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A STYIRGRYRAFLU)EK 8 umd
BL20XU, 12.4 keV

Theoretical Value

+ Experimental Results
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Pitch 200 nm
(100 nm line width)

o Sample;
Transmission image Schematic drawing Ta0.5 umt
— Ditch 140 nm line-and-space pattern
. H“HH — (70 nm line width)
—_— Pitch 160 nm
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Spatial resolution:
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(120 nm line width)

‘ Pitch 240 nm

(a) L pm

~
s
S

2009. 7. ERLY AT R —5HS 3y




FFHROMTF (Modulatlon Transfer Function)

1 °
o Calculated (X-ray optlcs only)
N e — Calculated (including detector)
0.8 () i T
® Measured data
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Center Beam Stop
Cross Slit Diaphragm

Condenser

RotaDtii ﬂgs%?am Plate Sample Gratings :Dn(;?(gclztnc?r
AMERIXBMDEBITALILETRE T OMHLEE F75/$5A— 4 @8keV
oI ARE I & B R B B AV A B oL 54245 o

oG & (Sstep) . T—) Tk LI 300msee
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RILARFHE

Gratings, (NTT-Advanced Technology Co., Japan)
E-Beam Lithography Technique
Materinal: Ta,

Pitch: 5 um,
Thickness: 0.96 pm (G1) and 5 um (G2)

'\- e -

: rur—-w piezo
- 9y

Optical micrograph of grating G1: phase grating (rotated to adjust the pitch)
G2: absorption grating (inclined to increase
effective optical path length)
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Calc. Linear absorption coefficient @ 8keV Calc. Refractive index (@ 8keV
P43(Gd202S): 2500cm’! P43(Gd202S): 1.71x10°
Fiber(SiO2): 80.0cm! Fiber(SiO2): 7.2x10°6
Glue(C8H40O3+C2H4(OH)2): 9.9cm’! Glue(C8H40O3+C2H4(OH)2): 4.9x10°
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SHE: T AMFY—R(Ta0.5 umt) BL47XU, 8 keV
3 Exposure: 0.15 sec
Pixel size:47 nm

5 step fringe scan

IR S X AR R izl S 4
WA GIARIBRDRERE(30) ~ A /150 /pixel
FIFERRE(30): A ~ 1/4.65
JEARE(B0) At~ 0.1 um JEABE At ~0.83 um

EXRICEVTIE, RIRODANBRENSWSEELHLIDOTEENDE
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Diaphragm

RotaDtii fr;gsliream Plate Sample  Zernike phase contrast :Drgtagclt%?
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4 um width ring pattern
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Contrast transfer function gCTFZ

1
—Calculated value 1 Ta0.5 umt, 8 keV
0.8 | —calculated value 2 IB = 330X 10°
e V| dd — -
E 0.6 easured data ‘ 0=4.03x 103
£ f a = 0.875
o
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Pixel size:47 nm

Bright phase-contrast Dark phase-contrast

Ap~ A/108 (30°)  Ap~ 1198 (30)
At~0.03pum (30) At ~0.04um (30)




Contrast transfer function gCTFZ 2
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.001
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| [ Polystyrene

5 umt, 8 keV
[=529x107°
0=3.68%10°
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IR AR D LEER 2 - B2 T 3R a4

Sk ARYRFLUBK (B umo) + HSRF¥ES) BL47XU, 8 keV
Exposure: 0.15 sec
Pixel size:47 nm

|
!

T
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Transmission Bright phase-contrast Dark phase-contrast
IfRRERE (30): LIfRRRE (30):
Ap~ A /64 Ap~ A 70
NYRAFLVEBSREE(30): KVAFLWESRE(30): #WAFLVESREE(30):
At ~46.2 um At ~0.66 um At ~0.60 um
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Pattern

Pattern

Sample:

Resolution test pattern
drawn on Al 300 umad wire
(FIB etching)
Local tomography B8/ \ADAE.
X-ray energy: 8 keV J:EFEﬂD %’-“Fﬁb-
Voxe size: 46.5 nm ~200 nm
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FRIE
~100 nm
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S EEREIum,
Bl 7 BFfE1 3052

P V=) IRTE
S EEE0.2um,
8 7E B 813057
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Coherent X-Rays Imaging

(S)félrgpllg Stage
XEONEzESE BIRTHEEZFIRA,

SFE R R DEE (1) - - UM Rexp(-26kt) = 11,
AHBIREZEOE—LGEEL (AX) - - -G8 (BT ERZEL) V (&) = LaAx

o SULVAEREE (30 <102)\)
e ZLVEE

x AIERBELY — 5&E1E(~400 plotg/sec)lZ&kY 2k 5t (raster, CT)IZERE
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Direct Transmission,
Refraction,
Broadening, etc.
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| maging

Focused Beam Detector

i S G
Bright Field Dark Field  1st Order Moment  1st Order Moment,

(Absolute Value)

Differential-Phase-Contrast | maging
In Scanning Microscopy

2009. 7. ERLY AT R —5HS 3y




AN AREERT
sk T ARFY—k(Ta, 0.5 umt)

5 JC 32 20 A

T LR

T1LLLL L

EHILHElgN“t‘MiU‘.HNUH\HH\HHH

]

5 iw . e -
Transmission Differential Phase |
phase (by lineinteg.)  (by Fourier filtering)

At~0.1um (30) Ap~ A 1267 (30)

At ~0.014 um

(30)
BL20XU, 8 keV oS BREE: 100 nm
Dwell time: 0.4 msec = .
Scan pitch:50 nm 1\—7FQ /&\Ag- ~AI250
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Transmission Differential pahse Phase
CIFERRRE (307):
Ap~ A /1267
RYRFLVESREE (30) RYRFLVESREE (30)
At ~59.3 um At ~0.16 um
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o A ENFE 2% HeLaiffiiz

A JIILBIILTILTERICTEFEREE BL2OXU, BkeV

Scan step: 50 nm x50 nm
2000 % 1600 pixel

Exposure: 1 msec
Max. scan speed: 400 Hz
Measurement time: ~4 hours

Differential phase Phase image
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% FR

S fEEE (FWHM)

IxNE —FEIE

[B]Hr

30 nm
@8-10keV

< 20 keV

<0.2 um
@12.4keV

0.5 um
@100keV

8 - 200 keV

R

0.57 pm
@18keV

6 - 30 keV

Kirkpatrick-Baez
Mirror

110 nm
@8-12keV
<0.5 um

@< 100keV

<100 keV

0.7 um

<10 keV

€ &5t
L
W
i3]
/g
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@9keV
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Optical path description:
{(r,—r,cosb)? + (r, sind)? + az}? + {(r, +r, cosh)2 + (r, sind)? + b} 12
=nM2+ (@2 +r2)Y2+ (b2 + 1,22,

EHE: 3r2r2f3<
av: 2r r 3 3< A
BREUNZE : 1/2r Hf 3 <A

BILZE: AMA <0.6UN

£ RURE  34f r 2f 2< A
CTTIXHEMIEEET 5D TA =>r,

SEREE1I0—-100nm, A~1 ADBEEHT TIE [YeldEET S
ERREICETAIFENRBELLY, /

RRRENCTORFERELTLD,
DEYEHIEMDSEER (BE. EFE. AT 5T74%F) THREL
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XCTDZERM A REEIXEZETLLD ?
B RREAS
2Af=0.61 1/ NA2= A/0.611
NA: O #. A: Z=RE 9 R EE

ERREXSFEFRED2FEIZLLA
— RO MR LEITHEOVRELERITTHLG S -
{5 : 8keV
A=100 nm, 24f~ 100 um, N ~ 1000
A=30nm, 24f~10um, N~ 300
A=10nm, 2A4f~1um, N-~100
N: o T) 5 8(EVILE) ~ 244 = NA

29 50 fREE: (Sub)30 nm

3D-TEMEX T ZEM-AEieX vy IIBHENDS
(BD-TEMDOHREFIXH=/OVN ER) .,

ZThLlE--- LocalCT, X E A MmO B,

N

&0

=
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XRIEFRF DRI ECFETTLLD ?

Diffraction limit for spatial resolution
A=cA/NA
c~1 (typical 0.61 for circular aperture)
NA: numerical aperture nsiné \9

Theoretical Resolution Limit of
Total Reflection Mirror Optics,
Wave-Guide,
Refractive L ens,
Fresnel Zone Plate

NA < 6c ~ (25)V2
AM(20)Y2 ~10 nm in hard X-ray Region

cf. C. Bergemann, H. Keymeulen and J. F. van der Veen: Phys. Rev. Lett. 91 (2003) 204801.
cf. Y. Suzuki, Jon. J. Appl. Phys. 43 (2004) 7311-7314.
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NnM7 fREEER AR F R 1
Combined Refractive Lens,

Diffraction Limited Resolution
~0.61 x A/(NOcC)
N: Number of Combined Lens

Spherical lens might be feasible,
because smaller lens has smaller aberration.

cf. C. Schroer and B. Lengeler, Phys. Rev. Let. 94 (2005) 054802
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nm% fE8E3E X Al BE7TE S EF R 2
Three Dimensional Zone Plate
(Volume Zone Plate or Laue L ens)

3-D Multilayer Structure
=——_ FEllipseof Rotation

\\\\

Nested Multilayer Structure of Ellipse of Rotation
with Optical Path Differ ence of ma.

H. C. Kang et al., Phys. Rev. Lett. 96 (2006) 127401,
| deal Only on Focus ng Pr Operty C. Schroer, Phys. Rev. B 74 (2006) 033405.

Next limit: atom size with A/4 rule (Rayleigh limit)
~1nm.
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ERLOE—L U F/AA =D T RERICHEITHERESR
1. =& : R, LR, HhEE. 2

2. ;REZEM: ~0.01°C environment. > |

3. WGt RiEE . AH]: SPring-8D R TLMFEHM ? > |
4. F /A —F—DEHAIE

RS AT RF v A DB > |
5. GAHHER TR ANy )L
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Stable Nano-probe

Experimental Setup of Scanning Microscopy
with Fresnel Zone Plate Optics at BL20XU SPring-8
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