X-ray Microscopy
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X-ray microscope
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Advantages of Hard X-ray lmaging

High penetration for nondestructive and in-situ
imaging
Short wavelength for high resolution

Rich image contrast mechanism: absorption,
chemical state, phase, polarization

Element specific: absorption edges and
characteristic fluorescence

Easier sample preparation, compared to EM.




Comparison among micr oscopes

Feature

X-ray
Microscope

Optical

SEM

TEM

Spatial
resolution

15-25nm

200-300 nm

1-10 nm
typically

0.1 nm

Probing depth

1-50 um for
E<10 keV,

20 mm for
E=100 keV

<100 nm for
metal,
Opaque or
transparent
materials

<10 nm
typically

<100 nm

Material class

Insulator,
semiconductor,
and conductor

Insulator,

semiconductor,
and conductor

Conductive
path required

Conductive
path required

Vacuum
requirement

No

No

Yes

Yes




Scientific opportunities

» Nanotechnology: 3D imaging, structure and function
dependence

« Semiconductor: electromigration, failure mechanism at small
dimension

« Materials and engineering: crack initiation and propagation

« Geology, agriculture, and environmental science: imaging of
soil sand stones in agueous conditions

 Biology: imaging of cellsand tissuesin their natural state

» Biomedical: bones, implants, dental filling, etc.




The X-ray Advantages

The EM (electromigration) structure consists of
a set of 10 metal lines connected in a serpentine
by short wide metal straps.

X-ray Image

SEM Image

Defects in links 2, 6, 8 and 10 correlate well with the SEM image.
Indication of void at link 4 in x-ray image is not apparent in SEM image




Electromigration Sample Reconstruction

Slice: 0 2




Reconstruction Slices

Heat sink layer Line layer
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1. Synchrotron light




NSRRC is at the center of golden triangle.

1 Main Gate 2) Administration Building 3) Research Building (4 Instrumentation Building
9 Booster Building %’ Storage Ring Building 7) Utility Building 8 Guest House

Facilities

Neighboring Institutes O Natl center for High Performance Computing @ Nat’l Chiao Tung University




fe 35 45 5+ 2 - %ﬁr*ﬂ

b~ ¥ ORk s

7 % i8] 3

W 12

ERY

o

1013
I

1015
I

10 B 103

@§#¢m+§




1
19017 ¥
b B
I
54




° ~ | T = , _;% I}"l’%.
I o 45 S g 4 .ELE@, ,&gf*

%W@p@J

SR R 1

1240 12.4 ) I 7-GeV Advanced
Photon Source

2nd generation
synchrotron sources

1st generation
synchrotron sources

== 1.0 GV rotating anode

Tm—

T
S
g
&
=]
N
!
E

rotating -~ Cu K Mo H

anode
X-ray tubes
: ':- —

- i
2 /

| . | :
Cul -

Comtinuum / ‘ . . . i i

1900 1920 1940 1960 1980 2000

-

na gk T

Spectral brohiness
Logarithm of beam brilliance

5_]

[photans

ﬂ:; Laiidil T L il Lug
10y 1006V 1 kel 10 RKel 100 kel
Flatarn enary

Year







Curved Crystal Monochromator (13C)
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2. X-ray optical elements
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Three types of X-ray focusing elements

Reflection

Source Image
w Refraction

Mirror
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Total reflection of x-rays

Refractive index of X -—ray
n=1-6+ip <1
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Compound Refractive Lens (CRL)
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Fig. 3.74 (a) A typical biconvex glass (refractive) lens to focus visible light; (b) scheme of an
idealized biconcave refractive lens for X-rays; (c) scheme of a more practical ‘compound refractive
lens’ (CRL) for X-rays.




X-ray mirrors

Fig. 3.69 Top: a cylindrical mirror (working at a grazing incidence) can focus a beam of X-rays
only in one direction. Bottom: the combination of two perpendicular cylindrical mirrors pr.
focusing in two perpendicular directions. This is the device called the ‘Kirkpatrick—Bae:




Taped capillary
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Diffraction of x-rays by zone-plate

Fig. 3.70 Top left: schematic diagram of a zone plate (with only a very small number of zones

shown). Top right: the zone plate acts as a focusing lens for X-rays. Bottom: analysis of the focal
conditions (see text).




Focusing Lens
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Absorption contrast

Elemental contrast
( water window)

Phase contrast




Absorption of X-rays

v through a sample due to ab orption.
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Elemental Absorption

(a) Photoelectric absorption
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Water window for soft X-ray microscopy
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Feature: 20 nm protein
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F<3.1

gty | EEE A X BRI FRES "

R K KA
7 = 7o
(arm) k| pary | BOB | am | BB | R
0.13 0.0006 0.0007 0.0006 0.0003 0.0014 0.0005
0.2 0.002 0.003 0.002 0.001 0.005 0.002
0.4 0.018 0.022 0.017 0.008 0.037 0.015
0.8 0.126 0.158 0.113 0.065 0.169 0.108
1.4 0.560 0.719 0.524 0.310 0.768 0.492
2.3 1.93 2.54 1.88 1.13 2.71 1.74
O L=
2.4 0.112 1.02 1.38 1.00 1.36 1.46
2.7 0.151 1.36 1.84 1.35 1.82 1.95
3.0 0.198 1.77 2.38 1.74 2.34 2.50
N RGE
3.1 0.215 1.92 1.90 1.89 1.74 0.172
3.7 0.336 2.92 2.88 2.87 2.63 0.277
4.2 0.458 391 3.85 3.84 3.50 0.369
C_BIKGE |
4.4 0.521 0.624 0.522 0.245 1.19 0.415
5.2 0.782 0.941 0.769 0.372 1.69 0.622
7.4 1.84 2.20 1.69 0.872 3.26 1.45
s T h AR 7 2R 1 36 4.76 2.28




Phase Contrast

Refraction index : n = 1-5-13
E(z)=E e 2™nz =E jgi2ntz/ 1 -2npz/ &
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Absorption contrast
uz= 4npz/r ~ A3

Phase contrast
®(2)=2n0z/A ~\
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