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Pohang Light-Source
(2.5 GeV: 3" Generation Facility)

Beam Lilit 3
(Experimental Station)
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Strategy for PLS’ Future Vis o

1. Current Synchrotron Facility (3'9 Generation)

(1) Top-Up Mode Operation (2008-2010)

(2) Major Upgrade -- 100 M$(US) (2009-2011)
* Smaller Emittance: 5 nm-rad
* Higher Beam Flux
* More Insertion Device Beam Lines: 20-24

2. XFEL (X-ray Free Electron Laser) FaC|I|ty (4th Generation)

(1) Energy: 10 GeV (0.1 nmA)

(2) 3 X-ray BLs & 3 VUV BLs

(3) Budget: 400 M$(US)
(2010-2013)

* Coherent X-ray Beam (X-ray Laser)
* Super-high Beam Flux

* Nanoscale Beam Size

* Femtosecond Pulse X-ray Beam

m POSTECH
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Optics of
Small Angle X-ray Scattering (SAXS)

q
Z z qy
y
Uy
X
I] Beamstop

TSAXS GISAXS

——| Beamstop

;"‘5@’3 POSTECH 11
X5 Polymer Synthesis and Physics Laboratory



SAXS Beamlines

€ Storagering

i e 20

Slit Monochoromator Focusing

Mirror slit ~ slit

X-rays at the sample

Experimental Station

Sample

Scintillation
Counter

Vacuum Chamber

Detector

 Photon flux (monochoromatic, focusing) :

101 - 1018 photons/sec/mm? at 8 keV

e Beam size : < 0.8 X 0.8 mm?

POSTECH
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2-D CCD X-Ray Detector

Roper Scientific MAR research

POSTECH
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Device for Temperature Jumping =2

Sensor

Sample

I

@; rPOSTECH Temperature A Temperature B 14
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Other Devices for Samples

Mechanical Tester
Rheometer

DSC

Liquid Cell

Liquid Flow Cell

Fiber Spinner

Magnets

Many Other Devices
depending on what you want

© N o Ok W

POSTECH
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X-Ray Scattering from One Molecule (Particle) fﬂ'?

o, (Polarizability) } N

¥ M (Induced Dipole Moment) (M=ql)
[ : displacement

N
D
Detector

Incident wave

o : light frequency Molecule

- (Scatterer)
£ time Scattered wave
2 2
E - (0 leaz )cosT
cr
M =aF = aE '
(0°M101*) = —aw’E, e | ¢ light speed
— aw’E &' r . sample-to-detector
L= ;o Cos¥ distance
cr
I =E -E (scattered wave intensity)
I, =E -E =E’ (incident wave intensity)
17
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LOW FREQUENCY (Rayleigh) CASE, ®<<®, —> Light
scattering

a=e’/k

HIGH FREQUENCY (Thomson) CASE, ® >>®, — X-Ray
Scattering

o= e’/ mo’

It 1s independent of k and decreases with ®. (because w is very high.)

e . charge of an electron
k : force constant
m : mass of an electron

rPOsSTRECH 18
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Scattering vector

Scattering vector

s,= €z, S;= €,5in20  e.cos26

s = s, — s,=[e.(1-cos26) - e,sin26
k=27lA  Wave number (modulus of wave vector)

5 ’ /2
s=|s|:[(1—c0329) + sin 29]1 =2siné

q==ks q=ks=4—fsin6’

Bragg’s eq.: lattice spacing d

nA _2

2dsin@ =nA(n=123..)=> d=

The phase difference 8, from O and P is equal to

the inner vector product, q.r.

27 27
0= T(QP -OR)=7(so-r - sl-r)=q- r

POSTECH
Polymer Synthesis and Physics Laboratory
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(n=1)
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PAL
Phase Factor 8= q-r -

2 iot
— E
E, =% 2 o5
cr
2 iot
_w’E i
E,=—2 2% cos Wy ae™
cr l.
F = e ™
Zl. Pi F : Form Factor
F(rz) = Z pie_l(q "
E =K F(r,)
2 iot
K =2 foe cos ¥
cr
IS — ES ) E:
[ =K {F(r) F (r)} I, : Scattering Intensity
rPOSTECH 20
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Fr)=2p e >p@ﬁﬂﬁ&% A

F(r)=2p,(r)e™™ ] p(r)=p,+4p,
J

I :KS{F(ri)'F*(ri)}
(no correlation between
the fluctuation of

—i (g-r;)
=K Z,Ol @ )Z,OJ l a volume element and

its distance away from another)

—KZZ{P/Q”+pA/(qf +pAp//(q’ +ApApe T}

(homogeneous)

. ~i(q-ry)
I = KSZZ ApAp e )
i i =Ti- T (interdistance of a pair of scatters)

1,(0) = K, 2. Api()ap,(r)e | | o,
i (a generalized scattering equation)




Structure analysis by Scattering and
Concept of Real and Reciprocal Spaces

incident wave sample
wavelength | transimitted
P wave
/\\/\\ e /\\/\\ S
X-ray @ .
(or light, neutron) TN 20 /\q| = (4n/A)sin®
o '0668;"" & scattering
=1 =6-r Q}l‘/}‘ vector q : g=(2n/A) s
9

Correlation function Y(r) - > | Scattering Intensity: 7(q)

[Patterson function O(r) = p(l’)-p(-I:)]

X1 Fourier Tr. )51

v

Contrast
p(r)
real space (r)

- Scattering amplitude
i F(a)
i reciprocal space (gors) oo

A




: PAL
How to find Scattering Amplitude [F(r)] from Scattered Intensity? G/?

L@-K3Y

P

1(q) = K, [F(r)-F*(r’)]

Ap,(NAp,(r)

Correlation function

y(r)

(1) Correlation Function Approach
- Correlation function  y(r)

(2) Fine Structural Model Approach
- sphere
- Gaussian sphere
- core/shell sphere
- rod
- cylinder
- disc
etc

f;g;’? rPOSTECH 23
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(1) Correlation function Approach Vi ot

Auto-Correlation Function y(r) (Patterson Function)
Ap(N)*Ap(-r) [ Ap(W)Ap(r+u)du
jo‘” [Ap(r)] ar jo‘” Ap(U)Ap(u)du

y(r)=

1
(ap)*)V

y(r) =3, @)} <

For an isotropic system  [d|=q, |r|="r

, sin
L g, q,f” dq

7/(7’)—\5 {]obs(q)} <{Ap(u)}2>V — qulobS(Q)dq

Pair Distance Distribution Function (PDDF) p(r) =¥’ ®r)

rPOSTECH 24
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Correlation function versus Scattering intensity

Density distribution

'Y (r ) 7 Y(r) Correlation of
paired scatters

Correlation function /
7 (0)= | p)r = )ar's | (r)ar

Scattering intensity ' Fourier transform

I(q)=—] y (r)exp(iq -r)dr

r=r-r’

f‘&*’? rPOSTECH 25
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PAL
Patterson Function =

orr) * -

1@)=3{0() o) =3"a)} ﬂ H

o(r) = p(r)* p(-r) = [ p(u)p(r +u)au

plr) &= @
O(r) = | (Ap(u)+ p,)(Ap(r+u) + p,)du

=[ Ap(W)Ap(r+u)du+C Aplr)=plr)=p,
1(q) = 3{Ap(r)*Ap(-1)}+ 3{C]

1,,(@) = 3{Ap(r) = Ap(-T)]

o

%g"’ POSTECH 26
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Pair Distance Distribution Function P(r)

P P(r) =r"y(r)=1" j Ao(u)Ao(rﬂz)ah

Flat disk

—s— Hollow sphere
—a— Dumbbell

v Distribution of distances of atoms
from centroid

v' 1-D: Only distance, not direction

V' 20:1 ati0 Gy (/1) Upra
usually ok

v p (r) gives an alternative measure

of Rg and also “longest cord”

27




(2) Fine Structural Model Approach ALl

Scattering amplitude (i.e., Scattering Function = Structure Function);
Scattering intensity

Density distribution
p(r)

Fourier TF = summation with
phase difference

'
Aa)=+ | p(r)eplidunhr

Scatt. amplitude

Scattering intensity

10) =11 p0nie) [T

r=r-r’

f‘%‘;‘ POSTECH 28
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Scattering Angle Region versus fﬂ—?
Length Scale in Structural Information

1limitg—>0
electron density contrast
1 2 density fluctuations

\ molecular weights

2 Guinier range

particle size
- 3 particle shape
large scale structures
@) 4 Porod range
| L particle surface
q . Surface/volume
e ——— R ——
400 nm 0.2 nm 5 Intermolecular

&;’3 rPOSTECH
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Various types of plots
Methods to analyze 1(q)

low q region; q < Rg!

Guinier plot ... Ry (logl vs. g?) (@)~ exp[R3q° /3]
Zimm plot ... Ry, Ay, Mw (It vs. ¢?) KC/I(q)=M"[L+R3g?/3+.]+ 2A,C
Ornstein-Zernike plot ... & (I'1 vs. g?) (@)= 10)/fi+ %% ]

; -1/2 2
Debye-Bueche plot (two phase) (I vs. g¢) ... chord length @)= |(o)/ﬁ+a2q2]2

1.0

intermediate g region; g = Rg'l

model dependent region
/ (RPA eqs. for BP and blends)

Mw;, %, Ry

0.8

0.6

I(q)/a.u.

04— .
linear plot (I vs.q large q region: q > Rg'l
4 Porod law (two phase)

oL | /' ' ' @)~q™

0.00 0.02 0.04 0.06 0.08 0.10 _
wide range of g q/') scattering exponent

Kratky plot (g2l vs. q)... segment length, a (logl vs. logQ)
N -1/v
q°1(a)~ q4ZRg {ow [—Réqz]—l}—al—2 (Debye fun.) @)~ 30




Invariant

¢

Integration of Intensity
[ Ly (s)ds = [ "1,,,(s)e™™" ds
371, ()]
(@) 7@ =((ap))V,  r=0

Integration of intensity =
average density difference * scattering volume

rosTeCH

=Y Polymer Synthesis and Physics Laboratory
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PAL
X-Ray Scattering from Multiple Molecules (Particles) —

Convolution {F*S)(r)= TF (U)S(r—u)du

{F*S}H-r)= TF(u)S(r +U)du

\w“ . I,\
o Sl W
ingle AL _
&e T molecule 7y Packing order ?
p= o (particle) (Positional order?)

~
\

N
32
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X-Ray Scattering from Multiple Molecules (Particles)

A
N 7 F "W, v S
N
— *E\U’E ® W s Mg
< Sz ==
e e o T\ Vg o
N U 7" Packing order ?
ST L / (Positional order?)

1=N,(5p,) F(q)q)

| @ 4 J

-~

Form  Structure
Factor Factor

S (g) =1 for dilute solution

rPOsSTRECH 33
% Polymer Synthesis and Physics Laboratory




Structure Factor
= Form Factor
= Total Intensity

lg P(gR)
g {(gR)

0.0 1.5 3.0 4.5 6.0 7.5 8.0 10.5

1=N,(80,) F(q) H(a)

-

Form  Structure
Factor Factor

A T’E POSTECH
«w? Polymer Synthesis and Physics Laboratory
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Challenges in Nano-Science & Technology

NanoMaterials

NanoFarications - g i iép% /

Monolayer

NanoCharacterizations
for VVarious Nanostructures

i

(and Bui Idlng BIOCkS) Nanosphere " ¢ Surface-pafter
iMemt Dot Met u} e
— 1 i Metal Wire
— oDty -
— iy

Patterned Metal Hﬁ 1]
dot/Multilayer Photo Lithography

szt Metal wire
=R
Nan r L

: Nanocylinder/
Hollow Cylinder Metal wire

Monolayer/ Multilayer/
Metal wire Metal wire
d
Hollow Nanosphere 5urfgce Reconstructed
Multilayer

gy

Nanostructures

\
0000000 Supporter
0000000 . (Substrate)

Nanoscale Specimens
small mass, volume = weak signal

Analytical Techniques

One of Major Issues:
How to characterize?

Scatterings ?—»
Reflectivity —»

Microscopies ?

Spectroscopies ?
etc.




X-ray Scattering Setup

Conventional Transmission
X-Ray Scattering

(TXS)
d;
Ay
= i qX
Beamstop
Bulk Samples

Solution Samples

rosTeCH

¢

% Polymer Synthesis and Physics Laboratory

Grazing Incidence
X-Ray Scattering
(GIXS)

| Beamstop

Nanoscale Thin Films
NanoStructured Products
Nanoscale Specimens

37



PAL
Grazing Incidence X-ray Scattering (GIXS) ‘/?

GIXS

Surface Internal
>>
structure structure

Beamstop
Surface , Internal

structure structure

Penetration depth profile

1000000 3 —l L
S ] o > o, Surface ./ Internal
L o0 / structure —structure
<" ]
1000—§
100-5 """""';Critical angle | \
00 01 02 0.3 0.4 05 - Surface
a;(deq) - Interfaces
- Sub-layers
- Electron density
CET -
& ’:3 rPOSTECH ete. 38
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Nanostructure on Substrate

0

GIXS 2
a; = arccos(\/né —[i” +./nk —coszai] }

2
cos’ a;, + cos’ a; — (ch”j

0

20, = arccos

2C0S a; COS o
[~ Beamstop

Internal Structure

N

- Scattering from internal structure
* Scattering from reflected beam
* Scattering from transmitted beam

X-Ray
transparent non-transparent
substrate substrate

Macomolecules (2005) 39, 3395; (2005) 39, 4311

Nature Materials (2005) 4, 147
Adv. Mater. (2005) 17, 696

39



TXS vs GIXS for Characterizing Nanotructure on Substrate

Ox

Beamstop

‘= | - Easy measurement - Strong intensity
% - Easy analysis - Easy preparation of samples
- In-plane information (q,, q,) - More information (q,, d,, d,)

« | - Any possible scattering - Scattering from surface structure
= from substrate - Scattering from internal structure
g - Transparency of substrate * Scattering from reflected beam
o to X-ray beam * Scattering from transmitted beam
O . High energy and - Refraction effect involved

high flux X-ray beam * Need a special setup 40

e Need new scattering theory



Nanostructure on Substrate

Internal
Structure

1.0

PS-b-P1(37/63) film 0.8-
(HPL; p, = 360 nm3) |
- - s T 0.6_
s i
S 0.4-

o

N’

- Scattering from internal structure

* Scattering from reflected beam

* Scattering from transmitted beam

* Refraction effect

| Beamstop

After correction

-0.50 -0.25 0.00 0.25 0.50

Mo 02

for refraction effect
\A

Reflected beam

Before
correction

‘7fc r refraction
effect

After cprrection
for refraction effect)

Transmitted beam

a = 0.21°
A=154 A

26,(deg) 0.00

002 004 006



GIXS Theory GIXS Intensity : DWBA
; Z
Scattering process Medium 1 K
q 2 gy g |_{d' V=V, +V,)
3 2 2
Ve+kl-V)¥Y =0
al‘gTﬁvaf ik.r . : (Ve O. : :
cnnnQennnninn Qi \"Psc(r) — __oJ'd3r \Pl(r ,—kf)Vz(r )LPl(r 1ki)
Ay
: (DWEA) TinF(q”’Re(qu))"’ i
v -2Im(q,)-d )
IGIXS(Olf,ZHf) _ 161 : .1—6 (4:) . T;RfF(qu’ Re(‘]z,z))+
T 21m(q.) TfRiF(q”’Re(%,z))"‘
V R.R F((]”'Re(%,z))

/(s ’3 rPOSTECH
X5 Polymer Synthesis and Physics Laboratory

1
IGIXS (af ’Zef) = W ) Iindependent

1 1— e*ZIm(q:)-d

) _
Tsz‘ [1(‘]”' Re(‘h,z)) +

2
Tin‘ 11(‘1”1 Re(‘]z,z)) +

1672

g.=\J9:+4q;

I P )
qZ,z == kz,f B kz,i kz'f = k"\/m
qS,z:kz,f +kz,i ko:27z-//1

q4,z == kz,f + kz,i

21m(q.)

2
TfRi‘ ]1(‘1”’ Re(‘]s,z)) +

2
Rin" A (q”’ Re(Q4,z)) |

R., T;:incoming wave
Ry, Ty outgoing wave
Ff: amplitude of scattering

from the internal structure
1, = FF* ; intensity

42
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) _
Tin‘ 11(9“1 Re(q,.)) +

2
_ e 2ma)d |\ T,R .| I,(q,,Re(q,,))+
IGIXS(af’ZHf)é 161”2 2 Zelm( - f‘z LM 2
- t I,(g,,Re(q;.)) +

2
Rz’Rf‘ Il(q”’ Re((h,z)) |

TR,

I, scattered intensity from scatters in nanoscales

(1) Spherical structures:(model approach)
Iy =c| n(r)o?(r) | F(gr) [ S(qr)dr
1
n(r) = -
(r) N2rnr e’ '?
(2) Random two-phase structures: (correlation function approach)
I = 87z-¢(1_¢)(pe(ﬁlm medium) _pe(sca”e”))zé:3

—In(r/r,)?
252

e

: (L+g°E")?
(3) Structures in Crystal lattices:(model
1 (q)=S(q)- P(q) approach) Macomolecules (2005) 38, 3395

P Macromolecules (2005) 38, 4311
V Nature Materials (2005) 4, 147
v Adv. Mater. (2005) 17, 696

;"&:ﬁ? POSTECH
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Outline

E. Applications of GIXS in Nano-Science and Technology
12 Examples of Recent Research Results

ft%% POSTECH
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1. GIXS Analysis of NanoPores: Ultralow-k Dielectrics in Nano-Thin-Films éﬂﬁ?

Nanopore

PMSSQ —»
Substrate —

Synchrotron
X-ray beam

* AFM found: Surface is very smooth (<0.5 nm)!
* Nanospcimen thickness: ca. 100 nm.

Advanced Semiconductor in the Next Generation

2D GIXS Pattern
(experimental data)

& (deg.)

A m’} rPOSTECH 45
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(1) Data Analysis with GIXS of Spherical Structures (Pores) 2&?

o B
Sphere

i

ore size

ize distributions
hape

orosity ...

T Wn n g

29f (In-plane) 0.1

* AFM found: Surface is very smooth (<0.5 nm)!
* Nanospcimen thickness: ca. 100 nm.

) _
T;Tf‘ I,(q,,Re(g,.)) +

2 3\(si i
1 l—e_zlm(%)'d T;Rf‘ Il(q||’Re(q2,z))+ Il=jn(r{4n3r J [Sln(qr)(:]j;acOS(qr)J S(qr)dr

I (@,20,)= - :
anxs (@ 20)) = o iy T,R[ I(q, Re(g;.)) + g
2 n(r): e 26?2
_R"Rf‘ ]1(q”,Re(q4’z)) A 27cr06e0'5"2
Sphere Form Factor: F ., (q, r): 3[Sln(qr)(— q)]f COS(qr)]
qr

A %’:5 rPOSTECH 46
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(2) Data Analysis with GIXS of Ellipsoidal Structures (Pores)

29f (In-plane)

1— p-2Imla:)d

GIXS (af,Zﬁ)_ 167r ' 2Im(q.)

N
f g rPOsSTECH

fpad
1988

TTf‘zll(q”, Re(%,z)) + W
T;Rf‘zll(q”l Re(g,.)) +
Tf&‘zll(q”l Re(g,.)) +

Rf‘211(q”1 Re(%,z)) ]

short axes

Polymer Synthesis and Physics Laboratory

102 3 e - ) - .
] 2.20 0.33 0.90
0.9 (best fit .
5 101 2 08( estiy Pore size
' __ £=07 Sjize distributions
Shape
€= o 4 Porosity ...
0 - €=0.3
10 3 £=0.2
€=0.1
0.1

Arr®
elhpostd ql" )dl"

3
=In(r/1y)?

e 262
\2rn rOGe

_[ Sphm [q r Re, a ]Slnada

I’l(l"

ellzpsozd q R (C,‘

r(R,g,a :R\/Slna +&°cosa’®

(e : aspect ratio)

e
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(3) Data Analysis with GIXS of Cylindrical Structures (Pores) fﬁ?

29f (In-plane)

1 1_e—2|m(qz)-d

I GIXS (af ,26’f ) = 167°  2Im(q,)

A M’? rPOSTECH

Fpad ¥
1986

S

LIR=1
LIR=2
LIR=4
LIR=6

100 3

L/R = 1.49 (best fit)

Ry (nm) | L (nm) g
2.81 4.20 0.33

Pore(size

Size distributions
Shapp
ity ...

0.1

, _
T;Tf‘ ]1(q||’ Re(%,z)) +

2
T;Rf‘ [1(q||’ Re(Qz,z)) +

Tva"ZA(QH’ Re(g;.)) +

_&Rf‘zll(q||!Re(q4,z)) |

Polymer Synthesis and Physics Laboratory

qy (nm-)

1, =[n(R, LY ?F,., S(gr)dr

cylinder

n(R, L): lognormal function
Ezylinder (q’R’L) =

- . 2
jﬂ/z{ZBl(qum a) Sln(qLCOSa)/Z} Sinade

0 gRsina gLcosal?2
R :radius, L :length
B, : first order Bessel function)
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e

This Series of GIXS Analyses gives Conclusions:

e Nanopore shape: “Sphere (hard sphere)”
e Packing order: “None”
(randomly dispersed in the film plane)

é@#ln-plane)

f;g;’? rPOSTECH 49
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(4) Structural Information in the Out-of-Plane éﬂﬂ-?

Out-of-plane

] ]/é /} 1000000
1 —_— 100000 §

107 5 a} —_— ﬂ 10000
3 72' 10004

100 4

1E-6 2

1E-3 4
A l 1E-4
V5 N 1E-5
43§ “\\"{AA“A A 1
A A\"‘AA\ .
g
AN

. 1E-24

et T y T T T T T T
B N -0.3 0.0 0.3 0.6 0.9 12 15 18 21
e\

a, (deg.)

h =y §5\\\
10%4 /

1
Electron density
Porosity
= _ Thickness
TT,| I,(¢,Re@.))+ Orientation
2
1 1-e2me)s |[TR [ (g, Re@,.))+ . :
I (a 29 = . . B 4 r3 Sln(qr)—qrcos(qr)
Grxs\Uy Uy ) = 2 1= [ nlr ‘ S(gr Jar
e A Z}R,‘ 1 (g, Re@;.))+ : _(q y
—In(r/ry)?
2 1 .
RR | I,(¢,Re@,.)) (r) = _e
- - 2n ryce’°°
& M’? POSTECH 50
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(5) 2D

GIXS Simulation

a;

|

Experimental data

Simulated

Out-of-plane

~ In-plane

26,

GIXS pattern

A %’E POSTECH
i Polymer Synthesis and Physics Laboratory

IGLYS(af,ZHf) =

1 1_6—2|m(qz)-d

1672 2Im(q.)

_ , _
‘Tin‘ 11(q||| Re(q,.)) +
2
‘Tin‘ Il(q"’ Re(q,.)) +

2
‘TfRi‘ 11(Q||1 Re(g,.)) +

_‘Rin‘zll(qu’ Re(q,.)) ]

2

(=

qr)— qr CcOos (qr )J S(qr)dr

Patents filed

4y 3

z'[ n(r{ 3 ‘(qr)s
—In(r/ry)?
n(r)= - —e 26°
2n ryce’™°

Ree et al.,
Nature Materials §2005 4. 147
Adv. Mater. (2005) 17,696 51



PAL
(out-of-plane) C/?
In- and Out-of-Plane GIXS Profiles Analysis

gives Conclusions:

e Nanopore shape: “Sphere (hard sphere)”
L e Packing order:  “None”
(randomly dispersed within the thin film)

- 2 (In-plane)

* Further, We have verified these GIXS Analysis Results
by the TXS Measurement and Data Analysis!

M. Ree et al., Macromolecules 39, 8991 (2005)

{ m’? rPOSTECH 52
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: : PAL
Comparison of GIXS and TXS Analysis (./?

Pore structures and properties of nanoporous PMSSQ films
iImprinted with PCL4 porogen

Porogen Cure R, “ (nm) o, b pe
loading  temp. ¢, (%) n ke
(wt%)  (°C) GIXS TXS (nm™) 0
0 400 - - 399 - 1.3960 2.70
PCLA4
10 400 5.3(0.01) 4.4(0.06) 373 6.5 1.3587 2.44
20 400 10.0(0.02)  11.3(0.10) 338 153 1.3207 2.16
30 400 >40 ¢ >40 € 302 243 1.2795 1.85
30 200 - >40 ¢ 398 - - -

“Average radius of gyration estimated from the radius » and number distribution of pores obtained by the analysis of
SAXS profile.

’Electron density determined from the out-of-plane GISAXS profile.

“Porosity estimated from the electron density of the film.

Y Refractive index measured at 633 nm using spectroscopic ellipsometry.

¢ Dielectric constant measured at 1 MHz using an impedance analyzer.

/Standard deviation in the determined z, value.
¢ Not detected due to the out of the detection limit (ca. 40 nm).

M. Ree et al., Macromolecules 39, 8991 (2005)

A %3 POSTECH 53

i Polymer Synthesis and Physics Laboratory

1988



2. GIXS Analysis of Nano-Templates: Ultra-fine Filter Membranes for Virus m: ’;?

PS-b-PMMA Film (25-90 nm thICk) *Co-worked with
Prof. Jin Kon Kim
(Postech)

PS-r-PMMA solution (toluene)

l 1. Spin-Coating
2. Drying

1. Spin-Coating
PS-b-PMMA(0.25)/PMMA
solution (toluene) Surface

2. Drying & Anealing at 170°C for 2 days roughness:
<0.5 nm
— PS block

PMMA block b 1 )

PMMA homopolymer =

Neutral Brush

(1) R

& Distribution ?

cylinder

l UV-Etching

(2) L & Distribution ?

cylinder

(3) Cylindrical Pore Depth
& Its Quality ?

S
& ’3 rPOsSTECH J. Appl. Crystallogr. 40, 305 (2007) 54
Polymer Synthesis and Physics Laboratory Adv. Funct. Mater. 18, 1371 (2008)
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,i 0l -
0.5 48 8 B
$ n
Si wafer .. r I,r
Sio, Neutral Brush 0.0 i A
PS block™ PMMA block 15 10 05 0 05 1.0
B pMMA homopolymer
26, (degree)

UV-etching
Rinsel

I
Reyjinge™? NM A5 -8 05 0 08
L=?nm zaf(dq_)
In-Plane

0.1 0.4 0.7 1.0
q., (nm1)
1 Out-of-Plane
~ 4
-] k¢
g |
B

0.4 0.7 1.0

q. (nm™)

O wo
[IRY

Exp.
GIXS

1.5

GIXS

10 13

Etched

Non-
Etched

Etched

Non-
Etched

1 1_emes |[IR [ 1(g,Req,.))+
1. (c,,20.)= : 1
GIX( VA f) 167 2Img,) T, R‘ L(g,Re@.))+

() =|Fqf 2(q)

F(q,RL)zzﬁL@sin(ﬂ/ 2expliql/ 2)
q

1 (R—Ry
GR) = ex;E }
o V2o, 207 "1 g
Zq)=] 2@
P m
1-E[
i 1+E(q)}= i B
1-F(@)] 1-3F|cos-@)+E =
F(q)=|F(q)exptigq)
2 1 2 2 400
=] -5 ar |
J R

cylinder

g :Azaj / aj2
g: paracrystal distortion factor

2 ]
TT| I,(g,Re,.))+

|RR/ 1(q,Re@.)) |

n

49"@%

L
400
0

&00

=11.5 nm
L=25-100 nm
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Before UV-Etching GIXS After UV-Etching ‘Bﬂ?

1.5
T 1.0
Measured g
)
S 05
0.0
-10 05 0 05 10 -10 05 0 05 1.0
26, (degree) 26, (degree)
g=0.048 g=0.036

Calculated &

0.0~ 1 I I I I _
-1.0 -05 0 05 1.0 -1.0 -05 0 05 1.0
26, (degree) 26, (degree)
Parameters in calculating 2D GIXS pattern: Parameters in calculating 2D GIXS pattern:

a; = 0.20° a; = 0.20°

L'=78.8 nm L'=86.1 nm

R=11.8nm R=11.7nm

G, =2.95nm _ 5 o, =2.90 nm

Dyp =34.0 nm pe(film)=348 nmr Dy, = 34.0 nm p.(film)=261nm-3
f’*"’ POSTECH 56

Y J. Appl. Crystallogr. 40, 305 (2007)
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Structural and property characteristics of thin films of the PS-b-PMMA/PMMA mixtures énﬂ-?
before and after UV-etching

Structural parameters Properties
Sample t”
mor e et 4 at  p P
(hm)  (m) (m) (nm) & (deg)  (nm?®) (%)
Before etching
Film-1 28.5 285 11.0 3.01 34.0 0.053 0.156 348 -
Film-2 78.8 788 114 3.00 34.0 0.048 0.156 348 —
After UV-etching
Film-3 25.0 25.0 11.8 295 34.0 0.040 0.136 265 25.3
Film-4 86.1 86.1 11.7 290 34.0 0.036 0.135 261  26.6

“Film thickness.

’ Length of the cylindrical pores.

“Pore radius determined from the peak maximum of the radius » and the number distribution of pores.
4 Standard deviation of the pore radius.

¢ Center-to-center distance of the cylindrical pores (d-spacing of the hexagon).

/Paracrystal distortion factor

£ Critical angle of the film determined from the out-of-plane GIXS profile.

" Electron density determined from the critical angle of the film.

" Porosity estimated from the electron density of the film with respect to the electron density of PS.

/1 ﬁ?’? POSTECH 57
Polymer Synthesis and Physics Laboratory
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Surface/lnternal Structure: Surface Structure and Its Depth Variation in Nanotemplates

Adv. Funct. Mater. 18, 1371 (2008) 58



3. GIXS Analysis of Block Copolymer Thin Films: HPL PAC2

PS-b-PMMA Film (200 nm thick)
rms roughness: 0.1-0.3 nm

Fractionated (FM) Macromolecules, 38, 10532 (2005)

(Wepppya = 0.345) ~ AFM

*Co-worked with
Prof. Taihyun Chang
(Postech)

rPOSTECH 59
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e

b- i i Macromolecules, 38, 4311 (2005)
PS-b-PMMA Film (200 nm thick) Macromolecules, 38, 10532 (2005)

Macromolecules, 39, 684 (2006)
Macromolecules 40, 2603 (2007)

Fractionated (EM) J. Appl. Crystallogr. 41, 281 (2008)

(thMMA =0. 345) a

| (asu re)

L]
.
.
.
.
.
.
.

ecee

Co-worked with
Prof. Taihyun Chang (Postech)
Dr. Byeongdu Lee (APL)

®ecccccccccsccccccccccce

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
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T
_ , ;
| gy Re(an. ) + Loixs ,(Q) = IIGIXS (@)D(p)de
2
11— e2ma)d Tl.Rf‘ 1, (g, Re(q,.)) + g .
]GIXs(Olf,ZHf)E I ) 0 =ID((0) (3cos“ p-1) do
z 9. TfRi‘ [1(Q||1Re(%,z))+ S 2
2 N2
= / 1 (p-9)
1(a) = P(q) - S(@) R,Rf\ 1,(q;,Re(g,.)) | _ exol
P(q) = F*(a, R, L) o) 5 - s D(p) Voro, p 207
F(q.R,L) = 27R*L 1qu”¢ Sm(qquZ/z exp [~ ig,L /2]
F(qulL) = Fl(q”vR)'F"(qva)
_ 2J1(q|\R)
Fi(q”YR) = T
Fy(q,.L) = %exp[ —ig,L12]
(F(q,R,L))=(F (q,,R))-(F(q,,L))
TG(R)FL(qH,R)dR
<F¢(q”vR)>: . P
[G(R)aR
]C.G(L)F”(qz,L)dL
<F\|(quL)>: . P
jG(L)dL
G (R)= \/Zj.raR eXp{_ (Rz_a?) }
G ()= \/2;lmL ex'{_ (Lz_aé) ]
s@ =TI T1 7.(@
, 1 |r. af ;
Z[k(q)_172|F1k(q)lcos(q'azk)+|F1k(Q)|2 'y
Fy (q)leIk (q)|exp(7iq-a/k) 61
|F (a )|=f[ exp{—%g;d (a 'a“”)}' J. Appl. Crystallogr. 41, 281 (2008)

2 2 2
gu.;i=A alk,i/ai



a; = 0.220°

Measured out-of-plane

1.5

in-plane

-1.0 -0.5 0.0 0.5 1.0

Simulated

(215)

(212)
(214)

(211)

(212)
(211)

-1.0 -0.5 0.0 0.5 1.0

26 (deg.)

(@)

Loda) @
&

Topd@) @U)

HPL structure with ABC stacking

Open circles (black color):

due to reflected X-ray beams
Open squares (red color):

due to transmitted X-ray beams

62

J. Appl. Crystallogr. 41, 281 (2008)



Structural parameters of a PS-b-Pl diblock copolymer thin film,
which were obtained by GIXS measurements and data analysis.

ay | oyt RS ox' L™ | o | Thickness® | p,1

0.(/)-’;1:1 S§§§
(m) | (m) | (m) | (m) | (m) | (nm) (nm) () | "
30.6 66.1 10.6 45 20.2 0.9 1254.0+4.0 360 0 0 1

T Hexagonal lattice parameter along the film surface.

* Hexagonal lattice parameter along the film thickness direction.
S Mean radius of cylinder.

T Standard deviation of the cylinder radius.

" Mean length of cylinder.

* Standard deviation of the cylinder length.

5% Film thickness measured using spectroscopic ellipsometry.
" Electron density determined from the critical angle of film.
" Mean polar angle.

*#* Standard deviation of polar angle from mean polar angle.
%88 Second order orienation factor.
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Simulated

ABC

Stacking

: w AB

e 216) P

= ., Stacking

B

3

0.0
1.0 0.5 0.0 0.5 1.0
J. Appl. Crystallogr. 41, 281 (2008) 2Qf (deg.)
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4. Phase Transition of HPL phase to Gyroid

PS-b-PI (wt,,=0.634) film (1254 nm thick) rms roughness: 0.1-0.3 nm

A (A) 120 °C > (B)140 °C > (C)160 °C

HPL ‘ Bl
. : Gyroid

q, . '

Gyroid

>
Macromolecules, 38, 4311 (2005) *Gyroid-structured microdomains pe_rfectly oriente_d
Macromolecules, 38, 10532 (2005) along the {121} plane parallel to the in-plane of a film.,
Macromolecules, 39, 684 (2006) _
Macromolecules, 40, 2603 (2007) Co-worked with
J. Appl. Crystal., 40, 950 (2007) Prof. Taihyun Chang (Postech)

J. Appl. Crystal., 41, 281 (2008) Dr. Byeongdu Lee (APL)



PAL
5. GIXS Analysis of Gyroid Nanostructures ‘/?

PS-b-PI Diblock Copolymer Thin Film on Si Substrate

a,(deg.) (Measured) o, <0, < 0

26.(dea.)

J. Appl. Cryst. 40, 950-958 (2007)

R
" ’:; POSTECH . * 2008 Cover Page of J. Appl. Cryst.  ©°
i Polymer Synthesis and Physics Laboratory



, _
TTf‘ Il(q”, Re(qu» +

2
1 1— -21m(gq,)d TIR Js (q“1Re(q ,z))+
IGIXS(af’ZQ )= 1672 zelm( ) f‘z 1 2
qz Tle-‘ [1(q||1Re(q3,z))+

2
i Rin‘ ]1(Q||’ Re(q4,z)) |

Paracrystalline system is considered to consist of infinite periodic minimal surfaces
(IPMS),

IPMS in the form A(xyz) = 0 (von Schnering & Nesper, 1991):

h(xyz)—sm(—)cos( ﬂy)+sm( ﬂy)cos(—)+sm(—)cos(‘2—7zJ
dg ag as as ag dg

h(xyz) : a trigonometric function, which is given for the gyroid surface,
and ag is the cubic lattice parameter.

2 2
il sin[gn;(L/2)] il . sin[gn (L /2)]
P@) =|Ds, cos(gr,) —————=| +| s sin(gr,) —————
gn,(L12) gn,(L12)
s; - surface area of the jth minimal surface (MS)
;. position of the jth MS’s centre

n; . aunit vector normal to the surface of the jth MS
L: width of PS phase.

S(a) =HZk (@)

7@ =1+ 1@ , F@
' 1-F, (@) 1-F (@)

F, (@) =|F; @e ™
|F(a)] = exp{— [%2&2 4,8, +45°8; H

2
a, =d(by + bs)
az =d(by + by)
=d(by + by)
g1= Aa1/a1
S Aazlaz
g3 = Aazlag

Loixs 0 Q) = _[ Iyxs (@)D (@)do

0, = ID( )(3cos ¢ —1) do

Dig) = ﬁp{ %}

- (121)

67
J. Appl. Cryst. 40, 950-958 (2007)



{121} plane

(@)

150 180

120

6

o
Lo
o

0.25

(‘bap) *»

{220} plane

0.00

0.00 0.25 0.50
26, (deg)

-0.25

-0.50

9 120 150 180
p (deg.) 68

60

30




0.50

o
D
= 0.25
s
0.00
-050 -025 000 025  0.50
26; (deg.)
b 5 -_— —_—
05 © (2, (@20)022)
1 e (ﬁz)(zoz)
) N 0o 121)(121) 4 @ [0 72
S 04 S 1( @ e o |
) 0e J121) 7 @ 8 (220)(022)
S 0.2 aC'S—D ¢ ¢ 9.(2[]12(2112 112) (112)
] 1ee® 3 4@ 15 010202
% 6'%@8
0.2 | | -
06 03 0.0 0.3 0.6
26; (deg.)
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e

a; (deg.) (Measured) O, < Q; < O

26, (deg.)

a, (deg.) (Calculated)

26, (deg.)

J. Appl. Cryst. 40, 950-958 (2007) 70



Structural parameters of gyroid structure of PS-b-Pl
diblock copolymer, which were obtained by GIXS
measurement and data analysis

ac I {121} plane {220} plane 0 5, 0,
(nm) () 81 g2 g3 81 82 83 (deg.) (deg.)
58.7 145 0.03 0.20 0.10 0.07 0.22 0.11 0.0 0.0 1.0

J. Appl. Cryst. 40, 950-958 (2007) 71



6. GIXS Analysis of Lamellar Stacks fﬂ'?

-{ OCH2(|3H%

ik —_ POCE

o
@)
c
LL
0L 3 L 8 :
L L 30 -20 -10 O 10 20 30
173 2173 373 473 26, (deg.)

T (K)

/19 ’3 POSTECH 2
i’ Polymer Synthesis and Physics Laboratory J. Appl. Cryst., 40, 476 (2007)



1 1_e—2|m(qz)-d

IGIXS(af’ZHf)E 167° 2Im(q.) .

1,(q)=P(q)-S(q)

) _

Tin‘ Il(q”vRe(qu))"‘
2

Tin‘ 11(Q||1Re(%,z))+
2

TfRi‘ [1(Q||1Re(%,z))+

2
Rin‘ ]l(q”’ Re(%,z)) |

P(q) = exp{% I2(g, 5in i +4, €08 f) + L,g’ + L,g’ ]}Sinz i
T

by

exp(— o, q, /2)

s@={s1") (s

_sin(g,h/2)
q,hl?2

f

1-|F, (@)

Zk (q) = 2
1+|F, ()] —2F(a)|cos@-a)

27262 4 o242 02 ]
E(Q)Zexp|:—(qr r8n T4;9383

2 -
| (qidigivaidigh)
sz(q):exp_ q g 2qz 3g3
i 27252 4 2242 52
Fvg(q) — exp _ q: 4, 83 Zqz 3833

{Hz (q)}

h : one layer thickness
oy, . deviation in 4

&rr = Aarr/ a;
8r3 = Aar3/ ar
8ar = Aa3r/ a;

g3 = Aagfa;

Loixs 0 Q) = j Iyxs (@)D (@)do

¥ 3cos’p -1
0, = [ D)= 2= ap

1

D(0) =

(#) Voro,
Aag, —Q n @
P T
ds

Ih

a, ,
ml q

exp{_ (o=0)° }

20

Aar3

Aa,,

J. Appl. Cryst., 40, 476 (2007)
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Surface Undulations in Lamellar Structure

Distribution of Orientation

1 (p-9)°

D(p) = exp| —
V2rao, { 20'; /AF%A% v rfé\‘,,

Va a3

Lo »(0) = '[IGIXS (@) D(p)de | | | | | Il
1) \

Order Parameter -

(8cos” =) o LT
§= ID(¢) 5 do s ‘ r /Jll/

d,=3.0nm, | =1.70 nm, g = 0.15 nm,g,, = 0.05, g,, =
0.05,

d =0.45nm, g,=0.5,9,=0.15, 3 =90° g =0.20°
film thickness = 100 nm

electron density of film = 200 nm-3

electron density of substrate = 699 nm-

26,(degree)
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7. Solar Cell : Nanofilms of Poly(3-hexylthiophene)(P3HT)/Fullerene: Lamellar Stacks

rms roughness: 0.2-0.6 nm

X-Ray 30-60 nm

.......................................... q.

Molecular Orientation in Thin Film
CCD
..f"'-‘-‘\“ e ac S al S as

Camera

100% RR \

9 x}“ F HHH
S T igh
H Quantum

M, ‘
;r’ ?R > Yield
e Solar Cell

100% RR
a-a Stacklng

100% RR
b-b Stacking

P3HT

% Lamellae
P3HT Chain

substrate ~90% RR x> X

Low
Quantum
> Yield
Solar Cell

90% RR
a-a Stacking

90% RR
b-b Stacking

Nature Materials , 5, 197 (2006)



8. Polypeptide — poly(z-lysine) film or fibrils (60 nm thick)

{Prepared with a solution in THF)
b, ' '

0 . AN - .
20 -15-10 -5 0 5 10 15 20
28 (degree)

28 (degree)
e
ﬂ} £ -' ' Measured Calculated
204wx 20 pm it} i
(Prepared with a solutinn in DMF) ? 15;
104
5 . .
287 .
s
J. Phys. Chem. B. 112, 8868 (2008) 50 = - B e ; —

2 Gy (degreo) 2 6, (degree)



9. GIXS Analysis of Linear-Brush Diblock Copolymer in thin Films (1)

'““ foA X

Hydrophilic Hydrophobic
P(EO) P(MAAZ)

GIWAXD GISAXS

GIWAXD GISAXS

P(EO),1,-b-p(MAAZ),;

a; (degree)
a (degree)

a; (degree)

-1.0 -05 0 0.5 1.0
26, (degree)

0
-20 -10 O 10 20

1.0-05 0 05 1.0
26, (degree)

26, (degree)
Co-worked with
Prof. Hirohisa Yoshida (Tokyo Metro. U.)

Prof. Tomokazu lyoda (Tokyo Inst. Tech)

10 20

20 -10
26, (degree)

J. Phys. Chem. B. 112, 8486 (2008)



68.7°
Hydrophilic  Hydrophobic
p(EO) P(MAAZ) ‘
Sm-X
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10. GIXS Analysis of Linear-Brush Diblock Copolymer in thin Films (II)
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11. In-Situ GIXS Measurements
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In-situ GIXS - Nanopous dielectric thin films: Low-k nanofilms
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In-situ GIXS Measurements: PCL4/PMSSQ film énﬂ'?
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In-situ GIXS Measurements: PCL4/PMSSQ film
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12. Current GIXS Analysis - Organic and Polymeric Electronic Devices
(in progress): TFT, FET, MED, LCD, PDP, etc.
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Solution X-Ray Scattering
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Solution SAXS versus Single Crystallography

3 nm resolution mndel: of the 308 0.33 nm resolution model of the
subuinit in the 708 ribosome E.coli 30S subunit Th. Thermophilus
(Svergun & Nierhaus, May 2000) (Yonath group, September 2000)
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3 nm resolution neutron scattering 0.24 nm resolution crystallographic
model of the 50S subunit in the 70S model of the 50S subunit
ribosome E.coli (Svergun & H.marismortui  (Steitz  group,
Nierhaus, May 2000) August 2000)
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Scattering Profiles of Porcine Pepsin in Various pH Conditions
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Structure Changes of Porcine Pepsin in Various pH Conditions

pH 1.58 pH 7.93
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p(r) Profiles of RseB and RseA in Solutions

(obtained from SAXS Profiles)
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Structures of RseB (b) and RseA121-216/RseB complex (c) FAL2

© =

e
-

<« r

b ©
RseA binding induced- A

ding s a& ' conformational chan r
RseA binding site Ny conformational change g,

(a) Crystal structure of The solution models of RseB (b) and RseA,,; ,,,/RseB

Escherichia coli RseB complex (c) restored from the SAXS data at a resolution

at a resolution of 0.24 nm  of 1.25 nm. The ribbon diagram of the RseB is overlapped
onto the solution model of RseB for the comparison of
overall shape and dimension.

D.Y. Kim, K.S. Jin, E. Kwon, M. Ree, K. K. Kim, Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 8779-8



PAL
Conclusions — GISAXS —

= GISAXS Optics, Theory and Data Analysis Methods Reviewed.

= GISAXS is Very Powerful to Analyze Structures in Nanoscaled
Samples and Products.

= GISAXS is Very Powerful to Characterize Structural Changes in
Time-Resolved Mode.

= GISAXS is the Nondestructive analysis technique.

m rosTeCH 102
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PAL
Conclusions — TSAXS —

= SAXS Optics and Sample Stage Related Equipments Reviewed.
= Theoretical Fundamentals of TSAXS Reviewed.

= TSAXS is Very Powerful to Analyze Single Particles (Molecules)
and Their Assemblies in Solutions and Solids.

= TSAXS is Very Powerful to Analyze Proteins and Other
Biomacrmolecules in Nature.
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Dr. Byeongdu Lee (APL) Dr. Yongtaek Hwang (Samsung Elec.)

Prof. Weontae Oh (Dongeui Univ.) Dr. Young-Hee Park (RIST)

Prof. Seung Woo Lee (YeongNam Univ.)

Prof. Seung Moon Pyo (Konkuk Univ.)

Dr. Youngkyoo Kim (Kyung Pook National Univ)

Prof. Taihyun Chang (Postech)

Prof. Jin Kon Kim (Postech)

Prof. Prof. Hirohisa Yoshida (Tokyo Metropolitan U.)
Prof. Teruaki Hayakawa (Tokyo Inst. Tech)

Prof. Akira Hirao, Prof. Takashi Ishizone
Prof. Toyoji Kakuchi (Hokkaido Univ.)

Dr. Sono Saski, Dr. Osami Sakata, Dr. Kimura, Dr. Masaki Takata (Spring-8)

Dr. Richard Garrett, Dr. Bill Hamilton, Dr. Mike James (ANSTO)
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M. Ree’s Group

1. Research Fields

<Polymer Physics>
- Polymer chain conformation
- Structures and morphology
- Nanostructuring
- Electric, dielectric, optical,

thermal, mechanical properties

- Sensor properties
- Surface, interfaces

\

<Polymer Synthesis>
- Functional polymers

>

- Structural polymers
- Polypeptides, DNA, RNA

2. Group Members (25)
2 Postdoctoral Fellows
13 Ph.D. candidates
2 Undergraduates
2 Technicians
2 Secretaries
4 Scientists (PLS: Coworkers)

¢ Polymers for Microelectronics,
Displays, &
Sensors

¢ Polymers for Implants &
Biological Systems

¢ Proteins & Polynucleic acids (DNA, RNA)
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~for your attention !






