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Procedure of TEM/STEM tomography

Tilt series |(TEM/STEM) 3D reconstruction |(PC)
Specimen tilt: +60° ~ +80 (a special Align image shift in the tilt series
specimen hoolderonecessary) Determine the tilt axis
Increment: 1 ~4 Reconstruct 3D volume using
Total No. of images: 31 ~ 161 filtered back projection, SIRT, etc.

Projection requirement
(mass, thickness, etc.)

L WA o
Projection L/ Back projection




Development of TEM tomography

Ziese and de Jong: Applied Catalysis A (2004)

2001: routme application
of TEM tomography m
catalysis by Janssen/de
Jong/Koster [6.7].
1960’s: first applications of ~ 1990°s: routne application 2000 first application 2001: first applications
tomography related technique of TEM tomography in of TEM tomography of electron tomography

m electron microscopy biological sciences m catalysis by to HAADF-STEM and
biological sciences (7982 Geus/Janssen/de spectroscopic (EFTEM,
Nobel Prize for Klug) Jong/Koster [3.4] EDX) images by

1999: development and application of 3D \fidgley/Weyland [14]
HAADF-STEM system for nanomaterials d Mobus 115
by RIKEN, JAEA, Nagoya Univ., Kogakuin and Mobus [13]

Univ., and HITACHI
Timeline

1917: formulation of 1960’s: development of X-ray 1990s: development of 2001: development of
mathematical base for computerized tomography automated TEM pre-calibration electron
tomographic techniques by (1979 Noble Prize for tomography by Agard tomography by
Radon (Radon Transform) — Cormack and Haunsfield) [18] and Baumeister [19] Koster/Ziese [20,21]
1990: first commercial 2001: commercial systems
systems enable data making use of
acquisition m ~4h pre-calibration enable

mmproved accuracy and data
acquisition m ~30-60 min




Electron
tomography for
cell biology

Non-crystalline

Non-periodic

Complex
nanostructures

S HRRE

1 nm: BEH[FREHT
2~4 nm: TEM-CT
(Baumeister, IMC17
(2010)

Mclintosh et al.: TRENDS in
Cell Biology (2005)



Electron
tomography for
nanoparticles

3D shape, volume
connectivity and
location of nano-
pores inside a
support material

1~2 nm resolution
becomes In routine

Preliminary result of
atomic-resolution
TEM-CT

(IMC17, 09/2010)

Ziese and de Jong: Applied Catalysis A (2004)



CNT D& %% 2

IN)LRBEST (B, BF).
HBERIRELETEMME
J574—DEEE



TEM tomography using diffraction contrast
Visualize microstructure in crystals (Mass-thickness contrast is not appropriate)

Dark-field TEM e £
tomography for . .: ¢
ordered structures 52 .

Imaging of superlattice
. [100]fcc"
domain structure —

100 nm

Kimura et al.: J. Electron
Microsc. (2005)

Hata et al.: Adv. Mater.
(2008)

Weak-beam dark-
field TEM
tomography for
dislocations

Dislocation networks in

GaN film
Barnard et al: Science &
Philos. Mag. (2006)
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3D diffraction contrast imaging:
keep a diffraction condition during specimen tilt.

Incident beam
High-angle single-tilt

tomography holder
(Fischione™) Diffraction pattern in

a two-beam condition

Lattice planes

Specimen-tilt axis
// Normal of the
\  lattice planes

In order to keep the diffraction condition during specimen tilt,
L # Well-controlled sample preparation (almost by chance)
vy # Incident beam-tilt (causes image distortion due to aberration)

Direct Diffracted : : :
beam beam # Double-tilt tomography holder (not commercially available)



We developed a high-angle triple-axis (HATA) specimen holder.

C

Using a rotation dock http://www.melbuild.com/
Resolution: 1 arc minute Hata et al. submitted



TEM (transmission electron microscopy)
and STEM (scanning TEM)

parallel electron focused
beam electron probe
specimen
specimen
projected potential high-a?g]e
v, (r) / scattering
annular i
detector |
i Z-contrast
Fourier lransform Ob]edwe lens %% IE j:ﬁ— ﬂ:g \ image
== VAN
(RELAE S M)
¥ (u) CTF(u) back focal plane EELS
i diffraction pattern
inverse
Fourier transform

Fig. 8 Schematic of incoherent STEM-

image imaging using a high-angle annular

dark field detector. Simultaneously

Fig. 1 Schematic of the imaging process in a high-resolution electron bright-field imaging or electron energy
microscope. loss spectroscopy is possible.

F. Phillipp: Mater. Trans., JIM, 39 (1998), 888.



STEM imaging modes

Fe-3 mass% Cu alloy

Bright field Low-angle annular dark-field

™. 8

High-Angle ADF

Dislocations

10 nm

Courtesy of Profs.
Tsuchiyama,
Takaki (Kyushu
U.) and FEI



Influence of deviations from Bragg conditions
Dislocations in bcc ferrite (a-Fe)

TEMDIFF k=g k=1.1g k=1.2g

o

1.5¢g

7 L
g =013

g(hkl) = 310, .
———

STEM BF (Incideii¥leam angle: 7.5/ miad)

500 nm




TEM BF STEM BF
(Parzllel (Convergernt
pearn) pearn) (b)
200 nrn

Ausienitic steel, Arlon milling



500 nm

“Austenitic steel, Ar ion milling




STEM dislocation images with different g vectors

Austenitic steel with FCC structure
b = <110>a/2 (perfect dislocation) or <112>a/6 (partial dislocation)

g =200

g =420




Keep two-beam condition (STEM mode)

Austenitic (fcc) steel ( ;7‘:

Diffraction condition ’
K =¢g(200) /

Specimen-tilt angle O
-70° ~ +70° K

Misorientation angle ]
between /
specimen-tilt axis 0
and g(200) < 1°




STEM tilt series of dislocations

SUS316 after 5% compressive deformation at room temperature

STEM BEF tilt series
(Contrast reversal)

Specimen-tilt angle
-70° ~ +70°

HATA holder

Specimen-tilt axis //
g(hkl) = 200fcc

500 nm




3D reconstruction of dislocations

SUS316 after 5% compressive deformation at room temperature




Complete visualization of dislocation
arrangements by dual-axis tomography
(Austenitic steel)

(a) Specimen-tilt axis parallel to g,(hkl) = 020 (b) Specimen-tilt axis parallel to g,(hkl) = 200

p=4.0x 103 m?2



Number of dislocations in 2D tomograms
SUS, 3% strained at R. T.

Xz plane
Reconstructed 3D volume (1 pixel = 3 nm) P

T4%]‘/ ¢Im5 pixels

900 pixels
X 900 pixels

xy plane Q ¢ yz plane

2
€ 10C 206 SN 400 S00 G0 YO0 00 300
Scw murnber f phosl

>
>

20-30% reduction of dislocation density near the specimen surface



Dislocation density evaluated from 2D image and 3D volume
Austenitic steel, 10% compressive deformation at R. T.

1014

1013

1012

L: total length of straight lines
on 2D image

N: intersection number of
straight lines and dislocations
t: specimen thickness

L1: total length of vertical lines

n1: intersection number of vertical lines
and dislocations

Lo: total length of horizontal lines

n2: intersection number of horizontal
lines and dislocations

Mitsuhara



Dislocation reconstructed under different
specimen-tilt conditions

20000
25000
30000
35000

SIRT

Z
ky
X

20 nm

-79°t0 79, 1" step -40"to 40, 1" step 70 to 70, 10 step




Cross-sections of a reconstructed dislocation image
as a function of angular range of specimen tilt

SIRT

-79 to 79 -60 to 60 -40" to 40 -20 to 20°

20000 20 nm
25000
30000
35000
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Vickers indent
and heated at AN
873 K

Tanaka et al.
Scripta Mater.
(2008); J. Electron
Microscopy (2010)




Energy-filtered HVEM
JEM-1300NEF

(Installation completed in 2010, Kyushu

University, Japan)

Omega type energy filter, Tomography, STEM

Penetration power of electrons as a function of
accelerating voltage (assuming unity for 200 kV)

2.9

2

m 15

Vitgz00kyy 1 |

05

200 kV — 1000 kV
The penetration power becomes
1.8 times.

o & Ll

0 200 1000

1500

2000

Accelerating voltage (kV)

2500 3000



High-angle triple-axis holder for HVEM:
application to thick (=3 um) Si crystal
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Dislocation interactions and boundary THGR 6(200)

formation in deformed aluminum 2
99.5%, dg = 75um, 25% elongation in uniaxial i, Planar Bguniaigy,
tension _ Ry, 4
) Ramar et al. Proc. RIS@ 3D/4D S b = N T
: : ymp. (2010) =, - <9
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Summary and future plan
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