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Present Status of the HVEM Laboratory
at Kyushu University, Fukuoka

S. Matsumura, (Kyushu University, Fukuoka, Japan)

Location of the HVEM Laboratory

e
'F' EE 5in 2007,

pus

Bird-eye view of Ito Campus, March 2007

High Voltage TEMs @Kyushu U

"""J;EM-1300NEF

@ Hakozaki Campus @ Ito Campus

HVEM Laboratory, Kyushu University

Founded in 1975 with installation of HVEM

High Voltage Electron Mlereseepe—JEM}QGG{—Hlé)i
Conventional TEM, JEM-200CX (1976, 1987)

Analytical TEM with EELS and EDX, JEM-2000FX (1983)
Atomic resolution TEM, JEM-4000EX/T (1987)
Energy-filtering TEM, JEM-2010FEF (1995) I

Total analytical TEM, TECNAI-G2-20 (2001)

Energy-filtering tomography TEM JEM-3200FSK (2
Energy-filtering nano-probe HVEM JEM-1300NFE

|
(2004-2008)
Specimen preparation devices, e.g. FIB !"‘
n

Image processors, e.g. Imaging Plate, and so o

Users
As of FY2007

m 60 subjects by 48 research groups in KU

Faculties of Engineering, Science, Agriculture, Medicine, and
Institutes of Applied Mechanics, and Materials Chemistry, and so on

m 40 subjects by research groups of other
universities, public institutes and industries

by the government supporting programs of thie HVEM network
station and the nanotechnology innovation network

m 13 training courses of basics for beginners
5-courses for advanced users

by the Forum of High Voltage Electron Microscopy organized by
collaboration with OPACK (Organization for Promotion Academic City
by Kyushu University)

Advantages of HVEM #1: H¥E84E

L

I=1y exp(—pot) 7

B=ulc

v - velocity of
electrons

¢ 1 velocity of
light

L L

E#E 1/ g0 f*

100 200 300 400 500
ERE VikV)




53 fiE (Resolution) 5 =0.66(C, /13)”4

0.12 nm (1250 kV) C=2.65 mm, C=4.1 mm

0.13 nm (1000 kV) C—2 68 mm, C =3.6 mm

Operating desk: Fully computer-controlled

Principal Specifications and Functions

Accelerating voltage maximum: 1.3 MV (4E<1V)
Emitter: LaBg
Point-to-point resolution:
0.12 nm @1250 kV  Cs=2.65 mm, Cc=4.1 mm
0.13 nm @ 1000 kV Cs=2.68 mm, Cc=3.6 mm
Minimum electron probe size: ~ 1 nm @ 1 MeV
c/o type objective lens and auxiliary mini-lens

Omega-type in-column energy filter:
~ 1.2 um/eV @ 1 MeV

Tele-presence operation network
Tomography operation
Pulsed UV laser illumination

o
®

o
o

o
oo oo o000 o4

Sn (O) (eV/nm)

Se (O) (eV/nm)

Q
[N)

o

\D\E\D‘EH]‘D\U

107

0 250 500 750 1000 1250 1500
Electron energy (keV)

o

EFEREIC LML (EREER. 14 E) DET

Time schedule of installation of the new HVEM

at the Ito campus, KU

Main body of HVEM JEM-1300NEF
Omega-type Energy filter for HVEM

and specimen holders
and specimen holders

2008 | X-ray detector and tomography
operation systems

2009 | Beam scanning device (STEM)




High-resolution image and its FFT pattern

Convergent semi-angle: < 5 mrad

? Projectiol
lenses (3

Si [110] CBED at 1000 kV
e e January 21, 2006

Electron Energy LOS = g a . .
Spectroscopy (EELS) © Carbon materials Energy dispersion of omega filter

measurement of energy (velocity) of
transmitted beam

C-K 284eV
l
(=52

200um

Specimen: carbon graphite

1.35 um/ eV @ 1250 kV

ELNES XANES
Exetrs @ Exars




Energy-loss spectrum @ 1250 kV

Spectrum of BN on Carbon film

Acquisition time 0.05s
Specimen BN on Carbon
Acc. Voltage 1250kV

—
N
(0)

RGB Constructed
Image

hat we can do from remote sites

m Available
— Selection of image modes and diffraction
— Specimen shift (x, y and z) and tilt
— Controlling illumination, magnification
astigmatism, image shift, and so on
— Selection and shift of various apertures
Internet = — Operation of omega filter
> 20 bps — I — Recording and download of images and spectra
— Discussion with collaborators
— Diagnosis of the machine conditions, etc.

— Change of accelerating voltage
— Specimen setting

Rem c
lto-Campus Remote sites

Operation Keys
LS ]




Pulsed laser illumination system

Pulse duration : 6~8 nsec
Wave lengths : 1064nm, 532nm
266nm

Annihilation of defect clusters by laser illumination

= : '3

Laser illumination : 2=532 nm, P=1.4 mW

Specimen: MgAl,O, spinel irradiated with 500 keV Ne ions
Observation : V = 1250 kV, at room temperature =

Advantage of Energy-filtering HVEM

Observation of thick specimens

Specimen:
Ferritic Steel containing carbide particles

_ Pulsed Ila

/SR )

Cu specimen

Distance ! i
from the edge : 90pM ™ ~~_

Time schedule of installation of the new HVEM
at the Ito campus, KU

Main body of HVEM JEM-1300NEF
Omega-type Energy filter for HVEM

and specimen holders
and specimen holders
operation systems

2009 |Beam scanning device (STEM)

Thickness
=860nm
> -




Contrast improvement for a thick area by filtering Interaction of dislocations with precipitates

0.2 % deformed ferritic steel t~900 nm

ik
Zero-loss images
T Enough number of dislocations
: St exist in a thick area (t ~900 nm)
Zero-loss image to recognize-interaction-with fine
t~600 nm particles.

Observation of thicker area, ~3 um 4 i
i B B B

with inelastic scattered electrons > 3
. a

(]

0.5 pm

Normal
Bright-field

Energy loss



State-of-the-Art X-ray Tomography Imaging Systems with
Nanometer Scale Resolution

Wenbing Yun

President, CTO, Founder, Xradia, Inc.
5052 Commercial Circle, Concord, CA 94520, USA
URL: www.xradia.com

ABSTRACT

X-ray computed tomography (XCT) offers powerful non-destructive three dimensional
1Imaging capabilities with nanometer scale resolution thanks to recent advance in x-ray
optics. The powerful imaging capability result from many intrinsic and desirable
properties of x-rays: short wavelength for high-resolution imaging, high penetration
power for imaging interior structures of large and optically opaque objects, and
substantial higher intrinsic phase image contrast over absorption image contrast. With
an energy tunable source such as synchrotron source, elemental specific imaging and
spectroscopic imaging can be performed at nanometer scale resolution. Key advances in

x-ray optics and selected important applications will be presented.
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Dr. Wenbing Yun

President, CTO, Founder

Kyushu University, March 9, 2009

avxradia

imaight i 320

X-ray Imaging Advantages
—_—

Sample size {mm)

0.01

0,001 —

Small
animal

=
!

T T T

@ High penetration
= High resolution
@ Rich image contrast

mechanism

= Element specific:

=7 No charging effect

MicroXCT

NanoXCT

1000

10 1

.

Futuf@iDev.

Image resolution (um)

Xradia Confidential

31::#‘. imsight in 30

Competitive Analysis: Other Imaging Tools

X ray Optical SEM (S)TEM
Spatial 30 nm 1-10 nm 0.1 nm
resolution
Contrast Absorpti Secondary El.,
Mechanism Phase Contrast Reflectivity B:
Refractive Index, El.,
Labels EDS/WED
Probing depth ~100-1000 pm Optically <200 nm
transparent only
Sample Minimal Minimal Medium
preparation
3D imaging Yes Yes No, needs FIB or Yes
other Very small vol.
preparation
3D image 10-60 ym > 50 pm <0.5um
volume
Material class All Optically Conductive path Conductive
Transparent required > path required >
Charging Charging
Vacuum No No
rgquirement

12

t Xradia Inc.

= Founded in 2000 by Wenbing Yun, Ph.D.

= Located in Concord, CA, USA, >60 employees.
= Profitable, grown rapidly (50% per year over the last five years)
= Company Focus:
» innovative x-ray imaging concepts and system design
» leader in commercial high resolution x-ray optics fabrication
» CT imaging and reconstruction algorithms, software
= Main Products
» nanoXCT™ x-ray CT system with 30 nm resolution (Laboratory + Synchrotron)
» MicroXCT™ x-ray CT system with 1 um resolution (Laboratory)
» nanoPi™ Scanning x-ray microscope 30 nm resolution (Synchrotron)
= Applications: Basic and applied research, Semiconductors, Materials
Science, Bio-medical, MEMS, nanotechnology

1 Xradia C

41” insight in 30

Rat knee joint

20 pm 1 m 150 nm 50 nm

Applications::
« Osteoporosis
« Drug development

Applications::
< Bone cellimaging

* Inter-cell network

* Bone resorption ) .
4 « Bone resorption and remoedling

.

MicroXCT nanoXCT
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EM for Biological Imaging Apps.

= TEMis well suited to study small bio-
molecules with nm resolution but
difficult for imaging large biological
specimens due to limited penetration

= X-ray nanoXCT can be used to image
Iar%e range of biological specimens
with sub-cellulous and molecular

resolution in their nature states

NanoXCT-Future

= Both microscopy techniques are
complementary

Sample size (um)

0.01 i =
1 o1

Sub-Cellulous

Bio. Molecules
1000 structures 100 10

Image resolution (nm)
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Full Field X-ray Imaging Methods
e — ]

Sample
X-ray Camera

—

X-ray Source

18

X-ray Source

Simp\e X-ray Camera

Vil "
Energy Filtef - \
Condenser Objective
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Point Projection Imaging

Lens Based Imaging
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X-ray Source: La

Wawelength (A)

atory vs Synchrotron

Scaling of Exposure Time T with Resolution &

—_

« T ~1/3* for imaging without a lens objective
1/8* due to the reduction of pixel area
1/8? due to the reduction of thickness and thus

contrast

T ~ 1/8? for imaging with a lens objective
An improvement of §2 due to an increase
of illumination beam convergence

[ ooionom | @ | o

Scaling factor an objective -

Scaling factor a lens objective --
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Xradia Microscope Performance
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Enhanced Phase Contrast Option

Enhanced Phase Contrast Mouse Paw Example
—_

Current System exposure 10s

'(

Chlcken Wing- high contrast
imaging of bone & soft tissue

Phase Imaging, exposure 10s

Fig 1: Location of the
high-resolution
images

Simultaneous Phase Contrast
Imaging- bone and soft tissue

"Fig 2 Phase i .
have excellent contrast ig ase image

Phase imaging- the surrounding soft tissue has high of contrast similar to the dense bone
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( plastic wrapper is also apparent)
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Tissue Engineering on Polymer Scaffold Application: Cancer Drug Development, Sample: Tumor Vasculature

Most cancer drugs
target blood vessel
growth

X-ray CT of contrast
agent infused tumor
tissue allows direct
measurement of
vasculature structure

Pb-Chromatate contrast agent

SRR Xradia Confidential J‘m isight in 30 13 Xradia Confidential J‘m insight in 30

Nanoscience needs nanoimaging (Seeing is believing):
e imaging ntage

High Res. & Contrast 3D Imaging for Biomedical and Life Science

CT image of xenograt lung tumor in rat
at35 um Res.

Nondestructive
High resolution

Element specific

Magnetism

Proving chemical and electron states

ocoooo

Nondestructive
3D imaging at
Nanometer scale

Rat knee joint CT slice: Cartilage Imaging for
Osteoarthritis Evaluation

X-ray nano-imaging

Xradia Confidential
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Full Field Imaging Modes Xradia nanoXCT™ system

sample

o Scintillator
objective ZP ¢4 pled to CCD

Ay phase ring N

RE]
‘ X-ray Camera

Paint Projection Imaging 7\

X-ray Source
P

capillary condenser rotation axis

X-ray Source
= Key components:

v - Yoray Camera Lens Based Imaging » High efficiency, reflective ellipsoidal capillary condenser
» High-resolution objective zone plate
Energy Filtef = \ 3 —Q » Zernike phase contrast phase plate
Condenser Objective - » High-efficiency, high resolution x-ray detector
» Precision tomography stages
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Highest Resolution X-ray Optics: Zone Plate Lenses
S S

I Zone Plate
.

Q Zone plates are diffractive x-ray lenses with high resolution (<30nm)
Q Circular grating with radially varying pitch focuses x-rays to a point
0 Focal length with strong wavelength dependence:

O Zone plates enable wavelength specific imaging

_aVxradia insight in 30
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Elliptically Shaped Mono-Capillary Focusing Optics

—-—-\._

= <3um focusing achieved (using full aperture)

= Axially symmetric optic with high reflection efficiency (>90% for most
energies), limited by critical angle

= Specific designs to match the numerical aperture (illumination
angles) for zone plate objectives in full-field x-ray microscope

Elliptical Capilary Condenser AnAs

===, WGl

et e

= =y
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Zernike Phase Contrast boost in nanoXCT at 8 keV

. . 57%
VAR A4\

Sample Zone Phase Magnified 2l
fing
Plate Image N 01%
16 78 80 B2 B4 86 88 U0 62
XAmy eneegy (heV)
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=

Scanning Electron Micrographs of Gold Zone Plates
ﬁ_—-ﬂ -

= Zone plates are fabricated out of high-Z (typically gold) material using
electron beam lithography, reactive ion etching and electroplating

= Focusing efficiencies 10-30% currently achievable

_aVxradia insight in 30
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Mono-capillaries Quality Measurements

CD 0831061 Lower Edge Error
T
W L]
o I ——yY
—— 7 point AA Smoothing of Data1_M|

= Elliptical figure shape is

o controllable to few 100nm
ug.l 02 WML M

Deviation from perfect elliptical shape of 300um

= = Optical metrology system
=2 Ty .
= o o B developed by Xradia
<
=
© 0.
o
5}
3 08 T
% [ 10 20 30 40 50 60
k=1 X (mm)
. - v
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Image of Xradia's 50 nm calibration target (Au 650 nm tall structure)

50 nm spacing

_aVwradia insight in 30
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X-ray Tomography of an Alumina Particle

« 8 layers are observed in the

crystal
« Air-polymer interfaces are clearly
revealed J
) y W Scale bar: 0.72
* See attachment for slice movies 5 E‘H‘
2% Xradia Confidential 4 KB0E  fright in 30 Xradia Confidential
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Volume Re a 90nm Technology Node IC Putting It All Together
—._ ]

a Gas Transport, Reformation &
20min exposure at XCT-Imaged Electrochemistry

SSRL synchrotron SOFC Anode

User Models

Optimum
Structure

Parameters
£T <> <>

RN S W DDk
St - ot Teone P
‘_ '\a‘l ¥ i lio B Mact Lres ]
e i
t S
€ £ lonic & Electronic
e § Charge Transfer
3D Reconstruction '
2% Xradia Confidential _J_‘m_ inrsight in 30 29 Xradia Confidential _J_‘m_ ‘_;’_ |



Xradia’s New Scanning X-ray Microscope wi

» Delivered recently to
SSRF

* Highest resolution in a
scanning system

»  Spectromicroscopy for
chemical, electronic,
diffraction, and
elemental information
with 30 nm resolution

Installation Sep 2009 — Beijing Synchrotron " ———

30 Xradia Confidential ﬂﬂ i‘&h‘ in 30 31 Xradia C i ﬂﬂ i‘&h‘ in 30

Facilities ,
Conclusions

I SSRL BL-6-2 AP_S ID-32, ID-26 —_—

Stanford, USA Argonne, USA a
LR 77

7 2

Synchrotron X-ray nanoXCT and nanoPI by Xradia: SAGA

Installation: China 3, Taiwan 2, Australia 2, US 3,
New order: Spain 1, Germany 1, China 1

32 Xradia Confidential q_".!ﬂ w‘ ﬁ'lﬂﬂi 33 Xradia Confidential q_".!ﬂ w‘ ﬁ'lﬂﬂi
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