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> Si, GaAs, GaP: Relatively narrow bandgap of less than 2.3 eV
> FTTHRFE(R Si, Ge, C (Diamond)
» 4H-SiC, ZnO, GaN: Wide bandgap of about 3.4 eV
> EEHM+EER
> Ga,0;, Diamond, AIN, MgO, : Ultrawide bandgap of wider than 3.4 eV

III-V: GaAs, InAs, GalnAs, AlGaAs, AllnAs T— o Saresi
GaP, InP, GalnP, AlGalnP. GalnAsP Sandsap.Fy () ; . N

Electron mobility, 4 (cm?/Vs) 2000
5 5 Breakdown field, £, (MV/cm) 03 0.6 3 8 10
(iaN, AIN, InN, BN, (]aInN, AI(IZIN., AlInN Dielectric constant, £ s 9 X 9 : 9 10 55
Thermal conductivity k (W/cmK) 15 0.55 6 0.23[010] 10
Baliga (Euk) gﬁzlmﬂl

II-VI: ZnSe, ZnTe
Guo et al, Review of Ga,0,-based optoelectronic devices, Materials Today Physics 11, 100157,
2019

IV=IV: SiC N FE Y v 7 T EE = RFHOEET 1

ERE+EIK: ZnO, Ga,0,
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— Guo et al., Appl. Phys. Lett. 66, 715, (1995)
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» Bright green emission (548 nm) can be observed by naked eye from Ga,OEr/Si
light-emitting devices (LEDs).
» The driven voltage of this LEDs is 6.2V which is lower than that of ZnO:Er/Si or
GaN:Er/Si devices.
» Ga,0; contain more defect-related level which will enhance the effects of

recombination, resulting in the improvement of the energy transfer to Er ions.
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XANES spectra of the Fu doped Ga;0s films grow at different

Summary

»Wide bandgap se1n1conuct0r§ are promising for
applications in solid state lighting and next-

generation power electronic devices.

»Characterization by using synchrotron light is
powerful for revealing structural, electronic, and
optical properties of advanced thin films.
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Summary

Diamond excellent properties Qg \’:/;éy

Wide-gap semiconductor with Eg = 5.47 eV Power SC

Breakdown field 10 MV/cm SC operating at high temp
Electr. Large electron mobility 2,200 cm?/Vs Radiation-resist SC

Negative electron affinity PV for nuclear wastes

High radiation-resistance

Highest hardness 100 GPa Hard coating
Low friction coefficients Biomedical coating

iech. Large elastic modulus
Largest Sonic speed SAW devices
Th Highest thermal cond 20 W/cm K Heat sink
€M |owest thermal exp coefficient 8 X 107 K1
Extremely stable Electrode 4 electrolysis
Chem. Extremely large potential window Biomedical mat
Quantum centers w/ n = 100% New mag field sensing
the Luminescent markers
others

Quantum computing

Various nanocarbons

Nanocrystalline High temp. & high pressure
diamond (NCD) Stable phase
<100 nm .

Ultrananocrystalline %
.
.

diamond (UNCD)

<10 nm ¢ et et - g
Di . bi q sp? Fullerene
<2nm .

Diamond-like carbon (DLC)
Nonequilibrium phase

sp

Carbyne

Graphite

TEM images of U a-C:H films prepared by PLD
(a)

deposited film

sapphire (0001) sub.

deposited film

sapphire (0001) sub.

a) BF image and ED pattern, and (b)DF image using a portion of d-111 diffraction ring.

The existence of a huge number of GBs is structural specific to UNCD/a-C:H films. Here, GBs
specifically denote the interfaces between UNCD grains and those between UNCD grains and an
a-C:H matrix.

Comparison among D NCD/a-C:H, and diamond

UNCD/a-C:H films comprise diamond grains with diameters of less than
10 nm and an a-C:H matrix.

DLC (a-C:H) UNCD/a-C:H Polyf:rystalline Singlécrystalline
diamond diamond
Structure Amorphous Nanocrystalline/ Polycrystalline | Singlecrystalline
P amorphous composite very glecry;
Growth on foreign Seeding required(CVD) Seeding e
E Exti ly difficult]
substrates asy Easy (PVD) indispensable xtremely diticu
550°C?
Thermal stability 200-300 °C 800 °C 800 °C
(growth temp.)
Variable
Bandgap 0~4 eV 1-3eV 5.5eV 5.5eV
AbSDIip‘tan Small Large Small Small
coefficient
control of Insulating e .
Both: ble? - : - :
conduction type difficult oth: possible n-Type: difficult | n-Type: difficult
Surface Extremely Smooth Rough Extremely smooth|
smoothness smooth




Progress of nanodiamond research

Film growth & Process

* Growth of UNCD/a-C:H films by PLD and CAPD
«_Diagnostics of plasma deposition processes

T. Yoshitake et al., JJAP46 (2007) L936
K. Hanada et al., JJAPAS (2010) 08JF09
T. Yoshitake et al., JJAP49 (2010) 015503 efc.

Structures & Elem. prop.
T. Yoshitake et al., JJAP48 (2009) 020222 ‘

« TEM observation

« Spectroscopic evaluations
+_Measurement of elemental physical properties S. Al-Riyami et al., Diamond Rel. Mat. (2010) 510
AliM. Ali et al, APL 116 (2020) 041601

-—
Mech.

+ Room-temp. deposition of 50 GPa hardness films
on WC-Co sub.
+ 60 GPa hardness & 10 um thickness deposition
owing to Si and B doping
+ More than 70 GPa hardness by employing
e o
g

\ H. Naragino et al., JJAP 55 (2016) 030302
M. Egiza et al. JJAP 58 (2019) 075507

Ali M. Al et al, APEX13 (2020) 065506.

S. Ohmagari et al., J. Nanomater 2009 (2009) 876561

Semicond.

+ Control in the conduction type by N and B doping
+ Study of the origin of the p- and n-type conduction

S. AkRiyami et al, APEX 3 (2010) 115102
H. Gima et al, APEX 10 (2017) 015801

Device Fab.
* Fabrication of heterojunction PD with Si

* Photodetection evaluation as UV sensors

S. Ohmagari et al., APEX 6 (2012) 065202
Abdelrahman et al, APEX 8 (2015) 095101
Abdelrahman et al, Appl. Phys. A 123 (2017) 167

Hard coating for
mechanical cutting
tools

Biomedical coating
for implants &

PV for nuclear wastes artificial joints

Sensing under rad.
cond

+ JSTALCA, 2011~13

« JSPS Grant-in-Aid for Sci. Res. (B), 2015~17

+ JSPS Grant-in-Aid for Sci. Res. (B), 2019~22

+ JST Value Progrum, 2016
+ JST A-STEP XF—> 11, 2017~22

Pulsed laser deposition (PLD)

Wavelength : 193 nm
Energy: 100 mJ

Imadiation area: 2 mm? Lens
Repetition Rate: 50 Hz 0

Excimer Laser (ArF)

substrate

Anode Trigger capped

heater
substrate

a
(Graphie)

Trigger box.

Comparison of deposition me

! This work
. . 1 . -
Chemical Vapor Deposition | Physical Vapor Deposition
1
1
1 -
! Pulsed Laser Deposition (PLD)
1 Coaxial Arc Plasma Deposition (CAPD)
PVD
CVD
PLD [ CAPD
energy of species - from tens to hundreds electron volts
depo. process continuous pulsed
seeding procedure required NOT required
depo. rate generally low 80 nm/min 400-6000 nm/min
substrate temp. 700 ~ 1000 °C 550 °C RT ~ 550°C
large area depo. dependent on method difficult possible
others generally high quality amorphous carbon is cogenerated

Hydrogen Gas Effect on the UNCD Formation

g 1 In the case of the dangling bonds of carbon
29  exagonal | } clustgrs with diameters less than 3 nm being
g0 — terminated by hydrogen, the tetrahedral
- 1 (diamond) structure is more stable than

37 7 hexagonal one.

f;lS[ -~ * P. Badziag, W. S. Verwoerd, W. P. Ellis and N. R. Greiner,

g fv Nature 343 (1990) 244-245.

H/C ratio

Hydrogen stabilizes the sp* hybridization of carbon atoms at the diamond surface.

« M. Frenklach, H. Wang, Phys. Rev. B 43 (1991) 1520,

Atomic hydrogen is involved in the most surface reaction and facilitates the incorporation ofi
carbon atoms into diamond lattices, which results in the enhancement in the deposition rate
and crystalline quality.

% D.G. Goodin and J. E. Butler, in Handbook of Industrial Diamonds and Diamond Films, edited by M. A. Prelas, G. Popovici, and K.
Bigelow (Dekker, New York, 1997) p. 527.

Hydrogen atoms remove non-diamond carbon from the surface.
 B.V. Spitsyn, L. L. Bouilov, and B. V. Derfaguin, J. Cryst. Growth 52 (1981) 219,

A hydrogen atmosphere might have significant roles on the UNCD formation.

CAPD «| CVDUNCD §
: £
2
o Wavelongth/nm

400 600
Wavelength (nm)

0. A. Williams et al. DRM 15 (2006) 654.

manly from C+ and C species {———=) dominantly from C, swan bands.

H2 atmosphere Vacuum

o k NSl b
C atom
~
C, dimer -
N N

30 s 50 s 100 us 30 ps 50 s 100 us

K. Hanada et al. JJAP 49 (2010) 08JF09

Comparison in the process

PLD, CAPD
CvD

Plaspe crapnite ) Pulsed Plasma
anm
C,C*
GH l quasi-high pressure
nucleation | & temp. situation
Pretreatment
Film 'Diamond Film No requirement of pretreatment

Heated substrate (700-1000°C) Heated substrate (550°C)

[ ) Substrate
Substrate
growth leation)
diamond seeds mdependently distributed
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Q-carbon (quenching carbon)

2 step growth Prof. Nanyang Lab.
North Carolina State University

amorphous carbon by PLD

Pressurs (GPa)

CAPD does not necessarm
require hydrogen
atmospheres.

Pulsed Plasma

quasi-high pressure & temp. situation
due to highly dense & energetic atomic
species

ntonsty (0]

e We have started to call “Quench diamond”,
Qshon “Q-dia” /

J. Narayan et al., APL Mater. 3 (2015) 100702

Progress of nanodiamond research

Film growth & Process

* Growth of UNCD/a-C:H films by PLD and CAPD
«_Diagnostics of plasma deposition processes

K. Hanada et al., JJAPAS (2010) 08JF09

T. Yoshitake et al., JJAP46 (2007) L936 ]
T. Yoshitake et al,, JJAPA9 (2010) 015503 efo.

Structures & Elem. prop.

* TEM observation T. Yoshitake et al., JJAP48 (2008) 020222
« Spectroscopic evaluations S. Ohmagari et Nanomater 2009 (2009) 876561
+ Measurement of elemental physical properties S. Al-Riyami et al., Diamond Rel. Mat. (2010) 510

AliM. Ali et al, APL 116 (2020) 041601

e

Semicond.

Mech.

+ Control in the conduction type by N and B doping
+ Study of the origin of the p- and n-type conduction

S. AkRiyami et al, APEX 3 (2010) 115102
H. Gima et al, APEX 10 (2017) 015801

Device Fab.

Room-temp. deposition of 50 GPa hardness films
on WC-Co sub.

+ 60 GPa hardness & 10 pm

owing to Si and B doping

More than 70 GPa hardness by employing

el

* Fabrication of heterojunction PD with Si
* Photodetection evaluation as UV sensors

S. Ohmagari et al., APEX 6 (2012) 065202
Abdelrahman et al, APEX 8 (2015) 095101
Abdelrahman et al, Appl. Phys. A 123 (2017) 167

PV for nuclear wastes ~ Sensing under rad.
cond.

+ JSTALCA, 2011~13
+ JSPS Grant-in-Aid for Sci. Res. (B), 2015~17
+ JSPS Grant-in-Aid for Sci. Res. (B), 2019~22

g

\ H. Naragino et al., JJAP 55 (2016) 030302
M. Egiza et al. JJAP 58 (2019) 075507

Ali M. Al et al, APEX13 (2020) 065506.
Hard coating for

mechanical cutting
tools

Biomedical coating
for implants &
artificial joints

+ JST Value Progrum, 2016
+ JST A-STEP XF—> 1T, 2017~22
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Summary

Progress of nanodiamond resea

Film growth & Process

« Growth of UNCD/a-C:H films by PLD and CAPD
«_Diagnostics of plasma deposition processes

K. Hanada et al, JJAPA9 (2010) 08JF09

T. Yoshitake et al,, JJAP46 (2007) L936 ]
T. Yoshitake et al., JJAP49 (2010) 015503 etc.

Structures & Elem. prop.

—_—

Semicond.

* TEM observation » T. Yoshitake et al., JJAP4S (2009) 020222
+ Spectroscopic evaluations S. Ohmagari et Nanomater 2009 (2009) 876561
« Me: of physical prop S. Al-Riyami et al., Diamond Rel. Mat. (2010) 510

Ali M. Al et al, APL 116 (2020) 041601

) Mech.

+ Control in the conduction type by N and B doping
+ Study of the origin of the p- and n-type conduction

S. ALRiyami et al, APEX 3 (2010) 115102
H. Gima et al, APEX 10 (2017) 015801

Device Fab.

+ Room-temp. deposition of 50 GPa hardness films
on WC-Co sub.

+ 60 GPa hardness & 10 pm thickness deposition
owing to Si and B doping

» More than 70 GPa hardness by employing

* Fabrication of heterojunction PD with Si
* Photodetection evaluation as UV sensors

S. Ohmagari et al., APEX 6 (2012) 065202
Abdelrahman et al, APEX 8 (2015) 095101
Abdelrahman et al, Appl. Phys. A 123 (2017) 167

PV for nuclear wastes ~ Sensing under rad.
cond.

« JSTALCA, 2011~13
« JSPS Grant-in-Aid for Sci. Res. (B), 2015~17
+ JSPS Grant-in-Aid for Sci. Res. (B), 2019~22

bi
o]

\ H. Naragino et al., JJAP 55 (2016) 030302
M. Egiza et al. JJAP 58 (2019) 075507

Ali M. Ali et al, APEX13 (2020) 065506.

Hard coating for
mechanical cutting
tools

Biomedical coating
for implants &
artificial joints

+ JST Value Program, 2016
+ JST A-STEP XF—>T, 2017~20

Hard coating materials

X Materials Vickers hardness (GPa)
4 Diamond 115
Nanodiamond(CVD) | 80-100
Diamond-like carbon | 10-50
c-BC,N 76
c-BN 48
- TIAIN 30
3 times tensile . N
strength of steel > Specific merits to hard carbon
= Composite = Al = Ti @ Steel = Others high hardness & excellent mold
release

\ -~ e e S
Drill bit and End mille

> The life time of diamond-coated tools is
10 to 20 times longer than those of
TiAIN-coated and non-coated ones.

Diamond and related hard carbon are the most effective hard 1
coating materials for CFRP, Al and Ti.

Comparison among DLC, UNCD/a-C:H, and diamond

Hardness: 50 GPa

Hard coating |12y tiyiclness: 300 nm

methods

DLC (a-€) UNCD/a-C:H p-diamond

SEM image - M J—

Structure Amorphous Nanocrystalline/ Polyerystalline
Growth on foreign Seeding required (CVD)

Easy 8 e Seeding indispensable
Thermal stability 200-300 °C 500 °C ? 800 °C
Surface smoothness Extremely smooth Smooth Rough
Cathodic Arc Hot-fil CcvD fil cvD

Hardness: 80 GPa
- [thickness: 10 pm
[Ts: 800-1000 eC.

in practical use

Hard  fim  easiy  causq]

peeling off.

Depo. rate is extremely low (5 nm/min)
It takes 36 hrs for 10-um coating.

1)W. Kulisoh et al., PSS A 208, 70 (2011), 2) P. Koidl et al, DRM 1, 1065 (1992), 3) X. Jiang et al,, PSS A 154, 175
1996)
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Advantages of Coaxial Arc Plasma Deposition (CAPD)

(A targe number of highly energetic excited carbon species is supplied onto |
substrate surface.

Supersaturated condition

. Substrate
ider  © Crion

Schematic of
deposition Cathodic graphite 0 catom

© G dimer
process of o macroparticles

CAPD T b

~ [Ty

Typical image of CAPD machine
19

Coaxial are plsma gun of CAPD (a) with and (b) without the anodic cylinder

Advantages of Coaxial Arc Plasma Deposition (CAPD)

DLC coating by
cathodic arc
deposition

polycrystalline diamond

UNCD/a-C coating by CAPD coating by HF-CVD

Depo. rate is extremely large: >500

nm/min comparable or slightly 5 nm/min
The deposition time can drastically be larger
shortened.

Ts: 800-1000 oC
Co removal on WC-Co
surface by acid is

R thi ible.
s growth is possible. indispensable prior to

Co catalytic effects can be minimized.

coating.
Serious problem in prac.
use
UNCD/a-C coating by CAPD on WC-Co has Representative
never been tried thus far. method 2
What are its merits as hard coating Technically
materials? established

Research target
- TTTTsEsEEEEEEEEET 1
1 >70 GPa :
: [ |
| UNCD/a-C film (> 10 um) :
I
[}
: WC-Co substrate 1
[}
e |
2017-2020

JST A-STEP Stage |l (seed development type AS2915051S)

Experimental Procedures

o The surface of WC-Co substrates was
mainly roughened prior to
deposition.

suhslra{e
coaxal arc plasma gun

o The etching of Co on the surface was

NOT carried out.
o Undoped UNCD/a-C films were deposited on

WC-Co at RT and 1 Hz repetition rate.

o Si & B-doped UNCD/a-C films were deposited Schematic diagram of CAPD
directly on the WC-Co substrate at various —
concentration of Si & B, and after inserting 1um

UNCD/a-C buffer layer.
Characterizations of films

exhaust ==

o XRD, SEM, PES (Saga-LS), EDX, SIMS, wear test, internal

stress and nanoindentation Typical image of the dengsi‘

Undoped UNCD/a-C films: Hardness & Diamond formation

3 1580
Geband
5
4
£
=3
32
Hy =613 GPa
1
o
0 005 o1 015 :
Indentation depth (um) 20 30 40 50 @

S0 100 1200 100 1600 1800 2000 20(dee)
Raman shift (cm?)

* The film deposited at RT achieved hardness of 51 GPa, which
corresponds to the max hardness of hydrogen-free DLC.

* Raman spectra indicates the formation of diamond.

* The crystallite size was estimated from XRD measurements to be 2.4 nm .

23

Co diffusion into films

UNCD/a-C

Weco
g et

SIMS depth-profile of Co indicates that — ss0eC
Co atoms hardly diffuse into films

even at Ts = 550 °C.

Secondary fon intensity (cps)

- B

<0

20 o »
Desth (m)

Comparison in SIMS depth-profile of Co between the films deposited

at room temp. and 550 °C. (Yellow-colored range refers to surface
roughness regions of WC-Co substrates) 2
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Diamond growth & Co diffusion into

3 M ck

the films M Cok
WM

The EDX depth profiles also confirm that the

Co atoms in WC-Co hardly diffuse into the

film even at Ts = 550 °C.

$ .

CoK

1. The substrate temperature (RT-550°C) is |- WOM

much lower than that (800-1000°C) of
HF-CVD.

2. Since the CAPD deposition is depending
on pulsed process, an increase in Ts
might be suppressed.

Cross-sectional SEM image and EDX signal depth
profiles of CW, and Co of films deposited at (&) RT. 25

Undoped UNCD/a-C films: Internal stress & film thickness

= The UNCD/a-C coating achieved more than 10 pm film thickness which is two
order larger comparably to the hard DLC (300 ~~* ——— — —

. . 10 -
= The internal stress was estimated to be only 4.5 &
GPa, which is much smaller than that of {lg 8
comparably hard DLC. I
G 6
= The low value of the internal stress can be ;
attributed to the large amount of GBs. g 4 -
£
g 2r

0 20 4 60 8
Hardness (GPa)

Comparison of stress between DLC and UNCD/a-C films.

SEM images of UNCD/a-C film (a) Top and (b) cross-sectional

and (b) 550 °C view =
ﬁ or B doping effects \ Kegative bias effects \
0 Si doping facilitate the diffusion of — Content

Co atoms from the WC-Co
substrates into the films.
+ — Owing to the catalytic effects of Co

atoms, the sp2 content increases and the
hardness was degraded.

O Undoped UNCD/a-C buffer layers
is effective for the suppression of
the Co diffusion.

[ardneses1G7s Unbias

Intensity (a. u)

QO Sidoping has effects of enhancing
the hardness (60 GPa) and e
Young's modules (600 GPa).

+ By employing undoped UNCD/a-C buffer
layers, the Si-doped films exhibited the
hardness of 60 GPa.

Depo. rate:
2-3 times larger

W0 ww e
Raman shift (cm)

¥ Negative bias
feaemezen | /7 GPahardness
achieved!

Patent, under preparaﬁorJ

Q B doping has effects similarly to Si
doping

Intensity (a. u)

Raman shift (cm'?)

Mohamed Egiza et al., JJAP 58 (2019)
075507.
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Researches on nanodiamond

PVD Growth & Process diagnostics
Hard coating

Coating for biomedical
Photovoltaics

Summary

Applications of diamon

ating to implants and artificial joints

Size of markets of implants and artificial joints is 3.4 billions yen in 2011 and expected to be

Background
groul 4-5 billions yen at present.

<Implants> Ti is basic material. Corrosion resistance of Ti against saliva is problem to be solved.

Ti corrosion shortens implant life time.

Metals except for Ti possess low

affinities for living bodies.

—Corrosion suppressison by
coating is required.

Nanodiamond coating improves corrosion for saliva
by an order. [B. Patel et al., Surf. Innovations 5 (2017) 106]

<Artificial joints> In addition to present joints, new-type joints comprising pairs of ceramics and
metals are under development.

High affinities for living bodies: required for basic materials and abrasion powder
Even if CoCr alloys are passivated, their abrasion powder is toxic.
Metallic ions have risk of cell toxicity.
Low sliding friction: Hard, low friction, and smooth surface are preferable.
Metals and ceramics have sliding frictions.
High abrasion and corrosion 3 i and
It is difficult for metals and ceramics to satisfy both resistances.

— Hard carbon coating is a promising candidate for solving
above-mentioned problems.

tough

Appli

ating to implants and art

NCD Di PCD)
———_ 3
SEM
Structure Amorphous Nanocrystals/amorphous polycrystalline
Deposition | lon plating deposition MWCVD HFCVD
method (PVD) CAPD (PVD) (cvD)
Sub. Temp. 200~ 300 'C Room temp. 800~ 900 C
Surf. roughness Smooth Smooth Rough
Hardness 50~ 60 GPa > 50 GPa 90~ 120 GPa
Thickness <05um >10 ym >10um
Depo. rate 0.5~ 2umh >3 umh 05um /h

)W Kulisch etal,, PSSA 208,70 (2019, 2) P Koidl etal, DRM1, 1065 (1993 3) X. Jianget al, PSS 154, 175 (1995

Diamond possesses the lowest thermal exp coefficient 8 x 10-7 K-' among materials,
which is more than an order of magnitude larger than those of metallic basic
materials such as Ti.

Owing to the room-temperature growth,
the deposition of films w/o peeling off is
realized.

Collab w/ KU Hospital Implant Center
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Summary

Progress of nanodiamond research

Film growth & Process

Growth of UNCD/a-C:H films by PLD and CAPD
_ Diagnostics of plasma deposition processes

[ ]

T. Yoshitake et al., JJAP46 (2007) L936
K. Hanada et al., JJAPAS (2010) 08JF09
T. Yoshitake etal,, JJAP49 (2010) 015503 efc. -

~ Structures & Elem. prop.

« TEM observation
« Spectroscopic evaluations
. NLeisﬁgment of elemental physical properties

SemiconcIir

T. Yoshitake et al., JJAP48 (2009) 020222

S. Ohmagari et al., J. Nanomater 200 (2009) 876561
S AkRiyami et al., Diamond Rel. Mat. (2010) 510
AliM. Al et al, APL 116 (2020) 041601

a Mech.

+ Control in the conduction type by N and B doping
+ Study of the origin of the p- and n-type conduction

S. AkRiyami et al, APEX 3 (2010) 115102

Room-temp. deposition of 50 GPa hardness films
on WC-Co sub.

. hardni
———— H.Gimaetal, APEX 10 (2017)015801 gevif;’?o e gol:?n';m
D;viiz/e/Fab. + More ‘tharL70 GPa hardness by employing

* Fabrication of heterojunction PD with Si
* Photodetection evaluation as UV sensors

S. Ohmagari et al., APEX 6 (2012) 065202
Abdelrahman et al, APEX 8 (2015) 095101

PV for nuclear wastes S
cond

+ JSTALCA, 2011~13

+ JSPS Grant-in-Aid for Sci. Res. (B), 2015~17

+ JSPS Grant-in-Aid for Sci. Res. (B), 2019~22

_ Abdelrahman et al, Appl. Phys. A 123 (2017) 167

ensing under rad.

g

H. Naragino et al., JJAP 55 (2016) 030302
— M. Egiza et al. JJAP 58 (2019) 075507
Ali M. Al et al, APEX13 (2020) 065506.

Hard coating for
mechanical cutting
tools

Biomedical coating
for implants &
artificial joints

+ JST Value Progrum, 2016
+ JST A-STEP XF—> 1T, 2017~22

Theoretical prediction !
« Disordered bonding at GBs generate energy states in
the bandgap of diamond.
P. Zapol et.al Phys. Rev. B 65 (2001) 045403
F. Cleri et.al Europhys. Lett. 46 (1999) 671.
Experimetal reports (CVD films)
« n-Type conduction accompanied by enhanced electrical
conductivities is possible by nitrogen doping
S. Bhattacharyya et.al Appl. Phys. Lett. 79 (2001) 1441.

.f‘i
S

HRTEM image of UNCD/a-C:H film

UNCD

N-doped UNCD

« We realized the growth of UNCD/a-C:H films by pulsed
laser deposition (PLD) and coaxial arc plasma deposition
(CAPD), for the first time and even now.

« UNCD grains uniformly exist in films, which might make
GBs effects on the physical properties obvious.

« Extremely large optical absorption coefficients after-
mentioned might be owing to the existence of a huge
number of GBs.

ecifics to PLD UN H

Photon Energy (eV)
3 2

Top view

765 4
107 5
0%
= 60| ©
£ 1o
810 % 50
s
H E
g | 2
£ 10 § %
8 2
H g
B “ 19
5 104
2 9
H 200
05—

2 3 4 5 6
Photonenergy hv [eV]

(@hv)'™ farb. unit]

Photon energy hv [eV]

800 1000 12«
Wavelength (nm)

APhotocurrent spectrum of UNCD/a-C:H film.
In addition to photocurrent in the UV range due
to UNCD grains, photocurrent in the visible range
is observed, which might be attributable to GBs.

4 Optical
absorption coefficient is extremely large. This is
mainly owing to a direct optical bandgap of
approximately 2 eV.

absorption spectra. The optical

potential materials applicable to
photovoltaics

o-T of B-doped films (PLD) o1
Temperature (K) '
500 300 280 260
' g
= @
ol ]
g 10 %:%q:\j z B
@ Oog 3
> Qh%bo% Dog g
z oo, Bo S oo
= Cog
EEpp
310
s 18 20 21 22 20 24 25 26 27
= 1000/T (K)™!
T
°
8 o 8raatn m=2: Efros-Shklovoskii (ES)
u O B3at% m=3: 2D hopping
A BO0.06at%

m=4: 3D hopping

N
IN)
o

35 4

3 hopping transport through GBs
1000/T (K™) PRIng P 9
1. p-Type conduction appearance was thermally confirmed.
2. The electrical conductivity is enhanced by B doping, which is distinctively different
from the case of DLC.
3. The estimated activation energy (200 meV) obviously differs from that (370 meV)

of B-doped diamond. Thus, the doping mechanism should be different from that in
diamond.

FTIR spectra of B-doped films (P

(@ B3at%

(b)

Intensity (arb.unit)

o

Pa— " N
2800 2900 3000
Wave number (cm™ )

2700

Wave number (em™)

2854

Mode of vibration

Symmetricsp’-CH,

2884 Symmetric sp*-CHs
2905 sp*-CH

2928 Asymmetric sp*-CHz
2955 Asymmetric sp>-CHs

2976
3000
3021, 3038
3082

Olefinic sp>CHz
Olefinic sp*CH
Aromatic sp™-CH
Asymmetric sp*-CH,

sp3-CH: Attributable to H atoms that
terminate dangling bonds at GBs
H

The sp3-CH peak is weaken with an increase in the B content.
— H atoms that terminate dangling bonds at GBs might be partially replaced with B

atoms.

_44_




NEXAFS spectra of B-doped films (P

SAGA-LS (BL12)

UNCD

UNCD
grains

B 3at.%

*C-B
~ Specific to B doping

Intensity (arb.unit)

@ Carbon
@ Boron

o

B atoms that substitutionally incorporated into
diamond lattices are undetectable in NEXAFS spectra.

Hsieh et al., Appl. Phys. Lett., Vol. 75, No. 15 (1999)

0*C-H peak

B 13at.%

PR=N o*C-B peak

weakens strengthens

H atoms that terminate dangling bonds
at GBs might be partially replaced by B
atoms.

This consideration is consistent with

00 310
Photon energy (eV)

o that for FTIR results.

-
16°4
107 — >
Ng ) (iiyn=56
Al e <
g1 =
k= { 2 104 =28
£ 100 £
£ =
3 [
/ 5 10°y &7
| H (&) (i)n=1
10 y " (i) Diffusion
% 1073 (ii) G-R with tunneling
1078k " (i) Tunneling
L 107 T T T
-1 0.5 0 0.5 1 00 02 . 06
Voltage (V) Forward voltage (V)

Heterojunction diodes: C-V

N
o

N
=3

25 -0 15 -10 -5

Reverse voltage (V)

Capacitance (nF/cm 2)

=25 -20 -15 -10 -5 0

Reverse voltage (V)

Estimation of carrier density

1 2esiNsi + sunen Nunen) (Vi — V)
[

gesiNsieuneo Nunep
Ng; =5x10"® cm™
Nynop = (1.4£0.3) X 1017 cm™2

| Estimation of depletion region |

2Nsiesieunco (Ve — V) ]”’
i + Nuncp&unenp)

Wunep =
S LINUNLM.

The capacitance saturates at —17 V.
(depletion region = film thickness 100 nm)
Fully depleted at -17 V

It was confirmed that a depletion region expands into the UNCD/a-C:H

layer (43.5+9.5 nm @ -5V)

Relationship between boron content and carrier density

The carrier concentration was estimated from the C-V curves of the heterojunctions.
It was proved that the carrier concentration can be adjusted by boron doping.

10°
o
K?E 107 | E
S SNz
p {10 3
s 3
g g
=
g E
c o
8 10" . =
c 4107 8
8 Py £
£ 3]
© K K
o w
at300 K
10 . . . 10°
0.1 1 10

Boron content in films (at.%)

Deep UV light detection

107%
under 254 nm light illumination
|

. 10 in the dark
€
2
510°%
o

EQE: 71%@ -5V

2
4
Responsiy 4H)

SiC PD

SiCPD

10°F H

Sample size - 0.00054cm?

Current density (Alerr?)

Resp.current: 0.13AW  ® : 104
why gy %
1078 , NS , \ . 5 4 5 2 o0 1 7 3
5 4 3 2 -1 0 1 Voltage (1
Voltage (V)

* The diodes exhibit large external quantum efficiencies (more than 70%).
« Photocurrent should predominantly be attributable to that generated in UNCD

grains.

Band structure of hetero-diodes

SR
1)
u.|§ =14 E
° =426V .3
2 2 Yy =405 8V 2
3 5
[
T -3 _ a
% AB=-015eV e
«

2 44
w D .

. E,q =112V E,

w

. Ohmagari et al., JJAP 53, 050307 (2014)
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Detectors in rad. cond. and photovoltaics for rad.

Sensor materials in radiation conditions. - . ) L .
N Visible light detection using intermediate

— ~ o
//' 10M diamond \\ energy states in diamond band gap.
sic Mat. gg | Operation Rad.-res.
temp. v | nutron
= M Ga0s Diamond ssev |>50C| © | ©
©) SiC (aH) 325ev | 300C | O x*
g Rad.-res. camera GaN 34ev 300°C A A
1 n - o ¥
S 100k Si 1.1eV 125°C x x
0 * 30Si(n, ¥ IS (T, ,=2.7h, B7) — 1P
= CID camera ‘u .
g Photovoltaics for nuclear waste,
E 10k GaN so-called “diamond battery”
(&) A ‘ i
1k Rad.-res. CCD image sensor
| CCD image sensor camera |
‘\\ 100 CMOS image sensor camera//

Summary

Our nanodiamond research (Q-dia), which we have constructively progressed
step by step thus far, was introduced. We are prospecting followings for each
application.

Q0 PVD Growth & Process diagnostics
Owing to process developments, the film quality is comparable with that of
CVD nanodiamond, in spite of room temperature deposition.

Q Photovoltaics
Heterojunctions with SC diamond will be prepared, and we consider their
application to detectors under radiation conditions and PV for nuclear
wastes.

Q Hard coating
More than 70 GPa hardness and more than 10 pm-thickness deposition
are achieved for WC-Co. Practical use is under consideration with a
mechanical tool company.

Q Coating for biomedical
Deposition on Ti is achieved. The biomedical effectiveness will be studied

with KU Hospital Implant Center.

hankyou
I Lainnd l)"'ﬂ““ﬂ“ !
JUI yosE 50

QO This research was partially financially supported by JST A-STEP Stage Il (seed
development type AS2915051S) and JSPS KAKENHI (Grant number JP19H02436).

O The X-ray measurements were performed at Kyushu Synchrotron Light Research
Center/Saga Light Source (Proposal Nos. 1804026S, 1901139S, 1905035S, 1908066S,
and 1911112S).
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HT-XAFS for Elucidating the Formation Mechanisms of ORR
Active Sites in Fe-N-C Electrocatalysts

A. Mufundirwa,1 K. Ogi,2 S. Yoshioka,2,6 T. Sugiyama,6 G. F. Harrington,7,9 K.
Sasaki,1,5,7 A. Hayashi, 1,8 S. M. Lyth5,8,10*

1Department of Mechanical Engineering; 2Department of Applied Quantum
Physics and Nuclear Engineering, 6Research Centre for Synchrotron Light
Applications (RCSLA); 8Platform of Inter/Transdisciplinary Energy Research
(Q-PIT), Kyushu University.

Iron-decorated nitrogen-doped carbon (Fe-N-C) catalysts could replace platinum
in fuel cells. However, there is lack of understanding of the formation mechanisms
of active sites in these materials. Here, we utilise a nitrogen-doped carbon foam
support with optimised porosity, surface area, and conductivity. This is infiltrated
with iron (II) acetate and heat treated, changing the chemical state of the
adsorbed iron, whilst the support properties are relatively unchanged. High
temperature X-ray adsorption spectroscopy (XAS) was used to observe changes in
the adsorbed iron in-situ during synthesis, revealing the transition from Fe-O
bonds in FeAc at low temperature to Fe-N bonds at 700 °C as the iron binds with
nitrogen atoms in the support. At 900 °C Fe-Fe bonds are observed as the iron is
reduced to metal, forming carbon-encapsulated nanoparticles. These physical

changes significantly affect the electrochemical activity.
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Fig. 1 Variation of the WAXD profile
of the iPP crystal upon heating and
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Local- and intermediate-range local structures of As-Se
glasses in a wide concentration region including the
stiffness transition

LA BCNEERE - S, Hosokawa,! J. R. Stellhorn,2 E. Magome,3 P. Boolchand,* K. Tkeda,5 and T. Otomo5

Kumamoto Univ., Japan, 2Hiroshima Univ., Japan, 3Saga Light Source, Japan, 4Univ. Sincinatti, USA, SKEK, Japan
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Fig. 1. SAXS intensity profiles of
the  PCBu43-b-PSBiss aqueous
solutions; (a) 50 wt%, (b) 40 wt%,
(c) 30 wt% polymer concentration.
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Ordered Morphology in Block Copolymers
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Ordered Structure of PCB-b-PSB block Copolymers

SAXS Curve Fitting
Hexagonally packed cylindrical particles with paracrystalline distortion
Hashimoto, . et al.. Macromolecules 1994, 27, 3063-3072.
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50 wt% 44.0 0.76 10.5 0.01 0.01
40 wt% 51.5 0.36 16.2 0.01 0.01
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a ! inter-cylinder distance
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A: paracrystalline lattice distortion
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Ordered Structure of PCB-b-PSB block Copolymers

Curve Fitting
Pseudo-two-phase model with paracrystalline distortion
Hashimoto, T. et al., Macromolecules 1986, 19, T40-749.
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Ordered Structure of PCB-b-PSB block Copolymers
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A4 7 ACTOFHRIA302 THIBEIC A o7z, I HIC, TRLF—XF v v EBRFRGEEZHEAGHOE L LT, BEDHERES S

JAYDIA A4 A= IXAFSHFH-ICAIREIC A - 1,

1. EREW®EaAvE7L

Yo Rg—2B1TB37A4270CTOHBEIEEHNIKET, 1HHY3Y
YTILAEHATES, Y- SERERDEVWEENFTESN TS,
ZZ T, BEER CTFREBEEOHE®) #ENE L TUTOERIC2VLWTR
FL. #MICARE O 2/ b RGen KB ERF L 7=,

cRELE—LYMX I BR2mmA
= >HBRISEDTFOND L KFNy FICHKE
< RENY FOABTIRBIHRESEHFKEL
— > HEorfEEEFHAR R
cBEEIF—-IREI OV XIDKREL
->TE 27273 WERESEGe(11DFA) 2 XA
- REkOEBRREZBAELAV
— > ks O 3% 1B A B 7R AT EY
BT RAF— (<TkeV) DFIAEEWL
- >EZTh{HeE#t (BB RKFICER)
c 477 —DREFICHE
- >RERICKSEBERITS
- EEHFORR
= >HERDHH R & AR FITRBHEROERE
(E#h, 100, B2FIL L, E2Y)

2. FRBOERBR & 1R

BIFL72Gea /XY b HHBRDOIDERN EBEEARM1IZ, Fhftsrk
LZRY . ERNBERIIEROFITRE_ERONLBLREA—CHY, T8
EHDBORT—Y kLT,

(1) BUEREMBROZT -V (ZEUGAOH) (Eri6)

(2) BAEREMBROZXT -8 (YRUFIL M) (BE)
MEEINTWD, BEEIEAMIBERLIImmoMEICHY | E2EREN
Bicin->T (YE) AETSZL T, EABHFZERL WS, T#HIEK
BOXEUZZATF—VIcEHiancsy Oke) | KEicdLTUE—FT
AFRIEBEE AT 22 LD TE D, AFIEBLOTHRFE Ny FICERI NI
FEBELFOAFL —IVICIRY T 2ERER>THY, L—ILEERTA R
THZETYE G ARAICFSHCUBAART LI LA TE S,

EROY A XIE32x 30 mm2 T, ZNZFNIRARICK VERBOKST B Y
JICEAESNTWND, FHMOUBHFEIL6E~18.5ETH Y. Ge(111)D[E
FEAMB LSS, TXLF—IE6~20keVE R D, £7-. 10keVICH
13 2R EOBERBEFIZH20 x VE mm2TH Y, v4 7 CTICE+okY
A XEH>TWD,

Geft RO MITIRBIGER & KT XL ¥ — XBROBBREHRT 5720
2. DB EEEOEERBICHATIOTIEARL, HeBEET 2
YLBERTREEE S BRE L, ERT8E4 Y 4 XL500 x H500 x W600
mm3, ROHMES20 kg A TZ#EBHLTW5,

M1 Gea¥/X7 bHRBROEM (B) LBE (B) . HeBEMlE ¥ 5
ZEITE ) ERFRL/ N OBER SR ERE L.

®£1 3¥/NY FGepHIB/OERMER
DHAER Ge (111)
FEABNEE 5~18.5F (6~20keV)
ERYAX 30x35mm?
E—LHAX &AK20x5mm? (Hxv)

3. A FREEOTERER

3275 G RRUMBOIEN v F 1251 DX FREL & B Y
AVHRBIBEORR Ny FER ([ X—Y VI ER) RUTH (XAFSE
B) B BATFREE (R, & A+ F v —ORERH ST
fil L /=R Z 2R Y. WTho@Es BEEBM200 mAICHEL THDL, 20
BERA D, 1 F10 keVICHE W T, D 15fF & 4 5 3x10%ps/mm2E i > TH Y |
KEK PFBLIACHDsEEICAELIzZ & ahh 5,

1.E+10

-+Ge
1.E+09 »5Si Im
15f5H =ne

<
£
x 8 -
RS = Si_XAFS
* @ LE+08
oo
gt
2
= E 1e407
3
Q
k)

1.E+06
5 10 15 20 25 30 35 40
Energy [keV]

M2 XFEANYFROEBRNY FICBIT2HFREE, 22 /87 FGepHH
Bk, 10keVichBWTlsfEE Tl LEL 7,

4. 24 7ACTRURA A4 A=Y XAF SOBR

HFENAYFICTA7ACTREREBREL, 2237 FGenHBICLDESE
BHREHAL T, <4 27ACTRURA 704 4=V IXAFSORAER%E
To7o RBICTHRAF—9keVICk Y bLaFxFavnfE (RRLRABRTE L
2 —{RE) AERLABERERT, BRI REDNL/6L%2300THDIC
LEL LT SEMAIRTHEOEUZICRINL 72,

B4 (E)ICAURTDCuX v 2 2 (1500 LS/ inch)
ERHERELT, XBOIRILF—%2 Ty TR
Fr Lo ERRENLZERETT,
¥ v 46EI$8950~9200 eV, %1 (£0.37 eV,
BEBEANI2W TH D, CuDKIRINHETHR TCu
Ay aDEBENAKELEFHLTWS, N4
(FICRF—KZDCux v 2 EER(10 x 10EFE~
15 umfl) & A v > 2 488 (4x4 EFE~6 umf)
DEEZEA, (XAFSZR~<Z L) %RT, RIS
O7Y Ty PHEETHY ., BED9200 eVEIBR
THXAFSICL 2REEBZRA D I EMNTET
BY. T/AYF—L—OEEHRE TR
R FRITAIRE 7R 2 & AV B,

) =

AT AT MR AR £7. T

500 pm

M3 kLaxF® 3 vEDOIRTHR

8949.1 70.37 eV 9201.0 eV
09
- 08
0.7
06
L 05
04
02 —Cu plate
30 pm ) 01 —Cu mesh
0
8900 8950 9000 9050 9100 9150 9200 9250
Energy[eV]
B4 AuRUCux v > 2 d&FHR (L) & RXAFSR~Z b (F)

5. ¥¢8

LUt & — B D7 A 7 A XECTOAREEEEZBME LT, 2>/ b
BGeNKBERFE L 1c, KFREEZMEOIBFICMETE, BFAEBA S
aC TEHAAB0 THIEE o7z, E7oy YA 7 OA X =2V IXAFSHE7=ICH]
BRICR - 7c, SRISEMEHIT O BBFIHEENEOREE LTV, 21— —0—#
FRBIHTDTFETH D,
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K BB O EE MEFe2 . WK EH!
LUl > 7 e b o eiset o2 —. 2 (Bk) ASCBUAERTAF R 7 v — 7

BH e~ 70 CTOY) 77 —F 7727 MRBEZBERNE LT, ¥4/ 77 A5EICE

5 2HM T 4N E—Z I LT, K7 4V Z =TT DN NAT 4 —
ERRF MmO — X2 7 g )L Z =TSN T, CT HL ZEM oMz Lz F
VoI 7 —=F 777 MR+ nT&%, BLOT D~ A 7 nuv CT CTHifFL7= CT
T —% (E=10keV, 8 Fb/## 1%, 1000 /360 £, ¥V A OFE) ICAK7 4 V& —% i H
LEfR. V77 —F 7727 FERBIEKT 22N TER (TR, £/2, 74~
TR 7y AN DR SR E CTEAZFM LR, 7o v 2 —dHpifth CRE 72
MR NWZ ERbhoiz,

T1ILT—HEL T1IL5—8D

FOAA D@ (Kh) OCTEImmE
(E=10 keV. 8sx1000pro. Csl. X5 lens)

_94_



BEte~ 4 2 aCTICH T AEER LD &

Kl BEL TR EF. B BE 1~y )
YA >0 bR YRR & — *’)
> () BIBEFHIRERES L7
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BE N~ A 7 ACTCEHR L A-BEBERFERICELZ VY I ROT7T—F 770~ (Vo T7—=F7720 ) OER%EE
BeELT, YA/ 07 L EICB5% [2FAT740E—] 23FICEELZ, K7 L2 —38A1R (RlEE) D/NA /3
AT AN —EHEAROO—NRAT7 4 IILE—TEREINTEY, BEOBELCTEZHMIFLI-EET—F 777 bEE
WIT DB ENTED, BLOTOTA 7 ACTY AT LTIE LT —RICEKT7 AL —%2BRLEHER, Yy I T7—F7 7
IR AERBIERTAIENTE . SBIC, FAVTAT AU SEENRBEELECTERTE L 7GR, 74 L5 —

BRAGIETRKELELGW LD b o7,

1. g4 saCT

A > 7B FAYHERAREL Y Z—ICHE 574 7 ACTY R T LlE, F
TE—LBHZR (P TV ERHBOBEEEBmmETECTE2E TRV
PERERRT 2HXFR) ZHAL, EBIIXR. —HERHHKHE. | o BA
FUF v N— YU TUAIBROWER, ROXKFEGREHEE (Kenvwy2) »

oiEENTHS (K1) ,

BT~
Ml <A4278CTYRTLDHERK,

BERH

X fREGR 8
(Kenvy?2)

RN

Kenvy2ld. ASIXERE FIREICEIT 28064, AIRAXAOL Y IR &
UAEBHAsCMOSH X T bR INTWE (H2&K1) , EXEELT
Csl. GAGG, NUWAGEDHERZHEML TW5 A, BREXEPENTFET S
&XIRBE & AR A ARG A S AN, BRER L ZBTERICIES O
YUY T7—F770 bHBENS,

B
XiR-> PRt

JL—L X

SCMOS71 X 7

FSL7/1P Y

Bl X

W%%l-’\

Nl

(2 Kenvy 20RAB, WEEZ EICHETRFLICEAT: L TR,

1 Kenvy 20 E R {HER

SCMOSEIFR T A X 65708

YL RER X5 or x10

ESviEE R 130r065 370~
[EES24 2048x2048
HREEY 2.6x2.6 or 1.3x1.3 mm?

2.CTIcHT0EA*®

FREYRATFLTRELCTT —&IE, BEOoSWFETHAFIAL T,
UTOMRIC & YWER T A RGEFICEEREZT> L5 (K3) .

O BEREGLEEZEGCHREL. -InZHE

@ BEGELIOYA /T LEER

® YA/ IVSLETT4LE—MIE (Shipp-LoganBisk)

@ WMBLAYA /7 LEBOTHEGREBER (ERE
FEAEBIRICENT, BREICED /AR YA/ T LEIHRDT A
Vil TEND,

@+®

M3 BEEROBERAE. BREXOSVWETEAFAL TR 74 REIC
WE (@, @, @) 2EHELTWD,

3.2KM7 4 VE =058
T—F770 b (34707 LEORER) RIERT 27201, fEARD/NA /S
RAT7ANZ—EEARADOBR—NRRT7 4N —%BHEDE [25A7 4L
2—| #EFELEZ (K4 ., 2HA%EEAEDE DT LICE > T, ERDMHEEL
CTEAHMFELZEE Y VI T7—F 777 bERBICERT 2 2 & A ARICE D,
fit (BE) A :
INAIRZAT 4R —

‘III' ‘ :
RIALTT L . WBEYA ) 7T L

i (B AE
A—NRX74ILE—

M4 YA /07 LkI2BFD [2A@M71402—] ,

4, 2BEM7 4% —] OEAKE

XA 7ACTTHRELAET—X (F74 D, E=10 keV, 8T/ 74, 10003%
§/360E) ICAR7 4 VX —%@EALBREXSICRS, VYo T7—F 770 b
HARBIEBRTETCWDEZEADHN D, HOICIEYTRAKBEDOCT F—X%H|
BLT. 742 —BRAEIHROZEDEE (FA4 787 74L) ECTEEEF
L7 fERERT, 7—F 777 FEKBICERL DD, ZEDFERVOC TE
EFEEZ T RWZ Ehbh D,

100 pum

TANR—EL TA4NLR—BY

B5 FUAEDCTT—RIZ [2HRA7 4R —] Z8ALIHER,

-7 (LR —fEL
-7 4LR—BHY)

s0 100 150
(LB [um]

FAYTRT AL

| Fau | EoEimemm)
TANLE—EL 2.83 0.50
T 4R —#H"') 100pum TANR—HY 2.61 0.44

6 YURARRREOT—KERAW-ZEHHFEE L C TEOFMEER,
TANLR—ICXDEEZIZIERN LD N D,

5.¥¢&8

RA4BCTOUYIT7—F77 0 MEREBHNE LT, [2HFA7 1L
Z—| ZHFICHEEL, CTT—RICEALER. ZHOMEEEE C TELH
FLEEE 7—F 777 bPAEKBICERT 22 &N TEA, BE. 1—H—F
RICALBROREERK L TW D,
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EEEERREEALEBETH VL
UV F U LA Z v EMIERE B D T

INHR FE— L2 BE K4 B BT 4 P B2
VEEBESS UM 7 a ba R v 2 —
2ENCAFSERH R IE N TEMOEE U e AE ROk ICT #F3E T
SENLAFSER R IE N PEFE R A T
SPEER R AT « B K
S A RT v RetlEih4—70v A4 ) RX"—2 a3 I K8F MV

UF U AAArERITELN S CRHIRTREY, Sl E BiF L~ eEst
BroBFE I ITONTWD., VF VAL A VBMEIEELET XA ATHY, REREBIZE
WTCIE, EMmSCAEMm, REMKSHEEIIEB X OCERRBM THDLZ N, RAF DK
RBFELORICPIBEEINDTZD, KRIIEFRBOMELWERRELNLEL 2D,

ARWFZE TIE TR B 22 R S g A E A Ve lR I L5V F U LA A U
#h 1E f A4 B D LiNiosMni1s04(LNMO) & e8E Fotkic L v i~z Zofk5, K
FOBFIREBIICIIRKIERBRELNLATHDL ZENHRTE., £2, 7v#H
OB FREBRICIIRATORSS EDORIGIZ L 2B T T, XHBRFHIZLSS
ELEBLTOWMTAILERNDLLZENbhotz. 612, EEM T LI H A TEH
CTMELEEE, RESCABLLORYT AL VAR BNORERE R LG
720, REEREMBEREINTLE)AEERSH DO T, BEEZEF CTOMENEET
HHZ ERbrolz.

(1] bk 3 — 8 & K il f0BF 25 =], [ *F 75 &5 Vacuum and Surface Science, 63, 343(2020).
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EEEZANBREEAZEZTRHL:
)F 0 LA7 > B ith IE 1844 $4 0 EE-{i

PR OE—12 A KW, @F XF°,

B F52

Ao oonray kRt S—, HRREETHREME, ERXEINRASTIRRAR

m [ZraomEms BB OB |
I=
1

HAERETRHOBE

[EmEEDTHE
=T

FNF VLAV BHITBEVSFTHRSWTEY,
mitAeLZ BELELCRERMBOMRASTHOh T
3. UFV LA BRISHEET /NIRATHY, TE
RBIZBVTE, EECRE FARDBESESS
UREEHTHA LMD, KRRDKFOBREOR
BHABESNE20, KEERBOMEEREREL
WELLD. BARHNERHTAREAR TR EHZE
TCHETESREERFBLY 2, SLHITEERXELYE
EgSihnERSh, BB ARG OAF R
VTERL-TRAEEN RS BARE LR
L2 SE, TOEEZAVT, FEEHFOUFILA
A RHEBMBEZMEL, ARWFLSAEICLIUR
BEREOLPRBICOVTIHR-DTHRETS.

AR EEREANREBAEZEOHE

FoEE IR WMAERE/ILT AR T THA SN, 15802 K367 cm, 25
#1355 cmTHS. 1 SO ESILHI7.8 ke, 23 HIH5.2 ke THSD. 1A RU T IEHRE
B 16 TEET . 1BHMOIEE HIE~5%10° P, 28I~ 8X107 PaTdH.

KR T LD R RIEEDOREY

B@IE7IE=r) LBREEREEALERIC
HET55BEMESFLIRICAELC IsEEF
ARHMLTHY, Bb)IEEFOREEZEETAA
[22.565MBREL-BEDARINLTEHS. E(a)
DC-HE—JIEEHEF v —RAOBRTIH R
H¥kTZEDTHI N H-oTLNS. Eb)D
FILE=r) LEE K SICRUBRICZARI L
DEEESIRILE—EIcBRAIShIE—SIZC-
O, B AIRLI—RISRAThZE—I1E
O=C-OH¢EZbh3. COLSICTIEERE
TR RAZEEIZLDBETEERE~D
RERBIENOBREICLDFRIEIREMFESHh
BIENHhMoTNVS.

KTNSO LHROBFEICLHFERT1RE
EFTHHITZ A b o TS, @

REFAREZRAVEYFI LA BHEBRE DO

AFUROTRBEBBEBAZEE THREL
5 VIR EL = Eth# ¥ LiNiy sMn, ;0,(LNMO)D &3 #7

KARGFLZEICEODE—S 12000
PERoTHY, BATHILE—
#9284.4eVOE—41XC-C,
#285.7 eVDE—21%C-0,
#9288.0 eVOE—%(XC=0,
$9291.6 eVOE—%($C-F,

C-F & H A DPTFEN DD Y
Fu, C-CIZPTFE, HEBHIOE
BBEMDDLYTF )L, C-0%C=0

IZERAPSEINLDLTFILE

Eibhd.

8000 -

.t

Photoemission Intensity (cps)

*EBERAORREEL THRALLG 4000

WREMELHHH, HEFO

_f - FLIUBESO#E

BERZEPTOHE

PTFEDY T+ LIt D E» S

DI ILERALTHEERS 540

CENTES.

536 532 528
Binding energy (eV)
O 1sHEFRARIIIL

FDCO,MRIELTLICO,h EREh, CO,MH3%

*@ﬁgggﬁgﬁ ﬁgfj&%ﬂé—meuﬁe eV | (X EE®DO 1sKEFARINLOAERERID, G

DE—IBELNRDL, Hak2909eVOL— | w7 ) 3L BEK TOME TR, ERREORIL

Jampte, e SSRERMOLIONERS  MERLTLSCENDNS. COTEMDL, Bl
)k [ TESEIT AR R LB CRET S LN E

DE—HBRNI-TTREMENHD. BRLDITKTIRE =

YRR OPTFENS TR A BELALSC. | ETHEELNDNS.

FEROE—IHNTANT-TIRENELHS. F 1skE
FARIMV(ER) DE—YREXKRICET
ETROLTVNBIEND, TYRDEEIERT
3. E—VDEAITHRILX—(1#1688.8 eVHD

#688.2 eVITVIRLTHY, ZvRDIEPHEERK
BOEERVETYRIGEELI-CLICLDRE

EHOEILDOAEEMEMNDHS.

?%im [1] E. Kobayashi et al., Japanese Patent No. 5234994. [2] E. Kobayashi et al., J. Surf. Anal., 19 (2012) 2. [3] E. Kobayashi et al., J. Vac. Soc. Jpn, 59(2016) 192.
[4] E. Kobayashi et al., J. Vac. Soc. Jpn, 60 (2017) 139. [5] E. Kobayashi et al. Vacuum and Surface Science, 62(2019) 551. [6] E. Kobayashi et al. Vacuum and Surface Science, 63(2020) 343.
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Zi3. e (FEE - KR . fid - FRECHDL T XAFS #lE idlmf“u\/\
ORI L CHEATD N TE 5, XAFSHEMNAJfEZR E— AT A > (BL) |
EWICEZEAET 2 — 5T, g O SN 2725 BL CHIE L 7ZERIC f—7—“—5f
DHEHEM] 2 ED XD ICTHRT 200 PEICR>TND, 2O L5 RBEREZHE 2.
Wt 7 —Tld, HORHFEETOHLINE—L T Ty N7+ —LFEDOD—BL LT,
ENOBNEHmFEEEE LTV ey ERICSE L, WET — ¥ OEERICE
LEVMA TE -,

ARGk, @ X B XAFS v Re b rEBRA~OY¥ X —0M| AL, &
BL THfG L7z XAFS A7 MO HKEF 21T o e RIC OV THET 5, BLO=
RV F — 3 fifEe. SIN ttfoeéz“@‘ﬁu\c’ou\ﬂ‘ﬁﬁ% HH I ET, MFES BL O
REDHR MM CHEAET DL ENAREBIZRD, ZNALDHEILE % — 0D XAFS
) 7E B gy o 17y b = — W —FI o & FE AL J’%ﬁi‘ék%i%héo
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)‘~ EAREREETEXIEXAFS S D Y FOE Y SREA DRI A
BPLEY . BEHE2 KESEAR

1 PHOTON BEAM TAMY Y20 ROVMHFEREY S —

S 2 B\ 5y YO0 ROVHEYS—

XiGWIIHRHEES (XAFS) BRI, TRBREZE SEBINSEEHRICAISNDIFETHD. BONIEIND MLOFEHNS. EEBRFOEDE
& (BHERFRERORMERE) O, BFREREICDONTERERFDICENTED, AEARSE, HRRFRE @F - RIE) O, B8 - FRBEICENST,
XAFSHEIREIMBLNDTOHNICKT U TERI D ENTED. XAFSRIRNTREBZRE-AS1Y (BL) BERICSHEFETD—TIT. MHROMEEmED
RIFBBLTARUERIC [T—YDEKM ) ZEDKDICEIRT DD DEBICIEOTIND, ZOLIBERERIA. HEYH—TIE BOEFSETH
DHE—LT Sy hI 71 —ABEO—IREL T, BAOKEEREEELESDY FOEYRRICSE L. AT -5 DIRELICEURDBATER.

TS T, BXIRXAFSS DY FOEVERBADS VS —DRMDEHE. SBLTES UEXAFSZANRY RILDHEIRITZT o ZIBRICDNTIRS I 2.
BLOTIRIF—DFEE. S/NELBREDENCDNTRITZEDHD LT, [EROBLOBHSE DR EMRH THE T 2 EN'TEEICE D, CNODARIK
'Y —DXAFSAIERMOB L0 - —RIBDBEILICENDENEEZEZTIND,

RRICZE LIZARBE —AS+ VDS EXHRXAFS-RREEEDED TS

H#

Sil111), DCM p—
saGads AR N s =BROBH e
BL11 - &/ Phase 1 %i%ﬁk%ﬁ%ﬁﬂ’ff}éﬂﬁ:iﬂﬂﬁ S - Bt
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PRI FEBER TR DIRE Pt, PbO, Zr, ZrO,
- v RIERND LB R wE
2oy st v 28y I DIESR
KEK-PFE Phase 2 MEY YT ILORIE ERE
BL-12C B nsp v (LR (88 Elg. BBL - FERORETLER | CuO 1~1000 ppm
RMOERDIHE W’Cﬁéb‘é ERAHOTNREAN T, Cu,0 1~1000 ppm
ZOE B EHRICT S
sutnsetoon Phase 3 SHBOAE B R SRR
SPring-8 i X ERRDT — FIEE(L v —RARItEE. REROUE
BL14B2 @@
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H: A4 Fw8—: 280mm(LEY), 1000V, Ar 75%/Kr 25%

eroARHIOn s oz oo
XAFSZAD ) (XANESTELD EXAFSIRE! RO — T | G
< = S - : : = wissie s w0 oo
o 1 AichiSR BL5S1 Step. 0911 00114
Step i~ y g, N aLiise S oo oo
scan . 12 g | Quick (11me) 00 oons
- swon-ssior s osms oo
; cuh@m  ows  ooow

- = e - ‘ ‘ e w " o i . fitting: RZZFH, R: 15-35, k: 3 - 145

ET /LI J. Appl. Phys., 1956, 27,1040 (NIMS Atom Work cif: 4295521200~1-2)
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BLO9 TIEZHhBRENF O LabVIEW 711 7T A%z flio T X MR Z T 7 4 —DOHENEN A HE
ThHhd, 20T T ATA=FA—FZ =LA v NEBHO 22 AHICENTZ &R T
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LTETT D, BRETSWA, EBROBEFIRITRINTE LT, FIAEIZEOEOH)
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[1] K. Ishiji, S. Kawado, Y. Hirai, and S. Nagamachi, Jpn. J. Appl. Phys. 56, 106601 (2017).
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Tutoreal set-up of refrection X-ray topography

X-ray Topography Operation

Page 1:Read me Page2:Basic Page3:Chip Page 4: Wafer

PM16C Control - siit Control = PM16C Scanning
1. Canry out a basic set-up. Select the crystal, diffraction, and off-angle.
Crystal h ko
Sitdriving | . ' suace | 0 | o |1 ]
T | BAVI RS LT AH-SIC 2 ; 2. | -aideg
(idauser i EwaEE W [ B 4 iffaction | 1 | [ 1 [ s
Z
[ 2. select the observable depth with siding a line in the graph.
L]
= T Energy
Gonio driving .\ 00 anliv
ox IoAREE | a0 ‘
: 3 70.04 28
. ‘ 2 w0 11055 /deg
input value £
o e L sroffangle
0.0000|| deg 4oy I »
. J & ol 17.6/deg
200 Obs. depth
100+ |
a5, o ; 2T s
50 &0 1o an 90 00 MO 120 130 MO 160 ‘
Energy (keV)
TEobs depth; Ishiji et sl Jpn 1 Appl Phys S& 106601 2017).
3. input @ {range: 490, +: CW, -1 CCW), Then, push “Movel” ¢ | ooldeg
bottun, Wait until all axes stop. Go to “Page 3" in the case of
a  siop chip samples, ar go to “Page 4" in the case of a wafer sample. |
Movel |
1

1 X®8rRSST4—RERAD LabVIEW FO5 S5 L@IEBTFTOYS L, (DFTOHFS
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FLHIZ

BLOOTIZHEREA IO S LEFE > TXIR RIS 7 4 —DRHENT
5N, EROBEFIENTEN TV EDOIFTREL, £IT. XR MR
T34 —BECHELEERTOIS AL LTKRIBICEHLE-OTHR
N9 %,

[zA=RrASWN

B Topography Operation ver2i
TPMA BEE BRV JOTIINP) RO UMD HUFIW ATH)
S@EOMN

B EFE. AUy b B/
VOERDETO#MDIER
YEAVETBE,

mEALEVEZERIRL.
EZANLTET, £T

‘ X-ray Topography Operation ]

PM16C Control = slit Control A PM16C Scanning

slit driving
A LT
: 2 & "
221 EAUYhE TUEEEE |
TS

=y DHMOBERF v 4T
oxI7OKER s B, BHREIEEL.

Gl ke WX MRT ST 0 —REIC
[_ood] ceg B LEEDTIEEL,
— EFEDBEEEZ LA

Fast

DIRE. hikERT,

AR
E/005E
TIOET

Y
B1 X@FRIST74—THWN
Y o]z =R e FN( | =R

-
HI055 L |

™
BTV JOTIINP) BHO) UM AW ARTH) [

" o[

TR
FEREEE

‘ Tutoreal set-up of refrection X-ray topography

Page 1:Read me Page 2:Basic Page 3:Chip ~Page 4: Wafer

Present position

10.200 QY

1. Cany out a basic set-up. Select the crystal, diffraction, and off-angle.

Crystal e e S|
el aAH P - surface [ o |7 o | 1
-5 = =
Diffraction [ -1 | - -1 | [ 8 |

Off-angle

fj‘deg

E REBRXBENRYTS
J4—HRATOTS A
HLEH,

BEBRENSTSTITT
oy bk, B@REEZRT.

[ Tutoreal set-up of transmission X-ray topography

Page 1: Reac me Page 2:Basic  Page 3: Chip _Page 4: Wafer

1. Carry out a basic set-up. Select the crystal, diffraction, and off-angle.
bk
Ciystal . o
2 suface [0 | [0 |[ 1| offange| odeg

Ga203 o

2 Stiec e e el gt i i e e et

R

o

=% Bl M ERR,
: e el W EBEEBERT NI
| | E, 20, w, @AtEENAIS
i B¢,
R
o | ooldeg
H3 S@X# RIS —%

Move! ‘

RInVS LEITRTS L)

op
JMH WO BRI TOIINR BEO) M 9K ALIH

B torea refection topoiV!

Ba@n

2. Select the observable depth with sliding a line in the graph.

Energy
80]kev
26

105.5 deg

-
17.

[0 I

w-off angle

17.6 deg

3
26
(%] -0.000 [SE%]
Z
|

o

400

Obs. depth (um)

Obs. depth

27.1|um

004 ., T
50 60 70 80 90 100 1.0 120 130 140 150
Energy (keV)

3 Obs. depth: Ishji et al. Jpn J. Appl. Phys. 56, 106601 (2017).

H2 RHX#R b+
RIS570—8
I L=
mR7O04535 4
HIaT5L)

3. Input @ (range: +90°, +: CW, -: CCW). Then, push "Move!"
bottun. Wait until all axes stop. Go to "Page 3" in the case of
chip samples, or go to "Page 4 in the case of a wafer sample.

@ | 00|deg

> Move!

B ERICHELGREEOAHRET, BEHICHRHY .

W 4H-SiC, Si, GaAs, GaN, Ga,0,, Diamond#&@&M >4 >+ v 7,

B BREICADYPTVESIFa— b TILEATXBRIFRIS 74—
BIEZFE,

B R, REEH. BELLVER., F78%ER - AAThiE.
BIEAIRER St D T T THRT[],

_ In 10-sin w 1
tobs = 0.75 x 1+sin w/cos(90°—20+w)
W57 LTHELED, EERL. RIT(Move)ThiE, THR/ILF¥—E, [
F20, AstAw, BAEEReH BEMICEL,

Tutoreal set-up of refrection X-ray topography

Page 1:Read me Page 2 Basic Page 3: Chip Page 4: Wafer

4. Set-up of wafer sample. Select wafer size and beam ON. Wafer size Present position

Operate with checking FP-display in following. @

_ - ) 14 10.200 [V
5-1. First, capture diffraction beam 5-2. At wafer edge, align beam to center of
with moving w and Z. Then, push "Go. wafer with moving w, Z, and @. After
to edge” bottun. alignment, push "Return to center. 20 m deg
Relativew | & RelativeZ | 4 Relativep | & & Goto
i = 2 [i=. i = edge
2| 0500|deg [= | I oslmm{=] [ 10|deg(=] g M 0000 P8
5-3. After alignment, "Retumn to center". Capture the max 4 Retum
intensity of the diffraction beam by adjusting w and Z. to center M 700 [
6. select "Z-scan’ or 'E“““"é Relative28 [+ |  Relatvez [+ .
Check scan range and trace 2 EE- . n ® g
on demand. [ 05|deg [ - 0500| mm
A
7. select scan type. Cofirm speed from Excel table in the continuous scan. Type “Start", A—_—
“End", “Speed" or “Step", and "Time (Step scan)" coloums. [ e )
Exp condition -
Start End Speed Pulse speed
Cdnt 1
13| mm 20| mm 0.01, mm/s 10| pls/s
8. Push “Pause” bottun, and input the pulse speed value directly Left time 4 HIoyH
in "SPEED L* on Page 3 of PMI6C set-up screen. 00:11:40 S LD,
N
o ooy, || Copr B UmRRR
ret” bottun. Topo-shoot will start and stop automatically. S

BFyS Nn—DORRIZEHLET. FHBENTES,

B OSYMARIEEOEFHRERLEAD20, w, Z, oEMAREL . BREEL
ERTE

BZ2EX ¥ or ERF v, @ffiRF vy or AT v TRF ¥ UERRT,

BXIR RIS T —BEIHELEERTOTS LEER.

m ERE - ER BN ISR T H DA, Fa— )T LB TORE LS MYD
FTUOLSICERIEERE,

B ERMHE. REER. FLORRREEA DT NIEBREA RS, DTS
TRTEIND, FLEDL,FBUY, FHERETEIFHIRIFL0
=—J 1),

B HEBXER RIS T 4 —TlE. t,  PRDOYICEBRENT 5 TRT,

BZ2%XvY or ERF¥ v, EFRAF Y or AT Y TRAF v U DAEHED
e i & BIRT,

[1] K. Ishiji, S. Kawado, Y. Hirai, and S. Nagamachi, Jpn. J. Appl. Phys. 56, 106601
(2017).

- 101 -



ARA—D T FL— b 2RVEHRRXBEFS X T LOBR

55 1A o il
U7 a ha et ¥ —

TNA e T BRI K DR X BIET BRI, & EE O RS ik S ST 23T 2 D Fik
ELTEZL OB MR ICB N TIHERICITORL WD, ZOERIIE, B E Z A
WHEAF Iy 7 LY TCIREEN O AE SR CHE T2 A TED, 2 ke X
MBRHEHG R LERATR T D, ZNDDORMEEMZTHREEE LT, 2 Wt 8K
HEBERCA A= 77— WERIP)RERNDH D, TNRLOMHERICIIZRENTE
e BN d 50, IP ORPTIE, TRV A B PR o [ Rl E & 4 B 5y fifBe o Bl E &
MY TE52LThHhsd, B F—Tix, 2O IP OEMAEMHL7ZHAR X #RIEHPTE
BRaiT 9720 HBICIP & IP Hi i v 2 & (Baker Hughes fE#, CRxVision) % & A L |
MR XBEPr o AT D EHE L, IP O KiE ¥ A XX 200 mm X400 mm TH D |
20 =5~75deg. DLW AEFHZFFEICHETE 2, £/, AESMEE(420)I2>
WTIE 0.007 deg. 7213 0.014 deg. THIEFRETH Y | MO T WA K RREZ H O,
FRTIXAMEE LI EXBREY > AT AOMEFEREM & L CTIT o 72 B K X R EP7 F 5k,
ST OFEMICOVWTHRET S,
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ARAR—=S2DT L — MeRWEHERXRERS X7 ADBRIR

FEIASREH
> 4 FuNs > o0 Oz KA 5 —

FIA 2T SEICKDHERXIROIAEER (S, SHEEOERBERINMTZ DT EL LU TS OBEBEERICSWTERCITONTLS.
JUNE>o0 MO HARESSF—TE BEIREZLWNIAFIv oL D, LBEHEEN DOSRAENRETIHATZ LN TES
AR—=T2IT L — AV EHRXIREF R EZBL07, BLISTHBELZ.

E—-LS1> = IP 8LV IPGEEREDHIE

© BLO7 0 A A=20FL— B(IP)
BEEDUS—EMBETRIE—LSTY, . POIEE
E=12 ~ 30 keVOXIFZEFIFATES.

10" gr

* IPOREE

B (um)

IPU__IPS

FvIE 5 3
EHAE 160 112
%@ 562 448
&t 717 563

JDI—T1VIMR

10

<

Photon flux (photon/sec.)

PU

IPS (15 IPU (Z¥518)

<

4 8 12 16 20 24 28 32

: 3
Energy (keV) ASS Silva el al. : X-Ray Specirom. 48, 375-381 (2019). L itmm #5102 45 um T
® BL15 s I  (min)
FOERGHENECTBE— LS. 0 ARX=D2TTL— b(IP)FEERE

E= 1(51"N 16 keVOXIREFATED. M
‘ ' I ' I ‘ ' pa) ;& 70
(1em) & 35
RO 2% 80
10" (m) & 40

Fvy BE 2
BEmn & 4

2F vy
¥+ Zlem ~ 35%X40

Ey
RE it 16

fL—Y VS5fY EEEEEEEE

f% 8 & sy
SAIR 3 i

Photon flux (photon/sec.)

s

T T8 10 12 1116 e ‘
Energy (keV) EROA ~ 02 mmo DTS ZF vESU—CHASN CRxVision (Baker Hughestt#) PR
EHRBRICHHANERS L, QFEEZIPTUETD. e

VERERTAE

o MEEEE o g
e g . \ IP(IPS) PILATUS 100K
 FEEMGAT Rietveld ) — AFHE2 G dez) O~T2  O~150
— 3x101 ) XIFLRILF— 1744 keV BEDRE (des) 0007 0012
42 210 S i LaBg (Nist 660C) AASE (mm) 28468 820
S 2107 Do | S 2 01 mmeé X 30 mm BHEY A Z(mm?2)  400X200  83X33 ’
\(__)/ 110 FEHERI 60 min. EDILYA X (um?2)  35X35 172X172 PILATUS 100K
2ol | ” I II | I |||1.| ||..I|
Ehxior 4 Ly ol B B 1 IP(IPS) PILATUS 100K
% 7| Ry =325% Ri=145% _ F=174 keV
3 Pm3m, a=4.156829(2) A § 0 LaBs, (0.1 mma)
E ] ] { X ¥y z  B(AY =
f ;uix ..}x bdigdenl a0 0 0 0461(2) F09 — PIPS)
0 mmumm N — PILATUS 100K
; = : o B 019%0() % % 0345) 2.4
=
20 de £ -
( g) £ o2 ’ \ m RUEBSS : 60 min RIS : 74 min
| |‘ | ||\ AR FBYLESRI/ pix 1 60 min ISR/ pix © 3 min
« BEFBEDMEN (Maximum Entropy Method) e S e
26 (deg.)
- B * BGHED/NSYF
LaB, (110) @TOI 7L 26 =555~ 565 deg. DN DTS5SIV R
'g ) — PIPS FWHM (deg) 30 - Sb_
S oy — PILATUS P 00328 N P 046%
o PILATUS 00154 5 _PILATUS 600%
S [PLATUS 00154 &
N PLATUSHEIT 2. IPAET
é‘m 2 40
2 [}
2 oy 20|
=
T R |
136 137 138 100 105 110 115 120 125 130 135 140 145
26(deg.) Tntensity x10~ (arb. unit)
J
BREEDBRESRNNOEICZ o2, REENICK > TEESDENDITHIUE
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ILHE, AIRREE., mWE—, &L ER
SAGA-LS fnakgs 7 v —=7

SAGA-LS M #RIE,. v 7/ v e a2 RETHERE 5.6mOEFEHEY 7 & 2T
E— A ARTEZ) =7 v bR EN TS, B x X — AR TR EHRHALTEY,
U=7 v 27 CTHEF% 0.2576eV [ZMHZERH ) » ZIZARH L, FFEY v 7N THLE % k>
ToEFE 1.4GeV ITIET 5, Y7o bu e U TIRRmBEA &AL IGEH S
NTW5, HANLBEOWNRIL, APPLEILI 7 v ¥ =2 L —4& LS3U (EBEK), I F—T ¥
2= LSAUMER K), ~"A 7V v FAL 3 RBmE Y ¢ /7 —LS2W (& ) . LS5W ((E K
BL)THDH, MY 71T ERABERR 300mA TE— A Fm X B (i ) 1% 1500mAh
BECTHD, BHOERKEIKRASY =X, A~ RAET 4 k~&=2— W —#lig (k2
BIAS, K~4 1EIAS), 1 BOERIERIZ, 2B AR HE 9.5 FEfE, 1 BIAKH 11 FEfE
Th D, RFEO—F —EIZFEHIL 1643 FEE CTH - 72,

ARAEFE . MHER DR & 72 o 7o 2 — W —EER 7 A — MIKEE 71,3 BT, FEM 7 A —
M (7 A — MREHE/ 2 — W — R FE R ) 13 4. 3% CTd o 72, A (6. 0%) 12~ +
WAL, 78— MEIE 2009 4 ITHR/NME (0.2%) & 722> TR R L, 2 ZHFEIXES)
LODEWREORRDZHEN TS, RIEEOT R—FONDITIZIEREY > 7 4 MEKA
QD1 BIRHEE 33 B, V=T v 27 7 T4 A b B KLY2 & 11 B, E#EY v 7w
M FERE A BMS JRK 11. 4 BR, BEIC X 25 11 BRI, ERY > 7 @B RS 4.5
B Thote, ZZHFOBME L CTEBABREEIZMORFELIL, BFLIZLD b
TFINPNERTAR—FERERSTND, ~HFTELLFHEEL TN TZEMADHH
KOWRAKNAREERRA Lz, 7 R— FORBERME L O3kBENL 2000, 22
BGOSR DS HEIN L 72 o 2230 ST DWW TR ZE «HZIKMK# AU T W R I C o Bl S 2R &
e SN THRY ., 2 ZEEZEN R 2S5 U7 BRI B EE 2 BRI b T3> T
L& T LT e, BUE, 2R A iéz~#~ﬁﬁ@¢Miw@%@ﬁﬁfﬁm
TETCVWH2HLO0, ZMELEEZ TIF5 2 LIXBFOREAMBIZEORRICIESLS Z L E2E
BRLTEY, BEMICIRERBELE 2V O 5, LEO X ) 2R, g0 H
TR ORELEPHEA R TEITLTWD EBEXZTWD, AL 4 ERREBL, &
TR ORI R, BB/ EBERPELE oo T D,
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10mA~20mABREDOE —2 2 ANEAEL, aIvrvra=rIWICRELET V7T
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VU7 M E—AHLEORE R AE FEE AR RERFICIVEEST D, DT,
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2T LI L T T y THEHZICEET D E— 20 2 THIEE 720572, SAGA-LS
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SAGA-LSEFER I VIICRITDSIVIPY HREDDO L
S BEE, BN f—, &% EFX I8 %

SAGA Light Source (SAGA-LS)$¥§E UYTICIEUZPy O KD IRIVF—255MeVE TIDRSNIEEFHANEIND, N300mASIEE, | VI ANTL14 GeVéE'CI
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BHERT YR VTICL5BEFE— RN

e bR e —
U7 ma ha et s 2 —

B s T v RV 72 L D E— AREEIE, 1976 FICHEGm I T 5 ST LR,
WA AEICHY T 2B NBEREERAOORET LIRS LD RN L, EA T
HEEBEPE L VWE—LAT Y v —~DISHREMN R ENER 4, FIT CERN,
Tevatron, RHIC 72 E D@ = RV F — MG ICHBWT, Bl f F B —0%
FAWTHFRENED SN TE 7. —J, 2014 FEHN S, KA YD MAMI T 855 MeV[2],
7 AU 1D SLAC T 3.35-20.35 GeV[3]OEFE—ALZHWEMHELITONLD L 92k
STE, LR XAF =K TIEMEREL T IR oed, ZEBMILOHIES
BT RENBEEICRDLZENTRIN, SBOMIEOFE L L CTHKREN & F
ZAHN5DH. T, KIFJETIE, SAGA-LS V=7 v 75 ® 255 MeV 1 E— L%
P CHFSE &2 B AR L 72

FTCIT, IR 10 mm THEM I EAZEI 40 um OB SifmEHWT, ASE
FTOK 10%% 14mrad i S5 Z LICKRBI L TWD[4]. 27 L, EBRoOMER, 2E
BEICE D E—20MEOANVIZHR, F¥RY 7LD E— ADRIMAED /N
L, WA STy ERA SN o TR OAESANERY, HEICOHET S
ENTER o, WY ENESED DR, Lo, TR ERDONE
Wi EHWDOIREND LS. 22T, £F, AAX—OBHEIZH > T Sifid (B
15Sum) ZHO T 2R LRETY A 7OBMEROBRBEEZED, HELEE 3 mm
FTCNELLTDHZ LIRS Lz, REE3 mm THARIBRTHDL. ®iZ, RMLL
JEE 15 um @ SiffdaZ AV, EHICHREREEZ DN LDMBLENEL A T O
HAEmORBICHRII L (K128, thEEREEXY A 7 L, MELREZ(TE
DEICEETEL2ONRAY vy b ThD. 4%, ZnbOBihkss % v T IR %k
THPYETHD.

(a) 7Z BR Al (b) EH&

X1 fhBERAEB LA 7Bl SiflMHm. Sivann—0EZT 2405, ES
¥ 15 pm.

[1] E. N. Tsyganov, Preprint TM-682, TM-684, Fermilab, Batavia, 1976.

[2] A. Mazzolari et al., Phys. Rev. Lett. 112, 135503 (2014).

[3] U. Wienands et al., Phys. Rev. Lett. 114, 074801 (2015).

[4] Y. Takabayashi, Yu. L. Pivovarov, and T. A. Tukhfatullin, Phys. Lett. A 382, 153 (2018).
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BHADREETIHISLYLEN LD, BHRAETIEIREINHLOE—LRT)va—~DIGRATFREELGESTRSN, EIC
CERN, Tevatron, RHICAE DB IR IILF—IIEBHERICEWVT, BFLEEDIAVE—LERVTHAESEDLNTET .
—7%, 20144 EM D, FYDMAMITESE5 MeV[2], 7 *)HDSLACT3.35-20.35 GeV[3|DEFE—LERL=HRLHT
ONBESTH-TE. KYEIRIILF—EETIIARNEATIUN>12A, SEREOHRCEFRONENEEIC
BHIENFEEN, SHOPROARMELLTRIKENESEZDND. ZIT, AHETIE, SAGALSY=TFvIhHD255
MeVEFE—LZERALTHERERMALL.

I TIC, BEEFE10 mmTERSE-ES40 umDEHSHEEREZANT, AFEFDH10%%E1.4 mradlFRSE 5T &I
BPILTWVB[A]. =120, EROBR, SEREICLIE—LDHEVANYICHAR, FrrULF2&IE—LDRAAE
NN, RREIINIZRA ERASNEN TR DAENTNELY, BAREICHRT SN TELMof-. MRHEDRES
BAHITIE, FYUE KYBREZONSIVMEREAVDIRELNHS. TIT, &9, RIILA—OBHEISR >TSS
(E&15 pm) #BY (DB EF R E T2 T O LERORFEEED, BIREEE3 mmETNSKCTHEITHIILT-. B
BEZS mmITHRBR/NMRTHS. RIZ, ALES15 umOSHERERAL, EHNICHEBREEEEZIONSMRELETLES
AT OEMERDOBARICERIILE. 5%, ChoDBHMBEREAVTERERETIFTETHS.

ARARDEHK: LY FUBEBEFLFEDO/NSWNEHFERORRE

[1] E. N. Tsyganov, Preprint TM-682, TM-684, Fermilab, Batavia, 1976.
[2] A. Mazzolari et al., Phys. Rev. Lett. 112, 135503 (2014).
[3] U. Wienands et al., Phys. Rev. Lett. 114, 074801 (2015).

[4] Y. Takabayashi, Yu. L. Pivovarov, and T. A. Tukhfatullin, Phys. Lett. A 382, 153 (2018).
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FFURULY
S EHEAOPEI=LY
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EFE—LREHARER E—LORAREST
0 S T + 255 MeVEWSELEMIE T )L X —EETIE, BRNITHI15%
D=512m o EREDOEENKEL FrhULTHEHEVRES GEF v
25— g TS BARECEL T =,
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- HR ‘zz.s -20-15-10-05 0.0 0.5 1.0 1.5 2.0 2.5 ﬁiMathematica’ég':Eﬁ%Lf:BCM:l_FEﬁFH~
CCDAAS . 0, (mrad) ERalL—IaliERIE, RBEREFIFHER.
(b) sim. (6= 1.4 mrad)

BFE—L | TALE—: 255 MeV, THTR: 7nA | © TAURDRR, FFrRULTHA R TESIFE ST
E—LDAZE: $200 um (2 A=F—I= LU HIR) g FoRUL T B EVRES GEF v 2T ) BAECERST
E—LDAEUVAMNY: o', > 0.10 mrad, o', ~ 0.05 mrad gl NBCEMBEELLTE BB,

21 40 ymEBHIL oV BEES 50000

AP)—=2F=H | 100 yumE7 LI F#E KR + CCDAAS S5 100500 05 10 15 20 25

0, (mrad) KU, KYBEFEZO/NSNEHBERORRENSLE
255 MeVEFMS(11)EEFvrRULT THBEDERA: 0, = 0.45 mrad TAVE DR RHS ()

VRRS (F )

FrRULTHS (FE)

BHRS )ROSR

BELEEESAT

=
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HEROHELE:R 10mm 5mm 4mm  3mm
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Qbbb A 1.1 mrad 0.85 mrad 1.1 mrad 1.4 mrad

B R HAER = 3 mmIT R R/NR
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AL HEREEROSSICHELEERT
BHEIELE(DELERTS.
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EMRHE L. IS K0 BEFEO S iR IS BV CEE BRI oG A R L2 arge s
AR 2o b D, BAITMWET V¥ b—F THERK S 58 X B0t & 5
T T OMAEEROMWAZ B E L-EBRIFIE 4 Bth L 7.

KW TIIKMHDOIRF 2/ e L CREFOMESMRNE & WA T S VRE
AT O 12012, REBE A A— 2 74 E (Velocity map imaging spectrometer) Z B ¥ L 72. A
A=V TEBEIIBETOMEDRICENL RVKATOBEBT AT ATHDH. HIE LK
T iﬁiﬁ%eV&f‘@j‘c S E CARVIEAOHENETH L. BT A 3wl Ly

FRTHBEND. A AR TERSNEREFIZES CHESH, “RTHBEEE

RAOmm) CHEFHEFAOEZBETA A=) HEL. KETOAESMITLET
/f%“‘/ﬁ)%ﬁ@iﬁﬁﬁuiofjﬂbé Flo, KEFONEZFHEL SOREMIIZ1T 2

L2EFINEANT MALOWWELAIETH L. BRTIEIREFA A -V 7 EEORRIK
WELXOCMHERET Y a2 b —2 R omdlikz 2B 2 ERS R HwE T 5.
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Introduction LG-mode Beam

BRI %Z BT B E — AlDEMEE SRR DR T L TS ZERIE
Nnad. HEAREZROE THDIST —IL « HOXE— ROXEIRE Vector Potential

EEIREN, NIREERE, i) R—FVIRDE — ATR, iR IR A P A S
IS THICHERERROHEN 5 END, &0 A’A"Vzﬂii+ﬁ{w<z>J ’[nj Rl ez 5 ""(ww e )j
=D,

I, B> 21 L —YRFEOEERICEEOMENRE
ENIZ[1,2]. SNUC K DBHFORET IR TEZERID SXIR
SRIFDYERZERVWCHARNEIRE LD DDH D, HL (FRRRE
DIGRDOEEEEICERL, XREREFOFOHREFRORERZR

B & LIz RRRm sz s Uz, vz = b
ARX7 > 1L—IBEC LD HBDREE

nNREHK : —TFHIED(n-1)hDFEAESEZIF DIEE y
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SERERIGDABFIEERINEL, FEFEEDOREASIK SN 3 EXBRFERN ZAEN & TR

1. S. Sasaki and I. McNulty, Phys. Rev. Lett., 100, 124801 (2008). BOMREERRAT—IL

2. J. Bahrdt et al,, Phys. Rev. Lett., 111, 034801 (2013). o N N(CHEH > =S AR

3. A P?corn eet a?., Nev?/ISJ. Peh\;/s.e‘lz (2010) 08305(2 ) RELORDKENE Lﬂ%' ZRN LA > T AR

4. C.T. Schmiegelow and F. schmidt-Kaler, Eur. Phys. J. D 66 (2012) 157 > WRFEBEBN ZHEN &FA8
BT KGR
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Vil spectrometer SHE— LT~ mm, FEE(ERRL) EBEMRATIR) A A ALE LR
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