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1. Introduction; X-ray emission & soft X-ray



Basics of X-ray emission spectroscopy
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EM-based Spectroscopies

EELS: Electron Energy-loss Spectroscopy
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Application field of EM-SXES
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2. SXES of light elements and its characteristics
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Conventional XES in TEM: EDS —
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No chemical-bond information due to a low energy-resolution




High energy-resolution XES with TEM

K-emission: VB(2p)—1s, p-symmetry DOS (dipole selection rule)

3l 10eV /;\ | TR
O E=
Diamond :
2 © \_________J

c-bond length : Graphite (1.42 A )< Diamond (1.55A)

Graphite

1
Data obtained at ALS

Can

M.Terauchi, et al., J. Electron Microscopy 59, 251 (2010).

Cgo Crystal : Prof. Yamanaka (Hiroshima Univ.)

9



At the beginning of EM-SXES development

VLS grating +CCD

15t spectrometer @ Tohoku Univ.

JEM 2000FX

kVLS gratlng £ ;
= “':?\\ ‘
-.-\., \\-’::
, -““- -" fy
. :rl_/

M.Terauchi, et al., J. Electron Microscopy 50 101 (2001).

Grating

"
-
Original design of this optics : T.Harada and T.Kita, Applied Optics, 19, 3987 (1980) 10
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Correspondence between

experiment and electronic transition in a material

SEM/EPMA
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Example: B-K emissions of boron materials
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SXES spectrum 45 oo EY)
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Effect of dipole selection rule on XES spectrum

Experimental spectrum Si-L =~~~
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3. Information in L-emissions

of 3d transition metal elements

16



SXES spectrometer (ver.7) attached to a SEM

o : 5 Specimen stage

AE-= 80meV(@AI L, E/AE~900)

SEM: JSM-6480LV SXES instrument: ver.7 @ Tohoku

Acc. voltage: 0.3kV -30 kV Gratings: JS50XL, JS200N, JS2000, JS4000
Cathode:  W-filament Energy range: 50 eV — 4000 eV
Vac. system: DP + RP Detector: Fine-pixel MCP + CMQOS camera

Detection: Photon counting mode

M.Terauchi et al., Microsc. Microanal. 20 (2014) 692, 22(Suppl 3) (2016) 414. 17



SXES spectra of Ti-O materials

*O-K, Ti-Lop, Ti-L8n are clearly resolved. "~~~ ' T it
Shoulder structures of bonding are seen. Wk 1i
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Ti-Lo,[3 emissions with different valency
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Ti-L€,m emissions with different valency
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Discussion on chemical shifts in PES & XES

PES: Core->Vac.: AEF;=Aq/r—AV-AE,—A¢p ©¢

AEf;: change of binding energy referred to Fermi level jg Ny

Aqg/r : core-level shift due to a change of valency = e

AV . solid state effect (crystal-field, DOS, Eg) P s

AEg: relaxation effect (core-hole effect) M1: 3

A¢: work function correction -

Ly
XES: VB->Core or Core—>Core =>Ap=0 2:3: 2
- VB->Core: no core-hole in final state =AEz=0 o

AEg = Aq/r—AV (L, g-emission)
*Core>Core: (Aq/r) 4, 4~0, AV ~0

AE, = — AE, (L ,-emission)

Chemical shifts in L, gand L, . emissions : different origins
(L8 shift: difference in core-potential screening by valence electrons)

M.Terauchi, et al., IOP Conf. Series Mater. Sci. Eng. 304, 012018 (2017). 21



Information of valency of 3d transition metal elements

EnergyT }45

3d Naig: variate form 1 to 10
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Information of valence charge of 3d transition metal elements
observed in L-emission spectra (MCP detector in PC mode)
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Relation between N,, and L-emission intensities

I I I I I I I |

- -1 L —
i P —

Calculation . _ o —#——8 |

L ’.Hd_.___

10

N34/(N3g+N3;) -
1 0.5¢

: / Lou/(LeuB +L L)

1 1 1 1 1 l 1 1 | 0 l 1 1 1 l 1 1 1 1 |

Sc Ti 'V Cr Mn Fe Co Ni Cu Zn Sc i 'V Cr Mn Fe Co Ni Cu Zn
Ny 12 3 5 5 6 7 8 10 10 Ny 1T 2 3 5 5 6 7 8 10 10
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M Terauchi, Microscpyp 68, (2019), DOI: 10.1093/jmicro/dfz020. 24



4. SXES with mapping (EPMA)

a. p&n controlled MB, material
b. Amorphous CNx film

25



4a. MBg as a thermoelectric device materials
(Collaborated research with Prof. M.Takeda)
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Evaluation by EPMA-SXES

BSE image

Control
system

JXA-8230 with only SXES

Bulk of Na-doped, p-type, CaB, -

M.Terauchi, et al., Microsc. Microanal. 24(Suppl 1), 746 (2018). 27



Images

Structure of CaBg SE image BSE image
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Ca-deficient region has a difference in B-K spectrum
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New preparation of p/n-controlled MB,

% Sr:B
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Normal CaBg: n-type Ca-deficient CaBg: p-type .

2018/04/13
12:55:58
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4b. Amorphous carbon nitride (a-CNx) film

(Collaborated research with Prof. M.Aono)

[Character] [ Application] [Key issue]

-Optical conductivity - Optoelectronic device -
- Optical deformation » . L?ght Emit_te_r | » Control of resistivity
-Visible light emission LGSR 152

etc...
1019 T 7 1 | i B | | S | T 1
1018 I 10% l 873K -
109 - T
~ 1017 =2
= . g -
= g L S0 | 773K
~ = < 'C} s ull
a 7 \/10_7 | : ul
10% | 2 o Coolin 673K
14 Q/. 109 B Q : i ]
10 rg e | Heating 573K |
1013 L1 Ladialis sk ol v g3 10-11 l 1
045 050 055 060 0.65 0.70 2.0 2.5 3.0 3.5
x = N/C 1000/T (K1)
( S.Nitta et al. > FI#EE, 69, 782 (2000). ) ( N.Tamura, et.al, JJUAP, 53, 11RA09 (2014). ).

Relation between X & p ? and To, & c(1/p) ?
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プレゼンター
プレゼンテーションのノート
始めにアモルファス窒化炭素について説明いたします。
アモルファス窒化炭素は主に薄膜の状態が研究されています。
性質としましては、光伝導性が大きく、さらに光照射により変形を起こします。
加えて、電場印加により、白色発光することから、
電子・光電子素子として応用が期待されています。
しかし、電気抵抗率が成膜条件によって大きく異なり、その制御が実用化に向けての大きな課題となっています。
例として、電気特性と窒素含有率xおよび成膜温度の関係を示します。
左の図は窒素含有率と電気抵抗率の相関で、横軸が窒素含有率、縦軸が抵抗率で対数スケールとなっています。
図より、窒素含有率が大きい試料ほど、電気抵抗率が大きい傾向にあることが分かります。
また右図は成膜温度と電気伝導度の温度依存性を示したもので、縦軸が電気伝導率のログスケールで横軸が温度の逆数になっています。
ここでは、成膜温度の異なる4つの試料のデータを示しており、成膜温度が高い試料ほど、電気抵抗率が大きいことが分かります。
加えて、昇温、降温過程において、電気伝導度が異なることから、熱的に不安定な結合の存在が示唆されています。
このように各パラメーターと電気特性の1対１の相関は徐々に明らかになりつつありますが、
その原因は未解明のままです。
今後、より厳密に電気特性を制御するための指針の１つとして、この原因の解明が求められています。
そして近年、結合状態からこの原因を解明する動きが盛んになっています。


Specimens

[Preparation] *Magnetron sputtering: formed on Si wafer
Target: Graphite (99.99%)

-Reactive gas:N,(99.9999%)

[Macroscopic character] (Tgepo:loW = x:large < p:large )
-_-_

200 °C 0.52 6.4x10" Q*m 813 nm

2 400 °C 0.41 2.3x10° Q m 934 nm

3 500 °C 0.40 3.4x%x102 Q m 935 nm

TEM observation

Control
system
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SXES spectrum of a-CNx: EPMA-SXES@5kV

Photon energy (eV) for N-Ka emission

384 3|93 492 411

438

! N-K (3) /

Intensity (arb.unit)

—e— a-C (x=0)
—e— Diamond
- —@— Graphite

256 262 268 274 280 8
Photon Energy (eV) for C-K

a-CNx: intensities at sp>-0 and VB, increase

292
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プレゼンター
プレゼンテーションのノート
始めに比較サンプルであるGraphiteおよびDiamondのスペクトルについて説明いたします。



SXES spectra for different x

Photon energy (eV) for N-Ka emission
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Photon Energy (eV) for C-K

p: large © x: large © sps3-c, VB-top
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プレゼンター
プレゼンテーションのノート
電気抵抗率の異なる3試料のデータを示します。
緑で示すスペクトルが最も抵抗率の大きい試料から得たデータ
青で示したものが最も抵抗率が低い試料から得たデータです
以降、便宜上、これらを大中小を区別します。




Spectral mapping of a-CNXx

@ p: 3.4 %102 (Q*m)
@ p: 2.3x%105(Q"m)
3 p: 6.4x107 (Q=m)

Intensity (arb.units)

@ A/B: 1.05-1.19 | @ AJB: 0.92-1.02 |

Sum 1.100

Fluctuation of A/B in film < 10%
S.Ishii, et al., Microscopy 67, 244 (2017). 37



Optical deformation of a-CNx and bonding

Figure 1. Typical photomechanical response of a-CN, film. The substrate is a 12-um thick
poly(ethylenenaphthalate) film. _

Ar* laser system La ser Off
514 nm

Specimen
chamber

SEM-SXES-Laser -

)
g
=y
5
k=
0
on-off x5
250 260 270 280 290 300
Photon energy (eV)

X188 188m»m PEOO 18 68 SEI 38

M.Aono, et al., Scientific Reports 8, 15066 (2018).



5. Improvements in SXES electron microscopy

a. Reflection efficiency of VLS grating
b. Energy resolution
c. Energy calibration
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5a. A try to improve detection efficiency

X-ray source position Detector position
(specimen) (CCD)
~230 mm P ~230 mm 1

\ILA_

Present optics
—

VLS JS200N

New optics

New VLS with a tilt setting
(JS200NLC at present: Ni over coated by La and C)

/ larger solid angle by a tilt of a VLS grating

/ larger reflectivity by an additional coating 10



A test result by SEM-SXES@Tohoku

B K-emission of 3-r-B
Same current & detection time .

1500

JS200NLC
(0.18 eV@AI-L)

New setting and new grating
but mirror was old setting for
old grating.

500+ Comparison of reflectivity only
angle improve
JS200NLC-Ni x1.0 x2.0
S (T T T O O O O I | _
JS200NLC-LaF x2.1 x4.2
160 170 180 190 °
JS200NLC-La/C X2.5 x5.0

Photon energy (eV)

New problem: BG is not smooth — Fitted subtraction is necessary
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Sh. A try to improve energy resolution

P *‘ New spectrometer —
y N

3 \\ 1 » Commercial SXES
. -. -;Il i

VLS grating ~ detector: x 2, Normal MCP detector
Aim: search an effectiveness of an improvement in energy resolution
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A test result of B K-emission of LaB,

T T T T T T T T T [ T T T T T T T T T [ T

1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1

170

180 190

Photon energy (eV)

1

! ! ! Mﬁm

185

Photon energy (eV)

E/AE~620
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5c. A try to improve energy calibration

Element Koy Ka, KB,

3 L1 54.3

4 Be 108.5

5B 183.3 (185.2)

6 C 277 (277.0£2.0)

7 N 3924

g8 0 524.9

9 F 676.8

10 Ne 848.6 848.6

11 Na 1.040.98 1.040.98 1.071.1
12 Mg 1.253.60 1.253.60 1.302.2
13 Al 1.486.70 1.486.27 1.557.45
14 S1 1.739.98 1.739.38 1.835.94

0.06

o
o
i

Intensity

0.02

Orientation dependence

X-ray !
[OOOI]T :'3) SpZ‘G

"0

Graphite

6=60°

Photon energy (eV)

/ C K-emission (graphite sp?-c) peak is sharp and convenient to energy calibration.
However, accuracy of C K-emission energy in table is not enough.
/ B K-emission energy is reported in two values.

= C-K (graphite sp?-c peak) and B-K (3-r-B) are calibrated

by using Sc La(2), La(3), LE(2), LE(3), and Al-L.
(Bearden, Rev. Mod. Phys. 39, 78 (1967), Sc-La.:395.4eV, L8:348.3eV)
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C-K emission spectra of graphite and diamond

C-K(3) C-K(2)

T 1 —T—1 T 1 T T T T T 1

04—

I I I I I I I

— Diamond
— Graphite

0.5

92(3 93 138.5 140.0
1 1 1 1 1 1 1 1 1 O 1 ] 1 1 1 1 1 1 1 1 1 1 1 1 1 1
%O 92.5 95 135 140
Photon energy (eV) Photon energy (eV)

Graphite sp?-c: 277.0 eV / Diamond sp3-c: 278.0 eV
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B K-emission peak energy of

&C-K(3)
0.4 T T T T T T T T T ] T 1T 17T 17T 17T 17T 17T 1771 ] 1T 17T 17T 17T 17T 1T 1771 ] 1T 17T 17T 17T 17T 1T 1771
1r ]
| o5} .
1 1 1 1 1 1 1 1 ) atetstutuvin me;‘:
%O 92.5 95 175 180 185 190

Photon energy (eV) Photon energy (eV)

B-r-Boron: 185.3 eV
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Summary

SXES profile informs the energy state of bonding states which is the
origin of physical properties of materials.

1.3d TMelement: N4 reflects in I(L, g)/(I(L, g)+I(Ly )

2. Spectral mapping: New image contrast of o A
chemical bonding states a5k

3. Improvements of SXES method
/ Detection efficiency: x5 improvement is possible for B-K emission
/ HR-SXES is under construction: 0.3 eV@~190eV
/ Energy calibration: C-K of Graphite sp?-c is 277.0 eV

B-K of pure B (3-r-B) is 185.3 eV
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