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 Solid

- Crystalline / Amorphous
- Conductor / Insulator

- Organic / Inorganic

- Surface / Thin film / Bulk

« Whatisit? Morphology & Structure
Elemental & Chemical composition

« Whereis it ? Spatial x-y, Depth z distribution

Surface 5nm é 6 C{b o Q

Thin film QQQQQ‘O
[5-100 nm ] QQQQQ

Bulk QQQOQ

[ > 500 nm ]
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SR UHE K

)& =&

UH(De Broglie Wave)

— [ ]
AP, 2ZTD@ALY 012 §)
NNV AAVATLTATAVAVAVAVAAVURTON Crarge D e e
Charge e = —1.602x 107 C
Kinetic energy E = eU
wn P 0 wm P 0 wm P 0w PomPomPe 16V = 1602 x 107 ]
w i 0 0 0 10 Py Velocity of light c = 29979 x 10° m s*
TR TR TN N TETH WS NN Rest encrey Ep = 270462 — 511 keV
1 | : e pin s - A7
sl 1 Ilgr 1 HE# % .—% ; DIEEIEM Planck’s constant h = 6.6256 %103 Js
i I " | P % % 3 ﬂr :1 Nonrelativistic  (E < Eb) Relativistic (E ~ Eo)
ETITTI VT A RT R RV NTOR RV R R o P P B d q
TR o T Newton’'s law F = a% P = aF(’m-v) (2.7)
TS, BRE FNREMLUEN 2R TV RNERIH HYEY  HMATRIE HEN AL I\IaSS m— o . _ ?no/ T UQ/CQ (28a)
£ 1 c06E % @A - 1 |
Energy E=elU = §m0v2 me? = mol+elU =Eo+E (2.9)
m = mo(l+ E/Eo) (2.8b)
Velocity = /2E /mg v = ¢ [1— m (2.10)
Momentum p=mov=+\2moE p = /2moE(1+ E/2E:) (2.11)
= 1 3EE, 7E7
Wavelength A= % =h/V2moE X = h/\2moE(1+ E/2Eq) (2.12)
= he/VIEE, T EF
E(2 2| off L X]) . .
Ey | electrons | He ions Ga ions
h(Z23 A$) = 6.626 070 040X1034 Jes 0
glo| x| o_,_) 100keV | ~4pm | ~0.05pm | ~0.01 pm
C(E‘—JSI =) = 3X108 m/s 10keV | ~10pm | ~0.1pm | ~ 0.03 pm
AR e mbEh o
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Beam & Probe (&

A beam : a directed flow of particles or waves that carries
energy and information (amplitude, phase, frequency...)

® Light (M XJ|1})
- Electromagnetic radiation
- Visible rays : 380~770 nm
- Infrared rays
- Ultraviolet rays
- LASER

® Probe (E3&)

- Extremely sharp tip

(3-50 nm radius of curvature)

® X-Ray (&M Xt2|1H
- Electromagnetic radiation
- Wavelength : about 100 A to 0.01 A

. Electron
- Beams

- X-rays by the transitions of inner electrons
(light by the transitions of outer electrons)

® lon (S&1H
- Particle formed when a neutral atom
gains or loses one or more electrons
- Cation : an atom that loses an electron

Ion Beams {

- Anion : an atom that gains an electron

® Electron (2&1})
- Negatively charged particle

|

| | | | | |

(-1.602 x 1019 C)
- Mass : 9.107 x 1028 g

1078 1077

10 107 10* 103 102 107!

Analytical Diameter (cm)

100



Lt = J|=(Nanotechnology)

1A

1nm

10 nm

100 nm

@ 1pm

10 pm

100 um

o X

Atomic FET

---------

ARG

Solid- State

Device

—_ 7_

Comb

Driver &=

Molecular

| Z/&tor



Lt&et =808

Electron Mechanical Tip

XRD
XRF

TEM

e
https://m.blog.naver.com/PostView.nhn?blogld=00811022&logN0=221287648539&proxyReferer=http%3A%2F%2Fwww.google.com%2Furl%3Fsa% 3Dt%26rct%3Dj%26q%3D
%26esrc%3Ds%26source%3Dweb%26cd%3D7%26ved%3D2ahUKEwWjNp_OCocnhAhXFMd4KHfwKBuUcQFjAGegQIBxAB%26url%3Dhttp%253A%252F%252Fm.blog.naver.co

m%252F00811022%252F221287648539%26usg%3DA0OVWaw2XUDYFGp5DZS42q3W2LKEX






F UM AHSEM)
Auger™XHAES)

S4XHM(EDS) 2R AHSEM)

AR




A
Jx
e
I3

FAMNEXS0E
(Scanning
Electron
Microscopy)

SUNLES01E
(Transmission
Electron
Microscopy)

(O RFSPNE. X 4=
(Auger Electron
Spectroscopy)

Ol XI 2 &t
X& 2y

L od

(Energy
Dispersive X-ray
Spectroscopy)

2le| =X g2
SARERE2XEX |2 mo o) 1~30 kVO
\/ HXES UAIAIH 0l 22E
| | L= 2R @IS AS
IRIPNFSON

—_—

00-1000 kve| & Xt E

OINE ZHZEE, 2T

| NE O SDAIH 2Kt & = =meimal o), S
S2t0| R0 o|F £} L*O'ﬁi:; S
o3BT = IS HS T
=i IT, _ oS i ~1 A(@—JF f_tnl_g)
e =1
AN
LA SHOIEL | o A|Z0l MRSS 2 AFA «Sputtering2 Sall 200 2
_ C o =2 O IT o
HOI H=EL=E 3L S gg/ S 2T 2SM THIAM(
=2l QM OI& XS] Off LA K =2 AR
| | | === < I
VI[EPN *Small probe size
HEEAM
PAET S4xd | «AIZ0 5= &, & 2 keV DotEEs
._IO_I__I'__a =
Of M= LALAIA & 2 CA Al
\/" e oin Do =y | E 14 & nm @ SEM
| | sHe e BT e :~1 nm @ TEM
H0lHXE =5 >

X& Ol X

e Better for several atomic %




ANEEG
EDS & =2

STEM DF A&7
STEM BF 2=

CCD 2t 2t

EELS &=2

1600
- Counts|

1200

HRTEM of Au

800

FeKa

T T T T

4 s 6 7 87)__
Energy (keV) .

Intensity(arb.units)

20

-20

-30

OKLL

SiKLL

500

1000 1500

Kinetic Energy (eV)

e

2000







< 4HAMEIO| 2(RBS)
2AtM A} or O|2(FIB) 2X0| 2(SIMS)

SR

NI
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H S MXM)|I20| E X
ael s34 =3 Data =3 &S5
220 MU A XA
) «1-20 kVQ 1XH0I22 Al =X 200 LS 2x2 2Y
2l ALO| 2 2Xt0| 2 - = =o0 ol HO
c y 20l Y AFAIHA Sputterdt =3 (Si S<l Boronsl 32
(Ii(r:\oMna:sry \/« Of BEC|s 230|209 & 107/cm3 B ENX 2EItS)
c , t | | s 2 * Composition Standards
pectrometry) *Best Sensitivity
el keVE JIEE 0|2
A = = cSH RO CIOE U SN
_ e-r— 2 (=]
(Focused e X Y oles A2 DS =S e A
lon Beam) / ot oS ot o= XS/ %| TEM Al BT &
| Miling2 &
AN 220 20| HE 2
I ZF(Channelingd 1t &
HEHE _
A& 202 e MeVZ Jl2E 0|2 BAIH AIR)

SUAEEEY
(Rutherford
Backscattering
Spectroscopy)

AHEHOI 2

/

S NE0 SAAIHA =
StetE = 0122 O XIS

=3

&terol2 oI X

*Precise atomic % without
standards

*Nondestructive,
simultaneous

*Depth and composition
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AAXM

Z™ XHXPS)
3| XM (XRD)

XM (XRF)

AR




24019 el S 2H =3 Data £3 85
QI AbX 3| & XM
A0l XS LALAIA oH|ItY 24
_ _ 2
XH 5= Bragg X218 OH=Est= X | 2 CZHPE, ZHAUKC 3D
(X-ray Diffraction) s d= Z & Stress, 28 49
» | o & &
20
s ==
) QR FSPNEE 4= o AbX ZER . _
= == _ - «SputteringS S5 20| 2
(X-ray oXEOll 2o G0l 2N | o 52T oA
o = =x S o /|
Photoelectron \/ el X E =35 5IEI2UE AEIE O & o2
Spectrosco : > : .
P PY) | | ZEX oL X *Chemical bonding
SAXd gEXE | A0 & & keVO XA oH|ItY =4
\/ S YAMANA YEZ=EE |, cH2 24 B2l (opm ~ %)
Fluorescence A NFO EAXHS ML | = A * ANlE2&H| E0I
Analysis) | | | x==3 | , | s =4
X& Ofl A X
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" Y3111 T
18000 | :fec TaN $(200) 8(320) Cis C-C (2846 eV) Fe-Ka Loose Powder
&) 131 fec TaN, |5 ] :
Pressed Pellet
) Araath

s N (1) c-C 666
H (2) C-0 18,0 a
E (3)0-C=0 153 g ]
E S Ty
z §1ITT — ¢ Fe-Kg
g oo (002) 8, ,5(200) 3 1’3(220) 4
b1 i H |
= Ji\. Wy o,

e Mn-K

\‘i 3% ! ¥(110) Ti-K[s Cr-Ko ! Ni-Kq Cu-Ke
IR I N—
0 :‘ L | —
025 a0 35 4'029‘(0)4'5 TS0 s e s 241 241 289 287 285 283 = 5.0 5.5 6.0 6.5 70 75 8.0 85
Binding Energy [4] Energy / keV
o4 X == ==
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-g o \_ |
‘; §T \l
\ g = \ : :
c N Interatomic separation r
d e- = 2 =
gffeﬁ E 8 T | Net energy Ep
*‘ E P\
. |
s T _'/4‘— Attractive energy E4
» Conductor Sample » Atomic Force
« Distance |= Tunneling Current 1 « X AIZ A0S HElJF IR KIS
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FAMNEEEE01E
(Scanning
Tunneling

Microscopy)

*Surface morphology

o X 2 & 299l molecular
imaging

* Atomic imaging

AXSES0(E
(Atomic Force
Microscopy)

[ ]
m
&
&
=
al
o
>
=
10
bal

ol
H > o g
rE H Jo Ok

0

oo
110]
=}
0l
_O'j
T

B 10
u J%

*Surface morphology
e Grain size measurement
eLine CD measurement

Aol=80l&E
(Magnetic Force

Microscopy)

Magnetically coated tip

FAENESS0|E
(Scanning
Capacitance
Microscopy)

ANg HEHO XD 832 _ s
ol o5t BHE,HMQI e SIECIAT X2 2&
—l = T = = =
SHBORM XJ BEE AgEEel SEEA
_\—‘_,—,_' sS85 = oL i
[ff=Tui=11t]| & ##
«—> *Capacitance sensors
OlEotd E& 1 A= At S — .
OICC;I copc?cli:"ronce o151 Bt XMl EHO| carrier =&
o] sl P
= =xsogz ) To0 =X &
e T =N BIE R ATHO HEEA

carrierLt charge density

HI
Hl
i
e
2
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SR

23 AN

STM (Scanning Tunneling Microscopy)

1-Merpato-2-propanol SAMs on Au

[ %

(1

&-

11)

AFM (Atomic Force Microscopy)

am

« Human hair . Polymer ball

0 10

20
Topogtdphy Topography

30 0 200 400

600

Topography (5Sumx5um)

SCM (Scanning Capacitance Microscopy)

Dopant profile of MOSFET
= ,,_T‘..,w“"" _ f— -:‘ poxs '

(50um x 50um) SCM Amplitude SCM Phase
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Semiconductor Analysis Techniques

Morphology / Topography / Structure : SEM, TEM, AFM
Crystal Structure / Texture : XRD, ED

Particle Analysis : AES, XPS, SIMS, EDS (SEM, TEM), EELS (TEM)

Surface Impurity : SIMS, AES, XPS

Film Composition & Impurity :
SIMS, RBS, AES, XPS, EDS, EELS

Bulk Impurity : SIMS

Chemical Structure : XPS, EELS Stoichiometry : RBS

_25_



Analytical Resolution vs. Detection Limit

TEM/STEM

5E22 100 at% 2
=3
L
1E22 10 at% £
e
(5]
1E21 1at% 2hn
w
=)
~
1E20 01 at% g
~
<
2
1E19 100 ppm |
@ TOF-SIMS
@ 1EI8 10 ppm
s =
=%
2 £ 1E17 1ppm
g:
@
2 e 100 ppb
1E15 I Chemical bonding/ o5 10 ppb Bulk
molecular information Techniques
B Elemental information Dynamic SIMS
1E14 I Imaging information 1ppb
' Thickness and Density information only
(no composition information)
1E13 B Physical Properties 100 ppt
The EAGLABS™ Bubble Chart
1E12 ©2013 Evans Analytical Group 10 ppt
01 nm 1nm 10 nm 100 nm Tpm 10 pm 100 pm Tmm Tcm
TOF- L= SEM- TEMYS
A op s5lMS Auger  HKPS THRF SEM GOME Raman HES ICEME LEXES XRR FTIR EDS S5lME STEM =R XHRF
Physical Monalayer
Top Surface
3 e
10 nm
Thin Film
100
Thick Film
1,000 nm
Bulk Substrate
=2.000 nm

SIMS Depth Profile é’“‘e“"’ ﬂg

www.eadglabs.com

Copyright @2013 Evans Analytical Group - 02413 BROO

Typical Profile Depth sampling Volume
(typical data point)




Summary

*SEM
*TEM
/STEM
« AES Electron
*SEM/EDS
*STEM/EDS
Cs, O
M-SIMS lon
*FIB Ga lon
*RBS He lon
*XRD
«XPS X-ray
*XRF
*STM
*AFM Probe
(SPM)
*MFM

*0.5-30 keV

*> 80 keV

*0.5-10 keV

*0.3-30 keV

*> 80 keV

*1-15 keV

*1-40 keV

> 1 MeV

*60 kV

> 1 keV

e =4 keV

Secondary Electron

Transmitted Electron

Auger Electron

Characteristic X-ray

Secondary lon

Secondary
Eleciron or lon

Scattered lon (He)

Diffracted X-ray

Photoelectron

Characteristic X-ray
Tunneling Current

Atomic Force

Magnetic Force

* Morphology

*Morphology
*Crystal Structure

eElemental/Chemical
eLi-U

*Elemental
*B-U

*Elemental
¢ All elements detect

* Morphology

*Elemental
oLi-U

*Crystal Structure

eElemental/Chemical
eLi-U

eElemental
*B-U

*Surface Topography

*Surface Topography

*Domain Structure

*SR: ~1 nm

*SR: ~2 A

*SR: <15 nm
*DR: <2 nm

*SR: ~0.1 um
*SR: ~1 nm

*SR: > 30 #m
*DR: 2-30 nm

*SR: > 5 nm

*SR: 2 mm
*DR: 1-10 nm

*SR: 10 /m
*DR: 1-10 nm

*LR: < 0.1 nm
*DR: 0.01 nm

*LR: <10 nm
*DR: 0.01 nm

*LR: <20 nm

Analysis . .

*Easy sample preparation

*High resolution

*Small probe size

Better for several atomic %
*Nanoscale analysis

*Composition analysis
*Best sensitivity

* Milling, Deposition, TEM
sample prep.

*Precise atomic % without
standards

*Non destructive,
simultaneous depth and
composition

*Texture, residual stress
*Grain size measurement
*Etc.

*Chemical bonding
*Valence States

oHIII =24
*EDSOll Hioll DI 4= &

]

25 Tip, SSAE

«JHZ 20| 0122

‘ANE BEHO OIAl A =




Summary

FMNEXE0IH
(Scanning Electron Microscope, SEM)
A2 0 1~20 kv BXIE LAAIA A2 E
oM LIREeE 2XEXE HE
cANSHEHS HAZS 1 nm ==0A 2

S
+ EDS 2060 DIaEHe d2&4

QHOIE 2]

(Auger Electron Spectrometer, AES)
AZO0 BXEES UAAITA K| HECE KA
22 QMO KIS 22 =3
oAt

-20| 280

Jm

HIISd SHALE

(Electrical Characterizer)

(I-V, C-VEH S
- HBDHE S H(DLTS)

- NEQ 2S =9 Y 2L HUX ST
- ANEQ ZESH 24

SHAXE0S
(Transmission Electron Microscope, TEM)
=8 keVO| MXIE AlZ 0 FUAIH EH
et 3 EE= MAE 01800 Hatst
s ANZUWES RXE 0.1 nm =0 242

*EDS & EELSE Ol LIS d2&4

(X-ray Photoelectron Spectrometer, XPS)
A2 XES LAFAIHA X&E Ol 2loH 6 D|= & Xt

of HIAXIS Y¥S B
T 220 24 8 SSIRE ME 24
20| EO ML 24

LI 28 A|AE
(Nano—probing System)
AIEHDIFE2 0|28 L AHY FAYM ™

= [ — ]
EErERY

(-, C-V EH S
ABO ZE SN 24

EE0|2EAIAE
(Focused lon Beam System, FIB)
=4l keVO EEE 0|29 A2 E Al 26}
(=]

D EEE=E 20222 SAst

(X—Ray Fluorescence Analyzer, XRF)
AlS U =4 keVe XHS LAIAIHA HEL = &
o~ EAXHES ES

A= =
slEs 24

24 H2l(ppm~%)

=Ne)
TT

0l 1T = 0l 4

L2
ed T

KJ

& AlE E=H| 20|

J4OHe RE BE =S
HAX} 2/F 28U S

SO HAME, HINY =E

FAHEEB0IE
(Scanning Tunneling Microscope, STM)
SEEEW AIZ(ZH, EHE M) ALOIS B Y
2 HMBE 0|20t0{ HHo REXEAM

LR: <0.1 nm, DR: 0.01 nm)

2X0|2& 22 A )|
(Secondary lon Mass Spectrometer, SIMS)
«1-20 kVO 1XI0I22 AI20 YAIAIH &5 =

— =

= A >
2220 Iy 2AY 20|Y FHO| B
20| YEO B22 2T =X

Zgrz 22|
(Photoluminescence Spectrometer, PL)
«QUAFZONl OloH O4D|= MXFDF MAE o W E

AN EHECs YAHEZS 24

— 0O =2 T
PAB EE 2a20 BRTEN S4 24
CABO BESH U LBSY 24




Summary

SAXEs01H HEHE S2AIRIE 2| L= 2RI AIE D]
(Atomic Force Microscope, AFM) (Rutherford Backscattering Spectrometer, RBS) (Nanoindentor)
EFEI D A2 X2 B9 HIDIZE BEBZ= L [ MeVR JIEE 0|22 Al20 LAIAIH LESC [«2AXE ATHO L2ASIHA SI=0 BIQE HS
HES gt8Ho2 =5 = 029 XIS s A= Moz =XMoll, dEQ HAEE K=
HHEA =XH(LR: <10 nm, DR: 0.01 nm) [*ME2 XM 222 20| s 22 2 AZO AEKEANH S =X
«Z2FE JJ|, i CD S =X LT AIEH QIO EUHE Y 24 JIs LF2HEIKS2AH =H
_ 3X XS 0IZE
X& 5 &I = Xel-JtAlE EZZEH
) (3D—Atom Probe) .
(X-Ray Diffractometer) S xR A200 AOIT =2 012510 ZLAIZI AT (UV-Visible Spectrophotometer)
‘AlZ20l XHS LALAIA Bragg 224 S 0HF | = o s == = UV-Vis Yol 22 AL X E2 EAHUIAM
Se xS 2 o A= FAE =5 ) HIEO| BY S SHLES ST 53
_ SARAEC=Z AL 5 L X 22X A ol TL Ol = TLO| & X KM =M
CAXYDE MUY H2=oY =X i AR 2 HARE, £ 24
- Sub nm =&2| S2tEdis, 10 ppm ==2 & =R O ETL0| = = AD
«BHOFE Y 2 U ER&HED|(XRR 1) - SEZREAN H BN s ES
E5HH|
ZTEES0IA 2ok 2| Lt QI X2 A D]

(Confocal Microscope) (Raman Spectrometer) (Nanoparticle Size Analyzer)
OIMZRD BES 02 EHOl XS & |-0IN 0S5 £ Al YAZ OIS 210 [-SHBMUEH(OLS)S 01S0H0 L= 58
A 22O AEZ2BEH HHAS S N=O2 MR HEl= Atet2E HE (54))

CHIIINEOZ MIEL XXO| C=A 24 |20 ZEZE2 2 2)| 24 SROIELHHAE S LA S, 2H, &

<3MECR AR XU WERE 24 |3 L 2| 22 L HSMEE 24 Z, 885 245385 1~ nm)
ElEZl A ZoloBE HAN2EI| dI0IN3E AT EAD|
(Ellipsometer) (Fourier Transform Infrared Spectrometer, FT-IR) (Laser Scattering Particle Size Analyzer)

20| BHAL S0IEH S HAL HEHE SH [(AI20] MM ZAS AAAHA 2 IR =2 < [-C0IMES 0ISotH =S (A, S4)

oHOY Lo MR 22 2HE =5 S o) 040 2 AREZOR 24 2E M H And A I H G =X

. BIOIO| SHZE 0.1 nm £E=02 =X 2RO BEES UL R 2A =3(5889: 0.1~+& um)

cZEEN KMES A HIINUE &F A 22 24




F UM AHSEM)
Auger™XHAES)

S4XHM(EDS) 2R AHSEM)

AR




E BT M 24

Scanning Electron Microscopy (SEM)




Z= AFE XHE 01 Z(SEM) Q) 1R
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= AR XS 01 P (SEM) 242 W : & X

® SE (Secondary Electron, O| X}& X}
P A XA O AlH 1t S=5H0{ MAM Bf Al H Q| H|ERY

® BSE (Backscattered Electron, 82X X

S=0l| oo AlEol| A 3= 50 eV 0| 5te]| ol A E %

D AL ALY O] Al H 2 ZE3510] JANAD = e =z %*.?;?EEHIF



Z= AFE XHE 01 Z(SEM) Q) 1R

(=] = = — (=)
=4 54 # 4 7|y =4S b &
« BH g4t &l xof 2 « SEM2| S7tEsl S ~1 nm « SEMQ| tf 2

o «EDS A E42 A& He

(Point, Line, Mapping)

M= I—CRT/ I-Specimen

N3

O| M| Particle

EDS

ol oo
=

= 1

0|83t 2 L uiatel =N B4




=AMNNEAS 0 E(SEM) =482 R : &X

EI::?(::I"I Electron Gun xJI}§0"H ’&I}%’ﬁ
T keVO NIUXIZ TS
[~ eV ~30 keV)

-

Electromagnetic
< Lens CRwmxes ys

ToTV

Scanner ‘

A HH0I AL FAL

.'I‘t.-i.'.'

N ©

on

u*grz
o

m

~ oy
)]

d&J|0IM SE/
" Secondary

XY, &88 d
Electron

\Detecior ‘

Specimen SEHMFUTE D
s)
[=]
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TSPNFSIESY|

Electron Gun
Cross Over Point (dg) Wehnelt
Anode —— | I
Electron Beam pl
' - M1=qllpl
1st Condenser Lens t qi > (M : Magnification)
(ml =pl/ql)
Aperture 02 (m : Demagnification)
2nd Condenser Lens ¥ 5 ~ M2 = q2/p2
+ (M2 = p2/q2)
Aperture
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(H& & b (Charging Effect)

Energy of SE and BSE

« SE S e BSE
lin =1p
lout =|se* |aget lab
F
Probe Gurrent (1p) . a3
lin# lout X
Backbcatted Electron 1|oo 1600
|E;5|‘: Second Electron H ROl L{%| (eV)
|5t) _
Flectron Charge-up sample2| &<
Acumul&tmn"“ﬁ : ﬁ ¢ € BSE
X <€ >
: Abzorbed Current
e D (la)
sF
| K
7 Rl
100 1000

TR LA X] (eV)
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* BSE mode or Lower detector
- BSEs have high energy so image is not sensitive to charge-up

= Capture in fast scan (Picture integration function)
* Decrease Ip =2 lin]

* Decrease Vacc =2 lin]

- Coating (Pt, Cr, Au, C, Au/Pd etc.)
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TEM =4 2] iR
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< Types of Information » Composition with EDS & EELS
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1600
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Counts
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= TEM BF/DF Image -
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SK KKp diamond
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% NTEN:A 3 4 5 éFeKu% 8
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* HRTEM Image J
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: : /1Ur 15 V’?OOO 7‘5‘ 30 35
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2dsin €= A (Bragg’s Law)

Electron
Beam

Diffraction

Specimen Objective Lens Back Focal Plane Image Plane

Specimen . Diffraction Pattern . Image
Fourier Transform Fourier Transform
A > =
D(x)
Real Space Reciprocal Space

(Fourier Space)
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TEM Imaging Mode

Diffraction Phase Contrast
Contrast
Incident
beam
Thin specimen Very thin
- — * v Ven
<~200nm - specimen
°1° <~50 nm
. . Un-diffracted
lefracte.gi‘ -beam g . R .
beam p v « ¥ vy ¥ vy
P ] I ] [ ] [ ] | |
Objective <
B @) @
Bright Field Dark Field HRTEM

D. B. Williams et al., Transmission Electron Microscopy: A Textbook fmggﬂals Science



TEM Imaging Mode
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BF Image vs DF Image

* Bright field mode: £3tIE objective aperture2 €4
* Dark field mode: £&9l 3| &1}E objective aperture 2




HRTEM Image : Lattice Imaging

* HRTEM mode: Enreint 3| =290l a4 (2td)0ll 2aH 24

* Phase contrast by the interference among beams

e :
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" e v

Si [110] zone



HRTEM Image : Lattice Imaging
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HRTEM Imaqge : Structure Imaging
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D. Shindo et al., High-Resolution Electron Microscopy for Materials Sc.i.e&ﬁ_
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Scanning Transmission Electron Microscopy (STEM)2| & 2]

Electron Beam

Pixel

/

Specimen

Annular dark field detector

Bright field detector
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CTEM vs STEM
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STEM Detectors

Incident
convergent
beam

Incident beam

Specimen
0, >50 mrads off axi
0, >10->50 mrads TR R
%
03 <10 mrads
Scattered
electrons do 9@/,
HAADF 0 HAADF
detector ADF ADF detector
detector RfF detector
detector
Unscattered dQ
electrons

D. B. Williams et al., Transmission Electron Microscopy: A Textbook fa.r.gyr.i.als Science



Z-Contrast Imaging with HAADF Detector

Pt Particles in SiO, nanotubes
BF ADF HAADF

conical DF TEM

Www.microscopy.ethz.ch _70_



HRTEM vs HRSTEM

HRTEM HAADF-STEM
Phase contrast Z-conirast
parallel bea facused heam
# * * * { convergent angle
= 10 ;
prohe dlamelerqa-ﬂ _:r.'::nmg o'
R . = 5
. 20000 Q0000 B PP, » 5™
Fraunhofer § @ @ @ @ et e i J—— SRR Ko
diffraciion g @ @ Q @ QP i@ @ Trannelng
2 Q000 Qo090
. | FOT 1.
dgmﬁ d:r;:;m 1 electrens

lens Adnu

| Z I(high-angle scaitered electrons)

LT

. A e 1o

comma T ST )

1. Contrast

* High-resolution TEM (HRTEM) image is a phase contrast image
(indirect image). The contrast depends on defocus.

+ STEM image is a direct atomic column image
(average Z-contrast in the column).

2. Delocalization Effect

* High-resolution TEM image from FEG has delocalization effect.
* STEM image has no such an effect.

71 Twin boundaries in BaTiO,, Jia et al. 1999



Cs-Corrected STEM Analysis

Synthesis : Sn-doped ZnO Stacking Fault
Type 1(b) : ABAB|ACAC

Planar
defect

[0110]

\,

<0001>

50 nm

A

HAADF Angle: 90 ~ 170 mrad
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e TEMS 0|28t dEE4 JAd
« EDS (Energy-dispersive X-ray Spectroscopy)

- &M (point analysis), 2tRIZ 21} Y (line profile), &0 E(elemental mapping)

 EELS (Electron Energy-Loss Spectroscopy)

- M &M (point analysis), 22121} A(line profile), ¥ 201 & (elemental mapping)

7 T _EDS: E=0.013 (Z-1)2 (keV)
1. 2Ol = e fIXIZ
Lo el- | —eoo e MOl HHOA SA X 2y
L; —® — o8| —
e 2 24 Yol HE
L, — o o —|— | — o o|—
Wh—

———0— - EELS

1AM XD L2 &
Ol &t I XIS &
(L AFE XS HIEHA

| 2. A P HED &M, peak? chemical
az E E(=hy shiff L= HENBISIZ 518128 A ZAL
EELS EDS
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(Background Kl 1)

EELS : energy filtering
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SEM-EDS 2 TEM-EDS®2| H| 1! : Beam Broadening

I
||
<1nm || ||
Ve v
t
Volumeexcited Volume excited
=M om= ~ 108 pm?
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£ & XH& (Characteristic X-Ray)
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E(=hy)

Characteristic X-ray

Ef
3/2 I—|||
2p
12 9o / Ly Incident Beam
2S
—o { |_I
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Energy Dispersive X-Ray Spectroscopy (EDS)2| {2

M ¢ 3 2 5/2 (3d5/2)
M, e — 3 2 3/2 (3d3/2)
M, TS 31 3/2 (3p3/2)
M, T 3 1 172 (3p 172)
M, 30 1/2 3s1/2)
o o B .
L series
L, =g 2 1 3/2 2p3/2)
It $—- ! 2 1 1/2 2p1/2)
L 2 0 1/2 2s1/2)
o a P Bs
K series
K 1 0 172 (1s1/2)
N

® Selection Rule
— Al = +1

D. Shindo et al., Analytical Electron Microscopy for Materials Science_79_
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D. B. Williams et al., Transmission Electron Microscopy:

A Textbook for Materials Science
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EDS =4 Atdl

e EDS =4 Atyl : &2 Map

EDS &AM

Glue
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FE-TEM / HRTEM & EDS &4
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EELS & c|

Incident electrons

10 10 I T T T T
«——Zero-loss

Counts [ 1
D ) : <| r— Plasmon

¢ NiM,;

=
oo
T

Specimen
S
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I

\ 2 104
D R|® G low energy loss
/ Atom

L
M 5 : .
d High energy loss
2 | 1 | 1 |
o Flreedelectron 1 0 200 400 600 800
ciou
Energy loss (eV)

: . Core-loss e o . _
Elastically Transmitted ot Plaslmon loss D. B. Williams et al., Transmission Electron Microscopy:
scattered  glectron : electron A Textbook for Materials Science

electron . Continuous loss electron

i
Inelastically scattered electrons

D. Shindo et al., Analytical Electron Microscopy for Materials Science_84_



EELS Peak of High Energy Loss

045

1

2

25 2p 3p 4p i 5p
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Energy

D. B. Williams et al., Transmission Electron Microscopy: A Textbook fo.r.%r_i.als Science



EELS Spectrum : Peak Shape of High Energy Loss

9.0 —
~021? CcK
0! : : t
200 300 400 500 600
Energy loss eV
1.0
*10%4 €
1\ siLzs
- SI_L]\
0 t + + + +
80 100 120 140 160 180 200
Energy loss eV

L. Reimer et al., Transmission Electron Microscopy
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FE-TEM/EELS &4
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LR L R RN R U
OO OO OO QOO0
UL U L R O U U

IENEN] LU

A AHl

RO
I AR B EREN]

t 4
RO LSO )
DU RO N
UL U

UL
LU OO L

COUUUN N S0 N
DO U OO

l Si* (108 eV)

Si* (103 eV)

Si* (100 eV)

Counts

Sio+
Si
I
Si—Si—Si

|
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« Core Loss Spectrum®| OIAMZ2 =X
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Atomic column EELS Map ; Specimen : SrTiO.




Focused lon Beam (FIB)



Focused lon Beam (FIB)

Focused lon Beams can image an IC’s surface as well as add and
remove conductors and insulators.

Focused lon Beam (FIB) technology allows the capability to locally
etch materials by milling a sample surface with a highly focused ion
beam. This same beam can also be used to locally deposit
conductors and insulators. These operations can be made with
submicron precision and give rise to a number of useful applications.

Typically FIB is utilized in on-chip circuit modification (redesign/repair,
device isolation, probe pad formation) and advanced circuit
diagnostics for failure analysis (cross-sectioning and TEM / SEM sample
preparation).

_97_



Dual Beam FIB System

SEM
Column

Gas Delivery

{ V ] Ga+ LMIS

] Extractor Cap

: ‘"' Detectors Beam Acceptance Aperture (BAA)
Image (i oy ———

Processing ' Y

Condenser Lens

Beam Defining Aperture (BDA)

Quadrupole

—] — Beam Blanking Plate
— === Beam Blanking Aperture

ﬂ”lﬂ]ﬂ”ﬂ”ﬂ”ﬂﬂm Deflection Octopole

S

Objective Lens

Sample

lon Column
for FIB

SelfipIe



Liquid Metal lon Source (LMIS) - Gallium

Tungsten tip without Gallium lon Emission from the
LMIS “Taylor Cone”

Tungsten tip with Gallium
forming a “Taylor Cone”

T

o R s 1 -

e

Liquid Metal lon Source (LMIS)
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Focused lon Beam (FIB)

Incident lon \

(30~50 keV) Detector
® \

\

eI \ Sputtering

/ Electrons Grid bias et

Phonons

A 4

5 30 50 70
(heat) Energy (keV) |74
O Implanted lons |
_ Sputtering
Specimen T VYield

A 4

60°  80°

Angle 7
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Dual Beam FIB System

Electron Beam - SE Imging for HR-SEM Image

lon Beam - SE or Sl Imaging \ /

» Focused Milling Gas Assisted Etching
‘ or Selective Deposition




Dual Beam Geometry

Dual Beam = SEM + FIB

FIB (Focused lon Beam) = (Ga*, 1 pA—-20 nA, >5 nm spot)
SEM = ~1 nm resolution

Options : EDS, EBSD, STEM

z\v/

Fabrlcat

f/BeamsjSmm @
Coincidence /

Point

Characteyization
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Applications of FIB Techniques

Milling Metal Deposition (Pt) Enhanced Etch Cross Section

Insulator

0l Kl Hole Jt3 Step Hole JI3 SPM Tip Jt&

—_ 97_



Depositing & Etching Gas Delivery Systems

Deposition Gas Injector Systems (GIS)

1) Platinum

2) Tungsten

3) Carbon

4) Insulator Deposition

Reactive Gas Injector Systems (GIS)

5) Enhanced Etch -“EE”

6) Insulator Enhanced Etch -“IEE”
7) Delineation Etch - “DE”

8) Selective Carbon Mill - “SCM”
9) CoppeRx
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Operating Modes of FIB

® Emission of Secondary lons and Electrons (a) a)
- FIB imaging
Low ion current

® Sputtering of Substrate Atoms (b)
- FIB milling
High ion current b}

® Chemical Interactions (Gas Assisted) (c)
- FIB deposition
- Enhanced (preferrential) etching

® Other Effects c)
- lon implantation
- Displacement of atoms in the solid : Induced damage
- Emission of photons : Heating

_99_
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Dual-beam FIB2| 2=

® Imaging

® Milling, Deposition, Etching
® Cross-section Analysis

® Circuit Modification

® TEM Sample Preparation

® Micro-machining

® Nano-fabrication



FIB Imaging (Scanning lon Microscopy)

® Morphology : Topology & Grain boundary
® SE(O|AFHM X} : Topology effect ; High-resolution

® S|(O|Xt0[) : lon channeling effect ; Grain boundary contrast

Metal - OX{[ - Metal - 1 VEER Oxide

Secondary Electron Image Secondary Ion Image
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FIB Imaging (Scanning lon Microscopy)

® Morphology : Topology & Grain boundary
® SE(O[XFXM X} : Topology effect, High-resolution

® S|(O|Xt0[) : lon channeling effect ; Grain boundary contrast

£

..‘.‘ 1152009 | HV | mag @ | HFW | WD 3um .
$e®|6:59:00 PM [30.00 kV |12 496 x| 10.2 ym|16.6 mm Helios Nanolab D444
Ni-Cu Al film
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FIB Milling

Material Sputterrate
[HM*/nC]

Si 0.27
Thermal Oxide 0.24
TEQS 0.24
Al 0.3
Al203 0.08
GaAs 0.81
InP 1.2
Au 1.5
TiN 0.15
Si3N4 0.2
c 0.18
Ti 0.37
Cr 0.1
Fe 0.29
Ni 0.14
Cu 0.25
Mo 0.12
Ta 0.32
W 0.12
MgO 0.15
TiO 0.15
Fe203 0.25
Pt 0.23
PMMA 0.4
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Metal Deposition

A heated capillary is inserted close to the surface and injects a precursor gas (PT-based
metallorganic molecules). These molecules adsorb onto the sample surface. When the incident
beam comes in contact with them, it breaks their weak hydrocarbon bonds. The free
hydrocarbons are then carried away by vacuum, leaving the metal behind.

Before Pt deposition

Beam-induced deposition % AT
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Etching

* TS

A NSt '( /
Intensity nsulator

Dose/Depth +10.00
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Cross-section Analysis

g HV | det| WD ‘tlt mag @ 5 um ] o - - m—— \ mmus HV | det| mag [ tit || WD = ———d0ym—— |
*/10.00kV|TLD[4.1 mm |53 °| 12500 x * 5.6 mm eli olab D444 L 00KV 54 6imm  label |

Device Au/Ni/Polymer Ball
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Failure Analysis with the Cross-sectioned Specimen




Circuit Modification

CROSS
SECTION OF

TWO CONDUCT
COVERED BY
OXIDE.

FOCUSED 10N
BEAM MILLED
VIAS,

FOCUSED 10N
BEAM DEPOQSITED
CONNECTOR,

o5 1/2/2009 ‘ HV ‘mag BH| HFW WD — 10 ym ——
¢e® | 3:28:36 PM |30.00 kV| 2 500 x [51.2 ym|16.5 mm Helios Nanolab D444
Metal37HX| SHE HE2Z
Top metal2} M2, M1 cutting % deposition
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TEM Specimen Preparation

o EX x[o|Mel TEM A|H H| =}
e 0|2 LT H = J}S3IX| B2 TEM AlH H =t

Al

PPV:PCBM

PEDOT:PSS

100 nm glass

Sample with high milling rate difference
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Micromachining

e direct-write technique

e high spatial resolution (=10 nm) in combination with a five-
axis motorized stage

e possibility to mill and deposit materials
— FIB is powerful tool for maskless micromachining

e subtractive (milling) and additive (deposition) machining
are possible in the same machine

3
s
< 5
it it -
% -

-~ readout 3
lipiad s s
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Nanofabrication

Nano-indenter
(Diamond)

AFM Tip Application Nano-Mechanics Application

Download: FEI Company web site
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Q&A



