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Challenge since almost 50 years

"It would be very easy to make an analysis of any complicated chemical
substance; all one would have to do would be o look at it and see where
the atoms are. The only trouble is that the electron microscope is one
hundred times too peor ... I put this owt as a challenge;

“There's Plenty of
"M Room at the Bottom"”

Richard P. Feynman
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Theory of image formation - Royal Society in London

June, 11%, 1879

H d =A/nA

Emst Abbe:
D =1/d

crown

Correction of aberrations
by a combination of
focusing crown and

diverging flint lenses
nA = numerical aperture
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Specimen
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Electron
lens

M ~ 1000 x image plane M ~ 1000000 x
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Ofto Scherzer (1909 - 1982)

Sphiirische und chromatische Korrektur von
Elektronen-Linsen.
Von 0, Scharser, =. Zt. USA.
(Aus den Silddeusschen Laboratorign in Mosbach. )
fMis 7 Textabbildungen.)
Die Brauchburkeit des Elektroncnmikroskops bei hohen VergréBe-

rungen wird durch den Offuungsfebler uud dic chromatische Aberration
Iuemtliul:ligt Beide Felnln‘r nnd “wmmd.hch. nlugs die abbildenden
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Die vorlicgenda U, hung soll seigen, daﬂ die Aufhebung irgendeines
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Electron Microscopy

The correction of aberrations started already Spherical Aberration
around 1936 with a publication of O. Scherzer

Uber einige Fehler von Elektronenlinsen.
Von 0. Scherzer in Darmstadt.
Mit 3 Abbild (Ei

am 4 Juni 1836.)

Die Bildfehler dritter Ordnung. Unvermeid-
bulmt der sphirischen Aberration.
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Joint-project on correction of spherical aberration

ns at conference
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Scanning Transmission Electron Microscope (STEM)
Cs=-4.25 um 1000
dE=08 eV
s, 2000

B =25 mrad 100
corrector objective lens dewsng = 0.09 nm

transfer doublet 1500 | Dimy =0.140m 1 10
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How is the quality

of electron lenses ?
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Scanning Electron Microscope (SEM)
modern light modern 200 kV 500 V < U <30 KV,

‘/mlar‘oscope ! | electron microscope

resolution d > 1 nm, only for surfaces

JEOL 2200

electron
\/ source

electron
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' BSE detector
—

= , display
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1wl : SE detector

~ vy

EDX
detector

K-ray | = SE =secondary scattered e
3 BSE = backscattered &

_ prope  EDX = x-ray detector
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Alignment of hexapole comrector
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Applications of Cs-corrected EM
Needed for research and industry

The characterization of materials is important to
understand the macroscopic properties of materials

and to has a tool to change them!

= to improve or optimize existing materials one

has to study the materials at an atomic level

Applications of Cs-corrected EM

The characterization of materials is important to
understand the macroscopic properties of materials

and to has a tool to change them !

= to improve or optimize existing materials one

has to study the materials at an atomic level
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Strontium-Titanat SrTio, Aberration corrected electron optics SrTio,

uncorrected corrected

Jia, Lentzen, Urban, Science 228, 870 (2003).
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Cs= 1.4 mm Cs=5pm

provided by U. Kaiser, Ulm
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Nature of step structure of CBN-28 on SrTiO,

. Ba0O

23 {111} twin boundary in BaTiO, GL Jia

Mean occupancy:

0.68 = 0.02
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PbZry 5Tig 505 (PZT)
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Historical Perspective

+ The aberrations of electron
1 optical lenses defined a
— % . barricr that has limited the
1 performance of the electron
E microscopes for a long period

1 However:

¥ 5 Nanosci and tech '.g)r
!: needs atomic-level
characterization.

Light E
Microscope

1800 1840 1880 1920 1940 w00 2040
Year

H, Rose, TU Darmstodt
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(=41  ZOXDITHEIMNMICEERERZFD 7O ADFETHERADN UL, F8ITH
/RS NRZ T LNV OHIRITHE D W T, MR OB RS il 7 W BRI 2 fifg A 72 87 36 DB 78
MATREIC/RD X9
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PbZr 5Tig 405 (PZT)
Prepared by PLD at 700 °C, MP| Halle

Ferroelectric domain walls in Pb(Zr; ,Tig 5)O5  (C.L Jia, SB M)

I \rejoiu, M. Alexs, D Hesss st al Advanced Mater. 18, 1657 (2008)

ER-C RWTH= 4 jiLicH

X —42

Ferroelectric domain walls in Pb(Zr; ,Tig 5)O5  (C.L Jia, SB M) Transversal domain wall in Pb(Zr, ;Tip5)O5  (CL Jia, SB M)

Longitudinal domain wall in Pb(Zr;,Tiys)05;  (CL Ja, SB M) Longitudinal domain wall in Pb(Zr;,Tiy 505  (CL Ja, SB M)

P A

,--IO-.OQO.

&0 Domain |
= an
| e o

. (uClcm?y -4

0
Domain 11
0

X —46 X —47

(H—42) (—43) (K—44) (K —45) (X—46) (M—47) IHOLTYUFvy—R--Ty7yA1 X
OB A HEN S B F L E. EMIE TEM OBRBICI > THERISEEZEDEIZEHE L/
ST,
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5. INAERRIER A O F AL L BHR

ATETTTT——

CEOS émbH My Control system
STEM
Cs corrector
(Probe-forming) |
TEM
Cs corrector
(Image-forming )
CEOS GmbH
STEM, Camera,
| EDS,EELS
JEOL

(F—48) (I—49) 1996 /£, ¥F>IUYT7 > « NAF—=FIAT Ll - Fuwr LEFETNT T

)V 2712 CEOS (Corrected Electron Optical Systems) GmbH #33\. L F L 7=,

Commercial developments: A new generation s
— What are the dimensions in Electron Microscopy?
im=
1.000 mm =
1.000.000 ym =
1.000.000.000 nm =

10.000.000.000 & = size H atom

1.000.000.000.000 pm

For example:
an apple (6 cm) at the moon corresponds
to 1 A in 25 cm distance

ER-C RWTH== ) j0LicH
%] —50

EFEI Titan 300 kv
bwith CEOS CESCOR

X —52 X —53

Scanning Transmission Electron Microscope (STEM)
HAADF STEM images of gold [111]

tical s:.e-cfiorl-ing \
the e-probe at different depths

(K—50) (M—51) (KM—52) (K—53) CEOS |3ZEEAE TEEMEE (TEM) | EAERE THM

# (SEM) . EAMEEE THMEE (STEM) M OEEL AR OMIERTE - "iE217oTwn
£9, ERBBICIGERMIESREETE/ Z7OA=FNH 0D T4 HriARERANT O 5 et E
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DRFFEICHRFEL THWEXT, RILICYU > TERHDZA LR DONHART (JEOL) 705
® SEM BRI - (AIGERIES DBAFEE T Lz, JEOL DIS‘ O FEBEITHAD H 8 E
. 7 AU K5 %) @ FEL RAYOH—=ILY 744 Ad 0D £Y, BIERET SR
1340 HIFEEITRD XY,

BTV — T DBFE U 7 A QBRI S (E 0% 8 R B T BB, T HROH o0 ARG A LE
TEM &KICES TRBDHFETH D, HRERFEITH U TERDEFER BN FNTN RN
BIRTT.

Hitachi HD 2700

X —54

(M—54) FEZEHT2ETHFEERTTD, BEEISHEMN OMTHBE 2 50, WEELRA
MEICERL TWET, 20 15 FIFEHRESEDOKRENE T HFHE - MAOHBEEM/ NS
TEBNTY, B, YHEEESHINE DS BNAREL, BEFEFT7 /0P —DEMKD
BEQZ— X Tafin L ENTVER AL, BRESCBUFR O THIGERMERMIC L S
TETEMBERICHI ZH BT v o A EEB L TWS IF AN ARREL TWET, ZOH
FAMIAHEZBERE S T HERE DO RN SLEEDTHED, ZORLNIREGS A>T T
1 TREEI N, EMEF - FL—Z P OETBICHE I DN TN T EZE> TWET,
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6. H72 5L DBk

What will come in the future?

Electron microscopy:
new correctors - for the compensation of
spherical and chromatic
aberration

which would open a new avenue

for additional fields of applications

biology EM
in-situ EM

microscopy of magnetic structures

X —55

(M —55)  BRENPZERIESA ORI 2520, Fri QO PGE M IEBAME AT R O R SErT 2 1
BLEDELTOWERTH, REEMNNICKEORMIZHLTL D0 ?

BIfE, & BAIBERRIX 0.08 nm DMEREIC K > TE pm HALOKEE TR L& OFHAIZ rTREIC L
TWEY, BIZEEMEA A= 2 73T L & 50 2 ZOMWIZEA S 720I1IE, (nBifT
aOIEMREZHIK L TWENZERDBENH D LT,

spherical & chromatic aberration

Cs & Cc corrector

objective lens

(KM—56) REEICHIFZET 2 EFR T, HEEROEMAVIREI® / 1 X7a & QIMEERTE B
5OIRE). RIEMRORE, KUROZEMEEND D XY, KB OEINRERITEE T 2 il
MHEBEEEZITET, IO LEFITHL TIIRA R EINZ L. TR0 20 E %
PrEDH L <IERL TWET, D EOYBEEEOMIZE TR - SEANBRFDELEL XTI, F
A, ETENASHHESNZETOTFRIIVF—IRIZARTI L. BFIES - BREL X - A7
AT A=5 Aldaia EO EEFRHNDOBLMIFM D ZERICHES T L DIZIEHDHKETT,
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. ; ; ; ; * Aberration correction removes
an [ AigmEtanl aesiin the barrier that has limited the
aider et al. (hexzapole corrector)
'E Bembmiwelsiosiones E performance of the electron
corrector) g 1 _
Drehiagheg o microscope.
Stuttgart HVEM
0.1k -
e Successful realization due to
Electron ” g d .
" t -
1 T — arton i advances in
E computer alignment and
electronics.
0.001 3 =
E » Nanoscience and technology
needs atomic-level
o000t Amici . - 5 :
: Light 3 characterization.
oo Microscope 1
1 Il 1 1 1
1800 1840 1880 1920 1960 2000 2040
o H. Rose, TU Darmstadt

X —57

(M—=57) MMATHEMINEE, INXTITHIETES/ZOEEREPGEZT TH O, ETBEMER
DEIEZHENZEEBT 5720113 > XOELGEEMIE LIRS 5 ImWER TS, AlGE
DB ER/NRICHA S HELSEDHD £T, OEDFETHOERIZETIRILF—T 1)L
F (E//780A=%) ZREL. ETOLRINFREZRBTL2HETHD. ©20EDEFEIN
72 CERHGE 2 FRFICHIET 28 22T fERZ2D< 2 HIETYT. TOBE. BH OB T
ZHRBIE L THHaER - EEZEBTHICRARLZESEL TRORNERE A,

q\] N TEAM Project
e\ Transmission Electron Aberration-corrected Microscope purryy

A collaborative project to develop the next-generation electron microscope

- Hc a Ad bj ungrecedented scientific opportunities for observing the atomic-scale order
\\\\\\\\\\ Aructure an: I:I_,r- Amic: :-.' individual nanostructures
. Made posslble by s ts in i d oplics

TEAM vision: build an experimental station to observe and probe individual

ires in a tunable el ptical environment.
—98 —39

(M —58) (M—59) Hx3iELZERKD THE, KTV F—HT TEAM &IFEN2 7O
7 hTHEDSNTNWET, TEAM OHEEZ 0.05 nm (=50 pm) D/ fRRE % 7 D& F BHMEE D B
FTY, ZoEENTHRITIUL FEENICIE 1 pm OFE CTHTFAEZFHITE X 51TmD %
EE
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Benefit of C.-correction

dE=0

HT @ 300 kV
Cc/Cs full corrected
Cc ~ 100 pm
Cs ~ -10 pm

(S S

E, = 200 keV

X —61

(®—=60) (M—61) TEAM 7O x7 bORFEMFEZEIIEIC CEOS MY L THWEITN, 20
KO IR KRR BIEEZENRT 2 2 OITIEBT O BRI E 83T e CIEEIT B M = TR B 2 i 7
IRIFR D FH A, BIGE LRI Z FRFICHHIET D HHER 02 RIT. BlfT OB ESS
DB EZ 3BITH/RD £9, CEOS Aikat UM ZERERE 17 EOJCFEE TRk S N, #B4E
IZ1& 150 R DEN R Z 1 N\OWAETY ONEF R IESR OEIR B T /N3 28 fi) . FAIGEMIESR
DOHIREIE - BROMIERITIT 1 EBHD 1 WD ZERIOMHENZEENERSINET, ZDEDR
R 2272 BRI E AU D BEERT2 B BRI RBIARRETH V. CEOS DFFHIBEHFHOLL »
cO= 7 ZEMOBRENRO ANSNTWET, TEAM 702 7 b OilfERRIdIE. CEOS @
INA TNV FEERBITRE SN TOE T, BB T H AIGE & BRI IS O [FIRF F % 5E5E 7T 6E
IRLANVZEELTHY, JOor /7 MIEEHMNICRIHEIZE 792780 TY, AEETHR
DOBETIE, AR DNERFIESEMSE I G T 2 0 MEENREF I I NS 2 LITRD £T,

How will the future look like?

TEAM 1 currently grows Electron microscopy:

new correctors - especially for the compensation of Cc
will open a new field of applications
(e.g. in biology)

and grows

semiconductor industry:
charged particle optics needed

for reviewing processes
for structuring of materials
for repair of structures

X —63

(M—62) (M—63) &LiIWA, DEREDH ETNBEENENEDI TEIH D XA, @IERE
SEMEE I R eum O 7E BT BN T, CO: 7 U —RHEALERI R R EMOHFIHFEIC. HDHWN
AEMBEO NTYEa . ERAIIaEE, EREaED T T ORGAROUIFICHON T I T A if
ZRIELET, b0 ETHZ0HAZIOERHEBEL, FXOBETES LT WHFZE
{7=®iT, ZL TR ROMRICFONTOE LG SETOIC I 2R DEFIHS
PANIHFET 2D TT,
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X —64

(M—64) IZEFHE TEM JO2 7 ORENTERBRERREEGEIT SN T AT X T —
FUMEL meticl oY o NEFHMELHERL T ES > B EBEOEHKOBYTY ., Bk
BIXKBEEICEET 27201084 D/NEHEZZEL £ Lk, TNSIIEMICBREICH K EH
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