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What is HAXPES ?

(Hard X-ray PhotoElectron Spectroscopy) Spectrum

Fh#RESE  hv iR
Sample 1
; ::=- E,
\\\\ NIE=S] . Eyacl--- Vaccum Level / ------ i | N(E)
) Eg% ) Ek|n E; //..1.¢ Fermi Level —}---------
= \J7 o N hv
1 st -
Exin = hv — ER Coetevel
Eg: EFDREIRILF— .

TEE D ILEF 5 It (photoemission spectroscopy: PES) :
IS~ EXHER (BleV~1.5 keV)

EX$R B F 7 It (Hard X-ray photoemission spectroscopy: HAXPES) :
TEXHE (B0 keV~ 1% keV)
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HAXPES ) & &%

HAXPESD A1)y (1) : #R iR E AVEL
sﬁlz‘tt&-cxﬁmﬁl*)b#\_x Conventional ;
(6~14 keV) e ge Probing depth HAXPES

1L T 1 a——— - 26nm(s%
r —O—8i02 B
HREFOEHTHRILF—K S [N HAXPES 2.
= L 7n0 ; » N
(< By = hv —Ep —,) R 0, 5
. 4 A =
= o 10 ]
REBFDIEFEREDEE /D = 5| ]
— i By TMFP-TPP2M ]
FEEBETEIMFP) X o mka e
0 2000 4000 6000 000 10000 12000 14000

‘ Kinetic energy of electron / eV

BRHREX(SROHLE)

» Bulk sensitive (surface insensitive)

« Low surface/contaminant effects (surface preparation is less important)
« Analysis of buried interfaces

* Depth profiling by TOA dep.
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HAXPES D 45148
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HAXPESD X U w ~(2) : ,,HJJE_JE‘EBC IW%

hv = 5950 eV
Si(100)
th =1.32 nm

Si1s 6=20°

Photoelectron Intensity [a.u.]

Initial-State Energy [ eV relative to bulk Si 1s ]

K. Kobayashi, Nucl. Instrum. Methods Phys. Res. A 547 (2005) 98

Spin-orbit splitting [IC&KBE —I D R H N NERZEIRT HET,
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HAXPESIZBEEL =i X HihrZk . 5IR#IIFE 4B ML TS,
PHTFEELTHAXPESDEZEME XS EH>TETL VS,

Web of SCier\Ce(https://apps.webofknowledge.com/)
#®Fkeyword HAXPES or hard x-ray photoelectron % &
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HAXPES Beamlines in the world

SPring-8

-BLO9XU (Res. & Util. Div., JASRI)
-BL12XU (NSRRC, Talwan)
-BL15XU (NIMS)

-BL16XU (SUNBEAM)

-BL19LXU, BL29XU (RIKEN)
-BL24XU (Hyogo prefecture)
-BL28XU (Kyoto Univ.)

-BL36XU (Univ. Electro-Commun.)
-BL46XU (Industrial Div., JASRI)
-BL47XU (Res. & Util. Div., JASRI)

’
Ea)

& D

= ﬁ, ‘W.l

Q -
. b f’)"* ﬁmi;‘— .

(http://www.mext.go.jp)

m JASRI

NSLS-II
-X24A (NIST)
ALS

-9.3.1 (Tender X-Ray Spectroscopy)
APS

-Sector 5-IDC
ESRF

-ID16

-ID32

-BM25 Spline
BESSY
-KMC-1

DESY

-BW?2

Soleil
-Galaxies
Diamond

-109

& E O 5T S 1 5% THAXPES A iR {8
LTL\3,
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HAXPES Beamlines at SPring-8

@ BL23SU JAEA Actinide Science (Jzpan Atomic Energy Agency) JAEA Quantum Structural Science (Japan Atomic Energy Agency) BL22XU @
|. BL24XU Hyogo ID_(Hyogo Prefecture] § » . Medical and Imaging | BL20B2
+“ BL25SU Soft X-ray Spectroscopy of Solid ) \ N\ . Medical and Imaging 11 BL20XU +
4 BL26B1 RIKEN Structural Genomics | s N

Engineering Science Research | BL19B2 +*

4 BL26B2 RIKEN Structural Gengmics 1 \ \ -. | [RIKEN SR Physics BL1SLXU @]

% BL27SU Soft X-ray Photochemistry ~ T~

% BL28B2 White Beam X-ray Diffraction

|#®_BL29XU RIKEN Coherent X-ray Optics |

O BL31LEP Laser-Electron Photon Il _
(Research Center for Muclear Physics, Osaka University) ™.

4 BL32XU RIKEN Targeted Proteins

< BL32B2 RIKEN )

® BL33XU TOYOTA

) rent Soft X-ray Spectroscopy BL17SU 4
O o Currently in operatlon 10 BLs [ SUNBEAM BM BL16B2 ®
% —NEBEAM Consortiym)

(SUN
WEBRAM BL15XU @

MNational Institute for Materials Science
_Engineering Science Research Il BL14B2 %

JAEA Materials Science BL14B1 @
(Japan Atomic Energy Agency)

SUNBEAM ID BL16XU @
SEANM Consortium)

(TOYOTA Central R&D Labs,. Inc.) /-/ . jf’ Surface and Interface Structures BL13XU %
= Iy . - I/w

SEsflesfomiy 7l Beamline Map )¢ i Ef;;,“;; ai“’%:;ﬁ;?:,: >

w BL35XU High Resolution Inelastic Scatterin .-"__,/_B? . 14'} : NSRRC ID BL12XU ®

@ BL36XU Catalytic Reaction Dynamics for Fuel Cells /|33 Total number of beamlines : 62 13| " |{National Synchrotron Radiation Research Center
(The University of Electio Communications) '6'1’1 \39 * Insertion Device (6m)  : 34( —==} ., M ) JAEA Quantum Dynamics BL11XU @
BL37XU Trace Element Analysis ~ / ¥ *"; - Long Straight Sec. (30 m) : 4( —) (Japan Atomic Energy Agency)

% BL38B1 Structural Biology 11l /[# - Bending Magnet : 24(—=) High Pressure Research BL10XU %

|Nuclear Resonant Scattering BLO9XU %|
~— Hyogo BM (Hyogo Prefecture) BLOBB2 @

B BL38B2 Accelerator Beam Diagnosis ,a'
% BL39XU Magnetic Materials

% BL40XU High Flux ® “_High Energy Inelastic Scattering BLOBW %

% BL40B2 Structural Biology I1 _ s ) \University-of-Tokyo Synchrotron Radiation Qutstation BLO7LSU @

% BL41XU Structural Biology I 7 O\ NN 48 1 2 3 (The Linlversity of Tokyo)

% BL43IR Infrared Materials Science -~ PN\ -\Rﬁ'\t;‘_&ﬁ.%q?w N~ T .Aocelerator Seam Qlagnq5|s BLOSSS W

@ BL43LXU RIKEN Quantum NanoDynamics -~~~ > % % > | L High Energy X-ray Difiraction BLO4EI2 A

® BL44XU Macromolecular Assemblies Yl H|gh Temperature and High Pressure Research BLO4B1 %
e i /// " Main Bldg. N N Advanced Softmaterial BLO3XU @

4 BL44B2 RIKEN Materials Science _/""/ “~._ . (Advanced Softmaterial Beamline Consortium)

4 BL45XU RIKEN Structural Biology | / Powder Diffraction BLO2B2 %

I* BLA46XU Engineering Science Research 111 ,I Smgle Crystal Structure Analysis BLO2B1 %
BL47XU HAXPES-uCT o XAFS BLO1B1 *
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Beamline structure of BL46XU

N ¥ 5 E— 5 S —T 1 8% -1
O — - oc 't; — 75}
i— s _gi—T 88 & g 3K
g S _—— 8k S 9 = 1l
S - o - s =g e e = o : gl |- Ed - --10
Optics hutch 1st exp. hutch
2nd exp. hutch
I T T T I T T T T I T T T T | T T T T | T T T T I T T T T I
35 40 45 50 55 60
Distance from the source /m
ID specifications Beamline specification
Type SP8 standard in-vacuum undulator Monochromator liguid-N2 cooled DCM Si 111
Period length 32 mm
Number of Period 140 Mirrors Rhodium coating
Minimum gap 9.6mm horizontal focusing
Maximum gap 50mm
Photon energy range 6 - 35 keV
Flux at 12KeV ~10%3 ph/s
Energy resolution AE/E 104
Beam size at 15t hutch  0.5mm(\V) X 0.2mm(H)
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X-ray Optics for HAXPES

LN2- | FE slit
Rh-coated DCM cooled 0.7 X 0.7
bent mirrors Si (111) (6, 8, 10 keV)
Horizontal focusing Si (333) (14 keV)

Higher harmonic rejection
4.5 mrad (6, 8, 10 keV)
3.15 mrad (14 keV)

undulator

Pt-coated

eliptical mirror
Vertical focusing

6.8 mrad

(Only R4000 is used)

CCM

6 keV: Si (333)
8 keV: Si (444)
10 keV: Si (555)
14 keV: not used

Beam performance of BL46XU for HAXPES"

Beam
Reflection Energv W/ ocCC wCC = ;Ir:nV:\I-IIM)
/ph s-1 /phs-1

s| e ERSEEENde 5991 5.68x 10 2.08 x 10* 45.2
EFTTNE TS 7987 6.14x 10 1.60 x 10%2 36.1
Electron energy analyzer SR Pt e 9982 6.01x10° 420x10!  18.8
SUEEE e DS A A de 13973 4.20x 10 6.49 x 10™° 19.0

EEECEEET VI 12973 261x107 - 296

tSimulated by S. Goto, JASRI/SPring-8

sample
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HAXPES in BL46XU of SPring-8

2 Experimental Hatch :: uﬂ@ @‘ds ey S

lon nfl,

.Sam-ple

Preparation Rank
chamber

VG-SCIENTA R4000-10ke\

"4
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R4000 vs. HV-CSA 300/15

VG Scienta R4000 Focus HV-CSA 300/15

type Hemispherical Cylindrical sector
KE <10 keV (normally operated at 8 keV) < 15 keV
P T AL L R L L L . [N [N AT T
energy high o Epdaa medium 5(333)0CM
resolution Si(111)DCM Slit size: 0.5,
+Si (444) CC Ep=100 eV, RT
hv~ ) Slit size: 0.5C, hv~14016.44 eV
d‘éﬁ;?fgé?;v Ep=200 eV, RT delta E 0.501 eV
"oz 7030 7040 140150 140160 140170 140180
Kinetic energy /eV Kinetic energy/eV
efficiency high medium
stability Very stable at normal condition (8 Stable but sometimes discharges at
keV) >12 keV
others Auto-meas. system with GUI. Blanking electrode for time-

Peripheral devices

resolved exp.

I (A} S ) |

513[8] SPring-8E @M B EHEM RS

2018. 1. 22

17



R4000 HAXPES system

Manipulator Truncated hexagonal pyramid type

X-ray (Al Ko, Ag La)

| | Electron Gun
| [/
BN\l | 7
 JJonggun - -~ | ) 4
Ly - e q [ 4 ﬁ ]
" 1 Main chamber
R4000 analyzer Ve e - ———F
Hemispherical >
( P ) Sub chamber & Sample bank
Non-air-exposure
Sample holder for bias applied —= HE sample transfer system
(<]
- filn Transfer vessel
7 . _ @/ 3
Neutralizer B \)@/_ %@*x\
lon Gun
X-ray

Vertical focusing mirror

Sample holder
for heat treatment

m JASR] - _ .
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Preparation Chamber##{s

ol P d 3 ‘“ % 3 ‘\~‘ p ";“‘-

[
[oxs] :
| | P 3 Prepa'ration", :
l 1 =t — o / P ‘ il o7 % .
: -- : S ;‘c‘l}tlra-.lmbel-a—
- - T %__ i - @—L—:{%:f—ﬁ} & R~ ,:,».3 &L
| O

___________

= JASRI

2018. 1. 22

i/@/ T@

X-ray *Preparation -Preparation =Preparation
- chamber 1 chamber 2 chamber 3
- (Film deposition)(Gas reaction) (anneal)

____________________

’
,

RILER (R IR, =R B EE) = HAXPESHIE AN KR IERE TR AT EE
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Metal/SiCHR HE R B D 7T

BL46XU Exp. 15t hatch(2D-XRD)&:HAXPESO#A & H

2D-XRD
4H-SiC-sub.(n-t ' \ !
. Buffered h;drzléersr}lu‘:)?—?c}e (BHF) / b /i PILATUS 300K
Solution treatment
[Ni thin film
1 | SiC-sub.
Deposition of Ni films )
by DC sputtering
*Target: Ni
*Sputter gas: Ar
*Film thickness: 20 nm
Y,
Anneal treatment hv:12.398 K_eV . )
.200~1000°C. 1 min, 1x 103 Pa HUBER multi-axis diffractometer
Analyzer: 2D detector (PILATUS 300K)
3 3 Camera length:85.0 mm
Incident angle:1°
HAXPES 2D-XRD Exposure time:0.5 sec
Ni/SICHE®D NiZUNiS) Y (&R Rotation speed :0.4°/1 sec
1k 34k & 4K BB 5T DE . 450 Rotation range:0-360°
Number of frames: 1800
. 4

m JASRI - _ .
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Metal/SiICFRE R IGE D 7 1T

600000 |- ‘ ‘ o C-C Cls - (deg)
. \ (Graphite) ] 50
500000 -5 | T-mTF [ 1
5 : | satellite | 40
=~ L e 1 -
; 400000 K I ‘-r‘;‘;,‘;“,‘;ﬁ-” { } as-deposited
E= £ LA T b | —— 600°C 1 30
= 300000 . _ o
H
=
200000 20
100000 10
0 i 1 n 1 L 1
290 285 280 ot
2500000 | Blllllllllg Enel'g{)’ (eVI) |
Si-Ni e
(Silicide) |, S8 |
2000000 -
- Si-C /
=
d )
= 1500000 — \ .
z
7]
=}
o
£ 1000000
500000 Ni silicide
| as-deposited
1846 1844 1842 1840 1838
Binding Energy (eV) o
s as-deposited Annealed at 600°C Annealed at 950°C
HAXPES&E2D-XRDZEMBAABHESHET irayer C (rich) tayer C (rich) layer

Ni/SIC 5 R 15 B 0D 65 & 4K HE L4t S R T —— P —
AT 2o & AVATEE
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& B A DOHAXPESH: A= 4

hv 2, 4 keV
ey I:é\z);ggs : l(a) Experiment, NPs
2keV
7.8 nm b) —~
%)
=
=
S
o
—
s
>
=
7
o=
()
—-—
44° =
” 3.8 nm -
té: g
£ ; 2
B 2 Binding Energy (eV)
= =

" (b) Calculation

0
|
1
I
—~ !
wn 1
= 1
= 1
5 1
85° . 1
5.4nm FWHM
12eV = |
© 1
~ |
> !
1 1
(2] 1
o 1
] 1
fend
cC |
— I
1
I I T T I ! I I I T 1
714 712 710 708 706 714 712 710 708 706 ‘2
Binding Energy / eV Binding Energy / eV '6

-4 -2 0
E-E; (eV)
A. Yang et al, Appl. Phys. Lett., 105 (2014) 153109

SUS316LER B HIED 74T AgRh D {ifi & F 8l 7€

W. Fredriksson et al, Appl. Surf. Sci., 258 (2012) 5790
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hV 4 kev — Fitting — Cr(OH)3 — Fitting — Cl’(OH)3
—cr,0, — FeCr,0, — Cr,0, — FeCr,0,
(2)
48 Eours

Normalized Intensity (a. u.)
Normalized Intensity (a. u.)

8 hours

|

578

574

580 578 572 580 576 574 52

Binding Energy (eV) Binding Energy (eV)

Fig. 9. HAXPES spectra of Cr 2p3; electron binding energy for Alloy 33 samples exposed to steam at (a) 800°C and (b) 1000°C versus normalized intensity..

M.S. Elbakhshwan et al, Appl. Surf. Sci., 426 (2017) 562

FeCrNiEED T
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180000

80 -

F—AR—R[FFEL TV,

L Surve _ =
10000 Ag plate ’ % 60 -
140000 - g
~ i £ —+—Ols
E 120000 = E —e—Al2p
%‘ 100000 g % 40 L
XPS E 80000 |- E E [—“’%A\ b\\ —#—Galp,,
60000 - 2 20p \"'\—0\,_“
.’ ] »—-——o—ﬁ
| 0
20000 -~ N I I I I I I
a ‘ . . w FEZOB 0 10 20 30 40 50 60
800 600 200 200 0
Binding Energy (eV) t = - . . : [ | Depth (nm)
750 740 730 720 710 700
Electron binding energy (eV)
Appl. Surf. Sci. 100/101(1996) 36
5T {ifi =T RE 5T {iffi =] RE X BRERBGEIBEINT
HAXPES {HL . FRLELI(Si1sTEE)D WL, BERENMNEHTHE

(FRTREFAY, R LD HET—
SFITHEMREL.
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BHT—3~—2

Al Metal (Z=13)

I BLABKU HAMXPES EHESREI —A~—2
Binding Energy (V)

W S e T 1800 1600 1400 1200 1000 800 600 400 200 0 Binding Encrgy (cV) Bin B v
- Energy (¢ inding Eneray (Y
o . 0 1600 1550 180 1'2?."" m:ii‘] o 120
[ [EL46XL HAXFES 8HEE I 7 — 20— 2] [EEL46X MHAXFES# B (vG-SCIENT A R40007 + A Survey T T T T T T
o = ML LT LA HANPES ZA00 ILEPID v LI TCKIE 42 5 — R - ATT. x| Al ls Al 2s
KE=T8210eV |
B.E. DV |

HANFES B OF IR CAE S5, U7 IS 7 - SR CITHRa TS,
WEREBEP LLELAEF-A0H LI TEVITH. fiOEBn®. HEII oL TEEEE | ‘
TaTIERLRALTLCTETT.

[BIE S %] R
s dnalyzer : WE-SCIEMT A R4000-1 ke g
s x—rayenergy o T34 ke (Undulator BL with Si0111) double crystal and Si (444) channel cut 7700

I
WWM -Wf \

o W, .

menochromator) ’

= 5lit size : 05mm * 25mm curved Al -
A0 Al
+Pass enerey : 200 e (Constant Anslayzer Enerey) [ L ol | 250 2\'3;::':1: n ',L:':’(s':.' G400 7760 K'f""? . 7“";'” 780
" . N N L " M etic Energy (¢ inetic Energy (V]
= Angle between X-ray axds and snalyzer axis 90 6000 6200 6400 6600 6800 000 7200 7400 T600 TRO0

= Angle of X—rayincdence 1 107 (Relstive to sample surface) Kinetic Energy (eV)

= Take offangle : 807 (Relative to sample surface) o ) - . e .
« Tamparaturs : BT 0 Binding i_:r:nrg; (eV) . B»mlm;;ll‘-:ncrgp (\;:M{ s 15 Bll]'l';lmz Enmi,v (&V)
lUmstrazs] Al2p ) | Ols Valence band
* Survey A4 00l K. =r:<m.\ || b .
PR 2k L | A i ‘W‘Jﬂ'lﬂi |
EEF A 1 | R %'|

| | | ! w M !
HEF - S - AREEESHIETIELTENZ T, TP S LoawFoy T |‘ I ¥
LEEEOREICE DFEFE | OABEEL BEO EOERAE R [ | ) “M'.IJ |
HEF - Fe- A0ERICLUERE N E L R DEE. FSTIICHEL T SEEE A & | |
BEAHEHEE - T InEFEA LRI TOTFOITERES. ™™ \ S
" 7860 7865 T8I 7395 7400 7405 7410 7415 7925 7930 7935 7940
T RE Kinetic Energy (¢V) Kin ergy (V) Kinetic Energy (eV)

Last Updste 201603407
* 2016/03/07 HAXPES 7 — 3 ~0— ZI2988 OE M
= W01ESD3/03 HANPES F— /8- AIZAEZH
© MESDI0F HAXPES 7 —Ra0— A4 - Uikt EEERG
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Differential photoionization cross section for linearly polarized photons
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Si binding energies(eV) are:
15( 2) 1823.65 2s( 2) 150.847 2p( 6) 108.221
3s(2) 13.5696 3p( 2) 6.53176

J.J. YEH and I. Lindau, Atomic data and nuclear data tables 32 (1985) 1
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