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Activities of light source development beamline BL01 in FY2023
Satoshi Hashimoto

Laboratory of Advanced Science and Technology for Industry, University of Hyogo

We will report on the activities of beamline BLO1 in FY2023. In the monocycle Free
Electron Laser demonstration experiment, we succeeded in generating and observing
ultrashort pulsed light for the first time in the world. In developing a light source for
laser Compton scattered gamma rays, we succeeded in increasing the gamma ray
intensity by several tens of percent by optimizing the laser optical system, and we also
conducted research on the use of gamma rays in collaboration with external research
institutions.
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Figure 1. Monocycle FEL: a new concept for generating ultrashort pulse light (from figurel in reference

[2D).
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Figure 3. Layout of LCS gamma-ray beamline BLO1.
Beams Typical parameters
Energy 05-15GeV
Lorentz factor 979 - 2936
Sectron 350 mA Top-up @1.0 GeV user-time
Current 400 mA decay @1.5 GeV user-time
20mA Single bunch etc. @machine study
type Wavelength / photon energy
NEYVO- & 1064 nvm / 1.16 oV
Laser NE:YVO, 2w 532 nm / 2.33 &V
Solid state 532nm /233 eV
CO; 105890 nm / 0.12 eV
Normalized Flux (with Nd laser 1064nm)
Max. energy 44-17.7 MeV
Gamma
beam Y W/O colmator 6000 photons/s/mA/W
6mmé colimator 900 photons/s/mA/W
3mmé colimator 250 photons/s/mA/W

Table 1. Typical parameters of LCS Gamma-ray at NewSUBARU BLO1.
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Figure 4. Improved overlap factor due to laser optics optimization. Before (left) and after (right)
optimization.
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BL03 Extreme ultraviolet beamline
Shinji Yamakawa
Laboratory of Advanced Science and Technology for Industry, University of Hyogo

BLO03 is extreme ultraviolet (EUV) beamline for EUV dose estimation.
1. BL03 DRE LB ERD
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[ 1] Takeo Watanabe, Hiroo Kinoshita, Kazuhiro Hamamoto, Morio Hosoya,
Tsutomu Shoki, Hideo Hada, Hiroshi Komano, Shinji Okazaki, “Fine Pattern Replication Using ETS-1
Three-Aspherical Mirror Imaging System”, Jpn. J. Appl. Phys. 41 (2002) 4105.
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BLOSC X-ray absorption spectroscopy beamline for industrial applications
Koji Nakanishi
Laboratory of Advanced Science and Technology for Industry, University of Hyogo

BLO5C, X-ray absorption spectroscopy beamline, at the NewSUBARU Synchrotron Radiation
Facility is a beamline constructed in 2021 for industrial analytical use of synchrotron radiation.
When BLO5C was first constructed, available photon energies were 1-4 keV (the so-called
tender X-ray region). Later, with the upgrading of beamlines, photon energies below 11 keV
became available. BLO5C is particularly focused on the measurement of rechargeable batteries
and hydrogen energy-related samples. We are constantly evolving to enable analysis of next-
generation energy devices and their in-operation measurements.

1. BLO5C

Za— AV HEER (NS) @ BLOSC I3 HUN HEZE DT AL 7212 2021 TR STz X #RK
I3 (XAS) B — LT A T D, 2021 Y RHIFIH ATEEZe X BT RLFX—1X 1~4 keV F2E ThH-
e, EDHDOE —LTA BN TR T OERREITED, 2022 12 1~11 keV DT X —X ##,/
il X AROF AN A REL 72 o7=, ZAUZED XAS T=—ADEW Ti X° V., Mn, Fe, Ni, Cu, Zn 72X ® 3d
EBERO K WIS Ru, Pd, Ag Sn 72X D 4d @B EO L WIEROIE)>, AR Si, S, Cl 72 L
HRE 3 JAHOBRILHEREGHIEATRETH D, BARES —F v MIVF U LAA L Eil (LIB) , AR
LIB, 2EREMARE OFH BT A ARPRELE ML, AXR—ar Rt L 7K =L — BRdibf
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Fig. 1. Measurable absorption edges at the BLO5C.
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BLO07A Single-color soft X-ray irradiation beamline for creation of functional surfaces

Kazuhiro Kanda

Laboratory of Advanced Science and Technology for Industry, University of Hyogo

BLO7A was constructed for the purpose to create functional surfaces by modifying surfaces due
to the irradiation of single-color soft X-rays. The combination of the 3-m undulator as the light
source and the multi-layered-mirror monochromator makes it possible to irradiate samples with a
single-color light of high flux in the range of 50 to 800 eV by extracting specific higher harmonics
of the undulator. By irradiating single-color soft X-rays, only specific elements can be selectively
excited and the temperature of the irradiated sample surface can be lowered by removing unwanted
harmonic light from the undulator, making it possible to perform low-temperature processes.

1. BLO7A

BLO7A [ ZH XA DMK IZIV R EHOUE TV, HREERm A2 AT 2 B D=0 1 -E%
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DRIV ZENTES, £i2, 7o V2l — DO RER @R 2Rz T528 T, BB £ H
DIREZE PP HZEMTEDTZD AKIR T 2B RAZATOZENAIRETH D, M HAEIX 20 mm>20 mm &4
IKEFETHY, BELU 75RO HLPL - a7 & OfE % 72 E DM 23 AT RE T D,
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m DT T =TT al—HThb, 7oV al —ZNLHE SN AR E — AT U1 (SM) Th L ER I
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Figure 1. Layout of BLO7A showing the position of beamline components. SM: switching mirror; PW:
protective wall; MLMM: multi-layered-mirror monochromator; FC: filter chamber; RC: reaction

chamber.
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Table 1. Summary of beamline 7A
Energy Multilayer mirror Filter
range material | spacing | thickness | numberof | AE/E | material | thickness
(eV) ratio layers
50-60 Al 100 nm
60-95 Mo/Si 20 nm 0.8 20 6.2 %
90-140 None —
140-194 Mo/B4C 11 nm 0.5 25 33%
190-400 Ag | 100nm
400-560 Ni/C 5 nm 0.5 60 2.5% Cr 500 nm
550-800 Ni 500 nm
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Figure 2. Photon flux at the irradiation point of the sample stage of BLO7A in 1.0 GeV operation mode
(a) and 1.5 GeV operation mode (b). Ring current was 300 mA. Red dots, green dots and blue dots
were measured with Mo/Si, Mo/B4C and Ni/C MLM pairs, respectively. Circular, square, triangular
and diamond-shaped dots represent fundamental, third, fifth and seventh harmonics of undulator light,
respectively.
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BLO09A beamline: soft X-ray absorption spectroscopy and
photoemission electron microscopy

Takuo Ohkochi
Laboratory of Advanced Science and Technology for Industry, University of Hyogo

The BLO9A beamline at the NewSUBARU synchrotron radiation facility is equipped with X-
ray absorption spectroscopy (XAS) and X-ray emission spectroscopy (XES) apparatuses,
utilizing extremely high brilliance soft X-rays ranging from 50 to 750 eV provided by a long
undulator. In 2021, a photoemission electron microscope (PEEM) was newly installed at the
farthest experimental station of this beamline, aimed at microscopic chemical analysis of
photoresist materials. This article reports on the current status of the XAS and PEEM
apparatuses.
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Fig. 1. (a) Photograph of the XAS experimental station and (b) C K-edge XAS spectrum of a graphite
specimen obtained at the XAS station.
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Fig. 2 (a) Photograph of the PEEM apparatus. (b) XAS-PEEM images around the O K-edge of a NiO
specimen partially covered with a Pt thick film.
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BL09B Extreme ultraviolet lithography beamline
Shinji Yamakawa
Laboratory of Advanced Science and Technology for Industry, University of Hyogo

BLO09B is extreme ultraviolet lithography (EUVL) beamline for EUV patterning
evaluation.
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BL-9C is the high-power EUV irradiation beamline for EUV durability evaluation.
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BL-10 is the general-purpose beamline for EUV reflectometer and soft X-ray measurements. The
energy region is 60 — 950 eV, which includes EUV, BEUV, CK, and OK regions. At the EUV
reflectometry, the high-order-suppression unit is installed to measure absolute
reflectance/transmittance. The resonant soft X-ray reflectance and scattering can be used for the
resist film analysis.
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In-situ XANES observation of thermal denaturation of proteins in eggs

Ikuya Shimogaki, Miyu Mamezaki, Saki Yamada, and Yasuji Muramatsu

Graduate School of Engineering, University of Hyogo

Thermal denaturation of proteins in egg yolk and egg white was observed by in-situ XANES during
sample heating. The samples were heated from room temperature (RT) to 180°C in the sample
heating system, and XANES spectra were measured at the C K, N K, and O K edges. XANES
spectra suggested that the main chain structures of peptide are formed on molecular surface due to
the collapse of the steric structure by heating.
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XANES analysis of imidazorium-ionic-liquids by MD/DFT calculations

Shinnosuke Uda, Ikuya Shimogaki, Miyu Mamezaki, Saki Yamada, and Yasuji Muramatsu

Graduate School of Engineering, University of Hyogo

XANES spectra in the CK, NK, and OK regions of imidazorium (Im)-system ionic liquid (IL) were
measured to investigate the aggregation structure. In the target IL, alkyl-side chains of methyl, ethyl,
and butyl were chosen, and anions were FSA or TFSA. From the measured and DFT-calculated
XANES spectra, it can be suggested that shorter alkyl-side chains take much intermolecular
aggregated structure.
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Local structure analysis of Si-doped nano-diamond by soft X-ray absorption
spectroscopy and the first-principles calculations

Ryuki Hamada, Tkuya Shimogaki, Miyu Mamezaki, Saki Yamada, and Yasuji Muramatsu

Graduate School of Engineering, University of Hyogo

Local structure of Si-doped nano-diamonds was analyzed by XANES measurements in the SiL and
CK regions with the theoretical analysis by DFT calculations. It can be confirmed that the fine
structure at the CK-threshold results in vacancies formed in bulk diamond structure.
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Fig.1 Left panel (a) shows the average CK-
XANES spectra of the Si-NDs and NDs with
their differential spectra. Right panel (b) shows
the calculated CK-XANES of C atoms near
doped Si and/or vacancies, compared to the
measured CK-XANES of Si-ND and ND.
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Crosslinking structure analysis of vulcanized rubber by soft X-ray absorption
spectroscopy and the first-principles calculations

Hina Moriguchi, Ikuya Shimogaki, Miyu Mamezaki, Saki Yamada, and Yasuji Muramatsu

Graduate School of Engineering, University of Hyogo

Crosslinking structure of vulcanized rubber has been analyzed by XANES measurements and the
first-principles calculations. The S-S bonds can be clearly observed in SL-XANES. However, the
number of S atoms in the crosslinking cannot be estimated.
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Fig. 1 SL-XANES spectra of vulcanized rubbers (a) and
reference compounds (b).
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XANES analysis of halogenated anthracenes by the first-principles calculations

Hitomi Harada, Ikuya Shimogaki, Miyu Mamezaki, Saki Yamada, and Yasuji Muramatsu

Graduate School of Engineering, University of Hyogo

CK-XANES of halogenated anthracenes was analyzed by the first-principles calculations. Carbon
atoms bonding to halogen atoms exhibited higher-energy shifts in XANES. The energy shifts
depend on the electronegativity of halogen atoms or functional groups bonding to carbon atoms.
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XANES analysis of halogenated terphenyls by the first-principles calculations

Nana Fukase, Ikuya Shimogaki, Miyu Mamezaki, Saki Yamada, and Yasuji Muramatsu
Graduate School of Engineering, University of Hyogo
CK-XANES of halogenated terphenyls was analyzed by the first-principles calculations. Carbon

atoms bonding to halogen atoms exhibited higher-energy shifts in XANES. The energy shifts
depend on the electronegativity of halogen atoms or functional groups bonding to carbon atoms.
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Total-electron-yield in the CK-XANES of sp?/sp*-carbon atoms in aliphatic compounds

Daiki Hirako, Ikuya Shimogaki, Miyu Mamezaki, Saki Yamada, and Yasuji Muramatsu

Graduate School of Engineering, University of Hyogo

Relationships between m*/c*-peak height ratio and atomic fraction of sp>-C atoms in TEY-CK-
XANES of alkenes and unsaturated fatty acids were measured, to consider the TEY efficiency
between sp’- and sp>-C atoms. Alkenes and unsaturated fatty acids took different behavior in TEY
efficiency. Further measurements will be necessary to confirm the TEY efficiency between them.
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Fig. 1 CK-XANES of alkenes (a)

and unsaturated fattv acids (b).
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Low-Temperature Reduction and N Doping of Graphene Oxide
by Soft X-ray Irradiation and Atomic Hydrogen/Nitrogen

Misora Ueshimo!”, Junichi Inamoto?, Yoshiaki Matsuo?, Kazuhiro Kanda?,
Koji Sumitomo', and Akira Heya!

! Department of Materials and Synchrotron Radiation Engineering, University of Hyogo, Himeji, Hyogo
671-2280, Japan
% Department of Applied Chemistry and Chemical Engineering, University of Hyogo, Himeji, Hyogo 671-
2280, Japan
3 LASTI, Univ. of Hyogo, 3-1-2 Koto, Kamigori, Ako, Hyogo 678-1205, Japan

A study was conducted to investigate the promotion of reduction and nitrogen doping of graphene oxide
(GO) films on quartz substrates through atomic hydrogen atomic nitrogen annealing (AHAN) treatment using
NH3, following soft X-ray irradiation, with attempts made to produce n-type graphene. The resistance of
pristine GO was over 10® Q, whereas the resistance of GO treated with AHAN decreased to around 6.0x10*
Q. Furthermore, GO treated with AHAN after soft X-ray irradiation demonstrated an even lower resistance
of around 7.5x10° Q. This suggests that soft X-ray irradiation enhanced the reduction and nitrogen doping
through AHAN treatment.
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Figure 1. XPS spectra of C 1s for GO films treated Chemical bonds
with “Pristine”, “AHAN treatment”, “soft X-ray Figure 2. Peak area fractions of each
irradiation”, and “soft X-ray irradiation + AHAN functional group at each processing step.
treatment”.
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Structural analysis of cast iron by synchrotron soft X-ray spectroscopy.
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Abstract
This paper is the first report on the structural analysis of cast irons by synchrotron soft X-ray
spectroscopy. Synchrotron soft X-ray spectroscopy analysis was performed using the total electron
yield method at the carbon K absorption edge X-ray Absorption Near Edge Structure (XANES) at
NewSUBARU synchrotron radiation facility, University of Hyogo.
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Table 1. Nominal composition of cast irons (mass %).

Fe C Si Mn Mg S P Ti CE
Specimen 1 Bal. 3.5 24 0.30 0.04 0.012 0.07 - 43
Specimen 2 Bal. 3.5 21 0.32 - 0.030 0.07 - 42
Specimen 3 Bal. 3.5 21 0.32 - 0.030 0.07 0.5 42
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Figure 1. SEM-back scattered electron images of the cast irons.
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Figure 2. (a) XANES spectra of cast irons. The electrolvtic iron as a reference. (b) Differential spectra
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Effect of soft-Xray irradiation on the metal/SiOy interfaces
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Abstract

Metal silicide formation at the metal /silicon oxide (M/SiOy) interface via electronic excitation under
electron irradiation was reported in some M/SiOy systems of Pt/SiOy, Pd/SiOy, and Pd-Si amorphous
phase/SiOx by in-situ transmission electron microscopy (TEM) observation. Soft-Xray irradiation via
Synchrotron radiation is effective for the basic research works for the electronic excitation induced
structural change at M/SiOy interfaces. The present study reports the effect of soft X-ray irradiation on the
structural changes at M/SiOy interfaces. TEM specimens of Ni/SiOy system for soft X-ray irradiation and
electron microscopy analysis were prepared by Vapor deposition of Ni and DC sputtering of SiOx. Soft-
Xray irradiation on M/SiOx TEM specimens was performed at NewSUBARU BL0O7A beam line at 140eV,
where 140 eV was selected for the electronic excitation of Si 2p core level. Structural changes in Ni/SiOy
interfaces were investigated by TEM observation using JEOL JEM-2010 at the acceleration voltage of 200
keV.
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Figure 2. Ni/SiOx SAED pattern before soft X-ray irradiation (a), after soft X-ray irradiation(b).

Table 1(a). Ni-Si compounds reported by OQMD, Reference [8], Materials Project, Atom Work Adv.

(a)

Ni-Si compound  Space Group OQMD Reference |[7] Materials Project Atom Work

NiSi Pnma © @) © ©

NiSi Pnmn © X © X
NiSi, rt Fm-3m © X © ©
NiSi, ht ? X O X X

Niy sSi ht (Ni2Si) P6:/mmc © x © ©
NizSi Pnma © O © ©
NisSi rt Pm-3m © x © ©
NisSi ht Pnma x O X ©
Ni;Si, 1t Cmcm X X © ©
Ni;Si; ht ? X O X X
NisSi, ? X O X X
NiysSiy P-3 © X © X
Ni;5Sio rhom ht ? X X X O
Nis:Sirz P321 © X © Q

Table 1(b). Ni-Si-O compounds reported by OQMD, Reference [8], Materials Project, Atom Work Adv.

(b)

Ni-Si-O compound Space Group OQMD Reference [7]  Materials Project Atom Work
NiO R-3m © X X X
NiO ht Fm-3m © X © ©
NiO, Pa-3 © X X X
Ni;Oy Cmmm © X © X
Niz[SiO4] Fd-3m © x © X
Niy[SiO,] 1t Pnma © x © ©
Sio, 1-42d © x © X
Si0, cri ht Fd-3m © x x ©
Si0, tri ht P6s/mmc © x X ©




(d) NiSi ht (€) NisSi rt

(g) NiSiz rt Ni:wsSi (i) Ni2[SiO4] ht

(j) Niz[SiO4] rt (k) NiO ht (1) SiO: cri ht

Figure 3. SAED patterns after irradiation(right side) and calculation results Debye ring(left side).
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Figure 4. Ni-Si phase diagram reported by Atom Work Adv(a). Ni-Si-O phase diagram reported by Atom
Work Adv(b). Ni-Si-O phase diagram reported by Materials Project (c). Ni-Si-O phase diagram reported

by OQMD(d). Ni-Si phase diagram reported by reference[8].
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Table2. Ni-Si compounds reported by reference[8].

Phase Congruency Composition AH® Limiting AH’
(kJ (mol at.)™") element (kJ (mol at.)™ ")

Liquidus minimum = Nig 5355ig.465

Ni;Si (4) NC Nij 750S10.250 -37.2 Ni —26.54
Ni;Si, (43) C Ni 714Si0.286 —42.3 Ni —31.68
Ni,Si (6/12) & Nig 667510.333 —46.9 Ni —37.64
Ni,Si, (80) NC Niy 600510.400 —45.2 Ni —40.30
NiSi (8) C Nij s00Si0.500 —42.4 Si —39.43
NiSi, (12) NC Nij 333510667 —-29.3 Si —20.44
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XANES analysis of chemical stability of next-generation silicon negative electrode
in electrolyte solution of lithium-ion batteries

Yuto Imamichi, Koji Nakanishi, Kazuhiro Kanda
Laboratory of Advanced Science and Technology for Industry, University of Hyogo

Lithium-ion batteries have been used in not only various compact mobile devices but large
equipment such as electric vehicles and stationary grid-connected energy storage systems. Therefore,
further performance improvements are expected, such as higher energy density and lower cost.
Silicon is expected to be a next-generation negative-electrode active material because of its high
theoretical capacity, which can take up significantly more lithium ions than graphite. However, the
chemical charge-discharge reaction behavior, which is necessary for practical application, has not
been well understood. In this study, to investigate the stability of silicon electrodes in electrolyte
solutions, amorphous silicon (a-Si) thin film electrodes were immersed in various electrolyte
solutions, and the chemical state changes were observed by X-ray absorption near edge structure

measurements. As a result, it is clear that a-Si reacts chemically with PFs ions in the LiPFs
electrolyte, transforming itself into a fluorine 6-coordinated product.

1. FFim

UF o LAAEM (LIB) 1T, BE=RAXF—EE, SHEE CRERHDARETHLZ L
MHEERBETNR Y a v R EOR =L TIVT N, A2 DTN NVBERICHEH I TV D IE
2, BRABHE (EV) A7V vy NA#HE (HEV) 2 EOFEEHFEE L THRHIATH
%, AT TTIE 2015 FOEREFE S TOD SDGs DR —AR o =a— M TZ LV OEENE £ > T
Wb EtEZT, MAKETH YU VEOREN/HIRENDZEHH Y EVOTHBITEMEL
TW5, FFIZ EV CIlIMileiRBE-CMts, ZatER &7 v ) VEIZILET 2 HEEZ RO T, 2D
AL 72D LIB DS b5 EMERIESRD TS
HB®£@%mEfi\E@\ﬁ@\$MMT%éOE@K%Lfﬁﬁ%gkbf\gﬁﬁﬁ
BREED 231 MR Y F o7 A (LiCo0,) <° LiCo0, % 4 B L 7= LiNi,CoMn.0,, AV & Ak
ROV RSk Y T L (LiFePOs) . AERNAEIEZ RO~ T Y F7 A (LiMnOs) 72
EVFOAAF T A X —T1b—2 3 U TE DA RIEWENBRE S NHWGILTE (1],
FEHALIZIZE > TORNH OO, BRENG LN DHALYRIEMRS Y F 7 AEESREMm &%
1% C Ok % RIERA R DR S LT D, BRICEI L CTIZ LIB OERELLR, 7T 7 74 R
EFREMEE L TERASN TS, &48Aal (Al, Sn, Mg 72 &) o "— g UAE R
(WEBRIE 5 FesO4) 72 EHE A IRRF TR HED DIV T E 2210, VA 7 VEHECM B 2 2 R O ER
NHFEAIZIEE > TV, BIUfE, 777 74 MIEE D2 EMIEWE OB E L CEE
BIRHGRARZ RT 7 A EBNEH SN TVWAS[3-5], 71 BITREARMELS . BENEE TH
HZ LR EORRLET LN, ERNRHERAELZ R T I ENDREREAZEDTND, 7
7774 FOBERAREIL, LiCe T370mAh/g THDHDIZH L, 7 A FliE, LinSis £ CHRENHE
1795 & 4200 mAh/g IZE TETHEEZHNTWDH[3], L, LIB YA FEMBOFZEAL
IR ERMER S 5, %hi#%fﬁk%@)%?A%ﬁy%mD:h@ &b TEDHHEN
AT DK, FERETIIEWE 7 A FOERESBENCIZE, T2 Thd, Zhik



07 A FRAOOOFINCM LA & Z L, BR8N A DEIROEMR) D OFIBEIC D72
DY BESTA 7 NVREZEASE S, ERROFRBEITE S I E OB 72 (R E 2 LTS
WZHEH L2 BRI LTI EAEE B EE (SEM : Scanning Electron Microscope) <CiZ51H
FPAM%SE (TEM : Transmission Electron Microscope) #2312 X W HZ < WG S T&72[6,7], =
OREOYGEEE LTFH /R ) VA Y — T ARBIEWEDO I —R v 2 il kb a—
T 7 R MRS Ko TR C DIS ) Z RN 5 72D T 281 2 R0 or A FRTEWE DB
REZL OFEPRFFENTE[3,8,9], LML, MIARNTHDZ ESKREAEFENRATHE
bDZENBLFEAMITITE STV, £, SiZAa@XAHAMIL S, 7ELVT 7 2743 (a-
&)%/ﬁ%ﬂsmulﬁgﬂﬁéntswo>amf%f%mmém1w577774kkm;
. b LITEE L S 7o E A bEmR & i ORI BUERZ BRI L 2R bitED &
NTWD, 2020 FITITTAFEHK 5 %%QAK@AM$W#—%T%%MéM£i ol
[10]?60)0) LN T2 A FEBOFERAOFEIIH TV, ZiuE EiROFRE i
WD EmOBL, B ISR EMA IS T2 & AT 72 SRR RS 2B O BEfFE AN HE A C
W‘ocb\ ELEDORERBERDO—DTH D, HlAIE, LIB /LM%, ERIREER L2720
DOHHIREEIZ BT 5 7 A FEMOALFHILZEMNTT LZORGEFINIZE AL ER BN, 20
O MEFHIZEMN AT D FER & LT, FMEETILFIRESIT N TE D X O FEDNE
NThD, Ll A REMIIE L TIVRIFETT LT 7 AMEEICRD 2 L0 6 X #RE
P75 (XRD : X-ray diffraction) (&K 2 fHTIIRNEECTH D, £7o. HIRIFTELIE, ABTEYE
[N = F WA ABIRERL I (SEI : solid electrolyte interphase) 23HEFE T2 7= O FemiiiUz7e X
HE T lE (XPS @ X-ray Photoelectron Spectroscopy) TIXEMN O DLV F IV EEHHESD Z
s %i;’eﬁ LW, ARBFZE TIEREab IR &7, eI ﬂ:%«lﬁ B HT 23 AIREZR X AR Jﬁ{%
#31% (XANES : X-ray Absorption Near-Edge Structure) JAIEIZ KV 77 A FEMO EBMRIRIEIC
T AT EPEIT DV TI AT,

2. B

AR TlE, B E L CRIGROEMILDZ DC~ 7% ba 28y 2 U » ZiETHEE B
= % 40 nm CHRIPE U 7= a-Si EIEEM A H L2 (Fig. 1), B®RIL, BEFE L L TAR7 vk
U kU F 7 5 (LiPFg) . @HEEREY 77 4 (LiICI04), BEA U 7LAdm A X v AR =LA
I RUF 7L (LITFSLE LIN(SO:CF3),) . U7 A bR UlgY v A (LiBFs) &V, £ ORI
WIS Imol/L & L7z, F7Eit s LT LIB HEMIAEE & L Tl — 72 kB RIEEETH
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Fig. 1. E$L L 7= a-Si . Fig. 2. a-Si HIEEMOZIED A A —.
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Fig. 3. A FEMIE~ORIERHIEV M X 5 Si K WU XANES A7 kL,
(a) 1 mol/L-LiPF¢/EC:DEC = 1:1 v/v%, (b) 1 mol/L-LiCIO4#/EC:DEC = 1:1 v/v%,
(¢) 1 mol/L-LiTFSI/EC:DEC = 1:1 v/v%, (d) 1 mol/L-LiBF4+/EC : DEC = 1:1 v/v%.



3. MR LB

Fig. 3 IZ& BRI~ OIRIERFIE D Si K WU XANES A7 ML Z/RT, WIIUZB N T
H 10min TIHIEFE A EZBITR SN2V, 17h, 35hiBIET D ETTORRIED AT FLIZ
TR GNP STHHOE—7 NiFo& 0 LHBELLTEY . 2T T 2T a-Si MBS L
TWLZEZ LTS o:@M$ﬁﬁiﬁ%@ K VBEDE WIS LN, ERLI-E—7
DTV —NE T2 ODT N—T TIN5, a-Si #IEEM %A LiClOs, LiTFSI, LiBF;%E
FRIRIZIRIET D & 1847 eV ATTIC B — 27 S HHBL L TW A, ZAUIZHGEEL L Ol KL U quartz
DHRTA S TA LV EFAEDZINX—METHDLZ END, BHE 4 AR O(LFIRE (Si0y)
ICHKTH2E—7 ThdLEZLND, )7, a-Si #INEM%E LiPFs EARKIZIRIET 5 & 1851
eV HTIZE— 27 BHBLL TV 5, ZAUIBIREE L OLig LV LixSiFe & [RI% D 7 v 3% 6 B
B OLFIRRE (SiFe) ICHKRTHE—I ThDHEBZZHND,

LREDORIEHEREIZ DWW TLLTICELET 5, Al O 7 /V— 7 TIEEMIRFPIIRE T D KT
BEBLTWDHEEXLND, BRREFIZITIHAKL ENTIT <b¢ﬁ_m#%fﬁé_kﬂﬁ%
NTWDHNR, ZOKE a-Si WEJELT SiOy WERLI-EEZLND, T, BEDT L—
7T SiOq 1 ZBLR ST, SiFe 2B STV 5, LiPF SEMARIE I & & RIERIC KD ERIE L
TWBHIEMBZLIDMN, LiPFe 1K EIG LT v ZEARTDHZ ERMLNTWNDS, =
D=, a-Si kI SiOs WAERLTH 7 vRBRICEIV =y F U 7Inb I ERnEZLNDL, ZD
Ty F U BRI WT HoSiFs WAERTAHZ LB EZ DNDHN, MERE T A FEE T vk
SLEE LT H & A F BT XSiFe (ZH KT 2 HERWIT TEY MK D Si K WIS XANES HIE T
T bRV, 2D, AR T a-Si _FICAER L7z XSiFe 28 7 v BRI L 5 US4 &

135 2 < W BRHER TP O 7~ BRRTITERE D LiPFe & 7 v BED I TH D720 BIE D PFe
A F U NERE a-Si EEEMICIEA L, SiFe 24K LTS EZZX BN,
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1217 h{RiE L 72 a-Si EREEEMmE W5 & PIIFREHMBRORFEE LW A 7 Bk 8%
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Structural changes in highly hydrogenated DLC films due to hydrogen desorption

Kazuhiro Kanda', Daisuke Niwa!, Tomohiro Mishima', Koji Nakanishi', Naoki Fukumuro?,

Fuminobu Hori®, Atsushi Yabuuchi*, and Atsushi Kinomura*

"LASTI, Univ. Hyogo, 2Sch. Engineering, Univ. Hyogo, *Sch. Engineering, Osaka Metropolitan Univ.,
“KURNS, Kyoto Univ.

Positron annihilation spectroscopy using a slow positron beam was used to study the process of
hydrogen desorption from highly hydrogenated DLC films upon soft X-ray irradiation and
temperature increase. The Doppler broadening of the y-rays produced by the annihilation was found
to be different between the soft X-ray irradiation and temperature increase.

1. IICHIZ

KEEEEN 0% 5B DEKEBILTA YEL RT A2 1 —7K I (Highly hydrogenated
diamond-like carbon, H-DLC f&)i, —fi%i07e DLC & 720 | BE28 FCHIRBEEMRE A RO LW
DR Z RO 7o O T ZE P A N 72 & CREREEA & L CORAREIfFS TS, FiH
Zefi CREAMEAI & L CTHERT DB, i X oK ERIRELE A ERKF & B 2 BRIEER M7
ET %, THETOHA OWFFET, H-DLC B3R X Moo BEPIRE LA L0 | K Lok
PEE D ZENPLNTR>TWVD[1,2], AWFZETIE, KX FRIRG & AR 2K & L7k S
2 & 5T, H-DLC EOMHEIEZAITIE DR & D D E TR D -0l KEE 72 AV TS
TH RSy Y614 (Positron Annihilation Spectroscopy, PAS) DI E %17V, H-DLC EEH > B HARFE Ok X ##
PR SR AT - SRR R & el U 7=,

2. EB

H-DLC X 77 XA~z 2 MEPERMHERERIEICE Y Stk BICIRE 400 nm CTHRBL
770 KEBEHREIT 50%Th 5, B X ORI T =2 —Z 3L BL06 T 1000 eV F TO 54
L7z, FIEIZEBSF 2 AV TEELD 1100C £ TOHPE TV, WEBE &S %2 VT
Thermal Desorption Spectrometry (TDS) A7 kL &8I L7, FARHFIEHE 47 (KUR) @ B-1 1L
(ZRX B ST AR G RS 2 O T XFTHIRIC L 0 BT 5 i 2 8L L T H-DLC o A
HAREIC BT A E @& BUS Lz,

3. MR

TDS A7 hLn 360°C LLETKFESFA A BBk L. 400°C LU TRALKTESSFA A v D5 L
TWBZENDN->TWDS, £2, BTRAX—A F 0 E—20 % F07- R BEEEL T & BLO9A (231
% C K Wi 5 X AW GRS & ORI E D & 8k X FRERST & FR O )7 T H-DLC &> & /K58 23 i B
L., BEFRFEDD sp?/sp’ (EBHINT 5 Z & Rboro T3,

TIZXHHIRCAER T DyRRO Ky 7T — PR30 ORIE AT MVOR X SRS SR A5 R
o MEHE Ry 77— 7 FO/PNSWFIROEIETHD SXTA—HEZRL TS, AHBEET
TR F—DET T — @ (10~30keV) IFERDO Y 2T 2 "WHELN DO S /387
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Technical development of a high-energy y-ray beam produced by Compton scattering of soft X-
rays from the NewSUBARU storage ring are in progress at BLO7A. Simulations for the X-ray
radiation from the short undulator and its propagation until the injection into the storage ring were
carried out to find an improved design of the Mo/Si multi-layer mirror. The estimation of a y-ray
beam intensity by the X-ray Compton scattering was also updated with the input of new simulation
results.

1. Introduction

A new light source via Compton scattering of soft X-rays is under development at BLO7A [1]. In this
project, 92 eV X-rays from the 2.28 m-long short undulator are backwardly reflected at a Mo/Si multi-layer
mirror to inject them into the original storage ring. By the Compton scattering of these X-rays from a 1 GeV
electron beam at NewSUBARU, high-energy y-rays up to 0.58 GeV can be obtained as a narrow cone beam.
Such a new development is useful to construct a high-energy photon beamline for hadron physics with
relatively low costs in near future.

At BLO7A, a Mo/Si multi-layer mirror with angle adjustment motors has been installed inside a large
vacuum chamber at a distance of 16.7 m from the central position of the short undulator. In addition, a wire
scanner and a PWO calorimeter with a fiber BPM have been set up to measure X-rays and y-rays, respectively
[2]. Recently, precise simulations and improved estimations of 92 eV X-ray radiation from the short
undulator, its propagation until coming back to the electron storage ring, y-ray production via Compton
scattering, and a dominant background contribution from residual gas bremsstrahlung were performed for
the above experimental setup. Simultaneously, an improved surface shape of the multi-layer mirror was
designed to make a better focus of X-rays at the straight section of BL0O7. The present report describes
methods and results of these simulations, estimations, and design.

2. Simulations of the experiment

X-ray radiation from the short undulator was simulated by using Synchrotron Radiation Workshop (SRW),
developed in ESRF [3]. If an undulator gap is optimized for 92 eV radiation with realistic electron beam
parameters (e.g., horizontal and vertical emittance of 37 and 3.7 nm-rad, respectively), X-rays with this
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Figure 1 The experimental setup for X-ray Compton scattering at BLO7A. Distances between
optical elements are described in the figure.

energy is concentrated to a narrow core of the overall radiation, whose divergence is typically around 0.3
mrad including higher energy components. As a result, the beam size and divergence of 92 eV X-rays were
found to be Shorizontat = 0.63 mm / GSverticat = 0.66 mm and &'nhorizontat = 0.081 mrad / 6'verticas = 0.042 mrad,
respectively. Here the vertical beam size is enlarged by the influence of a shaker for the electron beam.

Propagation of these 92 eV X-rays was simulated with the existing setup, shown in Fig.1, by using a ray-
tracing code SHADOW3 [4], also developed in ESRF. Radiated X-rays are reflected with the shallow
reflection angle of 87° at the switching mirror that selects the path to BLO7A using a spherical reflection
surface with a curvature radius of 316.9 m. Then, the direction of X-rays is changed backwardly with the
reflection angle of 0° at a Mo/Si multi-layer mirror. The surface of this mirror was formed in a cylindrical
shape, whose vertical curvature radius was originally set to 16.7 m by taking into account the distance to the
short undulator. In the simulation, it was confirmed that reflected X-rays reached the undulator center with
a beam size of Shorizontal = 0.59 mm and Gveriical = 0.65 mm, which were consistent with the electron beam size
mentioned below. Thus, the current mirror design is already acceptable for the Compton scattering of a 92
eV component. However, a weak position dependence along the straight section of BLO7 was observed for
the vertical beam size of injected X-rays. To erase this dependence, further simulations with trial and error
suggest that the optimum curvature radius in the vertical direction should be 27 m, providing the X-ray beam
size of Gvertical = 0.54 mm. A Mo/Si multi-layer mirror with the improved design is now being prepared as a
spare for Compton scattering test experiments.

3. Intensity of y-rays

The intensity estimation for the y-rays produced by Compton scattering was updated based on the
simulation results of 92 eV X-rays. The new SRW simulation suggests that the first harmonic radiation
intensity from the short undulator reaches 2.7x10'* photons/s/0.1% b.w. in the case of 1 GeV operation of
NewSUBARU with the electron current of 300 mA. Therefore, the number of X-rays reflected back to the
storage ring was estimated to be 4.04x10' photons/s by taking into account the reflectance of the switching
mirror (0.88) twice, the reflectance of the Mo/Si multi-layer mirror (0.65), the FWHM of the radiated X-ray
spectrum (13 eV), and the reflection bandwidth of the multi-layer mirror (2.7 eV). On the other hand,
3.75x10'° electrons always exist in the 6 m-long straight section with the beam size of Ghorizontal & Gvertical &
0.6 mm. Thus, the luminosity was evaluated to be (4.04x10"%) x (3.75x10'°) / (41x0.0006?) = 3.35x10%' m2.
Because the Compton scattering cross section of 92 eV X-rays from 1 GeV electrons is 330 mb as recognized
from the integration of the spectrum in Fig.2, the intensity of y-rays produced by X-ray Compton scattering
is estimated to be 1100 photons/s.



In contrast, y-rays due to the bremsstrahlung from
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background when measuring the energy spectrum for
Compton scattered y-rays. This background intensity
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scattered and bremsstrahlung vy-rays, the signal
spectrum is expected to be observed in coming Figure 2  Differential cross sections
demonstration experiments. depending on the y-ray energy in the case
of Compton scattering of 92 eV X-rays
4. Summary from 1 GeV electrons.
The X-ray radiation from the short undulator and the propagation until the X-rays were reflected back
to the storage ring were simulated by using SRW and SHADOW3 codes with realistic parameters of the
electron beam and the existing setup at BLO7A. The first harmonic X-ray radiation with 92 eV was
generated with a small divergence much less than 0.1 mrad, and the size of an X-ray beam injected into
the storage ring was suppressed to about 0.6 mm by using a Mo/Si multi-layer mirror with a vertical
curvature radius of 16.7 m. It was found that an improved design with a new curvature radius of 27 m
solved the position dependence of an injected X-ray beam size. A realistic estimation for the beam
intensity of y-rays produced via X-ray Compton scattering resulted in 1100 photons/s, while the
background $¥gamma$-ray intensity due to the residual gas bremsstrahlung was evaluated to be 3 kcps.
The signal and background y-rays have different energy spectra which are enhanced at the Compton edge
of 0.58 GeV and lower energies, respectively, so that clear observation of the X-ray Compton scattering

signal is expected in test experiments.
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Relationship between photo-induced deformation and temporary local structural
change in amorphous carbon nitride thin films under visible light irradiation
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Amorphous carbon nitride (a-CNy) films exhibit unique characteristics under visible light irradiation,
referred to as photoinduced deformation. This phenomenon represents an energy conversion system wherein
photon energy transforms into kinetic energy. The films prepared on the ultra-thin Si substrate from a graphite
target and nitrogen gas by reactive radio frequency (RF) magnetron sputtering. The chemical bonding
structure of a-CNy films under visible light irradiation and in the dark condition was analyzed using near-
edge X-ray absorption fine structure (NEXAFS) at the NewSUBARU synchrotron facility. This analysis
aimed to elucidate the mechanisms behind the photoinduced deformation observed in a-CNy films. The
NEXAFS spectra of the a-CNy films with substantial photoinduced deformation showed changes under light
irradiation from a Xe lamp. Specifically, the peaks corresponding to the 1s to ©* transition related to C—C
and 1s to o* transition related to C—N bonds exhibited high sensitivity to visible light irradiation.
Simultaneously, the N K-edge spectra associated with the 1s to ©* transition, attributed to the N—C bond,
exhibited a slight intensity decrease. Conversely, the C K-edge spectrum in the a-CNy films displaying
minimal photoinduced deformation remained unchanged under visible light irradiation. The N K-edge
spectra maintained a consistent shape under both visible light and dark conditions.
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Figure 2. C and N K-edge NEXAFS spectra of a-CNy film deposited at
RT. The spectra obtained under dark conditions and visible light
illumination are indicated by black and red lines, respectively.
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Effect of support materials on electronic states of Co and Ir catalysts for carbon
nanotube growth
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We performed single-walled carbon nanotube (SWCNT) growth by alcohol catalytic chemical
vapor deposition (ACCVD) with Co and Ir catalysts on SiO,, Al,O3, and MgO support layers.
Raman results showed that, in the case of Co catalysts, SWCNT yield was its maximum on the
Al,O3 support layer, while it was the highest on SiO, support layer for Ir catalysts. Ultra-violet
photoelectron (UPS) analysis showed that the d band centers of Co and Ir catalysts depends on the
support layers. Our result show that the support layers affected the electronic state of catalysts
particles, which is related to the catalyst activity in SWCNT growth.
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Figure 1. Raman spectra of SWCNTs grown from (a) Co and (b) Ir catalysts on SiO,, Al,O3, and MgO
support layers. The excitation wavelength was 671 nm.

TR DR 1 DO IRBEIC 5 2 DB L5720, KHEFEMEIO Co & Ir ik 1125t
L, UPSHIEATT > 7=, Figure 212, FHHEFHICHERS U 72 fildohr 7-12xh L CRIE L 7= UPS A~XY
RV, flRIBE 2 HHEE L TR WD BN D DAY "L EZE LW 2703 AT MV EIRT,
T, Figure2 O AT N VIFARBER 1O H O IRREIZKHG L, 24, Co @ 3d HEAL
& Ir @ 5d WENLIZRER T D RIS IR T D AT L ThDH EEZBD, CofiliftDiGA, MgO
DS OHEM ETIE2 DO — 7 IZHHT DR AT, ZHuda)d Co D 3d LD A B
WUENZFIZ L Db D EEZ NS, MgO ETIXAEBHIM TIE/2 <, Co & MgO BSELTW5D
RN S D, —F, It fillEDA, Si0, & ALO; ETHRT A FITBII SN oT-, Zh
T4 Ir @ Ir 5d HENL. D AT R VIR &2 S L T 5,



~|(@) (b)  [osm=see] _ (o)
=] - :

. — =1 - Co =2 — Co
s —rls Vs -
- E 2 ™
2 s s ]
= = =

1 I 1 I 1 I 1 I Il I 1 I 1 I 1 I 1 1 I 1 I 1 I
-8 -4 0 4 -8 -4 0 4 -8 -4 0 4

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 2. Differential spectra of valence band of Co and Ir catalysts on (a) SiO», (b) Al,O3, and (c) MgO.
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Table. 1 d band center of Co and Ir catalysts on SiO», Al,O3, and MgO, estimated from differential UPS

spectra.

HAL [eV] Si0, AlLO;3 MgO
Co —4.39 -3.69 —4.39
Ir —4.19 -3.99 -5.09
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Imaging and spectroscopy of liquid-water using X-ray PEEM
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The mesoscopic scale (5-100 nm) is a region where living organisms change into chemical structures, and if
direct observation of liquid samples in this region become possible, it is expected to have a large ripple effect
in the fields of battery and nanobiotechnology. X-ray photoelectron emission microscopy (X-ray PEEM)
enables elemental analysis by spectroscopy and imaging with a spatial resolution of several tens of nm.
NewSUBARU synchrotron radiation facility at University of Hyogo is installed with a PEEM system
(BL09A) manufactured by FOCUS, and soft X-ray as excitation light, which wavelength is selected by an
undulator in the storage ring, can be irradiated to a sample. We have demonstrated spectroscopic imaging of
liquid-water using the system.
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Fig. 1 (a) The measurement points of EDS and (b) EDS spectra of each measurement points.
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Fig. 2 (a), (b) Measured PEEM images of each photon energy of input X-ray.
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Evaluation of oxygen deficiency in oxide semicondustors using Near-Ambient-Pressure
Hard X-ray Photoelectron Spectroscopy
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Photoelectron spectroscopy usually analyzes the composition of a sample from peak intensity ratios. On the
other hand, detection and analysis of trace amounts of oxygen deficiency in oxides is difficult with this
method. In this study, we investigated a method to evaluate the small amount of oxygen deficiency by
measuring the electronic structure of SnO, powder and WO3 powder under each gas atmosphere using near-
ambient-pressure hard x-ray photoelectron spectroscopy (NAP-HAXPES). We also discussed the factors that
led to the observed oxygen deficiency-specific peaks.
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Figure 1. Positional relationship

between sample and aperture cone.
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Table 1. Excitation crosssection and asymmetry parameters.

Cross(;c;ctmn Asymmetry parameters(f)
Sn 5s 5.9X1073 2
W 5d 9.1xX10° 1.014
O 2p 3.8X107 -0.8280
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Table 2. Comparison of Sn 5s and O 2p.
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Table 3. Comparison of W 5d and O 2p.
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In near-ambient-pressure photoelectron spectroscopy, the photoelectron intensity is assumed to follow
the Beer—Lambert law, that is, the intensity decreases exponentially with distance d between the sample and
the aperture cone. In this study, the gas pressure dependence of the photoelectron intensity is systematically
studied in a wide range of d values from 0.3 up to 5 mm. The experimental results were reproduced by
replacing d with d + do (do is a constant) in the Beer—Lambert law. The do value was evaluated as ~1 mm,
which is considerably larger than the normal d value of 0.3 mm. Fluid dynamics simulation results obtained
using a structural model with a size close to that of the actual differential pumping system suggested that the
residual gas in the long pumping path caused a large do value.

1. Introduction

Recently, near-ambient pressure (NAP) photoelectron spectroscopy equipped with a differential
pumping system has become popular. ¥ 2 It enables the study of chemical reactions in a gas atmosphere.® 4
It is also useful for removing or decreasing the charging effect of insulating samples owing to environmental
charge compensation.> ¢ In an NAP photoelectron spectroscopy apparatus, the aperture cone of the electron
energy analyzer acts as a nozzle for a differential pumping system, in addition to collecting photoelectrons.
Under gas pressure, the attenuation of the photoelectron intensity owing to scattering by gas molecules
becomes severe. Therefore, the aperture cone is normally placed as close as possible to the sample surface
within the range that does not cause a pressure drop on the sample surface.” 8 Recently, however, we showed
that the larger the distance (d) between the sample surface and aperture cone, the more pronounced the
environmental charge compensation effect in the NAP hard X-ray photoelectron spectroscopy (HAXPES).®
For example, at d = 0.3 mm, a pressure of 2500 Pa was required for the charge compensation of a glass slide,
whereas 250 Pa was sufficient at d = 2.1 mm.° Large d can also be applied to powders and granular samples
that are prone to non-uniform charging.°

In a study by Kahk et al.,” d was varied from 0.3 to 1 mm to investigate the effect of d on the sample
surface pressure. Herein, we systematically studied the pressure dependence of the photoelectron intensity
at various d values ranging from 0.3 to 5 mm. Few studies have addressed these wide-ranging effects using
NAP photoelectron spectroscopy. A formal deviation in the photoelectron intensity from the Beer—Lambert
law was observed.

2. Methods

NAP-HAXPES measurements were performed at the beamline BL24XU, SPring-8, using a HAXPES
apparatus equipped with a HiPP-2 electron energy analyzer (Scienta Omicron). The diameter ¢ of the



aperture cone was 0.3 mm. The aperture cone permits the photoelectrons to enter the analyzer while
providing efficient differential pumping. The HiPP-2 analyzer allowed the introduction of gases up to ~5000
Pa into the analysis chamber. The photon energy was set to ~8 keV by using a Si channel-cut monochromator.
The X-ray spot size at the sample position, which was focused using a Kirkpatrick-Baez mirror, was ~30
x30 um?. The angle of incidence of the X-rays was set to 2° from the sample surface. In our normal
arrangement, the distance d between the sample surface on the X-ray beam axis and aperture cone was set to
0.3 mm. The HAXPES apparatus was mounted on a stepping-motor-controlled mobile stage. The d value
was changed by moving the stage. The photon flux measured by a free-air ion chamber did not change after
the movement. The details of how to vary d are described in our previous report.® The Au 3ds (kinetic
energy of ~5788 eV) and 4f (~7910 eV) photoemission intensities were measured at various d values and
under various N or Ar pressures using an Au plate (~1 x 1 cm?) as a sample.

Fluid dynamics simulations of the gas flow through the aperture cone of the differential pumping system
were performed using the finite element method through the commercial software COMSOL Multiphysics
Ver. 6.0. The turbulent flow that occurs at a large Reynolds number (Re, Re > 2000)) or a high Mach number
(Ma) flow (Ma > 0.3) could not be dealt with because of the limitations of the available modules, and a
laminar flow model was used. The simulations were performed by setting conditions in the range of Ma <
0.3 and Re < 2000, so that the laminar flow model is applicable. The laminar flow model was used in a
simulation study by Kahk et al.” to estimate the pressure on a sample surface using NAP X-ray photoelectron
spectroscopy (XPS).

3. Results and Discussion

3.1 Experiments
The phonon intensity in a gas atmosphere is generally assumed to follow the Beer—Lambert law,

which is expressed as follows:” 1

I/lo=exp (-cPd/ksT), 1)

where | and lo are the photoelectron intensities at a certain pressure and vacuum, respectively, ois the
electron scattering cross-section, kg is the Boltzmann constant, and T is the temperature (293 K). Figures
1(a) and (b) show the Ar pressure dependence of the Au 3ds» and Au 4f (4f7,2 and 4fsy,) photoelectron
intensities at various d values. The photoelectron intensity | was normalized to lo for each d value. As
expected from (1), In(1 / lo) decreased linearly with P at each value of d, and the absolute value of the
slope increased as d increased.
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Figure 1. Ar pressure dependence of (a) Au 3d and (b) Au 4f photoelectron intensity obtained at various
d values.
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Figure 2. (a) and (b); od vs. d plots obtained from Fig. 1(a) and (b).

The slopes in Fig. 1 represent the od values according to (1). Thus, we obtained od value for each d values.
Fig. 2(a) and (b) show od vs. d plots obtained from Fig. 1. As expected, the data points are aligned in a
straight line. However, it is noteworthy that the straight line does not pass through the origin. Similar results
were obtained in a previous NAP XPS study (Fig. 10 in Ref. 7).” The result implies that the photoelectron
intensity did not obey (1), but obeyed the following modified Beer—Lambert law:
I/lo=exp (-oP (d+do)/ksT), (2)

where do is the constant required to reproduce the experimental results. Based on (2) and the results in Fig.
1(a) and (b), the do values were approximately 0.72 mm and 0.88 mm for Au 3ds,2 and Au 41, respectively.
These values are non-negligible compared to the usual d value of 0.3 mm. The possible origins of do are
discussed later.

The slopes of the graphs in Fig. 2 indicate this ovalue. The values of 3.4x102, 2.4x10%! m? were obtained,
respectively, from Fig. 2(a) and (b). These values are comparable to the ionization cross sections of Ar
(~2.1x10"% at 5788 eV, and 1.9x102 m?at 7910 eV) reported in the literature.?

Similar results were obtained for the photoelectron intensity in an N, atmosphere. Fig. 3(a) and (b) show the
N> pressure dependence of the Au 3d and 4f photoelectron intensities at various d values. The od versus d
plots obtained from Fig. 3(a) and (b) are shown in Fig. 4(a) and (b), respectively. Moreover, the straight lines
did not pass through the origin. Therefore, it was necessary to introduce do. The do values were
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Figure 3. N> pressure dependence of (a) Au 3d and (b) Au 4f photoelectron intensity obtained at

various d values.
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Figure 4. (a) and (b); od vs. d plots obtained from Fig. 3(a) and (b).

approximately 1.1 mm and 1.6 mm for Au 3d and Au 4f, respectively. The o values were approximately 3.1
x10%' m? and 2.0x10"%! m? for Au 3d and Au 4f, respectively. These values are comparable to the ionization
cross-sections of Ny in the literature (~2.0x10% m?at 5788 eV and 1.5x102* m?at 7910 eV).*

In previous studies, we demonstrated the effective environmental charge compensation obtained at large
d values.® 1 It may be assumed that a large-d photoelectron intensity would be severely attenuated. However,
this was not observed in the present study. As shown in Fig. 5, the d value dependence of the Au 3d
photoelectron intensity was obtained in vacuum. The solid angle of the cone viewed from a point on the
sample decreased in inverse proportion to the square of d. However, the decrease in intensity was
considerably gradual. The results indicate that the larger the d value, the larger the area from which the
analyzer collects photoelectrons (note that at a grazing incidence of 2°, the 30-um spot extends to nearly 1
mm on a flat sample.). Moreover, at a large d value, charging can be compensated for at a lower pressure.
Owing to these effects, it is advantageous from the viewpoint of photoelectron intensity to use a large d
value for the charge compensation measurement of the insulator samples. However, it should be noted that
the results shown in Fig. 5 depend on the detailed experimental conditions, such as the X-ray beam size, X-
ray angle of incidence, aperture diameter ¢, type of electron analyzer, and sample size.
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Figure 5. d value dependence of Au 3d photoelectron intensity in a vacuum.



3.1 Simulation

In (1), the photoelectron intensity attenuation is assumed to occur only between the sample surface and the
cone tip. However, our results suggest that electron scattering also occurs inside the aperture cone owing to
residual gas. We discuss the possible origin of the large do value based on fluid dynamics simulations. Figure
6 shows the structure model of the aperture cone tip used in the simulation. The green part corresponds to
the sample surface, and both ¢ and d are set to 0.3 mm. The blue region represents the gas outlet, where the
pressure is set to 0.1 Pa. The red part is the gas inlet, where the pressure is set to 100 Pa so that Ma < 0.3 in
the simulation results. The simulation results of the N pressure map are shown in Fig. 7(a). It can be seen
that the pressure changes in the vicinity of the cone tip, although the pressure drop at the sample surface is
not remarkable. The results qualitatively agree with those of a previous simulation study.” Figure 7(b) shows
the pressure profile along the central axis of the cone. An abrupt pressure drop is observed near the aperture
(0.3 mm). However, a certain amount of gas pressure seeped into the cone, resulting in a finite value of do.
From the area of the graph, the do value is approximately 0.40 mm, which is considerably smaller than the
do values obtained experimentally.

2.5 mm

A
v

2.5 mm

Figure 6. Structure model used in the simulation. The green, red, and blue walls correspond to the

sample, gas inlet, and gas outlet, respectively.

Subsequently, we attempted to increase the size of the model structure significantly, as shown in Fig. 8.
The diameter of the cone was set to 40 mm, which is the same size as that of the replacement part (this part
can be replaced when another aperture size is required). The gas outlet, where the pressure was set to 0.01
Pa, was placed approximately 440 mm from the cone tip, which corresponded to the location of the HiPP-
2’s first differential pump. Because the inside of the actual cone was not hollow but contained an electron
lens, the obstacle shown in the cross-sectional view was installed. The diameter of the central hole was 3
mm, and the gap at the outer periphery was 1.7 mm. The obstacle shape was simplified for simulation
purposes and did not represent the actual shape of the electron lens. Figure 9(a) shows the N2 pressure map
near the cone. The dimensions shown in this figure are the same as those shown in Fig. 7(a). At this scale,
the results were very similar to those shown in Fig. 7(a). However, as shown in Fig. 9(b), the low pressure
(1-2 Pa) owing to the residual gas continued up to ~400 mm. The do value was 1.2 mm, which is close to
the experimentally obtained value (~1 mm). Because the photoelectrons travel a long path in an actual
differential pumping system, the low pressure of the residual gas is considered to contribute significantly to
the do value.
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Figure 9. (a) Pressure map near the cone. (b) Pressure profile along the central axis of the cone.

The maximum probable velocity of a gas molecule is proportional to 1/+/ M, where M denotes the molecular

weight. Thus, the pumping efficiency of the turbomolecular pump decreases as M decreases. Therefore, the
do value depends on M. In our experiments, the do value obtained under N2 gas (M=28) was higher than that
obtained under Ar (M=40).



4. Summary and Conclusions

Using a NAP-HAXPES apparatus, we studied the gas pressure dependence of photoelectron intensity in
a wide range of d values from 0.3 up to 5 mm. The results revealed that the photoelectron intensity did not
follow the typical Beer—Lambert law expressed in (1), but followed the modified Beer-Lambert law
expressed in (2), where d is replaced with d + do. The evaluated do value reached ~1 mm, which was
considerably larger than the normal d value of 0.3 mm. Based on the fluid dynamics simulation results, the
residual gas in the long pumping path was considered to be the cause of the large do value.
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In photoelectron spectroscopy in a gas atmosphere, the charging of an insulator sample is relaxed
(environmental charge compensation). Here, we show that the environmental charge compensation
effect becomes more remarkable when the distance (d) between the sample and the aperture cone
increases. The large d dependence can be attributed to that electron scattering is largely suppressed
by the aperture cone with vacuum inside at small d values. Moreover, photoelectron intensities
obtained at various d values were found to be reproduced by replacing d with d + do (do is a
constant) in the Beer — Lambert law. The residual gas in the pre-lens is considered to be the cause
of do.
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various Ar pressures. The d values and Ar pressures are noted.
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Study on composition control of hydrogen-containing silicon carbide oxide films by
synchrotron radiation photoelectron spectroscopy

Daisuke Fujiki '* and Kaito Fujitani '

! Laboratory of Advanced Science and technology for Industry, University of Hyogo,
Kamigori, 678-1205, Japan

With the recent breakthrough in microfabrication technology, microdevices in analytical chemistry have made
remarkable progress and are now being put to practical use as micro chemical analysis systems such as pTAS and Lab
on a Chip. In microfluidic channels, which are an elemental function of these systems, it is necessary to make the
channel walls partially hydrophilic or hydrophobic for solution control, but it has been difficult to obtain a continuous
and spatially stable contact angle surface. In this study, hydrogen-containing silicon carbide films were deposited on
silicon under various conditions using a sputtering deposition system, a newly developed (Shinko Seiki) PIG plasma
CVD method, in order to control the contact angle. The surface structures of these films were analyzed by
photoelectron spectroscopy using synchrotron radiation to control the composition of the hydrogen-containing silicon
carbide oxide films. As a result, hydrophilicity of the surface was obtained with increasing oxygen flow rate in the
deposition.  This result is important in that it can be used for channel walls of microdevices to obtain stable contact

angle surfaces and to control fluid flow.
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Fig. 1. SiCOHy film deposition principle.
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Gas Flow Rate(mL/min)
Ar T™MS 02 Pressure(Pa) | Time(min) | Processing temperature(°C) | Film thickness(nm)
200 16 65<=t<70 106
100 10 60<=t<65 103
50 25 50 1.0 6 98
25 5 50<=t<55 90
0 6 105
Table 1. SiCO4Hy film deposition conditions.
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Fig. 3. HAXPES spectra of the O 1s, C 1s and Si 2p regions of the SiCOxHy films as deposited with
oxygen gas (a) 200, (b)100, (¢)50, (d)25 and (¢)0 mL/min.
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Development of a microwave applicator embedded in a post-wall

waveguide for in-situ soft X-ray absorbance spectroscopy
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Abstract
*This article has been originally published in Journal of Applied Physics 135, 034901 (2024)

(https://doi.org/10.1063/5.0177212).

We developed a microwave applicator for total-electron-yield soft X-ray absorption spectroscopy
(XAS) using synchrotron radiation during microwave irradiation. In addition, in situ XAS
measurements of ammonia borane during microwave heating were demonstrated using the
developed device. This device consists of a post-wall waveguide and a sample holder formed in the
waveguide. The electrons emitted from the sample by soft X-ray irradiation passed through the
metal plates of the waveguide and were measured using a picoammeter. Temperature distribution
simulation and temperature measurement of water were used to evaluate the device. The sample
holder was filled with water and irradiated with 3 W microwaves, resulting in a temperature rise to
97 °C, close to the boiling point. Using this device, in-situ XAS measurements of ammonia
borane/graphite (2:1) powder at the B-K edge during microwave irradiation showed that the peaks
originating from the desorption of hydrogen became more pronounced with increasing microwave
heating time. This result indicates that microwave heating in a vacuum and soft X-ray analysis
during microwave heating were achieved.

1. Introduction

Microwave chemistry, in which chemical reactions are activated by microwave irradiation, has been studied
and applied in various fields such as drug discovery, chemical analysis, and medicine. In particular, chemical
synthesis using microwaves as a heat source has been reported to achieve much faster and more efficient reactions
and selective synthesis than chemical synthesis using conventional heating; it is widely applied to
organic/inorganic, polymer, and material synthesis and is recognized as an innovative clean technology [1-3].
However, the difficulty of in situ observation of the underlying reaction processes prevents a better understanding
of the reaction dynamics and limits their widespread application. To elucidate these mechanisms and understand
how microwaves affect the reaction process, it is necessary to introduce new advanced analytical techniques to
track the changes in the electronic state and chemical composition in situ.

Synchrotron radiation is a powerful tool for such analysis. This analytical method is based on high-energy X-
rays and sophisticated high-speed data acquisition techniques. In particular, since the absorption edges of light
elements, including C, are in the soft X-ray region, synchrotron radiation analysis using soft X-rays as a light
source is essential for in situ analysis of reaction processes in organic and polymer synthesis, where many
acceleration effects of microwave have been reported. In addition, by combining these analyses with tender and
hard X-ray analyses, it will be possible to trace reactions from both perspectives of chemical bonding between
heavy and light elements. In other words, it is expected to lead to a better understanding of microwave chemical
synthesis not only in the field of organic and polymer synthesis but also in a wide range of other fields. Several
studies have been reported that integrated these techniques with microwave reactors to establish new
characterization methods for microwave synthesis methods [4]. However, all these reports used high-energy hard
X-rays and tender X-rays as the light source, and no studies have integrated a microwave reactor with a beamline



using soft X-rays as the light source. Two possible reasons exist for the lack of integration between microwave
reactors and soft X-ray beamlines.

(1) The measurement atmosphere must be maintained at a high vacuum for soft X-ray analysis because soft X-
rays are easily attenuated in air, and existing microwave reactors are difficult to vacuum seal, making integration
with the beamline difficult.

(2) Integration with a relatively large 2.45 GHz microwave waveguide in a limited beam time requires time and
effort, including vacuuming and encapsulation.

Here, we report the integration of a microwave reactor with soft X-ray synchrotron radiation beamlines, which
solves the abovementioned problems and enables in-situ soft X-ray total electron yield absorption spectroscopy
(TEY-XAS) measurements of solid samples for the first time. For soft X-ray analysis, which requires
measurements in a high-vacuum atmosphere, we developed a microwave applicator, a miniaturized microwave
reactor using microfluidic device technology that maintains airtightness in the measurement chamber. By
combining this device with a hermetic SMA connector that enables microwave transmission while maintaining
airtightness in the measurement chamber, in-situ measurements can be easily realized. The structure of the
proposed device uses a post-wall waveguide composed of metal pillars for easy insulation and structural
integration. In addition, to miniaturize the device, 24.125 GHz ISM band microwaves are used instead of the
common 2.45 GHz ISM band microwaves.

The performance of the prototype device was evaluated using temperature distribution simulation and
temperature measurement. Finally, we report the results of the in-situ TEY-XAS measurement of the B-K edge of
ammonia borane, which became possible for the first time using the developed microwave applicator.

2. Experimental methods

2.1 Design and prototype of a microwave applicator embedded in the post-wall waveguide
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Figure 1. (a) Perspective diagram of the microwave heating device for in situ soft X-ray analysis
during microwave heating. (b) Layered and schematic diagram of a prototype device for measuring
electrons emitted from the sample by soft X-ray irradiation.

The developed device comprises a post-wall waveguide [5,6] and a sample folder formed in the waveguide.
Fig 1(a) shows the perspective diagram of the developed microwave applicator. The post-wall waveguide
comprises metal columns arranged at arbitrary intervals in a dielectric material as the sidewalls, and parallel
plates with conductive Au films are formed on the upper and lower sides (Fig 1(a)). This enables microwave
shielding within the waveguide, with a performance equivalent to that of a typical metal waveguide. Another
advantage of this structure is that it can be easily integrated with the input/output cables, jigs, and other
device components. Furthermore, the structure can be insulated. In addition, a window on the metal plate,
designed considering microwave leakage, is provided to enable the direct irradiation of soft X-rays onto the
sample in the sample holder formed in the post-wall waveguide. A 50 Q coaxial connector is connected to
the post-wall waveguide to input 24.125 GHz microwaves and terminate microwaves not absorbed by the
sample (Fig 1(a)).

Fig 1(b) shows layered and schematic diagram of a prototype device. Please refer to the reference [7] for
detailed design and fabricated methods. The sidewalls of the post-wall and sample holder were formed using
PDMS, the dielectric material (Fig 1(b)-(3)). The PDMS layers were fabricated by molding using resin molds
(standard photopolymer resin, Elegoo, China) using a 3D printer (ELEGOO MARS PRO, Elegoo, China)
[8]. Two fabricated PDMS layers were laminated, and metal pins (Ni-coated Fe) were inserted. Furthermore,
the fabricated PDMS layer was sandwiched between a PMMA substrate sputtered with an Au film (Fig 1(b)-
(4)) and a Cu plate sputtered with an Au film from above and below (Fig 1(b)-(2)). As shown in Fig 1(a)-(2),
a window was provided in this metal plate to irradiate the sample with soft X-rays. In addition, by fixing the
waveguide using a conductive jig with an Au film (Fig 1(b)-(1)) and insulating jigs fabricated by a 3D printer,
the gap between the layers can be lost, and microwave leakage can be prevented. Furthermore, each
fabricated layer (Fig 1(b)) is fixed using screws. Electrons emitted from the sample by soft X-ray irradiation
are transferred to the conductive layer (Fig 1(b)-(1) and (2)) by the adhesion of the sample and the metal
plate of Fig 1(b)-(2). The electrons are then measured using a picoammeter via screws that fix these layers

(Fig 1(b).



2.2 Evaluation methods of the developed microwave chemical cell
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Figure 2. Photograph of the experimental setup for microwave irradiation and measurement of TEY
XAS.

Evaluation of the microwave chemical cell performed by temperature distribution simulation using
COMSOL Multiphysics v6.1, measurement of the water temperature. Water temperature during microwave
irradiation was measured using an optical fiber cable (FS100-2M Anritsu-Meter Co., Ltd.).

Fig 2 shows the experimental setup for the microwave irradiation of the microwave applicator. The
microwaves emitted by the Gunn oscillator at 24.125 GHz were amplified using a power amplifier to 4 W.
However, the input power was 3 W owing to microwave attenuation caused by connecting the isolator and
the SMA cable. In addition, the isolator can prevent microwave reflection to the amplifier when connected
between the amplifier and the microwave applicator. Furthermore, to transmit microwaves into the analysis
chamber, which was maintained in high vacuum, a hermetic SMA connector was attached to the chamber,
and microwaves were transmitted to the microwave chemical cell. Here, it should be noted that the
microwave irradiated to the microwave chemistry cell is attenuated to less than 3 W by connecting the
hermetic SMA connector and the SMA cable inside the chamber.

2.3 Experimental method of TEY-XAS

The XAS measurements at the B-K edge were performed at the end station of the long undulator beamline
BL9A at the NewSUBARU synchrotron radiation facility, [9] equipped with a constant deviation angle
varied-line-spacing plane grating monochromator. The electron energy in the storage ring is 1.22 GeV. XAS
measurements were performed using the total electron yield (TEY) method. The sample in the microwave
chemical cell was irradiated vertically with soft X-rays (Fig 1(a)).

3. Results and Discussion

3.1 Evaluation of prototype device by simulation and temperature measurement

Fig 3(a) shows the temperature distribution simulation of the designed device during 3 W microwave
irradiation when the sample holder was filled with water. The water parameters used in this simulation were

as follows: A thermal conductivity of 0.615 W/ mK, a complex permittivity of 32.5 -i*34.98, and a heat
capacity of 4.2 kJ/ kg. In addition, the room temperature was 25 °C. As shown in the simulation results of



—_
(=)
-~

(@) A 116

150
110 —_
100 O %
[+
% e Graphite+HsNBHa(=2:1)
90 o o
® @ @ & & & ° ° 00 E] % 100
= 80 § >
1.
® «| [ 70 ¢ %
s e 8o 8 8 8 0 888 ™ A
60 g ﬂé_
50 E E 50
e [
Microwave 40
input 30 1 1 !
0 50 100 150
¥ 25

Irradiation time (s)

Figure 3. (a) Water temperature simulation in sample cell during microwave irradiation at 3 W input
power. (b) Irradiation time dependence on water and graphite/ammonia borane in sample cell during
microwave irradiation when a hermetic SMA connector is connected to a 3 W microwave irradiation
system.

Fig 3(a), it can be seen that the water in the sample holder is locally heated and at a higher temperature than
the PDMS, which is a dielectric material. The water temperature is the highest near the center of the solvent
in the sample holder and rises to a maximum of 116 °C. As will be discussed later, the target heating
temperature with this device is intended to be above 90 °C, where the ammonia borane to be measured
undergoes significant hydrogen desorption, and the simulated value is well achieved [10].

Fig 3(b) shows the temperature measurement results obtained when the sample holder in the microwave
chemical cell was filled with pure water and graphite/ammonia borane and continuously irradiated with
microwaves of 3 W input power. An optical fiber cable was directly inserted into the sample holder and
measured. As shown in Fig 3(b), when irradiated with microwaves at an input power of 3 W used in this
measurement, the water temperature rises to a maximum of 97.8 °C, close to the boiling point. This result is
lower than the simulated value in Fig 3(b) because the simulation cannot account for the phase transitions.
However, the actual value of water at an input power of 3 W was above 90°C, where the ammonia borane to
be measured undergoes significant hydrogen desorption. In addition, as shown in Fig 3(b), the temperature
of the mixed powder of graphite and ammonia boron, measured in this experiment, reached a maximum of
112 °C and a steady state at approximately 101 °C. When heated at this temperature, ammonia borane
dehydrogenates [10]. Here, graphite is added to increase the maximum temperature of ammonia borane.

3.2 In situ TEY-XAS measurement of ammonia borane during microwave irradiation
using the microwave chemical cell

TEY-XAS measurements of ammonia borane (H3NBH3) during microwave heating were performed using
the developed microwave applicator. This material has a significantly high hydrogen storage capacity of 19.6
wt%. Furthermore, it is characterized by its nonflammability and nonexplosive properties, making it a
promising hydrogen storage material for the realization of the recent hydrogen society [10,11]. In addition,
it has been reported that hydrogen is desorbed by heating; therefore, it is possible to observe the structural
changes associated with heating and the changes in vacuum in the chamber associated with the desorption
of hydrogen.

Fig 4 shows the XAS spectra of a mixture of carbon and ammonia borane powders at the B-K edge under
microwave irradiation. The obtained spectra were fitted by smoothing with the Savitzky-Golay method (solid
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Figure 4. XAS spectra of B K- absorption edges of fine powder of ammonia borane/graphite (2:1).

lines). A sharp single peak was observed at 194 eV. This peak corresponds to the n* peak found in boron
oxides, which is probably formed by surface oxidation of the ammonia borane sample [12,13]. In addition,
broad peaks were observed at 197 —206 eV, which were attributed to the overlap of the oxide and ammonia
borane peaks [12,13]. On the other hand, prominent peaks at 192 eV and 192.5 eV were observed
after microwave heating. From previous studies, the peak at 192 eV was the n* peak of hexagonal boron
nitride [12,13]. The 192.5 eV peak is considered to be the peak of a chemical species in which one of the N
atoms around the B atom of boron nitride at 192 eV is replaced with an O atom because of the direction and
amount of chemical shift of the O-replaced species. In addition, As previously mentioned, this emerging peak
is thought to have appeared because of hydrogen desorption [14]. Furthermore, as the microwave heating
time increased (>30 min), the peak at 194 eV, or borane oxide, decreased with microwave irradiation time.
Here, the area of each B-K edge absorption spectrum did not change with the microwave heating time. This
indicates that microwave heating using this device did not cause desorption of B atoms. Therefore, the
decrease in the borane oxide peak was most likely because of the desorption of the O atoms of borane oxide
by microwave heating. In addition, peaks appeared near 193 eV with an increase in the microwave heating
time. Based on previous studies, this peak is considered the peak of a chemical species in which some of the
three N atoms around the B atom of boron nitride at 192 eV are replaced by O atoms. Furthermore, two or
more of the three N atoms around the B atom of boron nitride were considered to have been replaced with O
atoms because of the direction and amount of the chemical shift of the O-replaced species [12].

These results suggest that ammonia borane, from which hydrogen is desorbed, combines with the O atoms
desorbed from borane oxide and appears as a peak. In other words, these results indicate that microwave
heating in a vacuum in a soft X-ray analysis chamber and soft X-ray analysis during microwave heating were



achieved. Therefore, since the developed microwave applicator enables tracing reactions of light elements
under microwave irradiation, it is expected to lead to the elucidation of reaction processes in organic and
polymer synthesis during microwave chemical reactions. We are convinced that the combination of these
experiments with the developed device will provide a powerful analytical tool for investigating and
elucidating microwave-specific effects.

4. Conclusion

A microwave applicator for TEY-XAS measurement using soft X-rays was developed, and we
demonstrated the in situ XAS measurement of ammonia borane under microwave irradiation. The device
consists of a post-wall waveguide and a sample holder fabricated in the waveguide. In addition, the
characteristics of the device were determined by temperature distribution simulations and water temperature
measurements. This device was irradiated with 3 W microwaves, resulting in a maximum water temperature
increase to 97.8 °C.

Using this device, soft X-ray analysis of a mixed powder of ammonia borane and graphite under microwave
irradiation revealed a significant peak corresponding to hydrogen desorption. These results demonstrate that
the developed device is capable of microwave heating under vacuum and in-situ soft X-ray absorption
spectroscopy during microwave heating. In summary, this device is expected to be a powerful tool for
elucidating elementary chemical processes and microwave-specific effects such as local heating during
microwave heating when integrated with soft X-ray analysis. In addition, integrating microfluidic device
technology with this device is expected to enable synchrotron radiation analysis with precise control of
chemical reaction time.
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Dependence of PMMA processing speed on NewSUBARU storage ring energies
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The processing speed of PMMA was investigated by X-ray lithography at each storage ring
energy of NewSUBARU. As a result of studying the processing depth versus the number of
irradiated photons at each stored energy, it was found that the processing speed of PMMA is
determined by the number of irradiated photons. Although exposure takes longer at low energy
operation, it is possible to control the processing depth with high precision. In contrast, in high-
energy operation, high aspect ratio processing with a depth of 250 pum or more can be performed in
a short time. It is important to select the optimum storage energy according to the shape to be
fabricated.
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Chemical states and electric densities can be modulated by mechanical stress. For example, X-
ray diffraction experiments are often performed simultaneously with tensile tests. Plastic
deformation due to stress can be analyzed at the lattice level during the application of mechanical
stress. Here, we developed an operand measurement system for Raman spectroscopy and
photoelectron spectroscopy microscopy (PEEM) combined with a Micro-Electro-Mechanical

Systems (MEMS) device.
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Figure 1. (a) Schematic of synchrotron radiation
analysis and Raman spectroscopy for a sample
strained by using MEMS device. (b) Layout of
MEMS devices on silicon wafer generated from CAD
data. Reproduced with permission from ref. 1.
Copyright 2024 Sensors and Materials.

—101—



AR IR EDOEBEWT NA ADBBENAREE 7oz, —H, YU a REEKE, aX b T
T ADOWE CTIHEFICHERT A A TH D05, HHIIN Lo MG R EROESRT L 5T /31
AMEBEDRFNRH 502720 5o 5, £ 2T SiGe RYEART A AT, m0Fv ) 7B
BEEZRIT D7D, BT ERCESIIANY REFA D =X LPREAINTND, O
EHOFEBH 2RI, BEMOMESRO N RS2 AR SE 27200 Tl Hilo etttz
FHHLSE L AREMEZMD TS, o, BEEER EORm TOlPRESCE HIRE, &6
IZE DA AW T2 & X OERECILFER-EREOLER A=A AT ISEMINT
WD EIEE R,

FHEOIX, AR WE ALEIRA D = XL EBRT D120 ) A r— e~ A 7 1 A
Ar— LD J)FRE D KRR F-oE ] A 71 = X LB EE IO EREANTHIB L, s & lasb
HHZLETHATHZENTEDLDOTIIRWNEE R -, 2T, AFETIE, BEXKHHIIC
X o TH RO ZBh &2 i C &, £ 7% D & FRE72 MEMS (Micro-Electro-Mechanical Systems)
TNA ANZFE B LT2[T - 1], B WTIEIET BRI 72 00T — IV CTh DA, FFITHR X #R5y
WrClET A A BZERCTERIET D2HLENS Y | 85 OIS IERBRIEST 7 F oo — 4 —
EEZET v N—NIZEATDHZ LIREETHD, 2T W 1@ICHEMIORT LI,
MEMS T34 A Z W THES IR &~ A 7 0 T~ 0 GE 24T 9 EBBRY AT L& RS54
SR Dy

2. EEBRAZEKIZOWNT

mAN 3 B IIERERH MEMS 734 R LT ZE A MEMS 7 34 A2 R 57
WIZ MEMS #&it&4T7o7-, ARIIHET 7 Fax—2EENRZH NN, ST, F4
fer Lo sy Pb (Zr, Ti) Os (PZT) MW -mohdhi P AR R FHdEIc L 2wl 3 A515E
KR ENTRENE ) & RELT-. BlIX2 255 1 O ElE, W3 AFIEICk->TY
T7 2 OBEFIRENPRESEFTIND & V) ERBEDRH o272, HN 3 A5 %
MEMS #i&E CITA DR HEEEEZ T2 &, H9 1O, BRENRE L TEEDOH D PZT

514 cm’!
(@) (b) l
E E
= =
z z
g 2
5 5
g g
g g
g g
(9 (9
460 480 500 520 540 560 580 600 490 500 510 520 530 540
Raman shift (cm ) Raman shift (cm )

Figure 2. Raman spectra at the central Si island of a three-point tensile test type MEMS device. (a)
Raman spectra measurement results over a wide range when the electric voltages of +7, 0, and =7V were
applied. (b) Raman spectra with extended Raman spectra shown in (a). The device arrangement and
Raman spectroscopy arrangement are schematically shown in the inset. Reproduced with permission
from ref. 1. Copyright 2024 Sensors and Materials.
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Figure 3. (a) Schematic of device arrangement and PEEM observation setup. (b) Optical image of a
double-sided beam structure type MEMS device after it is mounted in a PEEM holder at the BL17SU in
SPring-8. (¢) PEEM observation image of a double-sided beam. Reproduced with permission from ref.
1. Copyright 2024 Sensors and Materials.
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DZERIINEEL TWND Z &N -oT-, MEMS ICHIINT 2 EEEZ 2L ESED &, T~
DS S ET D ERNDhoT-, Lo T, MEMS FEFICLAELAMAHIE LoD,
BT ~ VRN A BE TH DY AT AR TE -,

WIZ, [FREICHR X # PEEM 3£ (2 MEMS 7 /%

A AZEANT 5 IR AET > 7o, FEBRIT SPring-8 @

BL17SU |2 %@ S u7= PEEM $E{8 CfTo 72, Fhx > E
DFATHFIE[12 — 14112 BT, RER T IC AL E
SRS BESURO BEE B 2 MR 5 2 LI § 200 5
LT, ZoLERVEY A 7 nEAOE Y y
R T 2 AEbRAT L e L, CoBk § 195

T 712 MEMS % FA8865 L. MEMS £728 3 »ﬁ
B ERSEE CINET 5702 5 AR L B 190 |

oo B 3@, BHIZEHICRM SIS PEEM A S
EIZF1 5 MEMS F1 Ot Y 7 v T &R 1.85 1 5
LTW5, X 3(b)iE, miffH 2 E MEMS %1 4 2 0 2 4
% PEEM 38D Y v 7 VARV A ITEMR L% 0D DC voltage (V)

MEMS #FDHFEHTH D, MEMS FF O H R
FRIAFTRF SRS & 2> TR Y . RO voltage was applied to the MEMS device was
L EICHPRABE—#1SIICRIET 5, KERIC changed by repeating this operation. By
Blz2 U7 KA5 3 PEEM IR R A X 3(e)loT, measuring this distance, the operating range of
MEMS 38 7 Z BRE) S 5 & RARIE O Hh— 578 the beam when the electric voltage is applied
LTSRS 20T, PEEM BRSO RN AL to the MEMS device can be examined. The
T Do ZORANLEZ PEEM 32E ) b Bl I, data obtained in this way are summarized, the
PEEM #tHigh & SARHE OAZERIFRA O . #ITFIES) electrie voltage dependence of the distance.
(Z LD MEMS 3R fORM A<, T ORRE Reproduced with permission from ref. 1.
ARkR i & R TR O RRBEO TR AFAE & LT, Copyright 2024 Sensors and Materials.

Figure 4. The distance when the electric
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DEAT U ANGHDZENboDd, LL, MEMS EFI2B1F 220 fhiF A TIF TR
WL LTRBY ., BEE-5V H+5V I ETF 5 &8 200 pm OB ZHIETE 5 2 }:%:/TLT
W5, LLEDORERIX, MEMS F 12V 5 HZEREEBRE CHIfFE 0 ICEEST 52 L 2R LT
W5,

4. FEDH

MEMS T34 ZZ W52 & T, INERY TNV A X T, BIRISRBREZI TV D
PEEM Bl b~ /70T~ B~y B N TEAZ 2 A LI, K AT AZEZLERT
ESHDLZENFARETH Y | X BEH OB O ~DISH L FEETH D, ZOT AT
LxEHWD Z & T, MEMS 7 /34 ZA085 R ICHL D 10 72 30Bt OB IR IEC L IR RE 2 | 1%
MEICEFH S E RN O EBEHE CTE DRBEEZBET LI LN TE,
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Characteristic of Immunosorbent Assay using Microcapillary Arrays
coated by SiCOxHy CVD Films
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Microfluidic devices utilize size effect to achieve fast and high-yield reactions with simple
structures. In this study, high aspect ratio micro capillary arrays were fabricated using synchrotron
radiation Deep X-ray Lithography (DXL). The structures have four functions such as reservoirs,
valves, mixers and reaction fields to provide to vertical fluid control. However, fluid behavior in
microcapillary is affected by the material surface. Then, hydrogen contained silicon carbide oxide
(SiCOxHy) films which can control of contact angle by changing deposition conditions, were coated
on 96-well microtiter plates and measured stability and characteristic of immunosorbent assay of
the films. From that the prospect of applying SiCOxHy films to microfluidic devices for
immunosorbent assays were obtained.

1. iXCOHIZ

YAV RIRT NARL, v A7 RN TIRG . BOG, 72288k 2 22 AL P E A7), ~ A1
FEEIH A XD NS | R &L T BE ORI 2 & AR 72 O RERERREND

ERZETHILD, ZHUTED, WLZ)VDWHY#@KFE%/J RVRIE TN THIENAIREE 2D, £ DT
D, ERE AR, BREYERE ORIE IRV TE R ORI B R R AT e iR s
TW5, L., A7 it N O FAR AL T SO i i 2 1 OBl A DR A S T D[1,2], £
DI | = A7 aFE N THIED AL FARIEZATO T2 OITIE, T/ A ZADER 53 BBk £ il 23 4 22
LD, Fie, A OLRENELEETHD,

AW TIL, KFEE A kLR E: 3 (Hydrogen contained Silicon Carbide Oxide film, SiCOxHy)f%[3]
B ROSHHIZIE R L | 13 502 1 & 7% (Enzyme Linked Immunoorbent Assay, ELISA)~®D i &R EL
72 SiCOxHy B, MBI AL L TT 7 AF )L T (Tetramethylsilane, TMS) &35 7 A% = 7T X
~A{b X B R (Chemical Vapor Diposition, CVD)EIZ L > TS IVA BB IEE 29 5KFEE A IR
{LERLEER B CTHY | REALEE TR BV TR R T A e a ZA LS5 2 L CHEfilfa 2l 352 &

—107—



INHRETHH4], 7. HLBAITNEE DR R0 L Th il ATREDN AR X D A ER EHL T 5,
P A HIE A T~ A7t L Te A7y T VESEE A ER L7, iU, B+ um 0%
A E B LSRRI BLA LT IE THY | R AT /L AL 77U L — M Polymethylmethacrylate, PMMA)% 44
BEEL T, St Deep X #Y/ 2777 ¢(Deep X-ray Lithography, DXL)[5-8]1% FWNCTIERLL 7=, Z D
X WA RFF, R T DUV — 3 ST HERE X v ETUNEZRIER BB T HEXITRASNDIF
T—HEEE, Y ETUNEEICHUARZ B 5 S UG E R T e EOMRER FiDH | BE A~ A7)
TIE—[9-15NEANTHZET 3 WItDOFAREAEN6-18]21TOZ LN ATREL 72D, FFIC, FrETUNEE
TRIRAARE T 250 . F OB S b 2 k> TRARD, FD7=0 , Fif OBl A 2 #3252
LTV AR TV EEIE19,20)% AW B HMER TRARHIE 2 AT RE & 70 D0 AWFSETIX, SiICOxHy &
= A7afi IS TR S LT, Al mAE THOWOD 96 R~ Arud (42 —T7 1L —hZ
SiCOxHy [z =1—7 7L T ELISA Z4T\ AL OGS 20 FTREDNED M E iR et LTz,

2. EB
1. DXL (&~ A7mFkrIVESHEIED/FR Synchrotron radiation

~AuF Y ETVEGHEAER L, ZOBIEIT, 3 B T
Za— ANV iR O BL11 AL, DXL & v
TYERIL7-, DXL &lE. m X —X x N TE 7 A X-ray mask—

AT RO T2 k512175 T Th D, £7-, BLI1 L T8

L, VAT EZRR O, MER/NT— @B EIC 7
VR 2 2 L3 T& 5, DXL OFEAZR 1 1R d, £7-.
HEEVERIC BT DGR, BB O E2R 1 1R
KR

=
Resist —
Figure.1 Principle of DXL.

Table.1 Experimental conditions for micro capillary arrays.

Synchrotron radiation exposure

Mask X-ray mask for micro capillary arrays
Material Polymethyl methacrylate, 300(um)
Dose amount 10000(mA - sec/mm)
Scanning speed 5(mm/s)
Gas N? 10000(Pa)
Store ring energy 1.23(GeV)
Development
Developing solution GG Developer
(Dietulene glycol monobutyle ether 60vol%, Morpholine 20vol%, 2-aminoethanol 5vol%, pure water 15vol¢
Bath temperature 37.8(°C)
Stirring speed 300(rpm)
Developing time 24(h)

2 X0, PMMA 2L VAR L CEAL 40 pm,
JEZ 300 pm D~ A7 XU AIFIIZELS
LTc@ 7 AR NS A F R 52 L3 TET,

Figure.2 Fabricated micro capillary arrays
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2. PIG CVD {£I24% SiCOxHy ED=a—7 127

~A 70X TN O PR BN 2 9572015, SiICOxHy A3 2 I E (2 G ATRE T D
ZEEFEDDDTZDIZ, 96 N~A/ad AL —T L —h~DaA—T 4 T 5T, £T | EFIEIZON
T35, EENICH T AEROMTEZEIZUI %, HERTAD Ar LHEE AT AD Hy HMiHS
AU, PIG HUEIZE > TR E DT TR~ N5 AET D, o7 V1 plasma O JE % B AL, ArfiC i DA
Ry ZVER & KRBAF AL DT ORI Ko THUBEBE LB DM T 415, IRIT, MBHTAD TMS 77
AL Oy WANMEEEND, DL, TMS HAL 0y HADKL T NEBEESH, TNHD(LEW ThHEHKES
B IRACEBILEESR D CVD JEIC L TH T ARSI ES D,

AWFFETIE, 96 N~ ArmZ A2 —TL —NIHfh A 70 °L 90 * OGN Ta—T 17 LTz, #flfAIE,
RN EE LS L ETHIET HENTED, IS EIX 2 1RT,

Table.2 SiCOxHy film deposition conditions.

Gas flow late Contact angl

Sample Ar TMS 0? APC(deg.) Pressure(Pa) Voltage(V) Time(min) Processing temperature(? )  Filmthickness(hm) Si PC
Aimingfor70deg. 50 25 30 79.0 1.0 -20~-25 15 50 <=t<55 170 65.2  65.€
Aimingfor90deg. 50 25 10 81.0 1.0 -20~-22 15 51 <=t<55 190 932 91¢

3. ELISA

SiCOxHy Ea—7 4> 7 %1To72 96 N~ Arui A4 —T L —r e VT, ~ TR 1gG Z M XS mE
LT U RA YT ELISA #1757z, £7. o RAvF ELISA ([ZOW T2, o FAvFIET, &
HxXt S E ChoPURE 2 FEOPUR CTEZGATHIE T1ETH D, BFIZEE L H —PuRickRiL,
VURZ UGS D, Z0M% BRI 2 SOFUETHRE A Ry F 5, ZL T, ¥HE
FEERMT DL I THURIE RSN - BE R OIEME A IE 5, —HiREFE A LIZPUR D &I
KA U CRER R UA D FE BT 5720 3 — PRI B LI PUR EN S WIFE R A BN Z D, K
FBRTIX, H—HURICHI~T R 1gG PR, PURIZ~ T R 1gG, BEREERRPUAIC HRP BEikbi~T A 1gG
PURZEBE AL W E % 450 nm, 630 nm [ZFREL THIEETTo70, EBRIX, Pu, Juil, BEaLHE,
FOGME 1L A4 100 Wl T AL SOSFEITHURDE E , FrREHFURD LT 60 43, Fth
FEORISIF 15 43 Uiz, £, PURIE L 0.1 ng/mL 7>5 1000 ng/mL @ 8 FiEL 7T 7 Ti1o77,
FFIC 3 2OF —XEHE L0 1 [MOEBRTRE—BEDOT —4% 3 SHEL, 2OV EFEHL
77

3. WEFR

1. SiCOxHy D> HEfih 4 %2 EME

SiCOxHy &, o> —> LU THefili M4 D
BEMENRETONDT=D, FHa—T 4 7% D
96 R~ AraFALR—F L — Ol 22 e 1
Z 3 EMAE L, MIEX, 7LV —hD—2D
FUTHAKZ 2 pl i T8I T o7,
REX 3R,

3 SR OB E OB O : ; L o
($(2)63.8 °, (b)76.5°TH -7, Ko, # Figure.3 Change over time of contact angle of
filfg IC R & 7237 <, ZELTWDH I SiCcOxHy films.

E MR TE T, (a)Contact angle of 76.5 °
(b)Contact angle of 63.8 °

Contact Angle [degree]
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2. SiCOxHy [lE=1—7 17" ® ELISA

SiCOxHy & =a—7 17 LIz 96 /X~A7
aX A —7 L — e iz R A>T ELISA 54
IZED~U R 1gG DR HRER27~T, X 4 1%
BEfiliff 63.8°, X 5 1Rl 76.5 ° DR K Th

; 10+
Do //\{
X X0, BEfilify 63.8 OGEITHUR N 05

(IR FE DS 0 1 R B LT C LR ) ROV L —F
ERLTOWHIEN DS, Bl 76.5 °DH o 1 T ™ m
AL WO IR e REIEL, IBEOEICK Conc. of Mouse IgG [ng'mL] -
DY DFTIE LA E BN, LIRS Figure.4 Calibration carve for a contact angle of 63.8 °.
T, SiCOxHy [FLZ 2 [ FH 2 i oD 12 fih 44 il {0

(ZEY | PUREAT B OBUNIEANZ E R <72 20+
V. HEEE B RV ATRE ThH L

204

Optical Density

-
in
|

ERXHILDH, &Y SiCOxHy & #% MK D 2
PMMA % LTz~ A 7nx ' IVESE 2
HE VAT EICED, ELISA WiEnmReT 3 77
D RIBLAETT, s M
00—
01 1 10 100 1000
Conc. of Mouse [gG [ng/'mL]
Figure.5 Calibration carve for a contact angle of 76.5 °.
4. FEw

ARAFZETIE, B DXL 2 W THERIL -~ A 7 a v BT VE SRS TR EMRRIAHI#E 21757
DOFTEEPEEL T, SiCOxHy IH(FHEE At Za—T 1 T Lle~vAui A2 —T 1L —bB1TD
ELISA R OWTIRFTL 7z, E(LFREICH WD 96 X~ A7uX A% —71L—NZ SiCOxHy Rz
filfh 63.8°L76.5°D 2 KM Ta—T 47 L, ZNENY U RAYT ELISA 217072824, #4filif 63.8°
TIEPURIR E OB E LIRS EE N HEINL , M EARZ B KTENTETL, ZDIZEND, SiCOxHy fix~
A7 g OHEAA ZHIE TE AL FRICOB IS H AT THLEE N5, fFRNITIL,
SiCOxHy Mi&x~A7aXxIVESHIEIZa—T 7L, S0 E A2 B (S THE
TAEESS ELISA O AIRE THHEE 2 HID,
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