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Differential Scattering Cross Section vs. Intensity

Scattering direction

/ o

Incident Neutrons

do (0, 6) = number of neutrons scattered per second into df2 at 6, ¢
ot dd2
®: flux of the incident neutrons.

[=]Area

If we transform the angles into g and normalize it by the sample volume:

Given:
do 1 * Correct instrument calibration
E((ﬂ ~ I(q)[=]em * Known neutron beam area and flux
* Known sample thickness

Handout: Intro to SANS and NR by Andrew J. Jackson 2
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Indices for Absolute Scaling of Intensity

Iy

or Ipeak

o0
Qinv = / q
0

= 2m*Ap*H(1 — ¢)

I(q) (cm™)

0.1

do

—dq

dS}

v Easy

Spherical form,
Schulz distribution.

Same contrast, total vol.,
and mean radius, but
different polydispersities:
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Extract The Scale Factor From A Fit Function

1000 Frrr——— T T—— Spherical form with Schulz distribution:

° -
¢ @ Original data Parameter Value
—— ywave_sch

— Fitrw ) Volume Fraction (scale) 0.204276

100

£ 0k mean radius (A) 57.9304
g polydisp (sig/avg) 0.236649
r SLD sphere (A-2) 3.6e-06
N o . SLD solvent (A-2) 1.10836e-06
BT R T bkg (cm-1 sr-1) 0.98013
aA)
. , but only one independent variable for scaling: Ap?itqﬁf@-t
* For concentrated system, the actual scaling variable is Ap2¢(1 — )
- ¢ need to be corrected 0.25
* Regardless, the following quantity will be constant: o
< 015
Ap?itqﬁﬁt = Ap?¢(1 — ¢) = Scale Factor (SF)[=]A~* 2 o1
0.05
* SFis the scaling of measured data, so 00 01 o2 o3 o4 o
theoretically it is also model independent .
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A Slight Revision of SANS Data Fitting Procedure

Find a model and
fit the data

!

Extract from model:
SF = Ap?ﬂz‘tﬁbﬁt
l This method is especially important
: when:
Assign thg value of SF: 1. The system is concentrated
(pr— p2)°0(1 — ¢) = SF 2. One or more of the SLDs cannot be
l independently measured

Consider the values and
physical constrains of
P1,P2 and ¢)

!

Solve or estimate
each value
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A Complicated Example: Polymer-Based Solar Cells

Aluminum
“Bulk-
Heterojunction”
PEDOT:PSS
Conducting 1. The system is concentrated: A
Glass typical active layer consists of
50% or more PCBM.
e Excitons in polymer have short 2. One can assume the phase-
diffusion length ~10 nm separated PCBM in the
 Thus, morphology in the bulk- mixture has the same SLD as
heterojunction dictates the device its pure form.
performance 3. Still, unknown amount of
fullerene is suspended within
P3HT (poly(3-hexylthiophene))  PCBM ([6,6]-phenyl-C61-butyric amorphous P3HT, and the SLD
acid methyl ester) is unknown.
B O“"“\
3, q
&

Coakley et al., Chem. Mater. 2004, 16 (23), 4533. 6



Two models to describe the PCBM phase

Polydisperse spheres with Schulz distribution:
9(sin(qR) — qRcos(qR))?
T _ 2’U2
(Q) Po (QR)G

R )zexp[—(z +1) 5]
Ravg I'(z 4+ 1)Ravg

Single sphere

Schulz distribution

F(R) = (= + 1)

Ip = ¢(1 — ¢)(Ap)24_7ngvg (2 +6)(z+5)(z + 4)

3 (z+1)3
Teubner-Strey Model:
o1 — 8)(Ap)*(3E)c
Haq) = + Bk
(@) as + c1q? + cagt g
1 -3 . ) |
q_o 1(a\?* 2 Repeat distance: %/////,;’7
=T average center to center _
2 65) 402
distance

Correlation length:
dispersion of d
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Phase Separation Upon Annealing

Trapped states due

to fast drying of spin
coating

ppopm = 3.6 x 1070 A2

ppsgT = 1 X 1077 A2

Pmatriz = ¢2' ppeem + (1 — @2 ) ppsuT
SF = (ppenn — pudpri) B — §)

same T T

Overall effect: SF

However, both ¢ and p_.iy
Toward complete are unknown.

Annealing

phase separation
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@) (em”)

@) (em™)

-
@

100

10

100

No silica particles

Effect of Annealing on SF

PCBM W1t%

ko 30% PCBM
s o/ o :
Fefgzzas. . As-Cast/Ann.
L ’1"0”
— Teubner-Strey fits:
—f—— As-Cast/Ann.
Schulz sphere fits
for q-w/ar:
- - --f---As-Cast/Ann.
L L L | I L L L Lt 1 1.1 I
T I T T T T LB I
No silica particles
- 40% PCBM
_____ e/ o :
Tl As-Cast/Ann.

No silica particles
— 50% PCBM
"""""" - e/ o:
As-Cast/Ann.

30%
40%
50%

SF Unit: 1012 A4

* Relative constant SF extracted from two
different models

e Significant increase in SF after annealing

* Need additional physical constraint:
Total mass balance of PCBM, to solve ¢ and

pmatrix



[NIVERSITY or | JELAWARE

— Solving d; and &, (Ppuaer) from SF

1000 |- No scsparticios
:' SEEE s CastiAan. Total Mass Balance of PCBM:
] 0 | dpcBM. bulk = ¢1 + @2 (wrt. vol. of sample)
T 10| TeubnerSteyfis: - Phase-separated Trapped in matrix

—f—— As-Cast/Ann.

Schulzsp!tereﬁts ¢
1 LT A casuam. . B’ = 2 (wrt. vol. of matrix)
- H——— ] 1 — o1
ol o i _ 9PCBMbulk — 91 (1)
Foonsees | A et L=
-.-‘E 100 [+ Pmatriz = ¢QIPPCBM + (1 - qle)pPBHT
. Ap=(1—¢3")ppecem — pr3uT)
= 10
SF = (1—¢2")*(ppcar — praaT)*d1(1 — ¢1) (2)
1- Solve (1) and (2) simultaneously
[ 1 RN
| No silica Iparti(:les
1000 __ _____ 50% PCBM 1
;¢" —— A:—éas.tlA-nn. PC B M
~100 - W1t%
£
. 30%
Z 10
40%
1 —
50%
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Controlling the phase separation of PCBM using silica

T I I
Aluminum 1.0 k- A 50 Wi% PCBM in P3HT |

~ 0.8 Annealed _

o No silica

< —— With silica

© 06 —

PEDOT:P g As-Cast

2 o4l —— Nosilica _|
ITO Glass @ PEDOT:PSS substrates With silica

< — With silica

NZOO 0.2 No silica —

— Glass background
Vertical Change of nm o.o&;\

, ) , No light scattering L AL
assembling of  orientation of 300 400 500 600 700 800

PCBM P3HT crystals Wavelength (nm)

Goal:

* Eliminate optical
(surface plasmon)
and electrical effect
of nanoparticles

* Focus only on the

e

Cross-sectional SEM of an actual

| device with silica particles.
SRR B P = i effect of morphology
LEI 30kY  X80,000 WD84mm 100nm

| 137 nm in diameter

Coverage ~20%

3.0kY X4,000 WD 7.8mm

11
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e What if SF drops after annealing?
1000 F silica particles 7]
i 3(:%PCBH_0|
sl po-Gasthnn. | _ Annealed
£ al Schulz
.| et PCBM SF SF
= 10 : ]
(PBM chistors) W1t% Spheres T-S
in the above fits
1 - - /- - - As-Cast/Ann. 30% 0.98 N/A
T
1000 | | With I | 40% 1.33 N/A
L. silica particles
« |eriet 50% 1.59 N/A
<100 As-Cast/Ann.
s SF Unit: 1012 A4

Dropping of SF after annealing could mean either thing:
1. Given mass balance, PCBM is re-dissolve back to
TR A matrix = unlikely

- "2 2

| with | SF=(1-4 - $(1—4¢
----- - silica particles ( 2 ) (pPOBM pP3HT) 1( 1)
" 50% PCBM
e/ :
As-Cast/Ann.

1000

100 —

2. The apparent mass balance does not hold, because
PCBM is forming large structure with silica, falling
outside the size range of SANS

Wy ™ SF = (1- Qf,z’)z(pPOBM — PP3HT) Q;(l —&1)

IIIIIII 1 11 1 11 I
4 5678 2 3 45678 2

at™) C f l'l' 12

I(q) (em™)

10
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Graphical solutions of ¢, and ¢’,

030 IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII

1. Consider the solution
space of ¢, and ¢’,
0.25

0.20

0.15

0.10

¢,":PCBM dissolved or trapped in P3HT matrix
o
o
(6}

PN T TN T N TN TN T TN T T T N T T T (N T T T N N T TN T N T N TN T N TN U T N N A O

0.1 0.2 0.3 0.4 0.5
¢,:PCBM Clusters

o

o
o©
o

13



[UNIVERSITY or [ JELAWARE

Graphical solutions of ¢, and ¢’,

SF = ¢(1—¢)(Ap)*
= (1 - ¢2")?(ppcem — prauT)’d1(1 — ¢1)

0.30

trrrfrrror L LV VL LI | T r 1 rriri rrrrprrrd . .
- R C APV A R N A 1 1. Consider the solution
+— - N 2 d Qo A < K -
g - ° ° ° ° © 11— space of ¢, and ¢,
Ho02s5- 19— 2. Calculate all possible SF as
i . - . ?

o - . a function of ¢, and ¢’,
£ L 1.3 —
- 0.20 |- —
(6] - .
2. B 1.4 —
g B i
= 015 15—
o - .
D N 16—
= L i
S 010 17—
2 i i
; B 18—
8 0.05 |- 1.9 —
T / ]
S i 2—]
< [ / b

0.00 v Ll bl Vb s [WAARVARRTA 1 1/ | A 111 T T T N N N N N

0.0 0.1 0.2 0.3 0.4 0.5

¢,:PCBM Clusters
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Graphical solutions of ¢, and ¢’,

¢ — 1

1 —¢

SF = ¢(1 — ¢)(Ap)*
= (1 — ¢2")*(ppcBr — pramT)*d1(1 — ¢1)

b’

0.30

1 1 LI 1 1 LI U LI N LI 1 1 1,1 1 1 1 1 1 1 1 LI | 1 1 LI 1 1 LI | 1 LI 1 . .
= [ o <\', ) Iv N L l\/ % 0'9/ v . Consider the solution
— N Y ? d <} A < \ . — )
= [of r ’°o<9 /Q © oeie\‘ PSSR 11— space of ¢, and ¢,
- e - .
lf 0.25 - 0@44& 4770 / 03\;&059 @0 19— Calculate all possible SF as
™ [ 2 & > ] a function of ®, and ¢’
[a¥ ”70/0 ° oM 1 2
s | &% 13— Put the mass balance
(o) . .
3020~ <y < / 7] limits for each bulk
g e %’/%”o % 14— concentration
Q

g - @@e kS?. Q % 6\0%‘/ -
— B 0] ¢ 5 —]
5 0.15 _— %‘% N, 2 1 __
ko . ’ 16—
= N i
$ 0.10 [ 17—
9 N i
o 5 47\7 1.8 —
= R 0% A
8 0.05 |- % 1.9 —
a i i
25 i 2—
< i -

0.00 S U T T L h W 1 /11 /1 IR VAR | 4l L1 1 1 1 [H A | L1

0.0 0.1 0.2 0.3 0.4 0.5

¢,:PCBM Clusters
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Graphical solutions of ¢, and ¢’,

¢ — 1

1 —¢

SF = ¢(1 — ¢)(Ap)*
= (1 — ¢2")*(ppcBr — pramT)*d1(1 — ¢1)

b’

S.F. from Schulz spheres: A\
AC/ANN.

0.20

0.15

0.10

0.05

¢,":PCBM dissolved or trapped in P3HT matrix

s

%

e/

Chlorobenze as solvent[1]
0o/ AC/ANN.

SF from Teubner-Strey:
A/ AC/ANn. @

S
O /

°
ol

]

|

.

i

XN

030 rrrryprrrd I LN L I/ LI I L LINNL I I D -5 B B B I B B B L L . .
TV A N > 09/ \,/ ] Consider the solution
L © o ) ) N Qr Q- Lef wne (S 1.1—] f d o’
Qo / D g . space of ¢, and ¢,
0.25 s QAP 19— Calculate all possible SF as
PEDOT:PSS Only: B .

a function of ¢, and ¢’,
Put the mass balance
limits for each bulk
concentration

Put the experimentally
determined SF on the
graph

SF is a measurable
physical constant,
independent of the

models.
0.00 A 1 1/ | |A ] [ /I/l N Lol N At |eaSt ~5% Of PCBM
0.0 0.2 0.3 0.4 0.5 will be trapped in the

¢,:Phase-separated PCBM Clusters

matrix
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Graphical solutions of ¢, and ¢’,

SF = ¢(1 — 9)(Ap)? ¢ — ¢

/
2 2 P2 = ——
= (1—¢2")(ppcem — prsuT) 1(1 — ¢1) 1 — ¢
0.30 :
x 1 T 1 T I 1 T 1 T I 1 T 1 | 1 T T 1 I 1 T 1 T T 1 T | I/I 1 1 | 1 T T 1 1 T 1 T | 1 T 1 T
= [ S 9 o 0% N ‘9/ '\/ K o2 \ﬁ . 1 <+ Doeslarge-scale phase
© o ) - - 11— .
£ i ,ooc r De:\‘;“‘a‘io Q) ’ separation happen?
':E 0.25 - @%,0 1\\4\—&\\‘“’\ 1 9—] No - crossing is the
a i < o M . unique solution.
= L With silica nanoparticles: 1.3— Yes 9 an oint on the
- 020 600 % SF. ;rom SAC(:'?;’I,::Z spheres Py / N . Yy p
o - . %0 %, o nn. o a—] left side of the SF curve
O . .
§ AR 5 / ] can be the solution.
T oosl N\, 16—7] *  For20-30% PCBM, the
2 [ Y A amount of PCBM at scale
S A . of ~10 nm must decreases
§ 0.10 oy 17— after annealing in the
o N%/ 1 B—] presence of silica.
E _ 0,% ]l *  We may conclude the
O 005 N\’ 19— aggregation of PCBM
‘o L | L 2 —] onto silica due to the high
- i -
0.00 J L surface energy.
0.0 0.2 03 0.4 05

h:Phase;separated PCBM Clusters
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an T T T T 1]
: Performance of solar cells
3 | —
é : I 1 1 1 I 1
> F ] - ' |Annealed g A
$2 N ] e C - - - - - - - e e e emm= DA.A. _—
I L . —A- PEDOT:PSS only 3 A
w | Annealed 4 || —A- With silica particles Al) -
e N\ L PO wanahhE
- : only . : A DDA WANSYANTAN AT |
oll 1 1 1 1 1 1 gﬁaﬁAAAAAAAAA ® i
Og——7T 71 T T T ™ § ! - g a
C ] ' [@) m-/-m
65 E o
< 60F 3 o ]
S o-/-0
g >g E PCBM 50% =
© E 1 ]
w S50 3
= _f 0.0 0.2 0.4 0.6
pad E Voltage (V)
a0
ash ! ! ! ! ! H Efficiency, annealed (%)
1 2x102j_ | | | | | L PCBM | No silica With silica  Relative
~Z 1of  Series resistance is z (Wt %) Improvement
8 os L reduced by : 0
: 06‘;‘ implanting ; 50 3.17+0.553 3.74+0.208 20%
2 E\ insulators. ] 60 2.75£0.059 3.35+0.169 30%
g 04 ]
g o2k : 70 1.38:0.179 1.69:0.121 20%
N T S SR

20 30 40 50 60 18
PCBM Wt%

~
o
(o]
o
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Structure of water in an ion-exchange membrane

: 1 T T I T T T T T TrT I T T T T T
4—# T - 5 T 11T I T T T T 11T I T T T T T
CHj o) 3k @ Saturated structure i ar b
{0 O Q OOQ < > EI . Drying @ Complelely dried out Ak |
CHy (IZ‘) n 2r . b i | @ Rehydrating with D,O fo 16 hours
o
CH; + o
OCH, H,CO i M W
“ ° Py
. e 1P . < 1+ I _
H,COr P OCH, s C H = . ]
~ 7+ ° e N Rehydrating ]
: 7
_ I~ o -
OCH; H,CO > 6 . = 6
=~ 5l ~ 5 4
H,CO OCH, - ¢ -
“OH 4 I % a- -
3k " 3
OCH, oL

L
3 4 56

0.01 %.1 N
-1 A
q (A ) qA’)

o&\ 55 _| T T LI | T T T LI T LI | T [ T T T |_ Q 55 _| T T LI [T T T LI | T LI} T T T T T |_

\‘; [ Reversible Drying °21 %: E E

£ s0F _ _ ] 3 sof -

~ r Irreversible Drying PP ] e N al

§ C 'Y ] c|£ [ . ¥ ]

45 3 45 . .

£ L 1 £ N . ]

° I 1 e I a® 1

L - 4 LL - - g

< 40F ] < 40F . .
) r .

2 I o ] g I n ]

S ] — 35[ o ]

o [ ®® Rehydrating ] — r ]

[15]
L‘__cc)S i / ] 5 :I | '. | ! |:
30 [T T N T [N TN TN T [N TN TN TN T [N TN T N M| 30 I T — I T T N | [ N
0 25 50 75 100 0 25 50 75 100

Relative Water Content(%o) Relative SF(%) 19
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Conclusion

Find a model and
fit the data

!

Extract from model:
SF = Apudri

! I =SF 5(q)P(q)
Assign the value of SF:
(pr — p2)°¢(1 — ¢) = SF

!

Consider the values and
physical constrains of
p1,p2 and ¢

!

Solve or estimate
each value

20



