MAts0|Ze| s|Halael L1aes 28
IR - HH5T
1L ANB FAPARFAR| ol gt o] & 2] AlFtelglrt. o]F- 1938el| von

FHE o] g3l AR ARFERE WA T WA B =
x50 o]2o] 2313t} 189510 Wilhelm Conrad Réntgen
< cathode ray generator A8 T5 WS X—ray® 3l 9-<13]
2] FR1€] =& Fsl HuA Fas) 3] Gart A1l
a8 4= Q) o97]4 X unknown?] 2Ju]3iL). o] %ol 1912
W Max von Laue® X-ray’} 474-& A2 of Yk AHeds 3
Jsh= As st =Sl o1Ale] 25 Laue patterno]
it FU3t dlof] + M 2] Bragg(ehA]: William Henry Bragg
¢} o}=: Sir William Wawrence Bragg) $-AR= Laue 2&o] ¢H4
314 ¢k8-& FEsl= 443 BraggdS AT oju o}
Bragg?] yeol& 154]%ick J& 19} 4722 Britannica AFde]l
5% Z19% BraggZt ARe] FA1E SlFshet] ARESIE A
o]t} 0]% 1927d9) Davisson¥} Germer”Z} Woju X—ray <]l
A electron) =8]8 Aotk AMS whasolt)

S A ANt EElsiAkEell thalii 19231l Louis
de Broglie7} o}#e] A& &3l Axpriake] 34 ok A Al
Aotk whebA] X—rayuh ARk 3pPdE YA Feh= o] 7}
SR

g b

mv - 2m,Ee -
2m,Ee(1+

m,C* )

Hendrik Antoon Lorentz= 1900'd¢] “Theory of the Elec—
tron” ol T3 o]ZelA A7l EQl HAR= Lorentz force
RHEe] B1(F =qE +qvx B )& Weths 2L Agkslgich

o] ke] F215 §-84-ste] 1932 d¢f| Ernst Ruska?} Max Knoll
o] FdAEn| A4S W=t A35Fsal 1935 el M. Knoll&
Aztell 7FeliAi= Lorentz force® 3|25 Fall FdstAl Alod 4
Aokd B o AREnE-E vhe g dokal AljksliTh o] Alo]

Ardenne®] 2Jallx] FHx9] FARAAEAR O] REEo|HT) wek &
< 3lloll Ruska®} von Borries= SiemenseollA #Hx2] 348 A
AAn) S Azeh=d Aeskelek ™

U At 2471 s 7Sl AskE S8 9
A= Ak el 21k B A7) 7o) HAE] ot
=1 Qltk Als A7 2ol disk AR Rl AL tea
Ak 1 AN sk, 714, Bl ARl tigh x|l 2
3 A oA Wk 13 P2 en]E] o]sle] FREel tidt
A7z 9 AR 249 el §43%] Eolx|a Qi olzgt
71 S TR0 (transmission electron micro—
scope) < FAMIE Al5el ZAkele] Fad dxplo s s o
T 38 AARE ol gete] 3 EHE dsowEN Al A%

Lo ke
1988 md) w538k (Eh
1992 T S5

1996 1 F538 (A
2000 Berkeley National Lab. & UC Berkeley
(EALF2A%)
2000~  KIST “ReAlsA7-4lE] B EA02A41E]
A AT, AR Aol

HET7

1982 e 54538 (8D

1984 S )Ed AR eIHAAD

1990 Sl )4e AlE et (akah

1990~ KIST ASAT5 WAl S AT4E
HAx  ALATY, AEA

Y

Electron Diffraction and Nanostructural Analysis in Electron Microscope
st ey ed T EAREAME (Jae—Pyoung Ahn, Advanced Analysis Center, KIST, 39—1 Hawolgok—dong, Seong—
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Irciimnt raeleaion Fadtechect” rediafion

T e padintion

nd=2d sinf
12! 1. Drawing and equation of Bragg’s law.

TZ(crystal structure) & A sh=t] AS-F 1 Stk < EELS
(electron energy loss spectrometer) = #2Fst #-41-8 TEM2)
ke 3]H-E o] 83k AFAR] FEEAS Hol Hol AR 3t
A 8 AATES sl Wl o121 vk 3 EELS9E Y
&ato] HRTEM=: o188 79 v o] Fx40] 7ksairk

U e 9 Axplel] s TEEssla AskE X
F1 S vzl gk ofsl, 4] 9 Bt dAo|t
5| ATHAE S AATElA R Ve es Ardst
R die A7AES] F ok vhieid] 7ol & o227} Har 9l

ol lm ol

_v
_O‘
_VEI
=
B
B
=2
>
=
%)
.%
Y
R
)
=)
o,
i
Tlo
jat
oy
i)
b
Ho
g
o)
Ry

olg o] thedddl - 2449 WheTEE Bk 4TS
glom B4 T % LS 9ot 12 S A& ok
Tl AR S Eelelsl Hel HAREAE ol8sted

TEMo] 1932de]] AF0=& AlzE o]% 19907k °F 60
o] | B2k o)X, S o] DSE o]&-3t sjshi
A Fofl AREE AT TEMeA ou|x]7}F == o= O3 204
HolFE ZIAE 37K SRl HEE S AlRS A, 479
1] (crystal orientation), A1 59 zlolof| Qi EAo tiH]

(e}

oo
=
2
&
s
o

(contrast) 7} 7131 71 A2e] tivlE AR =& 53l 7E5H)
Hk o714 3 7EA] FEsllof sh= 2k AR oA AMgshE
AxHelectron) & TIPS ARSSIER 98] ol Hol= AHEe] 3
S S JEAfolE BRIk

g o] gslo] AR TEREAE FHekaA} SvhE Adds] Z)
& FE9 7 A tigtk x|4jo] Aesit) v el
o] o]&o] AlEde)d EE e FE T 817 witel 3
g o] &3 yaAo] £ v Hefal Aok thaEellA] 71221 3]
At Aol disl A e slolck

TEMellA 2] A483222 94 EDS(energy dispersive spec—
trometer) £} EELS (electron energy loss spectrometer) = T
HE= 274 HE7E ARSI EDSE Ak Algrt S5 o)
WAsk= B4 X—ray 9] AVIE HAESE olel ¥is] EELS+= 2000
o S0 AEA T B Sl |EA dAxpie] AEE F
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Composition

Lods of diffractlon  Hidvy abamini

Image

12! 2. Three important factors forming the image contrast in TEM.

18l 3. Applications of conventional and advanced TEM.

ek uf ghshs FER dl HAke] lejwRl duxE A3t
ofd i} FEIANEAE HESR= AAo|th o] FX|9 7
T8 AR FATE HE] Thsdte]l TRkl 22 ofn|A| g}
o] 7R AEelA TEM 28] 8o 3-80] 75
3lth= Zlolth.

8! 32 19903 ti7k<] TEM &8 2000 dthel] |1zlo]l=
¥ 7Tl 2348 55 TEM 768 % 2573 Zlolt). #2501 1
Bl 30X RofF= AAF IARIIE ode] UEE 2= STEM
71%5°] A== 91, FA7 )% (electromagnetic field or property)
o] ARAl BHES 93 Lorentz TEM, EAE9) 22 tlokdS
zb= =A19] 32 tomograph, A= ARE-EE = Q1= Cryo
TEM, energy filtering< &% o]w]#] 4 P & vhey2=itA]

2 918 AT /1S WAL ol7ck

rr

3. HEQ| ZHTZ} FAH-AIZ AloI2| SI=oil ChE! OlaH

31 M=ol d™¥ A
Agolet T At vk RO AR {7 AE o
faw

lgtet Aol gk a2 184117] FE3tels fraliskal=dl #]
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H 1. 7 Crystal Systems

System La}ttlce Point Group - Lattice Symmetry Bravais Lattice
Schoenflies International
Triclinic Eori P 1 ab¥c, a¥BF7y
a¥b=*c,
Monoclinic Coor o P,C 2/m a=[£=90 y (1st setting)
a=7y =90 B (2nd setting)
Orthorhombic Two Coor o P,CLF mmm a¥*b=*c, a==y=90"
Tetragonal Cqor Sy Pl 4/mmm a=b=*c, a=p=y=90°
Cubic Four 3—fold Axes (P,I,F) m3m a=b=c, a=p=y=90
Hexagonal Cs or Sz P 6/mmm a=b=*xc, a=4=90" ; y=120°
Trigonal (rhomboheral) Cs or Sg R 3m (a:bS:ain;e Zszhgiafo;iaglo" )

B poynal 1 i
(R T T ]
ool b

L B e

L P PR

il
i

ToEngmd

Hacagmmmi

r:c

FEathe R

3
it
&

i

S A Akl AR 7)% sHEo R AN T Qi) dukEo® A
7] ARAE =8 wi= olejg) 2o] 47k EFHol itk

D AgA) 28 (crystal system) : 7 52 A=

@ bravais lattice : 14 FF9] A4+=%

® point group : 3270 AH =

@ space group : 230702 A%

ARFZ SOl 7138 2 Ha 298 &4 unit cel))
2 st w9 AAR= FHje] S weEt 3274 A (point
group) 0% ERHTh 3274 A 77HE A BiREE,
o] 771 £7= 22+ “A7dA (seven crystal systems) "2} 3t}
ZA7e A A= (attice point) > F7149) 4 ©97) @
o} 2% A (crystal system) = AAES 23H) B+ 3o R
TEH U w) MZ o g og 73 = Q1 W) uigk 7
At TN A AR dRIARE AYehe Hae] 27 Rt
(FE 1. 185039 Bravais (Z&, 1863—1863)+= 7702 A4
E F o AREste] 14719 AAAZ Yrglor 8 4= 1470

12! 4. 7 Crystal systems and 14 Bravais lattices.
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H 2. 32 Point Groups

Lyl Fant groepe LHLE Lafl s paant

symism hnrE T Cenfreepm clasm [rape

Loz WGih L] 1 1

ik o[ ] rilys ] m B

oriahomibeD TR0, 2ot s, ) TR D] ATV RIT

ledTa gl &0k II:E:I A Ceh 4im At
03 iyl Aiam :1:-'.11-:|'|;.| Aimymenddg i Aimmm

igaeal M 35 : Am
ADy], DTy} Imio)  dm

Frzaagona B Tl '5._:_'-,._. B Tl Em BT
200 B E---:z;.:l:.l Birwrii D b Evirhn

ol Pl [ - H ] (L] ALAT
£32[ET), E3m| Tl mAmO,] e

Bravais lattice® H.oJ&Th

Primitive W91AE FA8k= AR B 8710, A= 53]
(equivalent) FHAlll FAck o]l w94 o]l slLte] latticeS
TR o= A5E A8k, WA 71 FEXRe e 4
A= AR AR oR Ut 7IEkets BAE 2 AE 9y
B} whol Al Weoll= mag]e] =91 870 lattice £]°ll equivalent
lattice7} & = Stk & @949 WS4 B w9l Sl
AR o] ol Agols SAE WA= O™ AR A7t
EA3I) Bravaisi= o142 BAIE AAska 770 AAA7E 1470
Bravais lattice= ARE== delell sl ofeel o] AAIskSlth
HellA w25 18 9%l (SAD, CBED, Kikuchi @€)< 4]
sHA| = 14719 AAA Foll shte 24T = St

AAE FHEskE E UE WO E point group®] Sl=Hl B
20 AAEo] )= A ™ noncentrosymetry©ll 2171, centro—
symetry®] 11702 7%= E5F 32709 point group®] STk
BE §57] A7 ZelA point groupS A2 BE Fr|AEe] F
713& 18 F vk wEp F7IAEE FFshs SES ©|
point groups &3] oJslisk= Zlo] B asfrt B3k 31de- Azt
F7141Q1 oA Held e} whgsh= 10122 point group?] ©]3
£ SalA Ede gk £ 1 Z9AQl olElE & S It Point
group AAEE FHOE OIS AYshs AoR T
oA gk el st tigde k= Aotk = s3] A (point) =
A, F3E el sl 3714 RO R symmetry operation
&) 7

She Zloltk &2 379] =RH@7H) = 7Fs stk Wb sht
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9] pointel] tall A, W, FFro 2 i3S Ak WS o
e} 2ok

o]} 14719] Bravais lattice®} point group symmetry op—
eration(glide$} screw) & X3P AR72oM 85 =
T B 2307 R 9t o)=L P o E = T, group)
o 2xe] JHE wa §l7] wltell F3 (4IHY, space group)
ofgl =@tk gikro] ofWE i eE XYL l=rke “In-
ternational Tables for Crystallography A”oll Z}FA|3] 7] % o
it

AAE T80 2 gk sigde & Qe 7Bl BF 230
7HA17F 90tk @131 space group®let s, A5de] B A
AL 230719 space groups ©]€3l] ®3E 4= ok g AT
st 14719 Bravaist 22k Fel7} AW OIS YeRlE Y
AR Yol A oE A xt sld =] A=k vERE A

-2 o}t Point group Bi= Bravais latticet™= th837 571/
Fdsk= Aol lattice point7} 02 F#o]x] ¢k= latticeol]
tfefr = s Sshes SHAIE 2 Qith 5 @9 SellA
IREE e sk 285 g = gloke Aotk e AA19]
AAN e DGRt Holw T2 A=t EAsH & o
AA7 AN v delARLE BaolF (glide) = Y LIS o]
F(screw) & A =W ARt 247t #AYS}. Screwghs
1L glide 9} rotation®] 3 dold v AEAl B == hF L
AE ou|sith

International Tables for Crystallography 2.2 A7kl 2307
space group®l ™3t 1€ 2307X 2] A4 249}
operation ¥A| Fell o3l vl ZRAIE] oFaL gl= A%E) diolH
AEE o F 2005 d e 5] EXHE QL) 3Fbe] space group
of thall 22 dlojH= 3 =lo] itk YA o ® A7 9| space
groups &= 2 714 xdR o= Strukturbericht, Sc—
hoenflies, Unit Cell, Pearson symbol, Hermann—Mauguin %
o] Qlt}. o] o4 Hermann—Mauguin %3 international
symbolZA] space group= X3 7P WA © 27 AR 1
it
32 MR -Al=2 AlO]e] E[H

v gk WA R & oUAE 2 WX —ray B 2P
o] Sk ofEl AEo] WA Al52] Folol uft AR 9, Al
5 W, AR ol T 7R vhre] AR = Qv 8l 5ol B
o= AAH A7 HolM= 23} AA(secondary electron), %
WA < (back scattered electron), Auger XA}, X—ray, B &
o] u¢- thFsHl BAETE AE HellMe dAtelu=A| ] el €]
g do] WAgTE Bsk AR olEE AEE T ARkl ARk
AR A s v)eA AR RS BE 23D ol Qluk’

T AARs AAFEn A9 columng AJ3Hs obj, inter—
mediate, projection @0l oJ3}| 4491 ray diagrams &35}
AA ~T771A] s "k o] ff S8 EEF 0% Surt 9l
£ 2579 delnRIe} sldafR) & AA ek o714 EdH
e AP A88] ATzl Qs AYHER o]RE ol
37] SJsliMe dxplo] AlHe] ARt} FEatARE Bl
o3l 31dE Rie= AR 8- olsliE 7 glofof st

X—ray W& 257} sinusoidalstAl Wak= x| ske] 5445 2t
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Hugmr  Siecions elecinons Characierain
whEirans L]
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Thin =pecman

Abzoibed slechors  Eecron-hoe pars

Erwrvasi atling

Elastoally scamered
[ L= HE ]
{havs insl akros fothiog Thraat
from: ther orsginal snergaes| hem

relasticaly scallmisd
sleirons
| loEt oerlaEn aenounis
of thak ogina anegus|
|EELS, EFTEM|

18! 5. Scattering between electron beam and atoms in specimen.

ot dRpell F5H] Qe AR X-—ray 8] Wsshs 7178
Qg Fr oA FAZ 25-S 3HA Hlrk olnf AxE AL
oF 7T 7S HEo] stEE AAP|aE WESHA "tk o]
23t oJujof ] HAR= X—rayE Akt siefEkal sh, X—ray W2
AlE.9ke] Algke- AlE U] AARks: et

A7IA YAt gk AlRkE: A} o ARpEel] 2§k ZiNE st
= olfroll thall AZsll Bl X—ray ®lo] x5 vhdw] Z}zke] =
A== Thomson equation®] Wb coherent scatterings 3+
th I3 AL Heks 7HER Al o8] xsdte] co—
herent scatteringS Q. o7|glglu A2e 5= Qok. g2y e A
Ztel] B3l Ads] & AFs 7HEE Aidow A EskA] X
gtk Thomson equation (7, = ]0%( %
scattering®] intensity+ Abek JR}e] A= Ao vh]HlstE 2
YA scattering2 ZA 23 Zlo] o)t}

W3} dzke] akgks Aisted 71 718o] B 3714 el
tist dgo] AA=|ojof stk drMikeRlAl, Az} sh J 2 HE] <
AlRto] opd w9l U A Aol 25t Al 7r2R1AE so] A
oJt}.

Aa7HA et U85 gElsl BAak AR/ 2= wave 3K,
IEE doleE AFH, 99 ol & Jie] ARt sl wix|=
QAL St TS sk WAl YA} 3]de) mlXE QIAH
ZR17p ol sl -8tsieh. 2242 AdaAle ofeliel Atk

) dEehk) 289 YTz &t T2 E
ARKEH 21 7k amplitude”t =9, o] gte] “07¢] obdw (hkl)
AL 3Phert

i) wave (D : 3L ojrl AYwo] A4S Ao =R
A73p] Bk FzAtel 23] A3E) 84S ¢
ARzt WabzRe] F71E AR sk

)) oA coherent

toh

4. 2|EoiEe| FF

TEMeM A58t 1212 S Aol dofvhs #7ds Akeh(Scat—
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ey pperinry

Oiftmackon patbes

Balght Hesd image

12! 6. Ray diagram of specimen, objective lens, back—focal plane,
and image—forming plane in TEM column.

tering) o2} St} Alekel dxble BAddel o3l Sdds 34
S AR} ATkl o8l AEEE AR venk J8 6= A
A7 Yol At B SdxaE T5AAY )& o
o71vh= 71 stell 7P HAE] ray diagramS HoiFE LT

ARG Est AR 5= (objective lens) ol &J3) 2]
H3] FgElo] AlH FAbEE Algto] vhlslar ofu Abgkel )
£ KR Yok &, T AL s1dE dxl AEiS 4o
7] A} Folvk 8 69 A2 4=k sdaul Fake dat
o} s]dd AANE Fds Aolth o7A FESjjof 3 A 3™
74 == back focal plane®} ©n|*|E HH=3= o]u]A] planeo]]
ojgk 7188kl oJu]el 4Rl 2Jwu|o|t}. back focal planes
E7F AR B olokd OB 69 ol 950l B Sl 3A
& ofe] 79 HEE BA & Aot} o] FollA s et A
(spot) & 7, W9 HEs 3exioleta gtk F34E 718t
st o7 AgE T3t dxlEe] glEdZ=(objective lens) el 2]
& 28 W= A3 Ax)F) 1k | o] AL 3dY A
ARz0] 2o Rt Zlo® she] sldre 54 AW (013 A
TS qu) 2 WA el veRAl fok webA 2z
3ERE B3 Aol digk A9 JRE Zta Qlrh

3L A gl AkEE A Zbwe] waka A 27 R
LR 87

@O HA}=o] Almel B YA SAD(selected area
diffraction) ¥, ring ¥, nano ¥3= micro SAD ¥l &
k=)

@ AAE0] Agel o] How F&Eo] QX sHAl =W CBED
(convergent beam electron diffraction) SE1S FAd5HA Aok
o] g Foll F=r2 o2 Kikuchi #j¥o] FAE|o] spot &}
7 PAE ek Kikuchi s a3k Bl
E5F vepdth

ole] SRl AT F o AR A v HellA
FA Aot
41 3|ENHA TEMZ XRDL| H|w

WA TEMeIA 3)88 Aoyl 2ol tial] Avnr|= shak

B EERER

DERXEE Jls Al 17 9 4 3 2006 8€¥

H 3. An Example Showing the Difference of X—ray and Electron
Diffraction from 6—Al,O3 powder

plane | d—spacing | XRD(2theta) | TEM (2theta) | R (mm,600)
101 7.59 11.64 0.19 1.32
102 6.39 13.84 0.22 1.57
103 5.52 16.03 0.26 1.82
112 5.09 17.39 0.28 1.97
113 4.56 19.42 0.31 2.20
114 4.07 21.84 0.35 2.47
115 3.61 24.66 0.40 2.78
213 3.23 27.62 0.45 3.11
214 3.05 29.28 0.47 3.29
117 2.88 31.04 0.50 3.49
222 2.72 32.83 0.53 3.68
118 2.60 34.48 0.55 3.86
312 2.46 36.53 0.58 4.08

X-ray (CuK,, 1.54 A)el vls TEM(200 keV, 0.025 A)& =
3] Zhe sbdS ARl R wilg- 2R 3 7elA s]dEnh 1 3]
Azte] A7) & 3l AAEAS 0122 6-ALOsE X-ray s}
TEMelA 247} s = givkar 7Pd st 3]d7ke] zjo|7} o] 4
TIAE HojF= Floj), o] Hell= &Fuulolr 38753 4
gd, 2+ Aol Wb (d-spacing), X—ray®] 3187, TEM
o] sz}, o7 s|EadelA Tt s]dA Alelo] A &
o] EFFE|GItE A 0% TEMS] 3]47to] X—rayel vla| vlj$-
22 o) et vk} o] spe] Aol wjolrt. & TEM
o}~ 2he- 3g0] AAE ARSSHEE 3]Ho] - 2] Zef|A] o] Fo
Zick, w2 TEMOA AR Hakel slds= A9ue 5
AMFZ O R Zksit) ofefst JE Mxdn|AE L] S8 o)
Sh=d] W% $23F Flolt} FaE FHEl <47 15 mmA (600
mmx0.025 A) Lo, TEM SAD #jElold S H= T35} 3)
A Atele] Al 1.32 mmolH 0|71 B 39 RZ %333
w2 R 5o #9% spot Aol Al T ring?] W&
otk & 4°I4 XRDS}F TEMC] AR xlol g & o] A4 2.
= Asisick oldelA] TEMo| XRDEHE = 7k & 4
A2 A E AAZFE Q] it Wk ofya} AlFS] e g9 e
2HE] SRS 24  Qlo] vheg iAo Agsirks Al
ojct.

4.2 SAD i&

$2)7} TEME o]g3to] A& W] A4S w48 dnkalo=z
SAD FElS o]&3it} o] SAD e TEM]
BT WA w) TEM A3 9ol B3k 22k glo]
A = 7 Sk ey £ o Aggst B4 sk
Z}alo] Ask= Al8olA low index?] HthE(ZA, zone axis)
ke Fof] SAD #RS A= Zlo] FQsjth o] SAD 'S ZA
+ Kikuchi lines ]88k & t] fA 2-& F itk 244 e
R ZAT 7 NS Addo] vhd wf she] A vkt o] He
QoA Ei= ofefell A wiehiis WEks ZAE G 7).

olgelA 27K Aid= alstlr. shvks TEMeX 9] S8
- 2R ZhoA] dojdt= ZlolH, T WAl oy o] A%
Ho| wapstn) ggeh= Ae] Wao] ZAER= Zlojth o]A] o]d 7|
3 A3 ekt o] &3 = Stk ofy] 19 AR

rJ
F
N

+
=
Ko
=)
=)
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H 4. Comparison of XRD and TEM

A} Smilarities
Batare of supdaposition of waves, Bragp’s Law: structune factor
leading b extinction fw
Smgle crystal (one kind)
1 Type off paleams Debye Scherer (all kinds-mmg )

Texture patten (ke ore kind)

Tt

Determination Cryzial omienlation

(B) Differences | M-ray diffraction (x) & dectron diffraction (E)

Mture of scilfering provess al | (E): scallenng by slom micleus
atodt (X scabtertg by shetl electrons

{E}: 20 small snf=g

1 Wavelength of radiation cliff gt = a recipeocal laftice plae
(31 large 07 < & < 90°
{E): stromg 10°-10" time of x-ray

3 Lnt of diffraction spots
ety X weak
{EJ: =1pm
4 Punetrati { racliati
ik A (X} ~ B
El: 1 I 108 5
5 Affected sample volame b el

(X 0,1~ 5 mim?

i : (E): 57 or wonse (spol pattermn)
& 'ﬁ‘?ﬂn‘f} e rr:'ﬂ.lﬂnwﬂ: < 41" (befber = Eikuchi, specis methad)
arerd alion defermination

(0 1% or befter
. Un-ambiguity of orentation (Ej: o two fobd symmmetry (=pot pattem) — ambisaiy
deferm ation (0 e fobd gymmaetry — anaméiguiny
Pramary baam:
Brimary baas
[ Zoee aaksl R II,_:_-_-h EH_W
i M ]
[ #
Fallecting /
igiice eones F .
Piares ol @ e 7 e i
1
" Ditacied
bram TramemHes
¥ [ T
12! 7. Relationship of ZA and crystal planes. Several crystal planes - : R T L"‘“‘““"’“‘

can have a ZA. ) ) ) )
2! 8. Geometric drawing on the diffraction of electron and crystal

plane in TEM. The center spot is the transmitted electron beam and

AHS AARAA 28] dARo] flofA] ofdE uleria 7} the off—axis spot the diffractted electron beam.

A0S ) A & Q= TEM ¢lolx e 3 4uAS Hojss=

Zlolnk, s]de e AAHED &l wgste] I™ Flojth A 2 35 (optic axis) T AT Fodof ol (FaH), 3=

B 304 A9t A9 198 dA] Y=t H2 s]dde] tisl] 20 T "olzl o] Bl ERIth(E|HER]).
Alge] QAR 2R ofe] 7] Aleks oA S 1 714 AREEE 31924 Brag2l S 25 E oF AFE A8 AR
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18! 9. The formation process of ring pattern when the diffraction
occurs from a grain (particle) to twelve grains(particles).
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2! 10. SAD and CBED pattems.
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18! 11. Laue zone in CBED pattern.
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18! 12. The variation of Ewald sphere by parallel and convergent
beams.
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18! 13. A typical CBED pattern.
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18! 14. ZOLZ disc, distance and angle between spots(discs) in
CBED pattern.
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18! 15. TEM geometry for the calculation of unit cell from CBED
pattern.
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12! 16. Geometry of CBED whole pattern for the calculation of unit
cell from CBED pattern.

= St} CBEDOIA = unit cell®] 572 AE]e] HR(GA1] =
I, B8 F7H0=Z 98 4 7] wizel unit cell®] 35 -8}
£ Zo] 7Fssiet o2l 1Rl unit celle] F3)i= o] 2le]|
oA FalfzITt.

o

2%

Unit Cell Volume =
e e = R R, Sin (ANG) -[1-cos tan (RAD/L)]

zap7] H}%}E}

47] 215 o)g3hd CBED K1 0 25E] unit cell F915 72
ATk M= BE AR TEE Zhs ed gl Aleigls AR A
TEEAE st &, ¢ nme] NS ol8ste] 7 AR
S25E CBED #&& & F 27} unit cell F315 ot 2
AR AT S LAk 2] Zhesitt.

502

kM
Hr

H heaA)so] w538] et vhetae] oist o]
WolA| 1 Qlvk by s BAehs WO R TP tlaAl Al
FEAe A 7P BskE X—ray s]dHolrk 28y X—ray 3|
AR W2 AR (ES] &k Aol v A= sl
W AEE aTskal low A iRl st RE 4] 3Bt
= S zky 9itk TEME) 31AdHPHL =l o] probe 7=
28 = Q7] wiel] wig- mAeh Weqike Y SEdRls ¢
= Zo] 7¥ssith 2ev HEA R YhegiRlel] &5 Al
oAl =i iz A7 MR Ee] ek RS A7t
oA #ck

HRTEM oJv|A|& o] g3lo] AR5 FAshe Wil oy
B ARSI QAN Htolls AR U ms Btk e 5

oAl Fa3t IAE AL vk HRTEM ©|v|=]i= Ao 2
3Pt A (under focus beam) & ARESHE LeQiAl] 91
e AR YFdose) o] A om Tasto] A = s
AAs] =4 5 Uk

6.1 HRTEM &A9iz[®°

o7 HRTEMS 9+
A & o] 2o gt st v =
vtk AR el A EE Tk Axk= 73t
B Azz oFtstel e ¢ Qi) o) F F e xS O
179} o] obj AA(PEA=)E X obj A=
plane”e]l KEolA ¥k ol Fag WL Faile wea 34¥

12 T3] el oy VR 31EAlE RkET

F3d 3 3-d3o] Bol= back focus planed AUz AxR=
back focal plane®] ofgljell $IX]t ofH XFe]| thr] RolA Hr)
o] A3& “olu]] plane”ol#}al Fth oJu]A] B HlE o] o]
u]%] plane®] ¢ ©Ju]*|E intermediate 2} projection WAE |
&3}y screen7bA] Ztal W] 2= Zlolw HRTEM ©[u]*|= o]v]
A oA wiE-S YA AR attice) 7F B 4 155 300,000

RuLrare

Pl e TR
it ] FEn i
it s, | Fiena e

[= ol AT
HEAET

g [ L o = ]
f {1 | P
.o USR] N B [ e |y | AT

& 17. The formation process of HRTEM image in the ray diagram
of TEM.
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8! 18. HRTEM micrograph of ZnO nanowire.
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& 19. FFT(Fast Fourier Transformation) and its indexing result of
ZnO HRTEM image at Figure 17.

s

18! 20. TEM image with low magnification of In,03(Zn0O)snanowire.

3191, 2AA Lol InyOsell thall AlEdlo)ds)
ek msk 2ARG0] Aol thgh A elA Ino] AR o]
F= Alelell o] gtk 7Pdstal AlE#E eSStk o] 22 AlE
glolde] 2= Fell ArEe] Q= Aol thet FE.e ZnO2
Aol o] 2zt vl & ARk Ao EFE FFE Tk
7n0 ZZAX}e]| that B-2Joflx ZA=[110]°l 3l defocussing
I AEFAE HrRste] AlEde)dstd 8 239} 2> HRTEM
map= YTk ©] mapelA] AR on|R|e} 71 fAtket olw|R&
zho} Blwsl] B (Po® BAIE Fa2) A sl Ak 9l
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18! 22, Line profile for the lattice plane of 1n,03(Zn0O)swith super—
lattice structure.
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18! 23. HRTEM simulation of ZnO.
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8! 26. TEM image and EELS elemental mapping(Zn) of In,03(Zn0O)s.
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% o] Zhssith O 28+ o] 7129 ©he] SEM
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6PJ4 2] TEMell= drl3e] A-el Lorentz @28} holo—
graphy-§& Bipolar #1227} F-2tw]o] Qloja] AAA=E] HAo] 7}

Stk 8 308} 312 2 AAET} 2 ARt 2
(magnetic domain)= TEMOA #H23t Zlo|t}, 0|72 Y&% o
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Atelel]l 2-8-8R= Lorentz forceE ©|-8-8hk= Aot} olejst del&
TEMeIA A52ox g8shd 2FdAEe sl 22 =7], =

18! 27. High Resolution TEM images and SAD(selected area dif—
fraction) pattern of carbon nanotube. The (001) planes of graph—
ite (cloon=3.4 A) are clearly shown in the HRTEM.

i

12! 28. TEM micrograph of multilayer thin film and line profiles using
EDS(energy dispersive spectrometer) and EELS (electron energy loss
spectroscopy) detectors from the red line(marker) on the TEM image.

. I—
——
. . I._-.‘ - -

12! 29. Elemental mapping using STEM function from OLED cross
section sample. In the OLED sample, it is difficult to analyze nanos—
tructures by other methods because it consists of organic compounds.
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2! 30. Holography images visualizing magnetic field. From this
images, we can calculate the relative or absolute strength of mag—
netic field.

8! 31. Fresnel image of 200 nm wide domain walls in NdFeB. On
the a domain strip, we can see the set of white and black lines. It
gives a useful information, which we can define the spin direction in
domain.

2! 32. General TEM and EFTEM images of polymer—coated CNT
single nanotube.
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18 34. SE and cathode luminescence(CL) images of GaN/Al,Os.
From CL image, point defects and voids are observed.

& 35. (Upper left) the geometry of electron, sample and diffrac—
tion in SEM chamber, (Upper right) electron back—scattered dif—
fraction (EBSD) patterns from the electropolished Al metal surface,
and (lower left and right) SEM image and the analysis of grain ori—
entations EBSD patterns, respectively.
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18! 36. SEM images of catalyst observed as a function of operating
acceleration voltage. The catalyst particles are not separated at the
operating condition of 1.0 kV but are clearly distinguishable at the
operating condition of 0.5 kV.
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& 37. First of all, the sample is polished before mounted in FIB
chamber or some interesting regions have to be exposed on the top
surface of sample. The polished sample goes to the FIB chamber

18! 38. The very small piece with 10 um lifted—out from Fig. 10
moves and welded to the edge of TEM Cu crown grid. The TEM
sample attached at Cu grid is ion—milled at the low voltage of 2 kV for
reducing the surface damage by Ga ion.

T8l 39. It is common to see the pretty pictures of pollen on
NnaoSEM operating low voltage. We can acquire more scientific
image by using FIB milling method. The pollen cross—sectioned by
FIB reveals the internal structure.
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1. J.—P. Ahn, Diffraction principle and Sructural Analysis of TEM,
KIST, Seoul (2006)

2. D. W. Kum, K. H. Kim, and W. J. Lee, TEM Analyss,
Chungmungak, Seoul (1996)

3. D. B. Williams and C. B. Carter, Trangmisson eectron microsoopy.
Atextbook for meterialssdience, Plenum Press, New York (1996).

4. B. Shmueli, International Tables for Crystallography, Springer,
Berlin (2001).

5. B. D. Cullity, Elements of X-Ray Diffraction, 2nd ed., Addison
Wesley, Nortre Dame (2001).

6. D. Shindo and T. Oikawa, Analytical eectron microscopy for
materials science, Springer, Berlin (2002).

7. B. Fultz and J. Howe, Transmisson Electron Microscopy and
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microscopy and related techniques, Oxford Univ Press, Oxford
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1. S7Ix2 gt 3 Z2|H

Organic thin films, polymers, and small molecules (Structure
analysis)
- D. L. Dorset: dldorset@erenj.com or dldorset@exxonmobil.com
- I. G. Voigt—Martin: voigtmar@mail.uni—mainz.de
- C. Gilmore: http://www.chem.gla.ac.uk/staff/chris/index.htm
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- U. Kolb: http://www.uni—mainz.de/~kolb/

- J. R. Fryer: http://www.chem.gla.ac.uk/~bob/fryer.html

- J. Spence group. http://www.public.asu.edu/~jspence/

*M. R. Libera, Stevens group: http://www.mat.stevens—tech.
edu/faculty/l ibera.html

2. 27N =

Inorganic Materials, Non metals (structure analysis, CMR, High

Tc, ceramics etc.)

- O. Terasaki, Framework structures. Terasaki@imr.tohoku.ac.jp

- Lawrence Berkeley Laboratory National Center for Electron
Microscopy http://ncem.Ibl.gov/frames/center.htm

- S. Hovmoller: Electron crystallography: development of methods
and software, quasicrystals and approximants. http://www.
fos.su.se/~svenh/index.html

- L. D. Marks: Surfaces, etc. http://www.numis.nwu.edu/internet/
Staff/faculty.html

- K. H. Kuo: Structures of quasicrystals and their crystalline
approximants: http://www.blem.ac.cn/english/introdution/in—
trodution.htm

- Shindo group. Magnetic materials, phase transformation, en—
ergy—filteredED, holography http://www.iamp.tohoku.ac.jp/
~asma

- W. Sinkler: http://www.numis.nwu.edu/internet/Staff/wharton/

- X.D. Zou: zou@struc.su.se

- T.E. Weirich: weirich@hrzpub.tu—darmstadt.de

- A. Avilov; electron diffraction analysis, electrostatic potentials.

avilov@ns.crys.ras.ru

3. &2, Alloy Phases

- J. Gjonnes: jon.gjonnes@fys.uio.no
- Jing Zhu: jzhu@mail.tsinghua.edu.cn
- De Hosson' group: http://rugth30.phys.rug.nl/msc_matscen/

4. M| =, Biology. Cryomicroscopy.

- Glaeser group. Cell membrane proteins, automation of sin—
gle—particle EM http://mcb.berkeley.edu/, http://www.lblL.gov/
lifesciences/main/index.html, http://www.lbl.gov/LBL—Pro—
grams/pbd/

+R. Henderson: http://www2.mrc—Imb.cam.ac.uk/research/SS/
Henderson_R/Henderson_R.html

- B. K. Jap: BKJap@lbl.gov

- K. H. Downing: KHDowning@Ibl.gov

+ W. Chiu: http://scbmb.bcm.tmc.edu/people/gcc_faculty_77

+ W. Baumeister:http://www.biochem.mpg.de/baumeister/perso
nal/baumeister.html

- T. S. Baker: http://www.bio.purdue.edu/Bioweb/People/Fac
ulty/baker.html

- Z. H. Zhou: http://hub.med.uth.tmc.edu/~hong/

+ N. Unwin: http://www2.mrc—Imb.cam.ac.uk/groups/nu/index.
html

- Y. Fujiyoshi: yoshi@em.biophys.kyoto—u.ac.jp

. FALEIMAFHEDNE, STEM
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- Prof J. Silcox jsilcox@msc.cornell.edu

- Dr. S. J. Pennycook:http://www.ornl.gov/bes/BES/amis/staff/
pennycook.htm

- Dr. P. Batson batson@us.ibm.com

« Prof. N. Browning. browning@uic.edu

- Prof. Peter J Goodhew Freng: SuperSTEM (aberration cor—
rected STEM project) : www.superstem.dl.ac.uk and http://dbweb.
liv.ac.uk/engdept/content/centres/microscopy/index.html.

6. 1=l sTXIE0IZE, HRTEM

- EMAT —group Antwerp: interface structure, phase transitions,
nanostructures, http://www.ruca.ua.ac.be/emat

- Cockayne Group: amorphous materials; nanostructures; aber—
ration corrected EM; crystalline defects; HREM http:/www—em.
materials.ox.ac.uk/people/cockayne/index.html

- 7. Zhang : http://www.blem.ac.cn/english/introdution/introdu
tion.htm

- D. Smith. ASU. Lawrence Berkeley Laboratory National Center
for Electron Microscopy http://ncem.lbl.gov/frames/center.htm

+ H. Takahashi: http://www.caret.hokudai.ac.jp/UFML/UFMLindex.
html

- K. Urban Group: http://iffwww.iff. kfa—juelich.de/jcem/

- M. Ruhle Group:

- Howe Group(UVA): Interfaces, phase transformations, nano—
particles, in—situ studies: http://faculty.virginia.edu/teamhowe/
teamhowe.html

- Chris Boothroyd: http://www—hrem.msm.cam.ac.uk/~cbb/ http://
www.imre.a—star.edu.sg/personal/getListing_action.asp?strID
=chris—b

- K. Takayanagi, Tokyo Inst. Tech., takayang@phys.titech.ac.jp
N. Yamamoto, Tokyo Inst. Tech., nyamamot@phys.titech.ac.jp
Y. Tanishiro, Tokyo Inst. Tech., ytanishi@phys.titech.ac.jp H.
Minoda, Tokyo Inst. Tech., hminoda@phys.titech.ac.jp Y.
Oshima, Tokyo Inst. Tech., ohshima@materia.titech.ac.jp

4 How to do HREM, and theory

+ R. F. Egerton, Hectron energy loss spectrasoopy in the ectron microsoope,
Plenum, New York, 2nd edition 1996.

- M. Tanaka, M. Terauchi, K. Tsuda, K. Saitoh, Convergent beam
dectron diffraction 1V, JEOL Ltd., Tokyo. and earlier volumes.
Superb collection of CBED patterns.

- J. Spence and J. M. Zuo, Hedron microdiffraction, Plenum, New
York, 1992.

- How to do quartitative CBED, Worked example of finding space—
group from CBED patterns.

- Electron Diffraction Techniques, J. Cowley, editor, Vols 1 and 2,
Oxford/TUCr Press, 1993.
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- D. Shindo, K. Hiraga, High resolution dectron micrascopy for meterials

siencg, Springer, 1998.

7. uXl, Books, special issues of journals, tables.

More details, including ISBN numbers and out—of—print books

can be found on at specialist booksellers on the web.
- QHAE, TEMS 2829k Ago] A7E4], ey e+,

2006

FFES T, O|8F, FAEAHRE H412 1996
« P. E. Champness, Bios2001 (Royal Micros Soc), Oxford, UK.
- D. Shindo and T. Oikawa, Analytical dectron microscopy for meterials

sdencg, Springer, 2002. Excellent, up to date, practical, (ELS,
EDX, CBED, Alchemi, Sample prep, holography etc).

- High resolution dectron microscopy and related techniques, P. Buseck, J.

Cowley, and L. Eyring, Editors, Oxford Univ Press, 1989.

- Electron Backscattering Diffraction in Materials Stience, A. J. Schwartz,

M. Kumar, and B. L. Adams, Editors, Plenum, New York, 2000.

- D. J. Dingley, K. Z. Baba—Kishi, and V. Randle, Atlas of Backscat-

tering Kikuchi Diffraction Patterns, IOP, Bristol, 1995.

-+ V. Randle and O. Engler, Introductionto Texture Analyss, Gordon and

Breach, Amsterdam, 2000.

- U. F. Kocks, C. N. Tomé and H.—R. Wenk, Texture and Anisotropy

Cambridge, Cambridge, 1998.

- Z. L. Wang, Eladic and Indagic Scattering in Electron Diffraction and

Imaging, Plenum, New York, 1995.

- Introduction to Analytical Electron Microscopy, J. J. Hren, J. 1. Goldstein

and D. C. Joy, Editors, Plenum, New York, 1979.

- Principlesof Analytical Electron Micrascopy, D. C. Joy, A. D. Romig, and

J. I. Goldstein, Editors, Pleum, New York, 1986.

- Convergent Beam Electron Diffraction of Alloy Phases, J. Mansfield, Edi—

tors, Adam Hilger, Bristol, 1984.

- J. P. Morniroli, Large-angle convergent beam dectron diffraction, Soci—

ety of French Microscopists, Paris, 2002.

-J. M. Cowley, Diffraction Physcs 3rd Edition, North—Holland,

1990.

- E. J. Kirkland, Advanced computing in dectron microscopy, Plenum.

New York, 1998.

- B. Fultz and J. Howe, Transmisson Electron Microscopy and Diffracto-

mery of Materials Springer, 2001.

8. Excellent coverage of theory and worked examples.
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