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Optics of
Small Angle X-ray Scattering (SAXS)
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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?

rPOsSTECH
Polymer Synthesis and Physics Laboratory



PAL,

“:

2-D CCD X-Ray Detector

Roper Scientific MAR research
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Device for Temperature Jumping =2

Sensor

Sample

I
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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
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Data Collection Time
and
Sample Thickness (Volume)
In
SAXS Measurements
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Optimization of Collection Time (Error Analysis)
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o A A A A A A A
TIME
Figyre 6-12 Randomly spaced voltage pulses produced by a detector.
Poisson distribution
(nt)Ne™ nt: average value
P(N)= NT P(N) ; probability of having N count in a given time t
VN ) ,
iT Relative error possessed in the count N
number of pulses standard deviation (%) collection time (sec)
counted
1,000 3.2 1
10,000 1.0 10
100,000 0.3 100
POSTECH
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Optimum Sample Thickness (transmission geometry) ‘/?

t, u : Thickness, Linear Absorption Coefficient

Iobs (S) ~1- e_ﬂt

t =

opt

1
u
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Fundamentals of
Small Angle X-ray Scattering (SAXS)

Beamstop

——| Beamstop
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Fundamentals:

Conventional
Small Angle X-ray Scattering (SAXS)

Transmission Small Angle X-ray Scattering
(TSAXS)

[ Beamstop
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_ength Scales in Structure

Structure
1 1 l L 1 | -
15A 354 100-200 A 500-5000 A 50-300 um 100-500 pum
/
N .

Sample size
Structure size
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Hierarchical Structure of Polymer Crystals

splr:frlr’]ulite ﬁbrmlaﬂr?]ramhing heIical_iﬁme]!!sr_ftructure
- Ul light scattering (SALS within Tibriis

?npitclrcgslcopy N\ ¥ . ) 500 A
(OM) =\ SAXS

Experimental ™

techniques

for the

length

scales

involved

are

Indicated

::\r,]e d crystal lattice individual lamellar stacks

1A WAXS 10A < vs TEM & SEM
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X-Ray Scattering from Single Molecule
(or Particle)
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X-Ray Scattering from One Molecule (Particle) fﬂ'?

o (Polarizability) } -

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

Incident wave 20

Detector

i Molecule
Ot) . tlilgq:t frequency (Scatterer) E,
' Scattered wave
2 2
M /ot
E, = (9 > g )cosT
cr
M = aE = aE '
(0°M/6t?) = —aw®E,e"" | ¢ light speed
—aw’E e r : sample-to-detector
E, = 2 cos ¥’ distance
cr
|, =E, -E. (scattered wave intensity)
|, =E,-E, =E? (incident wave intensity)
24

f@ rosTeCH
X% Polymer Synthesis and Physics Laboratory



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

POSTECH 23
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Scattering vector

Scattering vector
S,= €z,  S;= €ysin20 4 e, cos26

s = s, — 5,=[e(1-cos26) — e,sin26 |

k=27/A wWave number (modulus of wave vector)

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

g=ks 0I=ks:4—fsin6?

Bragg’s eq.: lattice spacing d
2dsind=nA(n=123.)=>d=

ni 2z
2sind g

The phase difference 6, from O and P is equal to \l/ v d=27z7’q
the inner vector product, q.r.

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

f@ rosTeCH 26
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PAL
Phase Factor 8= q-r -

2 ot
—aw “E e
E, = ———=Cco0s ¥
cr
2 ot
-w°E e Zikx
E, = o~ —cos ¥ ) a,e™
c°r i

E — Z pie—ikxi

F(r) = Z Pie_i(q.ri)

F : Form Factor

E. = K.,F(r,)
. 2 ot
K, = 2 E"e cos ¥
cr
Is = Es ) E:
.= K {F(r,)-F"(r.)} |, : Scattering Intensity

m POSTECH 27
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) — (r)e @) ) . AWAR
F(r) Zp,(r,)e i p(r) = p, +Ap, VAV

F(r) =2 pr)e™™™ J plr)=p,+4p,
j

I, =K{F(r) -F(r)}
(no correlation between
the fluctuation of

'(q )
=K Zp, @ r)Z,OJ a volume element and

its distance away from another)

= K Zz{pf/(quj)_i_pO/ @ 'J)+poApf/(q IJ)"‘A,O,A,OJ —i(q- u)}

(homogeneous)

L=K3Y Aphpe @
O

Ii=Ti-T;  (interdistance of a pair of scatters)

1,(q) = KSZZJ_ Ap;(r)Ap;(r)e'@ 28

(a generalized scattering equation)




Structure analysis by Scattering and
Concept of Real and Reciprocal Spaces

incident wave sample
wavelength | transimitted
P wave
AWA e S| N\ N
J U \ O |/ \J \
X-ray .
(or light, neutron) 29 /lq| = (4n/A)sin6
o '0668;"" & scattering
M= r="n-r "5&1‘ vectorg : q=(2rn/A) s
9

Correlation function Y(r) - > | Scattering Intensity: 1(q)

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

X1 Fourier Tr. )51

v

Contrast
p(r)
real space (r)

- Scattering amplitude
i F(a)
i reciprocal space (qors) og

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

Correlation function

1(q) = K, [F(r)-F*(r’)]
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

ji%i? rPOsSTECH 30
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(1) Correlation function Approach Vi ot

Auto-Correlation Function y(r) (Patterson Function)
Ap(f)*Ap(=r) [ Ap(U)Ap(r+u)du

(e8] 2 — (e0]

jo [Ap(r)] dr jo Ap(U)Ap(u)du

y(r)=

1
(8p)° NV

y(r)= S_1{|obs (Q)} <

For an isotropic system  [a/=q, |r|=T

: singr
L el g do

7/(r)23_1{|0bs(Q)} <{A,0(U)}2>V - qulobS(Q)dq

Pair Distance Distribution Function (PDDF) p(r) = r? «(r)

POSTECH 31
=9 Polymer Synthesis and Physics Laboratory
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Correlation function versus Scattering intensity

Density distribution

P (r ) — v(r) correlation of

paired scatters
Correlation function /
7 (0)= | p)r = r)ir s 7 (r)ar

Scattering intensity ' Fourier transform

1(q) = é y (r)exp(iq -r)dr
r=r-r

fi%i? rPOsSTECH 32
Y.’ Polymer Synthesis and Physics Laboratory



e

Patterson Function

- - A REE
@) =3{Q()} Qr)=3"{I(a)} ﬂ H
Q) = p(n)* p(-1) = [ plu)plr +u)du 5 ——— F)

Q(r) = |~ (Ap(u) + oo )(Ap(r +u) + py)du
=[ Ap(U)Ap(r+u)du+C

1(q) = 3{Ap(r)* Ap(-r)}+I{C}

| s (@) = S{AL(r) = Ap(-1)]

| @=3Q, 1 = Q=30

0N POSTECH 33

64 - |
% Polymer Synthesis and Physics Laboratory




PAL
Meaning of Correlation Function I:Ap(u)Ap(r+u)du ‘/?

_ [p) inside IOWAP(U)AP(U)dU
Al _{O}outside

uand r+u (inside the particle): 7(r)=1

r+u (outside the particle): y(r)=0

v depending on particle shape and size,
representing the probability of finding of a point u + r within the particle

et o2
Correlation function of sphere of 4R°13 2 2R 2R

radius R zl_E(Lj+i(Lj ;
4\R) 16\ R
y(r)=0 r>2R y Volume V(r) PDDE
of the shaded part 2
4 4 R 16 R < )L/
r 0 R \5311 2R
rPOSTECH 34
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Pair Distance Distribution Function (PDDF)
and Correlation Function

p(r) = r?Ar)

Probability finding scattering elements separated by r

;"’&‘;;3 POSTECH %
«9 Polymer Synthesis and Physics Laboratory
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Pair Distance Distribution Function P(r)

Flat disk

—s— Hollow sphere
—a— Dumbhbell

o T P(r) =r*/{(r)=r"- j Ao(u) Ap(r+u)du

v Distribution of distances of atoms
from centroid

v' 1-D: Only distance, not direction

V' 20:1 18O Gy (/) G
usually ok

v p (r) gives an alternative measure
of Rg and also “longest cord”

36




Particle Scattering Pattern and PDDF

F2(q)
(a) A D
1.0 EO8G
.1 .
0,01
IRALH > .
D,
{h} ; L / ; 4 =
1 2 =—(a)
1u [{-r:l g‘l|' i L u
0.1 o
L
(il
{3001
o) .
(©) f’l,[_rl-i.l",h,r'l
i .0) i
.1 7
{01 1,
1.1 . E}' I'l’r{rll l

rPOsSTECH
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0.30
0.25 -
0.20 -

0.15 4

p(n(a.u.)

0.10 -

0.05 -

0.00 4

S.-Y. Park et al., Macromolecules, 40, 3757-3764 (2007)

\ POSTECH
¥ Polymer Synthesis and Physics Laboratory




(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

o)1 R

Scatt. amplltude

Scattering intensity

l(@l)=§ﬂpi(r)pj(r)mm

r=r-r

F'DS TECH 39
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- X-ray scattering from the electron density distribution in sample
- Small angle scattering for the large distance

F(@)=], p(a)edr o ——— 1)

1(9) = F(@)-F"(q) ﬂ ‘f
1) =|S{p(x)}

p(r) < 5 F(a)

F(r) : Amplitude of scattered X - ray
| () : Scattered Intensity
 ~ p(r) : Electron density function
| (q) - ‘S{Q(r)} Q(r): Patterson function (o(r) * p(—r))
1 3 Fourier transform
Q(r)=3I(a)}
rPOSTECH 40
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Example of FFT
Y=Y11tY,tY3tY,+Y5

1 1
Y1 =COSI, Y, =§COSZF, Y3 =50053r,

Y, = Leos ar, Y= % cos5r, Y, =os(q' r

4
Y(q) %szyexp(iqr)jr 1 :J; ycos(ar ydr

T

FFT

e

1. FT of even functions are
Fourier cosine transform.

2. FT of a cosine function is
a delta function.

3. The amplitude of each function
gives a spectrum.

o
= y=y1+y2+y3+y4+y5 1.0
| | | | |
0 1 2 3 4 5 6 0 2 4 6 8 10Hz
r (rad) q
Real space Fourier space

f@ rosTeCH
X% Polymer Synthesis and Physics Laboratory
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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

‘?;33 POSTECH
X% Polymer Synthesis and Physics Laboratory
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Scattering at Low Angles

Inhomogeneous Density Distribution over Large Distance (nm scale)

s=1/d (orq=2z/d) (A~)
s=0.001-0.1 At d (10~ 1000 A)
260=0.008-8, A=1.542 A

S:‘S‘ZZSllnH q=l=275

- Morphological information of multiphase system:
Domain (Particle) Size, Distribution,
Surface Area, Interface Thickness

- Density Fluctuation

- Supramolecular Ordered Structure

‘j%;;:s POSTECH 43
=y Polymer Synthesis and Physics Laboratory
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Various types of plots
Methods to analyze 1(q)

low q region; q < Rg!

Guinier plot ... Ry (logl vs. g2) ()~ exp[-R3q° /3]
Zimm plot ... Ry, Ay, Mw (It vs. g?) KC/l(q)=M‘1[1+R§q2/3+..]+ 2A,C
Ornstein-Zernike plot ... & (I'1 vs. g?) (@)= 10)/[i+ %% ]

; -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

08 model dependent region
: / (RPA egs. for BP and blends)
>
c\d 0.6 = Mw, v, Rg
5
- 04

B linear plOt (I VS. g Iarge q region; q> Rg-l
4 Porod law (two phase)

oL | /' ' ' I@)~q~

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

Kratky plot (g2l vs. g)... segment length, a (logl vs. logq)
2 2 .2 | PR VAY
Ch q4ZRg e [-Riq ]—1}—:—2 (Debye fun.) (@)~q

44



Invariant

¢

Integration of Intensity
[, Tass(8)ds = [ 155, (s)€%™"dls
3146 (5)]
((4p)* )V -7(0) =((8p)* )V, T=0

Integration of intensity =
average density difference * scattering volume

rosTeCH

=¥ Polymer Synthesis and Physics Laboratory
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5. Fundamentals of Conventional, Transmission SAXS (TSAXS)

(2) Multiple Molecules (or Particles) and Their Assemblies

;"‘5@’3 POSTECH 46
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X-Ray Scattering from Multiple Molecules
(or Particles)

Molecules (or Particles) and Their Assemblies

f@ rosTeCH 47
X% Polymer Synthesis and Physics Laboratory
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X-Ray Scattering from Multiple Molecules (Particles) —

Convolution {F*S}(r) = TF(u)S(r—u)du

{F*S}(-r)= T F(u)S(r+u)du

¥ z
» — £z ® Mg O 2T
4 5-”\| W, M

ingle e i

2
3”% \sk)/,_ molecule o (Ppoiﬂ(i:)nnga?g?g;r'o)
N~ T ' |
% < (particle)

48
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X-Ray Scattering from Multiple Molecules (Particles)

Me
T RO VARG N
\ / F ;:f}\: ’?,\\ S
A
— :\”’g ® Wy s N
- o T < .
R o 7y Packing order ?
‘;{)\:: N / (Positional order?)
\_—y

=N, (8p,) F2(q) a)

[« J

Fo?ﬁw Struau re
Factor Factor

S(q) =1 for dilute solution

;"’&‘?;3 POSTECH I
X% Polymer Synthesis and Physics Laboratory
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Structure Factor
= Form Factor
= Total Intensity

Ig P(qR)
Ig {(gR) e,

0.0 1.5 3.0 4.5 6.0 7.5 8.0 10.5

=N, (ap,) F?(q) (a)

-

FoFFn Stru?:rtu re
Factor Factor

A T’? rPOSTECH

% Polymer Synthesis and Physics Laboratory
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"‘j I(q)
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N
Mz
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e “Q‘
Mz
N
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N
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n

A
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)
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L/
~
N

Packing order ?

Q)

(Positional order?)

y(r)

| Q
v

@

Q(r) ¢

(h p(r) <

Dilute system

Interparticle Structure

Factor

= Experimental Intensity /(¢)
— Particle Form Factor

B \odelling

1 [nterpretation

POSsSTECH
Polymer Synthesis and Physics Laboratory

</
AL F¥a) | FT
; T
< I —_
1”[(1,']%[{]] u FT

Plg) ( 2

S(qg)

FT-
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» Fia)®
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Various Shapes of Molecules (Particles) and Their Packing fﬂ'?

P (0=Pa(0*S ()
1(5) =‘S{p(x)}‘ 3t () J= Foa (0 *S (0)} 3{F*s)=3{F} 3{s}
_ 2zsingd 1 - S{'OA(X)} S{S(X)}

AT =F(s) S(s)

-000006- ”

S(x) = Y.6(x-nd) _d

S

O O O O O_

pX) =S(X)*.pA S() = , S(X) =
P

f‘ﬁ rPOsSTECH 52
Y.’ Polymer Synthesis and Physics Laboratory
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Rod Rod Array (or Packing) ‘/?

< 4
P ()= Pa(x)*S (%) —
3 (0 J= 340, ()*S (%)}
=3{n.(0)} S}
=F(s) S(s)
lss (5) = (F2(s) - S%(9))
A
F2(s) S%(s)
s¥s) | N
| 1/D .
POSTECH 53
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L

S(x)

0O 0O 0o O 00 OO0 0 o o S(S) :TS{S(X)} F(S):TS{IOA(X)}
d

e L
d

1l

|—||—\

| e
el

}’@3 POSTECH 54
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SAXS
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PAL,

“:

S — - (S —— @ o - -
WAXS
patterns

S S— - S— o () - -

:
@

H.H. Song et al., Macromolecules, 36, 9873 (2003)
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Oriented Lamellar Patterns (WAXS)
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PAL /7

Tilt angle : ®

Long spacing
_ v -1/91
I Long spacing

-1/91

® Maximum intensity

H.H. Song et al., Macromolecules, 36, 9873 (2003)
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Nanostructures

A

fpad

G

1086
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I
phere cubic packing

2

h k I S S order d

1 0 0 2.78E-04 | 0.016667 1 60.00
1 1 0 | 5.56E-04 | 0.02357 V2 42.43
1 1 1 8.33E-04 | 0.028868 V3 34.64
2 0 0 | 0.00111 | 0.033333 V4 30.00
2 1 0 | 0.00139 | 0.037268 \5 26.83
2 1 1 0.00167 0.040825 \6 24.49
2 2 0 | 0.00222 0.04714 V8 21.21
2 2 1 | 0.0025 0.05 V9 20.00
2 2 2 | 0.00333 | 0.057735 V12 17.32
3 0 0 | 0.0025 0.05 \9 20.00
3 1 0 | 0.00278 | 0.052705 V10 18.97
3 1 1 0.00306 0.055277 Vil 18.09
3 2 0 | 0.00361 0.060093 V13 16.64
3 2 1 | 0.00389 [ 0.062361 V14 16.04

;"&‘?;3 POSTECH
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Hexagonal cylinder

10000 Y,
>
<
= 1000 5
2 ] roots3s
) 4
c
2
£
= -~ roots’/s
o

10

1s=0.0201(49.75 angstroms)

T T T T T
0.00 0.05 0.10

'3 rPOSTECH
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Columnar hexagonal packing

e

4 h*+hk+k*, |°
h k | s? S order d ( az C2
1 0 0 |0.00037 |0.019245 1 51.96
1 1 0 |0.001111 | 0.033333 V3 30.00
2 0 0 |0.001481 | 0.03849 4 25.98 (a=60A)
2 1 0 |0.002593 | 0.050918 \7 19.64
2 2 0 |0.004444 | 0.066667 V12 15.00
3 0 0 |0.003333 | 0.057735 \9 17.32
3 1 0 |0.004815 | 0.069389 V13 14.41
3 2 0 |0.007037 | 0.083887 V19 11.92
3 3 0 |oo1 0.1 \27 10.00
4 0 0 |0.005926 | 0.07698 V16 12.99
4 1 0 |0.007778 | 0.088192 \21 11.34
4 2 0 |0.01037 |0.101835 V28 9.82
4 3 0 |0.013704 | 0.117063 \37 8.54
4 4 0 |0.017778 | 0.133333 \48 7.50
POSTECH 63
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P—
olumnar quadratic packing

Polymer Synthesis and Physics Laboratory

h k I s? s order d d 2
1 0 0 |0.000278 | 0.016667 1 60.00

1 1 0 |0.000556 | 0.02357 \2 42.43

2 0 0 |0.001111 | 0.033333 V4 30.00 (a=60A)
2 1 0 |0.001389 | 0.037268 \5 26.83

2 2 0 |0.002222 | 0.04714 \8 21.21

3 0 0 [00025 |0.05 N 20.00

3 1 0 |0.002778 | 0.052705 10 18.97

3 2 0 |0.003611 | 0.060093 V13 16.64

3 3 0 |0.005 0.070711 V18 14.14

4 0 0 |0.004444 | 0.066667 V16 15.00

4 1 0 |0.004722 | 0.068718 17 14.55

4 2 0 |0.005556 |0.074536 720 13.42

4 3 0 |0.006944 | 0.083333 \25 12.00

4 4 0 |0.008889 | 0.094281 V32 10.61

POSTECH 64



Two Phase System

Sharp boundary

a - - b

Model of two phase system (A) and electron
density distribution follow up line a-b (B).

f&ﬁg POSTECH 65
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Condensed Multi-phase

01, P, -densities of particle and matrix w

¢, ¢, :volume fractions p,=p @ +p ¢ average density
P
n(r)=p(r)-p, BJ L |—§p2

<772> =Ap°td,  Ap=pi-p,
| (8) = (7° VI (1)} = AR,V - Sy (1)}
|vs () = 27 (Ap) 2 iV - Sy (1)}

Invariant Surface Area

B 127(S-r) B 1 A
j Iobs (S)dS _I Iobs (S)e dS (r — O) Y (O) - 4¢1¢2 V
(Ap)° N (r) 1 =0
rPOSTECH 66
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Babinet’s Reciprocity Principle

D
o
0
B
P~ Py
........................... I, O
C
........................... - O
- (,0— po)
rPOsTECH

Polymer Synthesis and Physics Laboratory

All produces identical 1,
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Lamella
1S=0.0217 (46 angstroms) _
10000 - . 2sin @
] A
>
s
"? 1000 <
2 3
C ]
(O]
=
o 3
s
— 100- 2s 4s 5s
3 6s
10 1 ' T T ' 1

I T T I T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
S

A ﬁ?’? POSTECH
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Polymer Crystals (Lamellae)

I1obs (S) — 47[32 Iobs (S)

& sz POSTECH 69
Y.’ Polymer Synthesis and Physics Laboratory



Correlation Function

na. 18 1= p-(p))

jry(r +uy(u)du RUEN

]/1(I')= <772>

I,(s)cos2arsds

(r)=
& Ill(s)ds

—— O0kGy
— — 100kGy
- 250kGy
—-— 500kGy
750kGy

-- 1IMGy

rPOsSTECH
Polymer Synthesis and Physics Laboratory
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P
Porod Law (for high scattering angle, Porod region)

For spherical particle

. 2 2
I (s)zp Py | 47R + 1 +4Rsin47st+ dma’ 1 cos4Rs
obs 5 S4 7ZS6

87° | s* s’ s
when s is large

obs \°) = 873 o A is surface area of the particle

Satisfies regardless of particle shape, size and concentration

Surface area A can be obtained from the plot of 34 | X (S) VS. S
0oDs )

This is also used for intensity fit at high angles

t%;i:é rosTeCH n
X% Polymer Synthesis and Physics Laboratory
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Interface Thickness

Psharp (r) h (r) pdiffuse( r)
Pliffuse (r) = psharp (r) * h(r) h(r) . E[;“n
1 r
h(r) = S exp(— 20_2)

(270}

5 4 3 2 1 1] I 2 3 4 L1

2_ 2.2

Idiffuse (S) = Isharp (S)‘S{h(l’)}ﬁ Here, ‘S{h(r)Hz — e—471 o°s

425242
| itruse (S) = Lgnarp (S)€7 ° S~ | sharp (s)1-47x°c°s®)

1 A
| itruse (S) ~ Q(AP)Z 8—4(1—40'277232) Porod region

rosTeCH
=¥ Polymer Synthesis and Physics Laboratory
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PAL
Guinier Approximation —

4 Guinier plot of cellulose nitrate

3 T R in acetone solution of 0.5 %.
Iobs (S) = N< >V e 2790

4
nl,.(s) = |nNV2<77 >—§7Z'2R9232 “

3.710
\

R, :radius of gyration

V :scattering volume asir|,
S 3.465 .
R, from the slope
1(0) = NV ?(n)*
0.1]
Applicable only at very small angles — " r—
Must be sufficiently dilute s

’)"3 POSTECH /3
Polymer Synthesis and Physics Laboratory



In[g*1(a)]

Late Stage |

PN S T RN S B PN B L
0 10 20 0 40 %0 6 70 B0 XN
q2 x 10% (nm-2)
(@)
POSsSTECH

Polymer Synthesis and Physics Laboratory

100

Ty ” —
t=2179.7 LT
= 213.0
-y *
"L‘_- [
LN
LI | "o~
1 -
T~
o
IR IR SR BRI BEPEE RPN UEPEE' S T

Late stage Ii

1= 1041.9
= 1018

T Xy
w ‘*'\
‘l
ﬂ".'
t= 1340.2

M = 1310

]
& Lage

\\

0

W0 20 X 40 S 60 /0 80 90 100
g2 x 10% (nm-2)
()
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Density Fluctuation

<(N— <N >)2>

<N >

FI(V) =

FIV) = [, —1(5) - (Z2(s))ds
Po v

Ruland (1975)

Fl(o0) = i 1 (0)
Lo

Fl(e0) = pxTA,

m rosTeCH
X% Polymer Synthesis and Physics Laboratory
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Correlation and Interface Distribution
unctions Analysis on Lamellar Structure

Examples of various arbitrary models

2

S0 ey

T[AE‘E q*1(a)-q°l (q)} cosqrdg

rPOSTECH 76
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Ideal Two Phase Model

lideal = 3(Pideal * Pigear)

1,=100A, 1,=30A, finite no. of lamellae in the stack is 20

Ia Ic
2

0.70

1035

< 0.00%
o(r) 1 -0.35
B} Py
L -0.70

f@ rosTeCH 7
X% Polymer Synthesis and Physics Laboratory



Model With Interface (1)

fw%

L
1

The ideal two phase model with a finite crystal amorphous transition zone

1.=100A, I,=30A, 1.=12A

Ia Ic Ii

A STV

’3 rPOSTECH

¥.i9 Polymer Synthesis and Physics Laboratory
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- L
Model With Interface (I1)

Distribution of lamellar and amorphous layer sizes

1.=90A, w_=10A, 1,=25A, w_=10A, | =15A, w,=1A

1 0.7
I I I I I 0.5 _I- | 0‘35
: @/
pC “C‘Z. O e e e } O T
5 5

0 \50 100 \150 \200 250 \ 300
o(r) '

0, 0.5 4 -0.35

_ M
mode - LC Lc for W2 Wiq 2 ; thicker phase
w; width of the thickness distribution
_ M Lmoqers @verage long spacing in the model
mode - Lc Lc fOFWZ 2 Wl moce

& M’? POSTECH 79
Y.’ Polymer Synthesis and Physics Laboratory



PAL
Dual Lamellar Stack Model Vi

f«w%

L
1

Stack 1 1.=90A, w.=10A, I,=25A, w_=10A, 1,=15A, w;=1A

Stack 2 1.=60A, w =104, I,=25A, w_=10A, 1,=15A, w;=1A

Primary Lamellar Stack Primary Lamellar Stack

Secondary Lamellar Stack

’3 POSTECH 80
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Examples
Correlation function Interface distribution function
# Stack1, 0.40 i # Stack1,
# Stack?2 # Stack2
10120_ + 1,20
1.2,20 i 1 2,20 |
‘i;g A 520 |
. 1020 g L 1. 1020
‘.15.20 o i ;gig
3312 -0.40 T . 20:10i
‘,20‘5 2205
| 202 «202
\\!20_‘1 -080 i L | _:@1_
0 100 - 200 300 0 300

& M’? POSTECH 81
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Blological Systems

|
m

Characteristic length

rPOsSTECH
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Solution SAXS versus Single Crystallography Vi

-
RseA binding induced-
RseA binding site—> conformational change

(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, 8779-8784.

» POSTECH 83
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3 nm resolution model of the 30S
subuinit in the 70S ribosome E.coli

(Svergun & Nierhaus, May 2000)

0.33 nm resolution model of the
30S subunit Th. Thermophilus
(Yonath group, September 2000)

84



3 nm resolution neutron scattering
model of the 50S subunit in the 70S

ribosome  E.coli
Nierhaus, May 2000)

(Svergun

&

0.24 nm resolution crystallographic
model of the 50S subunit

H.marismortui  (Steitz  group,
August 2000)

85
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Outline =

Introduction - POSTECH & Pohang Light Source

Optics, Beamlines and Equipments of SAXS

Data Collection and Samples

Fundamentals of SAXS

Fundamentals of Conventional, Transmission SAXS (TSAXS)
(1) Single Molecule (or Particle)

(2) Multiple Molecules (or Particles) and Their Assemblies
Fundamentals of Grazing Incidence SAXS (GISAXS)

(1) Static GISAXS

(2) In-Situ GISAXS

Conclusions — 1, 11

References

Introduction — M. Ree’s Group at Postech
Acknowledgments
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Grazing Incidence
Small Angle X-ray Scattering
(GISAXS)

— Beamstop

rosTeCH

=9 Polymer Synthesis and Physics Laboratory
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PAL
Grazing Incidence X-ray Scattering (GIXS) 7

GIXS

Surface Internal
>>
structure structure

Beamstop
Surface , Internal

structure structure

Penetration depth profile

1000000 E —
100000 + u"...

] a; > 0, Surface <« Internal
< 10000 structure ' structure
<~ E

1000—§
] ===iCritical angle |
00 01 02 03 04 05 - Surface
a. (deq) - Interfaces

- Sub-layers
- Electron density

& sz POSTECH ete 88
++9 Polymer Synthesis and Physics Laboratory
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PENETRATION DEPTH

‘= A y 1
\/Eﬂ- \/\/(ai2 - acz )2 + 4182 _ (05i2 o acz) —~ 10
oi(/ /
o; . Incidence angle %_ 10° .
a, : critical angle of the sample g
a.’ 1 -5 10 .
§===0=—rA%p, @
O 10° r
C
g 2 By 4] o g
_477_47zpj o) 000 o1 o0z o3 o4
. Incidence angle (degree)
. linear absorption coefficient

L
© . mass density of the sample
: weight fraction

7. classical radius of electron

M. Tolan, X-ray Scattering from Soft-Matter Thin films. (1999) Springer, NY. 89



Challenges in Characterization of Nano-Products fﬁ?

Nanostructures Nanostructures
EEEEEEN Materials EEEEEER
EEEEEENE Fabrications ~—
® ..‘.......‘. o Characterizations 0000000 Supporter

eccco00
Nanotechnology — (Substrate)

Bulk Specimens Nanoscale Specimens
Era (21 Century) small mass, volume = weak signal

Analytical Techniques Analytical Techniques
Transmission: One of Major Issues:
WAXD, SAXS, WAND, SANS How to characterize?
SALS y
Reflection: WAXD, SAXS Scatterings ?—
Reflectivity .
Reflectivity — X-ray
TEM, SEM Neutron
AFM Microscopies ?
Spectroscopies Spectroscopies ?
etc. etc.

f@ rosTeCH 90
s Polymer Synthesis and Physics Laboratory



Concerns and Complexity in GIXS
and

GIXS Theory Development
for
characterizing
Nanostructures in nanoscale specimens
supported with substrates

rPOsSTECH
Polymer Synthesis and Physics Laboratory
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PAL
TSAXS vs GISAXS for Characterizing Nanotructure on Substrate 6/?

= - Strong intensity
= | - Easy measurement :
L ) - Easy preparation of samples
= | - Easy analysis . :
- More informations

o« | - Any possible scattering - Scattering from surface structure
- from substrate - Scattering from internal structure
§ - 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

T * Need new scattering theory
A ‘} POSTECH 92
«w9 Polymer Synthesis and Physics Laboratory



e

GIXS Analysis of Nanotructure in supported with Substrate

GISAXS g

[~ Beamstop

- Scattering from internal structure | Ree, et al.,
« Scattering from reflected beam Macomolecules (2005) 39, 3395; (2005) 39, 4311.
. Scattering from transmitted beam( Nature Materials (2005) 4, 147.

)

< | - Refraction effect involved Adv. Mater. (2005) 17, 696.
@ ) Other Groups

= etc.

o

@)

_ Sinha, et al., Phys. Rev. B. (1988) 38, 2297.
- Scattering from surface structure } Rauscher, et al., Phys. Rev. B (1995) 52, 16855.
etc.

f@ rosTeCH 93
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Nanostructure on Substrate

] Beamstop

concerns

- Scattering from surface roughness : diffuse scattering
* usually very weak,
but depending on the degree of roughness or surface structure.

(This is not discussed in this presentation.
Further information available: sinha, et al., Phys. Rev. B. (1988) 38, 2297, etc.)

rPOsSTECH
Polymer Synthesis and Physics Laboratory
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Nanostructure on Substrate

GIXS
q,
l/ IA; 7 q
a r Yy o y
T ) 0
l_,/ X é1 6 l/
— Beamstop

- Scattering from surface roughness : diffuse scattering
* usually very weak,
but depending on the degree of roughness or surface structure.

cConcerns

(This is not discussed in this presentation.
Further information available: sinha, et al., Phys. Rev. B. (1988) 38, 2297, etc.)

95



Nanostructure on Substrate

GISAXS q;

[~ Beamstop

cConcerns

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

X-Ray

transparent
substrate

rPOsSTECH
Polymer Synthesis and Physics Laboratory
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Nanostructure on Substrate

GISAXS a,

| Beamstop

concerns

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

X-Ray

non-transparent
substrate

rPOsSTECH
Polymer Synthesis and Physics Laboratory
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Nanostructure on Substrate

Concerns

* Refraction effect

PS-b-P1(37/63) film
(HPL; p, = 360 nm3)

[l e

o (deg.)

206; (deg.)

e, (deg.)

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

GISAXS

After correction

Beamstop

1.0
0.8—-
0.6—-
0.4-
0.2 -
0.0—-
-0.2 -

for refraction effect
~

Reflected beam

Transmitted beam

a = 0.21°
A=154 A

Before
correction

‘7fc r refraction
effect

After cprrection
for refraction effect)

0.00

0.02

0.04

g, (A7)

fg& rPOsSTECH
Y.’ Polymer Synthesis and Physics Laboratory
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GIXS Theory

GIXS Intensity : DWBA

Scattering process

& &

Medium 1

V4

I

y

2 [oTOUEGE

(V=Vi+V,)
(V2 +kZ=V)¥ =0

¥ () =~ 2 [k V(O K)

(DWBA)

v

1 1_e—2lm(qz)-d

T.TF (CI”, Re(ql,z)) +|°
T.RF (q||’ Re(Qz,z)) +

loixs (@4,20;) =

167°  2Im(q,)
v
1
IGIXS (af ’Zef ) = W ) Iindependent

1 1_e—2Im(qZ)-d

| T RF (CI”, Re(q;,)) +
RR;F(q,,Re(q,,))

T.T, ‘2 l,(q,,Re(qy,)) +
TR ‘2 |1(q||, Re(qz,z)) +

1672 .

2 2
K,; =kg4/n* —cos’

2 2
K, =kg4/n*—cos® o,

k,=27/4

}’@3 POSTECH
Polymer Synthesis and Physics Laboratory

2Im(q,)

TR 10, Re(0s,)) +
_Rin‘zll(qll,Re(q4,z)) ]

R,, T, : incoming wave

R;, T;: outgoing wave

F : amplitude of scattering
from the internal structure

I, = FF* ; intensity

99
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1 1_ e—2|m(qz)-d

IGIXS(af’ZHf); 167° 2Im(q,)

T

) -
Tin ‘ |1(q”, Re( ql,z)) +
2
Tin‘ l,(q,,Re(q,,,)) +
2
TfRi‘ Il(q||lRe(q3,z))+

RiR; ‘2 ,(q,,Re(q,,)) |

1,, scattered intensity from scatters in nanoscales

(1) Spherical structures:

I, =cf[ n(r)o®(r) [ F(ar)® S(ar)dr

(2) Random two-phase structures:

n(r) =

—In(r/r,)?
202

1

o212 €
N2, oe

_ 87Z-¢(1_ ¢)(pe(film medium) a pe(scatter))2§3

Il 2 #2\2
1+9°&7)

(3) Structures in Crystal lattices:
1,(0) =S(a) - P(a)

Vi
v

;"&‘?;3 POSTECH
X% Polymer Synthesis and Physics Laboratory

Ree, et al.,

Macomolecules (2005) 38, 3395
Macromolecules (2005) 38, 4311.
Nature Materials (2005) 4, 147
Adv. Mater. (2005) 17, 696

100



2D GIXS Pattern measured for a nanopous dielectric thin film fﬁ?

Nanopore

PMSSQ —»
Substrate —»

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

2D GIXS Pattern
(experimental data)

A M‘:p POSTECH 101

i Polymer Synthesis and Physics Laboratory
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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.T, ‘2 |1(q”' Re(qu)) + |
1 1-gmee Tin‘2|1(q”,Re(q2,Z))+ 11=In(r)(4“3r3J [sin(qr)(;?)racos(qr)J S (ar

| a ,28 =" : )
GIXS( f f) 167[2 2|m(qz) Tf Ri‘zll(qll’Re(q3,z))+ M

— 1 e 202

2 n(r)=
_Rin‘ I1(q||1Re(q4,z)) i \/27”0080'562

(a.r)= 3[sin(qr)—qRcos(qr )]

(qr)’

Sphere Form Factor: Fper

A %’:5 rPOSTECH 102

Polymer Synthesis and Physics Laboratory
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(2) Data Analysis with GIXS of Ellipsoidal Structures (Pores)

29f (In-plane)

1_ e_z Im(q, )-d

GIXS (af ’20 )— 167r 2Im(a,)

fw%

rPOSTECH

1986

102 -

€ = 0.9 (best fit)

¥y (nm)
2.20

o 3
0.90

ore size

ize distributions
hape

orosity ...

5 101_ €=0.8
$ ] €=0.7
€= 04
€=0.3
0 4

10 . €=0.2
€=0.1

, ,

0.1

T, 1, (G, Re(@,) + |
| TR 1,(q, Re(a,,)) +
T,R['1,(6, Re(g;,)) +
|RR:[ 1(a,Re(@,,)) |

short axes

& aeg Polymer Synthesis and Physics Laboratory

L )=[n(r

—In(r/ry)?

2
4rr?
3 E||Ip0$|d
1 o 200

n(r)=
y2m I’O(Seo'56

I Fowe| A.1(R &) [sinada

S(qr)dr

eII|p50|d

(R,g,a

= R\/sm a’ +e?cosa’

(e : aspect ratio)

e

103



(3) Data Analysis with GIXS of Cylindrical Structures (Pores)

29f (In-plane)

1_ e—2|m(qz)-d

GIXS (af ’2‘9)— 167:  2Im(g,)

N
f E rPOsSTECH

T

g R, (nm)

L/R = 1.49 (best fit)

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

L (nm) g
2.81 4.20 0.33
Pore|size

e

Size distributions

Shapp

0.1

, _
1T, ‘ |1(q||’ Re(qu)) +
2
Tin‘ |1(Q||’Re(q2,z))+
2
T Ri‘ l,(q,,Re(qs,)) +

i Polymer Synthesis and Physics Laboratory

1986

i RiR; ‘2 l,(q,,Re(q, ,)) |

qy (nm-)

I I R L)\/ Fcyllnders(qr)dr

n(R,L): lognormal function

cyllnder(q R L)

0 gRsina

R :radius, L : length

2
jﬂ/z{ZBl(qum a) Sln(qLCOSa)/Z} sinader

gLcosa /2

B, : first order Bessel function)

ity ...

104



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)
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(4) Structural Information in the Out-of-Plane

IGIXS af’zgf)g 167[2. 2|m©Z) .

)

Out-of-plane

1 1_ e—2|m(qz )d

POSTECH
Polymer Synthesis and Physics Laboratory
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In- and Out-of-Plane GIXS Profiles Analysis
gives Conclusions:

PAL
(out-of-plane) C/?

e Nanopore shape: “Sphere (hard sphere)”
N : 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!

TXS

M. Ree et al., Macromolecules 39, 8991 (2005)
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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 Ry “ (NM) b c
loading  temp. Pe . (ﬁ;) nd e
(wt%)  (°C) GIXS TXS (nm™) 0
0 400 - - 399 - 13960  2.70
PCL4
10 400 5.3(0.01)  4.4(0.06) 373 6.5 13587  2.44
20 400 10.0(0.02)  11.3(0.10) 338 153 1.3207 2.16
30 400 >40 ¢ >40 & 302 243 12795  1.85
30 200 - >40 £ 398 - - -

®Average radius of gyration estimated from the radius r 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.

9 Refractive index measured at 633 nm using spectroscopic ellipsometry.

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

"Standard deviation in the determined R, Value.

9 Not detected due to the out of the detection limit (ca. 40 nm).

M. Ree et al., Macromolecules 39, 8991 (2005)
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(5) 2D GIXS Simulation

Out-of-plane

a;

~ In-plane

|

Experimental data

20,
Simulated GIXS pattern

f‘%ﬁ? rPOsSTECH
Y52 Polymer Synthesis and Physics Laboratory

laixs(er ,20;) =

’Tin ‘2 (0, Re(q.)) +

1 1-e Mm@ ’Tin ‘2 1, (0, Re(dy,.)) +
2’ .

167 2|m(qz) ’Tf Ri‘zll(q"aRe(qS,z)) +

_‘Rin‘zll(q",Re(qM)) A

2

o i

1‘ —In(r/ry)?
n(r)= e 2o

2
\2mry,oe%°

Ree et al.,
Nature Materials (2005) 4, 147
Adv. Mater. (2005) 17, 696
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Surface Structures of a Nano-Template on Substrate

PS-b-PMMA Film (25-90 nm thick) *Co-worked with

Si wafer

PS-r-PMMA solution (toluene)

J 1. Spin-Coating
2. Drying

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

2. Drying & Anealing at 170°C for 2 days
— PS block

PMMA block
PMMA homopolymer

Neutral Brush

l UV-Etching

A %’:5 POSTECH
Y

2pa
1986,

Polymer Synthesis and Physics Laboratory

Prof. Jin Kon Kim
(Postech)

Surface
roughness:
<0.5 nm

f?

DR & Distribution ?

cylinder

2L & Distribution ?

cylinder

(3) Cylindrical Pore Depth
& Its Quality ?

Ree et al.,
J. Appl. Cryst. 40, 305 (2007)
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Before UV-Etching GIXS
Measured
-10 -05 0 05 1.0
26; (degree)
g=0.048
Calculated
0.0 1 I I | I
-10 -05 0 05 10
26, (degree)
Parameters in calculating 2D GIXS pattern:
a; = 0.20°
L'=78.8nm
R=11.8nm
G, =2.95nm
D, =34.0 nm pe(film)=348 nm-3

f (X '3 POSTECH
Polymer Synthesis and Physics Laboratory

-?336
1988

)

=
o

B\

(degree

B\

After UV-Etching ‘W

=
ol

o
o

-1.0

-1.0

-0.5 0 05 1.0
26; (degree)
g=0.036

-05 0 05 1.0
26, (degree)

Parameters in calculating 2D GIXS pattern:

pe(film)=261nm-3
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Internal Structure of a Nano-Template on Si Substrate
PS-b-PMMA Film (25-90 nm thick)

TT\ L(q,Re,)+ |
1 1 e—2|m@)d TRf‘ 1(q|;ReQZ,z))+

20,)=
lsixdor . 20,) = 1677 2Img,) TfRfll(ql,Re@@,z))+

RR{ 1(q.Re@s,,)) |

L@ =F@ Z@) '
F@O.R L):ZzzRZL@sinQL/Z)exp(—iqUZ)

n

1 (R-Ry’
GR- ex% }
d \/2_7Z'GR 20'5 & Hm »
Z(0)= sz (0) ) Jomf \Hl\l ’ “"@ﬁ)
= im
Z(q):r 1+Fk(q)}= 1_‘Fk‘2 m
1-R@) 1-2F|coss -q+R] - <

F (@) =|F; @lexptiga)

400 10

2 1
@ =He><{—§ gz(qq)z}
= Rcylinder=11'5 nm

gz :Azaj/aj2 L =25-100 nm
g: paracrystal distortion factor

rPOSTECH
«9 Polymer Synthesis and Physics Laboratory
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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”
(nm) R o dy , aft  p' P
(M) (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

4 Film thickness.

® Length of the cylindrical pores.

°Pore radius determined from the peak maximum of the radius r and the number distribution of pores.
9 Standard deviation of the pore radius.

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

"Paracrystal distortion factor

9 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.

i@ ﬁ?’? POSTECH 113
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PAL
Self-Assembled PS-b-PMMA Diblock —
Copolymer on Substrate

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

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

(Wtopa = 0.345)  AFM

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

POSTECH 114
Polymer Synthesis and Physics Laboratory




Ree et al., éﬂﬂ.?

Macromolecules, 38, 4311 (2005)
Macromolecules, 38, 10532 (2005)
Macromolecules, 39, 684 (2006)
Macromolecules, 40 (2007), ASAP

Fractionated (FM) :
(Wtopspa = 0.345) o, < a; < o, J. Appl. Crystal. (submitted)

PS-b-PMMA Film (200 nm thick)

Calculated

O from reflected beam
009 =

009 =
006'®

006
003 =

003 =

POSTECH 115
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Self-Assembled PS-b-PI Diblock fﬂ'?
Copolymer on Substrate

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

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

26, (deg)

/A M‘E POSTECH 116
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a; (deg.) (Measured) O, <0, < O énﬂ'?

26 (deg)
o, (deg.) (Calculated)
26 (deg)

Ree et al.,

Macromolecules, 38, 4311 (2005); Macromolecules, 38, 10532 (2005)

Macromolecules, 40 (2007), ASAP; J. Appl. Crystal. (in press)
& M’} POSTECH 118
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Phase Transition of HPL phase to Gyroid 2&?

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 ’ e I Gyroid
N : GIXS , Gyroid |,
] ' L] i
q, ' '
.

B >
*Gyroid-structured microdomains perfectly oriented
along the {121} plane parallel to the in-plane of a film.
Ree, Chang, et al., . :
Macromolecules, 38, 10532 (2005) St i Chang
Macromolecules, 40 (2007), ASAP (Postech)
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Solar Cell : Nanofilms of Poly(3-hexylthiophene)(P3HT)/Fullerene PAL 7

G-l""’
rms roughness: 0.2-0.6 nm
X—Rﬂ}’ 30-60 nm
Molecular Orientation in Thin Film
W0%RR . \
SRt v,
o M RIS,
4 E:% L ¥y e ‘1 o I i High
a7 H TR R Al %) Quantum
T B e e ke P Yield
. T Solar Cell
i
‘g_d? W{f : E’Lﬁﬂ
P3HT = d J
Lamellae
P3HT Chain — ;
substrate (a0 RRE T yr el )
G Low
& Quanium
Yield
T Solar Cell
AN 3.
| 22 -
Kim, Ha, Ree et al., Vafure Malerials , 5, 197 (Eﬂk(lﬁ) /
Fi
f;';‘_“? POSTECH 120
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Outline =

Introduction - POSTECH & Pohang Light Source

Optics, Beamlines and Equipments of SAXS

Data Collection and Samples

Fundamentals of SAXS

Fundamentals of Conventional, Transmission SAXS (TSAXS)
(1) Single Molecule (or Particle)

(2) Multiple Molecules (or Particles) and Their Assemblies
Fundamentals of Grazing Incidence SAXS (GISAXS)

(1) Static GISAXS

(2) In-Situ GISAXS

Conclusions — 1, 11

References

Introduction — M. Ree’s Group at Postech
Acknowledgments



In-Situ GIXS Measurements

POSTECH
Polymer Synthesis and Physics Laboratory
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In-situ GIXS - Nanopous dielectric thin films: Low-k nanofilms

TH3 TH3
H—O0——Si—O0—Si OC,Hs
o (0] .
| | Matrix Porogen

CZHS__O_T_O_T OH
CHg CHj :;l i f‘

n solvent

PMSSQ Prgursor
10,000 Mw

- Coating

Synchrotron
X-ray beam

y
5

Thermal
process

E e cTrars

e e ]

Advanced Semiconductor in the Next Generation

fﬁ%%
fpad ‘52
1986

POSTECH
Polymer Synthesis and Physics Laboratory

l 400-430°C

PCL4 Porogen
GIXS

o W2 <]
I—I/X 59f (/,'\

Beamstop

In-situ GIXS
Measurements
conducted

Reeetal.,

J. Phys. Chem. B, 110, 15887 (2006)
J. Mater. Chem. 16, 685 (2006)
Nanotechnology 17, 3490 (2006)
Macromolecules 38, 8991 (2005)
Macromolecules 38, 3395 (2005)
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In-situ GIXS Measurements: PCL4/PMSSQ film énﬂ'?

PCL4/PMSSQ precursor o 2°C/min. o~ | PCL4/PMSSQ | 2°C/min
Thin Film (25°C) ~acaum ™ 4% hin Fitm | vacuum ~ (¢5°C)

a

510%3 M (in-plane
(s | : | - >
\_,101_; [ —
1003
] 150°C
103
170°C
S 400, 370, 330°C
. 200, 290°C
c:é 10 N
~
100
0.1 1.0 0 5 10 15
q, (nm'l) r (nm)
POSTECH 124
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In-situ GIXS Measurements: PCL4/PMSSQ film

rosTeCH

&, (degree)

Polymer Synthesis and Physics Laboratory

PCL4/PMSSQ precursor o 2°C/min o pcL4/PMSSQ | 2°C/min
Thin Film (25°C) ~zeuum™ “9%°C)| " T Eilm | Vacuum ~ &>°C)
ac
o
+ 400°C
a, ?ut-of-plane A
5
) =
= — IF
/\'//:\\\“‘\ Q
< /"‘*&’V/f’"\ Lo
’{rn// ¢ g
/ . 170°C
Q.f X 150°C
145°C
0.15 0.20 0.25

e
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Outline

1. Conclusions — 1, 11

2. References — TSAXS, GISAXS

3. Introduction — M. Ree’s Group at Postech
4. Acknowledgments
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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.

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

= GIXS is the Nondestructive analysis technique.

rPOSTECH 127
=Y Polymer Synthesis and Physics Laboratory
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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 128
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