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Two-dimensional (2D) CuO; planes play a key role in high-T. cuprates. In the present study, ultrathin
(1-20 uc) tetragonal SrCuO; (SCO) films were successfully layer-by-layer grown on TiO»-terminated
SrTiO; substrates using pulsed-laser-deposition technique. The structure of SrCuO; ultrathin films can
be controlled. The thickness-dependent structural transformation of the SrCuO; films was studied by
polarized x-ray absorption spectroscopy (XAS) at the Cu L-edge, and synchrotron-based x-ray
diffraction and Laue diffraction. With the fabrication technology available, we demonstrate a new
concept on inducing a 2D metallic phase in the SrCuO/SrTiOz structure via the oxygen sublattice and
interface engineering. The electrical transport properties of this new state are studied by the electrical
and Hall measurements.
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Plasmonics in Deep UV for Nanoimaging 1LO2
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Localizing and enhancing light at the nanoscale, plasmonics has been one of the hottest topics in the
field of nanophotonics [1,2]. Gold and silver are the predominant choice of metal for plasmonics in
visible and near-infrared wavelength region, however in the deep UV (DUV) region, these metals
behave as absorptive dielectrics but not as metals. Therefore, no much attention has been paid to UV
and DUV in plasmonics research. However, we found DUV is attractive in views of nano-imaging,
spectroscopy, and industry applications.

In this presentation, | will discuss plasmonics in DUV from principles, materials and applications.
We found that aluminum and indium are promising materials as plasmonic metals in DUV [3-5]. We
have experimentally demonstrated that aluminum nanoparticles with a diameter of 50 nm exhibit
localized plasmon resonance at a wavelength of 270 nm in DUV [4]. We applied an aluminum
nanoparticle array to enhance photocatalytic activity of TiO, having a bandgap energy in UV [6]. We
also fabricated plasmonic metal tip with aluminum nanoparticles attached to the apex and applied it to
plasmonic tip-enhancement of resonance Raman scattering of adenine molecules excited with a
wavelength of 266 nm [3]. We showed that metal grains on plasmonic tip act as an optical nano-antenna
for high enhancement [7]. We developed a reflection objective that is compatible with DUV light with
an N.A. as high as 0.9 [8].
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We study the fabrication and characterization of different polymer-related nanomaterials by wetting
porous templates. The templates we choose are anodic aluminum oxide (AAQ) templates because of
the regular pore distribution, high pore density, and high aspect ratio of the pores. Different
nanomaterials such as amorphous carbon nanotubes, amphiphilic block copolymer nanostructures, and
porous inorganic materials are fabricated by using these templates. We also investigate the morphology
transitions of polystyrene-block-polydimethylsiloxane (PS-b-PDMS) nanorods confined in the
nanopores of AAO templates. The nanorods are formed by solvent-assisted template wetting, and the
morphologies are compared to those in the bulk state. By blending PS-b-PDMS with homopolystyrene
(hPS), the morphologies of the nanorods can be controlled because of the changes of the effective
volume fractions. PS-b-PDMS micelle solutions are also used to prepare micelle nanostructures, and
the critical parameters affecting the morphologies are determined. Micelle nanorods, micelle
nanospheres, and multi-components nanopeapods can be prepared by wetting AAO templates with the
micelle solutions. Rayleigh-instability-

driven transformation is discovered to

play an important role in controlling SRR f"
the morphologies of the micelle ﬁ\\&\\\\\“ ‘ ’ %Q
nanostructures. Zwitterionic polymer- —l \, 4

grafted AAO templates are also Micelelim Block copolymer Micelle sphere
prepared by surface-initiated atom Mics R Tion ~
transfer radical polymerization (Sl- _ ‘ ‘

ATRP) and the geometric effect on the , .

polymer chain growth in the confined }
nanopores are investigated. Micelle rod Micelle podpod
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Ammonia Photosynthesis Using Plasmon-induced Charge 1L04

Separation under Visible Light Irradiation
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Previously, we have demonstrated a localized surface plasmon resonance (LSPR)-induced water
splitting system that operated under irradiation by visible light; the system was based on the excitation
of plasmonic photoanode whose surface was loaded with gold nanoparticles (Au-NPs).}® According to
a similar method of the water splitting system, we have also successfully constructed the artificial
photosynthesis system that produced the ammonia by a photofixation of a nitrogen molecule based on
visible light irradiation.* > However, the reaction efficiency in the plasmon-induced artificial
photosynthesis is still low.

In this study, we employed two approaches to improve efficiency. First, we reconstructed the
photosynthetic device to enhance the ion and electron transport path. Furthermore, we investigated a
guantitative evaluation of the plasmon-induced ammonia synthesis, such as bias effect, pH effect,
stoichiometry, and intermediate. Based on these results, we propose the plasmon-induced NHs; synthesis
on Zr proceeds Vvia an associative pathway in which N is hydrogenated by protons.®

Second, the LSPR mode was coupled with the other optical mode.”® We found that a Au-NPs/TiO--
film/Au-film (ATA) photoanode with a modal strong coupling between the Fabry—Pérot nanocavity
mode of the TiO, thin-film/Au-film and the LSPR mode of the Au-NPs extraordinarily enhanced water
splitting efficiency as compared to that of Au-NPs/TiO photoanode because the modal strong coupling
shows the large and broad absorptivity in all visible region based on the split hybrid energy state. We
will also introduce the ammonia photosynthesis using the ATA photoanode.

References
1. Y. Zhong, K. Ueno, Y. Mori, X. Shi, T. Oshikiri, K. Murakoshi, H. Inoue and H. Misawa, Angew.

Chem. Int. Ed., 2014, 53, 10350-10354.
2. Y. Zhong, K. Ueno, Y. Mori, T. Oshikiri and H. Misawa, J. Phys. Chem. C, 2015, 119, 8889-8897.
3. R. Takakura, T. Oshikiri, K. Ueno, X. Shi, T. Kondo, H. Masuda and H. Misawa, Green Chem., 2017,
19, 2398-2405.
4. T. Oshikiri, K. Ueno and H. Misawa, Angew. Chem. Int. Ed., 2014, 53, 9802-9805.
5. T. Oshikiri, K. Ueno and H. Misawa, Angew. Chem. Int. Ed., 2016, 55, 3942-3946.
6. T. Oshikiri, K. Ueno and H. Misawa, Green Chem., 2019, 21, 4443-4448.
7. X. Shi, K. Ueno, T. Oshikiri, Q. Sun, K. Sasaki and H. Misawa, Nat. Nanotechnol., 2018, 13, 953-958.
8. J.Yang, Q. Sun, K. Ueno, X. Shi, T. Oshikiri, H. Misawa and Q. Gong, Nat. Commun., 2018, 9, 4858.
9. Y. Cao, T. Oshikiri, X. Shi, K. Ueno, J. Li and H. Misawa, ChemNanoMat, 2019, 5, 1008-1014.



Chi-Shen LEE

Professor

Department of Applied Chemistry
National Chiao-Tung University
1001 Univ Rd, Hsinchu

Hsinchu 30010, TAIWAN
Phone/Fax: 1-886-3-5131332
Email: chishen@mail.nctu.edu.tw

Selected Publications

1. Metal Substituted Pyrochlore Phase LixLa2—xCel.8Ru0.207-A (X = 0.0-0.6) as an Effective
Catalyst for Oxidative and Auto-Thermal Steam Reforming of Ethanol.
Catalysis Science & Technology 2019, 9, 1406-1419.

2. Hydrogen Production From Oxidative Steam Reforming of Ethanol on Nickel-Substituted
Pyrochlore Phase Catalysts.
International Journal of Hydrogen Energy 2017, 42 (5), 2849-2860.

3. Ba3TM2Se9 (TM = Nb, Ta): Synthesis and Characterization of New Polyselenides.
Inorg Chem 2014, 53 (1), 80-84.

4. Autothermal Steam Reforming of Ethanol Over La2Ce2—xRuxO7 (X = 0-0.35) Catalyst for
Hydrogen Production.
Applied Catalysis B: Environmental 2013, 134-135, 359-366.

5. Multinary Selenides with Unusual Coordination Environment of Bismuth.
Inorg Chem 2012, 51 (24), 13328-13333.

6. Enhanced Catalytic Activity of Cel—xMxO2 (M = Ti, Zr, and Hf) Solid Solution with Controlled

Morphologies.
Chem. Commun. 2010, 46 (19), 3286.

10



Catalysts of Metal substituted Pyrochlores A2B207 (A = Alkali/Alkaline ILOS
Earth/Rare Earth elements; B = Ce/Ru/Ni) for Oxidative Steam Reforming
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Oxidative steam reforming of ethanol to produce hydrogen or syngas (H2/CO) is an important process
for fuel cell applications. To achieve high conversion of ethanol and yield of hydrogen, a stable catalyst
that is active on ethanol conversion is desired. In this presentation, | will summarize our efforts to
develop new oxide catalysts for OSRE process. Metal substituted pyrochlores A;B;07.5 (A =
Alkali/Alkaline Earth/Rare Earth elements; B = Ce/Ru/Ni) were synthesized and used as catalysts for
oxidative steam reforming of ethanol. The solid solution phases were prepared via the sol-gel process.
The substituted metal cations are active to OSRE and distributed evenly in the pyrochlore structure. The
as-prepared samples were characterized and the influence of substituted metal cations on the activity of
OSRE was investigated. PXRD Rietveld analysis and elemental analysis (ICP-AES) support the
formation of a pyrochlore-type structure (space group Fd-3m) with the distorted coordination
environment. The catalytic performances were tested with varied temperatures, metal ion contents,
carbon-to-oxygen ratios and long-term stabilities. In general, the OSRE activity is depending on the
active metal cations in B sites of pyrochlore structure. Under the conditions of nearly 100% ethanol
conversion, optimized hydrogen selectivity’s are 99(1) for Ru-substituted catalyst La,Ce1 sRug20-. For
Ni?*-substituted pyrochlore La,Ce..«NixO7.5, performance on ethanol conversion is affected by the Ni
content and the H, selectivity reaches to the highest value 82.6(1) % for sample of x=0.45. Further
studies were extended to metal substitution on A sites with alkali, alkaline earth, and rare earth elements.
Pyrochlore phase LixLa,xCe1sRuUo207-5 (X = 0.0 - 0.6) [LLCRQ] substituted by Li and Ru in A and B
sites supported by LZO exhibited average ethanol conversion and hydrogen selectivity of 90(3)% and
71(4)%, respectively. Alkaline earth metal substitutions on the A-site of pyrochlore oxide xLa..
«Ce18RU0207.s (M = Mg, Ca) showed optimized catalysts Mgoslai7Ce1sRuU0207.5 and
CapzlaisCe1sRuU0207.5 with Hy selectivity 101(1)% and 91(2)% under OSRE. The substitution of
cations in A-sites affect the oxidation states of Ce**/** and Run+ ions and create oxygen vacancies.
Catalysts supported on LayZr,0; showed stable OSRE/ATR performance and low carbon deposition
compared to catalysts supported on Al,Oz. We ascribe the enhanced activity to well-dispersed alkaline
earth metal and Ru ions in a solid solution structure, synergistic effects of (Li, Mg, Ca)?*/Ce®*"**/Ru™
ions, and strong catalyst-support interaction that optimized the ethanol conversion and hydrogen
production.
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Optically-Controlled Synthesis and Modification of Lead Halide |06
Perovskites under Laser Trapping
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Ever since Ashkin demonstrated a single-beam gradient force optical trap (optical tweezers), it has
played innovative roles in manipulating dielectric micro-objects without mechanical contact. In
chemistry, this technique was applied to smaller objects, such as nanoparticles, quantum dots, polymers,
proteins, and amino acids, confining and assembling those in the focal volume. Despite the spatio-
temporal preparation of assemblies and crystals, the potential of laser trapping technique for chemical
reactions remains unexplored. Here, we present optically-controlled synthesis and modification of lead
halide perovskites, which results from chemical reactions in the precursor solutions through local
concentration increase under laser trapping.

For the synthesis of perovskite crystals, a precursor solution prepared by dissolving MAX and
PbX; (MA = CHsNHs*, X = Br & CI) in a mixture of DMSO/DMF was placed in a handmade sample
chamber. Figure 1a shows crystallization behavior under the laser irradiation (1.0 W) at the surface of
a precursor solution of MAPDbBr1,0Cl20. The crystallization was similarly induced from the focal spot in
the unsaturated precursor solutions of other compositions, MAPbBr.Clz.n (n =0, 0.5, 1.5, 2.0, 2.5, 3.0).
Different from spontaneous formation of multiple crystals in saturated precursor solutions, laser
irradiation creates one single crystal with a high chloride composition in a spatio-temporally controlled
manner, which is through local concentration increase of precursor complexes and their de-solvation in
optical potential.>?

For the site-specific modification of a perovskite crystal, a MAPbBrso micro-rod was prepared
with a chemical approach in a sample chamber, followed by the addition of a reaction solution [MAI
(250 uM) in isopropyl alcohol:hexadecane (1:100, v:v)]. Figure 1b shows photoluminescence (PL)
images before and after the laser irradiation to the center of the micro-rod. Before the irradiation, the
whole MAPDbBr3 o micro-rod showed green emission due to its intrinsic property [panel (i) of Fig. 1b].
After the irradiation, the green emission was gradually changed into first yellow and finally red [panel
(ii) of Fig. 1b]. This is due to local halide exchange reaction of MAPbBr3 with MAI, which leads to
the formation of MAPD(Br-1);0 of a lower bandgap. Such bandgap modification was possible in
multiple positions by shifting the laser focus after the first irradiation, which is due to local

concentration increase in MAI under laser trapping.
(b)

(@) 7 min 0 o=
r ' 5€ q (i) before wradiation

laser

(i) after irradiation

MAPD(Br-1);
S Tadiation

-

image size: 40 x 30 pm?
image size; 80 x 60 pmé

Figure 1. (a) Optical micrographs around the focal spot under the laser irradiation to the precursor solution

of MAPDbBI10Clz0. (b) PL images of a MAPbBTr3 ¢ micro-rod before and after the laser irradiation.
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Picosecond Creation of Switchable Optomagnets from a Polar ILO7
Antiferromagnet with Giant Photoinduced Kerr Rotations

Yu-Miin Sheu
Department of Electrophysics, National Chiao Tung University, Hsinchu 300, Taiwan

On-demand spin orientation with long polarized lifetime and easily detectable signal is an ultimate goal
for spintronics. However, there still exists a trade-off between controllability and stability of spin
polarization, awaiting a significant breakthrough. Here, we demonstrate switchable optomagnet effects
in (Fe1xZny)>Mo30s, from which we can obtain tunable magnetization, spanning from -40% to 40%
of a saturated magnetization that is created from zero magnetization in the antiferromagnetic state
without magnetic fields. It is accomplishable via utilizing circularly-polarized laser pulses to excite
spin-flip transitions in polar antiferromagnets that have no spin canting, traditionally hard to control
without very strong magnetic fields. The spin controllability in (Fei1-xZny).Mo3Osg originates from its
polar structure that breaks the crystal inversion symmetry, allowing distinct on-site d-d transitions
for selective spin flip. By chemical doping, we exploit the phase competition between
antiferromagnetic and ferrimagnetic states to enhance and stabilize the optomagnet effects, which result
in long-lived photoinduced Kerr rotations. The present study, creating switchable giant optomagnet
effects in polar antiferromagnets, sketches a new blueprint for the function of antiferromagnetic

spintronics.
4 al~- 1
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Fig. 1. Illustration of optomagnets created by optical helicities in a magnetic basis. Four distinct spin
quantum states A, B, C, D can be selectively created from the zero-magnetization (M=0) state by flipping
one of the sublattice spin moments (1,2,3,4) = (1]|1) with the flipped moment color coded in each unique
configuration. This optomagnet can be made possible through the on-site d-d optical transitions with
combinations of pump photon energies Ei1» and circularly polarized pumps o*. Combining the resultant
magneto-optical Kerr rotations A6, we can unambiguously discern the four distinct microscopic states that
lead to two switchable magnetization directions macroscopically.
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Among porous molecular crystals, those constructed through preorganized hydrogen bonding, named
Hydrogen-bonded Organic Frameworks (HOFs), recently attract much attention as a new class of
porous organic materials because of their high crystallinity, potential designability, regenerability, and
facile construction process.! HOFs, however, have been regarded as relatively fragile framework and
their current designing strategy is still insufficient compared with other porous materials such as MOFs
and COFs because of weakness of H-bonds. In connection with this, we have demonstrated that various
Cs-symmetric m-conjugated molecules possessing 0-bis(4-carboxyphenyl)aryl groups in their periphery
successfully gave H-bonding low-density networked structures, which effectively gave stable HOFs
with permanent porosity by activation (see Figure).2 The obtained HOFs show significant thermal
stability over 300 °C and permanent porosity with the Brunauer—Emmett—Teller surface area values up
to 1288 m?g 1.2 Moreover, optoelectronic properties of m-conjugated systems applied for the building
blocks enabled to provide multifunctional HOFs such as acid-responsive HOFs with permanent
porosity.* Our strategy for constructing functional HOFs contribute to developing a new field of porous
organic materials.

o-bis(4-carboxyphenyl)-
benzene moiety

.

.0

(2
AR
- Integrated Layered assembly of H-bonded
Building block H-bonding motif hexagonal network

Figure. Formation of layered HOFs via H-bonding of Cs-symmetric n-conjugated molecules.
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A biosensor is generally defined as an analytical device, which converts the biochemical responses into
the quantifiable electronic signals. Its extensive utilities in medical diagnosis, toxicity testing, chemical
analysis, food industry, and many other areas for quantitative assessments has appeared. Quartz crystal
microbalance and field-effect transistor-based devices have been demonstrated to possess exceptional
characteristics and outstanding performance while conjugated with the advanced nanotechnology.
However, both devices still have to face the nonspecific binding issue, which is a headache for
researchers on all biosensor platforms. In our research, we have efficaciously reduced 95% nonspecific
binding via immobilize the zwitterionic layer on the surface of the chip. Moreover, we integrate
microfluidics, nanoparticles, rapid surface modification on several bio-sensing platforms to efficiently
pretreat specimens and detect target bio-molecules. In addition, a series advanced microfluidic chips
are designed for lymphocyte isolation, active sperm sorting, and nanoparticle synthesis.

Buffer (1X PBS) /r_)
(o)
;J\) >

Sample (lysed blood)

Yy =

Fig. 1 lllustration of the setup of spiral microfluidic channels for isolating human PBL rapidly and safely.
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We consider a minimization problem minimizing p objective functions fi: R" >R (i=1,---.p)
depending on n state variables. Pareto set is a set of points in ®* at which, forany i € {I,---, p}, one cannot
decrease i-th objective function without increasing any one of the other objective functions. Pareto front is

the image of Pareto set mapped by f= (f" o ’ff'). In general, if p is greater than 1, the objective functions
cannot be minimized simultaneously and thus it is important to understand structures of the Pareto set and
front, which are the set of the best compromise solutions and their image by f, respectively.

Under the assumption that n is equal to or greater than p and the objective functions are smooth, the
first order necessary condition implies that the Pareto set is a subset of singular points, where the singular
points of a map f: R" = R s the set of points at which the rank of the Jacobi matrix is less than p. We
introduce an equivalence relation among maps and classify local geometries of Pareto set and Pareto front
up to diffeomorphism. Below, we show the Pareto set and Pareto front of two of the equivalence classes of
codimension 0 in case P = 2. Roughly speaking, in case ? = 2, the Pareto front consists of a pieces of curves
ending at points and the class corresponding to the left figure appears in the middle of such curves whereas
one corresponding to the right figure appears on the edge of such curves. In this presentation, we will provide
a comprehensive list of possible local geometries of Pareto sets and Pareto fronts for # = p and for the pairs
{n, p) in the nice region [1] up to diffeomorphism [2].

. A

Figure (left, right): The image of / is indicated in yellow whereas its Pareto front is indicated in the thick
black lines in the space R”.

In this analysis, we have obtained a comprehensive list of local geometries of Pareto sets and Pareto
fronts for 7 = p and for the pairs (. 2) in the nice region up to diffeomorphism. First of all, this analysis
may be useful to understand all the possible trade-off relationships between mutually conflicting
objectives. Second, this list may provide some insight on designing benchmark problems.

References

1. Mather, J. Lecture Notes in Mathematics, 192:207 (1971).
2. Teramoto, H. et al. in preparation.

21
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Alkaline earth metal substitutions on the A-site of pyrochlore oxide MyLa,.xCei sRuo207.s (M =Mg, Ca)
were studied as catalysts for oxidative/autothermal steam reforming of ethanol (OSRE/ATR). The as-
prepared oxides were synthesized by a combustion method and characterized using Powder X-ray
diffraction (PXRD), X-ray photoelectron and absorption spectroscopy (XPS and XAS). PXRD Rietveld
analysis and elemental analysis (ICP-AES) support the formation of a pyrochlore-type structure (space
group Fd-3m) with the distorted coordination environment. The substitution of Mg®" and Ca*" ions
affect the oxidation states of Ce*”** and Ru™ ions and create oxygen vacancies, which leads to enhanced
catalytic activity and reduced ethylene selectivity. A long-term stability test showed optimized catalysts
Mg0,3La1,7C61,8RuO,207.5 and Cao,zLa1,3Ce1,gRuo,207_s With SHz = 101(1)% and SHz = 91(2)% under OSRE.
The initial operation temperatures were lower than that of the unsubstituted catalyst La>Ce sRug.07.s.
Catalysts supported on La;Zr,O7 showed stable OSRE/ATR performance and low carbon deposition
compared to catalysts supported on Al,O3. We ascribe the enhanced activity to well-dispersed alkaline
earth metal and Ru ions in a solid solution structure, synergistic effects of (Mg, Ca)**/Ce*"*"/Ru™ ions,
and strong catalyst-support interaction that optimized the ethanol conversion and hydrogen production.
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Polyimides (Pls) have good mechanical properties, excellent thermal stability, and good chemical
resistance. In this work, we use anodic aluminum oxide (AAQO) templates to prepare porous Pl and
carbon nanomaterials. AAO templates have regular nanochannels and the diameters and lengths of the
nanochannels can be easily controlled. First, polyamic acid (PAA) solutions are used as precursors and
infiltrated into the nanochannels of AAO templates, forming PAA nanotubes. Next, the PAA nanotubes
are annealed in tetrahydrofuran (THF) and N, N-dimethylformamide (DMF) solvent vapors to fabricate
porous PAA nanotubes; the pore lengths can be controlled by solvent vapors and annealing times. After
the imidization processes at 300 °C, porous Pl nanotubes can be obtained. Finally, the porous PI
nanotubes can be further converted to porous carbon nanotubes by carbonization processes, which have
potential applications in areas such as gas separation, capacitors, and energy storage devices.

,,,,,,,,,

Figure 1. (a) Schematic illustration of the experlmental processes (b d) SEM |mages of nonporous
PAA, PI, and carbon nanotubes. (e-g) SEM images of porous PAA, PI, and carbon nanotubes.

The experimental processes to fabricate the nonporous and porous PAA, PI, and carbon nanotubes
are illustrated in Figure 1a. Figure 1b-d shows the SEM images of the nonporous PAA, PI, and carbon
nanotubes. After the solvent-annealing-induced transformation process using THF vapors at 40 °C for
24 h, porous PAA nanotubes can be observed (Figure 1e). After the imidization and carbonization
processes, porous Pl and carbon nanotubes can be formed (Figure 1f, g).
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Traditional real-time fluorescence quantitative PCR has been recognized as a very useful and widely
technique for amplifying and detecting target DNA and suitable for digital PCR analysis in applied to
clinical and point-of-care testing(POCT) applications*?. Here, we report an effective technology for
optical quantitative PCR with passive driven microfluidic droplet-based assay. Such device is made by
polydimethylsiloxane(PDMS) with outer channel and the reaction chamber. According to the gas
permeability of PDMS, the microfluidic channel is covered with a waterproof layer and supporting
layers in order to prevent water loss during the PCR heating reaction. Also, mineral oil is injected into
the channel through the oil inlet that supplant adequate buffer out reserving PCR reagent in the reaction
chamber. This passive assay only requires hand pipetting for the entire experimental process and
external power system is not necessary. With designed microfluidic channel, buffer can be easily
exchanged in the reaction chamber. Human mutant EGFR mRNA solution isolated from H1975 cell
line is used as template to verify the accuracy of this method. Such simple, portable and self-priming
microfluidic PCR biochip can be potentially widely used in clinical application as a real POCT
technique.
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Figure. (A) Schematic diagram of the designed PCR biochip, showing different layers with different
functions. (B) The oil cover process during the mineral oil injecting through hand pipetting. (C) the result
and optical fluorescence image of detecting target mRNA (mutant EGFR) through passive driven
microfluidic droplet array.
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In this study, we synthesized new 10-300-nm graphene nanosheets—MnO-WO;3; (G/MnO2/WOs)
architectures through electrochemical induced cathodic plasma formation in one batch at low
temperature (70 °C) for a short time (2 hours) as compared to those in a hydrothermal method. We first
obtained 100-nm leaf-like graphene nanosheets (G), then 150-nm long and 10-nm diameter petiole-like
MnO. nanowires on G, and finally 280-nm petal-like WO3 on MnO,/G—thereby forming the
G/MnO./WOs architectures—as evidenced using scanning electron microscopy and transmission
electron microscopy. The G/MnQO,/WQOs architecture has surface area of 291 m2 g~*—much higher than
that of G/MnO; of 241 m? g! and of G of 59 m? g that provides suitable surface area for ions
diffusion during the charging and discharging process. As a result, the electrode incorporating
G/MnO2/WOs architectures exhibits excellent specific capacitance of 620 F g~2—45% and 200% higher
than those of G/MnO, and G electrodes (421 and 189 F g, respectively)—at a current density of 0.5
A g1. Moreover, the G/IMnO,/WO; electrode exhibits good cycling stability with 90% capacitance
retention over 5000 cycles at 1 A g*. Such new G/MnO./WOj3 structures not only provide high-
performance electrode applications but also provide a potential way to obtain high surface area,
resulting in other rligh—performances.
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Surface-enhanced Raman scattering (SERS) substrates with three-dimensional porous nanostructures
have been developed for sensitive and reproducible approaches. In this work, a novel hybrid substrate
with a spongy-like pore system of block copolymer layer supported on self-organized nanocavity arrays
of anodic aluminum oxide (AAO) template is prepared. Gold nanoparticles (AuNPs) with an average
size of 13 nm are anchored on the as-prepared porous hybrid substrates.
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Figure 1. SEM images of the underlying concaved AAO templates: (a) Top-view and (b) 45 tilt-view. SEM
images of the porous hybrid substrates: (c) before and (d) after anchoring with AuNPs. (e) SERS spectra of
different substrates anchored with dispersed or aggregated AuNPs. The concentration of R6G molecules
and the size of the AuNPs are 10* M and 13 nm, respectively.

Figure 1a and 1b show the SEM images of the AAO templates with self-organized nanocavity arrays
fabricated by a traditional two-step anodization method. To generate a spongy-like pore system of the
block copolymer layer, we apply the UV irradiation and the selective removal processes (Figure 1c).
Also, the citrate-stabilized AuNPs can be anchored on the top of the porous block copolymer layer
successfully, as shown in Figure 1d. The SERS spectra of the as-prepared substrates are displayed, and
the bare AAO templates without a porous block copolymer layer are also shown for comparison in
Figure le. The results reveal that the increase of the surface area and the generation of hot-spots
resonance effects can strongly enhance the signal intensities.

In conclusion, we have successfully prepared a porous hybrid SERS substrate using PS-b-PMMA
and AAO template. In comparison with bare AAO templates and flat surfaces, our porous hybrid
substrate shows high-intensity enhancement because of strong near-field interaction induced by
nanostructure. The enhancement factor (EF) is ~10* and the relative standard deviation (RSD) is less
than 10%. This work may open a new avenue for the preparation of large-area and reliable SERS
substrates.
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Optical forces result from the transfer of momentum from an incident light to a material object. Most
famous for its application in optical tweezers?, optical forces have also gain much attention for it could
provide an efficient way to sort nanoparticles and molecules based on their optical properties®®.
However, in usual experimental conditions optical forces acting on nanoparticles are too weak or too
localized to allow for efficient optical sorting of a large ensemble of nanoparticles dispersed in a liquid
solution.

In order to address this issue, we investigate in this work the fabrication and the use of tapered
glass capillaries for nanoparticle optical manipulation and sorting applications. We first report on the
fabrication of micro- and sub-micrometer scale glass capillaries by heating and pulling method. After
filling a tapered capillary with an aqueous colloidal dispersion of red-fluorescent nanodiamonds, a 532
nm green laser light is coupled into the capillary. The tapered capillary acts thus both as a microfluidic
channel and as an optical waveguide. This allows for enhanced light-nanoparticle interactions over a
distance reaching few millimeters. We used an incident laser power of few tens of milliwatts to
demonstrate optical transportation of 100 nm nanodiamonds inside few-micrometer-large capillaries.
Particle velocities reaching few tens of micrometers per second were achieved. After investigating the
power-dependence of the optical transport, a quantitative analysis of the optical force and the
hydrodynamical drag force acting on the propelled nanodiamonds is performed. Nanoparticle sorting is
also demonstrated by balancing the optical transport of the nanodiamonds with a liquid flow in the
opposite direction. Our results evidence how thin tapered glass capillaries can advantageously be used
to sort nanoparticles according to their size.

Owing to their unique geometry, the use of tapered glass capillaries as optofluidic platforms is
expected to enable further investigation and progress in optofluidics.

References

1. A.Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and S. Chu, Opt. Lett., 1986, 11, 288-290.

2. T.Imasaka, Y. Kawabata, T. Kaneta, and Y. Ishidzu, Anal. Chem., 1995, 67, 1763—1765.

3. S.E.S. Spesyvtseva, S. Shoji, and S. Kawata, Phys. Rev. Appl., 2015, 3, 044003.

4. Y. Shi, S. Xiong, L. K. Chin, J. Zhang, W. Ser, J. Wu, T. Chen, Z. Yang, Y. Hao, B. Liedberg, P. H.

Yap, D. P. Tsai, C.-W. Qiu, and A. Q. Liu, Sci. Adv., 2018, 4, eaao0773.
G. Tkachenko, E. Brasselet, Nat. Commun., 2014, 5, 3577.

o

27



Plasmonic Optical Trapping of Molecular Nano-aggregates PO7

Kenji Setoura, Yu Kitamura, Yohei Nishikawa, Keiji Sasaki

Research Institute for Electronic Science, Hokkaido University, N20, W10, Sapporo,
Hokkaido 001-0020, Japan

Optical trapping has attracted much attention as a non-contact method for capturing and analyzing
micron-sized objects. Optical forces acting on the small object under light illumination can be divided
into the following three terms?; gradient force (Fgrad), SCattering force (Fsca), and absorption force (Faps).
As shown in Figure 1a, Fgrad acts as attractive force to the object and traps it at a focal point of a tightly
focused Gaussian laser beam, while Fsa and Fabs slightly push the object along the axis of laser
propagation. To make the optical trapping stable, one needs to minimize the laser focal spot as small as
possible because Fgraq is proportional to spatial gradient of light intensity. For this purpose, use of
localized surface plasmon (LSP) has been proposed recently?®. As LSP is evanescent fields on noble
metal nanostructures, the gradient of light intensity is free from restriction of diffraction limit, enabling
Fgraa Stronger. Therefore, optical trapping with plasmonic nanostructures may offer opportunities for
capturing nanometer-sized objects in solution.

In the present work, we examined optical trapping of molecular nano-aggregates using
plasmonic nanostructures, and modulation of their emission behavior with the optical forces. As a
molecule, we used hexaphenylsilole (HPS). This molecule is non-emissive while dissolved in solution,
and turns into emissive when aggregated because of restriction of intramolecular rotations*; the
emission behavior could be modulated with the optical forces. For the optical trapping, we fabricated a
dimer structure of gold nanosquares on a glass cover slip with electron beam lithography, as shown in
Figure 1b. The length of the square is 140 nm and the gap distance between the dimer is ca. 10 nm. This
nanostructure exhibits the gap-mode plasmon resonance at a wavelength of 1064 nm. In the poster
session, we will present results on the plasmonic optical trapping of HPS in a binary solution of water
and tetrahydrofuran (THF).
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Figure 1. (a) Schematic representation of the optical forces.
(b) Scanning electron microscopy image of the gold dimer nanostructure.
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Single nano-particle tracking (SPT) in both time and spatial domain is highly desired in modern
biology. Based on different principles, nanoparticles such as semiconductor quantum dots, and
nonfluorescent surface-enhanced Raman scattering (SERS) nanoparticles have been used to achieve
SPT. Comparatively, SERS possesses higher molecular sensitivity, which enables the development of
so-called SERS barcoding. SPT can be achieved by decoding SERS signal of the SERS reporter-
encoded nanoparticles.

Cancer metastasis is essentially cell migration and proliferation, in which the integrin-mediated
adhesion plays a crucial role. It is believed that altered integrin expression is related to many kinds of
cancer, however, the specific role of integrin is still unrevealed?. To track integrin, SERS reporter-
marked nanoparticle can be introduced. The nanoparticle can be connected to integrin through specific
peptide, and the integrin tracking can be indirectly achieved by tracking the nanoparticle. However,
most of the SERS reporter molecules are harmful to cell, and the complicated intracellular environment
could also interfere the detection of target nanoparticle. In this research, mesoporous silica (MS) coating
is applied to the SERS reporter-functionalized nanoparticles (Au nanostar), as shown in figure 1, aiming
to track the integrin with low cytotoxicity and high sensitivity.

In the SERS reporter functionalization part, 4 chemicals, including 4-mercaptobenzoic acid (4-
MBA), 2-naphthalenethiol, 5,5’-dithiobis-(2-nitrobenzoic aC|d) (DTNB), and H1,SCsO-azobenzene
were selected. The = i e =T 7= gpasrrea e e 8
spectra of them are il ; 'Y
shown respectively in a&
red, blue, pink, and
purple in figure 2.

Obviously, these < 4 P
chemicals possess high
Raman activity, and S e
their  spectra have Fig. 1. Research Scheme Fig. 2. %RS Spectra of Various

R .. aman Reportels
different characteristic s000
peaks. After SERS reporter functionalization, 3% M4 MBANo Costog 633 Excaton
the MS coating has been achieved. One of the ]
innovative pOintS of this project is the SERS 4MBAMSCoaun9633 nm Excnan;m
activity after MS coating. The SERS signal can
be detected after coating, shown as the orange L — L —
spectrum in figure 3, which convinces the _ Wavenumber com)
fe aS|b|I|ty of this pr Oj ect. Fig. 3. SERS Spectra of 4-MBA with and without MSNP Shell

In conclusion, this project mainly consists of four parts, including the synthesis of gold nanostar,
the SERS reporter functionalization, the MS coating and intracellular tracking. Until now, the first three
parts have been covered. In future research, the single particle tracking will be carried out in order to
study the migration of integrin under both time and spatial dimension.
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Anti-cancer drugs used in cancer chemotherapy act not only on cancer cells but also on normal cells,
leading to various side effects. To address this issue, drug delivery systems (DDS) has been developed
as a technique to concentrate a required amount of anticancer agents mainly at the targeted sites. In
recent years, mesoporous silica nanoparticles (MSNP) has attracted attention as drug.

We have developed the surface modification of MSNP with polyethyleneimine (PEI) and
hyaluronic acid (HA) to target lung cancer cells. Confocal fluorescence microscopy has been used to
visualize uptake and distribution of the surface-modified MSNP inside the cancer cells. However, the
diffusion of MSNP inside and outside the cells has not been clarified. Therefore, in this study, we
decided to observe uptake dynamics of MSNP using fluorescent microscopy.

MSNP was synthesized by biphase method using tetraethylorthosilicate (TEOS),
cetyltrimethylammonium chloride (CTAC), triethanolamine (TEA) and 1-octadecene. Rhodamine B as
a fluorescent dye and Doxorubicin (Dox) as an anticancer agent were added to MSNP dispersion and
stirred overnight. Layer by layer method was used for surface modification of MSNP. Positively
charged polyethylenimine (PEI) was coated on the negatively charged MSNP surface by electrostatic
interaction. Then, hyaluronic acid (HA) that is a ligand for the CD44 receptor overexpressed in specific
cancer cells were bound to the peptide bond wusing the EDC (1-Ethyl-3-
(dimethylaminopropyl)carbodimer) coupling. These MSNPs were added to A549 cells and fluorescence
observation was performed using a confocal microscope.

Time lapse observation by confocal
microscopy revealed that MSNP adhered
to the cell membrane after 15 minutes and
began to be taken in the cell. It was
revealed that after 90 minutes many
particles accumulated in the cell nucleus
(Fig. 1).

In contrast, when Dox was directly
added to the cells, fluorescence was
observed from the cell nucleus and the
whole cytoplasm after 3 hours. The Fig. 1 State of intracellular diffusion of MSNP. (a) 15
fluorescence from the nucleus was minutes and (b) 90 minutes after addition of MSNP
quenched after 24 hours (Fig. 2). On the other hand, when MSNP containing Dox was added to the cells,
fluorescence from the cell nucleus was not observed neither 3 hours nor 24 hours (Fig. 3).

In conclusion, we successfully observed the intracellular diffusion of MSNP containing
Rhodamine B. The microscopic observation indicated that MSNP carried Dox to the cancer cell and
slowly released Dox near the nucleus of the cancer cell. These results suggest that anticancer drugs
delivered by MSNP can suppress the side effects.

Fig. 2 CLSM imdtes of cells. (a) 3 hours after ad%h'; CLSM i S of cells. (a) 3 hours after

) tion of MSN P Dox (b) 24 hours after
a (ﬁi\mon of Dox (b) 24 hours after addition of Sddition of MSNP. Dox

30



Coating of Metal Nanowire with Metal-organic Framework for P10
Size-selective Surface-Enhanced Raman Scattering

Taku Murasugi?, Kenji Hirai*, Tomoko Inose !, Hiroshi Ujii 1

'RIES, Hokkaido University, Sapporo, 001-0020, Japan
2KU Leuven, Celestijnenlaan 200F 3001 Leuven, Belgium

In order to unveil the behaviors of cells, it is important to detect specific molecules in living cells with
high spatial resolution. Surface-enhanced Raman scattering (SERS) by metal nanomaterials is a
promising way to analyze a tiny amount of molecules. Recently, we developed a technique to insert
metal nanowires into living cells to obtain SERS spectrum of the molecules therein.!!l However, it is
still difficult to analyze the specific molecules from SERS spectra consisting of the mixtures of various
molecules. To address the issue, we fabricated metal nanowires coated with metal-organic framework
(MOF) 131, Specific molecules are selectively adsorbed by MOF and diffuse to the surface of metal
nanowires. Thanks to the synergy of selective adsorption by MOF and molecular detection by metal
nanowire, MOF-coated nanowires enable to obtain SERS spectra of only the molecules that can pass
through the micropores of MOF.

Silver nanowires (AgNW) were )
synthesized by the polyol method. The I
obtained AgNW was heated in chloroauric j},_d__,_,_f'wf»—nﬁw' M
acid (Au-AgNW). After that, Au-AgNW |
was stirred with ethanol solution of 2-

ib) I Il

Intensity (a.u.)

[ S | (N T S |, S -
methylimidazole and zinc acetate dihydrate AN
in an ice bath to coat ZIF-8 on the surface of PR, vV VS L S
Au-AgNW (Au-Ag@ZIF-8NW).
Au-Ag@ZIF-8NW was observed by @ |
scanning electron microscope (SEM). The 00 600 S00 1000 1200 1400 1600 1800 2000

elemental mapplng of Ag’ Au and Zn by Raman shifi (cm)

energy dispersive X-ray —spectrometry  Fig, 1. Raman spectra of (2) 4-MBA on Au-AgNW and (b) 4-
(EDX) suggests Au-etched Ag nanowire MBA on Au-Ag@ZIF-8NW, (c) GSH on Au-AgNW and (d)
was coated with ZIF-8 composed of Zn*. GSH on Au-Ag@ZIF-ENW.

The crystals of ZIF-8 grown on metal Au-AgNW was also observed by scanning transmission electron
microscope (STEM). powder X-ray diffraction (XRD) patterns of Au-Ag@ZIF-8NWs corresponds to
the superposition of Ag and ZIF-8, indicating that crystals grown on nanowires are ZIF-8. These results
indicate that Au-Ag@ZIF-8NWs were successfully obtained.

SERS spectra of 4-MBA were obtained by both of Au-AgNW and Au-Ag@ZIF-8; however, SERS
spectrum of GSH was obtained by only Au-AgNW (Fig. 1). ZIF-8 can adsorb 4-mba but cannot absorb
larger GSH; thus only 4-mba was detected by Au-Ag@ZIF-8.

In this work, we succeeded to obtain the SERS signal of only the molecules that can pass through
the pores of ZIF-8. It is expected that various molecules can be selectively detected by coating
nanowires with MOF suitable for the target molecules.
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Graphene is a graphite layer with a thickness of one atom, which shows excellent carrier mobility,
mechanical strength, and flexibility. Graphene is usually a conductor without a band gap. However,
when the sheet-like graphene is changed to a fine ribbon-like graphene nanoribbon (GNR), a band gap
could formed by a quantum confinement effect while keeping the physicochemical properties of
graphene. GNR is thus a promising candidate for next-generation semiconductor materials. Such GNR
can be produced using chemically unzipped GNRJ[1]. The purpose of this work is to elucidate the
electronic state and edge structure of chemically unzipped GNR using a Tip-enhanced Raman
scattering(TERS) microscope capable of obtaining molecular information at nanosclae..

GNRs were obtained by chemically unzipped double-walled carbon nanotubes (DWNTSs) with
diameters of 3-15 nm. Shortly, the DWNTs were annealed at 500 °C to induce defects and then
dispersed in  1,2-dichloroethane  containing  poly(m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene) (PmPV). The solution was sonicated for 5 h at 600 W to obtain unzipped single-
layered GNRs (sGNRs). Then the solution was ultracentrifuged at 50300 G for 2 h to remove any
unzipped nanotubes as well as the amorphous carbon-like impurities. The supernatant was then spin-
cast onto a Au(111) substrate and the substrate was annealed at 350 °C for 1.5 h to remove PmPV prior
to TERS measurement. TERS measurements were performed on an Omegascope ™ with a home-made
Raman scattering spectroscopic platform. Laser light
from a He-Ne laser (632.8 nm) was focused onto the
sample/tip for TERS mapping experiments.

From one DWNT, two GNRs will be produced,
namely from outer and inter nanotubes. Generally, the
width of GNR from outer nanotube is greater than that
of inner nanotube. Figure (a) shows an AFM image of
y-shaped GNRs, in which two-layered GNR, single
layer of outer and inner GNRs are visible at bottom, B:G-band
upper left, and upper right of the image, respectively. == - — hbed
Figure (c) displays TERS spectrum on doubled GNR. Izgu(lff-lAF%I_grﬂ?Segf%%dlspﬁ*fpn an
The spectrum shows the prominent peaks of GNRs, D- AG}{R_ (ng‘gR; ;e(ct)mm obtg‘fgglgg g{éﬁ?o
band (~ 1580 cm™) and G-band (~1600 cm™). TERS
mapping of corresponding peaks is shown in Figure (b). The image was merged with the D-, G-band
maps in magenta and blue, respectively, with arbitrary intensities. The TERS mapping clearly indicates
that the D-band was observed only on the outer GNR, while G-band was observed on the inner GNR.
From this result, we expect that first annealing process of DWNTSs induce defects on the surface of outer
DWNT, while less defects were induced on the surface of inner DWNTS.

TERS mapping of y-shaped GNR indicate that D-band was mainly observed only from GNRs from
outer layer of DWNT, while GNR from inner nanotube shows mainly G-band, indicating good quality
of GNR without defects. Since D-band corresponds to the chemical and physical defect of GNR, we
can conclude first annealing process of DWNT induce many defects on outer nanotubes but not on inner
nanotubes. As such, TERS measurements allow us to reveal the reaction mechanism of unzipping
process of DWNT at nanoscale. In future, chemical/physical condition of GNR will be investigated
using TERS.
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Silver nanowires (AgNWSs) are
one of the most interesting and
useful metal nanostructures due to
their unique electronic, thermal,
and optical properties. The
development of AgNWSs synthesis
has been incentivized. However,
less attention has been paid to
control of the end morphology. In | Bt
this contribution, we introduce an | Fig- 1. SEM images of (a) normal AgNWs and (b) ed
active engineering of AGNW end | Pencil-ike AgNWs.

morphology to enhance and control NLO response.* We will show a critical effect of a trace amount of
water added in the polyol reaction on end morphology. An appropriate amount of water in the synthesis
provides AgNWs with very sharp end morphology in the yield over 90%. Briefly, ethylene glycol (EG)
were refluxed with Polyvinylpirrolidone K30 (PVP). CuCl2 EG solution was then added to this solution
followed by adding of silver nitrate (AgNO3) EG solution and stirring . After the solution color turns
greenish, of AgNO; EG solution was added drop-wise, and the reaction mixture was further refluxed.
After the reaction, the mixture was cooled down to room temperature under ambient condition. After
the process, the mixture was washed with ethanol by centrifuged the solution. For the investigation of
the effect of milli-Q during the reaction, small amount of milli-Q water were added in EG during the
synthesis. All the solution preparation and synthesis were performed at humidity of ~ 20%. First, we
performed a standard polyol synthesis of AgNWs. Briefly, AgNOs EG solution was added drop-wise at
an injection rate of 100 pL/min into a pre-refluxed EG solution of PVP in the presence of CuCl,. The
reaction solution was further kept after injecting all the AgNO3 solution. We obtained AgNWs with a
typical length of 10 to 50 um and averaged diameter of 200 + 48 nm (Fig. 1(a)). In the second synthesis,
a small amount of Milli-Q water was mixed with EG in advance, and this mixed solvent was used for
all the precursor solutions. Except for adding water, the synthesis protocol was identical to the first
synthesis. As seen in the SEM image of AgNWSs synthesized in the presence of 0.2 % (v/v) water (Fig.
1(b)), most of AgNWSs possess very sharp end morphology. We estimated to be more than 90 % of
AgNWSs with sharp-end and less than 10 % with trapezoid-like morphology. NLO response is sensitive
to nanoscale structural change. Since the end morphology of AgNWs is successfully controlled, we
investigated dependence of end morphology on SHG properties of AgNWs.

In conclusion, synthesis of AgNWs with sharp ends has been developed through the slight
modification of the well-known polyol synthesis. We found that water content in the solvent in the
synthesis is the key to control end morphologies of AgNWSs. The end shape can be controlled by varying
the amount of water in the reaction solution. Appropriate amount of water (0.2 ~ 0.4% (v/v)) together
with proper reaction time (1 hour) provide pencil-like AgNWs with sharp end morphology in excellent
yield over 90%. As an application, nonlinear optical effect, i.e. SHG, on the sharp nanowires was
investigated. The SHG can be remotely generated through propagating plasmons on AgNWs. SHG
emitted from a nanowire end shows uni-directional Poynting vector along the long axis of AgQNWSs. We
suggest that the sharp-end AgNWs are suitable for nonlinear plasmonic applications, such as super
resolution nonlinear optical microscopy and spectroscopy.

/
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Under illumination at the plasmonic resonance wavelength, gold nanoparticles (AuNPs) absorb the incident
light and turn the photon energy into heat, so-called photothermal effect!!l. One way to utilize the
photothermal effect of AuNPs for nano-heat source is to deposit AuNPs on nanowires so that the spatial
position of AuNPs is controlled by manipulating the nanowires. The spatial control of AuNPs enable to
deliver the heat to the desired positions. In this work, we demonstrate a facile means to fabricate AuNPs on
silver nanowires (AgNWs) using photoreduction of AuNPs. The laser (488nm) focused on AgNW facilitates
photoreduction of gold ions to form AuNPs on AgNWs. The resulting AuNPs on AgNWs convert the photon
energy to heat. The increase of temperature is visualized by formation of bubbles in water, indicating the
temperature to reach the boiling point.

AgNWs were synthesized by polyol method!.
For fabrication of AuNPs on AgNW, 3 uM aqueous
solution of tetrachloroauric(IIl) acid (pH = 11) were
dropped on the glass substrate where AgNWs were
dispersed. AuNPs were fabricated on AgNWs in
aqueous solution of tetrachloroauric(Ill) acid under
irradiation of laser (488nm). AuNPs deposited on
AgNWs were clearly observed by scanning electron Nedhingoir: o ety T
microscope (SEM) (Fig. 1a). Mapping of energy
dispersive X-ray spectra (EDX) showed gold
deposited at the position where the laser was focused
(Fig. 1b). The laser (633 nm) was irradiated at
AuNPs on AgNWs to excite the plasmon resonance
of AuNPs. The bubble was formed soon after the s |
laser was irradiated on AuNPs (Figs. 1¢), indicating i
the temperature reached the boiling point of water  Fig. 1 (a)SEM image

of AuNPs on AgNW,
(100 °C) by heating from AuNPs. This is because  (b)EDX mapping: superposition of Au and Ag,

AuNPs on AgNWs converted the light energy to heat. ~ (¢)Microscopic images of AuNPs on AgNWs
(left) and after laser irradiation (right).

References
1. Ndukaife, J. C., Shalaev, V. M. and Boltasseva, A. Plasmonics-turning loss into gain. 334, 6271 (2016).
2. Korte, K. E., Skrabalak, S. E. and Xia, Y., J. Mater. Chem., 18, 437-441 (2018).

34



SERS-based pH Sensors with Highly Reduced Cytotoxicity P14

Qiang Zhang?, Kiri Watanabe?, Ibuki Kotani!, Beatrice Fortuni?, Taemaitree
Farsai®, Hitoshi Kasai®, Johan Hofkens?, Kenji Hirai', Tomoko Inose!, Hiroshi
Uji-it?

IRIES, Hokkaido Univ., 2 KU Leuven, * IMRAM, Tohoku Univ.

Intracellular pH plays an important role in cell functions, such as apoptosis, endocytosis, etc.!
Understanding and manipulation of pH may have considerable potential in therapy and the reliable and
sensitive local cellular pH sensing is required for this end. Surface-enhanced Raman scattering (SERS)
has been widely used for pH sensing. Silver nanoparticles are ideal SERS substrate since chemical
enhancement is required. However, silver nanoparticles suffer from the cytotoxicity. We have
developed a simple method to coat silver nanoparticles with very thin gold layer on a
polydimethylsiloxane film, which shown strong SERS activity at visible light frequency.? Here, we
applied this coating method to silver nanoflowers (AgNFs) to realize local pH sensing with low toxicity
in live cell, employing 4-mercaptobenzoic acid (4-MBA). We successfully obtained AgNFs with good
dispersity in aqueous solution. The SEM image confirmed the flower-like morphology. (Fig. 1A) Gold
coated silver nanoflowers (AuAgNFs) was obtained by adding L(+)-ascorbic acid at pH 11 to suppress
the silver nanoparticles induced toxicity. SEM image revealed AuAgNFs maintained the flower-like
morphology. (Fig. 1B) The enhancement factors of SERS activity for both AgNFs and AuAgNFs
achieved 10°(Fig. 2A), revealing the AUAgNFs possessed strong SERS activity at visible light region.
Cell viability of A549 cells incubated with AgNFs and AuAgNFs for 24 h was investigated, 38.5 + 3.0
% for AgNFs, 98.9 + 3.1 % for AuAgNFs, revealing the AuAgNFs have a

A

Fig. 1 SEM images of Ag NFs (A) Fig. 2 SERS activities of AgNFs and AuAgNFs.
And AuAgNFs (B). (A) pH calibration curve by 4-MBA-AuAgNFs. (B)

very low toxicity. We investigated the pH responses for 4-MBA functionalized AuAgNFs (4-MBA-
AuAgNFs) and gold coated silver nanoparticles (4-MBA-AuAgNPs), in PBS buffer solution. It was
found that the pH-sensitive COO" stretching band shown two components in SERS spectra at higher pH
level for both AuAgNPs and AuAgNPs, in which the first component is bounded and the second
component is unbounded. The calibration curve to calculate intracellular pH was constructed using the
ratio between the maximum intensities of the pH-sensitive COO" stretching band and the pH-insensitive
benzene ring breathing band based on AuAgNFs, which is more sensitive at intracellular pH range.
(Fig. 2B) The probes based on AuAgNPs possessed a more broad pH sensing range, which could be
originated from the higher pKa value of the 4-MBA on AuAgNPs resulted from smaller curvature of the
AUAgNPs. Indeed, one can design the pH sensors on-demand according to this finding. Finally we recorded
intracellular SERS spectra with different incubation time for A549 cell. The intracellular pH decreased
with time went by most likely due to the transfer of 4-MBA-AuAgNFs from endosome to lysosome,
indicating it can be used to monitor the pH of live cells. The desighed pH nanoprobe should have great
potential for single cell analysis on account of the low cytotoxicity and strong SERS enhancement
capability.

Raman shifi(em™)
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X-rays are a powerful probe for imaging deep inside thick objects under various environmental
conditions due to their high penetrating power. The ultrashort pulse duration of X-ray free-electron
lasers (XFELSs) adds a new possibility to achieve higher spatial resolution imaging free from radiation
damage. Coherent diffractive imaging (CDI) is a lensless nano-imaging technigue and is suitable for
XFEL. The authors have developed a method to image nanoparticles in solution under controlled
environmental conditions, pulsed coherent X-ray solution scattering (PCXSS)?, using XFELs and image
reconstruction algorithms in CDI. By using a tighter focused XFEL beam, higher spatial resolution can
be achieved?. A unique feature of PCXSS is to keep solution samples under a controlled environment
in micro-liquid enclosure array (MLEA) chips fabricated using photolithography techniques in-house
at Hokkaido University®. We present the basics of PCXSS and examples of PCXSS measurement, for
living cells! and self-assemblies of gold nanoparticles®, performed using SACLA. Industrial

applications of PCXSS are also described>®.
Coherent X-ray diffraction pattern

Multiport charge-coupled

/ 1 device (MPCCD) detector
?/ , ;‘-" Microliquid enclosure array (MLEA)

X-ray focusing mirror system

Fig. 1. Pulsed coherent X-ray solution scattering (PCXSS)
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The research aimed at molecular-scale single-particle imaging (SPI) based on the “diffraction before
destruction” concept! is in progress at X-ray free-electron laser (XFEL) facilities around the world. One
of the challenges in the research is the development of a sample delivery system with sufficiently low
background scattering?. As a step towards designing fundamentally new liquid cell arrays for molecular-
level SPI, we measured the background scattering from support frames and partitions, which are the
major components of liquid cell arrays.

A liquid cell array typically consists of a support
frame, partitions, and membrane windows (Figure 1).
To find the optimum frame aperture size, we
fabricated rectangular open apertures ranging from
10x10 pm? to 200200 um? in size on a 150-pm-thick
silicon substrate by photolithography. Next, to .\
determine the optimum partition aperture size, Particles of interest Membrane window |
circular holes having a diameter from 10 to 200 um
were fabricated using a 200-nm-thick silicon nitride  Fig. 1. One design example of a liquid cell for SPIL.
membrane as a candidate for partition material. An

XFEL experiment was performed at BL2 of SACLA.
Figure 2 shows the circular-averaged intensities of
diffraction patterns from the rectangular aperture of
the 120 x120 um?silicon window frame and the 75 um
circular aperture on the silicon nitride membrane. The
circular average of the diffraction pattern obtained
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100S2 are also shown for comparison. Figure 2 shows $10" f S 1
that the background intensities from the apertures are s, 2 \—\-y» oot ,]
as low as those without the sample and thus can be ~~
neglected. Though the optimum aperture size will <10%3 07 032 03 03 05
depend on slit configuration etc., we found that 75 um Spatial frequency (nm-’)

is the minimum threshold diameter for the size of the Fig. 2. Angular-averaged intensities of
circular aperture of silicon nitride membranes for the diffraction patterns from the apertures.

given experimental setup.

References

1. Solem & Baldwin, Science, 1982, 218, 229-235.

2. H. N. Chapman, Annu. Rev. Biochem., 2019, 88, 35-58.
3. T. Kato et al., Structure, 2010, 18, 719-724.

37



Photon-recycling by Nonradiative Energy Transfer in
Piezochemically Synthesized Organic-Inorganic Hybrid Lead
Halide Perovskites

P17

Sushant Ghimire,! Yuta Takano,!? Vasudevanpillai Biju'?

'Graduate School of Environmental Science, Hokkaido University, N1OWS5,
Sapporo, Hokkaido 060-810, and “Research Institute for Electronic Science,
Hokkaido University, N20, W10, Sapporo, Hokkaido 001-0020, Japan

Perovskites are promising semiconductor materials for efficient and cost-effective solar cells,
multicolor LEDs and low threshold lasers. Repeated absorption of emitted photons, also called photon
recycling, in large crystals and thick films of perovskites leads to delayed photoluminescence (PL) with
decreased PL intensity. The long-range energy transport in large crystals and thick films of lead halide
perovskites is facilitated by photon-recycling®? which results in red-shifted and delayed emission from
thick perovskite samples. The role of distinct bands, which act as donors and acceptors of energy, and
nonradiative energy transfer on such low intensity and delayed emission is yet to be rationalized. In
perovskites with close-packed donor-acceptor type states, nonradiative energy transfer should also play
an important role on photon-recycling. In this study, we show photon-recycling by nonradiative energy
transfer in piezochemically synthesized and close-packed pure and mixed halide methylammonium lead
perovskites.?

We prepare methylammonium lead halide
(MAPbX3; MA=CH3;NH3;, X=ClI, Br and I) and
mixed halide (MAPbBrs.«lx) perovskites by the
piezochemical synthesis, which is by applying a
pressure of 2.4 GPa to the thoroughly mixed
precursor salts for 30 min (Figure 1a). Here, the
piezochemical synthesis helps us to not only
synthesize the perovskites but also close-pack the
perovskite crystallites into thick pellets, which is
essential for nonradiative energy transfer through
distributed bands.

The PL spectra (Figure 1b) of mixed halide
perovskites show a decrease in intensity of green
(500-575 nm) emission from Br-rich domain which
is associated with an increase in red (650-800 nm)
emission from I-rich domain and vice versa, at
different positions. Besides, the PL lifetime (Figure
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1c) of a green emitting (500-575 nm) Br-rich
domain is much shorter (ca 1.77+0.33 ns) than that
of a pristine MAPbBr; pellet (ca 15.56+3.89 ns).
These results suggest that the excited state of Br-

Fig. 1. (a) Photographs of piezochemically synthesized MAPbX;
(X=Cl, Br, I) perovskites. (b) PL spectra of a mixed halide
(MAPDBI; ) perovskite pellet collected from Br-rich and I-rich
domains. (c) PL decay profiles of pristine MAPbBr; and Br-rich
(500-575 nm) domains.

rich domain is deactivated by the I-rich domain and
thus lowers the PL lifetime, highlighting the role of nonradiative energy transfer from the donor (Br-rich) to
the acceptor (lI-rich) on photon-recycling.

In conclusion, by the piezochemical synthesis and close-packing of lead halide perovskites, we find
out that nonradiative energy transfer through distributed bands play a central role on photon recycling.?
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The conversion of solar energy to thermal, chemical, or electrical energy attracts great attention in our
daily life.! There has been considerable effort for the efficient extraction of photons throughout the
entire solar spectrum. In this study, we efficiently harvest light energy using a long-lived
photogenerated betaine formed from an acridinium-based electron donor-acceptor dyad. The
photothermal energy conversion efficiency of the dyad is significantly enhanced by the simultaneous
illumination of blue (420-440 nm) and yellow (480-700 nm) light, which is when compared with the
sum of the independent blue and yellow light illuminations. The enhanced photothermal effect is due
to the photogenerated betaine that absorbs longer wavelength light than the dyad, which makes the
dyad-betaine combination promising for efficient photothermal energy conversion.
The structures of a novel, 9-substituted

acridinium ion-based photothermal generator, 1 2 b c

and a model compound 2 are given in Fig.1. It also or T e 2 .
shows the pH-dependent absorption spectra of 1.~ (1 :E 4 o e -
This molecule undergoes a reversible formation of 90 iﬁg 2 40

betaine structure at alkaline pH. The betaine W F ool

structure shows anew absorption peak around 530 4 1° " wdReallon™ 0 rhngn’ ¥
nm, which is attributed to the charge transfer cHy 12 T e ar—
absorption band. Figures 1c and le shows the g oo PSS

PTEs observed for 1 and 2 at pH 7.4 and underthe "> I = = obs | Sos| . B
blue light (420-440 nm, 140 mW cm2), the yellow - [, e HE R
||ght (>48O nm, 440 mwW Cm_z), or the (;3 00 Tzilme(?mn)s 02 00 g Agrime(gha) 144

simultaneous excitation by the two (dual
photoexcitation). During the long period of Fig. 1. a, d) The structures of 1 and 2, b) absprption
illumination up to 10 min, 1 and 2 show spectra of 1. c,e) The phptothermal responses induced
significant increase in the temperature by the blue Y 1 @nd 2 respectively by yellow light (black
light illumination and the dual photoexcitation. 1 trace), blue light (bluc trace) and dual ph.Otoexcnauon
g . . P (red trace) at pH 7.4. f) The photostability study of 1
shows an increase in the temperature upt0 11.0°C 14 3 4¢ pH 7.4
at 10 min by the dual photoexcitation, indicating a
high PTE from 1. The PTE observed by blue light illumination of 1 is further enhanced by yellow light
irradiation. 1 shows prolonged photostability (Fig. 1f). However, the model compound 2 does not
exhibit enhanced PTE under the dual photoexcitation and it suffers from photodegradation on a faster
time scale (Fig. 1f). The enhanced PTE by 1 can be explained based on photoinduced betaine generation.
At pH 7.4, 1 is in the protonated form in the ground state. By 430 nm illumination, the intramolecular
electron transfer in 1 followed by deprotonation and fast intramolecular back electron transfer occurs.
Since leewine has the optical absorption in the 480-700 nm region, further excitation of the
photogenerated lreine by the yellow light is possible, and it leads to the enhanced PTE. Betaine-type
molecules prefer nonradiative relaxation pathway to liberate the excitation energy, which leads to high
efficiency PTE. The enhanced PTE by dual photoexcitation and excellent photostability make 1 an
efficient candidate for photothermal energy conversion.
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Lead halide perovskites emerge into efficient and cost-effective materials for solar cell, which is owing
to their high absorption coefficients and excellent charge carrier mobilities. But perovskites are less
stable in the ambient environment. For example, oxygen and moisture affect their chemical structure
and optical properties, where the adverse effect of oxygen is through the generation of superoxide®
which fills the halide vacancies, deprotonates methylammonium cation, and leads to the degradation of
perovskite. Therefore, halide vacancy is of an important concern in the field of perovskite. In this work,
we fill the iodide vacancies in methylammonium lead iodide (MAPbIs) perovskite nanocrystal (PNC)
by adding methylammonium iodide (MAI) to PNCs at the ensemble solution and single particle levels.
We find that, by supplementing PNCs with iodide, their PL intensity enhances, and the degradation rate

slows down.
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Fig. 1. (a) Relative PL intensities at 750 nm of MAPbI; PNC solutions with and without the addition of
MAI, both under photoirradiation, (b, ¢) single particle PL intensity trajectories of MAPbI3z PNCs (b)
before and (c) after the treatment with MAL, and (d) and (e) the corresponding PL intensity histograms.
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To understand the photostability of MAPDI3, we irradiate a MAPbI; PNC solution with 532 nm laser
(50 mW). Fig. 1a shows the relative PL intensities after the photoirradiation, where the PL intensity of
a MAPbI; PNC solution is decreased by 45% and after the treatment with MAI, the PL intensity
decreases only to a lesser extent (10%). This implies that the enrichment of MAPbI; PNCs with iodide
fills up the halide vacancies, which enhances the PL and slows down the degradation. To further
investigate the role of iodide vacancies on the PL of MAPbI; PNC, we examine the single particle PL
intensity trajectories before (Fig. 1b) and after (Fig. 1c) the treatment of PNCs with a solution of MAI,
and the corresponding occurrences of the PL intensity are shown in Fig. 1d and e. Before the treatment
with MAI, MAPbI; PNC shows intense blinking with more OFF events and photodegradation, whereas
after the treatment, the blinking is suppressed with more ON events, but photodegradation persists. We
have shown that, under the OFF duration, the ionized perovskite is unable to generate superoxide.! Thus,
photodegradation is suppressed, whereas under the ON duration, the degradation of PNCs continuous
due to the continuous generation of superoxide. In this research, the suppression of blinking and
decrease in nonradiative relaxation pathways of photoexcited MAPbI; PNC, which are after the
treatment with MAI, show the filling of iodide vacancies.

In conclusion, the PL of PNCs examined at the ensemble and single particle levels shows that
MAPDI; degrades and shows intense blinking. Whereas, after the treatment of PNCs with MAI, the rate
of PNC degradation is decreased, and the blinking is suppressed. The MAI treatment fills iodide
vacancies in MAPbI; and improves its photostability.
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Organic-inorganic lead halide perovskites attract extensive attention as a new class of semiconductor
materials due to excellent optical and electronic properties in addition to low-temperature solution
processability. Optical and electronic properties of perovskite crystals can be modified by tuning their
bandgaps'2. Halide exchange reaction is a post-synthesis approach for the bandgap tuning. In general,
the exchange reaction is induced by exposing a perovskite crystal to the solution containing reactant
halide ions, and the bandgap is homogeneously varied in the whole crystals. Here, we demonstrate site-
specific halide exchange reaction with the use of a focused laser beam.

Methylammonium lead bromide (MAPbBrs;, MA = CH3NHs") microrods are synthesized on the
cover glass of a sample chamber from the precursor solution (1.3 M) of a mixture of methyl ammonium
bromide (MABT) and lead bromide (PbBr.) in a solvent mixture composed of N,N-dimethylformamide
and y-butyrolactone (1:1, v:v). Subsequently, a solution of methylammonium iodide (MAI 250 uM) in
a mixture of isopropyl alcohol and hexadecane (1:100, v:v) is added into the chamber. For the halide
exchange reaction, 1064-nm near-infrared laser beam is focused onto the surface of a MAPbBr; micro-
rod (Figure 1a). Photoluminescence images of the micro-rod before, during and after the exchange
reaction are obtained under the wide-field illumination of 405-nm laser.
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Figure 1 (a) Schematic illustration of the near-infrared laser irradiation into a MAPbBrs micro-rod. (b,c)
Photoluminescence images of MAPbBrs microrods before and after the laser irradiation

Figure 1b shows photoluminescence images of the microrod before and after the 1064-nm laser
irradiation. Before the laser irradiation, the microrod shows green emission throughout, which is due to
its intrinsic property [panel (i) of Fig. 1a]. After the laser irradiation at the center of the rod, the green
emission is gradually changed into first yellow and finally red [panel (ii) of Fig. 1a]. This is due to local
halide exchange reaction of MAPbBr3; with MAI, which leads to the formation of MAPb(Br-1)3 of a
lower bandgap. Such a bandgap modification is possible at multiple locations by shifting the laser focus
(Fig. 1c). We discuss the possible mechanism of halide exchange from the viewpoint of local
concentration increase in MAI under laser trapping.

In conclusion, we successfully demonstrate site-specific band gap tuning of a MAPbBr; microrod
by local halide exchange reaction under the focused laser irradiation. This laser-based approach will
offer new methodology for spatially-resolved halide exchange reaction and enable one to control the
properties of charge carriers by fabricating heterojunctions in perovskite materials.
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Perovskites are promising semiconductor materials for efficient and cost-effective solar cells,
multicolor LEDs and low threshold lasers. Repeated absorption of emitted photons, also called photon
recycling, in large crystals and thick films of perovskites leads to delayed photoluminescence (PL) with
decreased PL intensity. The role of distinct bands, which act as donors and acceptors of energy, and
nonradiative energy transfer on such low intensity and delayed emission is yet to be rationalized. Here
we report delayed emission by nonradiative energy transfer across a distribution of energy states in
close-packed crystallites of cesium lead bromide (CsPbBrs), formamidinium lead bromide (FAPbBT3)
or mixed halide [FAPb(Brl)rs] perovskite, which are synthesized in the form of thick pellets by the
piezochemical method. The PL lifetime of bromide domains in the mixed halide pellet is considerably
decreased when compared with that of a pure FAPbBr; pellet. Here the domains with higher bromide
compositions act as the energy donor, whereas the iodide-rich domains are the acceptors. Time-resolved
PL measurements of CsPbBrs;, FAPbBrs, and FAPb(Brl)s perovskite pellets with distributed energy
states help us to clarify the role of nonradiative energy transfer on photon recycling and delayed
emission.!

The role of mechanical force on synthesising perovskites is well known. Combined with this fact
and the abundance of silicate perovskites in the mantle of the earth, we utilized pressure as the reaction
force in the preparation and close-packing of CsPbBrs;, FAPbBr; and FAPb(Brl); perovskites. We
characterize these perovskite samples by X-ray diffraction (XRD) studies. We characterize the optical
properties of these pellets by estimating the bandgaps and recording the PL spectra. The bandgaps are
estimated at 2.3 eV for CsPbBrzand 2.2 eV for FAPbBrs. The PL color is found different at the edge
and the center of the pure halide samples. At the edge, the reabsorption of emitted photons is low, and
the intensity of green emission is high. On the other hand, away from the edge, the pellets show yellow
(CsPbBr3) or orange (FAPbBr3) emission, which suggests efficient photon recycling through closely-
spaced energy states in these samples. To examine the existence of crystallites with distributed energy
states in pure halide perovskites, we powdered a FAPbBr; sample and collected the PL from different
crystallites. Certain particles show blue-shifted emission (~530 nm), whereas certain other red-shifted
(~560nm) maxima. Further, the particles with longer PL lifetime are the ones with the red-shifted PL,
while the ones with shorter lifetime show blue-shifted PL. In other words, different PL maxima are
accompanied with different PL lifetimes for crystallites isolated from the pellet, and the long PL lifetime
associated with the red-shifted emission suggests energy transfer through closely-spaced states in the
pellet. To clarify the roles of distinct energy states on energy transfer and photon recycling, we prepared
mixed halide FAPb(Brsl)s samples. The, we focus PL studies on the bromide-rich (500-575 nm) and
iodide-rich (650-800 nm) regions and the bromide/iodide interface. The bromide-rich (500-575 nm)
regions in the mixed halide sample show shorter lifetime (2.17 ns) than a pure FAPbBr; pellet (7.32
ns). This result suggests that the excited state of the bromide-rich part is nonradiatively deactivated by
the iodide-rich part. Thus, the role of nonradiative energy transfer on photon recycling is obvious.
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Perovskites show excellent optoelectronic properties such as narrow-band photoluminescence (PL),
high carrier mobility, and high structural flexibility. These properties make perovskites promising
materials for efficient and cost-effective solar cells, multicolor LEDs and low threshold lasers. The
applications of perovskites to such devices can be further expanded by controlling the bandgap, and the
dynamics and lifetime of charge carriers or excitons. Herein we show the effect of the mechanical stress
on the modulation of PL spectral maxima and lifetime of perovskite microcrystals and nanocrystals,
which is due to the structural deformation and change in exciton/carrier confinement. We synthesize
formamidinium lead bromide (FAPbBr3) nanocrystals and methylammonium lead bromide (MAPbBr3)
microcrystals and investigate the temporally- and spectrally- resolved PL photocounts under the pulsed
laser excitation. The nanocrystals are synthesized by a hot injection method wherein the precursor
solutions (FABr and PbBr) are injected into a hot (80 °C) ligand solution (octylammonium bromide
and oleic acid dissolved in 1-octadecene).! MAPbBr; microcrystals are prepared by the antisolvent
vapor diffusion method wherein the vapor of the antisolvent dichloromethane is diffused into a
homogeneous solution of a mixture of MABr and PbBr; in dimethylformamide.

To examine the role of the mechanical force on the structural deformation and exciton/carrier
lifetime of MAPbBr; microcrystals or FAPbBr; nanocrystals, we deposited the samples on slide glasses
and examined the PL spectra and decay profiles with or without the applied mechanical force. Figure 1
shows the temporally- and spectrally- resolved PL photocounts histograms of MAPbBr; microcrystals
or FAPbBr3 nanocrystals with or without the force. The as prepared microcrystals show the PL. maxima
ca 560 nm and the PL lifetime ca 12 ns. Interestingly, the PL spectrum is blue-shifted to ca 500 nm upon
application of the mechanical stress. The blue-shift was accompanied by decrease of PL lifetime to ca
9 ns. The spectral blue-shift and PL lifetime decrease suggest that the weekly-confined excitons/carriers
in the microcrystal become strong upon the mechanically-induced structural deformation. In the case
of FAPbBr3 nanocrystals, the PL lifetime is considerably decreased but without much changes to the PL
spectral maximum. The decrease of PL lifetime of nanocrystals suggests that the applied mechanical
force lowers the dimension of the crystals and strengthens the confinement of excitons/carriers.
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Figure 1. Temporally- and spectrally- resolved photocount histograms of a MAPbBr3; microcrystal
and FAPbBr3 nanocrystals (a,c) before and (b,d) after the mechanical deformation. The samples are
excited with 400 nm fs pulses (200 KHz).
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Lead halide perovskite nanocrystals (NCs) attract much attention to the fabrication of devices such as
LEDs and solar cells, which is owing to their excellent excitonic and charge carrier properties. Also,
owing to their high photoluminescence (PL) quantum yield, narrow and wavelength tunable emission
band perovskite NCs become the promising materials for advanced display technology. Post-synthetic
chemical transformations of perovskites, such as halide exchange reactions, have proven to be simple
and versatile approaches to control the chemical composition and to create new materials which are
otherwise not readily accessible by other techniques. Here, we synthesize Cesium lead bromide
(CsPbBr3) perovskite nanocrystals by the hot injection colloidal method, and subsequently investigate
the exciton lifetime as the function of coupling with the surface plasmon and plasmonic cavities of gold
nanoparticles.

We synthesize CsPbBrs NC by simple hot-injection method. The synthesized nanocrystals are
characterized using UV-Vis absorption and fluorescence spectrometers. Thin layers of perovskite NCs
are deposited on a cover glass or a thin gold film prepared by the conjugation of 40 nm gold
nanoparticles on a cover glass, with or without conjugation using the thiol functional group. The effects
of gold nanoparticles on the exciton lifetime and band-gap of CsPbBrs; NCs is examined using
spectrally- and temporally- resolved PL spectroscopy.

Figure 1 (A) shows the PL spectra of CsPbBrs NCs deposited on a cover glass or a thin gold film.
Also, the corresponding PL decay profiles are shown in Figure 1B. Interestingly, we find that the PL spectral
maximum is shifted to the red by 7 nm on the gold film, which is when compared with that on a bare cover
glass. Correspondingly the PL lifetime of the NCs is decreased from 14.6 ns on bare cover glass to 5.6 ns on
the gold film. These observations suggest that the excitons in perovskite couples with gold plasmon, and the
rate of deactivation of the excited state is increased by the coupling or energy transfer with gold.
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Fig. 1. (A) PL spectra and (B) PL decay profiles of CsPbBrs NCs on a cover glass or a gold
nanoparticle film. The data are collected by exciting the samples with 400 nm fs pulses.

In conclusion, we successfully synthesize CsPbBr; NCs and demonstrate the change in band-gap

and exciton lifetime of CsPbBrz NCs by gold nanoparticles. Here, the coupling of gold surface plasmon
decreases the band-gap of CsPbBr; and accelerates the relaxation of the photoexcited state.
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The size-dependent tunable photoluminescence (PL) color of semiconductor nanocrystals, also called
guantum dots (QDs), along with the broad excitation and narrow emission spectra, long fluorescence
lifetimes and bright and stable emission make these tiny crystals promising for long-term, multiplexed
bioimaging. Also, the large surface to volume ratios and the flexible surface chemistry of QDs are
helpful for the conjugation of multiple biomolecules to the QD surface. Among various QDs, group 11—
VI (CdX, X=S,Se,Te), group IV-VI (PbX; X=S,Se,Te) and group III-V (InP) colloidal QDs are
promising for bioanalytical and bioimaging applications in vitro. The surfaces CdX QDs are passivated
with hydrophobic ligands such as trioctylphosphine and trioctylphosphine oxide, making the as-
synthesized QDs incompatible for bioimaging. Although the idea of QDs for biological applications
originates from the synthesis of CdX QDs in the aqueous phase, the above hydrophobic-capped QDs
are phase-transferred into the aqueous phase by the surface functionalization with molecules such as
lipoic acid, thioglycolic acid, amine-based ligands, and polyethylene glycol [, However, the ligand
exchange reactions of core-only QDs using thiol molecules affect the PL quantum efficiency of QDs.
For example, both increase and decrease of PL quantum efficiency are reported for CdS or CdSe QDs.
Although an increase in PL quantum efficiency, which is attributed to the passivation of surface defects
of QDs, is promising, it is important to consider that the fundamental properties of QDs remain
unaffected after the conjugation. Furthermore, the uniform dispersion of QDs in solutions should be
maintained after the conjugation.

We conjugate folic acid to QD for cell labeling and
imaging and investigating the roles of folic acid and folate
receptor on intercellular communication. At first, we
examine the effect of thiol conjugation on the PL properties
of this QD, which is by recording the PL spectra of a QD
solution in the presence of different concentrations of n-
hexadecane thiol. As shown in Figure 1, the PL intensity of 14
a QD solution is marginally increased with increase in the o=~
concentration of the thiol, which is attributed to the surface 3640, 380 602%&&31? (1161161()) 6:0 700
defect passivation of QD. Nonetheless, we do not rule out Fig. 1. PLspactis of a QD soliition (50
the light-induced increase in PL intensity. Importantly, the ~ nM) in hexane with different
PL intensity is not decreased in the presence of thiol, ~ concentrations of n-hexadecanethiol.
However, n-hexadecane thiol does not allow for us the
conjugation of folic acid to QD. Thus, we conjugated dithiolipoic acid to CdSe/CdS/znS QD and
subsequently 1,11-diamino-3,6,9-trioxaundecane to the carboxylic group. In parallel, we conjugated
folic acid to the commercially obtained amino-PEG QD. The QD-folic acid conjugate is folate receptor-
specific and helps us with the receptor-selective cell labeling and imaging.
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Recently, photoelectrochemical (PEC) water splitting technology has been receiving much attention for
hydrogen production through solar light and counter to greenhouse gas effect. Monoclinic-BiVOs is
one of the most promising photoanodes due to its direct bandgap of 2.4 eV, good photostability and the
appropriate band-edge potentials for water oxidation.! However, the PEC efficiency is poor because of
the fast charge recombination and low carrier mobility in BiVO.. To improve the PEC efficiency,
BiVO, should be modified by the introduction of plasmonic metal nanoparticles. Recently, bimetallic
Bi-Cu alloy nanoparticles attract great attention to improve the PEC performance owing to their unique
optoelectronic properties. Also, the synergistic effects between the surface plasmon resonance of BiNPs,
and the high electrical conductivity and electrocatalytic activity CuNPs supplement the PEC
performance.? In this work, Bi-Cu/BiVO, nanocomposite photoanode is fabricated and tested.
Impressively, Bi-Cu/BiVO. photoanode achieves high photocurrent response than pristine BiVOa
photoanode. We conclude that synergistic effects of Bi and Cu help to increase the interfacial charge
transfer kinetics in the BiVO4 photoelectrode and improve energy conversion efficiency. Hence, Bi-
Cu/BiVOq4 provides an opportunity to realize efficient ﬁPEC water splitting.
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Fig. 1. (@) LSV plots and (b) STH efficiency of fabricated photoanodes.

The BiVO, photoanode is prepared by the drop-casting. In parallel, BiNPs are synthesized by the
chemical reduction method. Subsequently, the BiVO. photoanode is decorated with BiNPs, which is be
the electrophoresis process. Finally, CuNPs are deposited on Bi/BiVO. photoanode using sonication
process.

The PEC activity of as-fabricated photoanodes are evaluated for water splitting by LSV studies
(Figure 1a). Upon chopped light illumination, BiVO4, Cu/BiVOs Bi/BiVOs and Bi-Cu/BiVO4
composites show photocurrent density of 3.12, 4.95, 6.79 and 10.6 mA/cm? at 1.23 V, respectively
(Figure 1a). The Bi-Cu/BiVO4composite shows the highest photocurrent density and exhibits the higher
STH efficiency (3.91%) as shown in Figure 1b. These data indicate that Bi-Cu alloy NPs enhance the
efficiencies of light harvesting and charge carrier separation of BiVOa.

In summary, we fabricate and characterize Bi-Cu/BiVO,4 nanocomposites photoanode and test its
PEC performance. Our studies suggest that the reduced exciton recombination and superior PEC
performance Bi-Cu/BiVO, can be promising for high efficiency hydrogen generation.
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Lead halide perovskites are cost-effective materials used for high efficiency solar cell, owing to their
high absorption coefficients and excellent charge carrier mobilities. Recent studies on plasmonic gold
nanoparticle doped in perovskites show the enhancement in light-harvesting with increase in charge-
carrier transport. Here, we investigate the charge carrier dynamics of methylammonium lead bromide
(MAPDBr3) perovskite nanocrystals (PNC) film prepared by incorporating the plasmonic gold
nanoparticle (Au-NP). We find, the quenching of photoluminescence (PL) and the short lifetime of
AU/MAPDBT; film due to the plasmons results in more non-radiative recombination pathways.
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Fig. 1. (a) Absorption (blue trace) and PL spectra (red trace) of MAPbBr; PNC solution in toluene. (b) PL
spectra of MAPbBr; PNC with (blue trace) and without (red trace) the Au-coating and (c) the
corresponding PL decay profiles.

The MAPbBrs; PNCs are prepared by ligand-assisted reprecipitation technique.! In this technique,
an equimolar ratio of methylammonium hydrobromide and lead bromide are dissolved in dimethyl
formamide supplemented with oleic acid and hexadecylamine. In parallel, anhydrous toluene is heated
at 60°C into which the above precursor-ligand mixture is quickly injected under vigorous stirring. The
reaction is arrested after 15 min of mixing, when the orange-yellow colored precipitation formed which
is centrifuged at 10,000 rpm for 5 min. The supernatant obtained after the centrifugation is used for
further characterization. The MAPbBr; PNCs shows broad absorption and narrow PL emission ca. 505
nm as shown in Fig. 1a. For understanding the role of plasmons in MAPbBr; PNCs, a film of
AU/MAPDBY3; is prepared by drop casting 30 pL of Au-NP solution on a glass substrate and annealed at
115°C for 10 min. Subsequently, 30 uL of MAPbBr; PNCs solution is drop casted on Au-coated
substrate and annealed at 90°C for 10 min. As shown in Fig. 1b, the PL of MAPbBr; PNC quenched
after coating on Au-substrate with slight (~6 nm) blue-shift. This is due to the interaction of plasmonic
Au-NP and the MAPDbBr; PNCs. To understand the role of charge carrier recombination in this system,
the PL decay profiles of MAPbBr; PNC films with and without Au-coating are recorded (Figure 1c).
The PL lifetime of MAPbBr; PNC film is found to be short (~6.3 ns) which slightly decreased when
the PNCs are coated on Au-substrate, indicating the fast charge recombination. As the valence band of
Au-NP is above than that of the MAPbBr; PNCs, the charge accumulates in the metal after the excitation,
results in more non-radiative recombination pathways which is responsible for quenching the PL. In
conclusion, the direct contact between the plasmonic Au-NP and MAPbBr; PNCs quenches the charge-
carrier properties.
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Biological components for instance motor proteins, DNAs, RNAs etc. are often integrated with the non-
biological components to generate hybrid bionanodevices. Herein, we demonstrate the construction of
a photoresponsive, artificial molecular machine by integrating the photochromic azobenzene molecule
and the DNAs. Constructing structures with well-defined nano-scale features has always been an
important challenge in nanotechnology. The highly specific pairing of nucleobases facilitates the easy
engineering of complex 1D, 2D, and 3D DNA-based nano-structures. Such DNA-based structures are
flexible enough to incorporate the non-natural nucleotides.! Therefore, we have tried to incorporate a
photoresponsive azobenzene-based non-natural nucleotide into the DNA strand and constructed a
photoresponsive DNA nanotube. We anticipate that the repetitive trans to cis and cis to trans
isomerization of the azobenzene unit by light will drive these nanotubes in the solution.

The azobenzene-based non-natural nucleotides (figure 1B) were synthesized according to the
earlier reported synthetic procedures.? The DNA nanotubes were constructed through single step
annealing process (Figure 1A). The formation of DNA nanotubes was confirmed by observing under
fluorescence optical microscope (Figure 1C). During the annealing process the DNA strands self-
assembled themselves resulting in the crystalline tubular structures. The uniform fluorescence intensity
observed throughout the nanotube structure indicated that the dye molecule is uniformly distributed
throughout the tubular structure. The successful incorporation of dye molecule into the nanotube
structure strongly suggested that similarly, an azobenzene-based DNA monomer has been incorporated
in the DNA nanotube.
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Figure 1. (A) Schematic representation of DNA nanotube formation (B) Azobenzene-based non-natural
nucleotides (C) Fluorescence optical microscopy image of azobenzene monomer incorporated DNA
nanotube.

A simple method to construct DNA nanotube structures was developed. This method was
successfully applied to produce DNA nanotubes with non-natural nucleotides such as Cy5 dye and
azobenzene-based DNA monomer. We will further investigate on properties like unidirectional
movement and autonomous functioning upon light illumination in near future. The photoresponsive
DNA nanotubes are promising in applications where they can be used as cargo delivery vehicles,
nanorobots, and bioreactors etc. and offer tremendous opportunities for the development of
nanotechnology.
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The continual unregulated proliferation of cancer cells can be the promising drug target for
chemotherapy. For the suppression of the abnormal cell division, many anti-mitotic drugs including
microtubules-targeted taxanes or vinca alkaloids have been developed to date. Recently, the new class
of anti-mitotic drugs for other proteins than microtubules have been enthusiastically developed. In the
dynamic process of mitotic cell division, various biomachines including kinesin and dynein family
proteins can concertedly work with high accuracy and precision. However, the malfunction of these
biomachines can activate the spindle assembly checkpoint through the misalignment of chromosomes
at the metaphase plate. The prolonged mitotic arrest delays the cell-cycle progression, which eventually
leads to the apoptotic cell death. Thus, the mitotic biomachines should be the attractive target for anti-
mitotic drug.

Herein, we report the novel photoswitchable inhibitor for one of the mitotic kinesin of centromere-
associated protein E (CENP-E)!. Our photoswitchable CENP-E inhibitor was designed by the
introduction of azopyrazole unit into the critical pharmacophore of GSK9232952. It was successfully
demonstrated that the inhibitor enabled to photocontrol CENP-E activity both in vitro and in living cells
with ca. 10-fold change in 1Cso between cis- and trans-rich states of the azopyrazole. Using this
switching technique of CENP-E functions, the new optochemical system was constructed, where
chromosome movement and miscongression on spindle microtubules were photocontrolled in living
mitotic cells. The further details and applications will be described in the poster.
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Diacetylene (DA) derivatives exhibit solid state polymerization to polydiacetylene (PDA) initiated by
UV or y-ray irradiation and the activation of the photo-induced topochemical polymerization highly
relies on the monomer diynes arrangement. To engineer the packing structure of monomeric DA,
external stimuli such as heat, light, and mechanical stress can be utilized, but the reports on utilization
of mechanical stress are quite rare. Recently, we achieved mechanoresponsive diacetylenes (DAS)
exhibiting a crystalline transition of molecular orientation from light-inert to light-active state upon a
given pressure (Figure 1).! Amide units are introduced to DAs where hydrogen bonding is utilized to
control intermolecular interactions. The external pressure (2-150 MPa) resulted in the dramatic
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Table 1. Polymerization characteristics of DAs upon
different condition

DA-C3 DA-C5 DA-C6 DA-C7 DA-C8 DA-C11 DA-C12 DA-Cl4 DA-C17 DA-C18

Only UV o o X o X o X X o x
irradiation
Pressure and o o o o o o o o o o

UV irradiation

We observed different photopolymerization phenomena of DA derivatives by changing alkyl spacer
lengths (Table 1). In pristine states, DA-C3, 5, 7, 11, 17 could polymerize easily without pressure but
only UV irradiation. Meanwhile, DA-C6, 8, 12, 14, 18 showed opposite phenomena that they were
inactive upon UV irradiation unless external pressure was given. Photoinduced polymerization behavior
of each DA derivative was confirmed by Raman spectra. Raman spectra proved that neither the pristine
state nor UV irradiated state shows noticeable trace of PDA formation. Only upon the UV irradiation
after external pressure, the DA changed to PDA. DSC and XRD pattern analysis supported the pressure-
induced crystalline phase transition of DA derivatives. Results of FT-IR suggested the different
intermolecular hydrogen bonding nature of DA crystals.

As a conclusion, we successfully synthesized a series of photo and mechano-responsive DA
derivatives. By changing the peripheral alkyl spacers, we could demonstrate that odd/even parity effect:
odd numbered DA shows the high light-responsiveness while even numbered DA shows low light-
responsiveness in pristine state with ideal pressure-induced crystalline transition enough to be utilized
for the imprinting patterning. We could fabricate the pressure-addressed PDA patterns with DA-C8
films which can permit a potential to afford a novel lithography method.
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We are trying to develop an artificial molecular machine which uses light as a source of energy and
continuously executes a particular work such as pumping of proton. Proteorhodopsin (PR), a widely
distributed microbial membrane protein is a very efficient molecular machine which acts as light-
induced outward proton pump leaded by photoisomerization of retinal'. Herein, we report the
development and characterization of azo analogues of proteorhodopsin. We designed and synthesized
two azo chromophores, 4-[[4’-(N,N-dimethylamino)phenyl-1'Jazo]benzaldehyde (Az I) and 3-[4-[[4-
(N,N dimethylamino)phenyl-1" ]azo]phenyl-1]prop-2-enal (Az II) (shown in scheme 1). We
characterized the azo analogue of proteorhodopsin, PAz | and PAz Il by UV-vis spectroscopy, flash
photolysis, pH dependent light-induced proton transfer reaction, light-induced proton pumping function
and mutants analysis. We confirmed the formation of PAz | and PAz 11 from bathochromic shift of UV-
vis absorption bands and very slow flash-induced thermal recovery associated with formation of
intermediates at shorter and longer wavelengths of azo chromophores. We demonstrated the pH
dependent photo-induced proton uptake and release reaction of PAz | and PAz Il by reconstitution in
phosphatidylcholine (PC) and using indium-tin oxide (ITO) electrode. We successfully expressed the
PAz | and PAz Il in E. coli cells which acquired distinctive yellow and orange pigmentation
respectively, indicating interaction of azo chromophore specifically with proteoopsin protein. We
described the photo-induced proton pumping function of PAz I and PAz 11 by expressing in E. coli cells
and using electrochemical cells made of ITO electrodes. Interestingly, PAz | and PAz 1l expressing E.
coli cells suspensions showed the photo-induced potential signal in opposite direction from that of wild
proteorhodopsin which indicates their inward proton pumping function. Even, we verified the proton
pumping functions of PAz | and PAz 1l by determining their functional photocyclic reaction pathways.
Moreover, we designed three mutants of proteorhodopsin D97N, D227N and E108Q which
significantly reduce the proton pumping function of wild PR, and developed the azo analogues of PR
mutants. Mutant analogues showed reduction in proton pumping functions which were further proved
by their further slower photo reaction cycles, indicating the probable influence of those amino acids on
functional properties of PAz | and PAz Il. From our findings, we propose a putative model for the
inward proton pumping mechanism of our azo analogues of proteorhodopsin. This is the first success
of the development of photo-induced proton pumping azo analogues of proteorhodopsin, whose
direction of proton pumping is inverted from wild proteorhodopsin.

(HSC)QNQN‘\NOCHO (H3C)2N4QN\N : /x—CHO

Azl Az 1l
Scheme 1: Molecular structure of azo chromophores Az | and Az |1
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Tetrazines are compounds having a deep color ranging from purple to orange to red because of a weak
n—n* transition located in the visible region. A large number of tetrazines are fluorescent and are usually
utilized for chemosensors?, fluorescence switching device by interplay of redox chemistry 2 and bio-
imaging by inverse electron demand Diels—Alder reaction.® Photophysical properties of s-tetrazines in
solution state have been widely investigated where each tetrazine is molecularly dispersed. In contrast,
little attention has been paid to luminescent tetrazines in the solid and/or liquid-crystalline states.*
Luminescence tunability in condensed phase are intriguing as they may exhibit unconventional
photophysical functions that have never been achieved in solution state.

Herein we report the first examples of tetrazines exhibiting emission color-tunable polymorphism and
their attractive features such as solvatochromism, vaporchromism and aggregation-induced emission
enhancement. We examined the thermal stimuli-responsive luminescence behaviour of 1, 2 and 3 in the
condensed state. Orange emission color of pristine crystals of tetrazine derivatives (Aemmax = 575, 570, 590
nm for 1, 2 and 3, respectively) was totally quenched by reaching clearing temperature at around 110 °C.
Upon subsequent cooling process, the thermal stimuli-induced crystalline phase exhibited significant blue
shift of the emission band with greenish yellow color for 1 (Fig.1a) and 3, Aemmax Of 565 hm and 562 nm,
respectively, while 2 showed negligible transition in photoluminescence. In addition, thermally-induced
crystalline phase was recovered to original crystalline phase with orange color luminescence by simple
solvent exposure such as chloroform or dichloromethane. X-ray diffraction (XRD) patterns clarified the
reversible thermal-/vapor-chromic phase transition of the thermodynamically metastable crystalline phases
as shown in Fig. 1b.
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Fig. 1. Molecular structures of tetrazine derivatives from 1 to 3. (a) Photoluminescence spectra of 1 in
pristine crystalline state (orange emission, black solid line), thermally-induced crystalline state (yellow
emission, dashed line), dropcasted crystalline state from chloroform solution (greenish yellow emission,
dotted line) and single crystal (orange emission, gray solid line). (b) XRD patterns of 1 in the (i) pristine
crystalline state, (ii) chloroform-annealed state after iv state (iii) single crystal and (iv) thermally-induced
crystalline state.
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So far, many studies have been done in order to improve the efficiency of solar cells, and numerous
types of photovoltaic devices have been reported. However, it is still difficult for us to convert the full
sunlight spectrum into electricity. In order to solve this problem, our laboratory put out a new solution
which may be potential for the development of solar cells industry and greatly improve the efficiency
of solar cells. Different from the conventional solar
cells in which photons and photocarrier are
absorbed parallelly, our new approach is that we
make the photon and photocarrier absorbed

Photons (3D propagation)

Guided photons
——

Waveguide coupled MOPSC i orthogonally. The conventional solar cells suffer
RfdirecﬁonWaveguide(wnhpamboloids)canhandledffusiveIigh/ greatly from the light absorption and photo-
o BUignEochoeniralbn § generated carrier collection, in our propose, the

multi-striped  orthogonal  photon-photocarrier
propagation solar cells can absorb more photons,
— meanwhile, the loss of photocarriers would be less.
semiconductor In  our asymmetric waveguide coupled

Fig. 1. Waveguide-coupled multi-striped orthogonal photon- concentrating solar cells, how to make spatially

photocarrier-propagation solar-cell.

propagating light efficiently convert into wave light
is of vital importance for the research. We found that the space inversion (left and right) in symmetric
structure, coupled with time-reversal symmetry, light that has been convert to two-dimensional from
three dimensions will go back to three dimensions. In this case, we assume that if we use asymmetric
waveguide, the problem will be solved. The waveguide we proposed is asymmetric to achieve better
confinement of photons in the waveguide resulting in more photon harvesting. A top view of a prototype
of our new concentration solar cell system is shown in Fig.1.

In speaking of redirection waveguide, we are now able to propose a new waveguide. Using the
structure showing in the top of Fig.2 for the second layer of the redirection waveguide, we have made
simulations, in which thanks to the translational symmetry as well as the first function of the redirection

e waveguide, we can solve the light propagation problem. Simulation of light
propagation in new waveguide shown in Fig 2. In order to get the structure
as shown in Fig 2, we proposed to use PDMS because of transparency and
high material quality, such material is commercially available.

We have shown that good mainstream-to-mainstream and tributary-to-
mainstream propagation of photons would be obtained in the redirection
waveguide. Also, the light-wave merging can be fulfilled in the waveguide

o e with the discrete translational symmetry. The photons are well conveyed in

_ X (um) the new waveguide losslessly for a distance of ~1 mm. The new waveguide
E{%;GZEHTE_CZ S;ﬁﬁglr?tog)f with the discrete translational symmetry would serve, in near future, as a key
and the simulation result  component for excellent concentration photovoltaic systems with high

of light-wave propagation . . .
(bottom). conversion efficiencies.

Medium-gap Narrow-gap

'L»gm Source
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Recently, magnetic skyrmions have been paid much attention due to their desirable properties when
applying them for spintronics devices such as racetrack memories. One of the above properties is that
skyrmions are topological solitons with particle-like nature. Moreover, it is difficult to destroy their
structures and deform them to other magnetic structures since their structures are topologically
protected. For this reason, one bit of information can be carried by skyrmions. In order to apply
skyrmions to the spintronics devices, we need to read information out by detecting the existence of
skyrmions. This can be resolved using the topological Hall effect (THE). THE originates from the fact
that skyrmions create an emergent magnetic field working on itinerant electrons in ferromagnets.
Moreover, the topological spin Hall effect (TSHE) is also caused by the emergent magnetic field. This
is because the emergent fields are opposite to each other for itinerant electrons with different spins. In
our study, in order to utilize THE and THSE in the spintronics devices, we investigate the above effects
for Néel-type skyrmion and Bloch-type skyrmion using the tight binding model, respectively. The
Hamiltonian consists of the nearest neighbor hopping and the exchange coupling between spins of
itinerant electrons and local magnetizations. Here, we utilize Ju as units of the energy. In the case that
the hopping parameter t and the strength of exchange coupling Ju are equal values, figure 1(a) shows
density of states (DOS) and figure 2(b) shows topological (spin) Hall angles &rwe (Grsue) for different
fermi energy . In both the cases, we consider a Néel-type skyrmion. In addition, it is found that the
same results can be also obtained in the case of a Bloch-type skyrmion. As shown in Fig. 1(b), there
exists strong dependence of THE and TSHE on the fermi energy of itinerant electrons. Therefore, we
consider that the fermi energy is an important factor to apply skyrmions to spintronics devices.
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Fig. 1. (@) DOS of a ferromagnetic lead in the case of # =.Ju = 1. The red and blue lines represent the
DOS of'the electrons with the up spin and the down spin, respectively. (b) Topological (spin) Hall angles
Bt (frsuz) in the case of a Néektype skyrmion. The black and orange lines representthe Hall angle and
the spin Hall angle, respectively.
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Tin dioxide (SnO,) is an earth-abundant, optically transparent wide-bandgap semiconductor (~3.6 eV),
which has been widely used for gas sensing and transparent electrodes. Shin et al.[! showed that a thin
(<4.5 nm) SnO: film transistor (TFT) exhibited a high field effect mobility of 150 cm? V1 s at 300K,
but a thicker SnO, TFT channel did not show off states. It is likely that the oxygen adsorbed on the
surface of SnO; reduced the Fermi energy and the effective channel thickness, but this mechanism has
not been clarified. To clarify the operation mechanism of thin SnO-based TFT, we fabricated a bottom-
gate-top-contact TFT and examined the thermopower (S), sheet carrier concentration (ns), and volume
carrier concentration (nsp) to extract the effective channel thickness. 21

The SnO, TFT (4.2 nm) was tested in air and vacuum. The on-to-off current ratios were >10%, the
threshold voltage (Vi) was —14.7 V in air, and it shifted to —25.25 V in vacuum (Fig. 1a). The field
effect mobilities (ure) were ~20 cm? V1 st in air and ~30 cm? V-t st in vacuum (Ci ~58 nF cm™2). The
-S values as a function of ns in a logarithmic scale were linear relationships were observed, but the
slopes were different in air (~120 uV K Y/decade) and vacuum (~84 pV K */decade) (Fig. 1b). These
are comparable to other reports 1 and confirm that the conduction band is parabolic. The deviation
observed around (|S|, ns) = (147 pV K%, 2.5 x 102 cm™) in air is attributed to the tail states around the
conduction band minimum due to structural defects in the amorphous SnO- thin film. With increasing
electric field, (S, ns) was modulated from (=150 uV K%, 2 x 102 cm™) to (80 uV K%, 1 x 10 cm™)
in air and from (110 uV K%, 2.9 x 102 cm™2) to (60 pV K%, 1.3 x 10 cm2) in vacuum, respectively.
The effective thickness (ns/nsp) was always around 1.2 nm both in air and vacuum (Fig. 2c). The
discrepancy between air and vacuum is attributed to the gas sensor property of SnO,, which will release
the adsorbed O in vacuum.
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Fig. 1. Electric field dependent thermopower analyses of a SnO, TFT in air and vacuum. (a)
Transfer characteristics (Is—Vg) at Vg = +0.1 V. (b) =S as a function of ns. The slopes in air and vacuum
were different (dotted line). (g) The effective channel thickness is < 1.2 nm in air and vacuum at all V.

In summary, we demonstrated the operation mechanism of a transparent amorphous SnO. channel
TFT. The effective channel thickness was clarified (~1.2 nm). A tail state was detected from the S
modulation, and the gas sensor characteristic of SnO, was found. The present results clarify the
operation mechanism of SnO»-based TFTs and their gas sensing characteristics.
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The performance of thermoelectric materials is estimated by ZT = S%¢-T-x 1, where ZT is figure of merit,
T is absolute temperature, S is thermopower, ¢ is electrical conductivity, and « is thermal conductivity.
Currently, practical thermoelectric materials are based on expensive heavy-metal elements (i.e. Bi,Tes)
that have low thermal and chemical stability. Therefore, as an alternative, we focus on SrTiOsz which
exhibits high power factors (= S%-¢).[+?1 Recently, our systematic investigation of SrTi; xNb,Os solid-
solutions revealed that that their de-Broglie wavelengths the SrTi; «NbxOs solid-solutions can be
controlled with Nb-substitutions.®®! These were utilized in an artificial SrTi; «Nb.O3 superlattice with a
long de-Broglie wavelength, which doubled the power factor compared to the bulk.® This shows that
the importance of systematically studying oxide solid-solutions. Here, we focus on thermoelectric and
structural properties of epitaxial SrixLaxTiOs thin film solid-solutions fabricated on (001) LaAIOs
substrates.

The electron transport properties are summarized in Fig. 1. The carrier concentration (n) almost
follows the nominal tendency, while the Hall mobility (u+an) shows an overall decreasing tendency with
x except for a small jump at x ~0.5. The overall behavior of uwan Was similar to the Debye relaxation
time, indicating an electronic phase boundary induced by the crystal structure evolution. The absolute
thermopower (|S|) decreases monotonically with x until it slightly increased at x = 0.7. The effective
mass (m*) firstly decreases with x until it increases x ~0.7, which is attributed to a Mott-insulator
transition. Two thermoelectric phase boundaries were observed in the system (x ~0.5 and x ~0.7).5!

In this study, Sr1xLasTiO3; (0.01 < x < 1) epitaxial films were fabricated and their thermoelectric

a 1o c o ..l;n,N,b) ,,,,,, 5(;088 T —
2 O
" o} - o
Cw e ] y
& g1t ° > ri®) e S
=1 3 1 Y o =
w 10 § (Sr.La) £ 1 P
- 2 * & 1108y ®
104 h k] R
B (Ti.Nb)

o0l 0.1

b 10% d 1P f ...................
(Ti.Nb) (srLa)

10% - (SrLa) VQQ&_EH?»f-* . 10 T (Ti.Nb)
— 9{.,@—7 < 85 %5 ¢ S
£ - 102 . — ' ?

s 107 ? Nominal n = [La] or [Nb] 2 ® 2 $ £ (ela) ¢ *
= ! by (Ti.Nb) 8 ° - f
102 : & o i
10" 0.1
oo
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1

Fig. 1. Room temperature electron transport properties of Sri-,La,TiO3 epitaxial films: (a) electrical
conductivity (o), (b) carrier concentration (n), (c) Hall mobility («nan), (d) thermopower (S), (e) effective
mass (m*), (f) relaxation time (7).

properties were investigated. As a result, we revealed two thermoelectric boundaries (x ~0.5 and x ~0.7).
The former is attributed to the lattice distortion from cubic to orthorhombic variation, whereas the latter
is due to the electronic phase transition from band insulator SrTiOz to Mott insulator LaTiOs,
respectively. The revealed thermoelectric properties in this study will be useful for designing SrTiOs-
based thermoelectric conversion materials in the future.
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Thin-film transistors (TFTs) with high carrier
mobility and deep ultraviolet transparency (<300
nm in wavelength) are crucial for next generation
optoelectronics. In this regard, SrSnOs is one of the
most promising materials due to its large bandgap
(~4.6 eV 12)), and its epitaxial film showed high
electrical conductivity (¢ = 3000 S cm™?) with high
electron mobility (uran ~56 cm? V-1s?) at a carrier
concentration of 3.26 x 102 cm=2 B4, A depletion-
mode SrSnOs n-channel MESFET was reported
recently.®! Here we demonstrate a different type of
TFT with SrSnOs channel in metal-insulator—
semiconductor (MIS) configuration.

We fabricated La-doped SrSnO; films on (001)-
oriented SrTiO; substrate by pulsed laser
deposition, then fabricated the TFT structure on the
SrSnOz films using 300 nm thick amorphous
C12A7 (gate insulator) and metallic Ti (electrodes)
(Fig. 1a). The resultant TFT showed clear transistor
characteristics (Figs. 1¢c and d); the on-to-off ratio
was ~102, the threshold voltage was ~—15 V, the
output characteristic curves showed pinch-off
behavior and the field effect mobility was ~16 cm?
V1 st (Fig. 1e). The electric field effect
thermopower (S) modulation of the TFT showed
that the conduction band minimum is parabolic in
the reciprocal space.

In summary, we demonstrated a functional
SrSnOs-TFT with metal-insulator-semiconductor
(MIS) configuration for the first time. The field
effect mobility of ~16 cm? V™! s7! was observed at
the gate voltage of +7 V. The on/off ratio was ~10°.
the threshold voltage was ~—15 V and the output
characteristic curves showed pinch-off behavior.
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La-doped SrSnO; (LSSO) is known as one of deep-
ultraviolet (DUV)-transparent conducting oxides with
an energy bandgap of 4.2 eV. However, due to
difficulties in growing high-quality LSSO films, their
electron transport properties have not been extensively
studied compared to the optical properties and electronic
structures. The reported electrical conductivities of
LSSO films are below 1000 S cm™, which is much lower
than that of commercially available transparent
conducting oxide ITO (~7000 S cm™), most likely due
to the low activation of La ion in LSSO.[*2

LaxSrixSnOs (x = 0.005—0.05) epitaxial films were
fabricated on (001) MgO substrates using pulsed laser
deposition. The crystalline orientation, lattice
pgrameters,_and thickngss of t_he films were analyz_ed_by Fig. Schematic illustration of highly
high resolution X-ray diffraction. Scanning transmission  conducting  (>3000 S cm™) deep
electron microscopy (STEM) was used to observe the  ultraviolet (<300 nm) transparent oxide
microstructures of the films. The electrical transport  semiconductor, La-doped SrSn0;
properties were measured using the conventional dc  epitaxial film. The DNA is illuminated the
four-probe method. The thermopower (S) was acquired DUV light through the DUV-TOS.
from the thermos-electromotive force (AV) generated by
a temperature difference (AT). The LSSO films were annealed in vacuum to enhance their electrical
properties.

The highest electrical transport properties of as-deposited LSSO films were 1773.7 Scm ™t and 47.7
cm? V1 s7t observed from 3% LSSO film. However, after vacuum annealing, great enhancements in
the activation rate of La ion and electrical transport properties were observed. The carrier concentration
and Hall mobility were improved from 2.32 x 10®° cm™= and 47.7 cm? V' s to 3.26 x 10%° cm 3 and
55.8 cm? V1 571, respectively. STEM showed that this phenomenon is attributed to the lateral grain
growth occurred during the annealing. The carrier effective mass (m*) of LSSO epitaxial film was also
clarified by the thermopower measurements, which turned out to be 0.23 mo, similar with that of
Bao,55r0_58n03.[3]

In summary, we developed epitaxial La-doped SrSnQOs thin film showing an excellent conductivity
value of 3000 S cm™. The optical transmission at 260 nm in wavelength was >25 %, clearly
demonstrating that the LSSO films are applicable as transparent electrodes for DUV optoelectronic
devices such as DUV light emitting diode and DUV detector for biological applications.
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Strontium cobaltite (SrCoOy) shows fast topotactic electrochemical redox reactions %! and therefore
referred to as ‘oxygen sponge’.[4l Although of the oxidation of SrCoO; s into SrCoQj is known in atomic
scale, it has not been clarified in macroscopic scale yet. Here, we macroscopically visualize the
electrochemical oxidation of SrCoO..[! SrCoOx epitaxial films with various oxidation states were
prepared. This process was directly visualized using conductive AFM.

The films were heteroepitaxially grown
on (001) YSZ single crystal substrate by
pulsed laser deposition. During the film
deposition, the substrate temperature was
kept at 750 °C and the oxygen pressure was
kept at 10 Pa. Resistivity of the resultant
films was measured by dc four-probe
method with van der Pauw configuration.
The thermopower was measured by standard

o
Height (nm)
Current (pA)

steady state method. All measurement was ! E i;é
performed in air at room temperature. 0z &

The as-grown sample showed insulating A2 3
p—T behavior, which is consistent with a 2

previous study.! With increasing the
oxidation state, the p—T approached to that

of SrCo0;-s. These results confirmed that x 1 E g
in the SrCoOy films could be modulated 0 = 5
from 2.5 to 3. Steep decreases of both 48 3
resistivity (p) and the absolute value of e

thermopower (S) of the oxidized SrCoOy
epitaxial films resembled percolation theory,
which indicate that the columnar oxidation

whi 1 E g
initially occurs normal to the surface then 0 = z

. . [
spread parallel to the surface. To visualize 43 S
this phenomenon directly, we observed the , * ©

conducting region using the conductive oo ctumt v o
AFM (Figure 1le-h). The topographic AFM  Figure 1. Topographic AFM images (2 um x 2 um) and the
images were similar, but the electric current  respective electric current mapping of (a,e) sample A
mappings clearly show the evolution of the ~ (24.4 %), (b,f) sample B (34.5 %), (c,g) sample C (60 %)
Conducting region, which indeed develops and (d,h) sample D (847 %). Evolution of conductivie
percolation paths. percolation paths can be observed from (e) to (f).

We  successfully  visualized the
electrochemical oxidation of SrCoOy at macroscopic scale. The columnar oxidation firstly occurred
along the surface normal then spread parallel to the surface. These results will be valuable for
developing a SrCoOx based functional electrochemical device.
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La-doped BaSnO; (LBSO) is a promising optoelectronic material because LBSO single crystal exhibit
a wide band gap (3.1 eV) and very high mobility (320 cm? Vts 1) with a high carrier concentration.!*!
However, the mobility of LBSO film is much lower than the single crystal value, and researchers have
been focusing on fabricating LBSO films with high mobilities. In one of the studies, Cho et al. found
that vacuum annealing improves the mobility of LBSO films. The mobility enhancements were
attributed to the lateral grain growth, but grain growth only occurred when La doping was greater than
1%. [ To fully understand the mobility of LBSO films, it is necessary to achieve grain growth in lightly
doped (< 1%) LBSO films and examine its effect on the mobility. In this regard, it is necessary to
explore the effect of annealing pressure and time on the structural and electronic properties of lightly
doped LBSO films since the previous work only looked at the effect of temperature.

LBSO epitaxial films (La = 0.55 %) were fabricated
on (001)-oriented MgO substrates using PLD. The films
were vacuum annealed at 725 °C at 4 different pressures:
4.0x10% 4.0x 1073, 7.0 x 1072 and 3.0 Pa. At very low
pressures (4.0 x 1074, 4.0 x 1072 Pa), the annealing time
was 30 mins. On the other hand, at 7.0 x 1072 Pa and 3.0 3
Pa, the annealing times were 1 hour and 3 hours, % é
respectively. The electron transport properties of the films {)
were measured at room temperature by the conventional 14 1E3 001 01 1 10
dc 4-probe method in van der Pauw geometry. Annealing Pressure [Pa]

In Fig. a, grain growth can be observed only at low
pressures (< 4.0 x 1072 Pa). No grain growth occurred at
high pressures although the annealing time was longer.
This shows the annealing pressure is more important than
the annealing time for grain growth in LBSO films. Hall
mobilities increased after annealing (Fig. b). Interestingly,
the highest mobilities were observed from the film
annealed at 7.0 x 1072 Pa for 1 h although there was no
grain growth. While more oxygen vacancy formation at 1E4 1Es 00l o1 1 10
low pressures is possible, these results strongly suggest Annealing Pressure [Pa]
that threading dislocation are not important in lightly
doped LBSO films. The difference in the annealing time
indicates that the activation of La dopants and strain
relaxation are more important.

In this study, we examined the effect of heat treating
pressure and time on the electrical and structural properties
of LBSO films. The results show that grain growth at low doping is possible at low pressures, but the
mobilities after vacuum annealing were not proportional to the grain sizes. This suggests that
understanding lattice strains and dopant activation is more important in lightly doped LBSO films.
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Fig. (a) grain size of as deposit sample
and after annealing sample with different
pressure annealing. (b) hall mobility of as
deposit sample and after annealing sample
with different pressure annealing.
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The layered cobalt oxide, AxCoO: (A = Li, Na, Ca, and Sr), has a crystal structure in which the Ay
planes and CoO; layers composed of a ridge-sharing CoOg octahedra are alternately stacked along the
c-axis. This structure makes ACoO- highly anisotropic. For example, the electrical conductivity in the
ab-plane is orders of magnitude larger than that along the c-axis.™ Similarly, a large anisotropy is
expected for thermal conductivity, but it has not been clarified. In this study, A«CoO: epitaxial thin films
with two different crystallographic orientations were fabricated on (0001)- and (1-100)-oriented
sapphire substrates to clarify the anisotropy of thermal conductivity as well as the effect of Ay ions.

The NaosCoO: epitaxial thin film was fabricated on
the (0001) and (1-100) a-Al.Os substrates by reactive
solid-phase epitaxy (R-SPE)2. The ab-plane is parallel
and inclined by 43° to the substrate surface on the
(0001) and (1-100) a-Al,Os substrate, respectively®.
The A«CoO; epitaxial thin films (A = Li, Ca, Sr) were
fabricated by the ionic exchange of Na* to Li*, Ca®, or
Sr2*. The cross-plane thermal conductivity of thin film
was measured by the time-domain thermoreflectance
(TDTR) method. The thermal conductivities in the
perpendicular direction and the parallel direction were
analytically extracted from the observed thermal
conductivity.

The XRD pattern of the films found the (0001)
Bragg peak of The A«CoO: (A = Na, Li, Ca, Sr) films
with the (0006) Bragg peak of the sapphire substrates.
The peak suggests that films have high crystallinity, and we could fabricate epitaxial films. The A,CoO-
film surface was shown flat and rod-shaped domains on the (0001) and (1-100) a-Al,O3 substrate,
respectively. Therefore, the change of the deposition direction depending on the substrate was
confirmed. Regardless of the type of A ions, the thermal conductivity along ab, was greater than that
along ab .. We have succeeded in measuring clear thermal conductivity anisotropy (Fig.1). In addition
to the orientations, the thermal conductivity values were also significantly affected by the Ax ions
between the CoO- layers. The thermal conductivity along aby decreased with increasing A atomic. It is
considered that the mass of A ions has some effect on the heat transport properties of the CoO; layers.

We measured the anisotropic heat transport properties of A,CoO; epitaxial thin films fabricated on
the (0001) a-Al,O; and (1-100) a-Al-Os substrates by R-PSE method. In addition to the orientation
dependent thermal conductivity, it was also shown that the thermal conductivity decreases with
increasing Ax atomic weight (A atomic weight x x) in both ab;, and ab . directions. These results
demonstrate the systematic engineering of material properties, where replacing A with heavy metal to
decrease the thermal conductivity while maintaining a large power factor (electrical conductivity? x
thermopower).
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Fig. 1 | Thermal conductivity of the 4,CoO,
epitaxial films at room temperature. Both
anisotropy and atomic mass  (Ay)
devnendences are clearlv seen.
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Clarification of heat transport behavior in superlattices is crucial for heat modulation devices technique.
However, the intrinsic properties of superlattices are challenging to explore due to the presence of
defects in ceramics, polycrystal, and artificial superlattice 1. To solve this issue, we focus on the
homologous phases INMO3(ZnO)n (M = In, Fe, and Ga, m = integer), which forms a natural superlattice
composed of alternatively stacked InO~ layers and MO3(ZnO)n* blocks (Fig. 1a). Here we report heat

transport behavior of single crystalline
INGaO3(ZnO)n (m =1 — 35) fabricated by
the Reactive Solid Phase Epitaxy (R-
SPE) @' method and measured their
thermal conductivity (x).

Like other superlattices, we observed
the cross plane thermal conductivity was
not monotonic as function of interface
density ds.* (Fig. 1b). These suggests
that phonon propagation change from
incoherent (ds.* < 0.5 nm™) to coherent
(ds.*> 0.5 nm™), and the transition point
shift to the right with increasing
temperature (Fig. 1c). This implies that
the phonon coherence length in
INGaO3(ZnO)n is 2 nm at 300 K, which
determines the heat transport properties
in superlattices. In addition, the in-plane

thermal conductivities were close to
those of polycrystalline ceramics,
suggesting  the  in-plane  thermal

conductivity dominates ceramics.

In this research, we examined the
heat transport properties of single
crystalline films of InGaO3(ZnO)m (M =
1-35, integer) natural superlattices and
analyzed their thermal conductivities.
The results indicate cross-plane phonon
propagation is a competition between
interface scattering and phonon band
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FIG. 1 | a. HAADF-STEM image of InGaO3(ZnO),, film
grown on (111) YSZ substrate. b. Thermal conductivity x
as function of interface density dsi! in the cross-plane
direction (circle), in-plane direction (square) and
polycrystalline ceramics (triangle). ¢. Thermal resistance
(1/x) as function of ds."!' at RT, 50 °C, 70 °C, and 90 °C.

folding, and the transition point is at the phonon coherence length. These results would be valuable for

heat management technologies.
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Gold nanoparticles have attracted attentions in various research fields due to their useful optical properties,
known as Localized Surface Plasmon Resonance (LSPR). In particular, rod-shaped gold nanoparticles (gold
nanorods: GNRSs) show two modes of LSPR due to their anisotropy; One is Transverse LSPR (TLSPR) with
absorption at about 500-600 nm, and the other one is Longitudinal LSPR (LLSPR) with absorption in the
near-infrared region. As the LLSPR of GNRs possesses much stronger light absorption than the TLSPR of
GNRs and LSPR of spherical gold nanoparticles, an effective use of this LLSPR is quite important. On the
other hand, this absorption is significantly dependent on the orientation of GNRs toward incident light.
Therefore, orientation control of GNRs is of great importance. Further, dynamic orientation control of GNRs
must lead to new plasmonic devices with promising functionality. However, the orientation control of GNRs
remains challenging. In our previous Gold Nanorod

research, we developed a preparation p- >

method for the vertically aligned GNR \“ y Q ﬂ Stimuli %
array on DNA-modified substrates (Fig. 1a) \: > @

[1]. In this study, we investigated the N

orientational change of GNRs by pH- ‘Me °’ M ") M
induced structural transformation of  Glass Substrate

double-stranded DNA (Fig. 1b), as there  gioype 1. Schematic illustration of the immobilization of
are many reports showing the DNA  cationic GNRs onto the DNA grafted substrates (a) and

conformation changes depending on the  timyli-responsive structural changes (b)
external environment [2].

DNA brushes were prepared through the immobilization of biotin-modified DNAs (148bp) on
streptavidin-coated glasses. The GNRs, which have 36 nm in length and 9 nm in diameter, were prepared
and their surface was modified with a cationic and neutral ligands at a mixing ratio of 9:1. Then, cationic
GNRs were adsorbed onto the DNA brushes via electrostatic

interaction. Extinction spectra of GNRs were measured under o

various pH conditions. The extinction spectra in a neutral LSPR

environment (pH 7.6) showed that the GNRs were aligned

perpendicular to the glass substrate. When the pH environment was g o4

changed to an acidic (pH 4.0), the LLSPR intensity around 800 nm .2

was largely increased (Fig. 2). This result indicates that the g

orientation of cationic GNRs changed drastically due to the pH E o |

changes. When the solution condition was returned to neutral, the

increased peak was immediately back to the original position. This

peak changes occurred reversibly at least several cycles. Our results PH 7.6

suggested reversible GNR orientation changes from conformation %0 600 800 1000 1200

changes of DNA as a supporting material on the substrate. Wavelength / nm
Figure 2. Extinction spectra of

Reference GNRs attached on the DNA brush in

1. S. Nakamura, et al, ACS Omega, 2, 2208-2213 (2017) pH 7.6 (Red) and pH 4.0 (Blue)
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Gold nanoparticles (AuNPs) show a unique optical property called localized surface plasmon resonance.
Their assemblies, interestingly, show collective or enhanced properties due to plasmon coupling effects.
Thus, the assemblies of AuNPs, in particular, stimuli-responsive assembly/disassembly, have attracted much
attentions. In our previous study, we found that AuNPs coated with oligo(ethylene glycol) (OEG) derivatives
showed thermo-responsiveness [1]. They formed assemblies when the solution was heated over a
temperature, which we called assembly temperature. Those assembly temperatures were drastically
changed depending on the hydrophobicity at the terminus of the ligand and the size of nanoparticles as
a core (Fig. 1). On the other hand, it was hard to tune  (A) (B) anyiHosd (): wnr Ar A2

the assembly temperature precisely using AuNPs with 4 B Puietiodh e fas s

a defined size. In this study, we show a new method to <y P!

RS
(
tune the assembly temperature of AuNPs by changing the g)*u La C}

) &
free volume of the surface ligands instead of a change in ‘§ l G —
AUNP size. V’{ ?;AJ g
First, 10 nm AuNPs were synthesized and modified LI a
with the ligands of EG6-C2 as thermo-responsive one and Pmk;"‘m: - i

EG2-OH as a short ligand at various mixing ratios (Fig. _ _
2A). A free volume of the OEG parts in EG6-C2 changes Fig. 1 (A) Illustration of a thermo-responsive gold
d ndin n the ligand mixing ratio. The thermo- nanoparticle. (B) Schematic diagram of temperature
€pe . g o _e ga g ratio. € thermo responsive plasmon shifts coming from nanoparticle
responsive behaviors of these AUNPs were analyzed by  assembly
dynamic light scattering (DLS) and UV-vis spectroscopy.
The DLS on heating process showed that AUNPs modified with different mixing ratio of the ligands formed
assemblies at  different temperatures (Fig. 2B). Spectral analyses also showed these AuNPs had different
assembly temperature. These results indicated that the assembly temperature can be tuned by change in
mixing ratio of surface ligands with
. (A) B ’
different ethylene glycol lengthdueto  "qe oo C2 Ligand Ratio
the change in the free volume of the  ws ™o 100% 80%60% 40%  20%

[]

Temperature / °C

OEG nparts in thermo-responsive S52%%. (o
ligands. On the other hand, two small Free  Large
different thermo-responsive ligands Volume _ 100

(EG6-C2 and EG6-C1), which show 1} 11/ <% <<
different assembly temperatures, were \{If] EG2-OH \\H //
mixed and attached on the 10 nm ! Wi

AUNPs. EG6-C2 (100%) and EG6-C1 10 nm 10 nm
(100%) covered AuNPs showed an C2-rich Mg:{ir:)g C2-poor

assembly temperature to be ca. 34 and

Hydrodynamic Diameter /nm @

o el h Fig. 2 (A) Chemical structures of surface ligands and schematic
63°C, respectively. However, the /e o of ligands at the nanoparticle surface. (B) Hydrodynamic

mixture (75:25, 50:50, and 25:75 of = jizmeter changes of AuNPs covered with mixed ligands on the
EG6-C2: EG6-C1) showed ca. 36, 38, peating process.

and 38°C, respectively, somehow.
These results suggest this free volume-based assembly temperature control is advantageous.
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Recently, we reported a modal strong coupling between Fabry—Pérot nanocavity (FP-nanocavity) mode
and localized surface plasmon resonance (LSPR) enhanced water splitting reaction by optical hybrid
modes across a broad range of wavelengths, followed by hot-electron transfer from a plasmonic metal
to a semiconductor ™M, In particular, it should be noted that in addition to the absorption increment, the
internal quantum efficiency (IQE) is enhanced under strong coupling.

In this study, we investigated the efficiency of hot-electron transfer under modal strong coupling
conditions by monitoring the photocurrent generated at a plasmonic photoanode. We fabricated gold
nanoparticles/titanium dioxide/Au-film structure that shows a modal strong coupling between FP-
nanocavity mode and LSPR and then explored the effect of the strong coupling on the incident photon-
to-current conversion efficiency (IPCE) and IQE in the presence of triethanolamine (TEOA) as a
sacrificial electron donor to accelerate the surface reaction enough!l.

Silica glass substrates (10x10x1.0 mm?) were ultrasonically cleaned for 5 min each in acetone,
methanol and deionized water. Then, the substrates were dried with a pure nitrogen flow. A 100 nm Au
film and a 2 nm titanium film were sputtered in sequence on the surface of the silica glass using a
Helicon sputtering system. Afterward, a 28 nm titanium dioxide (TiO.) thin film was deposited onto
the Au film using a commercial hot-wall flow-type atomic layer deposition (ALD) reactor with titanium
tetrachloride (TiCls) and H»O as precursors; the chamber was held at 300°C. A 3 nm Au thin film was
sequentially evaporated in a thermal evaporator at a deposition rate of 0.1 A-s™. Finally, the samples
were annealed in air at 300 °C for 2 h, and the Au-NPs appeared on the TiO; film surface. To fabricate
the partially inlaid Au NPs, a 7 nm TiO- thin film was also deposited on the Au-NPs/TiO2/Au-film by
ALD. Then, the samples were annealed in air at 300 °C for 2 h.

The typical current-potential curves were achieved using a three-electrode system, with the obtained
Au-NPs/TiO2/Au-film structure as the working electrode (WE), a platinum wire as the counter electrode
(CE) and a saturated calomel electrode (SCE) as the reference electrode (RE). For the IPCE calculation,
the photocurrent was measured at 0.3 V vs. SCE.

Au-NPs/TiO,/Au-film photoanode was fabricated according to the previous report M. The
absorption spectrum showed distinct dual bands, which corresponded to the strong-coupling-induced
splitting of energy levels into upper and lower branches. The IPCE was dramatically enhanced as the
TEOA concentration increased, and finally, the IPCE reached a maximum of ca. 4%. This maximum
IPCE value is twice that of the Au-NPs/TiO2/Au-film without partially inlaying Au-NPs by TiO, whose
coupling strength is weaker. Thus, the hot-electron transfer efficiency depends on the strong coupling
situations. Additionally, both hybrid modes formed by the modal strong coupling between the FP-
nanocavity and LSPR contributed to the hot-electron transfers and photocurrent generation in the
presence of TEOA because all spectra can be separated into two peaks. Furthermore, the integrated 1QE,
which was obtained for wavelengths from 500 to 800 nm, was enhanced by approximately 5 times upon
the addition of 1 vol % of TEOA and reached 3%. This large IQE is profitable for solar energy usage
because 40% of solar energy is included in this wavelength region.
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Nanostructure-based surface plasmon resonance biosensors have attracted considerable attention since
the phenomenon of extraordinary light transmission in metallic nanohole arrays was discovered.
However, the mass production of uniform metallic nanostructures with a low-cost, rapid, and high-
throughput fabrication process remains a key issue for various multiplex sensing applications. We
successfully utilized injection compression molding to mass fabricate transmission-type Fano
resonance biochips with a feature size of 60 nm for multiplex sensing applications. Two types of
metallic nanostructures, aluminum nanoslits and capped aluminum nanoslits with 24 sensing arrays,
were made on polycarbonate substrates. The bulk sensitivity and uniformity of the nanostructure arrays
were tested. A Fano resonance with a full-width at half-maximum bandwidth of 8 nm was observed in
the visible light region for 470-nm-period capped aluminum nanoslit arrays. The refractive index
sensitivity was 460 nm/RIU, and a figure of merit of 58 was achieved. Moreover, aluminum nanoslits
had a dip resonance with a bandwidth of 25 nm and a refractive index sensitivity of 463 nm/RIU. The
coefficients of variation of the refractive index sensitivities for 24 arrays on a biochip and 10 biochips
from different fabrication batches were both below 3%, which indicates that uniform nanostructures
can be fabricated by injection compression molding and that the reproducibility is controllable. In
addition, the multiplex sensing capability of the aluminum nanostructure arrays was demonstrated by
simultaneously monitoring 24 water/glycerin solutions with a hyperspectral imaging system. Protein—
protein interactions between bovine serum albumin and anti-bovine serum albumin demonstrated proof
of concept of the biological detection capability of the chips. To benefit various multiplex sensing
applications such as clinical disease diagnosis, drug screening, and protein biomarker discovery, 96-
array aluminum nanoslit biochips the same size as a standard 96-wellplate were successfully fabricated.
Such a nanostructure-based plasmonic biochip produced by a low-cost, rapid, and high-throughput
fabrication method can benefit commercial applications.
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Fig. 1. Fabrication and transmission spectra of capped aluminum nanoslits and aluminum nanoslits.
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Modal strong coupling between the Fabry—Pérot nanocavity and localized surface plasmon resonance
(LSPR) has recently been demonstrated to be helpful for improving the quantum efficiency of the
photoelectrochemical (PEC) reaction.!! In order to further investigate the mechanism of modal strong
coupling enhanced hot electron production, in this study, we employed well-designed Au nanodisks
(Au-NDs) to further study the key parameters of the modal strong coupling between the nanocavity
resonance and LSPR and its effect on the PEC reaction efficiency.

The photoelectrode consists of a sandwich structure of Au-NDs/TiOx/Au-film (ATA). The Au-film
was deposited on silica glass by helicon sputtering following with a 2-nm Ti deposition. The TiO, thin-
film was fabricated on the Au-film using atomic layer deposition (ALD) to form a nanocavity. Well-
designed Au-NDs with hexagonal arrangement were fabricated using electron beam lithography and
lift off techniques. For the incident photocurrent conversion efficiency (IPCE) measurement, we
fabricated an ATA photoelectrode consisted of a large area (~2 x 2 mm) of Au-NDs array with an inlaid
depth of 7 nm. The IPCE measurement was performed using a three-electrode system in 0.1 M KCIO4
solution with 1 vol% triethanolamine as a sacrificial electron donor. The ATA photoelectrode was used
as working electrode, a saturated calomel electrode and Pt wire were used as reference and counter
electrode, respectively. Dephasing time measurement was carried out in a time resolved photoemission
electron microscopy (TR-PEEM).?

An obvious absorption band splitting for the ATA structures to an upper and a lower branch was
observed due to the modal strong coupling between LSPR and cavity resonance. The dispersion curves
were plotted as a relationship between the cavity resonance energy and the upper/lower absorption band
energy. By fitting the dispersion curve by a coupled harmonic oscillator model, the splitting energy of
the ATA with the coverage ratio (CR) of Au-NDs of 0.403 was calculated to be 380 meV, where the
CR is obtained by dividing the gold coverage area by the total surface area. To control the strong
coupling strength, we varied the CR of Au-NDs from 0.074 to 0.580 with corresponding splitting
energies from 90 to 510 meV. We performed PEC measurement by employing the ATA structures with
different CR as a photoanode to investigate how the modal strong coupling enhances the charge
generation. For the Au-NDs with a lower CR, the absorption band and the IPCE band show only a single
band at around 700 nm. For the Au-NDs with a higher CR, strong coupling induced two absorption
bands exhibiting at the wavelength region of 550-900 nm. Remarkably, the IPCE action spectrum also
presents two bands corresponding to the absorption bands closely. From the experiment and fitting of
the photoemission signal of Au-NDs with high and low CR, we found that Au-NDs with high CR
exhibits a relatively short decay (~ 4.5 fs), while the low CR shows a longer decay (~9 fs). Based on
the IPCE and dephasing measurements, we consider that a larger number of hot-electron is generated
and injected from Au-NDs into TiO under the modal strong coupling conditions with the larger
coupling strength.
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Plasmonic dimers and one-dimensional (1-D) nanochains are the simplest coupled plasmonic systems.
Here, we study the near-field properties of plasmon coupling in these two systems using photoemission
electron microscopy (PEEM), which has been proved to be a powerful and promising approach to probe
the near field of plasmonic nanostructures®=,

For the plasmonic dimers, it has been well known that much stronger near-field enhancement can
be obtained in dimers compared to single nanoparticles. However, the correlation between near-field
enhancement and dephasing time has not been clearly addressed so far. We experimentally reveal such
correlation with time-resolved PEEM. The correlation is found to depend on the dimer gap size and
polarization of the excitation light*. Compared with isolated particles, dimers with small gap size show
much stronger near-field enhancement and much shorter dephasing times. The experimental results are
well reproduced by finite-difference time-domain (FDTD) simulations and further explained by coupled
dipole approximation (CDA) model calculations. The roles of near-field and far-field coupling and
plasmon localization are unveiled in balancing near-field enhancement and dephasing time. We also
reveal that the near-field enhancement of dimers may be weaker than that of isolated structures if the
gap size is not sufficiently small.

For 1-D nanochains, the near field mapping is obtained at high spatial resolution. By tuning the
excitation laser wavelength, we can obtain the near-field spectra, from which the energy splitting
between longitudinal (L) and transverse (T) plasmon modes can be revealed. In particular, the L-mode
red shifts and the T-mode blue shifts with increasing chain length. The red shift of the L-mode is highly
dependent on the gap distance. In contrast, the T-mode almost remains constant within the range of gap
distance we investigated. This energy splitting between the L-mode and the T-mode of metallic chains
is in good agreement with the far-field measurements. Our results provide direct experimental proof of
the near-field plasmon coupling in nanochains. In addition, we explore the energy transport along the
gold nanochains under excitation at oblique illumination via PEEM measurements together with
numerical simulations®.

In conclusion, we have studied plasmon coupling in plasmonic dimers and 1-D nanochians
directly from the near field with PEEM. We explore the correlation between near-field enhancement
and dephasing time in plasmonic dimers. The roles of near-field and far-field coupling and plasmon
localization are unveiled in balancing near-field enhancement and dephasing time. For the 1-D Au
nanochains, we prove the plasmon coupling directly at near field. Energy transport along the nanochains
are also explored, making possible applications for plasmonic waveguides.
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Gay0; is a promising photocatalyst with the more negative conduction band compared to commonly
used TiO, which is beneficial to improving efficient water splitting. However, the wide bandgap makes
it inactive in the visible light region [1]. In our proposal, gold nanoparticles (Au-NPs) are utilized to
increase the photocatalytic activities in the visible light region due to the localized surface plasmon
resonance. And the separation of plasmonically excited electron-hole pairs is achieved by the Schottky
junction constructed at the interface between Au and semiconductor [2]. The electrons on the conduction
band of Ga,0Os could take part in the reduction of water to produce H». Meanwhile, the oxidation process
is conducted by holes to achieve the evolution of O,. Therefore, the interface between Au-NPs and
Ga,0O3 plays important role for efficient energy conversion. In this work, the size effect of Au-NPs was
investigated and an interfacial modification with thin TiO, layer was applied to improve the
photochemical performance of Au-NPs/Ga»O; based plasmonic photoelectrode taking advantage of the
strong holes-trapping ability of TiO».

Different sizes of Au-NPs were obtained from Au film with various thicknesses deposited onto
Ga0;3 (Sn-doped, (-201)) upon annealing process under 800°C in N, for 1h. Then a thin TiO, layer with
several nanometers was deposited on the Au-NPs/Ga,Os by atomic layer deposition (ALD) under 300°C.
PEC performance was measured under the conventional three-electrode photoelectrochemical
measurement system with a saturated calomel electrode as reference electrode, a Pt wire as a counter
electrode and an aqueous electrolyte solution of KC1O4 (0.1 M).

To improve the oxidation process in the water splitting, TiO, was applied on Au-NPs/Ga;0O3 system
taking advantage of the holes capture ability. The incident photon-to-current efficiency (IPCE) and
absorption spectra of the Au-NPs/Ga>O3 system showed an increment compared with samples without
the interface modification. When 1 nm TiO, was deposited, the IPCE decreased because 1 nm is too
thin to form smooth layer which would act as recombination centers. Deposition of 2 nm TiO, showed
the highest IPCE which was 1.6 times larger compared with samples without TiO,. It meant that the
modification by TiO, showed positive effect on Au-NPs/GaO; as a result of the hole-trapping ability
of TiO; decreasing the recombination between holes and electrons.
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Plasmon-induced charge generation has been demonstrated for the solar energy conversions. [Xl However,
the solar energy conversion efficiency is limited by the insufficient absorption on monolayer of metallic
nanoparticles and the low quantum efficiency of the reactions. Aiming at this problem, we have developed
an efficient solar-to-fuel energy conversion system based on an Au nanoparticle (Au-NP)/TiO; thin-film/Au-
film photoelectrode. [ The Au-NP/TiO; thin-film/Au-film photoelectrode shows modal strong coupling
between the localized surface plasmon resonance (LSPR) and the cavity mode and the quantum efficiency
of plasmon-induced water oxidation on the ATA photoelectrode is enhanced under the strong coupling
conditions. The plasmon-induced charge transfer at the interface of Au-NPs/TiO; is considered to be a
critical factor for this efficient energy conversion system. In this study, we explored the dynamics of the
plasmon-induced charge transfer at the interface of Au-NPs/TiO. using femtosecond pump-probe transient
reflection spectroscopy.

Photoelectrodes consist a sandwich structure of Au-NP on top, TiO; thin-film in middle and an Au or
Al metal thin film at bottom, represented as Au-NP/TiO; thin-film/Au-film (ATA(Au)) and Au-NP/TiO;
thin-film/Al-film (ATA(AI)). Strong coupling between the Fabry—Pérot nanocavity mode of TiO; thin-
film/Au-film and the localized surface plasmon resonance (LSPR) mode of Au-NPs is induced when their
resonant frequencies overlap. To increase the coupling strength in this strong coupling regime, we partially
inlaid the Au-NPs into the TiO. nanocavity film by several nanometers. The strong coupling properties
between the LSPR and cavity modes were demonstrated in our previous experiments.? Obviously, strong
coupling induced hybrid states were observed. The IPCE action spectrum of ATA(Au) and ATA(AI)
photoelectrodes are almost correspond to the absorption spectrum. Notably, the IPCE of ATA(AI) is
extraordinarily enhanced 2.5 times than that of ATA(Au) at strong coupling wavelength region.

To understand the IPCE enhancement on ATA(AI), we measured the dynamics of the plasmon-induced
energetic electrons by femtosecond pump-probe transient reflection spectroscopy. Under the photon
excitation, plasmon-induced electron transfers from Au-NPs to TiO; conduction band, and the electrons in
the TiO, conduction band shows intra-band absorption from visible to IR region. Therefore. the lifetime of
electrons injected from the photon-excited Au-NPs to TiO2 can be detected by femtosecond pump-probe
transient reflection spectroscopy. The time profiles of the transient spectra of ATA(Au) and ATA(AI)
photoelectrodes at 3500 nm after excitation by 580 nm and 650 nm femtosecond pulses were recorded.
Interestingly, the lifetime of plasmon-induced electrons in ATA(AI) exhibit remarkably longer than
ATA(AU) under both 580 and 650 nm excitation. Under the convolved fitting using a three-phase model, the
lifetime of ATA(Au) and ATA(AI) are calculated to be 0.3 and 2.8 us under 580 nm excitation, 0.4 and 9.0
us under 650 nm excitation, respectively. The long lifetime of plasmon-induced carriers might contribute to
the high photocurrent conversion efficiency, corresponding to our photoelectrochemical measurements.

In summary, ATA(Au) and ATA(AI) show similar strong coupling induced hybrid states in visible
wavelength region. The IPCE of ATA(AI) exhibits 2.5 times enhancement as compared with ATA(AU) in
the strong coupling wavelength region. Furthermore, the lifetime of the plasmon-induced energetic electrons
on ATA(AI) was demonstrated to be more than 9 times longer than ATA(Au) under the femtosecond pump-
probe transient reflection measurements. The long lifetime of plasmon-induced carriers contributes to the
high photocurrent conversion efficiency of ATA(AI).
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Surface-enhanced Raman scattering (SERS) is a surface-sensitive technique that enhances Raman
scattering by adsorbing molecules on rough metal surfaces or nanostructures. It has been widely used
for chemical detection ™. SERS intensity relates to the contributions of electromagnetic enhancement
(EM) and chemical enhancement (CM) 1. The EM describes the electromagnetic field enhancement by
plasmon, while CM is a kind of resonance Raman effect that is induced by the interaction between an
incident light field and a charge transfer state formed when a molecule having a lone pair is coordinated
to the metal surface. Spontaneous Raman scattering is typically very weak and suffered from stability
and reproducibility problems Bl Thus, the development of SERS substrates with high sensitivity,
stability and reproducibility remains an active area of research. In the present study, we fabricated a
modal strong coupling system, [ which composes of Au nanoparticles (AuNPs) showing localized
surface plasmon and titanium dioxide/gold film (TiO2/Au-film) nanocavity, for versatile SERS chips
and elucidated SERS properties on the structures in detail.

Silica glass substrates with a size of 10 X 10X 1 mm? were rinsed with acetone, methanol and
deionized water in an ultrasonic bath for 5 min and then dried with a pure nitrogen flow. A layer of gold
film (100 nm) was coated onto glass substrate by Helicon sputtering system with 3-nm Ti as adhesion
layer. A 3-nm titanium was additionally deposited on the gold film for the following TiO- thin film
deposition. A 30 nm TiO; film was deposited by atomic layer deposition (ALD) system. The Au
nanoparticles (AuNPs) were manufactured on the TiO; film by electron beam (BE) evaporation system
and annealing procedure. ATA structures were soaked in crystal violet (CV) water solution for 1 hour,
and dried immediately after taking out from the solution. Then a certain number of CV molecules were
decorated on to the structure. Raman spectra were obtained using a micro-Raman spectroscope system
with 532 nm and 785 nm excitation.

SERS spectra (532 nm excitation) of CV molecules at different laser power have been obtained
from ATA and AuNPs/TiO.-film structures. The intensity of SERS signals of CV is linearly increased
with the excitation laser intensity. The Raman spectra of CV show a distinct Raman peaks related to
the CV spectral feature, and compared with CV on AuNPs/TiO-film structures, the intensity of the
peaks obtained from ATA structure is significantly enhanced with an enhancement factor about 11. The
SERS spectra (532 nm excitation) of CV molecules with different concentration are obtained from ATA.
The lowest detectable concentration of CV is taken as 10”7 M. The intensity of SERS signals of CV is
linearly increased with the logarithm of CV concentration in a certain range.
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Intermediate temperature (200-500°C) fuel cell (IT-FC) is attractive for the future power generation
system. In this research, the phosphate glasses containing alkali, alkaline earth and rare earth elements
were prepared by the melt-quench method, and then subjected to the alkali-proton substitution technique
(APS) to replace Na* with H" !, The influence of alkaline earth and rare earth ions on the thermal
stability of the glasses after APS was investigated.

Phosphate glasses of 35Na0;,-2RO-5REQ3,-5Ge0,-53P0s,» (R=Mg, Ca, Sr, Ba; RE=La, Gd,
hereinafter referred to as 2RSRE) were fabricated by the conventional melting and annealing method!?!.
After deposition of Pd film of 500 nm' on one side, the glass plate was placed on a molten Sn in a H»
atmosphere, and applied the DC voltage of +35V to the Pd electrode at 340-380°C for 28 hrs. During
the voltage application, the alkali ions more than 90% in the glass are replaced to protons and discharged
into the molten Sn. The volatile elements from 2R5RE glass after APS were measured in N, atmosphere
of ambient pressure under the heating rate of 80°C/h using a quadrupole mass spectrometer (QMS;
BELMass, MicrotracBEL Corp.)

Figure 1 shows the QMS curves of each sample after APS. The desorption peaks of H,O were clearly
recognized above 450°C. As shown in figure 1, the 2Mg5La and 2Ba5Gd exhibited the higher resistivity
against the H,O desorption. Then we evaluated the prolonged proton conductivities for these samples.
The measurement method was described in our last paper!?l. The measurement temperature was set at
310°C. Figure 2 represents the measurement results. Neither crystallization nor phase separation
occurred longer than 500 h for 2Ma5La and 600 h for 2Ba5Gd. After these points, the phase separation
accompanied with the precipitation of HsPO4 was caused in the samplestl. Further extension of stable
proton conductivity is expected by the improvement of glass composition.
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Fig.1 H,O desorption curves of 2R5RE after APS; (a)La (b)Gd. Fig.2 Prolonged proton conductivities

for 2Mg5La and 2BaSGd after APS.
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P52

Long spin coherent length in molecules, which realizes large magnetoresistance (MR) ratio, has
attracted considerable interest in spintronics [1,2]. Recently, we have proposed nanoscale junction
devices, which consist of molecules sandwiched between crossed edges of two magnetic thin films [3].
In this study, we fabricate NizsFex/Mgs (M = Al, Er, q = 8-hydroxyquinolinato) /NizsFez; junction

devices and investigate electric and magnetic properties.

NizgFe2. (permalloy, Py in the following) thin films
were deposited on low-softening-point (LSP) glass
substrates using ion beam sputtering. Then, LSP glass
substrates with the same composition were stacked on
the fabricated Py films at 513°C and 0.25-1.0 MPa using
the thermal pressing technique. The obtained samples
were cut in half, and their cross-sectional surfaces were
polished. Finally, an Mqs thin film with a thickness of 20
nm was spin-coated on the polished glass/Py/glass
surface, and another glass/Py/glass sample was
orthogonally stacked on the Mqs film with two Py edges
crossed. The current-voltage characteristics and MR
effect of the devices were evaluated by a four-probe
method at room temperature.

Fig. 1 shows typical MR effects of (a) Py/Algs/Py
and (b) Py/Erqs/Py devices at room temperature. In the
both cases of Py/Algs/Py and Py/Erqs/Py devices, the
bias voltage dependence of MR ratio agreed well with
calculation results performed using Zhang’s theory [4].
This means that spin flips mainly occur due to hot
electrons in parallel magnetization of devices. Our
theoretical and experimental works will provide new
understanding on molecular spintronic devices.
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Organic porous frameworks composed of a two-dimensional network of a Cs-symmetric -
conjugated system can exhibit interesting physicochemical properties, such as selective gas sorption
and storage, chemical luminescent sensors

Previous work This work
and optoelectronics. Furthermore,
introducing N atoms into the m-conjugated HOG, COH R R
gives the framework multiple active sites, Q¢
which can interact and/or coordinate with &, . NN
3.2 NN

cations species such as metal cations and

N N I
proton to achieve external stimuli- 5"@“ N Nﬁ” N
responsive frameworks. Introduction of N "™ (W Q- D-cou D~ e
atoms also is capable of fine-tuning of v, Q 7 Q
R R

frontier orbital levels, which enables to HOC - COH OATN | Rt
control optoelectronic properties of the CPDATN : R = COH

frameworks. Fig. 1 Hexa- and dodeca-azatrinaphthylene derivatives

In connection with this, we have .
. . ! . (HATN and DATN, respectively).
synthesized N-contained Cs-symmetric - P 9

conjugated systems such as a hexaazatrinaphthylene derivative (CPHATN) [Fig. 1(left)] and
constructed the corresponding porous hydrogen-bonded organic frameworks (HOFs) responsive to
acid.l*2

In this study, to construct dodecaazatrinaphthylene (CPDATN)-based HOFs, [Fig. 1(right) a
phenyl derivative (PhnDATN) was explored as a preliminary reference compound. PhDATN was
successfully synthesized via condensation between the corresponding diamine derivative and
triquinoyl. The structure was precisely revealed by single-crystalline X-ray diffraction analysis.
PhDATN crystallize in the P-1 space group. Chloroform molecules used as a recrystallization solvent
are included in the crystal. PhDATN forms a n-stacked dimer with interplanar distances between the
stacked DATN cores of 3.21 A (Fig. 2a). The DATN core has a twisted conformation due to packing

force (torsion angle is 8.04°). The @) ®) ! :
dimer is then packed without &&&
significant interaction between g % é" &
3NA - y y
12 B
oR

the cores as shown in Fig. 2b.
The present results indicate
the feasibility of framework
Fig. 2 a) Crystal structure of PADATN dimer (left) and side view of the
stacking (right). b) Packing diagram of the PADATN dimers, where the
peripheral phenyl groups are omitted for clarity.

construction based on DATN,
laying a foundation for further
synthesis of CPDATN.
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We report two supramolecular polymorphs which have the same formula (4-
aminopyridinium)(DB[24]crown8)[Ni(dmit),](H.0) (where DB[24]crown8= dibenzo-24-crown-8
and dmit> = 1,3-dithiole-2-thione-4,5-dithiolate) but different structure (Fig.1). The dehydrated
configuration of both cases can be obtained with the formula of (4- aminopyridinium)
(DBJ[24]crown8)[Ni(dmit)2].

Crystals were obtained by slow evaporation over a period of a few days, then washed with
acetonitrile and methanol. Hydrated crystal 1 was obtained in a mixed solvent of acetonitrile : acetone
=6 : 1. Crystal 2 was synthesized in acetone solution by using the same proportion of raw materials.
The dehydrated crystals almost maintain the structure configuration of hydrated crystals. In both
hydrated crystals 1 and 2, DB[24]crown8 formed a columnar structures, in which 4-aminopyridinium
molecules were completely included and the columns were aligned in the b and —a+c axis, respectively.
Amino group of 4-aminopyridinium was coordinated by oxygen atoms of DB[24]crown8. The pyridyl
ring was parallel to the phenyl rings of DB[24]crown8 having chair configuration. In the crystal 1, 4-
aminopyridinium molecule was also coordinated by oxygen atoms of water molecules and disordered
between two positions. [Ni(dmit).]  anions adopted two-dimensional layer structure. In the crystal 2, 4-
aminopyridinium molecules was ordered.

In both crystals 1 and 2, [Ni(dmit);]" showed antiferromagnetic interaction in the temperature
dependence of the magnetic susceptibility measurements. The Curie-Weiss model was applied to the
crystal 1 with C = 0.378 emu K mol* and © =-19.6 K.

e e &%/ 1%1(1)(1*’
w'_j'\:

Fig. 1. Crystal structures and inorganic parts of hydrated polymorphs 1(left) and 2(right).
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Tissue growth is a driving force of morphological changes in living systems. Whereas the buckling
instability is known to play a crucial role for initiating spatial pattern formations in such growing
systems, little is known about the rationale for succeeding morphological changes beyond this
instability. In mammalian skin, the dermis has many protrusions toward the epidermis, and the
epidermal stem cells are typically found on the tips of these protrusions. Although the initial instability
may well be explained by the buckling involving the dermis and the basal layer, which contains
proliferative cells, it does not dictate the direction of these protrusions, nor the spatial patterning of
epidermal stem cells. Here we introduce a particle-based model of self-replicating cells on a deformable
substrate composed of the dermis and the basement membrane and investigate the relationship between
dermal deformation and epidermal stem cell pattering on it.

We performed numerical simulations of our model, starting with an initially flat basement
membrane on which 64 stem cells were placed in a certain arrangement. As time evolves, TA cells are
continually produced first by stem cells and then by themselves, spreading over the surface of the
basement membrane and soon entirely cover it to form the basal layer, while the basement membrane
starts to deform in the regions where it is covered with TA cells. Then many outward (upward in this
case) protuberances are produced, which can be regarded as dermal protrusions. During this process,
stem cells also spread over the basement membrane. Noticeably, stem cells tend to be located on the
tips of the dermal protrusions. These observations show that our model reproduces basic features of the
membrane shape and stem cell distributions observed in real skin.

The results of the previous section indicate that the strength of adhesion to the basement membrane
is crucial for the observed patterns. Now the following argument explains why protuberances of the
basement membrane direct outwards. Let us consider a small membrane segment on which cells are
attached. When a cell division occurs and the surface of the segment becomes crowded, either a cell has
to detach from the segment or the segment has to deform so that it can accommodate all attached cells,
depending on the energy cost for detachment and deformation. If deformation is energetically more
preferable than detachment, the resulting shape of the segment will be convex so as to minimize the
stretching energy. Thus, from a local point of view every place has a tendency to create outward
protuberances, resulting in dermal protrusions. This energetic argument also explains why stem cells
prefer the tips of the dermal protrusions: Cells feel the stronger pressure to push them out of the basal
layer in the concave regions such as the bottom of the basement membrane than in the convex regions
such as the top, which means that the larger cost is required to remain in the basal layer in the former
case. In such situations the total cost can be minimized when strongly bound cells such as stem cells
occupy the top and TA cells fill the remaining space.
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Skin is composed of epidermis, dermis and subcutaneous tissue. Especially, the epidermis is the
boundary of the body from the environment and has some significant function for maintaining the life.
The epidermis has the layer structure that is stratum basal (SB), spinosum (SS), granulosum (SG) and
corneum (SC) (Fig. 1). The epidermal cells are produced at SB. These cells move to upper layer with
differentiation into prickle cell and granular cell, become part of SC by cornification, and finally get
removed from the surface. This turnover is occurred repeatedly and the period is about 45 days in human
1. Moreover, the epidermis has the barrier function. When the cells undergo cornification, lamellar
bodies are secreted into intercellular space and their components form intercellular lipid that helps the
barrier function in SC. This barrier has the role of water retentivity. In SG, there is tight junction barrier
that control ion permeation. Even if the epidermis repeats turnover, the epidermis has the homeostasis,
i.e., the layer structure and barrier function are not lost.

We study to understand this epidermal structure using mathematical model. Our model is
considered particle-based model and we focused the calcium. Ca?* was localized just under SC and
calcium wave was propagated in epidermal cells when exposed to air 23. This implies the relationship
between calcium signaling and the damage of the skin. From this reason, we consider the control from
upper layer based on calcium dynamics. When the cells undergo cornification, we assumed that
materials promoting the differentiation are produced and diffused into SG45. By this assumption, we
observe the numerical result that have the homeostasis for layer structure (Fig. 1). Moreover, by
considering intercellular dynamics and model for tight junction, we can consider the homeostasis for
the barrier function. In this study, we will show the result applying our model to some skin disease.

stratum corneum (SC)

stratum granulosum (SG)

stratum spinosum (SS)

stratum basal (SB)

dermis

Fig. 1 (Left) Schematic illustration for the epidermal structure. (Right) The example of numerical simulation
result with homeostasis. Each color indicates light-pink: corneum cell, dark-pink: granular cell and purple:
prickle cell.

This research is supported by JST CREST Grant Number JPMJCR15D2, Japan and collaborated
with Yasuaki Kobayashi (Hokkaido University), Takeshi Gotoda (Nagoya University), Masaaki Uesaka
(Tokyo University), Yusuke Yasugahira (Hokkaido University), Hiroyuki Kitahata (Chiba University),
Mitsuhiro Denda (Shiseido Global Innovation Center), and Masaharu Nagayama (Hokkaido University).
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Within the last decade, evolution equations with fractional derivatives have gathered considerable
attention among both theoretical and applied disciplines due to their feasibility in modeling physical
processes such as anomalous diffusion. In this talk, we consider initial-boundary value problems for
time-fractional diffusion(-wave) equations represented by

(0F — Du(x, t) = F(x,¢t), xENO<tT,
(%) {u(x,O) =0 %fO <a<l, xeQ

ulx,0) =u(x,0)=0ifl<a <2,

u(x,t) =0, XEINO<t<T,

where d¢ (0 < a < 2) denotes the Caputo derivative. We investigate the following three inverse
source problems (ISP) on determining some components in the inhomogeneous term F.

ISP-1 Provided that F(x,t) = g(x)p(t) and p is known, determine the spatial component g
by the partial interior observation of u in w X (0,T) (w € Q).

ISP-2 Provided that F(x,t) = g(x)p(t) and g is known, determine the temporal component p
by the single point observation of u at {x°} x (0,T) (x° € Q).

ISP-3 Provided that F(x,t) = g(x —y(t)) and g is known, determine the orbit y by the
multiple point observation of u at {x/}}_; x (0,T) (x/ € Q).

The starting point for all above problems is a fractional Duhamel's principle, which represents the

solution to (%) in form of a convolution
t

u(x,t) = f Dt[“]_“v(x, t;s)ds, 0<t<T,
0
where [a] denotes the smallest integer larger or equal to «, Df stands for the Riemann-Liouville
derivative, and v(x,t;s) satisfies the corresponding homogeneous equation with a parameter s €
(0, T):

(0f — Dv(x,t;s) =0, xeENs<t<T,
v(x,s;s) = F(x,s) ifo<a<l,

{v(x, 5;5) =0,0;v(x,t;8)|=s = F(x,s) ifl<a < 2, x €0,

v(x, t;s) =0, x€EIN,s<t<T,

For ISP-1, we prove the uniqueness by utilizing a newly established weak unique continuation
property. For ISP-2, the uniqueness and the stability of multiple logarithmic type follow from the
applications of a strong maximum principle and a reverse convolution inequality, respectively. For
Problem 3, we derive a Lipschitz stability estimate in the case of a localized moving source with the
minimum possible observation points, and the uniqueness for the general case is verified with more
observations.
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In the area of inspections such as fault diagnosis of machines and pathological diagnosis, there is a
demand for a task of determining whether the number of defective parts is more than a certain number.
In our research, we especially treat the cases where we must spare several times of measurement to
obtain the exact value for defectiveness of one part due to uncertainties such as noise. In this setting, by
regarding parts to be check as arms in multi-armed bandit problem, the algorithm can be applied to the
above tasks in order to minimize the number of required measurements.

The multi-armed bandit is an area of machine learning researches that solve dilemma of
exploration and exploitation. The multi-armed bandit problem is frequently explained using multiple
slot machines. Let's assume that there are 10 slot machines in front of a gambler, and he has 1000 coins
and he can play one slot machine of them by one coin, so he can play 1000 times. Each machine, called
as an arm in the term of multi-armed bandit, has its own fixed average reward distribution. The objective
of multi-armed bandit problem is constructing the best strategy to maximize the rewards from slot
machines. In order to maximize the cumulative reward, he has to estimate the best machine and play it
(exploitation), but simultaneously has to play less-played machine to for better estimation of the best
machine (exploration).

By defining the defective parts as the arm with expected reward higher than a given threshold, the
measurement process can be formulated as multi-armed bandit setting. The algorithms to find the arm
with expected reward higher than given threshold is proposed so far [1, 2, 3]. In our problem setting,
there is no need to identify arms with higher expected reward than a threshold, but it is enough if there
is more than a certain number. Murphy sampling [4] can decide only whether at least one arm with
expected reward higher than a threshold.

In conventional research, it is assumed that the measured value is directly linked to the actual
nature, and that the average rewards are expected to be show the presence or absence of abnormality
correctly. In practice, however, this property is not always guaranteed, and false positives and false
negatives are unavoidable due to the nature of the measurement.

Therefore, in this paper, we deal with the classification problem based on the number of arms
whose expected reward is greater than or equal to the threshold when the misidentification is not 100%.
While considering the limit of accuracy, we develop algorithm to decide whether there are m arms with
higher expected reward than given threshold for given integer m with as few measurements as possible.
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In conventional chemical reaction theory, chemical reactions are assumed to proceed along the
minimum energy pathway connecting the reactant and the product via a saddle point on the potential
energy surface. The reaction rates are calculated from the energy at the saddle point, etc., according to
transition state theories. This conventional framework has succeeded to elucidate mechanisms and
kinetics of a lot of reactions in gas and condensed phases.

However, the conventional framework has the drawback that it neglects effects of molecular
motions, i.e. dynamic effects. Recently, a lot of computational and experimental studies have reported
chemical reactions that cannot be explained without considering dynamic effects, from textbook organic
reactions to biological reactions. Thus, it is necessary to update chemical reaction theory so that we can
elucidate mechanisms and kinetics of such dynamical chemical reactions.

Phase space geometry provides a mathematical basis for dynamical chemical reaction theory. A
phase space is a space whose axes are positions and momenta of atoms. Molecular motions are
represented by trajectories in the phase space of molecular systems. In the phase space of reaction
systems, there are tube-like structures that divide the destiny of the trajectories?. All reactive trajectories
going from the reactant to the product go through the inside of the tube. In this sense, the tubes
correspond to dynamical reaction pathways. Considering these geometrical structures in the phase
space, it is possible to construct reaction kinetic models including dynamical effects?.

Although the concept of the reaction tube is mathematically clear and may be useful for chemistry,
it is not straightforward especially for chemists to calculate reaction tubes due to complicated
mathematics used in the conventional methods. Thus, we are developing a fast and accurate
computational method for reaction tubes based on more intuitive techniques, that is, classical trajectory
calculation and Voronoi tessellation which is a computational geometric method.

In this poster presentation, | will explain the details of our method and show numerical
demonstrations for a model reaction system of two degrees of freedom.
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The nematode Caenorhabditis elegans is a major model species that is used in a number of biological
research. In the adult hermaphrodite, their total cell number is 959, and in the adult male, it is 1031.
Moreover, the developmental fate of every single somatic cell has been mapped[1], [2].

The researches on behaviors of C. elegans also have beed carried out. For example, it is known that
C. elegans shows chemotaxis and thermotaxis. When environmental conditions are stressed for them,
(i.e., food insufficiency, excessive population density, or high temperature), C. elegans can become a
stress-resistant life stage called the dauer stage. The dauer larva shows dauer characteristic behavior
“nictation,” in which they stand on their tails and wave their heads in the air[3]. This activity is thought
to aid in attachment of the dauer larva to other organisms like insects.

Through the observation of this nictating behavior, our group found that C. elegans dauer larva
jumps at a high speed. The measured jump speed is 1.11 + 0.35 m/s. Considering that the length of the
dauer larva is about 0.4 mm, it is an extremely high speed. Now we are attempting to reveal the high-
speed jump mechanisms, how they can jump so fast while their body is so small.

In this research, we first attempted to measure the jump speed to characterize this jumping behavior.
C. elegans shows two type jump, single A B
worm jump, and multi worm jump. Single  *° a0
worm jump is a dominant jump, at which mo&E
nematode jumps alone. At multi worm jump, n-tg "= n=47
some nematodes accompany jumping worm.
The number of accompanying nematodes
occasionally reaches one hundred. By utilize
multi worm jump, we examined the
relationship between the center of mass and
jump speed of nematodes, in the different
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measured jump speed at dlfferent Surface Number of nematodes Number of nametodes
tension of surrounded water, which Figure 1 Relationship between number of jumping
prevented the detachment between the nematode and jump speed

nematode and a surface. A) Adding detergent, B) Only pure water
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Chlamydomonas reinhardtii has been used as a model organism mainly for studies of photosynthesis
and flagella. However, its collective motion has not been much investigated. It has been known that
when irradiating a part of the Chlamydomonas cell suspension,
cells aggregate at the edge of the irradiated region. We focused
on such a collective photobehavior of Chlamydomonas cells
and observed the aggregation pattern of cells when using some
types of irradiation pattern. Then we found that cells show the
left-right asymmetric aggregation pattern under some
symmetric irradiation patterns (Fig. 1). To understand the
mechanism underlying this phenomenon, we performed two
experiments.

The aggregation pattern of cells was obtained by
irradiating the cell suspension from above with the halogen
lamp through the specific type of irradiation mask. Irradiation
time was about 1 minute. First, to check the effect of light
irradiation angle on the asymmetry of the aggregation pattern,
we observed the patterns by changing the irradiation angle. And 02
we performed the image analysis of obtained pattern images to Gk
numerically check the asymmetry of patterns. Second, to check A R - s
the behavior of individual cells during the pattern formation, . o
we observed individual cells by using the inverted microscope. fh‘gai I]}r‘r‘]’efef)}‘t’}fgr;ad‘r?‘ggsrr]‘g];g:n
In the image analysis of those data, we automatically tracked s Y garee P
the trajectory of cells and analyzed the swimming direction of

Asymmetry ¢

1,
08

cells.
As the result of the first experiment, the asymmetry of the o
aggregation pattern was increased with the increase of the light 2
irradiation angle (Fig. 2). We can think that the increase of the 7 02
irradiation angle enables cells to swim toward the bright area in

-0.6

higher degree, and this effect enhances the left-right asymmetry o
of the aggregation pattern. As the result of second experiment, al
there was the significant difference between the behavior of ‘ il T
cells in the two types of dark area (Fig. 3). When the bright area  [& 3. Difference of the cells swimming

. X . . . . irection between the two types of dark area
existed on the left side, swimming direction of cells faced the
bright-dark boundary in higher degree than when the bright area existed on the right side. From this
result, we can think that cells tend to respond to the left bright area more easily than to the right bright
area. Chlamydomonas cells are known to always rotate in the same direction during forward swimming,
so individual cells have left-right asymmetry in their swimming. We think that the asymmetry of their
swimming is an origin of the macroscopic asymmetric aggregation patterns. To clarify how the
microscopic asymmetry of Chlamydomonas is related to the macroscopic asymmetry of their
aggregation, we are now making a mathematical model that describes Chlamydomonas’ swimming
behavior and trying to extract the source of the left-right asymmetric patterns.
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The optical communication technology based on
a single-photon is well expected from points of
views of the downsizing and integration of
devices, and highly  secure  quantum
cryptography®. Among some candidates for a
single photon source, the semiconductor quantum
dots (QDs) are quite promissing®®. This is
because the QD density and the photon energy are
tunable, and present semiconductor technologies
are available for fabricating suitable optical
devices.

(a) cleavage
Supporting |
substrate

InAs QQ Ag

Si02 I

Fig. 1. (a) Schematic diagram of the sample structure.
(b) Top view of the metal embedded pillar array.

In this research, we fabricate a semiconductor pillar array, in which each pillar contains a few
numbers of InAs QDs. Those InAs QDs are grown by Molecular Beam Epitaxy (RIBER, MBE32P). A
GaAs buffer layer of 300 nm and a subsequent GaAs of 170 nm are grown on GaAs (001) substrate at
600 C and 565 C, respectively. InAs QDs are grown at 446 °C, then covered by a GaAs of 200 nm
at 565 “C. A pillar array structure is fabricated by using electron beam lithography (ELIONIX, ELS-
F125-U) with HSQ negative resist (Dow Corning Toray, Fox-15), and reactive ion etching (SAMCO,
RIE-101iHS) with Cl,/Ar gas. Pillars have a diameter of 300 nm, and the array has a square lattice
structure with a lattice constant of 2.5 um. Pillars are covered by SiO, of 100 nm by plasma CVD
(SAMCO, PD-220ESN) and Ag of 1.5 um by helicon plasma sputtering (ULVAC, MPS-4000C1/HC1),

then transferred to the Ag metal side by cleavage (Fig. 1). This
metal embedded structure provides the directivity of photon
flow, and possibly contributes to the high extraction efficiency
of photons from the present InAs/GaAs QD array.
Photoluminescence (PL) measurements are performed to this
sample with a non-resonant excitation of 632 nm at 4.2K. Figure
2 shows the two examples of our trial PL measurements. The
upper part of Fig. 2 shows the well-defined single peak at
around 1,100 nm.

In conclusion, the metal embedded InAs/GaAs QD pillar
array is prepared. The metal reflector in which pillars are
embedded provides the directivity of photon flow. The present
structure is promising as a single photon source and the metal
embedded structure contribute to the high extraction efficiency
of photons originating from QD. This work is supported by
KAKENHI Grant Nos. 16H03817 and 17K06396.
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