
セッション 2024年第85回応用物理学会秋季学術講演会

4 JSAP-Optica Joint Symposia 2024 | 一般セッション(ポスター講演)：4 JSAP-Optica Joint Symposia 2024（ポ
スター）

[19a-P08-1~9] 4 JSAP-Optica Joint Symposia 2024（ポスター）

[19a-P08-1]
Laser-induced Photothermal- and Magneto-Responsive Polymer Composites for Soft-Bodied
Devices

〇Hoon Eui Jeong1, Moonkyu Kwak3, Hosup Jung2 (1.UNIST, 2.Seoul National Univ., 3.Kyungpook
Nat. Univ.)

[19a-P08-2]
Silicon Waveguide Output Coupler Based on Nanohole Array

Ya-Cin Chung1,2, Min-Hsiung Shih2, Shu-Wei Chang2, 〇Wan-Shao Tsai1 (1.National Chung
Hsing Univ., 2.Academia Sinica)

[19a-P08-3]
Determining Elastic Modulus of Fiber Material by Cantilever Vibration Method

〇(D)Saikat Mondal1, Partha Roy Chaudhuri1 (1.IIT Kharagpur)

[19a-P08-4]
Large-Area Moiré Metamaterials with Adjustable Chiroptical Properties Using TiO2
Nanoantenna Stickers

〇Jiayang He1, Shunsuke Murai1, Tienyang Lo1, Katsuhisa Tanaka1 (1.Kyoto Univ.)

[19a-P08-5]
Spectroscopic Investigation of Physico-Chemical Characteristics of Rice
Varieties

〇(M1C)MANIKANTH KARNATI1, Adline Rebello1, Nandana B1, Indira Govindaraju1, Bharath
Prasad AS2, Nirmal Mazumder1 (1.Department of Biophysics, Manipal School of Life Sciences,
Manipal Academy of Higher 6 Education, Manipal, Karnataka, India -576104 7, 2.Department of
Public Health Genomics, Manipal School of Life Sciences, Manipal 8 Academy of Higher
Education, Manipal, Karnataka, India -576104)

[19a-P08-6]
Revisable Tuning of Tamm Plasmon Polaritons

〇(D)MingJyun Ye1,3, Satoshi Ishii3, Kuo-Ping Chen2 (1.College of Photonics, National Yang Ming
Chiao Tung Unv., Taiwan, 2.Institute of Photonics Technologies, National Tsing Hua Univ. ,
Taiwan, 3.Research Center for Materials Nanoarchitectonics (MANA), NIMS, Japan)

[19a-P08-7]
Development of Four Channel based Stokes-Mueller Polarimetry Integrated with Machine
Learning for Characterization and Classification of Ductal Carcinoma Tissue

Spandana K U1, Sindhoora Kaniyala Melanthota1, Raghavendra U1, Sharada Rai1, K K Mahato1,
〇Nirmal Mazumder1 (1.Manipal Academy of Higher Education)

[19a-P08-8]
Unidirectional plasmons propagation

〇Subaru Yoshida1, Tongyao Li1, Takayuki Umakoshi1,2, Prabhat Verma1 (1.Dept. of Applied
Physics, Osaka Univ, 2.Inst. Adv. Co-Creation Studies, Osaka Univ)



セッション 2024年第85回応用物理学会秋季学術講演会

[19a-P08-9]
Enhancing SERS Sensor Reliability with Intensity-Based Self-Referencing Using 4-Amino
Thiophenol

〇(D)Arti Yadav1, Sachin Kumar Srivastava1,2 (1.Dept. of Physics, IIT Roorkee, 2.CPQCT, IIT
Roorkee)



Laser-induced Photothermal- and Magneto-Responsive Polymer Composites for 

Soft-Bodied Devices 

UNIST1, Seoul National Univ.2, Kyungpook National Univ.  ○Hoon Eui Jeong1, Hosup Jung2, Moon 

Kyu Kwak3 

E-mail: hoonejeong@unist.ac.kr 

 

Despite recent advancements, artificial composite muscles have not yet been able to strike the right balance 

between exceptional mechanical properties and dexterous actuation abilities that are found in biological 

systems. Here, we present an artificial composite muscle that exhibits multiple remarkable mechanical 

properties and demonstrates comprehensive actuating performance, surpassing those of biological muscles. 

This composite integrates a phase-change polymer and ferromagnetic particles, enabling active control over 

mechanical properties and complex actuating motions through remote photothermal laser heating and 

magnetic field manipulation. Consequently, the dual-responsive composite muscle can dynamically adjust 

its stiffness as needed, achieving a switching ratio exceeding 2.7×10³. This remarkable adaptability 

facilitates substantial load-bearing capacity. Moreover, it demonstrates reversible extension, contraction, 

bending, and twisting. We leverage these distinctive attributes to showcase the versatility of this composite 

muscle as a soft-bodied devices. (This work was supported by the National Research Foundation (NRF) of 

Korea grant 2021R1A2C3006297). 
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1. Introduction 

Silicon waveguide output couplers based on nanohole 

array structures is presented around 1550 nm [1]. Com-

pared with conventional grating couplers on sili-

con-on-insulator (SOI) platforms, the presented coupler 

shows less fabrication complexity since only one-step 

etching is required in both waveguide and coupler regions. 

Our devices are designed using the finite-difference 

time-domain simulations and fabricated with electron-beam 

lithography (EBL) followed by dry-etching through ridged 

structures. A self-built measurement system is utilized to 

characterize the devices. 

 The proposed device provides an alternative method 

for vertical light coupling on the SOI platform [2].  

 

2. Methods 

Design and Simulation 

The devices are fabricated on SOI substrates with a 3 

μm buffer oxide and a 220 nm Si layer. The structure in-

cludes the grating, taper mode-size converter, 400 nm wide 

single-mode waveguide, and nanohole array. 

Figure 1(a) and (b) show the top and side views of sim-

ulated field magnitude near the nanohole array, respectively. 

A far-field radiation angle of 15.36∘ is estimated from the 

Fourier transformed field as, as shown in Fig. 1(c). Based 

on simulations, the coupling efficiency of the nanohole 

coupler is 46.6% at periods Px = Py = 690 nm and hole di-

ameter D = 350nm. For comparison, a conventional grating 

coupler is also designed, and the optimized coupling effi-

ciency for the etch-through structure is 12.7% at period p = 

820 nm and gap g = 295 nm. The coupling efficiency of the 

taper is 90% at a length of 70 µm. 

Fabrication 

The structures of grating, taper, waveguide, and nano-

hole array are defined with EBL. A 30 nm thick Cr film is 

thermally deposited as the hard-mask for dry-etching. The 

inductively coupled plasma reactive ion etching process 

under 70 secs of CHF3 gas results in full etching of the 220 

nm top Si layer. The Cr layer is then removed by 

wet-etching. A subsequent 250 nm SiO2 cladding layer is 

deposited by plasma-enhanced chemical-vapor deposition. 

Figure 2(a), 2(b), and 2(c) show the scanning electron mi-

croscope (SEM) images of the grating, taper, and nanohole 

array before oxide deposition, respectively.  

Characterization 

Figure 3(a) shows the schematic of our measurement 

system. A tunable laser at C-band acts as the light source, 

and an InGaAs power detector is used for detection. From 

simulations, the coupling angles of grating and nanohole 

array are 10 and 15∘, respectively. The device under an op-

tical microscope (OM), which is aligned with a red laser, is 

shown in Fig. 3(b). Single-mode fibers are used in both the 

input and output. The detected output power at 1550 nm is 

about 100 nW at an input power of 5 mW. The overall cou-

pling efficiencies of fabricated devices are shown in Fig. 

3(c) and compared with the designed one. It is around 46 

dB at 1550 nm, which is much lower than the designed 

value of 13.19 dB. However, a similar wavelength de-

pendent trend can be seen.  

Fig. 1 (a) top and (b) side views of simulated field. (c) Far-field pattern. 

 

Fig. 2. SEM images of fabricated devices: (a) Grating coupler, scale bar: 2 

µm and inset 10 µm, (b) taper, scale bar: 10 µm, and (c) nanohole array, 

scale bar: 1 µm and inset 10 µm. 

 

Fig. 3. (a) Measurement setup. (b) Measured device under OM view with 

alignment of red laser. (c) Coupling efficiency of the fabricated device. 

 

3. Conclusions 

   We have designed, fabricated, and characterized output 

couplers based on nanohole arrays. The experimental over-

all coupling efficiency is 46 dB and should be improved 

by optimizing the fabrication process and thecharacteriza-

tion setup. 
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1. Introduction 

This research demonstrates the determination of the elas-

tic modulus of the material of optical fiber by experimentally 

calculating natural vibration frequency utilizing Euler-Ber-

noulli cantilever beam vibration theory[1]. An optical fiber 

cantilever of length 𝐿, material density 𝜌 have natural os-

cillation frequency for fundamental mode [2] 

𝑓 =
1.8752

2𝜋𝐿2
√

𝐸𝐼

𝜌𝐴
                                            (1) 

where 𝐸 is the elastic modulus of the fiber, 𝜌 (~2200 

kg/m3) is the density of the fiber material, 𝐴 is the cross-

section area of the fiber, 𝐼  is the second moment of the 

cross-section, here it is 𝜋𝑟4/4, 𝑟 (~62.5 μm) is the radius 

of the fiber. So, by experimentally calculating 𝑓  we can 

evaluate the 𝐸. The adjustment on 𝑓 due to damping in air 

is not considered, as it is negligible (usually 0.05%) [3]. 

 

2. Experimental Details and Results 

We take bare optical fiber (Nufern 780-HP) clamped at 

one end with the other end free, as our cantilever. We have 

coated a selected length of the fiber tip with electro-strictive 

nanocomposite BiFe0.8Co0.2O3, and placed between two par-

allel metal plate connected with a DC voltage supply. The 

light emitted from the free end passes via a converging lens 

with a large focal length, and the resulting spot is observed 

on a screen. The information about fiber tip vibration is ob-

tained by capturing video of the light spot position on the 

screen using a digital camera. The schematic of experimental 

setup is shown in Fig. 1. By using MATLAB programming, 

we extract the displacement-time data of the fiber tip from 

the recorded video and this data is further utilized through 

fast Fourier transform (FFT) analysis to evaluate the natural 

frequency 𝑓. 

Using this coated optical fiber cantilever system, we ex-

amined the natural frequency of the system by varying can-

tilever length 𝐿. One typical FFT analysis figure is shown in 

Fig. 2 for 𝐿= 9.0 cm and we find that the 𝑓 of the system 

is 12.26 Hz. The results are tabulated in Table I, for every 

experiment we use applied electric field 0.25 kV/cm. 

Table I Estimated Elastic Modulus  

Cantilever length 

(cm) 

𝑓(from experiment) 

(Hz) 

Elastic modulus 

(GPa) 

9.0 12.26 70.96 

9.5 10.98 70.66 

 

3. Conclusions 

   We have successfully established the method of deter-

mining the elastic modulus of an optical fiber using vibrating 

fiber cantilever beam by computing its natural frequency of 

vibration. The obtained results matches very well with pre-

viously reported findings [4]. This method is new and offers 

several potential benefits as it is simple, dynamic and repeat-

able yielding good accuracy. Being all-fiber system, the de-

sign can be implemented in any environment for studying 

cantilever vibration devices and related instrumentation. 
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Fig. 1. The schematic of experimental setup. 

 

 
Fig. 2. The FFT analysis of the cantilever vibration data for 

cantilever length 9.0 cm ( 𝑓 = 12.26 Hz). 
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1. Introduction 

Chiral metamaterials, known for their chiroptical ef-

fects, exhibit asymmetric responses to left- and 

right-circularly polarized light, resulting in higher circular 

dichroism (CD) compared to natural materials1,2. Cur-

rently, some chiral metamaterials, exemplified by helices3, 

offers inherent handedness, but their 3D nanostructure 

fabrication can be complex 2. 

In this study, we present a novel chiral metamaterial 

composed of two identical achiral TiO2 nanoparticles ar-

ray. The top layer consists of TiO2 nanoantenna sticker, 

while the bottom layer features an array of TiO2 nanopar-

ticles on a quartz substrate. Its chiroptical response is 

tunable by varying the in-plane rotation angle or twist 

angle between the two layers, yielding CD spectra varied 

with the twist angle. Additionally, we investigated the 

dependence of the CD spectra on the interlayer spacing by 

applying PMMA thin films of different concentrations to 

the surface of the lower substrate. 

 

3. Results and Discussion 

The TiO2 nanoparticles array was embedded into a 

transparent, flexible PDMS substrate to create stickers 

that were reusable and handled with ease (Fig. 1a). We 

then adhered this TiO2 sticker to the TiO2 nanoparticles 

array with a twist angle, spaced by a PMMA interlayer 

about 35 nm thick. The circular dichroism (CD) spectra, 

defined as ΔCD = (TR - TL) / (TR + TL), were measured 

and plotted (Fig. 1b). The flip of the sign of the CD signal 

is notable between the twist angles in opposite directions 

at normal incidence. Furthermore, by keeping the twist 

angle constant and increasing the interlayer thickness, the 

CD spectra exhibited a gradual weakening of the signal 

(Fig. 1c). 

 

3. Conclusions 

   The TiO2 nanoantenna stickers embedded in PDMS 

were successfully fabricated through a series of treatments 

such as heat treatment and transfer technology and can be 

utilized as chiral metamaterial. The CD results for the 

stacked identical nanoparticles array exhibit dependence 

on incident angles, revealing symmetry in CD response 

intensity for equal clockwise (CW) and anticlockwise 

(ACW) rotations. As the interlayer distance increases, 

there is an observed decrease in the CD value. 
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Appendix 
Kyoto university, Tanaka Katsuhisa Lab  
E-mail: murai@dipole7.kuic.kyoto-u.ac.jp 

Fig. 1. (a) Photograph of TiO2 nanoantenna sticker. (b) 
CD spectra of the twisted metamaterial with twist angles 
of ±22.5° at normal incidence, along with the interlayer 
thickness of about 35nm and (c) the dependence of the 
CD signal on the interlayer spacing for a twist angle of 
-22.5°. 
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Introduction: Rice (Oryza sativa L.), a versatile 

grain, is a dietary staple enjoyed worldwide, 

cherished for its culinary adaptability and nutritional 

richness. Its widespread consumption underscores 

its integral role in diverse cuisines and as a vital 

source of sustenance for countless cultures. As a 

significant source of carbohydrates, rice production 

has been rising, reaching 510.6 million tonnes in 

2017 (FAO, 2018) Starch, a prevalent carbohydrate 

in rice, comprises two primary constituents: amylose 

and 85 amylopectin. Long linear chains with limited 

branching characterize amylose, whereas 

amylopectin consists of shorter chains with 

numerous branches, resulting in a complex three-
dimensional structure. This structural complexity 

confers a semi-crystalline nature upon starch 
granules, attributed to the formation of double-

helices by short amylopectin chains 

Materials and methods: Amylose and resistant 

starch levels were examined in various rice cultivars. 

Morphological structures were examined under an 

optical microscope (Olympus BX51), and chemical 

groups were identified using FTIR spectroscopy 

(Bruker Alpha). Thermal characteristics were 

measured using differential scanning calorimetry 

(Shimadzu DSC60). The glycemic index was 

determined in vivo with Sprague Dawley rats by 

measuring blood glucose levels after ingestion and 

computing the Incremental Area Under the Curve 

(IAUC) using the trapezoidal rule. The rice variety 

with the most resistant starch was chosen for in vivo 

research to monitor changes in the gut flora. 

Results: DSC (Shimadzu’s DSC60, Japan) was 

employed to analyze the gelatinization parameters of 

the different rice flours. 4-5mg of rice flour was 

coated on an aluminum pan and was crimped with a 

sample-encapsulating press (Shimadzu’s DSC, 

Japan). It was then heated to temperatures ranging 

from 30-110 °C in 10 °C increments. The resulting 

curves were examined for the peak, onset, and 

endset temperature using TA-60WS software 

(Shimadzu, Japan). 

 

 

 

 

 

 

 

Fig.1. DSC thermograms of different rice flour, 

illustrating peak gelatinization temperature. 

Table.1. Gelatinization temperatures of rice flour 

Conclusion: The rice flour samples had structural 

uniformity and polygonal forms, and FTIR analysis 

revealed amylose and amylopectin functional 

groups. Parboiled brown rice, which has the greatest 

resistant starch levels, was chosen for further in vivo 

gut microbiota investigation in SD rats. The study's 

findings may influence dietary choices and 

agricultural practices by emphasizing the nutritional 

and gut health benefits of Karnataka rice varietals. 

This information could help evolve these rice 

variants into functional foods with broader health 

benefits. 
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Abstract: Phase-change materials (PCMs) provide a specific combination of properties. The 

binary semiconducting chalcogenide Sb2S3 is consider one of the promising candidates, 

especially its intrinsic high refractive index, low loss and wide bandgap properties, in near 

infrared (NIR). Here, the Sb2S3 transformation from amorphous to crystal state embedded 

between the distribute Bragg reflector (DBR) and metal layer. At the interface between DBR 

and metal layer in specific parameter, Phase-change Tamm plasmon–polariton (PC-TPP) 

resonance could be produce. The PC-TPP resonance has a 70 nm modulation wavelength. Also, 

the resonance achieves around 100 nm-shifted in NIR at the proper incident angle. 

Key Words-- Sb2S3, distribute Bragg reflector (DBR), Phase-change materials (PCMs), Tamm Plasmon Polaritons 

metasurface (TPP), High Refractive Index (HRI) 

1. Introduction  

Phase-change materials (PCMs) has been widely applied in switchable electronic and photonics [1-5]. The 

crystal phase of vanadium dioxide (VO2) was changed from monoclinic state near 340 K. Also, the working 

system of germanium-antimony-tellurium (GST) was above 380 K at communication wavelength.  However, 

these two PCMs have a high extinction coefficient around 0.5 and 2.0 in visible, respectively [6]. Here, the binary 

semiconducting chalcogenide Sb2S3 has bandgap 1.8 to 2.1 eV to move the absorption band-edge in visible. 

Meanwhile, the high refractive index of Sb2S3 could be tuned from 3 to 4 at around 650 nm. And, its extinction 

coefficient was below 0.5 after 600 nm in both states. 

One of the plasmon resonance was theoretically demonstrated at the surface photonic crystal and metals, called 

Tamm state. Between distributed Bragg reflector and metal layer, it has the strong confinement at the interface, 

known as Tamm plasmon polariton (TPP) [7, 8].  

In this research, Sb2S3 was used as function layer in the TPP structure. After annealing process, the modulable 

wavelength was demonstrate around 70 nm. The analysis of angle-dependence resonance also was proved close 

to 100 nm in proper incidence light. In the future, the optical signal would be encoded to electrical signal, called 

photocurrent. It was shown that our design would be added in LiDAR [9], sensor [10]. 

2. Results and discussion 

The finite-difference time-domain (FDTD) method has been used to calculate the Phase change Tamm 

plasmon–polariton (PC-TPP) resonance with normal light incidence in NIR. In this modeling setup, the DBR unit 

cell consist of two layers 145 nm silica and 95 nm TiO2 with several pairs, as shown in Figure 1 (a). With the 

specific Sb2S3  and gold thickness, the PC-TPP resonance could be achieved 70 nm modulation after Sb2S3 

annealing from amorphous to crystal state, as shown in Figure 1 (b). The optical constants of Sb2S3 were taken in 

the visible spectra range from, as shown in Figure 1 (c). It was shown phase change material Sb2S3 has the HRI 

and low extinction coefficient property, compared to commercial material, silicon, in NIR. 

 

 
Figure 1 (a) The structure of Sb2S3 TPP device. (b) The TPP resonance shifted from 870 nm to 960 after transformation state. (c) The real 

optical constant of the −and c- Sb2S3 after annealing. 
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1. Introduction 

This study presents a Stokes-Mueller polarimetry based 

imaging system for tissue characterization, specifically for 

distinguishing normal from cancer regions in ductal carci-

noma samples. The fibrous structures present in the tissue 

enhances the contrast through the measurement of polariza-

tion signal, making it easier to analyze images in detail and 

higher classification accuracy [1]. 

2. Materials and methods 

Four channel based Stokes Mueller polarization imaging 

system has been built in linear optics and used for tissue 

characterization. It consists of LES as light source, a polar-

ization state generator (PSG), polarization state analyzer 

(PSA) and detection system. The details can be found in ref. 

[1]. Figure 1 shows the schematic of four channel based 

Stokes Mueller polarization system.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Schematic diagram of the Four channel Stokes Mueller 

Polarisation system. L – Lens; M – Mirror; P – Polarizer; 𝞴/4 – 

Quarter Wave Plate; 𝞴/2 – Half Wave Plate; B – Beam Splitter; 

OL – Objective Lens; S – Sample; FR – Fresnel's Rhomb; WP – 

Wollaston Prism; D1, D2, D3, D4 - Detectors 

3. Results 

   The Stokes images represent the dependence of polari-

zation signal on the tissue architecture mainly due to the 

collagen fibre orientation. For 0⁰ polarization, the S2/S0 

images for the normal region exhibit greater values than 

that of tumour regions. From Figure 2, it is evident that the 

S3/S0 parameter for both normal and tumour breast tissue is 

nearly equivalent to zero when the sample is incident with 

0⁰ linearly polarized light. In addition, the reduced S3/S0 

value for the tumour region compared to normal regions 

indicates the lower birefringence property of the sample. 

Additionally, the 2D images of four polarization parameters, 

namely DOP, DOLP, DOCP, and anisotropy (r) are recon-

structed from Stokes parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

       

 

 

 

 

 
Figure 2. Reconstructed Stokes vector 2D images from normal 

regions (left), and (b) tumour regions of DC samples (right) with 

the input polarization of 0⁰. The color bar has a value ranging 

from 0 to 1 for S0 and -1 to 1 for the remaining parameters. Re-

produced from ref [1]. 

3. Conclusions 

   A dataset is created using various polarization parame-

ters, and validation accuracy of 95.78% and testing accu-

racy of 94.81% is achieved using machine learning (ML) 

based support vector machine image classification model. 

In this study, the average depolarization value of 0.644 in 

normal regions of tissue, while a slightly higher value of 

0.826 is observed. The tumor regions showed a reduction in 

retardance value from 2.373 to 0.748 as compare to normal. 

The results demonstrate the potential of ML integrated to 

Stokes-Mueller polarimetry in investigating detail micro-

structural characterization of tissue. 
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1. Introduction 

To excite surface plasmons efficiently, the surface plas-

mons must receive energy from incident light, in which 

conservation of momentum must be satisfied between light 

propagating in free space and the surface plasmons. How-

ever, the momentum of light propagating through air never 

matches the momentum of surface plasmons. One solution 

is to use a grating as a plasmon coupler. This allows the 

momentum of the incident light to match the momentum of 

the surface plasmons for efficient surface plasmon excita-

tion. However, in this method, the direction of propagation 

of surface plasmons cannot be controlled due to the diffrac-

tion.  

In this study, metasurface was used to solve this issue. 

Metasurface is a collection of nanoscale structures called 

meta-atoms. Like a grating, metasurface can also excite 

surface plasmons efficiently by matching the momentum of 

the incident light. Additionally, metasurface can change the 

phase of the plasmon waves, which means that the shape of 

the wavefront changes, and as a result it changes the direc-

tion of propagation of plasmons. By selecting a suitable 

polarization of the incident light with the design of the 

metasurface, the direction of plasmon propagation can be 

changed efficiently. In previous research [1], rectangular 

meta-atoms inclined at 45° and circularly polarized light 

were used. In experimental results, it was confirmed that by 

changing the incident light from right circular to left circu-

lar polarization, the surface plasmons propagated in oppo-

site directions. 

 

2. Experimental results 

In this research, we also used circularly polarized light as 

incident light to change the direction of propagation of sur-

face plasmons and to confirm that plasmons propagate uni-

directionally by changing the state of polarization from 

right to left. First, we prepared clean glass substrates using 

piranha solution. Then, a 45nm-thick silver layer was 

evaporated using an evaporation machine. The evaporation 

speed was around 1.5nm/s to keep the roughness of silver 

layer below 2nm because propagation losses can be suffi-

ciently reduced with a surface roughness of 2 nm or less [2]. 

After that, we fabricated a diamond structure and a 

metasurface at the center of the diamond structure by using 

a focused ion beam. Lastly, we irradiated circularly polar-

ized light on the metasurface to confirm that this metasur-

face made plasmons propagate unidirectionally. The size of 

the whole diamond structure was 12μm. An image of the 

diamond structure and metasurface was taken by scanning 

ion microscope (SIM), which is shown in Fig.1(a). From 

this image, we confirmed that diamond structure and 

metasurface were fabricated properly. In experiments, the 

incident light had a wavelength of 642 nm and circular po-

larization. When left circularly polarized light was irradi-

ated on the metasurface, we confirmed that near-field light 

was generated at the upper apex of this diamond structure, 

as shown in Fig.1(b). This means that plasmons were ex-

cited on the metasurface and then plasmons propagated 

only to upper direction. On the other hand, near-field light 

was generated at the lower apex when the incident light 

was right circularly polarization as shown in Fig.1(c). 

 

(a)              (b)              (c) 

 

 

  

 

 

 

 

 

 

 

 

 

Figure1:(a) SIM image of a diamond structure and 

metasurface. (b) and (c) Optical images of silver coated 

glass diamond structure and metasurface under circularly 

polarized light. 

 

3. Conclusion 

 We succeeded in confirming through optical images that 

matasurface design fabricated in this study makes plasmons 

propagate unidirectionally. Since a variety of metasurface 

designs can be used, it may be possible to achieve unidirec-

tional plasmon propagation in different ways. It is believed 

that by making plasmons propagate unidirectionally, higher 

energy near-field light is produced. Therefore, as an appli-

cation, this can be efficiently used for nanoimaging and 

nanospectroscopy. 
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1. Introduction 

The performance parameters such as limit of detection, 

and dynamic range of a surface enhanced Raman spectros-

copy (SERS)-based sensor are limited by laser power, inte-

gration time of the detector of the spectrometer (IntT), and 

ambient conditions [1]. The intensity-based self-referencing 

mechanism offers an innovative solution, providing inde-

pendence of sensor performance on these factors. Integra-

tion of 4-Amino thiophenol (4-ATP) as a self-referenced 

layer with SERS sensor offers the advantage of independ-

ence of Raman signal on the laser power, integration time, 

or ambient conditions.  

The SERS sensor chip consists of an Ag 

nano-sculptured thin film (Ag-nSTF) fabricated using 

glancing angle deposition method (GLAD). The Ag-nSTF 

sensor chips offer uniformity, reproducibility, reproducibil-

ity, stability, and large-area SERS substrates [2]. 

 

2. Result and discussions 

   We improve the reliability of the SERS sensor by inte-

grating a self-referenced layer of 4-ATP in the sensor fab-

rication. The SERS sensor is composed of an Ag-nSTF 

over a monolayer of 4-ATP self-assembled onto Ag nano-

particles (AgNP) positioned over a Si substrate. Figure 1(a) 

displays a FESEM image of the top view of the sensor 

Ag-nSTF/4-ATP/AgNP/Si. Ag-nSTF consists of an array 

of nanorods (AgNR) of length 339±30 nm. The inset of the 

same figure presents the schematic of the cross-sectional 

profile. It can be seen that the 4ATP layer is sandwiched 

between the AgNP and Ag-nSTF, while the analyte mole-

cule is placed on top of the Ag-nSTF. The SERS signal 

from the sandwiched 4ATP molecules serves as 

self-reference signal. Figure 1(b) shows the SERS spectra 

of 1 mM cysteamine dihydrochloride (Cys) over the sensor 

chip for various IntT values. With the increase in IntT, the 

intensity of the Raman bands increases. However, the rela-

tive SERS intensity of Raman bands of Cys (at 501 cm-1) 

and 4-ATP (at 1078 cm-1 taken as reference) is almost con-

stant with the standard deviation of 0.009 as shown in Fig-

ure 1(c). This independence ensures consistent performance 

of the sensor under varying IntT. Intensity-based 

self-referencing mechanism proposes to resolve a 

long-lasting issue of SERS-based quantitative detection 

with high reliability [3]. The sensor response is also inde-

pendent of different spots across the sensor chip as pre-

sented in Figure 1(d). This confirms the uniformity of the 

sensor, hence the improved reliability. 

 

Figure. 1. (a) FESEM image of the SERS sensor chip, (b). SERS 

spectra of Cys over sensor chip for different integration times of 

the detector of the spectrometer (c). Variation of relative SERS 

intensity I501/I1078 for integration time variations (d). Variation of 

relative SERS intensity for variations of the different spot of the 

sensor. 

 

3. Conclusions 

   The intensity-based self-referenced mechanism signifi-

cantly improves the SERS sensor's reliability by the inde-

pendence of the sensor performance over the integration 

time variations. 
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In general, symmetric plasmonic nanocavities, such as a pair of two closely spaced metal nanospheres of 

the same size and constituting material, support only symmetry-allowed bright modes under light 

illumination. Breaking the cavity symmetry introduces mode hybridization between its bright and dark 

modes, leading to new plasmon modes like Fano resonance and bound states in the continuum.  

 

In this talk, I will go on to discuss three “dark” aspects of symmetry-broken plasmonic nanocavities, 

including 1) light-induced electromagnetic asymmetry for enhancing the surface second-harmonic 

generation (SHG) of noble metals (Nature Communications 2021, 12, 4326), a mechanism well beyond 

conventional enhancement strategies, 2) photon-assisted tunnelling induced second-order nonlinear optics 

in conductive molecular nano-junctions (Nano Letters 2023, 23(12), 5851-5858), and 3) plasmon-induced 

optical magnetism in an asymmetric nanoparticle dimer-on-mirror cavity and its theoretical implication as 

a new second-order nonlinear source (Laser & Photonics Reviews 2020, 14(9), 200068). 

 

 
 
Figure 1: Suppressed and amplified surface second-harmonic generation in symmetric (upper panel) and 

asymmetric (middle and lower panels) plasmonic nanocavities 
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nanophotonics and low-dimensional quantum materials, with particular interest in the nanoscale 

cavity-matter interaction. 
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Fluorescence microscopy is an indispensable tool for observing biological samples due to its less 

invasiveness, target specificity, and single-molecule sensitivity. The development of super-resolution 

techniques such as stimulated emission depletion (STED) [1], single-molecule localization [2], and 

structured illumination microscopy (SIM) [3] have overcome the limitation in spatial resolution, 

expanding the capability for imaging with higher spatial resolution beyond the classical diffraction limit. 

However, most of the super-resolution techniques fully exhibit their resolving capability only near the 

surface of samples, due to the requirement of complex illumination patterns or single molecule detection. 

These techniques are often hampered by background light from out-of-focus or optical aberrations, 

making the observation of internal structure difficult, especially in thick samples. 

We developed several super-resolution techniques that leverage the nonlinear behavior of fluorescent 

molecules such as multiphoton [4], saturable [5], and step-wise absorption [6,7]. Nonlinear fluorescence 

signals derived from these behaviors are three-dimensionally localized within the excitation area, 

suppressing background light and improving the spatial resolution even within thick samples.  

In this talk, I will introduce our development of super-resolution techniques using reversibly photo-

switchable fluorescent proteins (RSFPs) whose capability of fluorescence emission (off and on state) 

can be modulated by light irradiation. We combined the nonlinear property of RSFPs and two-photon 

excitation to induce higher-order nonlinear response for further improvement of spatial resolution [6].   

We also utilized RSFPs to integrate two illumination patterns: selective plane illumination and 

structured illumination [7]. Localizing fluorescent regions through selective plane activation of RSFPs 

enables the use of SIM in thick samples by suppressing background light. We succeeded in observing the 

internal structure of a single cell and large cell clusters with high spatial resolution, which was a difficult task 

for conventional super-resolution microscopy. 

 

References 

[1] S. W. Hell and J. Wichmann, Opt. Lett. 19, 780-782 (1994) 

[2] E. Betzig et al., Science, 313, 1642-1645 (2006) 

[3] M. G. L. Gustafsson, J. Microsc., 198, 82-87 (2000) 

[4] T. Kubo, K. Temma et al., Opt. Lett., 46, 37-40 (2021) 

[5] T. Kubo, K. Temma et al., ACS Photonics, 8, 2666-2673 (2021) 

[6] K. Temma et al., Opt. Express, 30, 13825-13838 (2022) 

[7] K. Temma and R. Oketani, et al, Nat. Methods, 21, 889-896 (2024) 

第85回応用物理学会秋季学術講演会 講演予稿集 (2024 朱鷺メッセほか2会場＆オンライン)16a-B4-2 

© 2024年 応用物理学会 04-002 4.1

mailto:temma@ap.eng.osaka-u.ac.jp


Anomalous Measurement of Imbert-Fedorov Shift at Surface Plasmon Resonance 
 

Cherrie May Olaya1, Norihiko Hayazawa1,2, Maria Herminia Balgos1, Takuo Tanaka1,3 
 

1 Innovative Photon Manipulation Research Team, RIKEN Center for Advanced Photonics, Japan, 
2 Surface and Interface Science Laboratory, RIKEN Cluster for Pioneering Research, Japan 

 3 Metamaterials Laboratory, RIKEN Cluster for Pioneering Research, Japan 
E-mail: cherriemay.olaya@riken.jp 

 
1. Introduction 

The interaction of a real optical beam and a planar inter-
face results in an apparent shift of the reflected beam with 
respect to the prediction of geometric optics. The reflected 
beam could be displaced along the optical axis, called Goos-
Hänchen (GH) shift, or transverse to the optical axis, called 
Imbert-Fedorov (IF) shift [1,2]. GH shift arises from the dif-
fraction corrections in the reflection coefficients while IF 
shift originates from the spin-orbit (SOI) interaction of pho-
tons due to the conservation of total angular momentum. IF 
shifts are typically observed under circularly polarized 
source or under 45o linearly polarized source which corre-
spond to the eigenmode of the shift [3]. As such, upon exci-
tation of surface plasmon resonance under p-polarized illu-
mination, GH shifts occurs whereas no IF shift is expected. 
In our previous works [4-6] and elucidated during the 2020 
JSAP Autumn Meeting [7], we demonstrated significant en-
hancement of GH shifts at the SPR region that agree well 
with theoretical calculations. In this work, however, we 
show a large anomalous IF shift measured at the SPR angle. 
 
2. Methodology 

Modifications to the experimental system used in our 
previous works in [4-6] allowed for the simultaneous meas-
urements of GH and IF shifts around the SPR region. Thin 
film of gold (tAu = 47. 5 nm) with titanium (tTi = 2.5 nm) 
adhesion layer was used as substrate. Excitation of surface 
plasmons were made using the standard Kretschmann con-
figuration where a linearly polarized laser diode (𝜆 = 633 
nm) impinges the substrate through a hemispherical prism 
(𝜙 = 25 mm). The polarization state of the incident beam is 
switched between p and s states using an electro-optic (EO) 
modulator. Reflected beam centroid displacements were ob-
tained using a quadrant detector (QD) positioned 4.5 cm 
from the incident beam waist. 

 
3. Results and Discussion 
   Fig. 1 shows the GH and IF shifts measured around the 
SPR region. The gray line shows the location of the SPR an-
gle which was obtained from reflectivity measurements per-
formed simultaneously with beam shift measurements. The 
measured GH shift agrees well with analytical calculations 
where an angular GH shift-dominated is shown for a focused 
incident beam.  

Analytically, no IF shift should be measured since IF 
shift does not have an eigenmode at p and s polarization state. 
Our measurements, however, show otherwise where a sharp 

IF shift is measured at the SPR angle as shown in blue dots 
in Fig. 1. We surmise that the sharp IF shift arises from the 
polarization mixing from the focused incident beam and the 
finite extinction of the EO modulator, where for a focused 
incident beam, any slight deviation from the pure polariza-
tion state would result to large IF shifts. We deem our results 
essential to measurements requiring high precision espe-
cially for microscopy-based setups where high numerical ap-
erture lenses are used. 
 
3. Conclusions 
   We measured significantly large beam shifts along and 
perpendicular to the optical axis upon excitation of surface 
plasmon resonance. While the in-plane GH shift agrees well 
with analytical calculation, we measured significantly large 
anomalous IF shift at the SPR angle which we surmise to 
have originated from the polarization mixing of the focused 
incident beam. 
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Figure 1. GH (red) and IF (blue) shift of the reflected beam. 
The gray line corresponds to the location of the SPR angle. 
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1. Introduction 

Empirically measuring the Purcell factor, which 

represents the maximum enhancement to spontaneous 

emission in an optical cavity, is straightforward as the 

photoluminescence enhancement (PLE) can be determined 

directly by comparing the luminescence intensity with and 

without the cavity. However, predicting the Purcell factor 

have been proven to be tricky. In particular, the effective 

modal volume is difficult to analyze empirically, especially 

for non-Hermitian systems which includes open resonators 

and systems with dissipative materials [1]. 

Surface lattice resonances (SLR) is a hybrid 

plasmonic-photonic resonance supported on nanoparticle 

arrays that provides strong and directional PLE via Purcell 

effect and directional out-coupling. In this work, we 

analyzed the Purcell effect arising from SLR and proposed 

an analytical model that predicts the PLE only with 

parameters that can be obtained through spectral 

measurements. We also studied a wide variety of structures 

to ensure the predictive power of the model.  

 

2. Analytical Model 

In our recent work that explores the effectiveness of 

different materials used in PLE [2], we discovered that the 

nearfield enhancement of SLR in the embedded dye layer 

can be mapped to the absorptive decay rate contributed by 

dye Γabs,dye, which is a parameter that is obtained through 

spectral measurement and fitting. Through the Lorentz 

reciprocity theorem, we also learned that the nearfield 

enhancement is a predictor of PLE that is commonly used 

in numerical analysis [3]. By connecting these insights, we 

derived a new method in determining the Purcell factor of 

SLR that only uses parameters that can be obtained from 

spectral measurements. In particular, we find the 

spontaneous emission enhancement provided by the SLR to 

be described by: 

 
where ω0 is the resonant frequency, Γrad is the radiative 

decay rate of the SLR, t is the dye layer thickness, κ is the 

extinction coefficient of the dye layer, and c is the speed of 

light in vacuum. Γtot is the total decay rate and Γtot = Γrad + 

Γabs,dye + Γabs,NP, where Γabs,NP is the absorptive decay 

rate contributed by the nanoparticles.  

 

3. Results and Discussion 

In order to verify our analytical model, we numerically 

simulated SLRs on nanoparticle arrays of different 

materials and geometries with the finite-difference 

time-domain (FDTD) method. The numerically simulated 

PLE of each structure are plotted against the PLE predicted 

by our analytical model in Figure 1 for comparison. As 

illustrated in Figure 1, the data closely follows the diagonal 

line, which indicates that our model predicted the PLE in 

numerous simulated structures.  

 

 
Figure 1. The PLE predicted by the analytical model was 

plotted against the FDTD simulated PLE. 

 

We also experimentally analyzed PLE measurements 

with TiO2 nanoparticle arrays. The experimental results 

verified the predictions from our analytical model. We also 

discovered that some parameters can be generalized over 

multiple structures with similar features. This insight 

allows us to further extend the predicting power of our 

analytical model with limited information.  

 

4. Conclusions 

   In conclusion, we developed an analytical model that 

describes the Purcell effect using Lorentz reciprocity 

theorem. With our analytical model, we predicted the PLE 

mediated by SLRs on multiple structures made of a variety 

of materials in both numerical simulations and experiments. 

This study presents a useful analytical framework for 

optimizing PLE on a wide variety of plasmonics and 

nanophotonics resonators.  
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1. Introduction 

Plasmon nanofocusing is a phenomenon that generates 

strong near-field light at an apex of a metallic tapered 

structure through plasmon propagation and focusing toward 

the apex. Among its various characteristics such as back-

ground-free from incident light, one of its distinctive ad-

vantages is the broadband property. Unlike localized plas-

mon resonance of a metallic nanostructure, which is excited 

only near the plasmon resonance wavelength, plasmon 

nanofocusing is excited over an extremely broad wave-

length range as it is not based on resonance, but propaga-

tion of plasmons. As we have previously demonstrated the 

generation of white nanolight source through plasmon 

nanofocusing for optical nanoimaging [1], broadband 

plasmon nanofocusing holds a great potential for various 

nanophotonics techniques.  

In this study, we applied plasmon nanofocusing for 

broadband absorption spectroscopy. Absorption spectros-

copy has been a fundamental analytical technique for vari-

ous samples. The previous study has further demonstrated 

the highly sensitive absorption sensing based on the local-

ized surface plasmon resonance [2]. However, this reso-

nance-based approach is limited in its detection wavelength 

range, which makes it difficult to precisely analyze absorp-

tion spectral shape or to simultaneously detect multiple 

different peaks. To overcome this issue, we employed 

broadband plasmon nanofocusing, and experimentally 

demonstrated broadband absorption spectroscopy.  

Fig. 1 (a) Schematic of our method. (b) SIM image of the tapered 

metallic structure (after deposition of the protection layer). 

 

2. Results and Discussion 

  To demonstrate broadband absorption spectroscopy 

based on plasmon nanofocusing, we used the setup summa-

rized in Fig. 1a. The aluminium tapered structure was fab-

ricated by first depositing an aluminium thin film via vac-

uum evaporation and then patterning it using a focused ion 

beam (FIB). A slit structure was fabricated as a plasmon 

coupler. Subsequently, the entire tapered structure was 

covered with a PMMA thin film as a protection layer, and a 

detection hole was fabricated near the apex using FIB so 

that only the apex was exposed to detect absorption at the 

tip of the tapered structure (Fig.1b). The white supercon-

tinuum laser was shined on the plasmon coupler to excite 

plasmons. Propagating plasmons generate a white nanolight 

source at the apex, which was used for the broadband ab-

sorption spectroscopy.  

For absorption measurement, a water drop was first de-

posited on the substrate, and analytes solution was subse-

quently injected for measurements. Absorption spectra 

were calculated by comparing the scattering signals from 

the taper apex with analytes and without analytes. As 

shown in Fig. 2, we successfully acquired absorption spec-

tra of three different analytes Cy3, Cy5 and Cy7.5 simulta-

neously, which have different absorption peaks from 500 to 

800 nm over a broad wavelength range. The result was in a 

good agreement with the spectrum obtained with the con-

ventional absorption spectrometer. Also, we confirmed that 

our method has a linearity despite the limited detection 

sensitivity due to the mechanical drift of optical compo-

nents at this moment.  

Fig. 2 Absorption spectrum acquired via plasmon nanofocusing 

(solid line) and reference spectrum by conventional spectrometer 

(dashed line). 

 

3. Conclusion 

   We successfully demonstrated broadband absorption 

spectroscopy based on plasmon nanofocusing ranging from 

500 nm to 850 nm.  
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Fig. 1. Cross-sectional geometry of flat zero-thickness electron 

beam moving near M identical circular dielectric nanowires. 

 

 
Fig. 2. Color map of the DR power versus the 

frequency and the wire radius for the M = 500 

graphene-wrapped nanowire grating. 
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We analyze the effect of the suppression of the 

diffraction radiation (DR) caused by the electron beam 

flowing above a finite grating made of dielectric circular 

nanowires with graphene covers – see Fig.1. The work 

focuses on the combined effect of the plasmon-mode and 

the lattice-mode resonances on DR. 

In our analysis, we assume that the zero-thickness 

electron beam density is time-harmonically modulated 

with the cyclic frequency  and its velocity is constant, 

v c= , and consider its field in the free space as the 

incident field [1-4]. To characterize the graphene, we employ the quantum-theory Kubo formalism and the 

resistive sheet boundary conditions [5]. Then, the DR problem is a full-wave two-dimensional boundary-value 

problem for the Helmholtz equation with exact boundary conditions, plus the condition of local power finiteness 

and the radiation condition at infinity. To cast this problem to the form convenient for computations, we use the 

separation of variables in local coordinates and the addition theorem for cylindrical functions that yields a block 

type (M x M) infinite-matrix equation of the Fredholm second kind. This enables precise control of numerical 

accuracy [4]. The DR power characteristics, such as the total 

scattering cross-section, are calculated. 

Fig. 2 shows the color map of the DR total scattering 

cross-section (TSCS) for the electron beam excited grating of 

M = 500 wires with the radius varying from 60 nm to 125 nm 

near the 300 THz frequency. The chemical potential of 

graphene is 1 eV, and the electron beam relative velocity is  = 

0.5. The red “ridge” on the map, visible for the wires of all 

radii, corresponds to the resonance on the dipole plasmon 

mode P1 of the graphene cover of each nanowire. The Q-factor 

of that resonance is moderate, around 53 according to equation 

(26) from [4]. Our previous works [6] have revealed that such 

a grating with the number of wires that is counted in large 

dozens and hundreds possesses an ultrahigh-Q lattice-mode 

resonance [7,8] at the frequency where period is entirely 

divisible by wavelength/. If the frequencies of the plasmon and lattice mode resonances are well separated, 

each of them yields a peak in the DR power spectrum. In the studied here case of the 2-µm period, the mentioned 

two resonance frequencies coincide. As one can observe from Fig. 2, then the collective lattice-mode effect is not 

distinguished if the wire radius is smaller than around 90 nm. However, if it gets larger, then there happens a 

suppression of the plasmon-mode resonance peak – TSCS has a deep minimum. The larger the wire radius, the 

deeper the suppression. The potential application of the studied effects is discussed. 
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1. Introduction 

Extreme scattering phenomena, such as nonreciprocity, 
and parametric amplification, in periodically time-varying 
mediums have attracted numerous attentions in recent years. 
Periodically time-varying permittivity is used as an 
additional degree of freedom in metamaterials or 
metasurfaces. Here, we investigate the Floquet Mie 
scattering properties of a spherical nanoparticle coated with 
a time-varying dispersive shell. Our result can provide 
insight into the light-matter interaction in the time-varying 
system and can also guide the antenna design based on the 
core-shell structure. 

2. General Instructions 

We consider a circularly polarized light impinges on a 
temporal modulated spherical core-shell nanoparticle. The 
spherical particle consists of a dielectric core with radius a 
and a time-varying dispersive shell with radius b. The 
electric field inside the shell can be expanded as a series of 
vector spherical harmonics (VSFs) ( )κF r , 

( ) ( ) ( ) ( ), A Sκ
κ

ω κ ω κ=∑E r F r , 

where κ  is the wavenumber, ( )Sκ ω  is the spectral part of 
the eigenmode. 

Dispersion relation inside the periodically time-varying 
dispersive material 

We consider the plasmonic materials with periodically 
modulated electron density, which can be realized via 
“shaking” the metal with pulse etc. The electron motion can 
be described by the equation of motion [1,2],  

( ) ( ) ( )
22

2
2 , ,e

r
e

qt N t t
t t m

γ ω
 ∂ ∂

+ + = ∂ ∂ 
P r E r  

where ( ) ( )0 1 cosN t N t= + ∆ Ω . And the permittivity can be 
solved from this equation. After substituting the permittivity 
into the Maxwell’s equations, the dispersion relation takes 
this form, 

( ) ( ) ( ) ( ) ( ) ( ) ( )( ) ( )2 2
st dyn dynk S S S Sκ κ κ κω ε ω ω ε ω ω ε ω ω κ ω+ +Ω + −Ω =

 

where 
2 2

2 2 2 21 ,
2

p p
st dyn

r ri i
ω ω

ε ε
ω ω γω ω ω γω

∆
= + =

− − − −
 

The results 

The electromagnetic field inside the time-varying shell can 
be written as, 

( ) ( ) ( ) ( ) ( ),
, , , ,

, 1,2
,

i i i

j shell j
shell

i n j
S n Aκ α µν κ α µν κ

α µν

ω ω
∞ ∞

=−∞ =−∞ =

= − Ω∑ ∑ ∑ ∑E r F r  

( ) ( ) ( ) ( ),
, , , ,

, 1,2
,

i i

N N
j shell j

shell
i N n N j

Bα µν κ α µν κ
α µν

ω
=− =− =

= ∑ ∑ ∑ ∑H r F r

 

 Applying the boundary conditions, i. e., the continuity of the 
tangential component of electric and magnetic field, the 
scattered field can be solved.  

We calculate its elastic scattering cross section using the 
scattered field. As is shown in Figure 1, the elastic scattering 
cross section is strongly suppressed at the resonance 
frequency. 

 

 

 

 

 

 

Figure 1. Elastic scattering cross section of the spherical particle 
with core-shell structure. [3] Their radius is set as 100 a nm= and 

150 b nm= , the modulation strength 0 and 1∆ = , and modulation 
frequency 0.377 THzΩ = .  

3. Conclusions 

We have proposed a rigorous method to describe the 
scattering properties of the spherical particle with a time-
varying dispersive shell. We calculated the scattering cross 
section. The results may help us understand the energy 
transfer between the EM field and the time-varying medium. 
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1. Introduction 
Strongly localized and enhanced near-field light gener-

ated near plasmonic nanostructures has been widely applied 
in various fields from material science to biology. The 
near-field light is often generated by localized plasmon 
resonance of metallic nanostructures such as a gold nano-
particle and nanorod. Recently, plasmon nanofocusing has 
also attracted much attention as another method to generate 
the near-field light due to its distinctive advantages such as 
background-free from incident light [1]. The near-field 
light is generated at an apex of a plasmonic tapered struc-
ture, such as a gold cone, through plasmons propagating 
toward the apex. Considering both methods of localized 
plasmon resonance and plasmon nanofocusing, one of piv-
otal questions is “Which generates more intense near-field 
light?”, as the near-field light intensity is a fundamental and 
important property for most of optical applications.  
 
2. Results and discussion 

In this study, we numerically investigated which of lo-
calized plasmon resonance and plasmon nanofocusing gen-
erates intense near-field light. To evaluate the maximum 
near-field light intensities for both methods, we considered 
not only light field intensity but also heat generation and 
temperature in plasmonic structures. The near-field light 
intensity can be simply increased by increasing the incident 
light intensity. However, it is limited by the fact that too 
strong incident light destroys plasmonic structures as tem-
perature goes beyond the melting point. Therefore, we cal-
culated both electric field and temperature around the 
plasmonic structures using finite element method.  

Figure 1(a) shows the calculation models for the local-
ized plasmon resonance and plasmon nanofocusing. We 
chose 785 nm as the incident light wavelength. We used a 
gold nanorod and cone for the localized plasmon resonance 
and plasmon nanofocusing, respectively, as typical struc-
tures. Their geometries were optimized for the wavelength 
of 785 nm. We used a grating as a plasmon coupler for 
plasmon nanofocusing, which was located 3.75 µm far 
from the apex. Under incident light irradiation to the gold 
nanorod and the grating of the gold cone, we simulated the 
distributions of both the electric field and temperature, as 
shown in Figs. 1 (b, c). We confirmed that near-field light 
was generated for both cases. At the same time, we found 
that temperature of the structures increased due to heat 
generation. We further increased incident light intensity 

until temperature reaches the melting point of gold (1337K). 
In this situation, we found that the maximum near-field 
light intensity by plasmon resonance was 6.26 × 1013 V2/m2. 
As for plasmon nanofocusing with the gold cone, the 
maximum near-field light intensity was 11.40 × 1013 V2/m2. 
Therefore, we concluded that plasmon nanofocusing is ca-
pable of creating approximately twice stronger near-field 
light compared with localized plasmon resonance. 
 
3. Conclusions 
   In conclusion, we found that plasmon nanofocusing 
generates twice more intense near-field light compared with 
localized plasmon resonance. However, it was investigated 
only at a particular condition, which calls more extensive 
studies at various conditions in the future. In the presenta-
tion, we also discuss the case of more moderate tempera-
ture. Also, an interesting phenomenon of the near-field 
light intensity decrease with respect to the incident light 
intensity will be discussed.  
 
References 
[1] T. Umakoshi, et al., Sci. Adv. 6, eaba4197 (2020) 

Figure 1 Fig 1. (a) Schematics of calculation modes of 
(b) Electric field and (c) temperature distributions of 
the gold nanorod and cone. 
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1. Introduction 
When light is incident on a nanoantenna, i.e., a periodic 

array of nanoparticles, individual local resonances couple 
cooperatively and produce surface lattice resonance (SLR). 
Operating the in-plane symmetry of the nanoantenna would 
break the in-plane symmetry of the optical response of the 
SLRs, and also lead to the suppression of radiation of the 
SLRs to become bound-states in the continuum (BICs) [1]  
In this study, we prepared two samples with in-plane 

asymmetry: the first sample is the square lattice comprising 
asymmetric-shaped TiO2 nanoparticles. The second sample 
is non-Bravais lattice of Si nanoparticles array, supporting 
quasi-BIC states at normal incidence. Using these asym-
metric nanoantennas, we investigated non-centric direc-
tional photoluminescence and sensitivity to the surrounding 
refractive index. 
2. Asymmetric TiO2 nanoantenna for non-centric emis-
sion 
The asymmetric TiO2 nanoparticle arrays were fabricated 
by a glancing angle deposition of titanium on the square 
lattice of TiO2 nanoparticle array at an angle of 45° to the 
substrate, followed by rapid thermal annealing (RTA) to 
convert the deposited Ti to TiO2. The shape of the nanopar-
ticle was observed by scanning electron microscopy (SEM) 
and atomic force microscopy. In the SEM image (Fig. 1(a)), 
a shadow can be seen on the right side of each nanoparticle, 
indicating that the titanium was deposited from the left 
side.  
We measured the incident angle dependence of the extinc-

tion spectra of the poly(methyl methacrylate) 
(PMMA)-coated array on the substrate (Fig. 1(b)) and the 
emission angle dependence of the PL enhancement of the 
PMMA-coated array containing a fluorescent dye (Fig. 
1(c)) along the x-axis. In the extinction spectra, two disper-
sive features are found along the (±1,0) diffraction orders. 
Their intensities are very different because of the asymmet-
ric shape of the nanoparticles. The PL enhancement map (in 
Fig. 1(c) follows this asymmetric intensity. These results 
show that the simple glancing angle deposition makes the 
asymmetric nanoparticle arrays to shift the center of the 
luminescence intensity distribution. 
3. Doubly-detuned Si nanoantenna for sensing 
We broke the in-symmetry by detuning the size and posi-
tion of silicon particles periodically arranged in an array, 
resulting in magnetic and electric quasi-BICs at gamma 
point. We investigated the sensing characteristics of them 
by measuring the spectral shift in response to changes in 
the refractive index of the surrounding medium[2]. In addi-

tion, we revealed the sensing range of the different reso-
nances through simulations involving a layer of deviating 
refractive index of increasing thickness. Interestingly, the 
resonances show very different responses, which we de-
scribe via the analysis of the near-field. This work contrib-
utes to the development of highly sensitive and selective 
BIC-based sensors that can be used for a wide range of ap-
plications. 
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Fig.1(a) SEM image of asymmetric TiO2 nanoparticle ar-
rays prepared with glancing angle deposition. Angular de-
pendent (b) extinction and (c) photoluminescence en-
hancement (PLE) spectra of the asymmetric TiO2 nanopar-
ticles arrays. The dotted lines in (b) denote (±1,0) diffrac-
tion orders. PLE was defined as the PL intensity from the 
luminous layer on the array divided by that from the same 
layer but on a flat substrate. 

第85回応用物理学会秋季学術講演会 講演予稿集 (2024 朱鷺メッセほか2会場＆オンライン)16a-B4-9 

© 2024年 応用物理学会 04-010 4.1



セッション 2024年第85回応用物理学会秋季学術講演会

4 JSAP-Optica Joint Symposia 2024 | 一般セッション(口頭講演)：4.1 Plasmonics and Nanophotonics

[16p-B4-1~13] 4.1 Plasmonics and Nanophotonics

[16p-B4-1]
[JSAP-Optica Joint Symposia Invited Talk] Plasmonic nanowire based intracellular material
delivery

〇Tomoko Inose1,2,3 (1.Kyoto Univ., 2.iCeMS, Kyoto Univ., 3.JST PRESTO)

[16p-B4-2]
[JSAP-Optica Joint Symposia Invited Talk] Controlling lyotropic liquid crystalline self-assembly
for creating nano carriers for biomedical applications

〇Nhiem Tran1 (1.RMIT University)

[16p-B4-3]
Ultra-wide dynamic structural colors with width-modulated Cr-subwavelength grating on
Ni/SiO2 films

〇Yuusuke Takashima1,2, Kentaro Nagamatsu1,2, Yoshiki Naoi1,2 (1.Tokushima Univ., 2.pLED,
Tokushima Univ.)

[16p-B4-4]
Spectroscopic thermal emitters based on bimetallic compounds for high temperature
plasmonic applications

〇Andrea RuizPerona1,2, Toan Tran Phuoc1, Thien Duc Ngo1, Tadaaki Nagao1,2 (1.NIMS,
2.Hokkaido Univ.)

[16p-B4-5]
Designing Reconfigurable Metamaterials Toward Structural Color Generation

M. Pourmand1, 〇Pankaj Kumar Choudhury2 (1.Umea University, 2.Zhejiang University)

[16p-B4-6]
Investigation of Plasmonic Effect in Slot Rectangular Waveguide by Applying a Gold as Metal
Optimization

〇(D)Km Priyanka1, Ritu Raj Singh1 (1.NETAJI SUBHAS UNIVERSITY OF TECHNOLOGY, NEW DELHI)

[16p-B4-7]
Capillary-Interactions based Single-step and Scalable Fabrication of Gap-tuneable Plasmonic
Nanostructures

〇(DC)Renu Raman Sahu1, Alwar Samy Ramasamy1, Tapajyoti Das Gupta1 (1.LANSPE, IAP, IISc)

[16p-B4-8]
Self-Assembled Silicon Metasurface for Mechanically Tunable Optical Properties

〇(M1)Yongan Hu1, Patrick Probst1, Mojtaba Karimi Habil1, Hiroshi Sugimoto1, Minoru Fujii1

(1.Kobe Univ.)

[16p-B4-9]
A Fano resonance enhanced surface plasmon sensing for IgG/anti-IgG immunosensor with
high sensitivity

〇(D)Yiming Lu1,3, Hidekazu Ishitobi1,2,3, Zouheir Sekkat4,5, Yasushi Inouye1,2,3 (1.FBS, Osaka
Univ., 2.Dept. of Appl. Phys. Osaka Univ., 3.PhotoBIO-OIL, AIST-Osaka Univ., 4.MAScIR, 5.Univ.



セッション 2024年第85回応用物理学会秋季学術講演会

Mohammed VI Polytechnic)

[16p-B4-10]
Tunable abrupt autofocusing meta-devices

〇(DC)Rong Lin1, Mu Ku Chen1, Din Ping Tsai1 (1.CityU)

[16p-B4-11]
Wavelength-multiplexed full color 3D metasurface hologram made of silicon nitride

〇Tetsuhito Omori1, Junpei Beppu1, Masakazu Yamaguchi1, Tamaki Onozawa1, Kentaro Iwami1

(1.TUAT)

[16p-B4-12]
A Cost-Effective, Flexible 1D Metasurface Absorber in The Infrared Region

〇(DC)Jhuma Pan1, Sachin Kumar Srivastava1 (1.IIT Roorkee)

[16p-B4-13]
Polyaniline coated U-bent Fiber Optic Aptasensor for Arsenite Detection in Environmental
Matrices

〇(DC)Ashish Shukla1, Tathagata Pal1, Soumyo Mukherji1 (1.IIT Bombay, Mumbai)



プラズモニックナノワイヤーを用いた細胞内物質導入技術の開発 

Plasmonic nanowire based intracellular material delivery 
京大白眉センター1，京大 iCeMS2，JST さきがけ 3 ○猪瀬 朋子 1,2,3 

Kyoto Univ. 1, JST PRESTO 2, ○Tomoko Inose1,2 

E-mail: inose.tomoko.1v@kyoto-u.ac.jp 

 

The technology for introducing biomolecules such as proteins and DNA into cells is widely used as 

a method to artificially control cell functions, ranging from basic biology to the pharmaceutical field. 

Methods employing liposomes, viral vectors, and the electroporation have been currently widely used, 

although these methods show low introduction efficiency or cell toxicity to some cell types. Another 

method for introducing biomolecules into cells is microinjection.1) This method physically introduces 

micro/nano needles directly into the cells, ensuring that biomolecules are reliably delivered within a 

cell. 

Although several micro/nano needle methods have been reported, traditional micro/nano needles 

have limitations in the substances they can carry, posing challenges to their versatility. In this study, 

we developed a new method for introducing biomolecules into cells by applying the plasmonic 

nanowire single-cell endoscopy technique.2) By utilizing the plasmonic effects occurring on nanowires, 

we have recently succeeded in controlling the spatiotemporal introduction of biomolecules into a 

single live cell. 

 
1) Advanced tools and methods for single-cell surgery. A. Shakoor, W. Gao, L. Zhao, Z. Jiang, D. Sun , 

Microsystems & Nanoengineering, 2022, 8, 47.  
2) Live-Cell SERS Endoscopy Using Plasmonic Nanowire Waveguides. G. Lu, H. De Keersmaecker, L. 

Su, B. Kenens, S. Rocha, E. Fron, C. Chen, P. Van Dorpe, H. Mizuno, J. Hofkens, J. A. Hutchison, H. 
Uji-i, Adv. Mater., 2014, 26, 5124 
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Abstract 
 
Lipid nanoparticles (LNP) have been widely used as 
carriers for drugs and genes, including in 
mRNA-vaccines for COVD-19. A special class of LNP, 
lyotropic liquid crystalline LNP, comprise mainly of 
amphiphilic lipids self-assembling into two- and 
three-dimensional, inverse hexagonal, and cubic 
nanostructures (Fig. 1). Mesophase structures of 
self-assembled lyotropic liquid crystalline nanoparticles 
are important factors that directly influence their ability 
to encapsulate and release drugs and their biological 
activities.1, 2 For example, the release rate of hydrophilic 
compounds was found to be much faster in the cubic 
phase than in the hexagonal phase, micellar cubic phase, 
and microemulsion.3 Additionally, it has been shown 
that the internal nanostructures also affect cellular 
response such as cell uptake of nanoparticles, hemolysis, 
and cytotoxicity.4 Importantly, the in vivo behavior of 
nanoparticles such as biodistribution appears to be 
regulated by their nanostructures.5 However, it is 
difficult to predict and precisely control the mesophase 
behavior of these self-assembled nanomaterials, 
especially in complex systems with several 
components. 

 
Figure 1. Molecular structure of monoolein, an 
amphiphile that can self-assemble into various 
mesophase structures, which can be dispersed and form 
nanoparticles including liposomes, cubosomes, and 
hexosomes. 

 
In this presentation, a structural study of self-assembled 
lipid mesophase using synchrotron small angle X-ray 
scattering will be reported. Using the understanding of 
the lipid self-assembled structures, lipid nanoparticles 
with different internal nanostructures will be created to 
study their in vitro interaction with cells and in vivo 
biodistribution. Furthermore, formulation of “smart” 
LNP, which switch between structures in response to pH 
will be reported (Fig. 2). Since low pH conditions are 
observed in tumours and infected sites, an elevated 
release rate allows for better targeted therapies. Herein, 
pH responsive LNP containing novel ionisable lipids 
and their applications as carriers for anticancer and 
antimicrobial agents are reported.  
 

 
Figure 2: pH responsive LNP showing a hexagonal 
structure at pH 7 and a cubic structure at pH 6. When 
used to encapsulate anti-cancer drug SN-38, the 
structural difference at pH 5 and pH 7 resulted in varied 
drug release kinetics.6 
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1. Introduction 

The structural color resulting from the interaction be-

tween light and artificially designed nanostructures is at-

tractive for many fields including display, imaging, and 

security [1]. Dynamic control of the interaction significant-

ly promotes the flexibility of design and is very important 

for the applications mentioned above. Many researchers 

tried to produce the dynamic structural color using me-

chanical displacement [2], polarization [3], and 

phase-change materials [4]. However, the color gamut from 

one design unit still be restricted. In this work, we demon-

strated ultra-wide dynamic structural colors utilizing highly 

lossy metal/insulator/metal (MIM) structures with 

width-modulated subwavelength grating (SWG).  

 

2. Results and discussions 

Figure 1 shows a sketch of our proposed structure. A 

100 nm-Ni and 65 nm-SiO2 films were electron-beam (EB) 

evaporated onto the glass substrate. The 30 nm-thickness 

Cr-subwavelength grating (SWG) is formed by the EB li-

thography technique. The grating period is 400 nm. The 

designed structure supports spectrally broadened 

gap-plasmon resonance due to the strong damping of Cr 

and Ni. The spectrally broadened resonance also gives a 

large phase-retardation between orthogonal polarizations. 

When the polarized incident light with 45° to the grating 

bars is irradiated, the polarization of the reflected light is 

changed by the phase-retardation. Moreover, we employed 

two-type grating widths (210 nm/100 nm) to expand of the 

resonant bandwidth and induce the phase-retardation in 

further wide spectral region. Thus, ultra-wide tunability of 

the reflection color is expected by simply rotating the ana-

lyzing polarizer. 

Figure 1 Schematic sketch of Ni/SiO2/width-modulated Cr-SWG 

structure. 

 

The normal reflection spectra from the fabricated sam-

ple at a certain analyzer angle  are shown in Fig. 2 (a). For 

 = 0° (E-field is parallel to the grating bars, namely 

s-polarization), the reflection dip associated with destruc-

tive interference Air/SiO2 and Ni/SiO2 is obtained at 550 

nm. In contrast, the reflectivity at  = 90° (namely, 

p-polarization) is decreased at the broad wavelength region 

around 600 to 700 nm because of excitation of gap plasmon 

mode. The excited gap plasmon mode also provides signif-

icant phase-retardation, and this modifies the polarization 

state of reflected light. Hence, the different colors from p- 

and s-polarization appear at  = 45° and 135°. Figure 2 (b) 

shows the gamut of the fabricated sample in CIE1931 color 

space (the conversion used standard illuminant D65 and 2° 

observer color-matching function). When rotating the ana-

lyzer, the gamut shows an ultra-wide oval covering the 

whole visible region. The tunable range covers 37% of the 

sRGB area by only one design unit, and we demonstrated a 

wider dynamic range than previous reports [3,4]. 

Figure 2 (a) Normal reflection spectra from the fabricated 

Ni/SiO2/width-modulated Cr-SWG at various analyzing polarizer 

angle  (b) Color gamut of our structure in CIE1931 color space. 

 

3. Conclusions 

   Ultra-wide polarization-tunable structural color was 

demonstrated using spectrally broadened resonance in 

Ni/SiO2/width-modulated Cr-SWG. This wide-tunability is 

very attractive for the design of many applications. 
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Metallic refractory materials, such as single-element metals, bimetallic alloys, metal borides, and metal 

silicides, are attracting increasing interest and usage in industrial furnaces, aerospace technology, and 

energy harvesting, due to their outstanding chemical and structural stability at high temperatures. 

Nevertheless, their optical properties are much inferior in comparison to representative plasmonic metals 

like Au, Cu, or Al, which, in contrast, exhibit lower melting points and are susceptible to oxidation, thereby 

hindering the development of thermophotonics applications in high-temperature environments. 

 

Spectroscopic infrared thermal emitters selectively emit or absorb infrared radiation with very narrow 

spectral resolution, making them increasingly appealing for applications such as plasmon-enhanced 

vibrational spectroscopy, material-selective heating/drying systems, thermophotovoltaics, or spectroscopic 

infrared light sources in gas sensors. Consequently, there is an increasing need to find materials with a 

strong plasmonic response and high-temperature stability suitable for use in high-temperature photo-energy 

applications, such as thermal emitters or thermal detectors. We propose binary metallic compounds such 

as nickel-based superalloys as promising candidates for photothermal applications due to their high 

oxidation resistance in air and good optical performance. 

 

In this study, nickel aluminum (NiAl) thin films are fabricated via direct current (DC) sputtering 

deposition under different growth conditions. These layers grow in unique uniaxial fashion, which yields 

high crystallinity and results in strong 

plasmonic polarizability within the IR 

spectral region. Simulations of plasmonic 

thermal emitters based on our material's 

optical properties have reached 

absorptivity/emissivity values close to 1 

for targeted wavelengths. Plasmonic 

emitter devices following the simulation 

parameters are fabricated to demonstrate 

the optical performance of the materials. 

The experimental results demonstrate the 

applicability of nickel-based alloys similar 

to the case of metal borides for high-

temperature plasmonic applications in 

vacuum as well as in atmosphere. 

                                                                      Fig. 1.  Example of use of wavelength-selective thermal emitters. 
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1. Introduction 
Dynamic color-generation structures provide higher resolu-
tion and scalability compared to the traditional pigmenta-
tion-based displays [1]. The main roadblock to the wide 
adoption of structural colors is the fixed optical response af-
ter the realization process. To address this issue, several 
kinds of tunability mechanisms have been introduced includ-
ing the implementation of plasmonic nano-antennas enabled 
by liquid crystals [2] and plasmonic resonators exploiting 
stretchable materials [3]. The chalcogenide phase-change 
mediums- (PCMs) based plasmonic structures [4–6] offer 
advantages including flexibility, color durability, high reso-
lution, cost-effectiveness, and CMOS compatibility [7]. 
Herein, we propose an optimized PCM-integrated structure 
to generate a wide spectrum of colors. 
 
2. Structural Configuration 
Figure 1 illustrates the structure comprising 𝑛 bilayers of 
GeSe3 (of thickness 𝑑!") and Al (of thickness 𝑑#" ). To ther-
mally excite the structure, we use a 1 nm thick heating layer 
of tri-layer graphene. The SiO2 layers on the top and bottom 
of the structure have their own merits. The capping SiO2 
layer protects the GeSe3 medium from evaporation, and the 
SiO2 buffer layer above the substrate isolates graphene 
sheets from the metallic layer above. Also, it provides suffi-
cient adhesion between the graphene sheet and SiO2 sub-
strate during the fabrication process. Furthermore, the struc-
ture can be fabricated by using lithography-free techniques, 
such as the physical vapor deposition (PVD) methos, namely 
thermal evaporation and/or RF sputtering [8]. 

 
Fig. 1. Two-dimensional schematic of the proposed structure. 
 
3. Results and Discussion 
Figure 2 illustrates the reflection spectra of the optimized 
configuration, wherein we demonstrate the generation of pri-
mary colors (red, green, and blue) by the optimized struc-
tures corresponding to the amorphous and crystalline states 
of GeSe3. It is obvious that the peak reflectance has values 

above 0.6 in all structural configurations. Moreover, the re-
flectivity undergoes a blue shift upon transition of the phase 
of GeSe3 from amorphous to crystalline. 

 
Fig. 2. Spectral features of the optimized structure for the fully amorphous 
(𝑚 = 0) and fully crystalline (𝑚 = 1) states of GeSe3 medium in the con-
figuration. (a) Reflection spectra for the red (left), green (center), and blue 
(right) pixels for the amorphous and crystalline states of GeSe3; dashed lines 
denote the target wavelengths of primary colors considered in the optimiza-
tion process. (b) Distribution of magnetic field at the target wavelengths of 
primary colors. (c) The trajectory of reflected colors as a function of 𝑚. 
 
4. Conclusion 
A reconfigurable layered metamaterial configuration com-
prising GeSe3|Al bilayer stacks has been investigated. The 
implemented design optimization exhibits the generation of 
primary colors, i.e., the red, green, and blue pixels. The em-
bedded graphene micro-heater facilitates control over the 
ambient temperature upon being excited due to external elec-
trical pulses, which ultimately governs the pixel-sized tune-
ability of the reflected color. The proposed layered configu-
ration has potential in designing reflective display systems. 
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Introduction 
Surface plasmon polaritons (SPPs) are the electromagnetic 
excitations that evaporate when confined in a direction 
perpendicular to the interface and propagate along the interface 
between two different media with opposite dielectric constants 
in a wave-like pattern [1]. It gives a strong light confinement 
power in integrated photonic circuit [2]. In this paper, by using 
SoI technology light confinement for the plasmonic slot 
rectangular waveguide is studied. The most promising 
dimension of the recommended design is represented by the 
values of d3 and d4, which are 180 nm and 220 nm, respectively, 
for the waveguide's width and height [3]. The slot rectangular 
waveguide confinement power and mode effective area are 
studied by applying a Gold (Au) layer around the core at a 
distance Mg. 

Structure 
The cross-sectional and three-dimensional (3-D) views of the 
slot rectangular silicon on insulator waveguide (SRSoIW) 
structural design are displayed in Fig. 1(a) and (b). The thickness 
of metal (∆t) is taken 100 nm [4]. With coherent oscillations of 
free electrons between metal dielectric surface, surface plasmon 
waves are conceptualized. The waveguide design consists of 
SiO2 as substrate, Au as a plasmon and Si as core material. At 
operating wavelength taken as 1550 nm, the Refractive index 
(RI) of substrate and core are 1.44 and 3.47 respectively. 
Additionally, the Johnson and Christy model [5] is used to 
incorporate the RI of the Au layer. 

Fig. 1 (a) Cross sectional view and (b) 3-D view of plasmonic based slot 
rectangular waveguide. 

Result and discussion 

 
Fig. 2 Confinement factor for optimization of the Mg. 

After investigating the plasmonic effect of Si material, Fig. 2 
represents the variation of the metal gap (Mg) with respect to the 
confinement factor (CF). It reveals that CF saturates at 900 nm, 
and at this point, there is strong light-confinement in the slot 
region which is required for the propagation of the light in the 
slot. 
Considering CF, Mg = 900 nm, comes out to be optimum value 
for placing the metal. 

 
Fig. 3 Mode effective area for optimization of the Mg. 

Similarly, in Fig. 3, the Mode Effective Area (MEA) is 0.44 µm2 
for all Au layers at Mg = 900 nm. Considering MEA, the optimal 
value for Mg comes out to be ~900 nm. The optimization of the 
structure is to maximize the CF and minimize MEA.  

Conclusion 
Using the Finite Element Method (FEM), the plasmonic slot 
rectangular waveguide with Gold (Au) placed at all sides of the 
core at distance (Mg) is examined. The CF and MEA obtained as 
~18.75% and ~0.44 µm2 at the distance (Mg) of 900 nm. Hence, 
the optimal value to place a metal layer from the core is approx. 
900 nm is achieved for this waveguide. The goal of using metal 
in a waveguide for strong light confinement with low loss is best 
achieved at this distance.  
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Abstract: A scalable and single-step method (Fig 1a) exploiting capillary interactions (Fig 1b) for creating 

sub-100nm (Fig 1c, 1d) non-coalescent metallic(Ga) nanodroplets on Polydimethylsiloxane (PDMS), a 

bio-compatible elastomeric substrate, is shown herein. The nanoscale gap between Gallium nanodroplets 

thus formed allows for spectrally dependent electric field enhancement (Fig 1e), owing to plasmon 

hybridization of neighboring Ga nanodroplets. The substrate, PDMS, allows not only for gap tuneability 

but also actively participates in determining the Ga nanosphere sizes. It thus enables numerous potential 

technologies involving mechanochromic sensing (Fig 1f, 1g) and display applications (Fig 1h).  

 

 

Figure 1: a. Thermal evaporation of Ga onto PDMS with different oligomer content. b. Capillary interaction of Ga and liquid 

oligomers results in the growth of nanodroplets and encapsulation by the liquid oligomers. c. The cross-section image of Ga 

nanodroplets on PDMS. d. Top-view image of Ga nanodroplets on PDMS, showing different size distributions as the oligomer content 

varies. (inset) Optical images of real samples. e. Gap plasmon resonances excited in the inter-droplet gaps. f. The reflectivity spectra of  

Ga-on-PDMS sample for different strain values. The blue shift in the visible region is a result of gap plasmon resonances, whereas UV 

spectral features are due to scattering by individual Ga nanodroplets, unchanging with strain. g. Sample changing its color from blue 

to yellow on mechanical deformation. h. Pallete of samples with Ga-on-PDMS based structural colors, fabricated by the capillary 

interactions of liquid Ga and liquid-oligomers of PDMS. 
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1. Introduction 

The metasurface approach is an effective way to 
manipulate light at the nanoscale. Dielectric metasurfaces 
benefit from low losses as compared to their plasmonic 
counterpart, which comprises metal nanoparticles. Moreover, 
Mie-resonant dielectric metasurfaces support magnetic 
resonances in addition to electric ones. In a 2D array, the 
resonance from the individual nanoparticles interferes with 
the Rayleigh anomalies (RAs) of the periodic structure to 
produce a collective surface lattice resonance (SLR). In-situ 
control over this lattice resonance can be realized by 
employing external stimuli like mechanical deformation.[1] 
Due to its elastic, inert and nontoxic properties, PDMS is 
popular as stretchable substrate. Conventionally, 2D 
metasurface arrays are fabricated via electron beam 
lithography. Nevertheless, this method is time-consuming, 
requires expensive facilities and is challenging to combine 
with stretchable substrates. 

In this work, we present a mechanically tunable 2D Si 
nanoparticle array produced via templated colloidal self-
assembly on a PDMS substrate. We successfully excite the 
collective electric dipole resonance in the periodic array. 
Stretching the elastic substrate shifts the spectral position of 
the resonance by tuning the periodicity. When the collective 
resonance overlaps with the single-particle magnetic 
resonance, the lattice Kerker effect arises and the reflectivity 
is strongly reduced.  

 
2. Results 

The tunable 2D array is fabricated by assembling 
colloidal Si nanoparticles inside a PDMS nanohole array, via 
template-assisted self-assembly, [2,3] as shown in Figure 1a. 
Stretching the elastic substrate is accomplished with a 
customized device to tune the periodicity of the 2D array. 
Figure 1b shows a dark field image of the highly filled 2D 
array. The average diameter of Si nanoparticles and the 
periodicity of the unstrained sample are 116 nm and 550 nm, 
respectively.  

The optical properties of 2D array with smaller 
periodicity of 300 nm under different strains are studied 
using an optical microscope. Figure 1c and Figure 1d show 
the measured and simulated reflection spectra of the 2D Si 
nanoparticle array under various strains. Here, the specified 
strain indicates the change in periodicity relative to the 
original particle-to-particle distance of 300 nm. The spectra 
show good agreement with the simulations: the collective 
electric dipole lattice resonance (ED-LR) shifts from around 
460 nm to 500 nm. At 50 nm strain, it overlaps with the 
magnetic dipole (MD) resonance, which results in the 
suppression of the reflection by the lattice Kerker effect. For 

the strain beyond 50 nm, the collective electric dipole 
resonance further red-shifts and becomes broader with lower 
intensity. 
 

 
Figure 1. (a) Schematic illustration of template-assisted self-
assembly. (b) Dark field image of the Si nanoparticle 2D array. (c) 
Experimental and (d) simulated reflection spectra of the Si 
nanoparticles 2D array under different strains, the arrows indicate 
the spots of the collective electric dipole resonance (ED-LR) and 
the magnetic dipole resonance (MD). 

 
3. Conclusion 

We have successfully fabricated a high-quality 2D array 
of Si nanoparticles on a PDMS substrate via colloidal self-
assembly. By applying tensile strain to the substrate, we have 
succeeded in tuning the lattice constant and to adjust the 
electric dipole lattice resonance to match the magnetic one, 
which suppressed the reflection by the lattice Kerker effect.  
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1. Introduction 

Surface plasmon resonance (SPR) is widely 
used as a label-free method for monitoring 
molecular interactions such as antigen-antibody 
interactions by measuring the shift in the SPR 
angle due to changes in the refractive index of the 
sensing surface. Recently, SPR sensors based on 
Fano resonance have been proposed to improve 
the sensitivity of SPR sensors [1]. In our previous 
report, SF11/Ag/SiO2/TiO2 multilayer system for 
Fano resonant SPR was developed and applied to 
the detection of glucose concentration, 
successfully improving the sensitivity by about 
one order of magnitude [2]. 

In this study, the SF11/Ag/SiO2/TiO2 Fano 
multilayer system was investigated to be 
extended to the monitoring of molecular 
interactions such as antigen-antibody interactions. 
In particular, the interaction between 
immunoglobulin G (IgG) and anti-IgG was to be 
examined. 

 
2. Methods and Results 

At first, SF11/Ag/SiO2/TiO2 multilayer Fano 
substrates were prepared by sequential deposition 
by sputtering method. Then, a surface 
modification process was investigated to 
immobilize IgG on the SF11/Ag/SiO2/TiO2 Fano 
substrates (Fig. 1). ATR spectra of the modified 
Fano substrates were subsequently measured 
under conditions of pure water, IgG solution and 
anti-IgG solution, respectively, as shown in Fig. 
2. In pure water, an asymmetric Fano dip was 
observed around 60.59° angle of incidence, 
whereas in the 50 µg/mL IgG solution, the Fano 
dip was shifted towards the                                                                                                          
0.12° higher angle. As the solution was changed 
from 50 µg/mL IgG solution to 55 µg/mL anti-
IgG solution, a further shift of ca. 0.12° to the 
higher angle side was seen. The refractive index 
and thickness of the IgG and anti-IgG layers were 
also determined using numerical analysis based 
on Fresnel formulae. 
 
3. Conclusion 

We have prepared SF11/Ag/SiO2/TiO2 
substrates for Fano resonance SPR measurements 

and developed a surface modification method for 
monitoring intermolecular interactions. An 
experimental scheme for detecting IgG/anti-IgG 
interactions was thereby established. Evaluation 
of the detection limit of this method, 
improvement of sensitivity by reducing the 
extinction coefficient of the TiO2 layer and 
improvement of the chemical stability of the 
substrate surface are to be investigated. 
 

Figure1  Structure of modified SF11/Ag/SiO2/TiO2 
multilayer Fano substrate 

Figure2  ATR spectra and fitting curve of modified 
SF11/Ag/SiO2/TiO2 substrate under the condition of 

water, 50 μg/mL IgG solution and 55 μg/mL anti-IgG 
solution 
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1. Introduction 
Abrupt autofocusing (AAF) beams [1], integrating features 
of circular Airy and Bessel beams, offer extended focal 
depths, self-healing properties, high precision, and minimal 
energy loss. These qualities make them ideal for advanced 
optical imaging, particle trapping, and laser surgery. Tradi-
tionally, spatial light modulators (SLMs) have been used to 
generate AAF beams by encoding their Fourier transform. 
However, SLMs suffer from low resolution, energy ineffi-
ciency, and a limited operational wavelength range, which 
hinder precise nanoscale operations. Additionally, their 
bulky size is at odds with the trend towards device minia-
turization and integration. Metasurfaces [2-4], capable of 
manipulating wavefronts at subwavelength scales, present a 
superior alternative to traditional optical devices by offer-
ing reduced weight, increased efficiency, smaller size, and 
lower energy consumption. Metasurfaces have found ap-
plications [5-7] in beam shaping, achromatic imaging, 
light-field sensing, holography, optical computing, quan-
tum technologies, and biological imaging. Yet, challenges 
remain in biomedical applications, particularly in creating 
dynamic beams essential for improving image contrast, 
optical tweezing, and optimizing photodynamic therapy. 
In this research, we introduce two types of tunable abrupt 
autofocusing meta-devices composed of dual metasurfaces. 
By adjusting the relative rotation between these metasur-
faces, one device can dynamically steer the AAF beam, 
while the other adjusts its focal length. Importantly, these 
tuning methods are wavelength-independent and scalable. 
We anticipate that these tunable meta-devices will signifi-
cantly advance the use of AAF beams in precise biomedical 
applications such as laser therapy, particle manipulation, 
and biological imaging. 
2. Results 
The capability to generate tunable abrupt autofocusing 
beams relies on the precise superposition of phase profiles. 
Take AAF beam with steered angles as an example, the 
Fourier transform of an AAF beam should be added on the 
first metasurface. To realize the dynamic steering function, 
a gradient phase distribution can be introduced and de-
composed into two distinct phase profiles of off-axis Fres-
nel lenses. Fig. 1 shows the schematic diagram of tunable 
abrupt autofocusing meta-devices.  
 
 

 
 
 
 
   

 
Fig. 1. Schematic diagrams of tunable abrupt autofocusing 
meta-devices. (Left) Steered AAF beam generation; (Right) 
Vari-focal AAF beam generation. 
 
It should be emphasized that any discrepancies, such as 
gaps, mismatches, and fabrication defects, can significantly 
impair the performance of beam steering and autofocusing. 
Therefore, it is advisable to construct the metasurfaces with 
a larger scale and minimize the distance between them to 
reduce wavefront fluctuations as much as possible. 
3. Conclusions 
   To summarize, we employed the superimposed phase 
method to design metasurfaces capable of generating an 
AAF beam and dynamically tuning the deflection angle or 
the focal length. We believe that this work clearly reveals 
one of the tunability methods within the field of metasur-
faces and enhances the functionality of AAF beams, which 
benefits the possibility of application in bioimaging, bio-
medical applications, and laser surgery. 
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1. Introduction 
Metasurface holograms, which enable a wide viewing angle and high resolution by using subwavelength-sized 

nanostructures, are expected to be applied to 3D displays[1]. In our previous studies, full-color 2D holograms[2] and 
large-area monochromatic 3D holograms[3] have been achieved. In this research, we have proposed a method to 
reproduce a full-color 3D image without misalignment by integrating the phase distribution of each RGB into a 
single hologram as a matrix of phase vectors 𝝓𝐴𝑙𝑙 = (𝜙𝐵, 𝜙𝐺 , 𝜙𝑅) as shown in Fig. 1. 

Fig. 1 Method for making holograms 
2. Design and simulation 

Silicon nitride (SiN) pillars with various cross-sectional shapes were adopted as meta-atoms. As shown in Fig. 
1, first, the surfaces of an artificial 3D object was decomposed into each RGB color channels, and the intensity of 
each channel was converted to mesh density. Then, the phase distributions for each channel was calculated using 
the angular spectrum method. The propagation distance and the deflection angle were set to 10 mm and 20°, 
respectively, to prevent overlap with the conjugate image. Finally, meta-atoms that could reproduce the phase 
vector 𝝓𝐴𝑙𝑙 = (𝜙𝐵, 𝜙𝐺 , 𝜙𝑅)  were selected from the library with approximately 20,000 species using the least 
square errors method. 

We then simulated the reproduction of a target image shown in Fig. 2. Simulation based on our meta-atom 
library with the phase coverage of Fig. 3(a) shows the limited color reproduction with a peak signal-to-noise ratio 
(PSNR) of 27.9 dB, as shown in Fig. 3(b). In order to obtain a high reproducibility with PSNR higher than 30 dB, 
we found that the uniformly-distributed phase vectors with at least 123 lattice points as shown in Fig. 4(a), which 
can reproduce the image as shown in Fig. 4(b) which was calculated by iterative Fourier transform. One possible 
method to achieve this is to introduce hole-shaped meta-atoms or meta-atoms using polarized light. 

3. Conclusion 
In this study, full-color 3D metasurface holograms were designed and simulated. We will proceed with 

fabrication and evaluation, and aim to improve the reproducibility of the target by incorporating a new shape of 
meta-atoms to increase the coverage of the phase distribution. 
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Fig. 2 Target image Fig. 3 (a) Phase coverage of our library, and  

(b) the reproduced image (PSNR = 27.9 dB) 

(brightness adjusted) 

Fig. 4 (a) Uniformly-distributed library, and 

(b) the simulated image (PSNR = 30.2 dB) 

第85回応用物理学会秋季学術講演会 講演予稿集 (2024 朱鷺メッセほか2会場＆オンライン)16p-B4-11 

© 2024年 応用物理学会 04-022 4.1



A Cost-Effective, Flexible 1D Metasurface Absorber in the Infrared Region 
 

Jhuma Pan1, Sachin Kumar Srivastava1, 2 
 

1 Department of Physics, Indian Institute of Technology Roorkee, Uttarakhand, India  
2 Centre for Photonics and Quantum Communication Technology, Indian Institute of Technology Roorkee, India 

E-mail: sachin.srivastava@ph.iitr.ac.in 

 

1. Introduction 

Metasurfaces are widely studied to enhance the light ab-

sorption in the infrared (IR) spectral regions for their sig-

nificant importance in space, military and industry applica-

tions. Metasurfaces are composed of metal-dielectric 

structures with subwavelength geometrical parameters 

and possess the unique capability to manipulate electro-

magnetic waves in a desired manner. Plasmonic metasur-

face supports surface plasmon (SP) modes at met-

al-dielectric interface for the incoming radiation on the 

structure [1]. The reported IR absorbers utilized complex 

lithography techniques which increase the overall cost of 

the absorber. The fabrication of a low-cost, thin and flexible 

perfect IR absorber using techniques like e-beam lithogra-

phy (EBL) is still challenging. This study reports an IR 

absorber based on the excitation of SP mode using an 1D 

metasurface structure, fabricated by nanoimprint 

lithography and physical vapor deposition (PVD). 

 

Fig. 1. (a) Schematic of the structure of IR metasurface absorber 

(b) FE-SEM image of the cross section of the metasurface 

absorber on a PDMS substrate (Scale bar= 1 μm). Picture of (c) 

flexible metasurface absorber being held by a tweezer, (d) 

uniform and large-area fabricated absorber. 

 

2. Results and Discussions 

The metasurface structure consists of an 1D patterned 

polydimethylsiloxane (PDMS) substrate with a periodic 

bump of periodicity Ʌ=1450 nm. The structure was ob-

tained by templating the polymer over a compact disk (CD). 

The patterned PDMS substrate was further coated with a 

thin film of silver (Ag) of about 200 nm thickness, and a 

titanium dioxide (TiO2) film of 500 nm thickness using 

PVD technique. The use of PDMS substrate makes the 

absorber flexible. Fig.1a shows the schematic of the ab-

sorber which is illuminated by an incident light through air 

at an angle of incidence of θi. A field emission scanning 

electron microscope (FE-SEM) image of the cross-sectional 

view of the metasurface absorber has been shown in Fig.1b. 

Ag and TiO2 layers are clearly visible. The reported thick-

nesses were cited from FE-SEM measurements only. A 

picture of the fabricated flexible absorber sample is shown 

in Fig.1c and fig.1d depicts its large area fabrication. The 

colors in the diffracted light confirm the formation of the 

nanopatterned structure on the metasurface. 

 

Fig. 2. Experimental absorbance spectra of the metasurface 

absorber for (a) TM polarized light and (b) TE polarized light at 

various angle of incidence. 

 

 The optical characterization was performed using a Fouri-

er transform infra-red (FTIR) spectrometer equipped with a 

variable angle specular reflectance accessory and an IR 

polarizer. Fig.2a shows the measured absorbance spectra 

for transverse magnetically (TM) polarized light at varying 

θi. Absorbance peak with 94% absorbance is obtained at θi 

= 30o and a red shift can be observed as the value of θi in-

creases from 30o to 60o. Fig.2b shows the absorbance spec-

tra for transverse electrically (TE) polarized light at various 

θi. A circle has been made around a small peak in both 

Fig.2a and 2b. This small absorbance peak is observed in 

case of both TM and TE polarized light but the large ab-

sorption peak is only present in Fig. 2a for the incidence of 

TM polarized light. Hence, it can be claimed that the high 

absorbance is attributed to the excitation of SP mode. 

 

3. Conclusions 

    A plasmonic metasurface IR absorber with near unity 

absorbance at large angle of incidence has been demon-

strated experimentally. It can be useful in many applica-

tions such as refractive index sensor, photodetector, optical 

filters etc. 
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Arsenic has been a serious contaminant for decades 

now. Being the 20th most abundant element on the earth's 

crust[1], it is found in various organic and inorganic forms. 

The inorganic form arsenite is known to be the most haz-

ardous to almost all DNA-based life forms[2]. Currently, 

multiple countries are affected by the elevated concentra-

tions of arsenic contamination [3], [4]. 

Aptamer as a bio-receptor is a very selective, cost-

efficient means for detecting small target analyte [5] such 

as arsenite oxyanion. Aptamers need certain conditions for 

their optimum operation. Optical-fiber-based sensors have 

various advantages such as high sensitivity, small size, 

lightweight, integration capability, immunity to electrical 

interference, etc. For absorbance-based fiber-optic sensing, 

the evanescent wave interaction at the core-cladding inter-

face is a key parameter to achieve high sensitivity in the 

sensing probe. The cladding can be removed and replaced 

with the choice of target analyte. The evanescent wave in-

teraction can be improved by bending the optical fiber core 

in a U shape. To further enhance the sensitivity, the bent 

fiber core can be coated with conductive polymer e.g., pol-

yaniline. It has been claimed that polyaniline has interesting 

optical properties. When coated on optical fiber it positive-

ly influences evanescent wave-based absorbance in the 

slightest change of affinity-based interactions. Furthermore, 

Polyaniline has an immense number of amine groups for 

crosslinking bioreceptors. These properties lead to the in-

crease of the sensitivity of the fiber-sensing probe signifi-

cantly. 

In the current work, we have developed an aptamer 

immobilized on a polyaniline-coated U-bent fiber-optic 

sensor (illustrated in Figure 1) for the detection of arsenite 

oxyanion in various environmental matrices. The synergis-

tic combination of specificity from aptamer and sensitive 

combination of polyaniline coating and U-bent fiber gives 

the sensing probe its ability to detect arsenite in complex 

water matrices. For this study, the aptamer sequence H2N-

(CH2)3-5’-(GT)21-3’ was utilized as an arsenic-specific bio-

receptor. Under the provided conditions, the arsenic-

specific aptamer undergoes formation of tertiary structure 

that specifically binds to arsenite oxyanion. The optimiza-

tion of aptamer folding conditions resulted in the sensitive 

binding of arsenite oxyanion. The aptamer was bound on 

the polyaniline-coated fiber probe by utilizing a homo-

bifunctional group, glutaraldehyde. The exposed sites on 

the fiber core were also blocked away by utilizing hexyl 

amine to avoid cross-sensitivity. The optimization of poly-

aniline coating, glutaraldehyde binding and aptamer folding 

conditions was crucial to achieve the desired sensing results. 

We were able to get an experimental detection limit of ar-

senite to as low as 1 ppb in complex environment matrices 

such as lake water, tap water, etc. The sensing probe gave 

R2>0.99 and a linear range of operation in the range from 1 

ppb to 1000 ppb (in log scale). The developed optical fiber 

aptasensor demonstrates great promise for widescale field 

deployable arsenic biosensing at low cost. 
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Figure 1: Schematics for the fiber-optic Aptamer based 

sensing scheme 
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We developed a new method for obtaining surface-enhanced Raman scattering (SERS) spectra with 

extremely high sensitivity and spectral resolution[1]. In this method, thousands of SERS spectra are 

acquired, followed by a data selection procedure based on density-based spatial clustering of applications 

with noise (DBSCAN)[2]. Each spectrum is recorded by exposure with a single nanosecond laser pulse to 

avoid the effect of time averaging. The reconstructed spectrum consists of the data which belong to the 

clusters. The method was applied to a crystal violet (CV) aqueous solution 10−7 mol/L.  

Methods 

The data selection using DBSCAN is firstly, thousands of SERS spectra 

were acquired, with each spectrum measured by a single-shot 

nanosecond laser pulse to avoid time averaging. Secondly, an 

intensity–wavelength plot (I–W plot) was constructed by extracting the 

data sets of the highest intensity and its pixel number from each SERS 

spectrum. Thirdly, we applied DBSCAN to the I–W plot to automatically 

separate the signal (cluster) from the noise (non cluster). 

DBSCAN process classify the high density of data points as a 

cluster, and the other part as a noise.  

Results 

Figure 1 shows the Raman spectra of CV, reconstructed by single-pulsed SERS with DBSCAN. The red 

line indicates the reconstructed spectrum obtained by DBSCAN, while the black line indicates the average 

of 10,000 single-pulsed spectra. For comparison, a spectrum of high-concentration CV solution (10−4 

mol/L) is shown by the blue line. According to Figure 1, it can be observed that the reconstructed spectrum 

improved signal-to-noise ratio in comparison with the averaged spectrum. The peaks 751, 944, 977, 991 

cm−1 are clearly recognized in the red spectra, while in the black spectra, these peaks are difficult to see. 

Similarly, the peak at 1540 and 1562 cm−1 is more easily observed in the red spectrum than in the black 

spectra. These results suggest that we successfully recovered all the Raman peaks found in the spectrum 

under high concentration.  
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Figure 1. Reconstructed single-pulsed SERS 
spectra of 10−7 mol/L CV (532 nm excitation). 
Red line: DBSCAN reconstruction, Black line: 
Average of all (10,000) spectra, Blue line: thick 
solution. 
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  The electromagnetic (EM) mechanisms of surface-enhanced spectroscopy e.g. surface-enhanced Raman 

scattering (SERS) and surface-enhanced fluorescence (SEF) have been examined using superradiant 

plasmon resonance, such as the dipole or dipole–dipole (DD) coupled plasmon resonance localized at the 

gaps between small and symmetric metallic nanoparticle (NP) dimers [1]. The large EM enhancement of 

DD-coupled resonance at the gaps, namely hotspots (HSs), has received considerable attention because HSs 

exhibit exotic phenomena such as cw laser excited nonlinear emissions, ultrafast SEF, vibrational pumping, 

and the field gradient effect [2]. Furthermore, the EM coupling energy between DD-coupled plasmons and 

a molecular excitons at the HSs exceeds several hundred millielectronvolts, resulting in new physics and 

chemistry e.g. strong coupling, molecular optomechanics, and polariton chemistry [2,3]. 

  However, higher-order plasmon resonance, such as the dipole–quadrupole (DQ) coupled plasmon 

resonance, which is subradiant, mainly determines the EM enhancement for large or asymmetric NP 

systems. Thus, clarifying the contribution of the subradiant resonance to EM enhancement is important for 

evaluating various plasmonic systems for SERS related spectroscopies and phenomena [4-7].  

  First, the contribution of DQ coupled plasmon resonance to EM enhancement is explained using the 

spectral uncorrelation between the experimentally obtained SERS with ultrafast SEF and the Rayleigh 

scattering spectra of silver NP dimers [4]. Second, the radiation properties of the SERS light generated by 

the DQ coupled resonance were determined through EM calculations [5]. Third, the importance of 

absorption spectroscopy in the evaluation of DQ coupled resonance is clarified based on quantum optics [6]. 

Finally, we introduce a method to directly evaluate the EM enhancement factors induced by DQ coupled 

resonance using ultrafast SEF [7]. 
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Optical chirality enhancement at the nanoscale using inversely-designed
3D nanogap antennas
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We present a 3D nanogap antenna with a high chiral dissymmetry—the field intensity at the nanogap
is high for a particular handedness of circularly polarized incident light while not for the other[1]. The an-
tenna structure was found using a computational inverse design technique called topology optimization.
With circularly polarized incident light implemented into the algorithm, a spiral structure was created
that is too complex to attain by human intuition or imagination. We calculated the near-field intensity at
the nanogap of the structure, and the resultant dissymmetry factor was as high as 1.40. We also found
a 50-fold enhancement of the optical chirality within the nanogap compared to that of the circularly po-
larized plane wave propagating in the free space. The chirality enhancement was elucidated with a fluid
model of the chirality flux within the 3D nanoantenna, which is then correlated to light’s spin angular
momentum (SAM). This finding can be a novel design strategy to enhance optical chirality density at
the nanoscale using nanophotonic structures, potentially revolutionizing the field of nanophotonics and
plasmonics.

Figure 1: (a) A 3D-rendered model of the topology-designed structure (right) and Z-sliced sections at a
50-nm interval (left). The structures were optimized for a counter-propagating circularly polarized light
traveling along the Z axis. The electric field intensity distribution is overlaid in the right panel. The
material is TiO2. (b) Optical chirality density,χ, normalized to that without the structure, displayed at
planes Z = 0 nm and Y = 0 nm.
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Surface-enhanced Fluorescence by Mie Resonant Silicon Nanosphere Monolayer 
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Surface-enhanced fluorescence (SEF) biosensors are vital for biomedical applications due to their exceptional 

sensitivity, enabling rapid and precise analyses. Compared to plasmonic resonators suffering from high Ohmic 

losses, dielectric Mie resonators exhibit lower losses and higher Q resonances. As a dielectric Mie resonator, silicon 

(Si) nanosphere (NS) with diameters of 100–250 nm is an almost ideal candidate for SEF biosensors due to their 

strong Mie resonances in the range of visible to near-infrared wavelengths. So far, Si nanostructure arrays have 

been fabricated with high precision by using electron-beam lithography on a solid substrate. However, it is 

challenging to create arrays larger than a millimeter scale for naked-eye readable biosensors.  

In this work, the monolayers of Si NS with diameters of 100 to 250 nm [1] developed in our group are studied 

for a surface-enhanced fluorescence biosensor platform. Figure 1a shows the photographs of the monolayers 

fabricated by drop-casting colloidal Si NSs with different average diameters onto amino-modified SiO2 substrates 

(1 cm ×  1 cm). The filling factor is fixed to ~60% for all the samples. Figure 1b shows the corresponding 

reflectance spectra, demonstrating the size-tunable Mie resonance peaks at 430 to 800 nm. The fabricated Si NS 

monolayer substrates were functionalized with fluorophores (Lucifer Yellow) and the fluorescence properties were 

studied under an optical microscope (Fig. 2a). The averaged fluorescence spectrum obtained from 100 different 

spots of the monolayer with the average Si NS diameter of 128.7 nm (Fig. 2) shows about 14-fold enhancement 

with respect to that of the reference. In the presentation, from the comparison with the calculation results, we will 

discuss the size dependence of the fluorescence enhancement factor in detail.  

[1] Tanaka, H et al. ACS Appl Nano Mater 7, 2605–2613 (2024). 

 

Fig. 1 (a) Photographs and (b) reflectance spectra 

of Si NS monolayer with different average 

diameters.  

Fig. 2 (a) Illustration of dye molecules attached on 

the top of a Si NS monolayer and a SiO2 substrate. 

(b) Photoluminescence spectra of dye molecules on 

a Si NS monolayer and a SiO2.  
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Surface Enhanced Raman Scattering (SERS) is a powerful technique that enables molecular fingerprint-

based ultra-sensitive detection through an enhanced electromagnetic field generated by plasmonic metal 

nanoparticles. This technique has found extensive use in various fields, including chemical sensing, 

biological imaging, and photochemical reactions, due to its ability to enhance reaction rates and decrease 

energy barriers at the nanoscale. 

In this study, we demonstrated SERS detection of a chemical reaction induced by optical heat generated in 

the vicinity of plasmonic nanoparticles and substrates. As schematically shown in Fig. 1(a), the generated 

heat facilitates an interaction between the amine group (-NH2) of 4-aminothiophenol adsorbed on the smooth 

Ag metallic surface and the carboxylic acid (-COOH) of 4-mercaptobenzoic acid adsorbed on the Au 

nanoparticle. This interaction leads to the formation of an amide bond through dehydration, identified by the 

new appearance of specific vibrational peaks. Notably, a newly appeared vibrational mode at 521 cm⁻¹, 

indicated by the arrow in the SERS spectrum (Fig. 1(b)), was observed. According to quantum chemical 

simulation based on density functional theory, this peak is attributed to the bending between the nitrogen and 

hydrogen of the amide group. The simulations also indicate that the vibration of the C=O bond shifted to a 

lower wavenumber region due to the formation of the amide bond. 

These findings highlight the potential of using SERS to monitor chemical reactions at the molecular level, 

providing insights into reaction mechanisms facilitated by plasmonic nanostructures. Further research may 

explore the applications of this technique in other types of chemical reactions and its integration with other 

analytical methods. 

 
Figure 1: (a) Schematic of chemical reaction (amide bond formation) through optical heat generated 

between a plasmonic nanoparticle and substrate, (b) the corresponding SERS spectrum. 
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1. Introduction 
Since the discovery of SERS, due to its high sensitivity, 

it has been widely used in various fields such as biosensing, 
chemical sensing, and food safety etc., [1]. In SERS, when 

a probe molecule is placed near a metallic nanostructure it 
feels a localized field generated due to localized surface 
plasmons (LSPs) which effectively amplifies its Raman 

signal. The LSPs are the collective oscillation of free elec-
trons in metallic nanostructures [2]. For the fabrication of 
the SERS active substrates various methods have been in-

troduced to arrange the metallic nanoparticles (NPs) in spe-
cific morphologies and arrangements [3]. Optical forces of 

a laser beam can be employed to arrange metallic NPs effi-
ciently on a substrate [4]. 

  
2. Results and discussions 

In Fig.1(a-d), scanning electron microscope (SEM) im-

age of the axicon tip, microscopic image of Bessel beam, 
SEM images of gold (Au) NPs dried with Bessel beam and 
without illumination of light are shown respectively. 

AuNPs dried with Bessel beam illumination are arranged in 
the Bessel beam rings, while AuNPs were drop cast and 
dried without illumination of light are agglomerated as can 

be seen from SEM images in Fig.1 (d). The Raman spectra 
has been recorded with a fiber optic Raman probe coupled 

to laser of excitation wavelength 785 nm. The recorded 
Raman spectra of R6G on coverslip is shown in Fig.2 (a) in 
absence of AuNPs, in presence of AuNPs with Bessel beam  

 

 
Fig.1. (a) SEM image of axicon tip, (b) microscopic image of 

Bessel beam, SEM image of AuNPs dried (c) with Bessel beam 

illumination, and (d) without illumination of light. 

 

Fig.2. SERS spectra of (a) R6G in transmission mode (b) 4-ATP 

in reflection mode.  

 

illumination and without illumination of light. It can be 
seen clearly from the figure that in presence of AuNPs, 
Raman signal enhances even if there is no illumination of 

light but the enhancement in Raman signal increases when 
we illuminate with Bessel beam. In Fig.2 (b), the Raman 
spectra recorded for 4-ATP molecule on reflecting substrate 

(Si/Ag substrate) is shown for Bessel beam illumination, 
without illumination of light and without AuNPs. It can be 
seen from the figure that there is more enhancement in 

Raman signal of 4-ATP molecule in case of Bessel beam 
illumination on reflecting substrate similar to transmitting 

substrate.   

 

3. Conclusions 

   We have shown 2-fold enhancement in SERS signal of 

R6G and 4-ATP molecules on transmitting and reflecting 

substrates respectively with Bessel beam illumination as 

compared to without illumination of light (drop casting 

method).  

 
Acknowledgements 
   We would like to express sincere thanks to MoE-STARS, 

DST-BDTD, and IIT Roorkee. Riya Choudhary thanks to Council 

of Scientific & Industrial Research (CSIR) -India for fellowship. 

 
References 

[1] J. Langer et al., ACS Nano 14 (2020) 28. 

[2] M. Pelton, and G. Bryant, Hoboken, NJ, John Wiley & Sons, 

2013.  

[3] J. Dong et al., Opt. Express 31 (2023) 21225. 

[4] R. Choudhary et al., J. Appl. Phys. 135 (2024) 073104. 

第85回応用物理学会秋季学術講演会 講演予稿集 (2024 朱鷺メッセほか2会場＆オンライン)17a-A34-6 

© 2024年 応用物理学会 04-031 4.1



High-Sensitivity Plasmonic Sensors Probe for Uric Acid Detection using Surface 
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This study introduces a surface-functionalized sensor probe incorporating 3-aminopropyltriethoxysilane 

(APTES) self-assembled monolayers (SAM) on a Kretschmann-configured plasmonic sensor. The probe 

employs stacked nanocomposites of gold deposited through sputtering and graphene quantum dots (GQD) 

deposited via spinning, enabling highly sensitive and accurate uric acid (UA) detection within the 

physiologically relevant concentration range. Comprehensive characterization of the sensor probe was 

conducted and validated through field emission scanning electron microscopy (FESEM), energy-dispersive 

X-ray spectroscopy (EDX), and Fourier transform infrared spectroscopy (FTIR) techniques. Surface 

functionalization yielded a 60.64% increase in sensitivity for the sensor probe, resulting in values of 

0.0221°/(mg/dL) for gold–GQD probe and 0.0355°/(mg/dL) for gold–APTES–GQD probe, accompanied 

by linear correlation coefficients of 0.8249 and 0.8509, respectively. The highest sensitivity achieved was 

0.0706°/(mg/dL), exhibiting a linear correlation coefficient of 0.993 and a low limit of detection (LOD) of 

0.2 mg/dL. Furthermore, surface functionalization significantly enhanced binding affinity, as evidenced by 

Langmuir constants of 14.29 μM-1 for the gold–GQD probe and 0.0001 μM-1 for the gold–APTES–GQD, 

probe representing a remarkable 142,900-fold increase. The functionalized sensor probe demonstrated 

notable reproducibility and repeatability, with relative standard deviations of 0.166% and 0.013%, 

respectively, along with exceptional temporal stability of 99.66%. These findings represent a transformative 

leap in plasmonic UA sensors, delivering a marked enhancement in precision, reliability and substantial 

increase in sensitivity. 

 

 
Figure 1: Fitting curves and linearity plots for (a) gold–GQD sensor probe at 60 nm configuration exhibits a 

sensitivity of 0.0221°/(mg/dL)and (b) gold–APTES–GQD sensor probe at 60 nm configuration boasts a higher 

sensitivity of 0.0355°/(mg/dL) 
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1. Introduction
Rare-earth doped crystalline materials are of significant interest for photonic and optoelectronic
applications, particularly in phosphor-converted white-light-emitting diodes (pc-WLEDs), which
offer high brightness, energy efficiency, compact size, durability, and environmental friendliness.
However, pc-WLEDs lack a red color component. To address this, europium-doped niobate-
based phosphors were synthesized using a high-temperature solid-state reaction technique at
1300◦C[1].
2 Results and Discussions
The XRD patterns of both undoped and Eu-doped phosphors showed excellent crystallinity
and phase purity, with diffraction peaks matching the standard JCPDS data, indicating that
Eu3+ ions did not alter the tetragonal tungsten bronze (TTB) structure. Photoluminescence ex-
citation (PLE) spectra for Eu3+-doped niobate phosphors across various concentrations (1.0-10.0
mol%) revealed efficient excitation at 392 nm (near-UV) and 466 nm (blue). Photoluminescence
(PL) spectra under 392 nm excitation displayed five main emission peaks (550-700 nm), with
the optimal Eu3+ concentration at 9.0 mol% to avoid quenching. The internal quantum yield
(IQE) measures the efficiency of converting electrical power into optical power for a phosphor,
with IQE representing the ratio of emitted to absorbed photons and external quantum efficiency
(EQE) representing the ratio of emitted to incident photons. For optimal Eu3+-doped phos-
phor, IQE, absorption efficiency, and EQE under 392 nm excitation are more than 90%, 60%,
and 55%, respectively. These high values, along with color coordinates close to standard red
phosphors, indicate their potential for use in warm white LEDs.
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Figure 1: (a) XRD pattern for JCPDS and optimal phosphor. (b) Enhanced internal quantum yield
for optimal phosphor (Inset: CIE cromaticity diagram)
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1. Introduction 
Interlayer interaction through the van der Waals forces in 
two-dimensional (2D) materials like molybdenum disulfide 
(MoS₂) determine most of the layer properties, which 
shows up as low-frequency modes (less than 50cm-1) in 
Raman scattering. But the weak low-frequency signals are 
often obscured by background noise, requiring enhance-
ment techniques [1]. Furthermore, detecting forbidden 
low-frequency Raman modes poses additional challenges. 
These modes, suppressed by symmetry selection rules, pro-
vide important information into molecular structures and 
electronic properties but are not observed in conventional 
Raman spectroscopy as they are symmetry forbidden. Our 
approach can detect forbidden low-frequency modes and 
achieve high-sensitivity through low-frequency sur-
face-enhanced Raman spectroscopy (LF-SERS). 
 
2. Result and discussion 
We utilize silver nanoparticles to detect forbidden 
low-frequency Raman modes in MoS₂ by breaking the se-
lection rules. The strong gradient of near-field light with 
sharply varying intensity within a nanometric volume near 
the nanoparticle causes selective symmetry breaking as 
shown in Fig.1. This breaks the Raman selection rules, al-
lowing the observation of vibration patterns that are for-
bidden in Raman spectroscopy [2].  

Figure 1. Gradient near-field light in the vicinity of a nanoparticle. 
 

We used 3-layered MoS₂ as the sample and placed silver 
nanoparticles on its surface. We measured a LF-SERS im-
age constructed with its breathing and shear modes at 28 
cm⁻¹ and observed high-intensity Raman signals only 
around the nanoparticle, as shown by the bright areas in Fig. 
2(a). MoS₂ has four vibration modes in the low-frequency 
range: the breathing and the shear modes, both appearing at 
28 cm⁻¹, are Raman-active, while the E'' (15 cm⁻¹) and A₂'' 
(46 cm⁻¹) modes are forbidden in Raman scattering. The 
forbidden Raman modes can only be activated near an iso-

lated single particle as seen in Fig. 2(b). An AFM image 
and a SERS image from one of the isolated single particles 
are shown in Figs. 2(c) and 2(d), respectively. We demon-
strate how LF-SERS changes with the gradient near-field 
light around this nanoparticle, which are measured from the 
points marked in Fig. 2(d). The forbidden Raman modes 
only appear in region with a strong gradient, as shown in 
the spectrum by the blue areas in Fig.2(e).  

Figure 2. Forbidden LF-SERS image and spectrum. 
 

To confirm our experimental results, we used calculations 
based on the density functional theory (DFT) to simulate 
Raman spectrum of a 3-layered MoS₂. Our simulations 
confirm the existence of forbidden Raman modes in MoS₂, 
with the vibration modes calculated by DFT matching the 
two forbidden Raman peaks detected in our experiments. 
Without the silver nanoparticles, these vibration modes are 
present but have zero intensity, indicating they are Ra-
man-forbidden. The DFT calculations further reveal that 
the activation of these modes is not only due to the strong 
gradient near-field light but also involves physical contact 
deformation and charge transfer between the MoS₂ and the 
silver nanoparticles. 
 
3. Conclusions 
Our technique enables the first observation of LF-SERS 
and plasmonically activated forbidden low-frequency Ra-
man modes in MoS₂, providing more information into the 
material's vibrational properties and advancing material 
characterization methods. 
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1. Introduction 

Thin-film lithium niobate (TFLN) is currently emerging as 

a popular photonic integration circuit (PIC) platform for its 

versatile material superiorities[1]. Diverse performant de-

vices have been demonstrated in the TFLN PICs, such as 

modulators[2] and passive devices[3]. While polarizer is a 

fundamental building block for the PICs, it is not a trivial to 

realize it in the TFLN PICs attributed to the birefringence 

of the material (X-cut TFLN) and the temporarily unavoid-

able slant sidewalls of the TFLN waveguide. TFLN wave-

guide polarizers have been experimentally realized using 

long period gratings[4] or Eule bends[5] showing extinction 

ratios (ERs) of ～20 dB and losses of ～1.5 dB. In this 

work, we demonstrate TFLN polarizers using an S-bend 

waveguide where TM modes are leaked out, exhibiting 

ERs～50 dB and losses～0.4 dB. 

 

2. Design and measurement 

 

       illustrates the structure of the proposed TFLN polarizer, 

where the commonly used ridge TFLN waveguide is em-

ployed with both the slab and ridge parts being 150 nm 

thick. The waveguide is initially tapered down from a 1.5-

μm width to a 0.6-μm width and then successively connect-

ed to two 180˚ bend waveguides. As the transverse-

magnetic (TM) mode is weakly confined in the 0.6-μm-

wide TFLN waveguide, it is easily leaked out to the silica 

substrate and the PMMA cladding. However, the trans-

verse-electric (TE) mode can transmit through the S-bend 

waveguide with low loss. By adjusting the widths and the 

bending radii of the S-bend waveguide, it is possible to 

achieve TE-pass polarizers with large ERs and low losses. 

As depicted in Fig. 2, FDTD simulations suggest that 

with a sufficiently large bending radius (e.g., >40 μm), the 

polarizer's TE mode loss can be negligible. Conversely, the 

TM mode experiences increasing loss with larger bending 

radii, as even at 100 μm, the S-bend waveguide weakly 

confines light, and the total loss depends primarily on the 

S-bend waveguide's total length. Fabricated polarizers were 

measured using an O-band laser, with grating couplers as 

the interface with the fiber. The results, shown in Fig. 3, 

generally align with the simulations. For a polarizer with a 

100-μm S-bend waveguide radius, the ERs exceed 50.6 dB 

and insertion losses are below 0.4 dB around a 1310 nm 

wavelength. Fabrication uniformity issues between the grat-

ing couplers for the polarizers and the straight waveguides 

for normalization posed some challenges. Extracting the 

bandwidth in terms of insertion loss was not straightfor-

ward. Nonetheless, the ERs generally exceed 30 dB for 

wavelengths from 1260 nm to 1340 nm. 

3. Conclusion 

In conclusion, polarizers using an S-bend waveguide 

have been demonstrated for TFLN photonic circuits. The 

outstanding performances will potentially benefit many 

applications where pure polarization is required. 
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Fig. 3. Measured transmissions for the TFLN polarizers 

with an S-bend waveguide. (a) TE mode. (b) TM mode. 

Fig. 1. Simulated transmissions for the TFLN polarizers 

with an S-bend waveguide. (a) TE mode. (b) TM mode. 

Fig. 2. 3D schematic of the proposed TFLN polarizer using 

an S-bend waveguide. Insets are for light propagations. 
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1. Introduction 

Silicon on Insulator (SoI) technology has tantalized the 

photonics world in terms of integrated device modeling 

encountering with numerous applications. Many gas sensors 

can be designed using SoI technique with lower scaling factor 

and higher operational speed [1]. The emission of Carbon 

dioxide is a natural process but excess emisson is a result of 

burning of fossil fuels, deforestation, increase in the use of 

automobiles [2]. People who work in automobile industries 

more likely face the respiratory problems, dizziness etc. To 

address these issues a gas sensor is designed to detect the excess 

of emitted CO2. In this manuscript an approach to sense CO2 

gas using microring racetrack resonator is demonstrated. The 

sensing analysis is done on the basis of change in the refractive 

index (RI) in the cavity region which will result in the envelope 

spectrum shift. 

2. Structure and Sensing Methodology 
The 3D schematic for CO2 sensing is represented by Fig 1, 

where Pin is used to inject optical power and Pout is used for the 

transmittance spectrum. The materials used in the design of 

optical ractetrack resonator are silicon (Si) as guiding material, 

silicon dioxide (SiO2) as substrate and cladding as a gas 

chamber. The refractive index of Si and SiO2 is calculated using 

Sellmeier’s equation [3]. The RI of CO2 is 1.489 [4]. The width 

and height of Si is represented by x and y axis as shown Fig 1, 

which are 400 nm and 220 nm [5], [6]. For ease of simulation 

the coupling gap between straight waveguide and racetrack 

waveguide is 100 nm, the ring radius is 5 µm and the coupling 

setion inserted between the splitted ring is of 9.7 µm. The 

operational wavelength range is from 1350 nm to 1850 nm. 

 
Figure 1. 3D schematic of Micro Racetrack Resonator for CO2 gas sensing 

For CO2 sensing a gaseous chamber of glass is made for the 

concentration of air volume fraction. When the ppm in the 

gaseous chamber exceeds (concentration of CO2 gas), the 

envelope spectrum of the optical racetrcak resonator shifts from 

the referenced envelope spectrum. The RI of different 

percentage by volume of CO2 – air mixture is obtained by 

Lorentz-Lorenz mixing rule [7].  

3. Result and Discussion 

The output obtained from the optical racetrack resonator is 

shown in Fig 2 expressed in the form of power  transmittance. 

The envelope spectrum for SiO2 and CO2 gas sensor shows the 

shift in the wavelength. To get the shifted spectrum, the 

refractive index of CO2 gas is replaced with SiO2, in the clading 

region of the racetrack waveguide. The sensor envelope 

spectrum shows the shift of 29.21 nm from the reference 

envelope spectrum. The sensitivity of the gas sensor is the 

fraction of change in resonanace wavelength by the change in 

the refractive index expressed in nm/RIU mentioned in 

equation 1.  

                                   S = 
∆𝜆𝑐

∆𝑛
 𝑛𝑚/𝑅𝐼𝑈  (1) 

 
Figure 2. Envelope Spectrum for CO2 gas sensor referenced with the silica 

glass cladding 

4. Conclusion 

A gas sensor is designed using optical racetrack resonator for 

1350 nm to 1850 nm wavelength range. The practical 

application of CO2 gas sensor is utilized at the industrial places 

where carbon emission poses the risk for the human health. The 

sensitivity obtained is 595.88 nm/RIU with a shift of 29.21 nm. 
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1. Introduction 
There have been various studies on the racetrack ring 
resonators, which aimed to calculate various resonators 
parameters, Free Spectral Range (FSR), Full Width at Half 
Maximum (FWHM), Finesse (F), Quality (Q) factor [1], and 
Sensitivity. Optical Resonators have numerous applications in 
Photonic Integrated Circuits (PIC), from Optical filters to 
Sensors [2], Switches [3], Lasers [4], Modulators [5], 
Multiplexers [6]. In this research article, an optical Racetrack 
Ring Resonator (RTRR) is proposed as a band pass filter and 
the effect of ring radius (R) is demonstrated to optimize the Q-
factor for bandpass filter (BPF) applications. The wavelength 
band for the study of band pass filter ranges from 1300 nm to 
1900 nm. 
2. Structure and Methodology 
The RTRR is based upon the Silicon on Insulator (SoI) 
technology, in which a racetrack structure of Silicon material 
(Si) is mounted over a dielectric substrate, silicon dioxide 
(SiO2) as illustrated by Fig. 1. To design a RTRR, a ring of ‘R’ 
radius is splitted into two equal halves and a coupling section 
of 9.77 µm is inserted. For Quasi TE [7] wave propagation, 
RTRR uses two straight waveguides and a racetrack waveguide 
and the gap between them is 100 nm. To design such optical 
resonators, the dimensional sizes of silicon wafers uses the 
cross section of 400 nm×220 nm [8].  For the study of Q-factor, 
R is varied as 1 µm, 2 µm, 5 µm and 10 µm.      

 
Fig. 1. 3D schematic of Racetrack Ring Resonator 

Transverse Electric (TE) power propagates through the 
rectangular waveguide's input port Pin. The power injected 
through Pin gets coupled to the racetrack waveguide and 
circulates in it. Then power recouples to the upper straight 
waveguide and output is taken from Pout in the form of 
transmittance spectrum as shown in Fig. 2 and Fig. 3.  
3. Result and Discussion 
The RTRR with different R (1 µm, 2 µm, 5 µm and 10 µm) is 
analyzed using finite element method (FEM). The results 
shown in Fig. 3 illustrates that on increasing R values the 
envelope spectrum shifts, the number of resonance notch 
increases, and the spectrum becomes more compressed, which 
results in the decrease of FSR and FWHM along with the blue 
shift. To examine the impact of R, the Q-factor is computed in 
terms of central wavelength (λc) and FWHM, using the 
following formula.              

                          Q =  𝜆𝜆𝑐𝑐
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹     (1) 

 
Fig. 2. Power propagation in RTRR 

 
Fig. 3. Transmittance for R = (a) 1 µm; (b) 2 µm; (c) 5 µm; and (d) 10 µm 

4. Conclusion 
In this research work, the RTRR based filter has Q-factor of 
7.304, 7.439, 7.616, 7.969 for R = 1 µm, 2 µm, 5 µm and 10 
µm, respectively. The Q factor listed are not significantly varied 
on increasing R, but other dimensional parameters (i.e. ‘cs’ and 
gap) may have considerable impact on Q-factor. Hence, the 
proposed RTRR can be significantly utilized as an BPF. 
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1. Introduction 

The rapid advancement of artificial intelligence 

has led to substantial progress in various fields with 

deep neural networks (DNNs). However, complex 

tasks often require increasing power consumption and 

greater resources of electronics. On-chip optical 

neural networks (ONNs) are increasingly recognized 

for their power efficiency, wide bandwidth, and 

capability for light-speed parallel processing. In our 

previous work [1], we proposed on-chip diffractive 

optical neural networks (DONNs) to offer the 

potential to map a larger number of neurons and 

connections onto optics. To further improve the 

computational density and integration level, we 

proposed ultra-compact DONNs designed with the 

structure re-parameterization algorithm [2] and 

experimentally verified their performance [3], which 

increased the computational density by more than an 

order of magnitude. 

 

2. Structure design and numerical modeling 

The DONN chips developed consist of metalines, 

which represent the hidden layer of a neural network. 

These metalines consist of slots filled with SiO2, 

serving as trainable parameters, optimized in the 

training process. To accurately model the propagation 

process in the metaline, slot groups and extra length 

between adjacent layers are utilized, resulting in 

the relatively large chip scale [1]. 

Given the challenges in directly modeling 

on-chip DONNs, particularly in accurately depicting 

the interaction between the silicon slots and the 

optical field, a deep complex neural network (DCNN) 

is employed to simulate the complex interactions in 

each metaline. Consequently, this approach allows 

for a precise numerical representation of the on-chip 

light propagation [2]. The architecture of the DONN 

with two hidden layers is illustrated in Fig. 1(a) and 

the modeling process is depicted in Fig. 1(b). The 

dimensions of the structure are set to 53 um in length 

and 30 um in width, with distance between adjacent 

layers set as 15 um. The input and output layers 

consist of four input straight waveguides and three 

output taper waveguides, respectively. As a proof of 

the design method, the chip was fabricated based on 

the SOI platform. The SEM images in Fig. 1(c) 

illustrates the on-chip DONN with 2 hidden layers 

and diffractive units. The experimental result of the 

chip revealing an accuracy of 93.3% in Iris plants 

dataset, aligning with numerical predictions [3]. 

Fig. 1. (a) The architecture of the DONN. (b) 

Numerical modeling on structure re-parameterization 

algorithm. (c) SEM images of the DONN chip with 2 

hidden layers and diffractive units. 

 

3. Conclusions 

In summary, DONN has significant advantage in 

mapping a large number of connections and trainable 

parameters on chip, allowing for passive computing 

on a compact structure. Furthermore, with utilization 

of the structure re-parameterization algorithm, we can 

greatly improve the parameter integration while 

achieving computational density of 18.6 POPS/mm2. 
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Silicon photonics-based beam scanning technology is expected to be introduced into short-distance 

free-space optical (FSO) communication applications such as inter/intra rack communications in data 

centers and indoor mobile communications in beyond-5G mobile communications [1]. In this report, we 

present our recent work about a broadband two-dimensional (2D) Si beam scanning device shown in Fig. 1 

that integrates 128-port three-dimensionally-structured optical surface couplers known as “elephant 

couplers”[2-4]. This device can realize high-capacity FSO signal transmission by introducing 

wavelength-division multiplexing (WDM) technology. The fabricated device shows a fiber-to-fiber 

insertion loss of 5.6 dB and a 1-dB spectrum bandwidth of 40 nm. We obtained a beam scanning operation 

with the scannable beam-angle range and the resolution range of 5.3 deg × 2.5 deg and 0.35 deg × 0.36 deg, 

respectively, by introducing a commercial imaging lens. Using this system, we have demonstrated FSO 

transmission of a 10 Gbps non-return-to-zero on-off-keying signal successfully within a wavelength range 

from 1530 to 1590 nm with a fixed receiver position as shown in Fig. 2. 

  

Fig. 1 Schematic images of silicon beam scanner.        Fig. 2 FSO signal transmission 
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1. Introduction 
Metasurfaces, recognized as subwavelength antenna 
collections, offer many possibilities for managing 
electromagnetic waves and streamlining the dimen-
sions and intricacy of electromagnetic apparatus. 
These structures can govern diverse aspects of elec-
tromagnetic waves, encompassing amplitude, wave-
length, polarization, phase, orbital angular momen-
tum, and more. Multilayer meta-devices provide a 
greater degree of freedom to manipulate the light and 
have a better ability to perform various functions. In 
this thesis, various multilayer meta-devices have been 
systematically developed for advanced functions and 
applications, such as 6G communications, chiral im-
aging, and light field control for other advanced ap-
plications. 
 
2. Methods and results 
The polarization of light serves as a valuable infor-
mation channel extensively explored in optical de-
vices. We present an experimental demonstration of a 
chiral imaging meta-device featuring extensive area 
coverage and broadband chirality control, achieved 
through applying nanoimprint technology to create a 
centimeter-scale Moiré meta-device, as shown in Fig. 
1(a) [1]. Tunable Airy beams with controllable prop-
agation trajectories have garnered widespread interest 
in various fields. We present a novel method utilizing 
a dual metasurface system to overcome these limita-
tions and significantly enhance the practical potential 
of the Airy beam, as shown in Fig. 1(b) [2]. 
Sixth-generation communication technology is cur-
rently undergoing active development, with expecta-
tions of surpassing its fifth-generation predecessor in 
speed and performance. To comprehensively govern 
the propagation direction and coverage area of te-
rahertz beams, we have devised meta-devices featur-
ing synthetic phase designs of rotary doublet Airy 
beams and triplet Gaussian beams with adjustable 
focal properties, as shown in Fig. 1(c) [3]. Our ap-
proach involves encoding a cubic phase profile and 
two off-axis Fresnel lens phase profiles across the 
two metasurfaces. Validation of the proposed strategy 
is achieved through simulation and experimental re-
sults. The proposed meta-device effectively addresses 
existing limitations and lays the foundation for ex-
panding the applicability of Airy beams across di-
verse domains, including light-sheet microscopy,  

 
 
laser fabrication, optical tweezers, and beyond. 

 
Fig. 1. (a) Chiral imaging meta-device, (b) Miniature 
tunable Airy beam optical meta-device,（c）A 6G 
meta-device for 3D varifocal 
 
3. Conclusions 
In summary, the exploration of metasurfaces and me-
ta-devices in this thesis uncovers innovative possibil-
ities, ranging from precise control over EM waves to 
communication, imaging, sensing, and beyond appli-
cations. The advancements presented hold significant 
promise for shaping the future of EM devices and 
technologies. To envision a broader perspective, 
metasurfaces exhibit numerous advantages over con-
ventional devices, making them a promising avenue 
for developing new applications using established 
high-dimensional modulation principles. 
  
Acknowledgements 

This work is supported by the University Grants 
Committee / Research Grants Council of the Hong Kong 
Special Administrative Region, China [Project No. 
AoE/P-502/20, CRF Project: C1015-21E; C5031-22G, 
GRF Project: CityU15303521; CityU11305223; 
CityU11310522; CityU11300123, and Germany/Hong 
Kong Joint Research Scheme: G-CityU 101/22], City Uni-
versity of Hong Kong [Project No. 9380131, 9610628, and 
7005867], and National Natural Science Foundation of 
China [Grant No. 62375232]. 
 
References 
1. Zhang J C, et al. Miniature tunable Airy beam optical 
meta-device. Opto-Electronic Advances, 2024, 7(2): 
230171-1-230171-8. 
2. Zhang J C, et al. Nanoimprint meta‐device for chiral 
imaging. Advanced Functional Materials, 2023, 33(49): 
2306422. 
3. Zhang J C, et al. A 6G meta-device for 3D varifocal. 
Science Advances, 2023, 9(4): eadf8478. 

第85回応用物理学会秋季学術講演会 講演予稿集 (2024 朱鷺メッセほか2会場＆オンライン)17p-A25-8 

© 2024年 応用物理学会 04-069 4.2



有効媒質によるオンチップテラヘルツ偏光制御 

On-Chip Terahertz Polarization Control Enabled by Effective Medium  

阪大基礎工 1，アデレード大 2, ○Weijie Gao1，Withawat Withayachumnankul2, 冨士田 誠之 1 

Osaka Univ. 1, Univ. Adelaide 2 ○ Weijie Gao1, Withawat Withayachumnankul2, Masayuki Fujita1  

E-mail: gao.weijie.es@osaka-u.ac.jp 

We have proposed a solution for terahertz wave on-chip transmission [1], filtering [2], and polarization 

manipulation [3] with unprecedented performance based on the concept of effective medium [4]. The 

effective medium is realized by periodically perforating the silicon slab with a period in the deep 

subwavelength region. As a result, the effective medium can be treated as a homogenous material within the 

operation frequency range with a tailorable anisotropic permittivity tensor that is only mildly frequency 

dependent. The unique characteristics of the effective medium play a critical role in enhancing the 

performance of various terahertz integrated devices. In particular, the anisotropy of the effective medium can 

significantly increase the polarization extinction ratio (PER) for polarization beam splitters and rotators. This 

study mainly focuses on the impacts on PER of a terahertz integrated polarization rotator enabled by the 

effective medium. 

As shown in Figs. 1(a)-(b), the proposed polarization rotator consists of two inversely symmetric tapered 

cores based on silicon and effective medium, respectively. In-plane effective medium claddings are 

introduced to surround the cores, where the effective medium can be realized by creating holes in the silicon 

slab in a hexagonal lattice, as shown in Fig. 1(c). Given a perforation period of 100 μm, the anisotropic 

relative permittivities can be obtained based on Maxwell-Garnett's effective medium theory [4], and they 

decrease with the hole diameter increasing, as shown in Fig. 1(d). Blind holes realize the effective medium 

core to rotate the optical axis, while the claddings are through holes. Here, the effective medium core is 

designed with an identical permittivity with that of the upper claddings realized with a hole diameter of 90 

μ m. With such a configuration, the input mode with the 𝐸𝑦  polarization can be gradually rotated to its 

orthogonal counterpart after a sufficiently long conversion length based on the mode evolution theory. 

Notably, the lower cladding is introduced, which can vary the polarization states by changing its permittivity, 

leading to different PERs. As shown in Fig. 1(f), by gradually changing Δ𝑑, i.e., by reducing the hole size 

of the lower cladding, PER can be increased over the operation frequency range, where Δ𝑑 is defined as the 

difference in diameter of holes between the upper and lower claddings. This is mainly due to the optical axis's 

varying rotation angle determined by the asymmetric claddings' birefringence. The proposed method 

promises terahertz on-chip polarization control like half-wave and quarter-wave plates for free-space waves.   
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Fig.1. (a) Top view and (b) cross-section (center) view of terahertz integrated polarization rotator based on 

artificial homogeneous material. (c) Magnified view of the hexagonal lattice of the realized effective-medium 

cladding. (d) Effective relative permittivity as a function of the air hole diameter of the realized effective 

medium in (c). (e) 3D view of an air hole in silicon with an indication of polarization. (f) Polarization 

extinction ratio of the polarization rotator with different configurations of the asymmetric claddings.       
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1. Introduction 
The use of wireless electronic devices, such as sensors, radar 
detectors and cell phones, has resulted in a complex electro-
magnetic (EM) environment that causes significant EM pol-
lution [1]. To avoid these, absorbers with effective EM atten-
uation are indispensable [13]. Within the context, func-
tional materials and structures having adjustable or adaptive 
absorption characteristics are of paramount importance to ef-
ficiently absorb EM radiation in challenging circumstances 
[46]. Frequency-tunable absorbers are commonly em-
ployed in microwave frequency bands. Herein, we present a 
multiband millimeter-wave absorber comprising a multi-
layer hybrid structure of graphene-copper-FR4-copper to 
achieve multiband frequency-tunable millimeter-wave ab-
sorption. We emphasize on the theoretical framework, de-
sign methodology, and results based on simulations. 
 
2. Device Modelling and Theory 
Figure 1a illustrates the schematic of the absorber, which 
consists of a patterned graphene and copper layers, which are 
isolated by the PET dielectric medium. The structure is 
backed by a copper layer (of thickness slightly greater than 
the skin depth) acting as a reflective ground plane. Also, the 
FR4 dielectric substrate is placed between the patterned cop-
per layer and the copper ground plane. We choose the unit 
cell size to be p = 2.5 mm (fig. 1a). Figure 1b depicts the 
cross-sectional side view of the structure. In the design, the 
patterned graphene and copper have the same period as the 
unit cell structure. Also, the side lengths and strip widths of 
the patterned graphene and copper are identical, with their 
respective values as l = 1.5 mm and w = 0.2 mm (fig. 1a). 

 
Fig. 1. Schematic of the multiband frequency tunable absorber; (a) top view, 
and (b) cross-sectional view. 

We investigate the spectral properties using the finite inte-
gration technique implemented in the CST Microwave Stu-
dio platform. The spectral absorption characteristics are de-
termined by 

𝐴ሺ𝑓ሻ ൌ 1 െ |𝑆ଵଵ|ଶ െ |𝑆ଶଵ|ଶ. (1) 
Since copper as the ground plane makes almost vanishing 
transmission (i.e., 𝑆ଶଵ ൎ 0), the absorptance will be 

𝐴ሺ𝑓ሻ ൌ 1 െ |𝑆ଵଵ|ଶ. (2) 
Thus, a single port network can be achieved with the input 
impedance 

𝑍௜௡ ൌ 𝑍଴ሺ1 ൅ 𝑆ଵଵሻ/ሺ1 െ 𝑆ଵଵሻ. (3) 

𝑍௜௡ is solely determined by 𝑆ଵଵ, and as 𝑆ଶଵ ൎ 0, the imped-
ance matching condition, given by [𝑅𝑒ሺ𝑍௜௡ሻ ൌ 𝑍଴ ൌ 377Ω,
𝐼𝑚ሺ𝑍௜௡ሻ ൌ 0], is achieved. This condition marks the point 
where the nearly perfect absorption occurs. 
 
3. Results and Discussion 
Figure 2 illustrates the plots of reflection coefficients 𝑆ଵଵ 
for different values of graphene surface impedance. The sim-
ulated results exhibit shifts in reflection minima in three sub-
bands (75.581GHz, 8893GHz, and 101.8106.5GHz) 
within the W-band as the graphene surface impedance varies 
from 1000 Ω/Sq to 180 Ω/Sq. Notably, the reflection minima 
consistently remain less than −17 dB (corresponding to ab-
sorptance ≥98%). This is attributed to the impedance match-
ing conditions met at different frequencies in the stated mul-
tiple frequency bands.  

 
Fig. 2. Simulated reflection spectra of the absorber for variable graphene 
sheet impedance. 

4. Conclusion 
A multiband frequency-tunable millimeter-wave absorber 
comprising a patterned graphene-FR4-copper based hybrid 
structure has been studied, and the results yield tunability 
along with high absorption. The structure facilitates excel-
lent frequency tunability range in three different bands, 
namely 75.581GHz, 8893GHz, and 101.8106.5GHz, 
within the W-band. It has been found that the millimeter 
wave absorber demonstrates over 98% absorptance through-
out the frequency-tuning process. 
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I. INTRODUCTION 

In recent years, there has been a significant R&D focus 

on developing optical fiber-based technologies in photonics 

and broadband communication systems. The surge in data 

communication and cloud computing has led to an expo-

nential increase in communication traffic. To address this 

challenge, few-mode fibers and mode division multiplexing 

(MDM) have become promising solutions. Mode convert-

ers are essential components in MDM systems, and various 

types have been proposed and experimentally validated. 

These converters utilize a range of techniques, including 

acousto-optic transducers and structured optical wave-

guides, to achieve their functionality [1].  

We have developed an all-fiber setup designed for se-

lectively exciting and switching between higher-order 

modes in a few-mode fiber. Previously, we introduced a 

novel method utilizing cantilever beam deflection tech-

niques to detect surrounding electric fields. In this study, 

we apply the cantilever technique to achieve mode switch-

ing by introducing a controlled perturbation in the input 

launching conditions. The fiber is coated with 

BiFe0.9Co0.1O3, serving as a probe sample, and is placed 

within an electric field for testing.  

 

II. EXPERIMENTAL DETAILS AND RESULT 

   The light is coupled into one end of a single-mode fiber 

(SMF) from an input He-Ne laser source using a light cou-

pling unit, shown in Fig. 1. The other end of the SMF is 

coated with our probe material (coated length 1.0 cm with 

coated thickness of 0.28 mm). A dual-mode fiber (DMF) is 

positioned directly in line with the exit of the input cantile-

ver fiber, situated between two electric field plates. When 

an electric field is applied, the coated fiber deflects due to 

the induced polarization of the probe sample. This deflec-

tion modulates the input launching conditions, leading to 

changes in mode excitation within the fiber and resulting in 

the switching of the output mode.  

   Initially, light is coupled from SMF into the DMF 

through fiber-to-fiber transmission. This approach ensures 

close proximity between the fibers, establishing nearly ide-

al alignment to facilitate the excitation of the desired fun-

damental mode. Upon applying the electric field, we ob-

serve mode switching within the DMF. Figure 2 visually 

depicts the mode profiles and their transformations as the 

electric field intensity varies, specifically showing cases 

with different plate separations. In this scenario, we ob-

serve a transition from a circularly symmetric mode to an 

azimuthally asymmetric mode during the switching pro-

cess. 

 
Fig. 1. Schematic of experimental set-up. 

 

 
 

Fig.2.  Real time monitoring of mode intensity distribution at different 

voltage values at fiber exit for varying plates distance at (a) 1.4 (b) 1.9 cm. 

 

III. CONCLUSIONS 

   We demonstrate a novel method to perform an auto-

mated mode switching within a few-mode fiber using an 

electric field-controlled fiber-to-fiber offset coupling. This 

innovative approach enables dynamic and controllable ma-

nipulation of modes by inducing deflection in the coated 

fiber through the electric field. This technology opens up 

possibilities for applications in sensing, communications, 

and beyond. By adjusting the experimental parameters, the 

sensitivity of the system can be tuned to meet specific re-

quirements. This new automated mode-switching approach 

will be well-suited for field deployment in varying opera-

tional environments and should be useful in higher order 

applications in photonics and fiber circuits. 
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1. Introduction 

The study proposed a method for visualizing veins us-

ing near-infrared (NIR) transillumination imaging and re-

constructing 3D structures with an EfficientNet CNN mod-

el and pixel-to-pixel technique. NIR imaging, despite being 

noninvasive, encounters issues with light scattering, result-

ing in blurry images with poor depth perception. The pro-

posed method combines depth estimation and scatter 

deblurring to improve the clarity and accuracy of 3D re-

constructions, specifically targeting veins on the back of the 

hand.  

2. Method 

The methodology for 3D vein reconstruction using NIR 

imaging and deep learning involves an image acquisition 

system that captures NIR images of hand vascular struc-

tures. Depth estimation and scatter deblurring are per-

formed with an EfficientNet CNN model and pixel-to-pixel 

method. This includes preparing training data with blurred 

NIR images and corresponding depth maps, training the 

model to predict pixel depths, and generating a Depth Es-

timation Matrix (DEM) as shown in Figure 1. 

Figure 1. A. Depth estimation method, training data includes blurred 

images and depth, B. pixel-by-pixel method, C. deblurring method 

using depth matrix and depth thresholding, and D. reconstructing 3D 

structure from deblurred image and depth matrix. 

The pixel-to-pixel method improves depth estimation 

by scanning the image, applying zero padding, and select-

ing the most common depth for each pixel. Scatter deblur-

ring enhances clarity by using a depth threshold on the 

DEM, generating a deblurred image, and reconstructing the 

3D structure using depth values on the x-y and z axes. 

The model is trained with 100,000 images, a depth 

range of 0.1 to 50.0 mm, a batch size of 8, over 50 epochs, 

using the Adam optimizer and accuracy as the metric. Ex-

periments, including simulations and real tissue tests cap-

turing NIR images of the hand, show that the model effec-

tively improves image clarity and depth estimation, leading 

to accurate 3D reconstructions of vascular structures as 

shown in Figure 2. 

Figure 2. 3D reconstruction results of blood vessels using CNN model 

with A. Extracting ROI and estimating depth with CNN, B. Applying a 

depth matrix threshold to obtain a deblurred image, C. Comparing in-

tensity profiles of observed and deblurred images, and D. Reconstruct-

ing the 3D blood vessel structure from the depth matrix and deblurred 

image. 

3. Conclusion  

The study proposed approach enhances 3D vein recon-

struction through NIR imaging with the EfficientNet model 

and the pixel-to-pixel method, improving image clarity and 

depth estimation. Experimental results verify its accuracy 

and potential for noninvasive biomedical imaging, espe-

cially in vascular diagnostics and monitoring. 
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1. Introduction 

Research on liquid vortices is integral to fluid 

mechanics and is applied in various fields, including 

the manufacturing of optical elements [1]. To discover 

liquid vortex surfaces, contact methods [2], though 

simple, damage surface structures. Noncontact meth-

ods offer high-speed and accurate measurements but 

require complex systems [3]. Most experimental set-

ups are suboptimal. 

This paper proposes a straightforward approach 

combining the optical system and image processing 

techniques to investigate liquid vortex surfaces by 

light reflection. Collimated laser beams directed onto 

liquid surfaces provide vortex parameters through 

reflected beam profile analysis. The method is vali-

dated by the parabolic shape of liquid vortices in a 

rotary cylinder, showing promise for liquid character-

ization using simple optical elements. 

 

2. Experimental Method 

Figure 1 Experiment Setup 

Liquid vortices are examined in real-time through 

surface reflection. The axially symmetric liquid sur-

face is described by z = z(r). A collimated, expanded 

laser beam shines perpendicular to the rotating liquid 

surface, with its axis aligned with the rotation axis. An 

iris diaphragm creates various beam radii, and the 

diameter of the incoming beam d equals the iris aper-

ture. The reflected beam profile is recorded with its 

spot width monitored by a camera with image pro-

cessing techniques and an observation screen with a 

central hole for the collimated beam. The optical path 

of two symmetric boundary rays of the collimated 

beam is illustrated in Fig. 1. Given the tangent slope at 

the reflection point is θ, the angle between reflected 

and incoming beams is 2θ. The beam width on the 

screen D(r) is calculated: 

( ) ( )( )
-1

2
tan( ) 2 - (2 ) - 4 ' - 1- ' - 2D r H z d z H z z r= = (1) 

where r is the incident beam radius (r = d/2), and H is 

the distance from the cylinder bottom to the observa-

tion screen. A rotatable cylindrical liquid container 

driven by a rotor is precisely controlled by the encoder 

feedback signal with a PID controller. When the con-

tainer rotates with liquid inside, it creates vortices. 

 

3. Results and Discussion 

The following parameters were investigated in this 

study. Two 150 ml liquid samples were used in the 

experiment including a saline solution (NaCl; 0.9) and 

a propylene glycol solution (C3H8O2; 99). The viscosi-

ties of the saline and glycol solutions, at standard ex-

perimental conditions (25°C, 1 atm), are 0.9 cp and 57 

cp, respectively, and their approximate densities are 1 

mg/l. The container angular velocity is 15 ± 0.12 rad/s. 

The iris aperture is adjusted to investigate incident 

beam diameters in the range of 10–19 mm. 

The parabolic shape of the liquid vortex surface 

has been demonstrated in previous research [1,2]. Ini-

tial results with 10 incident beam diameters for both 

solutions show similar vortex surface profiles by the 

data on reflected beam spots. A detailed analysis with 

37 iris aperture values further examines the relation-

ship between the reflected spot size and the incoming 

beam radius D(r), described as a quadratic function of 

z(r) (Eq. 3). The vortex surface shape, as determined 

by fitting the plots, closely matches a parabola, with 

R2 ≥ 99%. The proposed method effectively investi-

gates liquid vortices. 

 

4. Conclusion 

This method analyzes liquid vortices by light re-

flection. A collimated laser beam directed onto liquid 

surfaces determines vortex parameters from reflected 

beam data. Studying vortices in a rotating cylinder 

with propylene glycol and saline solutions at 15 rad/s, 

we determine similar vortex shapes. Curve fitting 

shows the vortex surface is nearly parabolic. The 

method offers a technique to characterize liquid dy-

namics. 
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The focused irradiation of near-infrared femtosecond laser 
(NIR fs laser) pulses in biological solvents efficiently in-
duces molecular breakdown, generating vaporous gas micro 
bubbles [1]. Such irradiation on live cells induces apoptosis 
and necrosis depending in pulse energy [2]. Here we ex-
amined the relation bubble size and numbers and pulse en-
ergy in cells. Further, the NIR fs laser bubbling-formed 
cell-removed acellular area was used for assaying antimo-
tility effects of the plant flavonoid apigenin. 
Gas bubble generation 
An acellular rectangular area was pre-formed by NIR fs 
laser scanning (Fig. 1). The same laser was then scanned 
across the cell monolayer at a right angle, intersecting the 
acellular region. The gas bubble observed at cell monolayer 
area while no bubbles at acellular area, indicating that re-
quired pulse energy for the bubble generation was different 
at live cell and medium. 

Series of experiments at different energy condition es-
timated that pulse energy threshold was 35 and 80 nJ for 
cell monolayer and medium, respectively (Fig. 2). The 
pulse irradiation condition ranging from 30 to 80 nJ could 
ablate cells without medium bubbling. The bubbles re-
mained in cells for several to more than 10 s at 100 nJ pulse 
irradiation while immediate decayed at irradiation to me-
dium. Below 30 nJ, gas bubbles were never generated, and 
cells receive no lethal damage. Above 80 nJ, the bubbles 
vigorously generated in both cells and medium.  
Application in biology 
The NIR fs laser-based bubbling was employed to demon-
strate its effectiveness in evaluating the motility of a lung 
cancer cell line A549, particularly in the context of as-
sessing the antimotility effects of the plant flavonoid apig-
enin (Fig. 3). The acellular area closed completely within 6 
h in the regular medium, whereas in the apigenin contain-
ing medium, it persisted beyond the 6 h mark. Quantitative 
analysis revealed a significant and dose-dependent reduc-
tion in the motility rate of A549 cells with apigenin treat-
ment. The 50% effective apigenin concentration (ED50) 
was observed at 60 µM.  
 
Methods 
A549 cell line (RCB3677) was cultured in DMEM con-
taining 9% FBS and antibiotics until making cell monolay-
er on a glass-bottom dish. NIR fs laser ablation (800 nm, 1 
kHz) was executed at a speed of 600 µm/s over an area of 

50 × 250 µm. The laser pulse energy was measured with a 
laser power meter after the objective lens. Throughout the 
laser scanning process, bubble generation and cell mono-
layer conditions were recorded with a CMOS camera. 

Fig. 1 Bright field micrographs of A549 cell monolayer (A) dur-
ing and (B) after NIR fs laser scanning (60 nJ).  

Fig. 2 Pulse energy response of micro bubbles generation in a cell 
monolayer. Number of bubbles (A) and bubble diameter (B) vs. 
pulse energy.  

Fig. 3 Apigenin dose response in acellular area recovery. Micro-
graphs before and 14 h after apigenin treatment (A) and the width 
of recovery area after 14 h of treatment (B). 
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1. Introduction 

Radiation-tolerant chips are essential for high-reliability 
applications in aerospace, military, and nuclear industries, 
as they withstand high radiation levels without performance 
degradation. Short pulse lasers are used to test these chips, 
offering high precision and the ability to simulate various 
radiation effects in a controlled setting, providing valuable 
insights into their performance and reliability. 

We test radiation-tolerant chips using 800 nm and 1060 
nm lasers. Each wavelength interacts differently with the 
chip's material, allowing for a comprehensive analysis of 
their behavior under diverse conditions. This approach 
identifies the strengths and weaknesses of different circuit 
designs and materials. Additionally, these lasers can induce 
Single Event Effects (SEE) in the chips, enabling further 
analysis of their vulnerability and resilience. 

 
2. Method 

Our short-pulse laser platform involves two laser sources 
operating at wavelengths of 800 nm and 1060 nm, each 
with varying camera modules. Because the 1060 nm laser 
spectrum is entirely in the non-visible range, it is necessary 
to use an IR camera module to observe the irradiation posi-
tion. 

The figure below shows a block diagram of the experi-
mental setup, detailing the different modules within the 
system. 
 

 
Figure 1. Block Diagram of Laser Testing Platform [1][2] 

 
Objective of each experiment is to detect SEE in each 

DUT, which includes identifying SET (Single Event Tran-
sient), SEU (Single Event Upset), or bit errors in the me-
mory. Next, based on the different DUTs, we analyze the 
data to assess their radiation resistance and identify sensi-
tive areas. 
 
 

3. Results and Discussion 
   The current optical path structure used in the experi-
ments maintains a laser spot size of approximately 5 µm. 
This fine spot size, combined with a minimum step size of 
50 nm on the moterized platform, is essential for 
high-resolution scanning and accurate detection of radiation 
effects on the chip. 

The scanning path used in the experiments follows estab-
lished protocols, ensuring that the entire chip surface is 
systematically scanned. [3] 

The analysis of irradiation results includes both front and 
back illumination scenarios. The observed SEE in these 
experiments are documented and compared. The findings 
indicate that the proportion of sensitive areas relative to the 
entire chip is very small, underscoring the importance of 
precise positioning and scanning during the tests. 

 
4. Conclusions 

The experiments demonstrate that both 800 nm and 1060 
nm lasers can induce SEE in the DUT. However, it is noted 
that the 1060 nm laser is more suitable for back illumina-
tion experiments, likely due to its higher penetration rate 
compared to the 800 nm laser. [4] 

The cross-section analysis of the chip can be compared 
with particle experiments to validate the findings. This 
comparison provides a more comprehensive understanding 
of the chip's behavior under different radiation conditions. 

Additionally, the bit error rate (BER) for memory com-
ponents within the chip is analyzed for its correlation with 
the observed SEE. This analysis helps assess the overall 
reliability of the memory under radiation exposure and 
guides the design of more robust radiation-tolerant chips. 
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ABSTRACT 
 

Inorganics lead halide perovskite (LHP) have been became appropriate system for demonstrating light-

matter interaction due to their flexible bandgap tunability, defect tolerance and high photoluminescence 

quantum yield nature.  Although, LHPs have many hallmark properties which can support highly 

efficient photovoltaic devices, but they lost lot of energy in carriers-phonon scattering which slow down 

the recombination process and decrease the efficiency. Faster thermalization time of hot carriers support 

electron-hole recombination at band-edge which can be exploited in optoelectronic devices either by 

incorporating electrons/holes transport layer for photovoltaic or fast recombination for LED. Recently, 

efficient photovoltaic and light emitting devices are immediate requirement for high-speed quantum 

technologies. Here, we have chosen CsPbI3 and Cu-doped CsPbI3 nanocrystals (NCs) and addressed 

both issues simultaneously by using transient absorption spectroscopy. Our sample can be classified as 

an intermediate confinement as the size of NCs is 16 nm (32 nm) for CsPbI3 (Cu-doped CsPbI3) NCs 

which are higher than Bohr’s radius (~12 nm), and give sharp excitonic peaks in ground state optical 

absorption with excitonic position at ~2.1 eV. Further, by femtosecond laser excitation with 400 nm 

and 120 fs pulse width, which is generated by second harmonic of fundamental wavelength 800 nm. 

The fluence-dependent measurement revealed the many-body interaction and hot carriers dynamics. At 

higher fluence, say 150 μJ/cm2 and above, pristine CsPbI3 NCs shows breaking of phonon bottleneck 

effect by fast decay while Cu-doped NCs showed slow thermalization. To get insight, we have 

calculated Auger recombination (non-radiative) lifetime by subtractive method. The lifetime 

measurements clearly distinguished the appearance of contrast results due to efficient Auger process 

associated with pristine CsPbI3 NCs. Thus, our results provide insight to incorporate metal doping and 

understanding about hot carrier dynamics for solar energy harvesting. 

 
Figure 1: From right to left; pump-probe technique, 2D contour plot and calculated Auger recombination time. 
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Ultrahigh-Q optical microresonators are receiving intense interest as an attractive platform for miniature, high-repetition-rate 
frequency comb sources [1]. By leveraging the resonantly enhanced parametric gain and cascaded four-wave mixing pro-
cesses, a mode-locked optical frequency comb has been discovered in anomalous dispersion regime, referred to as ‘dissipa-
tive Kerr soliton’ [2]. Recent progress in nano- and microphotonics also allows us to integrate such a microresonator into a 
tiny chip or a compact module that would open a possibility of practical applications including high-capacity telecommuni-
cation [3], LiDAR [4], spectroscopy [5], and low-noise microwave generation [6]. Moreover, intriguing phenomena intro-
duced by a nonlinear resonator are an ideal target to study optical soliton physics. 

In this talk, recent advances in soliton frequency combs will be given while highlighting the generation method 
and its applications. We show some examples of microresonators as a promising platform of microcombs and discuss the 
resonator fabrication techniques [7]. A soliton frequency comb with a gigahertz (GHz) repetition rate in ultrahigh-Q crystal-
line microresonators will be mainly featured in the light of the broadband, high-speed frequency tunability by utilizing ther-
mal effects and a piezoelectric effect [8,9]. A high-capacity optical communication utilizing dense frequency comb compo-
nents of microcombs has also been demonstrated not only in a lab-environment but also at the on-field experiment [10]. A 
future outlook on the soliton frequency comb technology and the cutting-edge research will be briefly overviewed. 

 

Fig. 1 (a) Schematics of frequency comb generation in an ultrahigh-Q microresonator. (b) Optical spectrum of a soliton comb 
with a repetition rate of 15 GHz. 
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1. Introduction 

 In this study, we successfully implemented an all-

polarization maintaining, soliton mode-locked, fiber laser 

using single-walled carbon nanotubes (SWNTs)[1]. The 

laser employs a mechanical sharing concept to achieve 

high mutual coherence[2]. It has a repetition frequency of 

70.9 MHz and a frequency difference of approximately 

100 Hz. We conducted the experiments of dual comb 

spectroscopy for hydrogen cyanide (HCN) gas and 

observed the corresponding absorption spectra[3].  

2. Experimental setup and results 

The experimental setup, as shown in Fig. 1 

for the all-PM dual comb soliton fiber laser, 

involved a 980nm pump laser diode (LD) 

providing the necessary power to the erbium-

doped fiber (EDF) via a wavelength-division 

multiplexing (WDM) coupler. The EDF served 

as the gain medium. A 50:50 optical coupler split 

the pump beam into two paths, and single-walled 

carbon nanotubes (SWNTs) were used as a 

saturable absorber to achieve passive mode-

locking. An optical isolator prevented back 

reflections, and a delay line fine-tuned the cavity 

length. Two outputs were overlapped, and used 

for dual comb spectroscopy. 

The results presented in Fig. 2(a) shows the RF spectra of the all-PM dual comb soliton fiber laser. The 

repetition frequencies were 70.94 MHz and the frequency difference was ~100 Hz. Figure 2(b) shows RF 

beat spectra. The RF beat signals corresponding to the pulse spectral shapes were observed clearly without 

overlapping, which confirms the usefulness for dual comb spectroscopy.  

Figure 3(a) shows the observed temporal interferogram when hydrogen cyanide (HCN) gas was used as 

the sample. The intense center barst and FID singals were observed clearly. Figure 3(b) shows the spectra 

after FFT. The absorption features corresponding to HCN gas can be observed as small dips in the spectral 

intensity, indicating the good stability and resolution of the developed dual comb system.  

3.Reference 
[1] Y. Saito, M. Yamanaka, Y. Sakakibara, E. Omoda, H. Kataura, and N. Nishizawa, Opt. Express 27, 17868-
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In recent years, laser spectroscopy has been used in a wide range of fields, including environmental 

science, and industry, owing to its non-contact and remote gas sensing capabilities. Several spectroscopic 

techniques have been reported for measuring gas temperature and concentration. In particular, 

Rotational-state Distribution Thermometry(RDT) has demonstrated to date, taking advantage of the 

broadband and high accuracy of DCS technique1). 

In this research, gas temperature and concentration were measured by dual comb spectroscopy (DCS). A 

DCS system employing two mode-locked Erbium fiber lasers with a repetition rate (frep) of 100 MHz was 

used to measure acetylene(12C2H2) gas and hydrogen cyanide(HCN) gas. To simultaneously measure 

ro-vibration transition of two gases, the frep difference(Δfrep) was set to 407 Hz. Each frequency combs were 

amplified using Er-doped fiber amplifiers (EDFAs), and a spectral bandwidth of approximately 100 nm 

around 1550 nm was achieved. The baseline for normalizing the spectra was obtained by FFT on the 

interferograms, which were separated into a central burst signal and free-induced decay (FID) on the time 

axis. Fig. 1(a) shows transmittance spectra obtained by the proposed technique. We calculated the gas 

temperature of acetylene by analyzing this spectrum. The technique for measuring gas temperature has 

been reported as RDT, and we calculated the temperature using the proposed method based on RDT. The 

proposed method obtaining the temperature from linear fit by plotting the profile by RDT on a logarithmic 

scale. Fig. 1(b) shows a log scale plot of R branch. The presentation will report on the analysis results and 

validity. 

References 

1) Y. Shimizu, et al., Appl. Phys. B 124, 71 (2018) 

  

Fig. 1(a) Transmittance spectra (acetylene, hydrogen cyanide) 

(b) log scale plot of R branch (acetylene) 
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1. Introduction 

Chirped-pulse spectroscopy [1] has been developed as a 

single-shot measurement technique to visualize ultrafast 

dynamics of irreversible phenomena that are difficult to 

investigate with repeated measurements. Dispersion-

compensated chirped-pulse spectroscopy, or the time-lens 

technique [2], were proposed to improve the waveform 

distortions that appears in the conventional method [3], and 

near-infrared pump–probe and terahertz waveform 

detection were demonstrated [4]. In this study, we aimed to 

use this technique to detect ultrafast intensity profiles of 

telecom wavelength lasers. We demonstrated asynchronous 

single-shot detection of femtosecond pulse profiles at 

telecom wavelength with the time resolution higher than 1 

ps. Our method to measure the ultrafast intensity profiles of 

modulated light sources at telecom wavelength is very 

promising for developing high-speed optical fiber 

communication technology. 

 

2. Experiment 

 

 

 

 

 

 

 
Fig.1 Schematic of the experiment. 

 

Figure 1 shows a schematic of the experimental system. 

Two light sources were used asynchronously: An Yb fiber 

laser (center wavelength 1.04 µm, pulse width 394 fs, 

repetition rate 100 kHz) as the readout light and an Er fiber 

laser (center wavelength 1.56 µm, pulse width 98 fs, 

repetition rate 50 MHz) as the telecom wavelength light to 

be measured. The readout light was positively chirped with 

a group delay dispersion (GDD) of 0.71 ps2 by a grating 

pair stretcher, and the target light was negatively chirped 

with a GDD of -0.71 ps2 by a grating pair compressor for 

dispersion compensation. The target 1.56 µm light was 

divided into two pulses by a Mach-Zehnder interferometer 

to control the relative delay of them. The chirped readout 

light and the target light were coaxially focused onto a β-

BaB2O4 (BBO) crystal by a dichroic mirror and an 

achromatic lens. Sum-frequency generation spectra were 

measured by a spectrometer with a CMOS line sensor. 

 

3. Results and discussion 

The sum-frequency spectra for the case where the target 

light was dispersion-compensated by the compressor (red) 

and without compensation (blue) are shown in Figure 2. 

The delay time between double pulses was set to Δt = 3 ps, 

which was used to calibrate the horizontal axis of the linear 

sensor from frequency domain to time domain. While the 

waveform distortion was observed without compensation, 

we detected sharp peaks of the double pulses with 

compensation, and found that the temporal resolution was 

less than 1 ps because their full width at half maximum 

were estimated to be 0.92 ps and 0.97 ps, respectively. 

Because the two lasers are asynchronous, the detection 

probability is determined by the coincidence ratio of laser 

with chirped readout pulses, which was in good agreement 

with the observed rate of about 1/1000. 

 

 

 

 

 

 

 

 

 

 
Fig.2 Single-shot pulses obtained from sum-frequency spectrum 

with and without dispersion compensation. 

 

4. Summary 

 We demonstrated that dispersion-compensated chirped-

pulse spectroscopy can be used for asynchronous single-

shot detection of femtosecond pulse profiles at telecom 

wavelength in time domain. This technique may be applied 

to the real-time detection of ultrafast modulation of telecom 

wavelength band lasers.  
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Optical frequency combs have been essential tools in fields such as time-keeping, metrology, and 

spectroscopy. Traditionally, these combs are generated using bulky mode-locked lasers, which are primarily 

employed in scientific laboratories due to their complexity and size. However, advancements in 

microresonator fabrication technologies have enabled the generation of optical frequency combs in a more 

compact and accessible manner. These microresonator frequency combs, or microcombs, have opened up 

various potential civilian applications, including optical communication and LiDAR [1]. Among these 

applications is the generation of low phase-noise millimeter- and terahertz-waves. The repetition frequency 

of a microcomb typically falls within the millimeter- and terahertz-wave domains (10 GHz to 1 THz), 

owing to the small dimensions of a microresonator. Generating radio waves in this frequency range is 

achievable by detecting a microcomb with an ultrafast photodiode. In recent years, there has been 

significant research interest in implementing these generation systems in a compact form and with ultralow 

phase noise levels [2-5]. In this talk, I will present research background, general methods and recent our 

activities related to low phase-noise terahertz-wave generation using microcombs. 

 

    

 
Fig. 1: Schematic illustration of microcomb generation and its application in terahertz-wave generation. A 
microcomb is excited with a continuous-wave laser via cascaded four-wave mixing in a microresonator. A 

terahertz wave is generated by detecting a microcomb with a repetition frequency located in the 
terahertz-wave domain.  
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Soft glass-based mid-infrared (MIR) fiber lasers have gar-

nered significant attention in the field of laser technology, 

owing to their substantial potential for diverse applications 

such as environmental monitoring, defense countermeas-

ures, and medical uses [1-5]. Among these soft glass mate-

rials, ZBLAN (ZrF4-BaF2-BaF2-LaF3-AlF3-NaF) has 

emerged as a promising host material for rare-earth-doped 

fibers operating in the MIR spectral range [7]. A number of 

investigations on MIR fiber lasers have been conducted 

using ZBLAN fibers doped with ions such as Er3+, Dy3+, 

and Ho3+ [8-10]. One issue in high power rare-earth-doped 

ZBLAN fiber lasers or amplifiers is that the output effi-

ciencies are lower than the theoretically expected quantum 

limit [11-13]. 

This issue has been investigated by various research 

groups and they proposed modified theoretical models to 

account for the reduced quantum efficiency. Gorjan et al. 

proposed an approach called “Weakly Interaction” (WI) 

[13] and this approach has been developed by various re-

search groups. The WI approach assumes that the energy 

transfer processes such as cross relaxation (CR) and homo-

geneous up-conversion (HUC) are significantly weaker 

within optical fiber than within bulk glass. In this model, 

the CR and HUC parameters, which are obtained by itera-

tive numerical calculation followed by comparison with 

experimental data, adopted rather than the parameters ob-

tained from bulk material measurements [13]. This ap-

proach induced various fundamental concerns: First, the 

reason why the energy transfer processes in ZBLAN fiber 

should be an order weaker than those in bulk, is unclear 

from a viewpoint of physics. Second, ion clustering is not 

included in the WI approach. The WI approach assumes 

that all of Er3+ ions are isolated ones without clustering. 

Bisson et al. recently proposed an energy transfer mod-

el with a cubic atomic population dependence [14]. They 

empirically found that HUC and CR rates from the assump-

tion that the excited ions are uniformly distributed in the 

material system without considering ion clustering. They 

verified that the proposed model gives better agreement 

with experimental data for multiple erbium concentrations.  

Srinivasan et al. proposed an Er:ZBLAN fiber model 

with ion clustering effect [15]; however, the model as-

sumed that all the clustered ions are in the ground state due 

to rapid de-excitation caused by fast cross relaxation and 

thus is believed to have overestimated the ion clustering 

effect.  

In this presentation, I review our recent investigation 

results on modeling of a highly Er3+-doped ZBLAN fiber 

laser with ion clustering effect. Unlike previous WI-based 

models, our model does not employ any WI energy transfer 

parameters but use conventional ionic interaction parame-

ters. Our model assumes that the ion population at each 

energy level is governed by two separate rate equations: 

one is for single ions and the other for clustered ions [16, 

17]. The efficacy of our proposed model an Er:ZBLAN 

fiber laser is verified by comparing the numerically calcu-

lated output curves with the experimentally measured ones 

in a Fabry-Pérot laser setup based on commercially availa-

ble Er3+-doped ZBLAN fiber for two different pumping 

wavelengths of 790 and 970 nm. The calculation results 

from our model were in good agreement with the experi-

mentally measured ones under a relative clustering level of 

18.1%, indicating that ion clustering needs to be considered 

for theoretical performance prediction in highly Er3+-doped 

ZBLAN fiber lasers [18]. 
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We generated a broadband mid-infrared comb of 2.7-4.5 μm with an output of 2.7 mW
based on an Er:fiber comb as a fundamental light using a waveguide-type PPLN crystal. A
dual-comb spectrometer using these combs was developed.



Er:fiber Comb System Optimized for mW-class Mid-infrared Light Generation  
Using a Waveguide-type Periodically Poled Lithium Niobate Crystal 

 

○(D)Ryo Mitsumoto1,†, Naoya Kuse2, Yoshiaki Nakajima3, Takeshi Yasui1,2 ,  
Kaoru Minoshima2,4, Kazumichi Yoshii2, †  

Tokushima Univ.1, Institute of Post-LED Photonics, Tokushima Univ.2, 
 Toho Univ.3, Univ. of Electro-Commun.4 

†) Present affiliation: Ryukoku Univ. 
E-mail: y24d001@mail.ryukoku.ac.jp 

1. Introduction  
The mid-infrared (MIR) region is rich in molecular absorption lines that can be used to identify trace gases and 
other substances. The 3-5 μm wavelength region, which is called the first MIR atmospheric window, is of 
particular interest because it contains the fingerprints of many hydrocarbons, nitrogen oxides, and greenhouse 
gases. In the near-infrared region, new spectroscopic techniques using optical frequency combs have been 
actively studied, and particularly, dual-comb spectroscopy using two optical combs is attracting attention as a 
broadband, high-precision, and high-speed Fourier spectroscopy method. Against this background, dual-comb 
spectrometers in the 3-5 μm range are expected to be a new real-time and open-pass measurement method for 
environmental measurements and breath analysis. 

Previous works [1,2] have successfully generated broadband MIR combs over 2.5-5 µm in a single-
pass configuration in which light from a broadened Er:fiber comb is injected into a waveguide-type periodically 
poled lithium niobate crystal (PPLN WG). However, the output power of the MIR comb was limited to a few 
hundred μW, which was insufficient for practical applications. In this work, we report the generation of a single-
pass configuration broadband MIR comb with an output power of mW-class in the 2.4 - 4.5 μm range using a 
PPLN WG of the same type as in the previous works [1]. 

 

2. Experimental setup 
An Er:fiber comb with a repetition rate of frep = 100 MHz was used as the fundamental light source. The output 
from the oscillator is amplified to 390 mW with a polarization-maintaining Er-doped fiber amplifier (PM EDFA) 
pumped both forward and backward by three laser diodes, and spectrally broadened in a polarization-maintaining 
highly nonlinear fiber (PM HNLF). The output beam from the PM HNLF was then coupled into a PPLN WG 
using butt coupling to generate the MIR comb.  
 

3. Results 
The dependences of MIR comb output on polarization-maintaining fiber (PMF) length between PM EDFA and 
PM HNLF, PM HNLF length, PPLN WG crystal length, and fundamental light output power, respectively, were 
measured. Figure 1 (a) shows the measured MIR comb output power versus PMF length between PM EDFA and 
PM HNLF when the PM-HNLF length and PPLN WG length are fixed. MIR comb with power greater than 1 
mW is generated when the PMF is shorter than 110 cm (472 mm is the cutback limit). From these results, for a 
fixed set of PPLN WG crystal lengths and PM HNLF lengths, we are able to determine the range of Er:fiber 
comb light dispersion values required for mW-class MIR comb generation. Figure 1 (b) shows the spectra of the 
MIR combs measured over a long time by optimizing the setup. A broadband MIR comb of 2.4 to 4.5 μm is 
stably generated over a long time due to the difference frequency generation of the PPLN WG. 
 

 
Fig. 1 (a) Measured MIR comb power 2.4-4.5 µm and 3.0-4.5 µm as a function of PMF length between PM 
EDFA and PM HNLF. The red region indicates the range of MIR power above 1 mW. (b) Long-term stability of 
MIR comb spectra obtained by optimizing the setup. 
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Generation of Frequency Comb Spanning 5.0-12.0 µm  

Based on a Bidirectional Dual-comb Fiber Laser  
Toho Univ. 1, AIST. 2, BAE Systems3 ○Kousuke Kubota1, Ryusei Uchiyama1,  

Wataru Kokuyama2, Peter G. Schunemann3, Yoshiaki Nakajima1 

E-mail: yoshiaki.nakajima@sci.toho-u.ac.jp 

 

Long-wavelength infrared (LWIR) spectroscopy has relied on Fourier transform spectroscopy (FTS) with 

incoherent thermal light sources. The thermal sources with low-brightness limit focusing ability, long-

distance propagation, and spectroscopic sensitivity. Moreover, the FTS systems use mechanical moving 

stages, leading to a trade-off between spectral resolution and acquisition time. On the contrary, dual-comb 

spectroscopy (DCS) [1] surpasses conventional FTS in terms of bandwidth coverage, resolution, acquisition 

time, and sensitivity. However, DCS necessitates a complex laser source system to generate two optical 

combs with high relative frequency stability. To address this challenge, we have developed a bidirectional 

dual-comb fiber laser [2] capable of generating dual optical frequency combs from a single laser source.  

In this research, we have developed an LWIR comb generation system based on our high-coherence, ultra-

broadband bidirectional dual-comb fiber laser. Figure 1(a) shows a schematic illustration of our experimental 

setup for LWIR comb generation using a bi-directional dual-comb fiber laser. We operated the laser within a 

single-laser cavity in both clockwise (CW) and counter-clockwise (CCW) directions simultaneously. The 

outputs of CW direction from the laser were coupled into a bi-directionally pumped EDFA and increased 

output power by the EDFA. The amplified frequency comb underwent spectral broadening through a normal 

dispersion highly nonlinear fiber (ND-HNLF). The ND-HNLF output pulses were collimated using the first 

off-axis parabolic mirror and compensated for using fused silica glasses. After compression, the second off-

axis parabolic mirror focused the pulses into an OP-GaP crystal. Finally, the output from the crystal was 

collimated once more by the third off-axis parabolic mirror. Figure 2(a) shows the spectrum of the generated 

LWIR optical frequency comb, spanning the range of 5.0 to 12.0 μm. This work was supported by the New 

Energy and Industrial Technology Development Organization (NEDO), the Paloma Foundation. 

1) I. Coddington, et al., Optica 3, 414 (2016).  

2) Y. Nakajima, et al., Optics Express 27, 5931 (2019). 

 
Fig. 1 (a) Experimental setup of bi-directional dual-comb fiber laser and LWIR comb generation system.  

(b) Optical spectra of OP-GaP output.  
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Fig. 1(a) Experimental setup for laser resonators. (b) Optical spectra of the output when a 1 μm SMF of 

10 cm length is inserted at each position shown in Fig. 1(a). 

Development of Broadband Fiber-Based Frequency Comb Light Sources 

Using Nonlinearity in a Laser Cavity 

Toho Univ.1, NMIJ/AIST2, ○Ryusei Uchiyama1, Wataru Kokuyama2, Yoshiaki Nakajima1 

E-mail: yoshiaki.nakajima@sci.toho-u.ac.jp 

 

Optical frequency combs play a vital role in spectroscopic measurements, serving as an array of 

continuous-wave (CW) lasers with precisely aligned modes at equidistant frequency intervals across a 

broadband spectrum. Broadening the spectral bandwidth is essential for conducting precise spectroscopic 

measurements across various wavelength ranges. A technique for achieving a broadband spectrum directly 

at the laser direct output has been reported, which involves integrating a nonlinear medium distinct from 

the gain medium in the laser cavity1. This technique exploits the high optical power stored in the cavity to 

generate a broadband spectral bandwidth surpassing that of the gain spectrum from 600 to 1350 nm. 

In this study, we attempted the direct generation of a broadband frequency comb by integrating an optical 

fiber with a small core size into a fiber laser cavity to enhance nonlinearity. Figure 1(a) illustrates the 

experimental setup of the broadband fiber-based frequency comb developed in this study. A single mode 

fiber (SMF) optimized at 1 μm (1 μm SMF) is utilized as the nonlinear medium. The SMF has a smaller 

mode field diameter (MFD) than the SMF optimized for operation at 1.5 μm, enhancing nonlinearity in the 

cavity. Owing to the influence of group velocity dispersion in fibers, the optical pulses propagating within 

the cavity exhibit variations in pulse width and peak power. To enhance the nonlinearity, we strategically 

inserted a 1 μm SMF at the position where the peak power reached its maximum between the WDM and 

10/90 couplers. Figure 1(b) shows the optical spectra of the output when a 1 μm SMF of 10 cm length is 

inserted at each position shown in Fig. 1(a). Notably, position 2 exhibits the most broadened spectrum, 

featuring a full width at half maximum (FWHM) of 50 nm and a 10-dB width of 95 nm, an output power of 

0.62 mW.  

This work was supported by the New Energy and Industrial Technology Development Organization 

(NEDO), the Japan Science and Technology Agency Adaptable and Seamless Technology Transfer Program 

through Target-driven R&D (A-STEP) Grant Number JPMJTM22B6, the Paloma foundation. 

1) R. Ell, et al., Opt. Lett. 26, 373−375 (2001). 
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Highly efficient and aberration-corrected spectrometer and monochromator for extreme 

ultraviolet high harmonic light source 
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1Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100094, China 

 2School of Optoelectronics, University of Chinese Academy of Sciences, Beijing 100049, China 

Email: lijie430@aircas.ac.cn 

The unique EUV and soft X-ray light sources based on high harmonic generation have been 

successfully utilized for probing femtosecond-to-attosecond dynamics in atomic, molecular, and solid-state 

systems in the EUV and soft X-ray spectral regions. However, due to the relatively low conversion 

efficiency of the high harmonic generation process, the applicability of these sources has been 

predominantly limited to spectroscopy, where fewer photons are required. Here, we report on the 

development of a spectrometer optimized for EUV light sources to address the low throughput efficiency 

over a broad spectral range, and to achieve a tunable, monochromic, aberration-free mode of operation. Our 

approach combines high efficiency, high spectral resolution, broad spectral range, and 

polarization-maintaining at the same time. This simple design is also cost-effective and easy to use for a 

vast range of EUV and soft X-ray wavelengths. 

The spectrometer consists of a grazing angle toroidal mirror and a single grating in a conical 

diffraction geometry, where the aberrations are eliminated for a single high harmonic beam (see Fig. 1). We 

show experimentally and theoretically that the total throughput efficiency can be greater than 40% across a 

very broad wavelength range. Furthermore, to achieve the best possible spectral resolution and 

aberration-free imaging, we optimize the parameters and the relative orientation of a single toroidal mirror 

and a grating to cancel the aberration caused by each optical element at a specific EUV wavelength, 

without compromising the diffraction efficiency of the grating. All these experimental results agree 

extremely well with our theoretical design considerations. 

 

Figure 1. (Left) Experimental setup: EUV beam optimization using a dual-optic imaging spectrometer achieved through a simple axial 

rotation of a toroidal focusing mirror with respect to a grating operating in a conical diffraction mode. Theoretical ray tracing of aberration 

uncorrected and corrected EUV beam. (Right) Experimental well-focused, aberration-free, EUV beams of the 39th, 33th, and 25th harmonics 

optimized at the center of the CCD at toroidal angles Δ of 1.8° (a), 2.2° (b) and 2.8° (c), respectively. 
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Shift current photovoltaics in single domain ferroelectric SnS 

Kosuke Nagashio 

Department of Materials Engineering, The University of Tokyo, Japan 

nagashio@material.t.u-tokyo.ac.jp 

 

The bulk photovoltaic effect (BPVE) in ferroelectrics, wherein spontaneous polarization 

can be reversed within crystals lacking centrosymmetry, encompasses the significant 

contribution of ferroelectric domain walls (DWs), known as DW-PVE. Nevertheless, the 

separation between intrinsic BPVE within the domain and DW-PVE remains unexplored in 

two-dimensional (2D) ferroelectrics, notwithstanding its significant importance. In this study, 

we have successfully grown sizable crystals of 2D ferroelectric SnS, facilitating 

comprehensive yet intricate examination of domain configurations utilizing polarized optical 

microscopy and piezoresponse force microscopy. By properly selecting the large ferroelectric 

single domain within SnS crystals, uniform intrinsic BPVE across the domain was 

unequivocally demonstrated. Furthermore, to further enhance intrinsic BPVE, manipulation of 

strain poling increased photocurrent, suggesting that locally distributed polarizations due to 

imperfection introduced in SnS crystals are aligned by strain. These results will offer a new 

avenue for rigorous comprehension of DW-PVE in 2D ferroelectrics. 
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Absorption Enhancement of Excitons in WS2 by Silicon Huygens’ Metasurface 
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1. Introduction 
Strong visible absorption of light in semiconducting 

two-dimensional transition-metal dichalcogenides 
(TMDCs) is essential for improving the photocarrier 
extraction efficiency in optoelectronic devices [1,2]. 
However, their ultrathin thickness leads to limited 
optical absorption [3]. To accomplish adequate light 
absorption, a dielectric-based Silicon (Si) Huygens’ 
metasurface (HMS) based on degenerate critical 
coupling (DCC) can realize superimposed modes 
enhancement effects on WS2 

[4, 5]. 
In this study, we design and fabricate Si HMS to 

enhance the absorption of WS2. The enhancement is as 
high as 0.56 in simulation. Meanwhile, we 
demonstrate that small monolayer WS2 fragment is 
successfully transferred to the metasurface utilizing 
poly (propylene) carbonate (PPC) films. 

 
2. Results and Discussion 

First, we designed and fabricated Si metasurface. In 
our design, the degenerate of Electric Dipole (ED) and 
Magnetic Dipole (MD) modes was realized (namely, 
the so-called HMS). Figure 1a shows the designed 
structure and Scanning Ion Microscope (SIM) image 
of the sample. The Si metasurface was comprised by 
cylindrical resonator arrays with period d = 334 nm, 
radius r = 112 nm, and thickness h = 89 nm. 

As shown in Fig. 1b, we simulated and measured the 
absorption spectra of the metasurface. Because the 
height and radius of prepared sample was different 
from designed, the degenerate was not completely 
achieved. However, we partially realized DCC with 
ED/MD modes shown as the fitting curve 1 and 2. 

Without background, the simulated absorption of 
WS2 on metasurface is increased by about 0.52 (15.5 
times) under DCC condition compared with WS2 on Si 
substrate as shown in Fig. 1c. The inset shows the raw 
absorption spectrum of WS2 on metasurface and the 
corresponding fitting curve. 

 Furthermore, we tried to transfer monolayer WS2 
on the metasurface by dry release transfer method with 
PPC films. The optical microscope photo is shown in 
Fig. 1d. Due to the thermoplastic properties of PPC 

film, the adhesion between WS2 and PPC decreases at 
about 70 °C. With temperature control, WS2 flakes on 
PPC can be easily dry-transferred. 

Our observations undeniably establish the 
groundwork for a material platform enabling high-
efficiency photodetection, energy harvesting, and 
thermal emission based on TMDCs. 

 
Figure 1. (a) The SIM image of the sample and the 
schematic illustration of Si HMS, which was 
constituted by Mie resonator arrays with h = 89 nm, d 
= 334 nm and r = 112 nm, and (b) experimental and 
simulated [6] absorptivity for the metasurface, and MD 
/ED mode fitting curves with the experimental 
spectrum. (c) Simulated absorptivity subtracting 
background for WS2 on Si substrate and HMS. (d) 
Optical microscope image of monolayer WS2 
transferred on the metasurface. The scale bar is 5µm. 
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1. Introduction 

Quantum light sources, in particular solid-

states single-photon emitters have attracted 

considerable attention due to their crucial roles in 

the field of quantum information technologies. 

Recently, defects in two-dimensional monolayer 

transition metal dichalcogenides, such as tungsten 

diselenide (WSe2), have been demonstrated to be 

promising candidates for stable and bright 

quantum light sources [1,2]. However, the 

external controllability of single-photon emission 

has not been fully understood.  

 

2. Results  

In this study, we have investigated the nature 

and dynamics of defect-localized exciton 

emissions in monolayer WSe2 under magnetic 

fields for novel single-photon emitters with 

external tunability. Figure 1(a) depicts the typical 

photoluminescence (PL) spectra of monolayer 

WSe2 at low temperature. The strong and sharp 

PL peaks are clearly observed and can be 

attributed to defect-localized exciton emissions. 

Figure 1(b) shows the photon statistics obtained 

from defect-localized exciton emissions using the 

Hanbury-Brown and Twiss experimental setup, 

demonstrating photon antibunching behavior. 

This indicates that the observed defect-localized 

exciton emission functions as a single-photon 

emitter. Moreover, the polarization-resolved PL 

spectra with an in-plane magnetic field are shown 

in Figure 1(c), where each PL spectrum is 

normalized by the peak intensity of the higher 

energy states for each magnetic field. The PL 

intensity of the lower energy states significantly 

increases with increasing magnetic field within a 

small range below 1 T. We discuss the dynamics 

of the magnetic brightening from the defect-

localized exciton emission in monolayer WSe2. 

 

3. Conclusions 

Our findings on the physical nature of defect-

localized exciton states in monolayer WSe2 and 

the dynamics of the magnetic brightening offer a 

novel approach to manipulating single-photon 

emitters using an external magnetic field in the 

field of quantum optics application.   
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Figure 1 (a) Typical low temperature PL spectra of 

monolayer WSe2. (b) Second-order correlation 

measurement of the localized exciton emission. The 

cross-talk signals in the histogram are removed. (c) 

Polarization-resolve PL spectra with the increasing in-

plane magnetic fields. 
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Electronic and excitonic properties of semiconductor bilayer moiré system revealed by 

optical spectroscopy 
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The recent discovery of many-body physics such as strongly correlated electrons, superconductivity and 

magnetism in precisely twist angle-controlled bilayer graphene at a magic angle revived enormous interest 

on moiré lattice system. Many-body physics in bilayer moiré system is not limited to graphene, but rather 

robustly appears in 2D semiconductor materials such as transition metal dichalcogenides (TMDs). 

Monolayer semiconductor TMDs have conduction and valence bands with relatively large effective mass 

which enhances the influence of Coulomb interactions, also resulting in formation of strongly bound 

excitons with optical excitations. In twisted bilayer semiconductor TMDs, the superlattice effect due to the 

formation of moiré lattice further enhances the influence of Coulomb interaction for electrons and expected 

to show many-body electronic phases. On the other hand, it has been a long-standing issue that 

semiconductor TMDs have poor electrical contact properties due to the formation of Schottky barriers, 

which has been hindering the observation of those many-body electronic phases in moiré system via 

transport measurement. Instead, we performed optical microscopic spectroscopy experiments of a bilayer 

TMD moiré system which revealed many-body electronic phase, quantum coupled excitonic states, and 

novel quantum mixture of exciton – hole states. 

Here we studied a twisted bilayer MoSe2 system with monolayer hBN tunnel barrier (Figure 1). The 

combination of the top and bottom gates allows to control the chemical potential and the perpendicular 

electric field independently. The energy shifts of excitonic resonances (exciton polarons) probe the carrier 

densities of the top and bottom layers independently, which revealed the formation of moiré sub bands in 

the system. By changing the energy detuning between layers via control of the perpendicular electric field, 

we observed an abrupt charge transfer at ν = 1 (1 electron per moiré lattice) and a stabilized charge transfer 

plateau at ν = 2 around zero detuning point, which evidences the existence of strongly correlated electrons 

[1]. We further observed the existence of charge order at these fillings from the Umklapp scattering of 

excitons [2]. Last but not least, we figured out that the tunnel 

coupling of holes through the monolayer hBN barrier results in 

formation of hybrid exciton states [1] and electric 

field-controlled exciton – hole Feshbach resonances [3]. 
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Figure 1: Schematic sketch of MoSe2 / 

hBN / MoSe2 heterostructure 
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1. Introduction 

  Floquet engineering, in which a temporal periodic drive 

breaks the continuous temporal symmetry and dynamically 

engineers the electronic structure, has attracted enormous 

attention in condensed matter physics. However, only a 

handful of studies have experimentally demonstrated Flo-

quet effects driven by optical fields [1-4], which are limited 

by weak light-matter interactions. Meanwhile, theoretically 

it is predicted that an internal oscillating field, such as 

phonons and excitons, could also drive giant Floquet effects 

without the undesirable aspects of the optical case [5,6]. In 

this talk, we will discuss the experimental observation of 

the Floquet-Bloch states induced by the excitons in 2D 

semiconductors. 

Figure 1. a. Schematics of Floquet effects driven by excitons. The bands 

are replicated by energy of exciton. The original valence band hybridize 

with the conduction band replica, transforming to Mexican-hat dispersion. 

b. ARPES spectrum of (left) ground state of valence band, (right) the 

valence band and its replica with excitons (NX= 3×1012 cm-2). 

 

2. Experiment 

  We perform experiments on monolayer WS2 using time- 

and angle-resolved photoemission spectroscopy 

(Tr-ARPES). The experimental setup, as employed in our 

previous studies [7,8], consists of a home-built table-top 

beamline generating 21.7-eV XUV probe to photoemit the 

electrons from the sample. The electrons are further ana-

lyzed by a momentum microscope to map the 3D 

band-structure of the material (E, kx, ky). 

  To study Floquet effects driven by excitons, a pump 

pulse resonant with the WS2 A exciton (2.1eV) is used to 

excite the sample. As shown in figure 1(b), we observe the 

striking change of dispersion around the center of valence 

band top, transforming from ground-state parabolic disper-

sion to Mexican-hat dispersion. This change results from 

the hybridization of the valence band and the conduction 

band replica dressed by excitons. Similar change is also 

observed in the replica of valence band at 2.1eV.  

 

3. Conclusions 

   Using Tr-ARPES, we studied the Floquet-Bloch states 

in 2D semiconductors, driven by the excitonic field inter-

nally. 
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Two-dimensional van der Waals heterostructures have introduced unconventional phenomena that 

emerge at atomically precise interfaces, and further development is expected in mixed-dimensional 

heterostructures. Here we discuss exciton physics in 1D-2D heterostructures consisting of one-dimensional 

carbon nanotubes and two-dimensional tungsten diselenide. Both the chirality and the layer number are 

identified before assembling the clean and free-standing heterostructures, allowing for investigation of the 

band alignment effects. For small band gap nanotubes corresponding to type I band alignment, exciton 

transfer is observed [1]. The mixed-dimensional heterostructures display a remarkable exciton reservoir effect 

where the longer-lifetime excitons within the two-dimensional semiconductor are funneled into carbon 

nanotubes through diffusion. With increasing the nanotube band gap, the transfer efficiency shows a 

pronounced enhancement indicating a resonance in the band alignment. For large band gap nanotubes 

corresponding to type II band alignment, exciton transfer diminishes whereas bright emission peaks 

originating from the interface are identified [2]. We assign the peaks to interface excitons as they only appear 

in type-II heterostructures. Localization of low-energy interface excitons is indicated by extended lifetimes 

as well as small excitation saturation powers, and photon correlation measurements confirm room-

temperature quantum emission. With mixed-dimensional van der Waals heterostructures where band 

alignment can be engineered, new opportunities for quantum photonics are envisioned. 

This work is supported by JSPS (KAKENHI JP22K14624, JP22K14625, JP21K14484, JP22K14623, 

JP22H01893, JP21H05233, JP22F22350, JP23H00262, JP20H02558, JP24K08296) and MEXT (ARIM 

JPMXP1222UT1135). Y.R.C. is supported by JSPS (International Research Fellow). N.F. and C.F.F. are supported 

by the RIKEN Special Postdoctoral Researcher Program. We thank the Advanced Manufacturing Support Team at 

RIKEN for technical assistance. 
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1. Introduction 

The monolayer transition metal dichalcogenide 

(TMDs) are granted with valley degree of 

freedom due to broken inversion symmetry, and 

strong spin-orbit coupling. The degenerated states 

at band-edges of K(K’) valley possess 

information of valley pseudospin, which 

experiences intervalley decoherence process 

during emission [1]. With valley decoherence not 

coupling to any radiative dipole, direct probing or 

manipulation of valley coherence in the time 

domain has remain a challenge. Here we propose 

a method of optically exploring the valley 

coherence time in the time-domain measurement.  

 

2. Results  

We have developed a method of direct 

measuring valley coherence time of the free 

exciton in monolayer WSe2. By employing 

polarized interferometer, the decoherence process 

between K and K’ valley excitons under various 

temperature and excitation power are directly 

measured. Figure 1(a) shows the typical 

interferogram arising from valley coherence.  The 

exacted valley coherence times from the 

interferogram are plotted in Figure 1(b). It can be 

seen that the values of valley coherence time 

remain stable under temperature from 4 to 30 K, 

which is consistent with the previous result [2]. 

Moreover, the valley coherence time gradually 

decreases due to increased exciton-exciton 

collision with increasing excitation power 

condition. We also explored the valley coherence 

of monolayer (1L) WSe2 device with changing 

carrier density in the spectral and time domain. A 

wide tuning range of degree of linear polarization 

(DOLP) is observed, with the values ranging from 

nearly 0% under heavily positive doping, to 50% 

under heavily negative doping conditions. The 

measured valley coherence time shows the 

similar trend as the DOLP, which will be further 

discussed in detail.  

Figure 1 (a) Interferogram of intervalley 

decoherence process of free exciton in 1L-WSe2 

under 7 μW and 20 K. (b) Extracted valley 

coherence time of free exciton in 1L-WSe2 under 

various temperature and excitation power 

 

3. Conclusions 

A new direct method of exciton valley 

coherence has been applied to 1L-WSe2 in the 

time-domain. The detail of intervalley 

decoherence process is explored under various 

temperature, excitation power and carrier doping 

condition, which will facilitate further 

understanding of valleytronics in 1L-TMDs.   
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Improving the transfer technique of 2D materials is an 

important issue for their fundamental study and future ap-

plications. Even though much progress has been made, the 

search for exfoliated thin and sufficiently large flakes of 2D 

materials is still very time-consuming. In contrast, the use 

of triangular single crystals of transition metal dichalco-

genides (TMDCs) allows for easy determination of crystal 

orientation and thus easy control of twist angles. However, 

there have been only a few reports on dry transfer and its 

effect on the optical properties of CVD-grown TMDCs. 

One of the major technical difficulties is the efficient peel-

ing of CVD-grown monolayers from growth substrates. In 

general, CVD-grown monolayers are known to adhere 

strongly to growth substrates compared to exfoliated flakes. 

Compared with the solution or chemical assisted transfer of 

CVD grown TMDCs, the dry transfer should keep the in-

trinsic properties of as grown TMDCs because the solution 

processes induce physical or chemical property modula-

tions of TMDCs. To expand the versatility of this 

growth-assisted approach, it is highly desirable to demon-

strate the dry transfer and investigate its effects on physical 

properties. 

Here, we report the dry transfer and optical properties of 

CVD-grown TMDCs using a simple acrylic resin stamp [1]. 

We introduced the melting and solidification process of an 

acrylic resin stamp in contact with the sample to improve 

the adhesion of the stamp. This improvement allows us to 

efficiently pick up the single crystals of various TMDC 

monolayers with desired grain size and density from the 

SiO2 surface, and to perform high-throughput and continu-

ous dry transfer. Furthermore, we also fabricated the 

hBN-encapsulated TMDC monolayers and various twisted 

bilayers including MoSe2/MoS2, MoSe2/WSe2, and 

MoSe2/WS2. The interlayer interaction and quality of 

dry-transferred, CVD-grown TMDCs were characterized 

by using photoluminescence (PL), cathodoluminescence 

(CL) spectroscopy, and cross-sectional electron microscopy. 

The prominent PL peaks of interlayer excitons can be ob-

served for the MoSe2/MoS2 with small twist angles at room 

temperature (Fig.1).We also found that the optical spectra 

were locally modualted due to the nanosized bubbles, 

which are formed by the presence of interface carbon im-

purities (Fig.2). The present findings provide a widely ap-

plicable potential of the present method and enable an effi-

cient search of the emergent optical and electrical proper-

ties of TMDC-based vdW heterostructures.  

 

Figure 1. (a) Optical and (b) PL images of hBN encapsulated 

MoS2/MoSe2 heterobilayers. Scale bars are 10 μm. (c) 

Room-temperature PL spectra of twisted area with various twist 

angle. (d) PL peak positions of intralayer exciton from MoS2 and 

MoSe2, and interlayer exciton from MoSe2/MoS2 heterobilayer 

with different twist angles. 

Figre 2. (a) CL analysis of hBN-encapsulated monolayer MoSe2. 

(a) STEM image of hBN-encapsulated monolayer MoSe2. (b) CL 

map at 1.57 eV of the same area as (a). Scale bars in (a) and (b) 

are 1 μm. (c) CL spectra recorded at the positions in (a).  
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Despite the large single-crystal graphene is highly desired and important for the applications of graphene in 

electronics, it is still a challenge to precisely control the nucleation site of graphene to develop wafer-scale 

high-quality graphene. Herein, we synthesized millimeter-scale high-quality graphene on Cu-foil by 

chemical vapor deposition (CVD). To synthesize graphene, a copper foil was annealed in Ar and H2 

atmosphere to remove impurities and increase grain size. Then, methane (CH4) was introduced at 1035 °C 

for 200 min to grow high-quality graphenes on the copper surface (Figure a). Graphene was transferred 

from Cu-foil to SiO2/Si substrate by the bubble transfer method (Figure b). The synthesized graphenes 

before and after transfer are studied for structural and electrical properties by AFM (Figure c) and Kelvin 

probe force microscope (Figure d). The Raman spectra specify the quality and defects structure in the 

graphene lattice, while energy dispersive spectroscopy shows oxidation on the graphene/Cu surface. 

Investigate a deeper understanding of the structural and electrical properties of hexagon graphene structure 

to meet future developments in the research relevant to the scalable growth of high-quality graphene. 

 

Figure: (a) Photograph of a synthesized hexagon graphene/Cu-foil. The transferred graphene on SiO2/Si 

substrate for (b) Optical, (c) AFM, and (d) Surface potential images. 
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High-power and compact terahertz signal sources using resonant tunneling diodes 
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The use of terahertz (THz) electromagnetic waves is anticipated for high-capacity communications, 

sensing, imaging, and spectroscopic analysis. However, the output power of semiconductor THz signal 

sources remains low, limiting THz applications. Resonant tunneling diodes (RTDs) are promising 

candidates for THz sources due to their compactness and high-frequency operation [1]. For high-power 

operation, RTD oscillator arrays have been studied for power combination. Recently, a very high output 

power of 11.8 mW at 450 GHz was achieved by a 36-element coherent array using mutual injection locking 

[2]. In addition to power combination using arrays, attempts to increase the output power of a single 

oscillator have also been conducted. In this presentation, recent studies on high-power RTD THz oscillators 

will be introduced. 

RTDs have negative differential conductance characteristics, which can be used as gain for THz 

oscillators. Synchronous operation of the RTD oscillator array is necessary for coherent power combination, 

requiring coupling of each array element and control of operating modes in the arrayed oscillator. For 

slot-antenna integrated RTD oscillators, we proposed a strong coupling structure via a resistor that allows 

coherent operation even with some frequency variation in each element. Theoretical analysis and 

experiments achieved coherent operation [3]. A high-power oscillation exceeding 1 mW with high radiation 

directivity was obtained at 400 GHz using a double slot-ring structure [4]. 

We proposed a cavity resonator structure to improve the output power of a single oscillator. This cavity 

resonator has low loss and low inductance, achieving high output power while maintaining the oscillation 

frequency even with large-area RTDs. However, large-area RTDs generate significant heat, leading to 

thermal destruction issues. Therefore, by using InP, which has high thermal conductivity, for the lower 

electrical conduction layer of the RTD instead of low-thermal conductive InGaAs, we achieved operations 

without thermal destruction due to improved heat dissipation [5]. Furthermore, a device combining a cavity 

resonator and an array technique achieved 0.24 mW at the very high frequency of 925 GHz [6]. 
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(JPMJCR21C4) from JST, X-NICS (JPJ011438) and ARIM (JPMXP1224IT0018, JPMXP1224IT0019) 

from MEXT, and the ROHM Company. 
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Strongly coupled terahertz magnons and chiral phonons in antiferromagnets 
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In quantum materials, collective excitations in the terahertz (THz) regime govern the low-energy responses 

of ground states to external stimuli, which is crucial in understanding various correlated phenomena. The 

hybridization of distinct collective modes offers a pathway for coherent manipulation of coupled degrees of 

freedom and quantum phases. Particularly in antiferromagnets, the strong coupling between angular 

momentum-carrying spin and lattice excitations, i.e., magnons and chiral phonons, leads to the formation of 

chiral magnon polarons in the THz regime, exhibiting intriguing novel properties. This presentation 

showcases the observation of magnon polarons with THz and Raman spectroscopy in antiferromagnetic 

insulators. We reveal a unique angular momentum-selective hybridization between THz magnons and chiral 

phonons. Additionally, we report findings of phonon Zeeman splitting and fluctuation-enhanced phonon 

magnetic moments in a polar antiferromagnet, Fe2Mo3O8, attributed to phonon-(para)magnon interactions. 

 

[1] Fangliang Wu, Song Bao, Jin Zhou, Yunlong Wang, Jian Sun, Jinsheng Wen, Yuan Wan, and Qi Zhang, 

Nat. Phys. 19, 1868 (2023). 

[2] Jun Cui, Emil Vinas Bostrom, Mykhaylo Ozerov, Fangliang Wu, Qianni Jiang, Jiun-Haw Chu, 

Changcun Li, Fucai Liu, Xiaodong Xu, Angel Rubio, and Qi Zhang, Nat. Comm. 14, 3396 (2023). 
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Fig. 1. THz detection experimental system 

 

Fig. 2. THz response of Bi2Se3 antenna 

A fast and sensitive THz rectenna detector working with zero-bias  

based on the 2D Dirac-Semimetal/Insulator heterostructure 
1Research Institute of Electrical Communication, Tohoku University, 2Frontier Research Institute for 

Interdisciplinary, Tohoku University, 3Department of Communication Eng., Graduate School of 

Tohoku University, 4RIKEN Center for Advanced Photonics, RIKEN, Chao Tang1,2, Koichi 

Tamura1,3, Aoi Hamada1,3, Hiroyoshi Kudo1,3, Shinnosuke Uchigasaki1,3, Yuma Takida4, Hiroaki 

Minamide4, Tsung-Tse Lin1,4, Akira Satou1 and Taiichi Otsuji1 

E-mail: tang.chao.c4@tohoku.ac.jp  

 In this study, we developed a fast and sensitive terahertz (THz) detector using a Bi2Se3/h-BN 

heterostructure rectenna that enables detection without a cathode-anode bias. The fabrication process 

involved synthesizing β-Bi2Se3 via vapor-controlled liquid phase growth and h-BN via chemical vapor 

deposition [1]. The Bi2Se3 flake were cleaved and transferred onto a Si/SiO2 substrate, followed by the 

deposition of anode electrodes and the hot transfer method to stack an h-BN flake, completing the 

fabrication with cathode and anode electrodes and a bow-tie antenna with metal pads. For THz detection, 

we employed a 0.95-THz, 500-mW-peak injection-seeded THz parametric generator (is-TPG) as the light 

source [2], with anode and cathode electrodes connected through a bias tee using a GSG RF probe (Fig. 1). 

We observed a THz photovoltage peak of 20 mV at an applied electric field of 0.25 V/nm, with a 200-ps 

full width at half maximum (FWHM). This resulted in a responsivity of 40 mV/W under a 50-Ω load 

(equivalent to 400 V/W under a 50-kΩ load) and a response time of 100 ps (equivalent to 10 Gbps) at room 

temperature. Remarkably, we also achieved a responsivity of 20 mV/W at zero bias with the same response 

speed (Fig. 2). The asymmetry in the peak photovoltage with respect to the applied bipolar electric field is 

attributed to the asymmetric Dirac conical dispersions of Bi2Se3, highlighting the potential for passive, 

high-speed THz detection using 2D semimetal devices.  

 A part of this research was supported by Creative Interdisciplinary Collaboration Program, Frontier 

Research Institute for Interdisciplinary Science, Tohoku University, Hirose Foundation, NICT Grant No. 

JPJ012368C01301, ROHM joint research program, The Telecommunications Advancement Foundation, 

Support Center for Advanced Telecommunications Technology Research, Iketani Science and Technology 

Foundation, Murata Science and Education Foundation.      
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1. Introduction 

In the electromagnetic spectrum terahertz band lies be-

tween microwave and infrared bands. By convention, the te-

rahertz window is generally considered from a frequency 

range of 0.1 THz to 10 THz. For this terahertz window, the 

development of sources and detectors has resulted in re-

search interest in low-loss communication channels. Propa-

gation of THz radiation in free space is lossy due to water 

vapor content. So, designing a guided wave medium, espe-

cially fiber, is the need of the hour [1].  

It has been predicted that there will be a capacity crunch 

in the existing fiber network in the next decade or so. Differ-

ent degrees of freedom of multiplexing are being used to ad-

dress this problem. One of them is mode division multiplex-

ing (MDM) in which data is sent independently in different 

orthogonal modes. Orbital angular momentum (OAM) 

modes is one of the modal basis sets used for MDM. OAM 

modes have helical phase fronts because of azimuthal phase 

dependence, quantified by topological charge 𝑙,  but uni-

form annular intensity profile irrespective of the value of l. 

In fiber, OAM modes can be represented by orthogonal su-

perposition of vector modes [2]. 

We have proposed the design of a negative curvature an-

nulus-core fiber for transmission of 14 OAM modes from 0.3 

THz to 1.1 THz frequency range. The supported vector 

modes have extremely low values of confinement losses be-

tween 10−8 − 10−11 dB/m and effective mode area nearly 

up to 10 mm2.                                                   

 

2. Fiber design 

The cross-section of the designed negative curvature an-

nulus core fiber is shown in Fig 1. The background material 

(shown by the blue shade in Fig. 1) is cyclo olefin polymer, 

commercially known as Zeonex, which has low losses in the 

THz band and the rest is air [3]. The central annulus core 

supports OAM modes surrounded by seven cladding tubes 

of thickness 𝑡. In the absence of the cladding tubes the fiber 

supports OAM modes, including second-order radial modes 

upto 𝑙 = 2 at 0.4 THz frequency.  On the introduction of 

cladding tubes of a certain thickness 𝑡, the confinement loss 

of the undesirable second-order radial modes (they cause dif-

ficulty in multiplexing and demultiplexing) increases as the 

light leaks from the annulus core into the cladding tubes 

when the condition of resonance is met. This can be observed 

from Fig. 2, that for 𝑡 = 0.4 mm onwards, the confinement 

loss of the second order radial vector modes increases to 

3.5 × 10−7 dB/m and at 𝑡 = 0.5 mm, the loss further in-

creases to 0.1 dB/m. Since the loss for vector modes consti-

tuting OAM mode 𝑙 = 4 is less than 3.1 × 10−10  dB/m 

for 𝑡 = 0.5 mm,  this thickness can be used as it filters out 

the second order radial vector modes without compromising 

the purity of OAM modes. 

 

Fig 1. Cross-section of the proposed fiber  

 

Fig. 2. Variation of confinement loss with cladding tube thick-

ness at 0.4 THz frequency. 

 

3. Conclusion 

   A negative curvature annulus core fiber based on Zeonex 

for transmission of 14 OAM modes in the THz band has been 

proposed. With a cladding tube thickness 0.5 mm, the second 

order radial will not be guided stably by the designed fiber. 

All the supported vector modes have an effective mode area 

greater than 9.0 mm2  and confinement losses between  

10−8 − 10−11 dB/m. 
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 In recent years, beta-gallium oxide (β-Ga2O3) has at-

tracted attention as an emerging ultrawide-bandgap semi-
conductor material. For β-Ga2O3 semiconductor application, 
it requires a thorough study of its temperature dependence 
to determine its performance under multiple temperature 
environments. THz-TDS is a powerful technique [1-5] for 
accurately measuring the refractive index of semiconduc-
tors. By analyzing the transmitted THz field, we can calcu-
late the refractive index of the sample in the THz region. 
Subsequently, the obtained data can be fitted with the 
Drude-Lorentz model to analyze the transport properties of 
the material. This study aims to provide valuable insights 
into the study of β-Ga2O3, which is essential for advancing 
its application prospects in various fields. 

A 647-μm-thick Fe-doped semi-insulating (001) 
β-Ga2O3 substrate and a 4.5-μm-thick Si-doped n-type ho-
moepitaxial β-Ga2O3 film grown on the substrate were pre-
pared. We employed a THz-TDS system (Tera Prospector, 
Nippo Precision, Co., Ltd.), and the temperature was varied 
from 100 K to 400 K. The THz polarization was parallel to 
the [100] axis. The complex refractive index of the sample 
was extracted by Fourier transforming the acquired 
time-domain data.  

Figure 1 shows the refractive index of semi-insulating 
β-Ga2O3 substrate. The refractive index increases with in-
creasing temperature, and it can be fitted using the Lorentz 
model. Phonon scattering increases with increasing temper-
ature, so the refractive index in the terahertz region in-
creases. The complex refractive index of the epilayer is 
determined using the complex refractive index obtained for 
the substrate, considering multiple reflections in the film, 
and fitting with the Drude-Lorentz model to obtain the car-
rier transport properties. The obtained carrier density and 
mobility at different temperatures are shown in Fig. 2. At 
low temperatures, the carrier density initially increased and 
then slowly plateaued as the temperature was further in-
creased. On the other hand, the mobility reached a maxi-
mum near 100 K and then decreased at higher temperatures. 
This shows that within the measurement temperature range, 
the ionization of dopant atoms makes the carrier density 
increase. While the temperature rises to the saturation re-
gion, the carrier density cannot increase significantly. For 
ultrawide bandgap semiconductor, in a long temperature 
range, it is difficult for carriers to achieve the transition 
from the valence band to the conduction band. The mobility 

decreases at high temperature due to the tempera-
ture-dependent enhancement of lattice scattering. At low 
temperatures, the mobility is affected by both impurity 
scattering and lattice scattering. 
   In summary, we investigated the temperature depend-
ence of the complex refractive index and the carrier 
transport properties of β-Ga2O3 in the THz region. The 
fundamental parameters of β-Ga2O3 are elucidated through 
THz-TDS measurements with a high accuracy, providing 
valuable information for the applications of β-Ga2O3. 
Acknowledgements 
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Fig.1 Real part (refractive index) of the complex refractive 
index spectra of semi-insulating β-Ga2O3 substrate at different 
temperatures. 

Fig. 2. Temperature dependence of the carrier density and 
mobility of the β-Ga2O3 epilayer.  
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Zixi Zhao1, Verdad C. Agulto1, Toshiyuki Iwamoto1,2, Kosaku Kato1, Kohei Yamanoi1, Toshihiko 

Shimizu1, Nobuhiko Sarukura1, Takashi Fujii2,3, Tsuguo Fukuda4, Masashi Yoshimura1, Makoto 

Nakajima1 

 
1 Institute of Laser Engineering, Osaka University, 2 Nippo Precision Co., Ltd., 

3 Ritsumeikan University, 4 Fukuda Crystal Laboratory Co., Ltd. 

E-mail: nakajima.makoto.ile@osaka-u.ac.jp 

 

1. Introduction 

The terahertz region has recently attracted much attention 

as the next-generation communication (Beyond 5G, 6G) 

band, meanwhile, material characterization techniques in the 

terahertz region have also emerged to meet the needs of 6G 

devices development [1-3]. Currently, the most widely used 

characterization technique in the THz band is terahertz time-

domain spectroscopy (THz-TDS). However, THz-TDS faces 

challenges in characterizing high carrier density semicon-

ductors and its phase precision needs improvement. 

On the other hand, zinc oxide (ZnO) possesses character-

istics such as wide-bandgap and high mobility, making it a 

promising material for terahertz photonic applications. Ad-

ditionally, ZnO, as an anisotropic semiconductor, exhibits 

different optical properties in different orientations, offering 

more innovative possibilities for device design. 

Herein we present the characterization of two ZnO sam-

ples using terahertz time-domain ellipsometry (THz-TDE), 

an emerging semiconductor characterization technique that 

combines THz-TDS and ellipsometry. THz-TDE measure-

ment is very sensitive to phase and amplitude information 

that changes with orientation, while also achieving high 

phase precision, making it promising for the characterization 

of anisotropic semiconductors. 

ZnO crystal typically exhibits a hexagonal wurtzite struc-

ture. Here we studied two ZnO crystals with different surface 

orientations: the c-plane perpendicular to the c-axis or [0001] 

growth direction, and the m-plane perpendicular to the 

[11̅00] direction.  

 

2. Experiment 

Two bulk ZnO single crystals with different orientations 

were prepared by hydrothermal growth method. By measur-

ing the c-plane ZnO sample, the refractive index perpendic-

ular to the c-axis, 𝑛⊥𝑐 , can be obtained. For the m-plane 

ZnO sample, the sample was first placed with the c-axis per-

pendicular to the plane of incidence so as to measure 𝑛⊥𝑐, 

and was then rotated 90° along the sample plane so that the 

refractive index parallel to the c-axis, 𝑛∥𝑐, can be measured. 

THz-TDE characterization of the ZnO samples was per-

formed using Tera Evaluator, developed by Nippo Precision, 

Co., Ltd., with a spectral range of 1-3 THz [4, 5]. Time-do-

main waveforms of the p and s polarizations reflected from 

the samples were measured and Fourier transformed to ob-

tain the amplitude ratio and phase difference known as the 

ellipsometric parameters. 

 

3. Results 

Using the measured ellipsometric parameters, the com-

plex refractive index spectra were obtained as shown in Fig. 

1. Then by fitting the real and imaginary parts of the complex 

refractive index to the Drude model, the carrier density and 

mobility can be deduced. For the c-oriented sample (Fig. 1a), 

the obtained carrier density and mobility are ~4.8×1016 cm-3 

and ~210 cm2/V·s, respectively.  

Similar analysis was implemented for the m-oriented ZnO 

sample for both 𝑛⊥𝑐 and 𝑛∥𝑐. The experimental results and 

the best-fit curves are shown in Fig. 1b. The real parts of 𝑛⊥𝑐 

and 𝑛∥𝑐 are close to 2.8 and 3.0 respectively, which are con-

sistent with the 𝑛⊥𝑐 obtained for the c-oriented sample. Fur-

thermore, the imaginary parts of 𝑛⊥𝑐  and 𝑛∥𝑐  show in-

creasing behavior toward the low frequency region, indicat-

ing free-carrier absorption. The best-fit parameters obtained 

for the m-oriented sample along the two directions are simi-

lar, with a carrier density of ~2.9×1016 cm-3 and a mobility of 

~260 cm2/V·s.  

 

 
4. Conclusions 

   Two ZnO single crystals with different orientations were 

characterized by THz-TDE, successfully obtaining the ani-

sotropic refractive index, 𝑛⊥𝑐  and 𝑛∥𝑐 . Additionally, the 

carrier density and mobility were obtained using the Drude 

model, implying that THz-TDE can be effectively applied to 

the characterization of semiconductors with anisotropy and 

with high carrier densities above 1016 cm-3. 
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Fig. 1(a) refractive index 𝑛⊥𝑐 spectra of c-plane ZnO sample 

and (b)refractive index 𝑛⊥𝑐 and 𝑛∥𝑐 spectra of m-plane ZnO 

sample. 
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1. Introduction 

Although kidney stones come in various types, 

approximately 80% are composed of either calcium 

oxalate or phosphate [1]. Calcium oxalate, the pri-

mary component of kidney stones, undergoes a phase 

transition from calcium oxalate dihydrate (COD) to 

calcium oxalate monohydrate (COM) during the 

stone formation process. Therefore, analyzing stone 

components is crucial for both diagnosis and subse-

quent treatment strategies for urolithiasis. 

Terahertz spectroscopy [2-7] is valuable for iden-

tifying proteins and organic molecular constituents 

and exploring higher-order structures since it is safe 

for biological samples and sensitive to molecular 

fingerprints. Additionally, it can be operated at room 

temperature, enabling the simulation of phase transi-

tions at low energies. This study utilizes terahertz 

time-domain spectroscopy (THz-TDS) and Fourier 

transform infrared (FTIR) spectroscopy to examine 

the optical properties of synthetic COD and COM 

pellet samples within the terahertz and far-infrared 

regions. 

 

2. Methodology 

Given that COM was the stable phase, commer-

cially available powder with a purity of over 95% 

was utilized to produce COM pellet samples. The 

synthesis of COD entailed the addition of 300 ml of 

sodium oxalate solution (Na2C2O4) to 500 ml of cal-

cium chloride solution (CaCl2) at 4 ℃, leading to a 

precipitation reaction as described by chemical equa-

tion (1). The resulting crystals were isolated, charac-

terized using powder X-ray diffraction (PXRD), and 

demonstrated a purity of 86%. 

CaCl2+Na2C2O4+2H2O → CaC2O4·2H2O+2NaCl. (1) 

The preparation of COD and COM pellet samples 

included mixing COD and COM powder with a ma-

trix material known for its high transparency in the 

THz band. The powder mixture was then pressed 

using a hydraulic press under the conditions of 20 

MPa pressure and 20 s duration time. The concentra-

tion of all pellet samples was maintained at 10 wt%. 

Calcium oxalate pellet samples of suitable thickness 

were measured by THz-TDS and FTIR, respectively. 

 

3. Results 

Both COD and COM exhibit absorption peaks at 

3.0, 4.1, 5.0, and 5.4 THz. However, COM shows 

two distinct absorption peaks at approximately 1.9 

and 2.0 THz. Additionally, both COM and COD 

demonstrate a broad absorption peak centered around 

8.4 THz, but COD exhibits a relatively narrower ab-

sorption peak compared to COM. Consequently, we 

can distinguish between COD and COM in the te-

rahertz region. 

Fig. 1. Absorption coefficient spectra of COM and COD 10 

wt% pellet samples in the THz and far-infrared regions. 

 

In future studies, THz spectroscopy will be uti-

lized to analyze the composition of human urinary 

stones by utilizing the spectral characteristics of 

COM and COD, with the goal of distinguishing their 

distribution in imaging research. 
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1. Introduction
Terahertz (THz) technology has recently seen

significant advancements and applications in several
fields, including ultrafast electric field measurement[1],
semiconductor diagnostics[2], and magnetic material
control[3]. Ablation phenomena in the terahertz range
have been relatively underexplored due to the limited
availability of powerful THz sources. However, recent
progress in laser technology has opened up opportunities
for the development of high-intensity THz sources,
thereby facilitating investigations into ablation processes
[4] and nonlinear effects [5]. These advancements have
also made it possible to generate high-intensity pulses
capable of inducing laser induced periodic surface
structures (LIPSS) on materials, offering a promising
avenue for surface nanostructuring. In this study, we
investigated LIPPS formation on Ge2Sb2Te5 (GST), a
material renowned for its phase-change recording
properties [6], by the irradiation of a high-intensity THz
free electron laser (FEL). We observed the emergence of
two types of LIPSS through laser ablation. These LIPSS
can be categorized as either low spatial frequency LIPSS
(LSFL) or high spatial frequency LIPSS (HSFL)
depending on their periodicity.

2. Experiment
To produce powerful THz pulses, we utilized the

THz-FEL situated at SANKEN, Osaka University. This
system is renowned for generating exceptionally robust
THz pulses, boasting a macropulse energy of
approximately 40 mJ at a frequency of 4 THz. Such
configuration furnished us with the requisite intense THz
pulses vital for our experimental inquiries. The THz-FEL
beam transmitted through two metal wire grid polarizers
to regulate intensity and polarization direction.
Subsequently, the transmitted beam was focused onto the
sample surface via a 90° off-axis parabolic mirror with
an effective focal length of 25.4 mm, yielding a spot size
of 0.6 mm in radius. The maximum energy density
within the irradiated area reached 35 J/cm2. For our
specimen, we employed a 100-nm-thick GST thin film
deposited on a 500 μm thick Al2O3 substrate via DC
magnetron sputtering at ambient temperature. A
stoichiometric Ge2Sb2Te5 target served as the sputtering
source. To prevent oxidation, a 20-nm SiO2 protective
layer was deposited atop the sample. Notably, the
as-grown film remained amorphous and did not undergo
any annealing processes [6].

3. Result
Figure 1 illustrates the outcomes obtained from

irradiating GST with 5 pulses, each possessing an energy
density of 18 J/cm2. The incident polarization E is
denoted by the vertical red arrow. A periodic structure
aligned parallel to the polarization direction emerged,
exhibiting an average periodicity of 18.9 μm, equivalent
to 1/4 of the incident wavelength. This structure is
categorized as LSFL-II, induced by excitation with an
energy smaller than the bandgap. Additionally,
surrounding the ablation mark reveals the presence of
HSFL structures with a spacing of 4 μm (1/18 of the
wavelength), perpendicular to the polarization direction.

4. Conclusions
Our study demonstrated the formation of laser-induced

periodic surface structures (LIPSS) on Ge2Sb2Te5 a phase
change recording material, using a terahertz (THz) free
electron laser with a fluence up to 35 J/cm2. Two types of
LIPSS emerged: one running parallel and the other
perpendicular to the direction of laser polarization. The
spacings of the former and of the latter corresponded to
approximately 1/4 wavelength and 1/18 wavelength,
respectively. The formation of the two types of LIPSS
provides the possibility of a new approach to surface
nanostructuring.
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Fig 1. Microscope image of the GST film after 5-shots THz
pulse irradiation.
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In recent years, the terahertz (THz, 0.1–10 THz) region 

has attracted significant research attention, which can be 

exploited for nondestructive applications such as biomedi-

cal, materials inspection, and security [1-3]. Therefore, high 

spatial resolution imaging at THz region of interest is a 

highly desirable capability in imaging applications. Due to 

the Abbe diffraction limit, the minimum spatial resolution 

of microscopy at a given wavelength is λ/2. For imaging in 

the THz band, this limit is on the order of hundreds of mi-

crons. To go beyond this limit, we propose in this study a 

THz imaging method in which the object is set directly on 

top of a spintronic THz emitter (STE) made of ferromag-

netic/non-magnetic heterojunction, which emits a terahertz 

signal with a peak frequency of 1THz. A femtosecond laser 

beam to excite an STE can be focused into a spot size with 

a diameter of a few microns. Therefore, the excited THz 

radiation is confined in a few microns just above the STE, 

which enables the micrometer-scale imaging of an object 

on top of the STE. Our results demonstrate a spatial resolu-

tion of 2.5 μm, below λ/100 for 1 THz. 

The optical platform for THz super-resolution imaging 

employs a Ti:sapphire laser with a pulse duration of 100 fs 

and a repetition rate of 80 MHz. The laser beam is divided 

into a pump beam and a probe beam. The pump beam ex-

cites the spintronic terahertz emitter, generating THz radia-

tion, while the probe beam samples the THz pulses. A pho-

toconductive antenna detects the THz radiation. The setup 

includes a two-dimensional (2D) scanning motorized stage, 

enabling high-resolution imaging.  

The sample used to demonstrate THz super-resolution 

imaging mainly consists of two parts, shown in Figure 1a. 

The first part is an STE of Pt/Fe heterojunction [4,5], which 

can emit terahertz radiation when excited by femtosecond 

pulse laser. The second part is deposited aluminum (Al) 

layer with a thickness of more than 100 nm using photoli-

thography and magnetron sputtering methods. The Al layer 

is used for resolution measurement and imaging.  

The THz spot size on top of the STE was determined 

from the one-dimensional (1D) scan across the edge of an 

 
 
 
 
 
 
 

 

Fig.1 (a)Imaging structure of partially sputtered Al layer on STE 

(side view) (b) THz emission peak-to-peak amplitude scan results 

Al pattern in a manner of the knife-edge method. The 

markers in Figure 1b shows the scan result of the 

peak-to-peak amplitude of the emitted THz signal when the 

laser irradiation spot was moved from left to right in the 

configuration of Figure 1a with a step of 0.5 μm. The Al 

layer does not exist on the left side and thus the terahertz 

radiation can be fully transmitted. When the pump laser 

spot begins to contact the deposited Al pattern, the terahertz 

radiation is partially blocked, and the amplitude of the de-

tected terahertz signal begins to decrease until it is com-

pletely blocked. The data were fitted by a sigmoid function 

(solid curve), and from this fit the diameter of the terahertz 

radiation spot was estimated to be about 2.5 μm. 

 

 

 

 

 

 

 

 

 

Fig.2 (a) Optical photo of strip imaging structure (b)2D image 

extracted from THz scanning measurements 

 

For the demonstration of 2D imaging, we used a test 

pattern of Al deposited on the STE. Figure 2a depicts an 

optical microscopy image of the sample. The bright area is 

Al layer with a width of 80 μm, that blocks terahertz radia-

tion, while three gaps are bare STE that can emit terahertz 

radiation unhindered. Figure 2b presents two-dimensional 

image extracted from THz scanning measurements. Pixel 

color denotes the intensity of terahertz radiation while 

high-intensity terahertz radiation spots show bright colors. 

The scanning step is 10 μm in both x and y directions. The 

dark areas indicate regions blocked by the Al layer, with 

clearly defined boundaries. The dimensions observed in the 

figure 2b correspond well to the actual dimensions of the 

Al test patterns. 

   Our results illustrate the potential of utilizing spintronic 

terahertz emitters for super-resolution imaging, with a spa-

tial resolution below λ/100.  
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Towards the 6th generation mobile communications system (6G), it is considered to expand a frequency 

band higher than that for 5G, 95 GHz–3 THz, and electromagnetic waves up to approximately 300 GHz are 

under consideration[1]. Therefore, developing and realizing devices that can operate in these frequency 

bands is an urgent issue. It is essential to elucidate the dielectric, magnetic, and electrical properties of 

semiconductors and other electronic materials, which constitute the development and manufacturing 

processes, in these frequency bands. It is said that 6G will be in operation in 2030, the demand for material 

property measurement systems for the frequency range from the high-frequency band of millimeter waves 

to the THz wave region (300 GHz up to 3 THz) is expected to significantly increase in the next decade. The 

authors are focusing particularly on dilute bismide (Bi) III-V compound semiconductors grown at low 

temperatures as a candidate material for photoconductive antenna (PCA) that is a device often used for 

generating and detecting THz wave in these frequency bands as a drive source of ultrashort laser pulses in 

the THz time-domain spectroscopy system. 

  Dilute Bi-III-V compound semiconductors such as GaAsBi and InAsBi are relatively new semiconductor 

materials that show unique properties: the band gap is rapidly reduced; the energy of the valence band 

maximum shifts to a higher one; and the temperature dependence of the band gap is reduced; when a few 

percent of Bi atoms are incorporated into the parent semiconductor crystal[2-4]. From the viewpoint of 

crystal growth, it is interesting that low-temperature growth at ≤400°C is necessary to incorporate Bi atoms 

into matrix crystals such as GaAs[5]. Because the band gap energy of (In)GaAsBi shifts to near-infrared 

region when Bi atoms are incorporated into crystals of (In)GaAs, and incorporating In and Bi into GaAs 

affects the conduction and valence band edges, respectively, one may locate the Fermi levels at mid-gap in 

the semiconductors for PCAs activated by 1.5-μm wavelength lasers by controlling the defect levels. 

  In this presentation, the authors report molecular beam epitaxial growth of GaAsBi and InGaAsBi at low 

temperatures of ≤250°C towards fabrication of the PCAs[6]. The kinds of defects within the crystals will be 

discussed[7], and the authors provide an outlook on how to obtain the three characteristics of ultrashort 

carrier lifetimes, high resistivity, and relatively good carrier mobility which are required for the operation 

of the PCAs. 
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The ability to generate, detect, and control coherent terahertz (THz) spin currents with 

femtosecond temporal and nanoscale spatial resolution has significant ramifications. The 

diffraction limit of concentrated THz radiation, which has a wavelength range of 5 μm-1.5 mm, 

has impeded the accumulation of nanodomain data of magnetic structures and spintronic 

dynamics despite its potential benefits. Contemporary spintronic optoelectronic apparatuses 

with dimensions 100 nm presented a challenge for researchers due to this restriction. In this 

study, we demonstrate the use of spintronic THz emission nanoscopy (STEN), which allows 

for the efficient injection and precise coherent detection of ultrafast THz spin currents at the 

nanoscale. Furthermore, STEN is an effective method that does not require invasion for 

characterising and etching nanoscale spintronic heterostructures. The cohesive integration of 

nanophotonics, nanospintronics, and THz-nano technology into a single platform is poised to 

characterize the spin state at the micro-to-nanoscale density, accelerate the development of 

high-frequency spintronic optoelectronic nanodevices and other revolutionary technical 

applications. 
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Fig. 1 (a) EM waveguide inside the package, (b) 3D-printed package model, 
(c) fabricated package with two supportive metallic hollow waveguides. 
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1. Introduction 

In recent years, the rapid development of terahertz (THz) devices has necessitated the utilization of waveguides 
for coupling signals to the devices under test. Metallic hollow waveguides have been widely adopted for coupling 
purposes owing to their high coupling efficiency and compatibility with the equipment. As the frequency 
approaches 300 GHz and higher, the hollow core’s size shrinks to less than 1 mm, complicating micromachining 
and gold plating processes and leading to high fabrication costs. With the advancement of additive manufacturing 
technology, 3D-printed metallic waveguides have been developed with high accuracy and high coupling efficiency 
[1]. Nevertheless, the optimization of post-process for metallization is required, and hence, increases the finishing 
complexity. All-dielectric waveguides are featured for their low loss, low dispersion, and flexible design [2,3]. A 
drawback of this waveguide is the requirement of supporting frames. To address these problems, we propose non–
metallic 3D-printed packages for all-silicon waveguides, targeting the WR-3.4 band (220–330 GHz). 
2. Fabrication 

The packages are printed using a commercial 3D printer with polylactic acid (PLA) as the printing filament. 
Figure 1 shows the model of the 3D-printed package with UG-387/UM flange for the WR-3.4 band. An effective-
medium (EM)-clad silicon waveguide, of which the mechanism is based on total internal reflection, was employed 
owing to its ultra-low loss and broad bandwidth [3]. The waveguides were fabricated on a 200-μm-thick high-
resistivity (> 10 kΩ∙cm) silicon wafer. The waveguide width (w) is 225 μm with a taper length (TL) of 2.5 mm. 
An air hole’s period (a) and radius (r) are 100 μm and 45 μm, respectively. Four corners of the waveguide are cut 
for alignment purposes. The upper lid is then capped, and the silicon waveguide is locked in place.  
3. Results 

The samples were evaluated using a vector network analyzer with WR-3.4 extenders. Figure 2 shows the 
transmittances of the 2-cm sample for the bare waveguide in simulation (blue) and experiment (orange) and the 
3D-package measurement (yellow). The results agree well with each other at a high-frequency range, i.e., 270 – 
330 GHz, while a discrepancy is observed at a low-frequency range. The difference is likely due to the 
misalignment of the waveguide in the package, while the bare waveguide can be freely adjusted at the interface of 
the hollow waveguide to achieve the highest transmittance. In addition, the wave at the low-frequency range is 
prone to strong interaction with the lossy package material due to a weaker wave confinement.  
4. Conclusion 

Despite the discrepancy, the 3D package shows a broad bandwidth of 110 GHz in the WR-3.4 band. Such 3D-
printed packages for silicon waveguides promisingly show low-loss and low-cost solutions for terahertz 
applications in high-speed communications and non-destructive imaging and sensing. 
Acknowledgement This work was supported in part by CREST, JST (JPMJCR21C4), KAKENHI (24H00031), and AJF, 
Australia (AJF2021044).  
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Fig. 2 Transmittances of a 2-cm sample in 
simulation, experiment, and 3D-package. 
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1. Introduction
The application of

sub-THz technology
in material evaluation
is gaining traction. As
sub-THz frequencies
are expected to be
used in "beyond the
5th generation" (B5G)
and 6G wireless
communication bands,
there is a need for
material testing
technology in this
region. [1-3] A
continuous wave multi-mode laser diode (CW-MLD) based
THz time-domain spectroscopy (TDS) [4-6] system offers a
cost-effective alternative to systems using femtosecond
lasers. A 660 nm MLD can generate sub-terahertz spectra
from 25 GHz to 200 GHz. However, the THz spectra
produced by a single MLD have a comb-like structure with
fixed THz peaks, leading to gaps in spectral information. In
this work we demonstrate that using two MLDs can
generate new signal components to fill these spectral gaps.

2. Experiment and Results
The schematic diagram of the dual-MLD-THz-TDS

system is shown in Fig. 1. We used two CW-MLDs with a
central wavelength about 660 nm. The central wavelength
and output power of the MLDs were regulated by
manipulating their excitation current and operational
temperature. We fixed the operation temperature of MLD2
at 19℃, so that we can only adjust the temperature of
MLD1 to match the wavelength. The total laser power
supplied to the PCAs was around 9 mW for pump and
about 8 mW for probe, which were the same power used in
the single MLD system.

The THz spectra generated using only 1 MLD and dual
MLDs are shown in Fig. 2. The peak spacing in the
spectrum is determined by the separation value between the
longitudinal modes of the MLD, which is 0.025 THz, as
shown by the blue dashed lines. The colored curves show
the THz spectra generated using two MLDs at different
MLD1 temperatures. In addition to the 0.025-THz-period
peaks observed from a single MLD, beat-frequency THz
signals, indicated by arrows, are generated when two
MLDs are used. These beat-THz signals are typically
paired, and their frequencies can be adjusted by changing
the MLD operating temperature. The successful generation

of beat-THz signals has enabled us to overcome the
limitation of single MLD-TDS, which emits
fixed-frequency THz signals constrained by the MLD’s
longitudinal modes. In contrast, the CW-THz signals and
their beat-THz signals from our dual MLDs CW-THz-TDS
system can continuously cover the frequency range from
0.025 THz to 0.2 THz. This provides the possibility for CW
THz spectral measurement within this frequency range.
3. Conclusions

We confirmed that using two MLDs in an MLD-based
THz-TDS system generates new spectral components
known as beat-frequency THz signals. These new
components enhance the potential of MLD-based THz-TDS
systems for spectroscopic applications. The dual-MLD
THz-TDS system is expected to be widely used in the
future, particularly for testing of semiconductor materials
and evaluating communication materials.
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Fig. 1. Experiment setup of the
dual-MLD THz-TDS system.

Fig. 2. THz spectra signals. MLD1 operated with
temperatures varying from 22.1℃ to 22.3℃ ,
while the temperature of MLD2 was fixed.
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1. Introduction 

Optical metamaterial elements that break mirror sym-

metry, such as swastika-shaped lattice structures, have been 

shown to exhibit chirality in the terahertz (THz) region, 

which is due to the spiral character of their hierarchical 

three-dimensional structure. However, in ordinary THz im-

aging with a linearly polarized beam, it has been difficult to 

quantify chiral optical characteristics, limiting the ideal de-

sign of metamaterials. 

The aim of our research is to develop a circularly polar-

ized THz imaging system that has not before been investi-

gated in the THz frequency range. The system combines a 

tunable frequency THz source [1] and a circularly polarized 

cross-Nicol arrangement. Its purpose is to visualize the struc-

tural chirality of metasurfaces created using printed electron-

ics techniques [2], specifically twisted-layered moiré 

metasurfaces (TLMMS) [3]. 

2. Experiments and results 

The THz light source is formed of a 4'-dimethylamino- N-

methyl- 4-stilbazolium tosylate difference frequency gener-

ator (DAST-DFG) pumped by a 1.5 µm dual-wavelength pi-

cosecond source (pulse width: ~8 ps, PRF: 1 MHz). A linear 

polarized THz beam was converted into circular polarized 

beam by using a quarter wave plate (QWP: TYDEX, WP-

CQ), and it was focused to a diameter of ~ 170 µm on the 

TLMMS. A circular polarized crossed-Nicol setup including 

a QWP, and a wire-grid analyzer is utilized to specifically 

detect the polarization component modulated by the samples. 

A triangular lattice configuration of metal (Ag) disk (ra-

dius of 11.25 µm) array was fabricated on a Zeonor film 

sheet (50 µm thick). The TLMMS was fabricated by layering 

two film sheets with a twist angle of roughly 1.5 degrees, 

either right-handed or left-handed, as shown in Fig.1. The 

two singularities labeled as A and B in Fig. 1 represent the 

specific points of structural chirality in the TLMMS. THz 

CD spectroscopy measurements were conducted at either 

point A or B, revealing an imaging frequency of 4.35 THz, 

which was then used for THz CD imaging. 

Figure 2 (a) shows the experimentally achieved two-di-

mensional imaging at 4.35 THz for the TLMMS with a left-

hand twist. The images are 60 x 60 pixels with a resolution 

of 100 µm per pixel, covering a scanning area of 6 x 6 mm. 

The circular dichroism factor, g, was calculated using the 

formula,𝑔 = (𝐼𝑅 − 𝐼𝐿) (𝐼𝑅 + 𝐼𝐿)⁄ , where 𝐼𝑅,𝐿  is the trans-

mitted signal intensity of left- and right-handed circular po-

larizations It is interesting to note that the sign of the 𝑔 fac-

tor at points A and B is reversed, manifesting the structural 

chirality of TLMMS. 

Figure 2(b) compares the results of THz CD imaging 

with scaled-layered moiré metasurface. Scale moiré was cre-

ated by superimposing two kind of Ag disk array with dif-

fering lattice constants. The results reveal that, unlike the 

TLMMS experimental results, singularities A and B are not 

identifiable, and there is no clear  𝑔-value inversion. In 

principle, the scale moiré has no structural chirality, which 

supports the experimental results.  

3. Conclusion 

We have successfully shown the application of THz CD 

spectroscopic imaging on a TLMMS using a DAST-DFG 

THz source and circular polarization crossed-Nicol configu-

ration detection. The singularities of TLMMS, resulting 

from its structural chirality, can be easily distinguished as 

left- and right-handed. The implementation of our suggested 

THz CD spectroscopic imaging will enhance the progress of 

THz research and technology by enabling precise evaluation 

of optical properties, including chiral molecules and struc-

tures. 
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Fig. 2. THz circular dichroism imaging at a frequency of 4.35 THz. 

(a) TLMMS with a left-handed twist, (b) Scale moiré. 

Fig. 1. TLMMS optical image with a left-handed twist. 
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1.Introduction

In recent years, hospitals have used PET-CT
scans and pathology to detect lung cancer, but
PET-CT scans involve the use of radioactive
tracers as well as X-rays from the CT scan,
frequent scans can increase long-term health risks,
and pathology requires advanced technology.
Recent studies have shown that exosomes released
from cells can provide the information needed to
detect and diagnose cancer. Exosomes play an
important role in tumourigenesis, cancer invasion,
angiogenesis, tumour microenvironment formation
and cancer metastasis. Currently, exosome
detection methods include SPR and ELISA, but
both have limitations and cannot quickly detect
small samples. To address these problems, our
research group developed terahertz chemical
microscope (TCM) [1,2,3]. Through TCM
detection, we found that the concentration of
exosomes is proportional to the intensity of
terahertz waves. This demonstrates TCM can be
used for the quantitative analysis of exosomes.

2.Experimental and Results

TCM is a system that measures the surface
potential of a sensing plate as the THz amplitude
emitted from the sensing plate. In this study,
anti-CD9 antibodies were used and immobilized
on the sensing plate. Then, the exosomes from the
H1299 lung cancer cell line (H1299 EV) were
interacted anti-CD9 antibodies. The sensing plate
was irradiated with a femtosecond laser to excite
charge carriers in the valence band of the silicon
layer, and the terahertz wave amplitude was
proportional to the potential of the sensor surface.
When exosomes are added to the sensor surface, a
chemical reaction occurs, changing the electron
distribution in the molecule and the surface
potential of the silicon dioxide film. By comparing
the terahertz wave intensity measurements before
and after the reaction, the reaction of the exosome
with the antibody can be detected.

The methodology of the study was as follows.
First, phosphate buffer solution (PBS) was added
as a reference for TCM imaging, then the surface
solution was removed and 0.4 µg/mL H1299 EV
solution was added. The reaction was allowed to
proceed on a shaker (45 rpm) at room temperature
for 45 minutes. TCM imaging was then performed
again. Finally, the 0.4 µg/mL H1299 EV solution
was removed. TCM imaging of 0.8 µg/mL, 1.2
µg/mL, 1.6 µg/mL and 2.0 µg/mL H1299 EV
solutions was performed as described above.

Figure 1 shows the reference imaging and the
imaging of the reaction of each concentration of
H1299 EV with the antibody CD9. The
measurement range is 6 mm × 6 mm as shown in
the black square. It can be seen that the colour of

the image representing the intensity of the terahertz
wave deepens as the concentration of H1299 EV
increases. Figure 2 shows the concentration of
H1299 EV as a function of the variation in
terahertz intensity. The vertical axis represents the
THz intensity, the horizontal axis represents the
concentration of H1299 EV and the error bar
represents the standard deviation of the THz
intensity obtained from four measurements. The
dissociation constants (Kd) were determined from
the curve fitting and Hill equation in Figure 2.
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Figure 1. Terahertz intensity distribution with
changing concentration of H1299 EV.

Figure 2. Determination of Kd using terahertz
chemical microscope.
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1. Introduction 

Structured light beams constitute emerging light 
sources which are beneficial to fundamental studies as well 
as practical applications. Structured light is conventionally 
shaped in a monochromatic format either in the linear- or 
nonlinear-optics regime. Most of the related reports, by far, 
seek the assistance of /2 cylindrical optics, spiral phase 
plate, q-plate, spatial light modulator, or meta-structures to 
achieve beam shaping either in phase or amplitude. 

Based upon the principle of beam partition and spatial 
tunneling in the gain modulated quasi-phase-matching 
nonlinear photonic crystal bi-grating QPM-NPC structures, 
we demonstrate nonlinear mode conversion characterized 
by multi-spectral contents with the spectral intensity, phase, 
and polarization states determined by the individual QPM 
NPC in action with the partitioned pump laser.  
 
2. Theory and Experiments 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Overlaid in Fig.1 are the calculated spectral distribu-

tions for the dual signal waves at (960, 980) nm arisen from 
optical parametric generation (OPG) due to NLO interac-
tion of the partitioned 532nm pump beam with a bi-grating 
QPM-NPC device with period of =7.66 and 7.68 m. 
These data delineate a feasibility to concurrently oscillate 
dual-OPOs with a mode pattern composed of multi-spectral 
contents. Note that the spacer of width d, separating the 
bi-grating QPM gain regions, plays a role like potential 

barrier in the Schrödinger equation where continuity of the 
OPG waves generated from the NLO gain region can as-
sure spatial tunneling. These data present an interesting 
beam shaping mechanism to incorporate multi-spectral as 
well as spatial composites due to NLO gain modulation.  

Using a HG10 mode of 532nmpump laser, In Fig. 2 we 
display the spectrally- and spatially-resolved cavity mode 
patterns generated from the intra-cavity OPO-SHG/SHG. 
These data verify a feasibility to achieve NLO mode con-
version with multi-spectral composites upon which the 
spectral contents (intensity, phase, and polarization) are 
determined by the partitioned pump beam in action to the 
individual QPM-NPC structure.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3. Conclusions: NLO mode conversion with multi-spectral 
contents (intensity, phase, and polarization) can be resolved 
from QPM-NPC which may serve as a building block to 
realize complex multi-colored vector beams in the future.  
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Fig.1 Theory: Calculated Spatial distribution of dual 
OPG-signal waves from bi-grating QPM-NPC  

Fig.2 Experiments: Spectrally- and Spatially-resolved mode 
images from intra-cavity OPO-SHG/SFG processes pumped 
by HG10 mode of 532nm pulse laser.  
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1. Introduction 

Structured light characterized by unique optical fields in 
space and time has been studied from the viewpoints of 
fundamental science and applications [1,2]. In addition to 
widely studied optical vortices and polarization vector 
beams, optical skyrmion and related optical states, a family 
of optical fields that have more complex optical fields, have 
started to get attention recently [3]. Optical skyrmion 
beams having all polarization states of light in their beam 
cross-section are one of the family members. Some appli-
cations of optical skyrmion exploiting their unique polari-
zation distribution and topological character have been in-
vestigated [4,5].  

Optical skyrmion beams have been generated mainly 
using free-space optics setups [5, 6]. Integrated photonics 
offers an approach for generating optical skyrmion beams 
in a chip-scale device, enabling the efficient and stable 
generation of the beams. This would expand the horizon of 
skyrmion photonics. Here, we will introduce our challenge 
for creating optical skyrmion beams based on integrated 
photonics technologies.  
 
2. Optical skyermion beam generator using a silicon 
micro-ring resonator. 

We have proposed a scheme to generate optical skyr-
mion beams using a micro-ring resonator, an essential de-
vice component in integrated photonics [8]. Figure 1 sche-
matically shows the device. The ring resonator is equipped 
with two surface gratings. The gratings are designed so that 
each diffracts the cavity mode circulating in the ring into a 
beam with opposite circular polarization and different or-
bital angular momentum. An optical skyrmion beam is 
generated as the superposition of the two diffracted beams. 
Changing the orders of gratings or exciting a cavity mode 
with a different order allows the generation of a skyrmion 
beam with a different skyrmion number.  

Fig. 1: Ring-resonator-based  
on-chip skyrmion beam generator 

  
We have realized the devices using a silicon ring resonator 

and succeeded in generating beams with different skyrmion 
numbers [9]. In the presentation, the details of the genera-
tion mechanism and the experiment will be discussed. If 
time allows, we will quickly touch our attempts to realize a 
skyrmion laser [10] and a generator of a skyr-mion-crystal 
beam [11] in integrated photonic platforms. 
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Optical skyrmions are topologically stable quasiparticles with variegated polarization textures [1], formed by the 

mixture of quantized spin and orbital angular momentum. In recently, their topological polarization textures have 

been successfully imprinted on polarization sensitive materials, such as azo-polymers [2], and they have also been 

utilized in nonlinear frequency conversion [3], and quantum entanglement [4].     

The optical skyrmions can be easily produced by the coherent superposition of two circularly polarized Laguerre 

Gaussian (LG) modes with different azimuthal indices. In fact, the generation of optical skyrmions has been 

successfully demonstrated by employing diffractive optical elements such as a spatial light modulator, and a digital 

micro mirror device, however, it exhibits many limitations in mode purity, mode conversion efficiency, output 

power, and wavelength range. In recent years, we have proposed the direct generation of high quality optical 

skyrmions from a diode-pumped Pr3+ ions doped YLiF4 solid-state laser with a double output coupler formed of 

an intra-cavity wedge-plate shearing interferometer (WPSI) [5].  

In this paper, we report on the direct generation of green (523 nm) optical skyrmions from a diode-pumped Pr3+ 

ions doped water-proof fluoro-aluminate glass (WPFG) fiber laser with an intracavity WPSI dual output coupler 

configuration. 

Figure 1 shows the experimental laser cavity configuration used for the generation of optical skyrmions. A Pr3+: 

WPFG fiber used as an active laser medium possessed a 8 μm core and a 40 mm length. The laser was operated 

at a fundamental Gaussian mode, and its output was coupled out as a first order LG mode by an intracavity wedge-

plate.  The Gaussian and LG modes were then coherently superposed by a polarizing beam splitter (PBS) and a 

quarter-wave plate, thereby generating a first order optical skyrmions. The Néel, Bloch and anti-optical skyrmions 

were generated at 523 nm, as provided in the inset of Fig. 1. 

 

 

Fig. 1. Experimental configuration used for the generation of optical skyrmions: pump source GaN-LD, plano-convex lens (L1,2), 

laser gain medium (Pr:WPFG), wedge plate (WP), output coupler (OC), mirror (M), polarizing beam splitter (PBS), polarizer (P), 

quarter-wave plate (QWP), and charge coupled device camera (CCD).  
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1. Introduction 

An azo-polymer film is a photoactive material forming 

unique surface reliefs through photoisomerization reactions 

under light irradiation, which is promising for various op-

tical applications such as optical memory. Moreover, by 

irradiating the azo-polymer film with optical vortex, a 

complex twisting structure was formed due to the orbital 

angular momentum of optical vortex[1]. However, the de-

formation dynamics and mechanisms have not been fully 

elucidated.  

Recently, we demonstrated that high-speed atomic force 

microscopy (HS-AFM) is capable of capturing azo-polymer 

motions in real-time at the nanoscale[2]. Although a simple 

linear polarization of incident light was used in this study, 

HS-AFM will be a powerful tool to study more complex 

dynamics, such as azo-polymer twisting under optical vor-

tex. Therefore, in this study, we constructed HS-AFM 

combined with optical vortex, as illustrated in Fig. 1, to 

observe the deformation process of azo-polymer induced by 

optical vortex. 

Figure 1 Schematic diagram of HS-AFM and optical 

vortex combined system. 

 

2. Results and Discussion 

   HS-AFM is a fast operation AFM that can capture sam-

ple motions with high temporal (<10 frames/s) and spatial 

(~ 1nm) resolutions. To observe azo-polymer deformation  

(a) 

(b) 

Figure 2 (a), (b) HS-AFM images of azo-polymer 

surface deformation induced by optical vortex ir-

radiation with reversed total angular momentum. 

 

occurring at a local focused spot, we employed the setup of 

a tip-scan HS-AFM installed on an inverted optical micro-

scope, as previously reported [2]. To generate optical vor-

tex, we used a q-plate that can convert circularly polarized 

light into optical vortex. The direction of optical vortex 

between clockwise and counter-clockwise can be controlled 

using right- and left- circularly polarized light. 

Using this setup, we illuminated the azo-polymer film 

with optical vortex while observing it with HS-AFM, as 

shown in Fig. 2(a). We found that an elliptical structure 

appeared in the beginning, and subsequently started to ro-

tate counter-clockwise. By changing the optical vortex di-

rection, the rotation became clockwise (Fig. 2(b)). The 

twisting motions by optical vortex were successfully visu-

alized by HS-AFM. Further details of the experimental 

setup and HS-AFM movie analysis will be discussed in the 

presentation. 

 

3. Conclusions 

   We successfully demonstrated the in-situ real-time 

HS-AFM observation of azo-polymer twisting deformation 

caused by optical vortex.  
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1. Introduction 

By introducing mode-dependent laser gain and loss, 
structured laser field in eigen cavity modes can be generat-
ed directly from a laser [1]. Here we present the high-order 
Laguerre-Gaussian (LG) and Hermit-Gaussian (HG) mode 
laser output of a Nd:YVO4 laser cavity incorporating 
cat-eye optics. The aberration of the cat-eye optics, includ-
ing the intrinsic spherical aberration (SA) of the spherical 
lens and the artificially introduced astigmatism via misa-
ligning the cavity, enabled the modal discrimination for 
high-order mode output. The angular indices of the LG 
mode laser output could be extended to over 350. 
High-order two-dimension HG mode output was also ob-
tained. 
 
2. Method and results 

 

 
Fig. 1. Cavity arrangement of the high-order mode laser based on 

aberrated cat-eye optics. 
 
As shown in fig. 1, the laser cavity was consisted of a 

concave input mirror M1, two lenses L1 and L2 which col-
limate and refocus the beam, and a flat output coupler M2. 
A Nd:YVO4 crystal end-pumped at 878.6 nm provided the 
laser gain. Here the lens L2 and the mirror M2 located near 
the focus of the lens made a cat-eye optics, which usually 
utilized to retroflect the incident light.  

The cat-eye retroflector could only provide good retro-
flection for the on-focus beam incident through its pupil [2]. 
The ring-like intensity profile of the higher-order LG 
modes tend to be larger, which experiences stronger focus-
ing given the intrinsic SA of the spherical lens L2. This 
means, different orders of modes have different focus 
(beam waist) after being focused by L2, and only the mode 
with proper size (mode order) so that being focused on the 
flat M2 can be well-retroreflected to have the smallest loss 
and win the competition. Therefore, the selection of 
high-order mode can be realized by simply adjusting the 
distance between the L2 and M2. Moving M2 towards L2, 
the laser would trend to operate in higher-order mode with 
larger beam size and experience stronger focusing, and vice 
versa.  

In the experiment, lenses with different focal lengths 
were used as L2. Short-focal lens with stronger SA would 
enhance the modal discrimination, so that single-mode LG 
output with small angular indices can be obtained. For 
high-order mode with hundred-level angular indices, we 
need to use long-focal lens with weaker SA to diminish the 
loss of the oscillating beam. The LG0,±m mode output with 
angular indices m selectable from 1 to up to 355 have been 
obtained under the incident diode pump power of 1-3 W, 
higher order mode requires higher pump power to reach the 
lasing threshold due to the lower overlap between oscillat-
ing beam and the pump beam. The mode order can be se-
lected across a large range by moving the mirror M2 in 
several millimeters. No customized element is needed for 
high-order mode generation.  

To generate high-order HG mode, we tried to off-axis 
pump the laser and misalign the cavity slightly via tilting 
the mirror M2, to change the cavity symmetry from cylin-
drical to rectangle. Since the cat-eye optics was adopted to 
provide the cavity feedback, the unwanted deflection loss 
of the beam was minimized, so that high-order HG mode 
could be obtained more conveniently than with a linear 
cavity. In the experiment we obtained the one-dimension 
HGm,0 mode output with m over 60, as well as the 
two-dimension HGm,n mode output with both m and n over 
20. There two-dimension HG modes facilitate the mul-
ti-annular orbital angular momentum beam generation [3].  
 
3. Conclusions 
   In summary, with laser cavity consisted by cat-eye 
retroreflector, the selection of high-order mode structured 
field via SA and astigmatism became convenient. LG 
modes with angular indices up to 355 and two-dimension 
HG modes output were generated directly from a Nd:YVO4 
laser, without necessity of any customized devices.  
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1. Introduction 
The dynamical effects of lasers have garnered 

widespread attention, holding significant research value in 
fields such as optical tweezers (optical trapping), laser 
processing, and photonic nanojets [1,2]. Studies related to 
optical dynamical effects primarily focus on dielectric 
materials [3,4]. On the other hand, research on interactions 
between optical light and single-charged electrons is mainly 
focused on the conduction electron excitations in the 
semiconductors involving the quantum transitions, leaving 
their dynamics insufficiently explored. Recently, we 
reported an experiment using ultrafast lasers to observe 
electron relativistic effects [5], demonstrating the enormous 
potential of optoelectronic interactions. Studying the 
dynamic effects of lasers on electrons in free carriers in 
simple materials rather than in dielectric materials, which are 
assemblies of dipoles, provides a deeper understanding of 
the dynamics of lasers and the photon-electron interactions. 

In this study, we simulated the motion of nearly free 
electrons in a GaAs under an external laser field of vector 
vortex beams. Through this research, we aim to derive the 
macroscopic light-driven force on electrons and find the 
trace how the spin angular momentum (SAM) and orbital 
angular momentum (OAM) of the laser affects the specific 
motion of electrons in the semiconductors. 

 

2. Calculation Result 
In simulations of the motion of electrons in the 

semiconductor, the electrons are assumed to be independent 
of each other and the following electromagnetic force 
equations are used: 

𝑚∗𝒓̈𝑖 = 𝑞(𝑬 + 𝒓̇𝑖 × 𝑩)， 

where 𝑚∗  is the effective mass of electrons in GaAs, 𝑬 
and 𝑩 are the electric and magnetic field of laser. In the 
calculation, we independently calculate the electrons located 
at different initial positions. These initial positions are in a 
plane perpendicular to the direction of laser propagation, and 
𝒓𝑖 refers to the positions of different electrons. Electric field 
of laser beams are described by, 

𝑬 = 𝑓(𝑟, 𝜑, 𝑧, 𝑡)𝑒𝑖𝑙𝜑𝐽𝑥𝒙̂ + 𝑓(𝑟, 𝜑, 𝑧, 𝑡)𝑒𝑖𝑙𝜑𝐽𝑦𝒚̂. 

where ,  𝑓(𝑟, 𝜑, 𝑧, 𝑡)  represents the spatial and temporal 

variations of the electric field, with the term 𝑒𝑖𝑙𝜑 

representing the spiral phase unique to vortex beam. 𝒙 and 

𝒚̂ represent the unit vectors in the x and y directions, we use 

normalized Jones matrix   𝑱̂ to represent the polarization 

component, which is 𝑱̂ = 𝐽𝑥𝒙̂ + 𝐽𝑦𝒚̂  and |𝑱̂| = 1. 

As FIG 1. shows, in the case that the laser intensity is 
relatively low and l=0, it can be seen the electron motion is 
affected by the ponderomotive force, i.e., 𝑭 ∝ 𝛁𝑬𝟐 under 
the irradiation of the light beam. 

In the case that the laser intensity is relatively high, as 
shown in the FIG 2., we notice that the ponderomotive force 
model is no longer applicable, and the electron displacement 
exhibits a special pattern. It can also be observed that the 
number of lobes in this pattern is directly matches to the total 

angular momentum 𝐽. In FIG 2. a), for 𝑙 = 2 and 𝜎 = −1 
(𝐽 = 𝑙 + 𝜎 = 1), matches the number of lobes in the graph. 
Here, 𝜎 represents the SAM and 𝑙 represents the OAM of 
laser photons, respectively. On the other hand, in FIG 2. b), 
for 𝑙 = 1 and 𝜎 = 1 (𝐽 = 𝑙 + 𝜎 = 2), we also find that 
this rule still holds. We believe that this represents the effect 
of angular momentum on the dynamics in macroscopic 
regions. 

 
3. Conclusions 

This study primarily simulates and calculates the 
behavior of electron motion in a GaAs sample under laser 
irradiation, particularly with vector vortex lasers. Our results 
show that under low-intensity laser conditions, the 
ponderomotive force model is applicable. However, under 
high-intensity conditions, the electron displacement exhibits 
a special topological pattern, which is directly related to the 
orbital angular momentum of the laser electromagnetic field. 
The specific mechanism behind this phenomenon remains to 
be clarified. 
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FIG 1. The electronic displacement and the fitting results based on 
ponderomotive force 𝐹𝑃 and displacement R. The laser here is a 
circularly polarized Gaussian beam (l=0) with an electric field 
amplitude of 𝐸 = 106 V/m  and a wavelength λ = 800 nm. The 
electron displacement R is the distance traveled after the end of the 
laser pulse (pulse width 100 fs) 

 

FIG 2. Electron motion driven by high-intensity vector vortex laser, 
where E=1011 V/m and wavelength λ = 800 nm, σ is defined 
by Jones vector which is σ = 2Im(𝐽𝑥𝐽𝑦

∗). 
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1. Introduction 
   One of the fascinating mechanisms caused by the 
intense light-matter interaction is the generation of the 
filaments in optical media using ultrafast femtosecond 
lasers [1]. The filamentation using femtosecond laser 
pulses is of great interest due to its scientific vigor and 
practical applications [2]. The control of the filamenta-
tion and properties of the output optical field has gained 
large interest since its discovery [3].  

Recently, there has been an increased interest in the 
generation of the filamentation using femtosecond vector 
pulses [4, 5] due to their fascinating intensity and polari-
zation structures [5]. The existing experimental and nu-
merical studies on filamentation with femtosecond vec-
tor pulses, such as radial or azimuthal polarization, are 
done in air [4, 5].  

In the present work, we demonstrate experimentally 
the generation and control of white-light filaments in 
BK-7 glass using ultrafast vector pulses.  
 
2. Experimental Details 

Ultrafast femtosecond pulses with a peak wavelength 
of 800 nm, pulse width of 100 fs and repetition rate of 1 
kHz from a Ti:Sapphire laser with a regenerative ampli-
fier (Spitfire Pro, Spectra Physics) are used for the pre-
sent studies. The power of the pulses is controlled using a 
variable attenuator. The pulses are passed through a 
segmented half wave plate to generate femtosecond vec-
tor pulses with radial or azimuthal polarization, depend-
ing on the incident polarization direction. The generated 
vector pulses are focused into a BK-7 glass using a lens 
with a focal length of 100 mm. The cross-sectional imag-
es of the generated filaments are produced using a bi-
convex lens and recorded by a beam profiler, located at 
the image position, after filtering out the incident laser 
pulses.  

The spatial profiles of the radially (R) and azimuthal-
ly (A) polarized femtosecond pulses are shown in the 
figures 1(a) and 1(g) respectively. The power of the inci-
dent pulses is adjusted to observe the multiple filaments 
for radially and azimuthally polarized beams as shown in 
the figure 1 (b) and (h), respectively, which are in close 
match with the proposed numerical model [5].  

A linear polarizer is inserted just before the focusing 
lens to control the spatial structure and polarization of 

the incident pulses. By rotating the polarizer, we can 
control the spatial structure of the vector pulses focused 
into the BK-7 glass and there by controlling the position 
of the filaments along the azimuthal directions as shown 
in the figures from 1 (c) to 1(f) for radial polarization and 
1(i) to 1(l) for azimuthal polarization. The control of the 
filament position and the polarization simply by rotating 
a linear polarizer during filamentation is very useful in 
laser patterning of chiral structures. 

 
Fig. 1: (a) to (f) corresponds to radial polarization; (g) to 
(l) corresponds to azimuthal polarization. White arrow 
corresponds to the polarizer angle 
 
3. Conclusions 
   Experimental generation and imaging of white-light 
filaments in BK-7 glass using radially and azimuthally 
polarized ultrafast vector pulses were presented. The 
azimuthal position of the filaments inside the bulk BK-7 
was controlled using the polarization and intensity 
properties of the ultrafast vector pulses. The present 
studies are potentially applicable to the laser pattering of 
chiral structures based on controlled filamentations.  
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1. Introduction 

Azo-polymer thin film, containing azo-benzene 

molecules, forms unique surface reliefs due to 

photoisomerization reaction under light irradiation 

[1]. It has been considered to be a promising 

material for various optical application. In addition, 

the formation of complex reliefs by optical vortex 

and skyrmion has recently attracted much attention 

in topological and quantum optics [2]. In previous, 

the formation process of azo-polymer has been 

studied by observing distinct deformed structures at 

different irradiation times using atomic force 

microscopy (AFM). To reveal the formation 

mechanisms, real-time nanoscale visualization of 

the azo-polymer deformation process is highly 

desirable.  

2. Experimental results 

In this study, we achieved the real-time observation 

of the deformation process of azopolymer thin films 

using high-speed atomic force microscopy (HS-

AFM) [3]. HS-AFM can capture AFM image with a 

high spatial resolution (~1 nm) and temporal 

resolution (~10 frames per second) by rapidly 

scanning a cantilever [4]. We applied tip-scan HS-

AFM that can be combined with an inverted optical 

microscope. As shown in Fig. 1, we constructed HS-

AFM combined with the optical setup to observe the 

laser focused area on azo-polymer thin film by HS-

AFM. By focusing laser light on the azo-polymer 

thin film and observing the same area with HS-AFM, 

we succeeded in-situ real-time observation of azo-

polymer deformation process (Fig.2(a)). Here, 

linear polarization was applied as a demonstration, 

indicated by the arrow. Moreover, as shown in 

Figs.2 (b, c), height line profiles allowed detailed 

analysis of the temporal evolution of the surface 

reliefs. We further confirmed that different surface 

structures formed depending on the orientation of 

the incident polarized light.  

3. Conclusion 

We succeeded in real time imaging of azo-polymer 

deformation process. Through HS-AFM 

observations under various conditions like the 

twisted surface relief using optical vortex, the 

deformation mechanism of azo-polymer can be 

further understood in the future.  
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Figure2: (a) High-speed AFM images of azo 

polymer surface deformation. (b) Height line-

profiles of azo-polymer surface along the white 

line on (a). (c) Height changes of azo-polymer 

structures, analyzed from (b). 

Figure1: Experimental setup that we constructed. 

HS-AFM was combined with the optical setup. 
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We have examined the propagation of temporally separated 

soliton pulses in single-mode optical fibers under the influence 

of Stimulated Raman Scattering (SRS), focusing on 

chalcogenide materials. Our study investigates the interplay of 

Kerr nonlinearity, Raman effects, and material-dependent 

collision length, demonstrating significant differences from 

typical soliton interactions. The findings from our research 

offers insights into nonlinear effects in high-power soliton 

transmission, suggesting potential applications in optical 

switches and mode-locked lasers. 

I. MATHEMATICAL MODEL FOR TWO-SOLITON INTERACTION 

We have considered a single-mode optical fiber and used the 

Generalized NLSE as [21], 

𝜕
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∞

0
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The Raman scattering is represented by the Raman response 

function 𝑅(𝑇) as, 

  𝑅(𝑇) = (1 − 𝑓𝑅)𝛿(𝑇) + 𝑓𝑅ℎ𝑅(𝑇) (2) 

where 𝑓𝑅 denotes the delayed Raman response's fractional 

contribution to nonlinear polarization and ℎ𝑅 is the Raman 

response term related to the molecular vibrations. 

We considered two incident pump pulses having a hyperbolic 

secant (sech) shape, as follows, 

𝐴(0, 𝑇) = √𝑃0 𝑠𝑒𝑐ℎ (
𝑇 − 2𝑡0

𝑇0
) + √𝑃0 𝑠𝑒𝑐ℎ (

𝑇 + 2𝑡0

𝑇0
) (3) 

where 𝑃0 and 𝑇0 are the peak input power and the pulse 

duration respectively. 

For all computations, we opt for 𝑁 = 1, ensuring that every 

pulse propagates as a fundamental soliton independently of 

the other. To initiate the interactions, we set the Raman term 

on and off using the the parameter 𝑓𝑅. The computations were 

performed in MATLAB assuming a femtosecond laser as our 

pumping source. We have used the Split Step Fourier Method 

(SSFM) for our computation, in MATLAB. 

 

II. NUMERICAL RESULTS 

 

Fig.1 Temporal evolution of two identical solitons in the absence (left) and 

presence (right) of a Raman interaction term, in As2S3 glass. 

 

The left side of Fig. 1 shows that soliton pulse interactions 

occur earlier in chalcogenide (As2S3) than in silica [2] due to 

its nonlinear refractive index being about 100 times greater. 

This high nonlinearity results in complex soliton behaviors, 

such as fusion and fission, occurring at a shorter distance of 

around 45 meters.  

The collision length of the materials was theoretically 

deduced and compared to the collision length observed in the 

simulations as follows, 
TABLE 1. Collision length value. 

Material 
𝐿col 

(theoretical) 

𝐿col 

(observed) 

As2S3 90.20 90.05 

 

III. CONCLUSION 

    Our comprehensive investigation into soliton interactions 

within arsenic trisulphide reveals significant material-

dependent dynamics, exhibiting pronounced nonlinear effects 

and energy transfer under Raman interaction. The study 

underscores the critical role of material selection and initial 

relative phases in optimizing soliton-based optical systems. 

These insights advance the development of advanced optical 

communication and ultrafast signal processing technologies. 
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Fig. 1. Schematic illustration showing the design of the sug-

gested nonlinear FS metasurface. 
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Abstract: 

we report our investigation on third harmonic genera-

tion (THG) in the terahertz (THz) regime using double 

resonant frequency selective metasurface composed of 

square-shaped periodic complementary single split ring 

resonators.  

 

1. Introduction 

Metamaterials with sub-wavelength structuring are used 

to manipulate nonlinear interactions, driving significant 

R&D in nonlinear optics. One key response is THG, with 

applications in photonics, biosensing, signal processing, 

and materials research. Our study focuses on THG using a 

metasurface with square-shaped complementary split ring 

resonators (c-SRR) for efficient THz frequency conversion. 

In optics, SRR resonances correspond to plasmonic 

eigenmodes, and c-SRRs offer an enhanced mechanism. 

We propose c-SRR metasurfaces engineered for effective 

THG, revealing odd modes at 3.9 THz and 11.5 THz under 

TM mode incidence, aligning with fundamental (FF) and 

third harmonic (TH) frequencies. 

 

2. Theoretical Model and Results 

The proposed frequency-selective (FS) metasurface 

(Fig. 1) features a single square split ring slot on a thin 

copper layer, placed on a 1.45 µm dielectric spacer with a 

Kerr-type nonlinear material, like amorphous chalcogenide 

glass, suitable for low THz frequencies. Stimulated by 

strong magnetic resonance at the fundamental wavelength 

and a defined mode at the harmonic wavelength, effective 

THG occurs under a normally incident TM-polarized plane 

wave with the magnetic field along the y-axis. The resonant 

response caused by the proposed FSS is shown in Fig. 2. 

Aligning the FF (ꞷ = 3.9 THz) and TH (3ω = 11.5 THz) 

frequencies with the metasurface resonances confines en-

ergy during excitation and radiation at 0.4 MW/cm² input 

intensity. SRRs enhance electromagnetic sensitivity, 

boosting the FF mode electric field by 60 times and the TH 

mode by 25 times (Fig. 3).  

 

3. Conclusions 

   We demonstrate the performance of a new design of 

nonlinear thin FS c-SSR metasurface with periodic struc-

ture for efficient THG at THz frequencies which yields 

high efficiency with low input intensities showing a marked 

advancement in the field. 
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Fig. 2. The calculated reflectance and transmittance of the FF 

mode and TH mode at the c-SRR frequency selective surface 

are shown as a function of the incident wave frequency. 

 

Fig. 3. The enhancement of field in FF and TH modes at the 

suggested metasurface varies with the incident frequency. 
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1. Introduction 

Currently, there is a high demand for communication networks that 

provide large bandwidth and high efficiency without any interference 

for various users. One of the traditional ways to increase spectral 

efficiency is to use individual laser sources. To overcome these 

issues, optical frequency comb (OFC) [1] has emerged as a popular 

and effective approach that can improve spectral gain and reduce 

unwanted interference in communication systems. Researchers find 

optical frequency combs interesting because of their numerous 

applications such as precise optoelectronics instrumentation, ultra-

short pulse generation [2] and dense wavelength division 

multiplexing (DWDM)[3] in optical communication networks [4]. In 

this manuscript an approach is designed for generation of broadband 

optical frequency comb (OFC) which is characterized by various 

parameters of laser sources, Dual-drive Mach Zehnder modulator 

(DD-MZM) and frequency modulator (FM). This approach is 

effective to achieve 159 optical comb lines with bandwidth of 541 

GHz. The generated setup performance is analyzed by optical 

spectrum analyzer (OSA). 

2. Operating principle of proposed OFC generation 

The proposed system setup in Figure 1 employes two laser sources 

CW1 and CW2 with specification 193.1 THz and 193.2 THz having 

linewidth 10 MHz respectively. Two laser sources are optically 

coupled with DD-MZM which is based on electro-optic effect [1] . 

The DD-MZM is biased at voltage of -2.8 V and -1.1 V accompanied 

with 12 V modulation voltage. DD-MZM is followed by FM which 

is driven by RF source of 32 GHz having frequency deviation 200 

GHz. The initial frequency for generated OFC is provided by 

coupling of two laser sources. When a signal is passing through DD-

MZM subcarriers are generated which exhibits broadness and 

flatness in generated comb lines. The performance of generated comb 

lines get analysed with equation (1) [5] . Furthermore, in order to 

enhance the spectral subcarriers, flatness as well as broadness in 

generated OFC, DD-MZM is followed by FM which is driven 

directly by RF source without any need of phase shifters and 

amplifiers.  

( )1

( ) ( )

( ) 1
2

RF dc RF

RF dc RF

V t V V tj jEin
V VEout t e e V  

 
   −+  

 =  + − 
  

                  (1)  

 
Figure. 1. System Setup Proposed for generating Optical Frequency Comb 

(OFC)  based on DD-MZM and FM 

Here equation (1) depicts MZM output and input ports which 

produces electric field intensity Eout(t) and Ein respectively whereas γ 

depicts power splitting ratio. Whereas VRF(t) and VπRF(t) represents 

biasing voltages while VDC and Vπdc represents modulated voltages of 

two arms of MZM. 

3.  Results and discussion 

The generated OFC performance can be determined with parameters 

that includes number of optical spectral lines, flatness, bandwidth and 

adjacent spacing between the generated comb lines. Figure 2(a) and 

2(b) depicts the output spectrum at optical spectrum analyzer (OSA) 

obtained at output of DD-MZM and FM respectively. Figure 2(a) 

depicts the optical carriers produced at output of DD-MZM are 32 

with 2 dB flatness in frequency band of 642 GHz.The comb spacing 

between the adjacent lines are 20 GHz which has significant impact 

on resulting OFC.   

 
Figure. 2. Optical frequency comb generation at (a) DD-MZM (b) FM 

Whereas Figure 2(b) demonstrates generated OFC having 159 optical 

comb lines, 4 dB maximum power deviation with spectral band of 

541 GHz in frequency region 192.8 THz to 193.47 THz. 

4. Conclusion 

This manuscript presents the generation of OFC by employing DD-

MZM followed by FM. At initial stage DD-MZM is proficient to 

generate 32 carriers are 32 with 2 dB flatness but FM act as subcarrier 

booster. The proposed OFC achieves 159 optical spectral lines with 

4 dB flatness that occupies bandwidth of 541 Ghz. The generated 

OFC is proficient in telecommunication network, high precision 

spectroscopy and quantum optics. 
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1. Introduction 

A broad range of well-known nonlinear optics phe-

nomena demonstrates feasibility of managing the sub-

stance by means of the optical field influence. But, in ad-

dition to the manifestation of nonlinear optical properties, 

the radiation-substance system may be brought into a state 

far from thermodynamic equilibrium forming so-called 

“optically induced dissipative structure”. Obviously, light 

absorption is important in this case. The combination of 

optical and thermodynamic nonlinearities becomes a 

characteristic property of the system, and studying it is 

mutually enriching.  

2. Physical Mechanisms and Signal Analysis on     

Frequency Shifts for the Photon Interacting       

with the Moving Interface 

An example of optical dissipative structure is a gas 

bubble which is thermo-capillary trapped by a continuous 

laser beam passing through an absorbing liquid. The cap-

tured bubble expands because of elevated temperature of 

the liquid in the laser beam path. Moving interference pat-

terns have been observed in both reflected and transmitted 

laser light, and these movements are attributable to mani-

festation of Doppler effect on the gas bubble walls [1, 2].  

In Fig. 1 the simplest scheme is shown for a photon 

transmission through the moving interface between two 

contiguous homogeneous and transparent media. At our 

experimental conditions, the first medium is gaseous one 

with refractive index close to unity. By applying the ener-

gy-momentum conservation laws in the case of infinitely 

large and constant media masses, we obtain the frequency 

shift   of the transmitted or reflected photon: 

           = v k ,              (1) 

v is the velocity vector of the moving surface; k  is the 

wave vector alteration for the light transmitted through the 

surface or reflected from it. Eq. (1) describes classical 
Doppler effect (CDE) as a consequence of the exchange of 

 

 
Figure 1. The principal scheme of the photon refraction on a 

moving interface. Momentum-energy conservation laws must be 

fulfilled. A collinear geometry is not obligatory. 

 
Figure 2. The principal scheme of the photon refraction on a 

moving interface with resonant absorption. Straight blue arrows 

correspond to stimulated transitions, while waving blue – to spon-

taneous one. 

 

energy and momentum between the photon and the moving 

surface. 

Within the frames of the same model of Fig. 1 it is ap-

propriate to consider another way of photon-surface inter-

action. If the photon momentum alteration  k  is pro-

vided in the process by a change of mass of the moving 

medium by some “defect mass” M , then Eq. (1) is re-

placed by the following: 

   2 /2M −  = v ; / 2 = v k .  (2) 

Naturally, a process described by Eqs. (2) should be re-

ferred to as photon recoil effect (PRE) in the context of the 

moving surface-photon interaction.  

And finally, dissipative properties of our experimental 

system are caused by some resonant absorption of the laser 

light. This absorption is taken into account if, instead of the 

initial model in Fig. 1, the photon interaction with a surface 

of a resonant two-level quantum system is considered (Fig. 

2). In the context of this model, it can be shown that the 

frequency shift   of the transmitted photon is deter-

mined by:  

            (1 )f =   −v k ,             (3)

f  is the upper-level population in fractions of a unit. It 

makes sense to call the process of Eq. (3) a stimulated 

Doppler effect (SDE) because of an important role of stim-

ulated transitions in it. 

Intensities’ time dependences were examined experi-

mentally both of the light transmitted through an expanding 

laser trapped gas bubble at near-zero observation angle and 

of the light specularly reflected from it. The frequency 

spectrum analysis of the transmitted signal indicates occur-

rence of both CDE and SDE, but input of PRE cannot be 

excluded. 
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    We present here an analysis of the sensing properties 
associated with the Raman-induced frequency shift (RIFS). 
By employing a conventional step index chalcogenide fiber 
and utilizing the thermo-optic properties of the material, we 
investigate the temperature-sensing capabilities facilitated 
by RIFS. 

To determine the temperature of the external medium, 
we perform computations to compute the dispersion 
parameters of the proposed model as shown in Figure 1. 
The simulations are conducted using the MATLAB 
platform and involve utilizing a standard step index fiber 
with core and cladding materials of As40S60 and As42S58, 
respectively. The refractive indices of these materials are 
determined using the Sellmeier equation [1]. For the case 
of a circular core cross-section, we set the core radius as 3 
µm and the cladding radius as 60 µm. In the case of an 
elliptical core, the semi-major axis is chosen as 3 µm, the 
semi-minor axis as 1 µm, and the cladding radius as 60 µm. 
By incorporating these typical parameters, we simulate the 
propagation of ultrafast pulses using a generalized 
nonlinear Schrödinger equation (GNLSE) [2]. The 
equation governing the pulse propagation through the fiber 
is expressed as follows: 

𝜕

𝜕𝑧
𝐴 +

𝛼

2
𝐴 + (∑ 𝛽𝑘

𝑘≥2

𝑖𝑘−1

𝑘!

𝜕𝑘

𝜕𝑇𝑘
) 𝐴 = 𝑖𝛾 (1 +

1

𝜔0

𝜕

𝜕𝑇
) × 

((1 − 𝑓𝑅)|𝐴|2 + 𝑓𝑅 ∫ ℎ𝑅(𝜏)
∞

0

|𝐴(𝑧, 𝑇 − 𝜏)|2𝑑𝜏) 𝐴   (1) 

       The left-hand side of (1) represents the linear effects 
during pulse propagation. It incorporates the slowly 
varying pulse envelope, 𝐴(𝑧, 𝑇), which evolves along the 
fiber structure in a time frame referred to as 𝑇 = 𝑡 − 𝛽1𝑧, 
where 𝛽1 represents the group velocity. The parameter 𝛼 
represents the transmission loss. On the other hand, the 
right-hand side of the (1) accounts for nonlinear effects, 
with 𝛾 representing the nonlinear coefficient. The response 
function 𝑅(𝑇) of a system, which describes its 

nonlinearity, incorporates both immediate and delayed 
Raman effects. It can be expressed as,  

𝑅(𝑇) = (1 − 𝑓𝑅)𝛿(𝑇) + 𝑓𝑅ℎ𝑅(𝑇)               (2),  

where 𝑓𝑅 represents the fractional contribution of the 
delayed Raman response to the system's nonlinear 
polarization. In the case of chalcogenide materials, 𝑓𝑅 
takes the values of 0.148 [15]. The Raman response term, 
ℎ𝑅, is given by the expression 

 ℎ𝑅 =
𝜏1

2+𝜏2
2

𝜏1𝜏2
2 𝑒𝑥𝑝(−𝜏/𝜏2)𝑠𝑖𝑛(−𝜏/𝜏1)           (3)  

For Chalcogenide materials, these are 23 fs and 164.5 
fs, respectively [15]. To solve the GNLSE, we utilize a 
split-step Fourier method implemented in MATLAB. The 
incident pump pulse is assumed to be a hyperbolic secant 
pulse, which can be represented as follows: 

𝐴(0, 𝑇)  =  √𝑃0 𝑠𝑒𝑐ℎ (
𝑇

𝑇0
)                     (4),  

where 𝑃0 and 𝑇0 are the peak input power and the pulse 

duration (1/1.763 of the full width at half maxima duration 

for the input pulse) respectively. 

     Figure 2 provides detailed information on the variation 

of the central wavelength of the pulse with respect to the 

ambient temperature. As discussed in the previous section, 

the dispersion parameters can be varied due to the thermo-

optic coefficient of the chalcogenide material with 

changes in the ambient temperature. In our analysis, the 

central wavelength shifts by 118.91 nm and 110.40 nm 

with a total temperature change of 50 °C for the elliptical 

and circular core cross-sections, respectively. These 

correspond to a sensitivity of 2.38 nm/°C and 2.21 nm/°C, 

respectively. 
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Fig. 2 Wavelength shifting due to temperature variation. 

 
Fig. 1 Sensor schematic 
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1. Introduction 

When a light ray is incident on the metal surface, the free 

electron capture energy and generates a form of collective 

oscillation, called Surface Plasmonic Polaritons (SPPs) [1]. 

SPP gets confined to a deep subwavelength scale in metal-

insulator-metal (MIM) waveguides with the advantages of 

high restraint, low loss, long transmission distance, and sim-

ple fabrication [2]. SPP-based MIM waveguides have been 

used in different applications such as refractive index sens-

ing, wavelength division multiplexing [2]. 

 

 

Fig. 1. (a) Schematic of the proposed FR sensor and (b) au-

tocorrelation curve. 

 

Sensing performance improvements were observed when a 

square ring was proposed with an MIM Waveguide structure 

and termed Fano resonance (FR) sensors [3]. Therefore, a 

rectangular resonating cavity (RRC) is used with three nano 

rods defects (NRD) in the bus waveguide as shown in Fig. 1. 

The proposed structure of the FR sensor is used for the de-

tection of concentration and mobility of human sperm, by 

using its corresponding refractive index (RI). The detected 

concentration of 17, 23, 62, 79, 104, 197 million/ml having 

mobility of 64, 41, 44, 75, 48, 71 carries a RI of 1.3461, 

1.3385, 1.3459, 1.342, 1.3465, 1.344, respectively [4]. 

Figure 1 (a) shows the schematic of the proposed FR sensor, 

where the length (l) and width (h) of the RRC are 3 µm and 

l µm, respectively. ‘s’ is a separation between nanorod de-

fects (NRD) and RRC, d is the diameter of NRD, p is the 

distance between the center of two NRD’s, and w is the 

width of bus waveguide. Thereafter, the designed FR sensor 

is used to detect the human sperm concentration and mobil-

ity by varying its RI in NRD’s and RRC. The coupling of 

field between the bus waveguide and RRC at an RI of 1.3459 

is shown in the inset of Fig. 1 (a). For the tested RI of human 

sperm samples the output power is recorded and an autocor-

relation curve is plotted in Fig. 1 (b). The result shows that 

the proposed sensor is capable of detecting human sperm 

samples with an autocorrelation coefficient of 99.97 %. For 

the tested RI values the sensitivity of the proposed FR sensor 

is 587.5 nm/RIU. 

 

2. Conclusions 

   This work presented a MIM waveguide-based FR sensor 

for RI-based detection of human sperm in terms of its con-

centration and mobility. Three NRD were created in the bus 

waveguide to attain the FR effect. For the tested RI of human 

sperm, the autocorrelation coefficient and sensitivity of 

99.97 % and 587.5 nm/RIU are obtained.   
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Introduction 

  Recently, quantum information processing and communi-

cations using photons have been attracting attention. To in-

crease the density of transmitted photonic qubits, it is neces-

sary to develop broadband quantum memories and detectors 

that can handle ultrashort pulses. Although rare-earth-ion 

doped quantum memories [1] have been widely studied, due 

to their storage bandwidth of ~GHz, they are incapable of 

storing ultrashort pulses. In our group, we used the photon 

echo (PE) method with quantum dots (QDs) to realize ultra-

short femtosecond pulse storage. However, we encountered 

many difficulties in realizing this method such as low PE ef-

ficiency from the QDs and the insufficient temporal resolu-

tion of the avalanche single-photon detectors. To solve these 

problems, we have applied a new quantum control method 

and utilized an up-conversion single-photon detector 

(UCSPD) [2]. In this presentation, we will introduce the 

techniques “1. Time-resolving measurement by UCSPD,” “2. 

PE quantum memory using QDs” and “3. enhancement of 

PE signals.” 

 

1.  Time-resolving measurement by UCSPD 

To enable femtosecond regime time-resolving measure-

ments, we developed a UCSPD. This single-photon detector 

uses the frequency up-conversion technique and signal pho-

tons are converted to visible photons by sum-frequency gen-

eration (SFG). For this process, we used a femtosecond pulse 

laser as the pump light. Since SFG occurs only when the sig-

nal photons and the pump pulse overlap, we can perform 

time-gating the signal waveforms with femtosecond order 

temporal resolution. Fig. 1(a) shows the schematic setup of 

the UCSPD. The up-conversion efficiency in the femtosec-

ond regime strongly depends on crystal length because of the 

group delay between signal and pump pulses in a crystal. De-

spite much research on up-conversion with CW laser, SFG 

between femtosecond pulses has rarely been investigated. 

Hence, we evaluated the crystal length dependence of 

UCSPD performances theoretically and experimentally and 

achieved the temporal resolution of 415 fs. Our results pro-

vide a guideline for optimizing crystal length for femtosec-

ond up-conversion. 

 

2. PE quantum memory using QDs 

  As a demonstration of our UCSPD, we detected femtosec-

ond PE from InAs QDs with an inhomogeneous broadening 

of 7.2 THs. By applying the PE method, we can use these 

QDs as a medium for broadband quantum memory. We suc-

cessfully stored 200 fs time-bin pulse in our QDs, read-out 

the stored signals, and measured the waveforms by UCSPD 

for the first time (Fig. 1(b)). We also succeeded in evaluating 

the relative phase of time-bin PE signals with a visibility of 

over 90 %. 

 

3. Enhancement of PE signal using chirped pulses 

 Since we applied a rephasing pulse to read-out stored sig-

nals as an echo signal for the PE method, the accuracy of 

quantum control directly affects memory efficiency. Extend-

ing the bandwidth of QDs to THz is complicated because 

large detuning makes it difficult to accurately control the 

system through single-frequency pulses. To solve this prob-

lem, we introduced the adiabatic rapid passage (ARP) 

method [3], which uses chirped pulses for read-out and ena-

bles robust control. Although this method has been demon-

strated only for rare-earth-ion-doped materials, we have 

demonstrated that ARP is also effective for QDs with inho-

mogeneous broadening more than 100 times wider than in 

conventional methods. Fig. 1(c) shows the chirped amount 

dependence of PE intensity. These results are a great 

achievement for advancing into the femtosecond regime of 

quantum communications. 

 
   This work was partly supported by CSRN, Keio University. The 

QDs sample was fabricated at Advanced ICT Laboratory, NICT. 

The authors would like to thank Prof. R. Shimizu, Y. Kinoshita, M. 
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Fig. 1 (a) Optical setup of UCSPD. (b) Temporal waveforms of time-
bin PE with different phase. (c) Chirped amount dependence of PE 

signal intensity. 
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Spontaneous parametric down conversion (SPDC) is one of the most versatile techniques for the generation of correlated 

photon pair, whose quantum state is essential for photon entanglement that underpins many quantum applications like secure 
communication, quantum metrology and lithography and quantum imaging [1]. Inverse design of effective SPDC has been 
achieved by structured crystals with shaped pump beams [2]. Another popular platform for SPDC is nanofabricated structures 
with sub-wavelength thickness called metasurfaces, as they could achieve drastic enhancement of nonlinear light-matter inter-
actions [3]. There remains the possibility to use inverse design to optimize metasurfaces for SPDC. 

In this work, we report a method for optimizing metasurfaces’ SPDC performance by building on an existing inverse design 
optimization framework [4]. Our method employs a gradient-based optimization method called adjoint optimization and the 
quantum-classical correspondence between SPDC and Sum Frequency Generation [5]. By strategically setting our desired 
output function in the algorithm, we can control the degree of polarization entanglement we optimize for. We create patterns 
for unidirectional SPDC that outperform the thin film of the same material and thickness by more than 10 times in brightness 
while ensuring the almost maximal polarization entanglement of the signal and idler states. 

Our results show the possibility of inversely designing metasurfaces with good SPDC that produce strongly entangled 
signal and idler states, allowing various quantum applications like secure communication and quantum metrology. By building 
on our work, we can further explore the direction of the signal, idler and pump photons. 

 
Fig. 1. (a) Diagram of the quantum-classical correspondence of SPDC and SFG: Signal (idler) photon is horizontally (vertically) polarized 
while the pump photon is diagonally polarized. The second-order nonlinear material is InGaP in our case. (b) Optimized pattern that provides 
good SPDC performance while trying to maximize the entanglement of the signal and idler states. (c) Poincare-sphere representation of the 
signal and idler states from SPDC: Each axis represents the corresponding polarization from negative 1 to positive 1. For example, y=-1 
represents left-handed circular polarization while y=1 right-handed circular polarization [6]. Vectors pointing in opposite directions means 
maximal entanglement.  
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1. Introduction 

In recent years, nonlinear quantum interferometry has 

been widely explored for applications like spectroscopy, 

optical coherence tomography, and imaging [1]. Quantum 

infrared spectroscopy (QIRS) uses quantum interference of 

generation processes of frequency-entangled visible-IR 

photon pairs to perform infrared spectroscopy using visible 

light sources and silicon-based detectors [2]. This technique 

utilizes a nonlinear quantum interferometer configuration 

where the generated IR photons pass through the sample, 

and the correlated visible photons are detected. The change 

in the detected visible photon flux with and without the 

sample helps extract the complex transmittance of the sam-

ple in the IR region.  

It is commonly assumed that perfect frequency correla-

tion between visible and IR photons is essential for achiev-

ing high spectral resolution in QIRS. Therefore, continuous 

wave (cw) lasers with negligible linewidth are predomi-

nantly used in most QIRS experiments. Conversely, when 

using pulsed lasers, the inherent finite spectral linewidth is 

generally thought to degrade the spectral resolution. Re-

cently, we reported that the visibility of spectral-domain 

quantum interference decreases for pulsed pumping [3], 

confirming that spectral resolution of dispersive QIRS 

method degrades, wherein a dispersive spectrometer is used 

for detection. However, pulsed pumping is attractive as it 

enables high generation efficiency of visible-IR photons 

and time-resolved measurements. 

Here, we investigate whether high spectral resolution 

can be obtained with a pulsed pump of finite spectral lin-

ewidth using the quantum Fourier-transform infrared 

(QFTIR) spectroscopy method. In this method, interfero-

gram of visible photons is recorded while scanning the op-

tical path difference between nonlinear interferometer arms. 

Taking the ratio of Fourier amplitudes of interferograms 

with and without sample, we can extract the spectrum of 

sample in IR region [4]. In this presentation, we will report 

the theoretical framework of QFTIR with pulsed pumping. 

We also plan to experimentally show whether 

high-resolution spectra of samples can be observed with 

pulsed pumping. 

 

2. Experimental setup 

Figure 1 shows the experimental setup consisting of 

both pulsed and cw lasers to allow a fair comparison under 

the same experimental conditions. The cw pump has center 

wavelength of 532.37 nm, average power of 150 mW, and 

negligible linewidth (<1 MHz). The pulsed laser source of 

532 nm centroid wavelength has linewidth of ~0.6 nm 

(pulsed laser spectrum in inset of Fig. 1) and an average 

power of 150 mW. The visible photon interferograms are 

recorded for both pump sources. The pump beam passes 

through 0.5 mm thick MgO:LiNbO3 crystal, generating 

visible-IR photon pairs of about 816 nm and 1.53 µm. 

Quantum interference occurs between generation processes 

and visible photon interferogram is detected by Si photo-

diode while scanning mirror M1 placed on delay stage.  

 

3. Conclusion 

We will present a theoretical and experimental investi-

gation of the effect of pulsed laser linewidth on the spectral 

resolution of the QFTIR method. Our results will be useful 

for performing high-resolution ultrafast infrared spectros-

copy using a visible light source and detector.  
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We report on a spontaneous four-wave mixing (SFWM)

based broadband correlated photon pair generation using a

dispersion flattened highly-nonlinear fiber (DF-HNLF). The

DF-HNLF is pumped by a stable mode-locked laser (MLL)

which generates pump pulses of 250 ps FWHM at a repetition

rate of 94.509 MHz. The joint spectral intensity (JSI) data in-

dicates photon pair generation across entire S, C, and L bands.

The intrinsic photon pair generation rate, after accounting for

spontaneous Raman scattering (SpRS), system loss, and de-

tector dark counts, is ≈ 100kHz although due to detection

gating limit we measured the rate to be 1 kHz at peak pump

power of 70 mW. The use of an arbitrary waveform generator

for establishing pump MLL and gating of the single-photon

detectors (SPDs) allows for precise synchronization of gener-

ation and detection of photon pairs.

99/1

OSC

APD 1

APD 2

RTOCounting 

system

200m HNLF
DWDMs

MLL

AWG

CW

OSA

Figure 1: Schematic diagram of experimental setup for broad-

band photon pair generation.

(a) (b)

Figure 2: Photon pair measurement results for signal at

1552.52 nm and idler at 1547.72 nm (a) Cross-correlation

measurement for 1 mW of average pump power, (b) Coinci-

dence counts vs pump power.

Fig. 1. shows the schematic diagram of our experimental

setup. The pulses from the MLL is coupled into a 200 m

DF-HNLF from OFS. For the JSI measurement as in [1], a

CW laser output from a tunable laser diode is coupled along

with the pump as shown in dashed lines. At the output of the

HNLF, the signal and idler wavelengths are filtered out and

(a) C-band (b) C- band coincidenc counts

(c) S and L band (d) S and L band

Figure 3: Measured Joint Spectral Intensiy of photon pairs

generated in dispersion flattened 200m HNLF

pump is suppressed using a set of DWDM filters with FWHM

bandwidth of 0.8 nm. The signal and idler are detected using

a pair of SPDs gated at ninetieth of MLL repetition rate, i.e.,

1.05 MHz. This is due to the circuit limitation of the SPD

and not due to the setup itself. An AWG provides gating

pulses to both SPDs with a tunable delay so as to measure

the photon statistics. Fig. 2(a) shows the coincidence count

measurements between signal and idler. The histograms are

plotted by collecting 5 × 106 samples for each delay. The

0 ns delay counts are mainly due to the SFWM interaction

while the peaks at other delays, taken at pulse repetition rate,

are due to SpRS and detector dark counts. Fig. 2(b) plots the

coincidence counts at signal and idlers at 1552.52 and 1547.72

nm as a function of average pump power. We see that the

coincidence count is a quadratic function indicating that the

setup emits entangled photon pairs in this operational regime

[2]. Fig. 3 shows JSI across 1500-1600 nm covering S,C, and

L bands. The coincidence counts at ITU grid wavelengths in

C-band are shown in Fig. 3(b).
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1. Introduction 
Antibunching, a key characteristic of single-photon sources, 
is crucial for quantum cryptography and quantum compu-
ting [1]. Nonlinear couplers have significant potential as 
generators of nonclassical light [2,3]. However, Limited re-
search has been reported on antibunching in nonlinear cou-
plers [4,5]. This study investigates antibunching in an inno-
vative design of a nonlinear coupler (as fig. 1 shows) fea-
turing three nonlinear waveguides, each comprising a mate-
rial that exhibits the second-order nonlinearity. 

 

Fig. 1. Schematic of three-channel nonlinear coupler operating with SHG. 

 
2. The model 
With reference to fig. 1, we assume the interaction of light 
with the nonlinear waveguide material produces second-
harmonic generation (SHG). The Hamiltonian for this three-
mode system can be expressed in the form as [6] 

ு෡
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ற𝑎ො௝ ൅ 2 ∑ 𝜔௝𝑏෠௝
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௝

ଷ
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ଶ
∑ ൫𝑎ො௝

ଶ𝑏෠௝
ற െ h. c. ൯ଷ

௝ ൅

𝜅൫𝑎ොଵ
ற𝑎ොଶ ൅ 𝑎ොଶ

ற𝑎ොଷ ൅ 𝑎ොଷ
ற𝑎ොଵ ൅ h. c. ൯.    (1) 

In the Hamiltonian equation, 𝑎ො௝
ற𝑎ො௝  is the ladder operator 

where j = 1, 2, and 3 that correspond to the first, second, and 
third modes, respectively. ℏ is the reduced Planck constant, 
𝜔𝑗 is the input frequency, g is the nonlinear coupling constant, 
and 𝜅 is the linear coupling parameter. Using this Hamilto-
nian in symmetrical order, the evolution of the current three-
mode system is described using the von Neumann equation 
to obtain a quantum density master equation. The quantum 
density matrix equation is then converted to its correspond-
ing classical Fokker-Planck (FP) equation using the Wigner 
representation. The FP equation is subsequently mapped to a 
system of stochastic differential equations following Ito cal-
culus. This system is solved numerically, and the antibunch-
ing is evaluated using the correlation criteria 

𝐷௝ ൌ ർ൫𝛥𝑁෡௝൯
ଶ

඀ െ ൻ𝑁෡௝ൿ
ଶ
.      (2) 

Herein, 𝑁෡௝ ൌ 𝑎ො௝
ற𝑎ො௝ is a number operator, 〈𝑁෡௝〉 signifies the 

average particle or photon count in the jth mode, and the an-
tibunching is indicated by 𝐷௝ ൏ 0. 
 
3. Discussion 
Figure 2 illustrates the antibunching behavior in the first 
channel waveguide for various values of the linear coupling 

parameter 𝜅̃. At 𝜅̃ = 0.1 (fig. 2a), the antibunching oscilla-
tions are slow. As 𝜅̃ increases to 0.3 (fig. 2b) and 0.7 (fig. 
2c), the oscillations become more rapid. This behavior is 
very likely due to narrower channel separation, which allows 
for more efficient energy exchange between the waveguides 
(in three-channel nonlinear coupler system), leading to a 
faster antibunching response. 

 
Fig. 2. Photon antibunching exhibited by the first mode. Evolution below the 
y = 0 line indicates antibunching. (a) 𝜅̃ ൌ 0.1, (b) 𝜅̃ ൌ 0.3, and (c) 𝜅̃ ൌ 0.7. 
The other input parameters are 𝛼ଵ ൌ 𝛼ଶ ൌ 𝛼ଷ ൌ 1 , 𝜔෥ଵ ൌ 𝜔෥ଶ ൌ 𝜔෥ଷ ൌ 1 
and 𝑔෤ ൌ 0.01. The dimensionless parameters are related to their dimension-
less counterparts by 𝜔෥ଵ ൌ 𝜔ଵ 𝜔ଵ⁄ ,  𝜔෥ଶ ൌ 𝜔ଶ 𝜔ଵ⁄  , 𝜔෥ଷ ൌ 𝜔ଷ 𝜔ଵ⁄  , 𝑔෤ ൌ
𝑔 𝜔ଵ⁄ , 𝜅̃ ൌ 𝜅 𝜔ଵ⁄ , and 𝜏 ൌ 𝜔ଵ𝑡. 

 
4. Conclusion 
We have investigated the potential for generating photon an-
tibunching in a three-channel waveguide nonlinear coupler 
system that operates with second-order nonlinearity and pro-
duces SHG, using the Wigner representation in phase space. 
The results demonstrate the effectiveness of a three-channel 
SHG-based nonlinear coupler in generating quantum an-
tibunching. This simple-structured device would serve as an 
efficient source of antibunching light. 
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