown in Figures 5-
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6 (a) and (b). The maximum of the electric field corresponds to the top of the multilayer 

structure. Due to the smaller extinction of Ge in the MIR region, the electric field 

enhancement is even larger than that in the NIR region. As a result, the maximum 

electric field of the BSW mode for the Ge/SiO2 two-pair multilayer is higher than that 

of the two-pair Si3H4/SiO2 two-pair multilayer as shown in Figure 5-6 (c) and (d). 

Moreover, the Ge/SiO2 two-pair multilayer requires only around half of the thickness 

to achieve the same BSW resonance wavelength compared to the two-pair Si3H4/SiO2 

multilayer. 

 

Figure 5-6 One-dimensional electric field distribution along the z-axis of the 

fundamental BSW mode for the two-pair Ge/SiO2 in (a) NIR regions and (b) MIR region 

and Si3N4/SiO2 BSW multilayer in (c) NIR region and (d) MIR region.  
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5.2 Prism coupling configuration surface wave measurement setup 

The Ge/SiO2 two-pair multilayer that can sustain BSW modes in NIR and MIR regions 

has been fabricated by using RF-magnetron sputtering system (CFS-4ES, Shibaura 

Engineering Works Co., Ltd., Yokohama, Japan). The scanning electron microscopy 

(SEM) image of the cross-section of the fabricated multilayer sustaining BSW in the 

NIR region is shown in Figure 5-7 (a). Figure 5-7 (b) shows the experimental setup used 

to measure the light reflectance of the Ge/SiO2 two-pair multilayer. A halogen lamp was 

used as a light source to provide a wide range of wavelengths. A wire grid polarizer was 

placed in front of the sample to control the light polarization (TE or TM). The prism 

was placed on a θ-2θ rotation stage to realize angle-dependence measurements. A 

Fourier-transform infrared (FTIR) spectrometer equipped with a mercury cadmium 

telluride (MCT) detector was used to collect light reflected from the sample. 

 

Figure 5-7 Schematic diagram of the measurement setup. (a) Scanning electron 

microscopy cross-sectional view of the two-pair Ge/SiO2 BSW multilayer. (b) BSW 

mode couple by a prism (c) Light reflectance measurement setup used to characterize 

the angular dependency of the reflectance spectrum. 
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5.3 Demonstration of BSW both in NIR and MIR regions 

Figure 5-8 shows the reflectance measurement results of the fabricated Ge/SiO2 two-

pair BSW multilayers for both cases α = 1 and α = 3 at different incident angles. The 

reflectance spectrum is shown in Figure 5-8(a) exhibits only one sharp dip (FWHM = 

34 nm) corresponding to the fundamental BSW and showing good agreement with the 

simulation result of Figure 5.3. The difference in FWHM between the observed and 

computed results originated from the beam divergence induced by the finite size of the 

prism. With the help of ray tracing simulation, this beam divergence was estimated to 

be approximately 0.35°. Taking into account the beam divergence, we estimated by 

simulation the FWHM to be 24 nm (the computed FWHM was 8.6 nm without beam 

divergence). The observed FWHM was 34 nm, and so the beam divergence explained 

most of the difference between the observed and ideal FWHM. The inset shows the 

reflectance dip of the two-pair BSW multilayer in the MIR range. The reflectance dip 

positions for both α = 1 and α = 3 redshift with the decreasing incident angle as shown 

in Figure 5-8(b). The observed relation between the incident angle and the reflectance 

dip wavelength in the case α = 1 is shown in Figure 5.7(c). It is noted that the trend of 

Figure 5-8(c) is similar to the simulated results of Figure 5.3. The difference between 

the simulated and experimental results is caused by the difference between the actual 

and the ideal refractive indices of Ge, as in the simulation, Ge is assumed to be a single 

crystal material and the deposited Ge layer should be amorphous. Figure 5-8 (d) shows 

the relation between the reflectance and the incident angle at the fixed wavelength of λ 

= 1550 nm. The observed FWHM of the dip is 0.88° and the computed FWHM is 0.36°. 

The difference between the observed and computed results is caused by beam 

divergence caused by the finite size of the prism as mentioned above; taking into 
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account the illumination beam divergence, we estimated by simulation the FWHM to 

be 0.85°. 

 

Figure 5-8 Measured reflectance spectra and angular dependence of the two-pair 

Ge/SiO2 BSW multilayer. (a) The reflectance spectrum of the two-pair BSW multilayer. 

Inset: Reflectance spectrum of the two-pair BSW multilayer with the fundamental BSW 

mode designed in the MIR region. (b) Variation of the reflectance dip position with the 

incident light angle in the NIR range (black) and MIR range (blue). (c) Relation between 

the reflectance dip position and incident angle. (d) Angular dependence of reflectance 

at λ= 1550 nm 

In order to observe the BSW on the top of the two-pair BSW multilayer, a different 

setup [Figure 5-9 (a)] is used. The tunable C- and L-band lasers and the NIR camera 

were used to capture the BSW propagating on the surface by detecting scattered light 
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from particles sitting on the BSW multilayer surface. The measurement results of the 

BSW detection for the two-pair BSW multilayer are shown in Figure 5-9(b). To improve 

the light collection by the NIR camera, the top surface of the structure is modified with 

Au nanoparticles so as to enhance the scattering of the propagating surface wave. By 

analyzing the intensity of the images collected with the NIR camera when the incident 

light was TE polarized, the scattered light intensity as a function of wavelength is 

obtained [black dots in Figure 5-9(b)]. The result for the TM-polarized light (gray dots) 

is shown in Figure 5-9(b) and exhibits no wavelength dependency in contrast to the 

result obtained with the TE-polarized light. This difference provides evidence for the 

excitation of the BSW mode for the incident TE-polarized light. In Figure 5-9(b), the 

intensity peak position shows good agreement with the reflectance dip. Figure 5-9(c) 

shows the intensity of the scattered light along the y-axis measured in the far-field with 

the NIR camera for the BSW having λ= 1551 nm. The observed intensity profile 

comprised a Gaussian component (laser beam width of 1.9 mm) and an exponential 

decay of the BSW [red curve in Figure 5-9(c)] with a propagation length of 200 𝜇m. 

The simulation of the propagation length provided in Figure 5-9(c) gives a propagation 

length of approximately 250 𝜇m, which is in good agreement with the experimental 

result. The observed propagation length is of the same order as those reported for the 

six-pair Si3N4/SiO2 multilayer BSW platform [80] and the ten-pair hydrogenated 

amorphous SiNx multilayer BSW platform [24,89]. 
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Figure 5-9 Characterization of BSW in the NIR range. (a) Surface wave measurement 

setup to demonstrate the direct observation of the BSW. (b) Variation of the surface 

wave intensity covering the C- and L-band wavelength range with TE (black) and TM 

(gray) polarized light together with the reflectance spectrum (green). (c) Variation of 

the scattered light intensity for TE polarization along the y-axis with the fitted curves, 

together with the simulated propagation decay. 

 

5.4 Discussions 

In summary, we experimentally demonstrated excitation of BSW with a 

multilayer consisting of two-pairs of Ge/SiO2 layer. By exploiting the large refractive 

index difference between Ge and SiO2, the BSW platform can be realized with only two 

pairs of alternating layers. In this way, the number of layers required for coupling a 

BSW mode is reduced drastically in comparison with the widely used alternating 

Si3N4/SiO2 dielectric layers that require more than six pairs. Additionally, the required 
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total thickness for exciting the same BSW mode using the Ge/SiO2 multilayer is reduced 

by approximately two times compared to the required total thickness of the Si3N4/SiO2 

multilayer. Moreover, BSW was experimentally demonstrated in the MIR range using 

the Ge/SiO2 two-pair multilayer by tuning the thickness of the multilayer. The BSW 

mode was observed in the MIR range up to 4130 nm, thus greatly extending the range 

of BSW mode wavelengths beyond the NIR and possibly reaching the fingerprint region 

of organic molecules. Table 5.1 shows the demonstration of BSW in different 

wavelength regions with different materials. BSW has been extensively studied in Vis 

and NIR regions, but the number of pairs is usually larger than 4. One study exhibited 

the BSW in the MIR region, but the materials that are used for the BSW platform are 

not very common and practical [82]. In this work, BSWs have been demonstrated both 

in NIR and MIR regions with very common materials, Ge and SiO2. Additionally, 

thanks to the large difference in the refractive index between Ge and SiO2, 2-pairs 

multilayer is good enough for coupling BSW mode. 

Table 5.1: Summary of the recent plain (no structure or pattern on top surface) BSW platform 

Structure Number 

of pairs 

Wavelength 

region 

Propagati

on length 

(𝜇m) 

 

Si3N4/SiO2 

multilayer 

4 Vis (0.63 𝜇m) NA Paeder et al. Sensor and 

Actuators B:Chemical, 

(2017) [90]  

SiNx/SiO2 

multilayer 

4 NIR region 

(1.55 𝜇m) 

3240 @ λ 

= 1.55 𝜇m 

Richa et al. Journal of 

the European Optical 

Society-Rapid 

Publication, (2018) [18] 
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Ge/ZnSe 

multilayer 

7 NIR region 

(1.46 𝜇m) 

NA Ma, j et al. 

Optics letters, (2018) [21]  

ZnSe/YBF3 

multilayer 

3 MIR region 

(7.6~8.1 𝜇m) 

NA Smolik et al, 

ACS Photonics, 

(2018) [82] 

Ge/SiO2 

multilayer 

2 From NIR to 

MIR regions 

(1~5 𝜇m) 

250 @ λ = 

1.55 𝜇m  

Deng et al. 

Applied Physics Letters, 

(2020) 
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