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 Synchrotron Light Source
 Application of Synchrotron Light

« X-ray nano probe at TPS
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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
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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
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Characteristic X-ray emission

nucleus \..
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Electromagnetic wave from a moving charge
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Generations of Synchrotron Light Source

1st generation: parasitic source

-
2nd generation: 3rd generation: 4th generation:
dedicated source low emittance free electron laser

with ID’s
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Angular distribution of synchrotron radiation emitted from various magnets

Wiggler or undulator
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Unique Features of Synchrotron
High intensity nght SOU I'ce

Continuous spectrum 10°
Excellent collimation
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Pulsed-time structure
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Eo= v = hc/k,
h=6.626 x 1073%7Ts

Electromagnetic Spectrum
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World Map of Synchrotron Facilities
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Outline

« Synchrotron Light Source
 Application of Synchrotron Light

« X-ray nano probe at TPS
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absorption coefficient
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Figure 2.16 (a) The x-ray absorption coefficient ju 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)

: SR
zone plate

condenser
energy: 8 keV

3D tomography
spatial resolution = 60 nm
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Photoemission Spectroscopy

Energy Distribution

Curve (EDC)
Photoelectrons
O ry 1 ? KE = hv-BE-¢
4
e | R
. D E‘ W, E -E - hv)

Selection rule: A/==x1
A m,= 0 ( linearly polarized)
A m,=+1 ( L. circularly polarized)
A m,=-1 (R. circularly polarized)

National Synchrotron Radiation Research Center




HAXPES = Hard X-ray photoelectron

spectroscopy
UPS = ultraviolet photoelectron spectroscopy HAXPES
XPS = X-ray photoelectron spectroscopy /.
/
ARPES = angle-resolved photoelectron X PS
spectroscopy
UPS
ARPES /‘
vacuum level 7 //
e ,/
/ |
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 Difference L = 2d,;, siny
E — Eoef(f\"r—cm}

Constructive interference: L = nA
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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 / A
A >
‘pink’ beam @ \
o)
= Q
o
Threshold energy

) MR S BIHTR P

/' National Synchrotron Radiation Research Center




reflection Fluorescence
—> x-ray absorption

7 /
| : . - Spectroscopy - PES, XAS
inelastic X- -ray 9 ", o L 2 Structure:
Scattering o scattering, diffraction
' X-ray imaging:

s specu OMICTOSCOPY

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.

La,-Sr, - MnO,
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Energy Science

O
Cathode
& 0y
o cm—

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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Accelerator Facility

Taiwan Light Source (TLS)

A =] Bending Magnet
B Quadrupole Magnet
= --“ls:;.h%__h Bﬂam i B Pulsed Injection Magnet
Fe—Ne 0 Sextupole Magnet
“\ e M  RF Cavity
. =  Insertion Device

Storage Ring
(1.5 GeV)

Circumference =120 m
l. =360 mA

-.“0

Top-up injection implemented in Oct. 20035

';::ﬂ" "“:;t\
/R'uunc \1
Booster Ring

—————————————— e (1.5 GeV)
* Electron gun (140 keV) Kﬁ:ﬂ"

* Linear accelerator (50 MeV)
* Booster ring (50 MeV - 1.5 GeV)

(one minute)
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TLS Experimental Hall
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Taiwan Light Source —_ "m0

TX Microscopy 01B

24A WR-S5GM
i EXFAS/Power XRD 01C
234 SASX e

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 < Top-up \\Scat—tering; PEEM 05B

Superconducting RF X-ray Scattering 07A

[=1]
L =

19A Lithograph

188 LIGA | L-SGM _08A

IR, VUV: 5 \ AGM 03B
17C EXFAS Soft X-ray: 10
17B Scattering. X-ray: 12
17A_Power XRD SPEM 09A
16A Tender X-ray 5\1'5& ft‘/

-,.p.ﬁ"ifl‘l o Dragon 11A

15A Drug Design e
______________________ E b
14A IR Microscopy P X-ray Scattering 13A; PX__13B, 13C

) BR A S E TR P

National Synchrotron Radiation Research Center




\,\Q\\\\‘ \\ .

3) BR/A 5 BT

National Synchrotron Radiation Research Center




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
20 E i ﬁ\\\

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

‘rea detector

Laser \ Drﬁeren/ aperture = oo
v annealing P S
X-rays focused Fluorescence - 3 e
. detecg = [\ =5

W
\’k

Focusing optics: 2 1
to 100 ~30 nm g mirror ﬂmp - \

'SEM & FIB B e L=~ Ladl X-ray absorption
J --.::_....x spectroscopy

| ﬁ ------ ey
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' Optical information > }
g if CL & PL.Raman
Undulator " Surface information ;/ ” i
<7 AFM,STM, ... I

Microstructure &
positioning
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The user operation of the TPS will begin in 2015.

098 Temporally e | o1e.a0z0)
PR 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

Y 21A
IDL12m X6, 7m X 18

Submicron XRD
110\ 224 TXM

spectroscopy ) 23A Nano-probe +
45A Submicron sl T \
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AN ’ ®| Scattering (SAXS)
43A Soft X-ray & .

spectroscopy 4 } N _ o 27A Soft X-

_ - / ray
41A Soft RIXS wu._ 2

....

Nano-ARPES  Beamline Plan of TPS 25
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Outline

« Synchrotron Light Source
 Application of Synchrotron Light

« X-ray nano probe at TPS
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X-ray Methods:

With tens-nm resolution (incoherent)

TAIWAN TPS 23A

» nano-XRF (x-ray fluorescence)
 Element-specific nanoimaging
» nano-XAFS (x-ray absorption fine structures)
» Local electronic structure
« 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

Beyond sub-ten-nm resolution (coherent)

*nano-CXDI (coherent x-ray diffraction imaging)
 Bragg-ptychograpgy
» strain dynamics in nano-devices
Other than X-rays

Beamline specification
Energy range : 4 - 15 keV

Photon flux :
1010 ~ 10 photons/sec

Energy resolution :
< 2x104 with Si(111) crystals

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

High-order harmonic
contamination :
=1x10%

Energy scanning capabilities.

*SEM (SE, EDS, CL with high spatial resolution)

Fly scanning

National Synchrotron Radiation Research Center

BRRASEMFTRE+F<  <Nanomotors (optional)
«Sample environment -heat, electric, L-He (optional)
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Undulator

Sample Preparation system
Portable sample transfer
Projection CCD

| 10. Diffraction detector

Screen 3
1

1. Montel mirror
TPS 23A XN P 2.  Sample Stage

3. Laser interferometer

4. XEOL

5. SEM

6. EDS

7.

8.

9.

Shits 4

Screen 4

‘ Focusing
point

Slits 3
HFM2
QBPM ‘

Nested K-B
(Montel) mirrors

Beamline ready Commissioning
Now ‘
e :
2014 2015 2016 2017

N - T
Electronics& interferometer system dﬁvelopment

Main chamber
Finish tgst chamber & support design  Main chamber fabrication

-user reguirement

older design

KB mirror & holder Test of Montel KB

Hirection

In-situ systen| (optional) Procurement of Pilatus diffraction detectp

=

CCD Detector

Software development




A Time-average 10 keV X-ray Brilliance

Gene E. Ice, John D. Budai, Judy W. L. Pang 2 DECEMBER 2011 VOL 334
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Simulation of Focus Spot

Simulation at 10 keV, average reflection=0.802, by ray tracing
Source size 12.5 ym x 12.5 ym
Source divergence 6urad x 6urad

FHWM 32nm X 32nm,

Simulated Simulated

(=) BRA S IEHTTR P < _
Z, #  National Synchrotron Radiation Research Center FOCUS SpOt Size Dlve rgence

By Gung-Chian Yin




nano-XRF (x-ray fluorescence)

Element-specific nano-imaging

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

Want to know:

e Distribution

» 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)

e Short structure order Vapour-liguid-solid process Doping method:
e Elemental composition Nano Lett. 2011, 11, 5322-5326  lon implantation

) MR S BIHTR P

/' National Synchrotron Radiation Research Center

and thermal annealing
Elemental map of XRF
SEM




nano-XAFS (x-ray absorption fine structures)

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

*Multimode optical fiber
* UV-VIS : linear CCD Si detector
Si avalanche photodiode (id100 from id-

kQuantique) )

XEOL (a)

TRXEOL <&

X-rays ?\ ’

XRF-XAS

XEOL )

XRD

*The XRD signal was measured
using a fast readout low noise
(FReLoN) CCD detector.

* The CCD images were
processed using Fit2D software
to generate the standard
diffractograms.

 Using the experimental
parameters derived from the
measurement of an Al203
reference sample.

XRF

« XRF signal was collected at 15°

* The elemental composition of the NWs was estimated
by fitting the XRF spectra using the PyMca program.

* XANES spectra were recorded in X-ray fluorescence
mode with a step size of 1 eV and integration times
determined by the counting statistics.

» The data analysis was performed using the IFEFFIT

package.

¢ 200 nm thick SiN membranes.

* Without XRF background signal

* X-ray diffraction can be
transmitted

49
Adv. Mater. 2014,

DOI: 10.1002/adma.201304345




nano-XEOL (x-ray excited optical luminescence) &
escsnce)

CL (cathodolumin
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Charge transport
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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

Zane Plat e e
anc::ng Lans (@ECC=ID)

Y,

Photloglectrons

Fluorescence
Photons

Scanning
Sample Stage

National Synchrotron Radiation Research Center




X-ray Bragg projection ptychography from thin film
heterostructures

Coherent X-ray Nano-
Diffraction Patterns

L-/'W

llumination

22

L Bragg Ptychography
| Reconstruction

(=]

Projection along k,

complex
color scale

SiGe lattice
slope (mrad)

o
T
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color = phase
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85nm Incident
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amplitude & phase

prfile J L

c) Diffraction

Simulated Experiment
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SOl film 15nm
0.4 nm!
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Focused beam Bragg diffraction near the device edge
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Upgrade: Hard X-ray photoelectron
spectroscope(HXPS) at XNP

SPring-$

ChmwlSC;;é\/?g‘?homabr
51444 gkeV
W P 555 00 ey HXPS: Several keV to 15 keV to
- » B _Z7 ;P,mh' increase bulk sensitivity for bulk
Sil11Dobule Monochrormator o nzent] Vo Saraple . .
A e electronic structure and buried
" interface.
8.0x10°
Au film, 300K Analyzer
_ BL4TXU R-4000-10keV
6.0x10° Fermi Edge
hV=7.94keV
ey AE=228meV Photoelectrons Si1s N
Hard X-ray — | Toa=goe SO Si-Si
2.0x10° hV: 7935 eV :§
£
0.0 T T T ©
7939.0 7939.5 7940.0 7940.5 7941.0 N | Ge : d
Kintic Energy (eV) -'é 7 nm
15nm__/
Si sub. -
1850 1846 1842 1838 1834
~\ Binding energy (eV)
) B R/ S BB ITI b | Doy o
National Synchrotron Radiation Research Center K. Kobayashi, Nuclear Instruments and Methods in Physics

Research A 601 (2009) 32-47 o4




Applications

Solid state physics

» Strongly correlated electron systems
YbAI3, YbInCu4, YbCu2Si2
Lal-xSrxMnO3 (LSMO)

«  Spintronics

LaVO3, LaAlIO3, Fe3-xMx04(M=Mn, Zn)
«  Compound semiconductors
InGaZnO, GaCrN, InN, ZnMgO

High-k gate stacks

W (50 nm)
HfO; (4-5 nm)

FiG. 1. Diagram of the W/HfO,/GeON/Ge stack.
Oxide, ©3t€
Source Drain ‘.
. 310
/2]
3
Ln+ |—>X L n+ J ; 2 10*
p L 2
O 4
= 110
0
1815 1810 1805 1800
Binding Energy (eV)
. 810°L 13 kev
8
L 4
Channel > 410
E I
4
E 210%} |
0 ) OO0,
1815 1810 1805 1800
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A state-of-the-art synchrotron light source

The Taiwan Photon Source (TPS), designed to provide high-
intensity, low-emittance beams at both hard- and soft-x-ray
wavelengths, is set to open in mid 2015. It is intended to support
users from Taiwan and abroad in industrial and basic research,
especially in the areas of biology and nanotechnology—among
the initial beamlines are ones optimized for protein micro-
crystallography, low-energy excitation of materials with atomic
specificity, and scanning nanoprobe studies that resolve struc-
tures with 40- to 50-nm resolution. The Taiwanese government
footed the $235 million tab for construction, plus $62 million for
the first 7 beamlines; the machine can accommodate a total of
44 beamlines.

The storage ring is about 518 meters in circumference, with
an electron beam energy of 3 GeV. It will have three supercon-
ducting RF cavities to power high-current (500 mA) operation.
The TPS will provide coherent x rays in a narrow spectral band-
width, which is key for high-resolution spectroscopic measure-
ments. Similar machines are in operation in Australia, France,

Spain, South Korea, Switzerland, and the UK and are being built in Brazil, Sweden, and the US. Thanks to advances
in electron storage rings and undulators, such intermediate-energy rings perform on a par with older, more

expensive, higher-energy ones.

Located next to the Taiwan Light Source (TLS), which opened more than 20 years ago at the National Syn-
chrotron Radiation Research Center in Hsinchu Science Park on the island’s northwestern coast, the TPS storage
ring circulates a beam that is double the energy and two to five orders of magnitude brighter than the TLS beam.
For the first few years, at least, both light sources will operate—the TLS at visible UV and IR wavelengths, and the

new TPS in the hard- and soft-x-ray regimes.
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