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TofE| e Zy e Totals

HSHE
2005 a6 23 3,662
2006 4038 &0 22 4,120
2007 4820 112 3z 4,964
2008 4086 152 24 5.167
2009 4843 222 EE] 5.098
2010 4507 308 ] 4,854
2011 5441 437 ] 5.916
2012 5,540 437 46 6,072
2012 5019 452 40 5,511
2014 4001 418 48 4,467
2015 3634 245 sz 4,162
2016 3,104 241 109 3,454
2017 26 16 266
Totals 54,330 3,427 557 58,314
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FujPg
Fopg| Az R Totals
H54E
2005 480,694,562,254 515,963,450,915
2006 537,588,817,832 19,582,792,660 21,170,699,680 578,342.310.192
2007 704,003,482 751 41118012803 1,127.280,621,246
2008 763,208,179,040
2009 736,872,996,509 48747918573 175,375,395,042 961,096,310.124
2010 569,153,653,728 78,578,296,308 8,946,935,932 656,679,.180,968
2011 £91,541,165,003 0,699,286,575 971.432,109.406
2012 620,870,841 204 768,807,977.679
2013 696,368,580,734 767,287,972,131
2014 528,605,661,284 86,816,677,960 92,621,072.369 708,043.411.613
2015 380,360,338,645 415321,150,604 43074203983 1,038,755.783.232
2016 53,133,984.200 791,768,454,504
2017 70,396,621,225 212,124,657,332
Totals 7.621,263,692,462 1.635,432,950,465 604,093,784,455 9,860,790,427.382
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Key factors in Nanotechnology

Enhanced surface properties : Catalysts, color

HLi2h /2l (300'd%H)

Roman Lycurgus cup (16004 )

Key factors in Nanotechnology

Enhanced surface properties : Catalysts, color

Au / Ag Nanoparticles : TEM Observation
Rayleigh Light Scattering
-

o YV

Ag Nanoprisms Au Spheres Au Spheres Ag Spheres Ag Spheres Ag Spheres
~100 nm ~100 nm ~50 nm ~120 nm ~80 nm ~40 nm

Properties depend on particle size, shape and composition.
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Characterization in Nanotechnology
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Scale of things (Nanoscale)

Earth from space
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FARUV | NIR UV

uvC | uvs

UVA

780nm

MW
(Infrared rays) (Micro Wave)

1000pm(1mm)

HIN)rx e iojN

History of vacuum

ApLOTOTEANG,
BC384-322

Galileo Galilei,
1564-1642

760 Torr
=760 mmHg

Evangelista Torricelli portrayed on &7
the frontpage of Lezion! dEvangelista
Torricell

Evangelista Torricelli,  Blaise Pascal,
1608-1647 1623-1662

1Pa
=1 N/m? = 1 (kg-m/s?)/m? = 1 kg/m-s2
=0.01 mbar

=0.00001 bar

=7.5006x10-3torr
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Common principle of analytical instruments

e, ion, X-ray,
Photon, UV, light, ‘
Constant

Wavelength
(A - mm)

Interaction

Sample

e, ion, X-ray,
Photon, UV, light,
Changed

Wavelength
(A -mm)

. Phase change

(Elastic/inelastic)

. Amplitude

(Transmission/Refraction)

. Interference

.................

Longer Wavelength

2017-06-19
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International Table for Crystallography

Ti atom atom # O atom & O atom atom #

(0,0,0) 8 (0, 0, 0.2064) 4 (0.5, 0.5, 0.7064) 1
(0,0.5,0.25) 2 (0, 0.5, 0.4564) 2 (0.5, 0, 0.9564) 2
(0.5,0.5,0.5) 1 (0, 0.5, 0.5436) 2 (0.5, 0, 0.0436) 2
(0.5,0,0.75) 2 (0.5, 0.5, 0.2936) 1 (0, 0, 0.7936) 4

31742] AXIE E&stal U= Tio, EHY

Symmetry of crystal system

@ Cubic
Tetragonal
-~ _.

Orthorhombic

Trigonal
Hexagonal

Monoclinic

Triclinic

%*%*%*

Crystal system 7
Bravais lattice 14
Point group 32
Space group 230

EFIZZt2| Zio|2t

Zi=0f| WHE CHE M F7Y2l Het
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Bravais Lattice

C I F

i

Orthorhombie

BMERenw -

0
il
% | 57

702l Z2E X2 14902 Bravais lattice2t2] 2l

Common principle of analytical instruments

e, ion, X-ray, Interaction e-, ion, X-ray,

Constant
Wavelength . .
(A - mm) 2. Diffraction

3. Spectroscopy

(Elastic/inelast

2. Amplitude
(Tran
3. Inter !
VAT
\\/ \\J( U \‘J \/ (\,{ \v} U \uf\j'( \f \‘J \ l:
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Nano-materials and analytic methods

ITTLLLLLES

s AES, Auger AFM EDS FIB FTIR GC-Ms GDMS HFS
H
-— y y
o . W ¥ ¥ e
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/ H o e el \ 3 / e H

H - ABc:

H : ——— =t
Auger Electron Atomic Force Energy Dispersive Focused fon Beam Fourier Transform Gas Chromatography Glow Discharge Hydrogen Forvard
Spectroscopy & Microscopy ¥-Ray Spectroscopy Imaging Inirered Spectrascopy Mass Spectrometry Mass Specirometry Scatterig Spectrometry

ACETETT TN
Icp-ms IcP-0ES IeA LA-ICPMS LEXES oP Raman RBS
r [ Mes
v 4
e He:
oy | . o . I i gy b i
— == gas Gasen) ) i) hy v Visi % Visible.
\ ar Jr Jf' /
"
plosma s
Inductively Coupled Inductively Coupled Instrumenta! Gas Laser Ablation Low Energy Xeray Opical Profilometry Reman Spectroscopy Rutherford
Plasma Mass cal Analysis Inductively Coupled Emission Spectmmetry chacatiering
Spectroscapy Emission Spectroscopy Plasma Mass Spectrometry
Spectrametry
SimMs TGA, DTA, DSC TOF-SIMS TXRF, XRF XPS XRD, XRR
e B P
. . 1k e hv i S ) hv Iy
Iy I ® Z:u—e- h Groy) Corny) ey
M ._‘.EM .ESK _\J'r'
Scanning Electran = Secondary fon Mass Transmission Electron Thermogravimetric Time-of-Flight Total Reflection X-ray X-Ray Photoslectron Xeray Diffraction
Microscony Specirometry Microscopy Analysis Secondary lon Mass Fluorescence Spectrascopy Xeray Reflectivity
& wnnnast Spectrometry
lectron Backscatter Differential Thermal X-ray Fluorescence

a  Diffraction Analysis

" Electron Beam Differential Scanning

B induced Current Catorimetry

.

IETTITITLE

WWW com/mc

Copyrigh! @204 Evans Anayica Group + 10/14 BRO38

Various analytical techniques

Acronyms Glossary

This glossary Tises all the scronyms refesred 1o in the encyclopedia togethes with
their meanings. The major technique acromyms are lisced alphabetically, Alter.
natives 1o these acroayms ase listed immediatcly below cach of these entries,
they caist. Reluted scromyms (varistions or subsen of wechniques: werminology
used within the technique ares) are grouped togeches below the major acronym
sod indentod ta the right. Most, but not all, of the techniques liscod here are the
subject of individual artiches in this volume.

AAS Atnenic Absorption Speccroscagy
AA Atnaic Absorprica
VPD-AAS Vipeor Phare Dernmpouinss. s Absorpuos Spectmacepy
GFAA Graphite Furnace Awemic Absorption
FAA Flame Awmx Abscrpron
AES Augst Bectron Specooscapy
g Aager Elactron Spestroscapy
SAM Scanning Auger Microscopy
SAM Scansing Auger Microprobe
AED Auger Electron Diffraction
ADAM Angar Dusritnion Auges Muczoscogy
KE Kinesk
OMA Crlandrcal Mirror Anshyzer
AlS Amen Inclassxc Scamering
BET Brunsaer, Emmeet, snd Telier cquastian
BSDF Budinettioasl Scattering Dintribution Fuusction
BRDF Budirretional Reflecuve Discribusion Funcuion
BTDE Bidirecuonal Transmission Distribrion Function
a Cartbodburminexence
casM Confocal Scanning Lases Miromcope
EDS Enegy Dinpersive (X-Rav) Speczroncopy
EDX Eaergy Dinpersive X-Ray Spectrscepy
EDAX Company wiling EDX cquipment
EELS Elocwon Energy Low Specrroscopy
HREELS High-Resolunon Electzon Energy-Lom Spectracopy
REELS Refiecsed Electron Energy-Loss Spactroscopy
REELM Refieczion Ecciron Energy-Lom Macrosopy
LEELS Low- Energy Electron-Low Speccsoacopy

(FIEAG

PEELS Pacaliel (Dievecsson) Eectron EncrgyLom Spoctracopy
EXELF§ Exended Eneryy Low Fine Serucrure
EELFS Flctron Energy-Low Fune Strucrure
CEELS Care Fiaxtron Energy-Loss Spectroscopy
VEELS Vilence Electron Energy Low Spectrmmopy

EPMA Flectron Probe Micranalyss

Electron Probe Flecrron Probe Microanalyss

RS Flaste Bevod Speutrometry

AR Fiydrogen Forwad Scanering

HRS Hydrogen Recoul Specuometry

RS Formwasd Reves] Sqmtroenery

ERDA Elzatc Recod Devecsion Anaiysia

ERD Flamic Recod Dsrecrion

RD Partiche Recod Diesection

EXAFS Estended X-Ray Absotption Fine Strucrure
SEXAFS Sufoce Fasended X-Raty Aborpuion Tibe Strcturt
NEXAFS e
XAN
XAFS X Ray Absopion Fine Seruceare

FMR Fermomagness Remnance

FTIR See IR

FT Raman St Haman

HREELS Sex FELS

HRTEM Sor TEM

GDMS Glorw Discharge Mass Spectromerry
GDOMS Gl Dhscharge Mass Sprctromery usng 4

Quadruple Mam Asalywer

Gloguad Manufacrurer name

ICHMS Inducarvaly Coupled Plama Mas Spectromesry
I Induxtively Coupled Paszna
LAKCP-MS Lser Ablation ICP-MS

ICP-Opvieal Inducsrvely Coupled Plasess Oprical Emission
icr Iducively Coupled Plasena

ETS Inelast Election Tunnefing Spectmmcepy

® Lndrarnd (Specmmcopy)
FTIR Fourser Trasocm lafes-Red (Speczroscopy)

Gas Chrmarograpby FTIR

TGAFTIR Thermo Gravimettic Analysis FTTR
ATR Acsemusted Toeal Reflezion

2017-06-19
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rious analytical techniques (Cont.)

RA Reflcetion Absorption (Spectroscopy)
IRAS Infrared Reflection Absorption Spectroscopy
155 Ton Seattering Spectrometry
LEIS Low-Energy lon Scattering
Resonance Charge Exchange
LEED Low-Encrgy Electron Diffraction
LIMS Laser lonization Mass Spectrometry
LAMMA Laser Microprobe Mass Analysis
LAMMS Laser Microprobe Mass Spectrometey
LIMA Laser lonization Mass Analysis
NRMPI Nonresonant Multi-Photon lonization
MEISS Medium-Energy lon Scattering Spectrometry
MEIS Medium-Energy lon Scasrering
MOKE Magneco-Optic Kerr Rotation
agneo-Optic Kerr Romton
NAA Neutron Activation An:
INAA Instrumental Neutron Activation Analysis
NEXAFS Near Edge X-Ray Absorpeion Fine Structure
XANES X-Ray Absorption Near Edge Strucrure
NIS Neutron Inelastic Scartering
NMR Nuclear Magnetic Resonance
MAS Magic-Anglc Spinning
NRA Nuclear Reaction Analysis
OES Optical Entission Spectroscopy
PAS Photoacaustic Spectroscopy
PIXE Particle Induced X-Ray Emission
HIXE Hydrogen/Helium Induced X-ray Emission
oL
TLE Photoluminescence Exciration
PR Photorcfiectance
EBER Electron Beam Electrotefiectance
RDS Reflcction Difference Speceroscopy
Raman Raman Spectroscopy
FT Raman Fourier Transform K: P
RS Raman Scaticring
RRS Resonsnt Raman Scatering
CARS Coherent Anti-Stokes Raman Scartering

Scanning Turnclieg Microscope
SPM Scanning Probe Microscopy
TEAS Thermal Encrgy At Scaceng
TEM Tranumisnon Elecron Microwopy
Trassmisnn Flecros Mirowope
CTEM Comentional Tranumascs Flectron M roscopy
STEM Scanning Transmussion Electron Mic
HRTEM High Reobtica Trasurn ausen Flecrron Micrmcogy
SAD Sclected Asen Diffracsian
AEM Anabytical Fection Mactmapy
CBED Convergent Beam Electron D ffraction
LTEM Lorenes Transmission Eleczron Mucroscopy
TC Thin Layer Chromatography

Tandem Scanning Reflected-Light Microscope
Tandem Scanning Reflected Light Microacope

TRAFR
VPD-TXRF

TXRF See XRF
urs Ulraviclet Photeelectron Speciroscopy
[Ty S e —
MPS Molecular Photoelectron Speceromcopy
VASE Varishic Angle Specoroscapic Fllipumeiry
wDs Wivclengsh Dispersive 0C-Rayi
WOX vebength Dheperis X Ray Spextmoscopy
Xas X-Ray Almorpcinn Speciroscopy
Xrs X Hay Phosoclecsron Specrroscopy
Xy
ESCA Electron Spectrowopy for Chemical Analyn
XD Xlar Tron Dilfracion
PHD Phototicutron Diffracion
KE Kinevic Enengy
XRD X-RayDiffracsion
GIXD Geasing Incidence X-Ray Diffracion
GIXRD Geasing Incidence X-Rey Diffracsion
DCD Double Crysal Diffraciomeses
XF X-Ray Fluorecence
i Tlay F ety
TXRF Total Reficcrion X-Ray Auctescence

Toval Refiection X-Ray Fuorescence
Vapor Phase Devompancien Tocal X-Ray Fiotmacence

SERS Surface Enhanced Haman Spectroscopy
s Rutherford Backscarrering S pectromery
HEIS High-Energy lon Scarmering
RHEED Reflected High Energy Electron Diffaction
SREM Scanning Reflection Electron Microscopy
saLl Surface Analysis by Lases lonisation
PISIMS.
MPNRP|
MRRPI Multiphoron Resonast Poas loaization
RPI Resonam Post Lonisation
MPI Multi-Phown lonisation
P Single-Photan lonization
SIRIS itiated Resonance lonization Spectroscopy
SARIS it by Resonant Lonization Spectroscopy
TOFMS Time-of-Flight Mass Spectrometer
SAM See ALS
SEM Scanning Flectron Mictoscopy
E-nwr‘nwrm\ﬁlﬂrﬂ’&
Secondary Elecy
SE Sexomdary Elceen
BSE Backacarternd Eleciron
SEMPA Secundary Electton Micriscopy with Polarization Analysis
SEM Bcmiing Fetcs Miciomapy
Scanning Force Microscope
M Asomic Foree Microscopy
] Sanning Frobe Micowcopy
SIMS Secondary lon Mass Spectrometry
Dymamic SIMS  Dynamic Socondary lon Mas Sprciromenry
Static SIMS Seatsc Secomidary lon Mass Specrromerry
QSIMS SIMS sing o Quadraple Mase fgn-m.-m
Magsetic SI SIMS wsing
Sectar STMS See Magneric SIMS
TOFSIMS SIMS using Time-of- Flight Mass Spectromerer
PISIMS Post Jonbeation SIMS
SNMS Spmmui Neutrak Man Specerometry
dury Neurrals Mast Spectromenry
SNMSd x)mu Bombasdment Electinn Gas SNMS
SSMS Spark Soarce Maws Spectrosmersy
Spark Sousce Spark Source Mass Speciroemenry
STEM See TEM
ST™ Scanming Tunneling Microscopy

Encyclopedia of materials characterization
C. R. Brundle, C. A. Evans, Jr., S. Wilson,
Butterworth-Heinemann 1992

Total 183 techniques

Nanotechnology q

Nano-characterization
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Nano-materials and analytic methods

1-dimensional : Quantum well, Thin films / Z~nm
2-dimensional : Quantum wire, Nanotubes ; X, Y=nm
3-dimensional : Quantum dot, Nano-powders @ X, Y, Z=nm

Method Source Sampling Depth (2)
XPS X-ray Photoelectron 1-10 nm
AES Electron Auger electron 2-6 nm
SIMS Ion Secondary ion 5-30 nm
RBS He ion Scattered ion 2-20 nm
SEM Electron Secondary electron 10 nm
EPMA Electron X-ray 1pum
TEM Electron Transmitted Electron 10 nm

Objectives of Analytical Methods

- Identification : Elements or compounds with high sensitivity
- : Concentration of elements with high

- Localization : Identification and quantification in the small region

» Localization becomes an important factor in nano-materials

Classification of Analytic techniques

- Nano-characterization : Region of analysis in nano-scale
- Surface analysis : Information from the depth of about 5 nm
- Thin film analysis : Analysis for thin film and substrate (~ 1 um)

- Bulk analysis : Composition and microstructure in macro scale

2017-06-19
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Analytical resolution and detection limit

100 at%
5E22 2 A
&
SEM/ Raman  XPS/ =
1E22
| EDS | ESCA %
8
1E21 1at% OE .,
@
o
P3
1E20 Olat¥% g
3
1)
1E19 100 ppm W
. TOF-SIMS
g Es 10 ppm
St
<3
2E |7 Tppm
9
£%
8 100 ppb
TE1S | B Chemical bonding/ 10 ppb Bulk
molecular information % Techniques
B Elemental information Dynamic SIMS
B4 | B imaginginformation 1ppb
¥ Thickness and Density information only
(no composition information)
TE13 | B Physical Properties 100 ppt
The EAGLABS™ Bubble Chart
1E12 ©2014 Evans Analytical Group 10 ppt.
01 nm 1nm 10 nm 100 nm Tum 10 pm 100 pm Tmm Tem
Analytical Spot Size
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Common principle of analytical instruments

e, ion, X-ray, Interaction e-, ion, X-ray,

Constant '
Wavelength . Image

(A -mm) 2. Diffraction
3. Spectroscopy

(Elastic/inelast
. Amplitude

longth
A

St v
v N r—‘ I
NAN ,\

A\ J \J U U \\ / \

LE- AR THEC! PXEA ZH)

«  X-ray diffractometer

+ TEM (electron scattering & diffraction)
- Spot pattern (SAD)
- Ring pattern
- Kikuchi pattern
- CBED pattern
- NED (Astar, Topspin)
- HRTEM

SEM
- EBSD

Tomography (FIB, SEM, TEM)
Raman

Synchrotron
- X-ray

2017-06-19
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X-ray detector

M AAE | fim

A 2] gH(Ilon Chamber)

GM Al4-2H(Geiger-Muller Counter, GMC)

(2) o]-238}#r-& (4] 2 A 5~ #(Proportional Counter, PC)

9] ] 91743 v A £ (Position Sensitive Proportional Counter,
gl = X] 2% 7](Solid-State Detector, SSD)

AR

Scintillation 7] 4> (Scintillation Counter, SC)

(3) L&L  |[XH(X-Rays) TV

CCD

Image Plate, IP

(@) 2R =A8|PbOCA TV)
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Detector of X-ray

On film

Fig 3-10. (a) Transmission and (b) back-reflection Laue patterns of an
aluminum crystal (cubic). Tungsten radiation, 30KV, 19mA.

|
/ A o 3l

X4 ] o
_ T %/ {34512
Proportional ; f e
L—wyywi— .4 o} (4

Counter difies) shawn |k

Scintillation
Counter

(o]

||_.»:1'%§1;
e

Al gk (+)
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1. Zero-dimensional Point Detector (Single Detector)

Meridian Circles S5 Caiter

2. One-dimensional _Line Detector (Linear or curved PSD)

Meridian Circles Sphere Center

PRECISION MICROFLAT
ON LaBg CRYSTAL

«&— LaBg SINGLE CRYSTAL
CARBON FERRULE
CARBON HEATER ROD

CERAMIC
SUB-BASE

BASE

\

~€—BASE PIN

HEATING CURRENT FLOW

ella.com/apertures-and-filaments_html/Kimball-lab6-
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Diffraction & imaging

Parallel incoming electron beam

Objective lens
—

<«— Diffraction plane
(back focal plane)

Image plane

Macro . =EAM o|=---

AL
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NanoSEM(Nova600)

Ray diagram of SEM

Electron Gun

SE Detector

Objective Lens

Sample Stage

2017-06-19
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Ray diagram of SEM

First condensor lens —

- Electron beam

/]
Second condensor lens —|

X-ray detector

Deflection coils ~4

A
Backscattei\|
electron detector

Sample—

Objective lens

Vacuum pump

econdary
electron detecto

Scanning Electron Microscopes

FEI XL-30 FEG ESEM

v/ 0.2 - 30 kV, 2 nm resolution

v 10 — 500,000x

v/ GSED, SE, BSE detector

v/ 10 - 108 torr

v’ Cathodoluminescence (180-850 nm)
v/ Heating stage (1500° C)

v’ Cooling stage (-30° C)

v’ Electron Backscatter Diffraction

v EDXS for chemical analysis

Aco). Spot Magn,. Dol WD ————— 60iim
150kV.30 600x | GSEMI.0 6970 KIST NMRG

In-situ heating of WC-Co Water condensation on Lotus leaf
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Dualbeam Focused lon Beam

FIB (Helios)
FIB (Quanta 3D)

FEI Nova NanolLab 600
v FEG e-beam
v’ Ga+ ion beam

v’ Image resolution : 1 nm

v’ 5-30KkV, 250 - 1 Mx

v’ e-beam size : 0.3 nm and up

v lon beam size : 5 - 500 nm

v" Simultaneous milling / imaging

Tilt axis

Top detector to obtain
compositional/diffraction contrast of topmost surface

Upper detector Electron beam Electron beam
Backscattered e
T\\ lectron
\ HA-BSE
h N\ ( SE) Secondary el
Lower dete‘:ﬁ\\ Backscattered getron (S
electron ™~ ) Thin-film specimen
Control electro? LA-BSE ) - 3.
e Swithin 10nm
& \, Transmitted electron
SE BSE TE Sampl ( DF-STEM)
= Scattering region o Transmitted electron
STEM detector of incident electrons (BF-STEM)
Signal Abbrev. Detector Included information
Backscattered electron |HA-BSE Top Compositional + Crystal
Backscattered electron |LA-BSE Upper Compositional + Crystal
+Topographical (with Charge reduction)
Secondary electron SE Upper surface
(incl. Voltage contrast)
Secondary electron Lower Lower Topographical
Transmitted electron BF-STEM | STEM Internal + Crystal
Transmitted electron DF-STEM | Lower Internal + Compositional
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Enhanced signal detection performance

Different contrast from the same field of view for different purpose

[
A

Lower detector

Signal (Detector) Included information

Dmm x50.0k LowerSE

HA-BSE (Top) Compositional + Crystal Sample : Surface of Au plating
LA-BSE (Upper) Compositional + Crystal + Topographical (with Charge reduction)
SE (Upper) Topmost surface (Incl. Voltage contrast)

Lower SE (Lower) Topographical

Review of SEM basic
ectron excitation volume)

Small particles
often appear

Uppersection - mally bri

appears darker
for a large sphe®
re.

Edges appear abn

ormally bright. Internal

(Edge effect) compositional
information

SE signal intensit

y
Scanning beam
- SE : Secondary electrons only come out of topmost shallow layer
(approx.10nm).
BSE
>10pum
Sample surface p ‘\( ) [V

rofile
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Charge reduction with LA-BSE

For engineers pursuing advanced technologies = = -
From high voltage imaging to low voltage imaging

Advantage
Reduction of local charging contrast using LA-BSE

Vacc :1kV Vacc : 1kV
Imaging mode: SE Imaging mode : LA-BSE

Sample : AITiC
( Nonconductive sample)

Low acceleration voltage BSE image

For engineers pursuing advanced technologies - - -
From high voltage imaging to low voltage imaging

Advantage
= Small interaction volume contributes to the high resolution BSE image

including surface information

Monte Carlo simulation Sample : Ni-Al alloy
incident Volume ( Si )

Vacc :10kV Vacc : 1kV

Imaging mode: BSE Imaging mode : BSE

2017-06-19
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Nano-characterization, Micron to Nano

- Identification and quantification in the nanometer region
- Building blocks / electronic structures
- Arrangement of building blocks
- Mechanical response / chemical reaction etc.

- Chemical and Physical properties.
- How the material “behaves” at the nano-scale!

red blood cell diatom
~5 ym (SEM) 30 um

Simple DNA
molecules proteins
<inm nm

bacteria
1pm

10-1° 10 108 107 106

Analytical TEM DualBeam FIB Analytical SEM

4@ Higher resolution Larger field of view B

2017-06-19
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Nano-characterization, Micron to Nano

Crystal structure
Nanostructure

Chemistry

Information $ DualBeam FIB

Morphology
Chemistry Analytical SEM
Requirements

> Imaging resolution nm - A
> Analytical resolution pm « nm
» Sample size 150 mm > 10 pm
» Sample preparation Bulk > Foil
» Contrast mechanism Topography > Diffraction
» Dimensions Projection > Tomography

Microscopes for Nano-Analysis

Analytical SEM

Erbium in SiC

Chrome Quartz

Resist

Large area surface imaging Large area sub-surface imaging Small area internal imaging
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Nano-characterization, Multitude analysis

Cometal — = - continuum (Hartree)
—-Co0 52 sample
5000 T T T T T
a Co-2p
L Co2p ,
5000 ©)

4000 [

3000

EELS intensity (counts)

2000 [

1000 [

770 790 810
Energy loss (eV)

Imaging / Diffraction / Spectroscopy

25 nm core / 3 nm shell

single crystal / erystalline
Co / CoO

(A : OCO
Nano Spectroscopy &

in f

~30nm

~140nm

~30nm
~30nm
~30nm
~40nm +

dojs wu g

120 nm

— B
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Nano-characterization, Multitude analysis

Element Weight % At

21.050  31.881
Si(K) 78.949 68.118

W Ni + Cu +Cr
ot

G ONTE 2E (YRS ~ 0.1 nm)

SEH A™RE 2N (B2HES s ~ 01 nm) ITO crystalline
229 I B4 (B2EHS ~01mm) : "6 ®o s

| Monoclinic ZrO2

In-situ TEM
(gas, liquid, T, P)
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In-situ &8, 0]Hl leading trend !

Kinetics

HI|M SN SYT X

SILIC| A|IRERE =

4> Il HI

B oozodd

so DO EI J3
"
Ot
=
=2

&
Afrr

i 1o
m
=
]

1
0x
HI
1z

1)J.W. Kim, Scripta materialia, 62 9 2010, 2)S.A Jin, Acta materialia, 55 15 2007, 3)J.W. Kim, Scripta Materialia, 60 12 1089 2009
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Nano-characterization, Property measurement

DualBeam FIB | + | Nanomanipulator system |

in-situ Gas holder demo & Al

2> Atmosphere (Protochips, Gas holder)

O-rings Electron Beam

Large E-chip Au spacer/electrode

/1]

Small E-chip Gas layer

Gas port
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In-situ heating

111118
/7 /7 ,

7
1077
Jevsstlidsst

Surface change of Au
nanoparticles at 600°C

https://www.youtube.com/watch?v=Jtq2Qy-UKx0, from Proto chips

EDS & EELS analysis at specific pressure and temperature

EDS SI, Pd/Ag EELS SI, Pd/Ag

820 mbar H2, 200 °C

910 mbar O2/Ar, 350 °C

Pd/Ag Nanoparticles
FEI Titan ChemiSTEM w/ SuperX EDS
Image courtesy U Manchester

25 o
Energy loss (eV)

25
Energy (keV)

2017-06-19
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CASE-2 : Methane combustion catalysts

« Solution: Atmosphere system with 150 Torr O, to mimic calcination conditions

* Results: Confirmed the formation of the two distinct structures — larger nanoparticles and highly

dispersed atomic-scale clusters possibly stabilized by silicon.
500 °C

Ceria @ Palladium
Siox

800 °C

Ceria (@) Palladium

+ 8iOx - Pd®*  CeOx

64 mins

0 min

Pd@CeO, At 150 Torr O,, 500 °C

Zhani, Shuii, et al. Nature communications 6 (2015). 7778-

Case-3 : Hydrogen absorption in palladium

Before : 20 Torr Hz2 at 300°C
After : 1 atm of Hz at 300°C

111 ~2% Pd Lattice Expansion

—After H Exposure
—Before H Exposure

3 4 5 6 7 8 9 10
Courtesy Univ of Manchester

1/nm & Karlsruhe Inst of Tech

FEI Titan

Protochips Application notes. AG80.3
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New Capabilities for new science

Static =) Dynamic

Moviela Si,Hg pressure 1x10-5 Torr
T ramp up from 350°C to 500°C

Synthesis of nanostructures in nanowires using sequential catalyst reactions
F. Panciera, Y.-C. Chou, M. C. Reuter, D. Zakharov, E. A. Stach, S. Hofmann and F. M. Ross

« 20174 I71AFH| sl

« SEMI} TEMS| £ 7|s0| HIES & FH Z|
- ion miller
-¢cp
in-situ TEM (Protochips, Dens)
in-situ SEM
Air SEM
- Plasma cleaner
- SEM-groove box ¢4
- MIAlein|Fe ZistE ¢st £ -3—7IE
(EQIE, =giX|, =, m|=M2, C|8E, L0|X)
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15 4000007

100 350000
300,000
250,000
200,000 |
150,000
100,000

50,000 -

2005 2008 2007 2008 2009 2010 2011 2072 2013 2074 2015 2016 2017
N4 WE4E HEE B3HE W OE W =08

2005 2006 2007 2008 2009 2010 20M 2012 2013 2014 2015 2016 2017
N0 W
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