
3. Imaging system of x-ray microscopy

Optical layout

Principles of zone plate

Phase contrast

Tomography
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樣品樣品

物鏡物鏡
偵檢器偵檢器

Projection

TXM(Transmission
X-ray Microscopy)

STXM(Scanning
Transmission X-ray
Microscopy)





Optical Layout of NSRRC nano-TXM (I)

Condenser
Experimental

Hutch wall

Source : SWLS, 5T, Ec=7.5 kev

FM : M1/1

DCM : Ge(111) E/E 10-3

E=8-11 keV

Sample

Objective Zone Plate

CCD

Beam Stopper

I0 monitor

Phase Ring

Pinhole

Characteristics of NSRRC-TXM
Hard X-ray (8-11 keV)

High spatial resolution (25-60nm)
Short exposure time

3D tomography
Phase contrast



Total magnificationTotal magnification
X880 (60nm) and X2640(30nm)X880 (60nm) and X2640(30nm)

CondenserCondenser

SampleSample

Objective zoneObjective zone
plateplate

Scintillator+CCDScintillator+CCD

BeamBeam
stopperstopper

Phase ringPhase ring

PinholePinhole

FourierFourier
PlanePlane

Optical Layout of NSRRC nanoOptical Layout of NSRRC nano--TXM (II)TXM (II)
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Layout of superconducting wavelength shifter beamlines
BL01A, BL01B and BL01C.



Nano-TXM at BL01B (overview)

1 m

optical system Frame

Electronic Crate

Installation started on
September 13, 2004.



Zone plate optical system Condenser Tube

Monochromatic X-rays

Nano-TXM (optical)

10 cm

Ion Chamber

Phase Ring

Sample mount and sample
manipulation system





Courtesy of D. Attwood, Soft X-ray and EUV Radiation

ddmm = 1.22= 1.22ddrrnn //mmSpatial ResolutionSpatial Resolution



Zone Plate

Focus

Zone PlateZone Plate EquationEquationss

rrnn = (= ( nn ff ))1/21/2

ddmm = 1.22= 1.22ddrrnn //mm

f :f : focal lengthfocal length
nn :: zone indexzone index
 : wavelength: wavelength
mm : diffraction order (1,3,5): diffraction order (1,3,5)
r : radius of the zone plater : radius of the zone plate
drdrnn: outermost zone width: outermost zone width

ffmm == 2 r2 r drdr // ((mm ))

Spatial ResolutionSpatial Resolution

Zone RadiusZone Radius

Focal LengthFocal Length

Numerical ApertureNumerical Aperture NANA == / (/ (22 drdr))

When NA <<1, the ZP can be treated like an ordinary refractive lWhen NA <<1, the ZP can be treated like an ordinary refractive lens,ens,
i.e., 1/q + 1/p = 1/f and M = q / p .i.e., 1/q + 1/p = 1/f and M = q / p .

Zone plate consists of concentric rings (zones) with zone width
decreasing with radius.



Zone Plate’s Key Parameters

SEM Image of a ZP and its zone profile

Key parameters:
Number of zones

> 100 required for good focusing
Outermost (smallest) zone width

Determines resolution and NA
Zone materials, thickness, profile

Focusing efficiency
Focal length

Working distance



Zone Plate PerformanceZone Plate Performance

Zone plate
efficiency~=15%

Outermost-zone

50nm zone width
with 890nm Height

AR=17.8





Precise high aspect ratio nano-structuring in high mass density
materials, e.g. Au

Aspect ratio (AR) required for optimal focusing
efficiency of x-rays in an Au zone plate

Challenges of Zone Plate Fabrication

Grating structure with an aspect ratio of 18

Spatial Resolution

502511.0

462310.0

40209.0

36188.0

30nm
(25nm Zone width)

60nm
(50nm zone width)

Energy (keV)





Phase contrast helps

E(z)=E0e-i2(--i) z/ =E0ei2z/ -2z/ 

I(z) |E(z)|2 I0e4z/ 

Absorption contrast
z= 4z/3

Phase contrast
(z)=2z/

zRefraction index : n = 1--i

Hendrickson
Criterion

Water window



ZernikeZernike’’s Phase Contrast Method in TXMs Phase Contrast Method in TXM
G. Schneider (1998)

g(y) = eiφ(y) ～ 1 + iφ(y)

F [G(y)] ～ U1(ν) + i U2(ν)

F -1[i U1(ν) + i U2(ν)] ～ g1(y’) + g2(y’)



Superior Modulation Transfer Function of X-ray Phase Contrast
Imaging to Allow Detecting Smaller Defects

Courtesy of G. Schneider





Phase Contrast Images of a Plastic Zone Plate

With phase contrast

Without phase contrast

Plastic zone-plate
provided by Xradia Inc.



Rock from Gi-Gi Earthquake TXM (1111.29m, well A)

Absorption Phase contrast



Fourier transformation
of projection gives
coefficients in section
of “Fourier space”

Directions of View

Reconstruction by
Fourier Synthesis Using
All Sections

Schematic Representation ofSchematic Representation of thethe Tomography PrincipleTomography Principle







Scientific OpportunitiesScientific Opportunities
••Nanotechnology: 3D imaging, structure andNanotechnology: 3D imaging, structure and

function dependencefunction dependence
••Semiconductor:Semiconductor: electromigrationelectromigration, failure, failure

mechanism at small dimensionmechanism at small dimension
••Materials and engineering: crack initiation andMaterials and engineering: crack initiation and

propagationpropagation
••Geology, agriculture, and environmental science:Geology, agriculture, and environmental science:

imaging of soil sand stones in aqueous conditionsimaging of soil sand stones in aqueous conditions
••Biology: imaging of cells and tissues in theirBiology: imaging of cells and tissues in their

natural statenatural state
••Biomedical: bones, implants, dental filling, etc.Biomedical: bones, implants, dental filling, etc.



Multi-layered Cu Interconnected IC



8.4 keV 9.5 keV

8.4

9.5

Intensity difference between
E = 8.4 keV and 9.5 keV

Elemental Contrast by Tuning Energy across
Specific Absorption Edge



Sample provided by Power Semiconductor Inc.

A two-dimensional projection shows the
key holes

Investigation of Key-hole Defects in
Tungsten Plugs



Schematic diagram showing the process forSchematic diagram showing the process for
fabricating anodic alumina film with orderfabricating anodic alumina film with order

nanochannelsnanochannels

Polishing

FIB lithography Removal Al and
barrier layer

Anodization
(a)

(b)

(c)

(c)

Anodic alumina
nanochannels

Anodic alumina film

Barrier layerAl

Al

Reproduced from C Y Liu et al, (2001), APL, 78, 120.



Nanochannel rotation +- 50



1um



3D rendering of anodic alumina
nanochannels

Virtual cross section through x-z plane.



Sample provide by Yeukuang Hwu,
Academia Sinica

Vimentin of the Cervix Tumor (HeLa) Cells Immuno-labelled
with DAB Chromogen with Ni Enhancement

1um









Tomography in a TXMTomography in a TXM
••TXM isTXM is muchmuch faster forfaster for

tomography!tomography!
••D.D. WeiWeißß et al.et al.,,

UltramicroscopyUltramicroscopy 8484, 185, 185
(2000).(2000). See also G.See also G.
SchneiderSchneider et al.et al.,, Surf.Surf.
Rev.Rev. LettLett.. 99, 177 (2002), 177 (2002)

••ChlamydomonasChlamydomonas
reinhardtiireinhardtii, frozen in, frozen in
liquid nitrogen.liquid nitrogen.

••Rendering: organellesRendering: organelles
highlighted by opticalhighlighted by optical
densitydensity

衣滴蟲

Fig. 6. Several organelles of the specimen identified by watershed
segmentation of the reconstructed linear absorption coefficient
(LAC): chloroplast (green), pyrenoid (blue), spherical vesicles
(red), and flagellar roots (brown). One quadrant of the
chloroplast has been cut away to reveal the pyrenoid. Also
displayed is one slice of the reconstructed linear absorption
coefficient. The diameter of the alga is approx. 7.4 mm.
Visualization using the Amira system developed at ZIB (http://
amira.zib.de).



Chromosome Immuno-labelled by
Au nano-particles

Incoperated with C-H Lin of NYMU



Wing Scale of Papilio Bianor

15um





孔雀青頰蝶

SEM

TXM with phase contrast



Bacteria Mediated Stainless Steel Corrosion

Incoperated with C-S Jean of NCKU



Bacteria Mediated Stainless Steel Corrosion

Incooperated with C-S Jean of NCKU



Taiwan Chelungpu-fault Drilling Project (TCDP)

15um
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Particle diameter, D(mm)

N(D)=0.012 D-2

TEM (1111.29m)
TXM (1111.29m)
SEM (1111.29m)
OM (1111.29m)

Particle size distribution

power law: N(D) (/mm2) = cD-b,

c = 0.012, b = 2
Fracture energy=4×106 (J)/m^2

TXM 1111.29m (phase contrast)



Alignment of Image Series

Cross correlation function Phase correlation function

Incorporated with Fu-Rong Chen, National Tsing-Hua University

C(x,y) = FT-1{FT(I1)FT(I2)*} P(x,y)= FT-1{FT(I1)FT(I2)*/| FT(I1)FT(I2)*|}



Before alignment Aligned by phase correlation function



TIE(Transport Intensity Equation)TIE(Transport Intensity Equation)
(Non(Non--interference Phase Retrieval)interference Phase Retrieval)

plane wave

specimen

Wavefront
(phase)

Image plane

increase

increase

decrease

1st measurement plane1st measurement plane 2nd ..2nd ..

InitialInitial
WaveWave

3rd ..

Through-focal imagesThrough-focal images

Propagating WavePropagating Wave

(I(r,0) )=-kzI(r,z)

Two de-focus imagesin-focus image

Incorporated with Fu-Rong Chen, National Tsing-Hua University

Gerchberg-Saxton Algorithm



f

Phase image from Zernike Phase Ring

Reconstructed Phase

Phase Retrieval of Fault Rocks

17 images



Cu, Zn, Ga, Ge, As, Ta, W, Au, Hg, Pb, etc.Material analysis
capability

(5x5x5)-(Yes,
2005)(30x30x30)

15x15x15-Yes60x60x60
3D

-5x5
(Yes,
2005)30

-15x15Yes60
2D

3D
Tomography
volume (m)

2D Field
Of View

(m)

Phase
contrast

Spatial
resolution

(nm)
Energy 8-11 keV

Performance of NSRRC TXM



Performance of world wide Full Field X-ray Microscopy

Above
100um Silicon

1~2um
for soft
material

Below
10um

silicon

Above
100um Silicon

Penetration
depth

250nm15nm60nm
Phase contrast

30nm
60nm Phase

contrast

Resolution

200um1~0.5 um10~20 um50umDOF

8.75 Kev
Fixed

270~500ev
Water window

4Kev
Fixed

8-11Kev
variable

Energy

Full-Field
Hard X-ray

Full-Field
Soft X-ray

Full-Field
Hard X-ray

Full-Field
Hard X-ray

Type

Spring-8
(Japan)

ALS
(U.S.)

ESRF
(Europe)

NSRRC
(Taiwan)







Conclusions
1. The NSRRC nano-TXM has demonstrated the 2D and

3D imaging capabilities with sub-60 nm spatial
resolution.

2. Sub-30nm spatial resolution is achieved by using 3rd

diffraction of zone plate.

3. The capability of phase contrast has been
demonstrated.

4. Future developments include the cryomicroscopy,
elemental contrast, sample preparation, optical upgrade,
etc.
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