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“Light” is indispensable to man‘s exploration of nature.
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Rontgen used a simple accelerator to discover X-rays

NSRRC
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Hand mit Ringen (Hand with
Rings): Wilhelm Rontgen's first
"medical" X-ray, of his wife's
hand, taken on 22 December
1895 and presented to Ludwig
Zehnder of the Physik Institut,
University of Freiburg, on 1
January 1896.

http://en.wikipedia.org/wiki/X-ray
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http://snallabolaget.com/?page 1d=666

) BR /A S 88T

National Synchrotron Radiation Research Center




Characteristic X-ray emission

Intensity

nucleus \..
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Electromagnetic wave from a moving charge
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A Synchrotron Step by Step

storage ring quadrupole
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A brief history
* First observed:
1947, General Electric, 70 MeV synchrotron
* First user experiments:
1956, Cornell, 320 MeV synchrotron

* First insertion Device:
1979, 7 pole wiggler, SSRL

* 18t generation light sources: high energy physics synchrotrons and storage rings
used parasitically for synchrotron radiation — eg DESY (Germany), INS-SOR

(Tokyo), SPEAR (USA), (1960’s, 1970’s)

« 2nd generation light sources: purpose built synchrotron light sources, eg Photon
Factory, NSLS, Daresbury (1980s onwards)

« 3" generation light sources: optimised for high brilliance with low emittance and
Insertion Devices; SPRing-8,ESRF, APS, Diamond, ...(1990’s onwards)

* Free Electron Laser sources: FLASH (Germany), LCLS (USA), SACLA (Japan),

FERMI (lta|y) o (2000’8) Generations of Synchrotron Light Source
* Next?? 1st generation: parasitic source
2015 (heinon School
/ -
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2nd generation: 3rd generation: 4th generation:

dedicated source low emittance free electron laser
with ID’s




Third Generation Sources: Undulator Insertion Devices

1st, 2nd Generation

Circular
electron
~, motion

Continuous
circular
trajectory

Photons

Bend Magnet
Radiation

X-ray
light bulb

Photon flux

Photon energy
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Photons/s

Many straight
sections containing
periodic magnetic
structures

Tightly controlled
electron beam
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Undulator
Radiation

+ Laser-like
+ Tunable
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Angular distribution of synchrotron radiation emitted from various magnets

e trajectory in an ID
Wiggler or undulator
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Unique Features of Synchrotron
High intensity nght Source

Continuous spectrum 10°
Excellent collimation
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Pulsed-time structure
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Next Step - X-ray Lasers? Yes = FELs

= L S U U SACLA
é 10%L XFEL
4 L,
& L,
2 I
T 1071 -
.E — ESRF 2. upgrade —
b"g = Srdt' [ ESRF 1. upgrade
= generation -
.E 1 018 n ESRF proposed | Sprl ng-8
9
£ -
e
By 14 2nd generation of
9 107 |- synchrotron light sources Photon
§ : 1st generation : FaCtOI’y
!E S |
@ 101 ~
80 s X-ray tubes -
4]
- [ =
v
> 5 =
< 106 (Y 2O S Y S | | |88
1900 1950 2000
Years
p) BRI $BAFHT I P

National Synchrotron Radiation Research Center




e-gun linac undulator X-Ray Laser
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SACLA 1st beamline: 90m Undulator
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Coherent diffractive imaging of single particles

by the diffraction-before-destruction approach

_4012-13
10'<7° photons 100 n
- 10 keV focus

-10fs pulse - |

O' — ~102! chm2

\\ &\

2 fs pulse (FWHM) . ;
O fs 2 fs 5 fs 10 fs " PO fs "

Calculations. in vacuum Neutze et al., Nature 2000
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L= v = b/,
h=6.626 x 1073*7Js
2.9979 x 108 ms!

12.3984
AA] = ot €
p E [keV]
Size k . ’ff: % (®

Electromagnetic Spectrum

Taipei 101 Mall People Butterfly Cell Virus Atom Nucleus
103 10' 1 10" 102 103 10° 10° 107 10° 10° 1072 10
(1 km) (1m) (1 cm)(1 mm) (1 pm) (1nm) (1A) (m)
i = ES N S RS RS S | S S S S = R S = B
wavelength
I
Visible Light

Infrared Ultra-violet Soft X-rays Hard X-rays = Gamma Rays

Photon energy

10° 107 10® 10° 10 107 D 108 10° 10° 107 (eV)
(1 nev) (1 peV) (1 meV) (1eV) (1 keV) (1 MeV)
Source Radio Microwave Light Bulbs Radioactive
Tube Synchrotron Light Source Elements
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pbeamliine

Optics hutch

Experimental hutch
End stopper

/ | ryeloppe  Burehdeer

Monochrometer

Shield wall of storage ring

For safety
When we operate a main beam shutter (MBS), what happens ? -

A
X-ray -Abslorber ( Abs ) » Beam shutter (BS)
to protect BS from heat load

to shield you against radiation

, A block of
33 kg A block of
is moved 30~46 kg

is moved

) B R 5485

(copper that is dispersion-strengthened
National Synchrotron Radiatio . . o @ .
with ultra-fine particles of aluminum oxide)

Heavy metal the thermal conductivity
(alloy of tungsten) not so high




If an optical component is irradiated
by too much power ....

One user opened FE slit excessively.
2kW Melted

9 ™
. “' ®

Damaged area
LN2-cooled
Si crystal

Slit : “Too much is as bad as too little”
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Overview of

x-ray focusing devices

aberration

. aberration
. . focus size, energy | o
Diffraction focal length range | oo atic
[energy] -figure error
12 nm, -coma
= f=0.16 mm small
4 .)) } [0.7 keV], soft x-ray | -chromatic
b= 30 nm, hard x-ray | exist
f=8cm -figure error
Fresnel Zone Plate [8 keV] small
0.3 pm, -coma
f=22cm small
[12.4 ke V], 8-100 [ -chromatic
0.5 pm, keV exist
=90 cm -figure error
Sputter sliced FZP [100 keV] large—small
A -coma
small
AR 2.4 pm, . .
< @ £=70 cm mainly —chr(?matlc
. hard x-ray | exist
\ [13.3 keV]
-figure error
Bragg FZP small
16 nm(1D), -coma
_ _ f=2.6 mm large
_i.‘,"" ;";l. [19.5 ke V], mainly | -chromatic
25nm X 40nm, | hard x-ray | exist
= f=2.6mm.4.7mm -figure error
Multilayer Laue Lens [19.5 keV] small

. focus size, emergy |
Refraction fo[t:;l;:gnyg],th range [T
-figure error
1.5 pm, -coma
f=80cm small
[18.4 keV], mainly | -chromatic
1.6 pm, hard x-ray | exist
f=13m -figure error
Pressed Lens [15 keV] large
-coma
47nm X 55nm, small
f=lcm, 2cm mainly | -chromatic
—‘@W- [21 ke V] hard x-ray | exist
-figure error
Etching Lens small
Reflection
-coma
7 nm X 8nm large .
* | softx-ray |-chromatic
F=7.5em hard x-ray not exist
[20 keV]
-figure error
Kirkpatrick-Baez Mirror small
-coma
small
0.7 pm, -chromatic
} f=35cm <10 keV not exist
[9 keV]
-figure error
Wolter Mirror large
-coma
large
95 nm, soft x-ray |-chromatic
[10 ke V] hard x-ray | not exist
-figure error
X-ray Waveguide large
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World Map of Synchrotron Facilities

uropean XFEL
Diamond-* . MAX-Lab
DESY
bG8 { Soleil BESSY
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Outline

« Synchrotron Light Source
 Application of Synchrotron Light

« X-ray nano probe at TPS
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Absorption .
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absorption coefficient

a LI LI L 1 LB L] b
(a) 100 _/\I’ 1 ] (b) i I
5 — - — 3d
1\ Pb i = T ¥
= M3 = . 3,z
'E 1 — — 3s
=
= 102 3 — — 2P
L2 — 2Py
1 — 2s
1074
pial Ll L il |
102 10° 104
Energy [eV] K1 1s

Figure 2.16 (a) The x-ray absorption coefficient jv for beryllium (red curve), silicon (yellow)
and lead (blue) as a function of the photon energy. (b) Sharp increases in the absorption occur
when the photon energy is just sufficient to eject the electron from the electronic orbital to
the continuum. The x-ray absorption (left) and atomic orbital labellings (right) are shown.
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Transmission X-ray Microscope (TXM)

zone plate

energy: 8 keV
3D tomography
spatial resolution = 60 nm

condenser
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Photoemission Spectroscopy

Energy Distribution

Curve (EDC)
Photoelectrons
O Y 1 ? KE = hv-BE-¢
4
g || R 0.3 .
| . Iy |+ )

Selection rule: Al==x1
A m, = 0 ( linearly polarized)
A m,=+1 ( L. circularly polarized)
A m,=-1 (R. circularly polarized)
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HAXPES = Hard X-ray photoelectron

spectroscopy
UPS = ultraviolet photoelectron spectroscopy HAXPES
XPS = X-ray photoelectron spectroscopy /o
/
ARPES = angle-resolved photoelectron X PS
spectroscopy
UPS

ARPES /

vacuum level — % / // /

Er

/

/

core level )

-
.
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“Crystals”

GaN (hexagonal) crystal cluster grown by
hydride vapor phase epitaxy

Sand Rose of gypsum
(& F) crystals
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Bragg Law - X-ray reflected by the (hkl) planes

_ = Path Dafference L = 2d,, sinf,
E — Eoerff\"?‘—cm}

Constructive interference: I = nA

]?Chase difference ¢=Fk L
£

Bragg Law: 2d,,, sinGg = ni

‘ 9 insin 0, = 2‘;1'L =G,,

hid

o - 2 .
scaftering vector g =k sk g=2""—sinb,

q = thf

In terms of diffraction, two key characteristics of a set of crystal planes :
1/d and orientation
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Single Crystal Diffraction - Laue Diffraction

*Method: stationary

*Light source: a polychromatic ‘pink’ beam (e.g. AE <1 keV @ 10 keV))
*Applications: orient single crystals, determine their crystal quality,
dynamical studies of transient crystalline states (time-resolved study)
*Disadvantage: not well-suited for determining the full atomic

structure of a crystal area detector

overlapping signal

single crystal /

‘pink’ beam

Intensity

Threshold energy
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reflection Fluorescence
—> x-ray absorption

~ /
_. Spectroscopy - PES, XAS
inelastic X- -ray . D Structure:
Scattcrlng '« scattering, diffraction
o W& X-ray imaging:

spec'uomlc:loscopy
o Bis

small-angle X-ray
scattering
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Synchrotron light source is a powerful tool for basic and applied studies in
physics, chemistry, materials, biology and medicine, and their many subfields.
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Condensed-Matter Physics

Electronic properties of novel
materials can be revealed with
X-ray scattering.

- g— - PO NT g S— o
La()_SSr] 5Mn04 (Source: website of Railway Technical Research Institute, Japan)
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Energy Science

O
Cathode
Com L&
O D—

Li —

L Calr

LiCoO;, Specialty Carbon

structure € - electrochemical properties of
electrode

’ develop novel electrode materials.
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Biological structure: protein crystallography

(1) crystallization

(3) determination of heavy (4) determination of molecular
atom position structure
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A protein structure

N,, C,N (7= 1-3), CN,, (CN),,
memt HCN,, HC,N, C(NH),, HN,, HNC,
HCN, HCCNH* and NCCN*

Titan (Saturmn VI)
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Accelerator Facility
=

Storage Ring
(1.5 GeV)

Circumference =120 m
I =360 mA

(one minute)

* Linear accelerator (50 MeV)

Taiwan Light Source (TLS)

Bending Magnet
Quadrupole Magnet
Pulsed Injection Magnet
Sextupole Magnet

RF Cavity

Insertion Device

Top-up injection implemented in Oct. 20035

Z)

Booster Ring

_______________ e (1.5 GeV)
* Electron gun (140 keV) \K‘;‘:hf::r-’"

* Booster ring (50 MeV — 1.5 GeV)
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TLS Experimental Hall
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CEFREFENT (Photoemission Spectroscopy)

Z
A
photons energy
B analyser
e
T @ “~a_ electron
v detector
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Electron Energy

Analyzer \

1 6-channel detector

Monochromatized
Soft X-ray

Sample Scanning

Zone Plate !
Mechanism
_ SPEM SPEM
Order Sorting Aperture
Image Display
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* % Parallel Imaging for Chemical State Mapping (PICSM) ¥ %

IR U R [ e " hemical state mapping of Si 2p photoelectrons from FET

Ch.7 KE=280.1 eV Ch.8 KE=281.0 eV

Ch.11 KE=2838 eV

MOSFET 240 um x 240 um
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Ch. 8: 281.0 eV Si oxide

1.5 ¥
um

\ Si 2p u-XPS

200
11 : 283.8 eV poly Si
‘ 45004

Ch.

.

— £ 3000

Counts

15007

278 280 282 284 286 288

Ch. 13 : 284.8 ¢V Kinetic Energy (eV)

12 um x 12 um, 0.1 wm/pixel

a7
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Spatially resolved

ARPES
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Zone Plate

aperture

i

synchrotron
photons
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Graphite Fermi Surface
Energy Bands

most of the momentum information is lost
as our spot size is much larger than the grain size.

we can recover all the momentum
information by sampling one grain at a time

2 ym
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Taiwan Light Source —_ v

TX Microscopy 01B

24A WR-SGM
. EXFAS/Power XRD 01C
23A SASX g

High Flux CGM 03A

21B CGM (ARPES)
21A White Light

Seya 04B
SR CD 04C

AGM-AGS 05A

1.5 GeV, 300 mA,

=
20A H-SGM _"si_t? Top-up \\Scattering; PEEM 05B

Superconducting RF X-ray Scattering 07A

h
=

19A Lithograph

-

18B LIGA L-SGM 08A

IR, VUV: 5 \ AGM 08B
17C EXFAS Soft X-ray: 10
17B Scattering.. X-ray: 12
17A Power XRD <PEM 08
16A Tender X-ray 5@%‘"’ _f*‘l/

Uﬁ"’:l ,‘;‘ : Dragon 11A

15A Drug Design B e
______________________ ko b
14A IR Microscopy /—-";;‘" X-ray Scattering 13A; PX 13B, 15C
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TPS provides opportunities for scientists to reveal electrons,
spins, and lattices, covering a wide range of applications.

Imaging

seeing the invisible with coherence

Scattering

unraveling structures
through interference

71
FER%

pectroscopy

exploring electron interactions via the
change in energy
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Comparison of Brilliance between TLS and TPS

The X-ray spectrum (photon energy 8 keV - 70 keV):
the brightness of bending magnet >102.
the brightness of IDs: 4~6 orders of mag.

TLS ! ! TPS
102 | E i J 107 F /_\ \&"}{
i X 1 o} EFU4E T \

Brilliance (ph/s/0.1%bw/mm-/mr /0.44)

1'::'3 teal MR TN L iedi Hj‘i el Lo bl i paial e a gl Ll
10' 10° 10° 10° 10° 10° 10° 10° 10° 10°
Photon Energy (eV) 5 Fhoton El"'lﬂrg'_'l‘ [QV}
3
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P BLak 47
(R % PS4

2010-02-10 2010-05-21
Groundbreaking : = 3 ¥ X

2010-02-07

2013.01-18
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Taiwan Photon Source (TPS)

EMATRE— Bk
2014. 12. 31




TPS will brighten the future of scientific discovery.

Scanning transmission X-ray image

Laue, monochromatic
diffraction

Area detector

ea detector
Laser

¢ annealin :
X-rays focused 9 7 EL“@L?:S‘*”‘”/ | >
Focusing optics >y J  detector - | o
to 100 ~30 nm g m,m?, frice g |
: _4_;"1 o~
f E --

, Z X-ray absorption
":~_-‘..\ spectroscopy

R S
—~— ~——

Dlﬁere aperture

CL & PL,Raman

f Optical information
Undulator Surface information z
7 AFMSTM, ... i
Microstructure &
positioning

26
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The user operation of the TPS will begin in 2015.

0oA Temporally "
P Coherent XRD ase -
07A Micro-focus PX 13A SAXS
05A Protein  °’BFPX

15A High-resolution powder
Microrystallography . 15B Micro-crystal diffraction

18A EXAFS

24-cell DBA

" 21A
IDx12m X6, 7m X 18

Submicron XRD
"' '*. 224 TXM

spectroscopy ) 23A Nano-probe +
45A Submicron s il o \
soft X-ray S ; 4 W 25A Coherent
ST " » | Scattering (SAXS)
43A Soft X-ray & .

spectroscopy 4 . N _ /N 27A Soft X-

: o / ray
41A Soft RIXS . N

e

Nano-ARPES  Beamline Plan of TPS 25
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The first synchrotron light
from TPS (December 31, 2014)

20154 % & B A FRMAF 0 — &

|

M4E ¥ —FERE=F:
B ;24 BRF R
o (KEKB) & 10 & & 1+ a4 4,

|

1044 % v 5
TPS & % —AT4e kR &k
e

LIGHTIN
OUR LIVES
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Outline

« Synchrotron Light Source
« Application of Synchrotron Light

« X-ray nano probe at TPS

) mmssmaais <

National Synchrotron

62



Nanoprobe project is in the first phase at
O5A Protein TPS

p-crystallography 09A Temporally
' Coherent XRD

45A Sub-pum 21A X-ray
soft X-ray ~ NanoDiffraction
Spectroscopy S

W 23A X-ray
Nano-probe
< .

25A Coherent
X-ray Scattering

41A Soft X-ray Scattering
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Optical Layout

Expected Beamline performance Features
»2-stage Horizontal focusing

> Horizontal DCM
»Short in length (<70 m)
»Windowless

Energy range : 4 - 15 kev
Photon flux : 101°~10" photons/sec
Energy resolution : < 2x10 with Si(111) crystals

Beam size : ~40 nm at 10 keV (H x V, FWHM)

_ _ o »Vertically coherent
High-order harmonic contamination : <1 x 103 Undulator
_ o »Montel optics
Energy scanning capabilities.

Screen 1
: -6
Vacuum environment 1x10-° torr HDCM
Screen 2

HFM 1 Aperture

Screen 3 Slits 1

Screen 4 Slits 2

HFM 2
Screen 5 "

Focus“)*[

Slits 6

Nested K-B
(Montel) mirrors

Slits 3
Slits 4



A Time-average 10 keV X-ray Brilliance

Gene E. Ice, John D. Budai, Judy W. L. Pang
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4th Generation

Fresnel

Compound Refractive Lenses

Refractive Lense

Kirkpatrick-Baez
elliptical mirrors

Zone Plates

Multilayer
Laue Lenses

Nested Montel mirrors
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1. nano-optics: Montel mirrors

0.2

—Onthe edge
—On 0.5 mm from the edge

0.1

b et b i AM@/M\/\MW
o e

—On the edge
—on 0.5 mm from the edge

i 110 L |l MM, u'“hl{ﬂ

Figure error (nm)
o

..'-nl- QL I.J '|".'?;rr"‘ e ‘Iill. AL TR L I‘HI Witk Wt |1"|!' ,II,FI R ”
Mirror 1 0.042 0.135 (nm)
(urad)
Mirror 2 0.039 0.142 (nm)
(urad) No crack at edge is observed by

Optical microscope
) B R S4B FTR P &

National Synchrotron Radiation Research Center
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Gap imaged by

| microscope

Montel Mirrors in the holder




Simulation of Focus Spot

Simulation at 10 keV, average reflection=0.802, by ray tracing
Source size 12.5 um x 12.5 ym

Source divergence 6urad x 6urad

FHWM 25nm x 25nm,

Simulated
Divergence
By Gung-Chian Yin

) BRAsEpTHLee Simulated

'/  National Synchrotron Radiation Research Center

Focus spot size




Experimental Station
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Experimental Station
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X-ray Methods: TAIWAN TPS 23A

With tens-nm resolution (incoherent)
« nano-XRF (X-ray fluorescence) Beamline specification
 Element-specific nanoimaging
* nano-XRD (X-ray diffraction)
» Nano-Crystalline
» nano-XAFS (X-ray absorption fine structures)

+ Energyrange : 4 - 15 keV

+ Photon flux :
1010 ~ 10 photons/sec

* Local electronic structure + Energy resolution :
« Local chemical environments < 2x10* with Si(111) crystals
* Element-specific, averaged over nano-size area  § Beam size :

» nano-XEOL (X-ray excited optical luminescence) ~ 50 nm at 10 keV

« X-ray-to-visible down-conversion efficiency in
nano phosphor
 nano-PXM (projection X-ray microscopy)
 Absorption and phase contrast x-ray images

+ Energy scanning capabilities.
Beyond sub-ten-nm resolution (coherent) % Jcap

*nano-CXDI (coherent X-ray diffraction imaging)

 Bragg-ptychograpgy
« strain dynamics in nano-devices Other than X-rays
*SEM (SE, EDS, CL with high spatial resolution)

((==3) BR A S 8B 13T R < *Fly scanning o
2 National Synchrotron Radiation Research Center .In_SItu —electrlcal’ gas’ IquId

High-order harmonic
contamination :
<1 x 10+*

73



nano-XRF (X-ray fluorescence)

Element-specific nano-imaging

» Pink beam mode at 12 KeV

» Pixel size : 25 x 25 nm?

» Accumulation time : 0.5 sec/point
» beam size : 60 x 60 nm? (V x H)

Doping of ZnO NWs by transition metal Co.
Application : Spintronic device

Want to know:

e Distribution

e Short structure order Doping method:
e Elemental composition lon implantation
(b) ’ and thermal annealing

Elemental map of XRF
SEM

Vapour-liguid-solid process
Nano Lett. 2011, 11, 5322-5326

(=) B 37 5 8B 8371 5T P
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High resolution XRF tomography

Pixel size: 100 nm, sample rotation 0-180° (4.5° /image)

> F B 0 F S 5 BN W N
K '] @ @ - . 4 ’ . ’ f
F T N N N 1 ’
% % 4 € € ¢ L B
Fe @
Composite
Fe Cr

Silversmit et al., Anal. Chem. 81 (2009)
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X-ray Nano Probe for Plant of heavy metal residue

B R E S 3BATHT I P <
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nano-XRF for
Semiconductor industry /

4510eV_Titanium (Ti) 8040eV_Copper (Cu)

I

——7 —




nano-XAFS (x-ray absorption fine structures)

— Local electronic structure
— Local chemical environments
— Element-specific, averaged over nano-area

Lo

1.4 -
c 1.2 2P ™ &
o ]
§ 1.0 /A \
Q ) LN e
o A,
s : : : : < 54 \:E'I;/.E}/
RN T
1 J NI
=33 .'N\”‘M 0.6 E WAy
Tia B+ T = N
‘_—j': M-\,\—\‘_ | 0
é“ . 04 XANES EXAFS
N B I T T T T T T T T T 1
i | 17000 17200 17400 17600 17800 18000
_%2_ — Photon energy (eV)
=i I 110 [N I LR A ] I FrA I 12

Panem Enege oV
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National Synchrotron Radiation Research Center 7 8




X-ray Nano Probe for Lithium Battery (NTU-CCMS)
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nano-XAFS

>

AgNPs fitting
(93.1% Ag foil+6.1% Ag,0

Ag K-edge XANES

s} yos 25480 25520 25560 25600
Z b = Energy (eV)
Uptake . 2
\ Lysosome 2%
\ @OQ
Apoptosis by 3
Ag°)n ¥ S - .
Ol , Oxidation
vulcanization
Ag-S-
Exocytosis
N
= MSNAN Vol 9, 6, 6532—-6547 (2015)
V) BRE S $BATHT I b &

National Synchrotron Radiation Research Center
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nano-XEOL (X-ray excited optical luminescence) &
CL (cathodoluminescsnce)

";)\ : OA - .
c z z z [(a O corner experiment (b)
4 4 4 3 g A edge
0
[
8,
/ c
/. ,’, hv -og
A Y =
LA
By > > ¥ > é | N R
A L e, X 20 24 2.8 32
S, S Energy (eV)
(a) (b)e e . 2(d) i\ o Data |
c X9 2
S 1% Fit
TRON -e. \
i o
BEAM - BLANKING. N =
powersupry 10 | - GENERATOR RECORDER q:, I
ENS I ! | =
CRY?;%RAP : : FREOtENW MItNl- f
E : : GENE{RATOR COM;UTER 8
I
LENS PULSE - PHOTON - COUNTING >< '
e _’_l_u_js"_ Time (ns)
SAMPLE — MDNO%&%’ICR | PHO]O%?IELIER
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— 2.multi-layer, buried layer
TLRBOI-;([)JL:SULAR-

i Doping species, Band gap, Defect band,
) B R S $B A5 I P & Charge transport

National Synchrotron Radiation Research Center

Adv. Mater. 2014, 81
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O-polar ZnO wafer

fornt entrance slit : 200 um
= grating: 600gr/mm
blazed at 300nm

-

—— X-ray
— CL

BLO7A unfocus beam
X-ray E=9.67 keV

photon flux: 10" p/s

CL beam intensity: 15
CL focus area: 50nm
CL:30kV

Intensity

E(eV)
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VEGA3 TESCAN|
NSRRC|

[ CL beam intensity: 20
[ CL focus area: ~50 um
- CL:30kV
[ fornt entrance slit : 100 um
[ grating: 600gr/mm
[ blazed at 300nm
1 . 1 . 1 . 1 1 | 1
0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
- BLO7A unfocus beam
- X-ray E=9.665 keV
- photon flux: 10" p/s
[ fornt entrance! slit : 500 um
[ grating: 600grimm

blazed at 300him

22 24 26 28
E(eV)

3.0 3.2 3.4

82



In-situ Electrical Sample Holder

KEITHLEY
A Tektranix Company

5
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Y
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Sn Blech Structure

[ -
* Top-view SEM 100 75
o =

i

I

* Tilted-view
schematic €

* Cross-sectional
TEM

) B3R5 5485
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Real-time X-ray Nanoprobe Study of Sn Whisker Growth

) @A 5

National Synchrotron Radiation Research Center




Upper side 30 balls Lower Side

ENEPIG

Daisy chain

240 °C, 70 sec BT substrate (Upper side)

Solder joints

BT substrate (Lower side)

4 Experimental parameters: R = |

— Micro joint structure: Cu/OSP/Sn-0.7Cu/ENEPIG/Cu AE O80T R 203 ThS LEC E RS £75 776 Kus

— Direct current:.0.8 A @50 °C Ref: Scripta Mater., vol. 114, p. 79, 2016.
_ = Current stressina time: 0-20 h

}) B R S $BAHTR b &
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X-ray Fluorescence Mappings

CuKa [NiKa|

* Low-temperature (50 °C) electromigration in micro joints was investigated (ex-
situ) using nano-XRF microscopy (beamline 23A, TPS).
« Significant electromigration of Cu in the Sn matrix and formation of Sn
extrusions at the anode were well characterized using nano-XRF microscopy.
) @R S 4BATTR P

J National Synchrotron Radiation Research Center 87




X-ray beam-induced current (XBIC): A focused synchrotron x-ray nanobeam over a single
semiconductor nanowire heterostructure and simultaneously measured the current through the
device and the emitted characteristic x-rays as a function of the incoming hard x-ray energy.
With these results, it is possible to identify the compositional and molecular structure as well
as localize the electrical fields present under typical working conditions. This information
allows us to draw an energy band diagram consistent with the elemental distribution and a
high-resolution chemical speciation map.

SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE
In operando x-ray imaging of nanoscale devices:
Composition, valence, and internal electrical fields

Andreas Johannes,'* Damien Salomon," Gema Martinez-Criado,'? Markus Glaser,’
Alois Lugstein,® Carsten Ronning®
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w 12 60 S . , 2
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< S £
X 1.0 50 = > > o kin
B 3 2 & B 29
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g g iy w Impact
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) BRES 400 m . e Ga Lishell_:
National Synchrot 00— = NeemEiSess o == R i 8 8
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In-Situ Gas and Liquid Cell

. Photodiode
{

e Soft X-Ray

capillary

magnet
expansion

|
X-ray ‘\E\

~r e
beam T~ T
L |

i ]LC sample

TFY Cell

thin film cell

N inlet N outlet (a)

ingidant reflected
x-ray beam x-ray beam
]
a

Photodiode

Transmission Cell
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nano-PXM (projection x-ray microscopy)

— Absorption and phase contrast x-ray images

Scanning Transmission X-ray Microscopy
STAM

Monochromatic
X Rays

il

Zone Plate e
Focusing Lens (ELE i
(
=

Fluorescantce

Pholoelectrons Photons

Scanning
Sample Stage

) BR /A S 88T
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Adv. Mater. 2014,
DOI: 10.1002/adma.201304345
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X-ray Bragg projection ptychography from thin film

L Bragg Ptychography
| Reconstruction

o

SiGe lattice
slope (mrad)

0

-1.2  Distance x from edge (um)

11.2keV  Focused K

85nm Incident
Hard X-rays

Kt Coherent X-ray Nano-
Diffraction Patterns

heterostructures

70% spatial overlap

Grid points (25 nm step size)

M

& ffo x wollosnpmany s e vevuns R

—_— Beam diameter (85 nm) it lF"m sige

100 nm !
; AP : sol
Sio, ~ displacement
b)  Beam position (x) SiGe (004) film diffraction Lattice tilt
. | ]
' 0.4 nm™
1200 nm from edge ‘:’ e | 0 mrad
° " L
625 nm from edge . v L H \ 1 mrad
e i
325 nm from edge - " : H=0 \| 3mrad
T
® :
125 nm from edge L : N 6 mrad
. -
At edge v H

. V. Holt et al, Phys. Rev. Lett. 112, 165502 (2014)



Summary

X-ray methods at 23A of TPS
* nano-XRF (x-ray fluorescence)

« Element-specific nanoimaging
nano-XRD (x-ray diffraction)

« Nano-Crystalline

nano-XAFS (x-ray absorption fine structures)
e Local electronic structure
e Local chemical environments

« Element-specific, averaged over nano-size area
* nano-XEOL (x-ray excited optical luminescence)
« X-ray-to-visible down-conversion efficiency in nano phosphor
* nano-PXM (projection x-ray microscopy)
 Absorption and phase contrast x-ray images -
«  nano-CXDI (coherent x-ray diffraction imaging) Peacee
«  Bragg-ptychograpgy
e strain dynamics in nano-devices

(=) B R A 5985357 5 b
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Project Leader: Prof. J. Raynien Kwo (NTHU)

Construction Team

Leader
Mau-Tsu Tang

Beamline-

Endstation-

Gung-Chian Yin, optical design and overall system integration.
Bo-Yi Chen, Mechanical engineer.

Chien-Yu Lee, Electronic engineer.

Huang-Yeh Chen, Mechanical design and experiment assistant.

Jian-Xing Wu, Software programmer, GUI and control panel design.
Beamline Scientist and Manager-

Shao-Chin Tseng, Sample preparation, experiment design

Bi-Hsuan Lin, Experiment design, XEOL, XRD.
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