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Why is the Solar Cell for Future?
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World Energy Consumption:

2010: 13 TW — 2050: more than 30 TW

World Energy Consumption:
2010: 13 TW — 2050: more than 30 TW

Solar Energy: more than 120,000 TW




Silicon or Inorganic-based Solar Cells

v’ Advantages r
—Totally silent a1 £
—Long lifetime %
— Little maintena; ?8:
— Low operating «
—High conversio:
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—High cost of production

— Difficulty in processing

—Limitation of mass production

Polymer-based Solar Cell

v’ Advantages
— Inexpensive

— Large area coating
World’s

B Classification best
— efficiency
B Single crystal Si 24.7%
~  Amorphous Si 13.0%
v Di:
| Dye-Sensitized 11.0%
— |
Polymer 8.4%
[
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! U. Chicago/
0.5 $/W UCLA (USs)




Stability/Durability

Thermal stability
Chemical stability

J. Mater. Chem. 2009, 19, 1483
Nanotechnology 2010, 21, 105201

J. Mater. Chem. 2010, 20, 3287
J. Mater. Chem. 2011, 21, 17209

Photo stability

Efficiency

Low bandgap polymer
Control of HOMO/LUMO levels
Morphology control
Interface engineering
Fabrication method

Adv. Funct. Mater. 2010, 20, 3287

J. Phys. Chem. C 2010, 114, 633

Sol Ener. Mater. Sol Cell. 2010, 94, 1118
J. Mater. Chem. 2011, 21, 8583

Adv. Mater. 2011, 23, 1782

Stability of Polymer Solar Cells

| Macrophase Separation in Active Layer
e 5
s
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P3HT-b-P(MMA-r-HEMA)

[ A

Block Copolymer Compatibilizer
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Synthesis of P3HT-b-C;, Diblock Copolymer

J. Mater. Chem. 2009, 19, 1483.
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Experimental Conditions:

* P3HT:PCBM blend ratio = 1:1

= Active layer thickness = 150 nm
= Annealing Temperature = 150 °C




Synthesis of P3HT-b-C,, Diblock Copolymer

J. Mater. Chem. 2009, 19, 1483.
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Experimental Conditions:

* P3HT:PCBM blend ratio = 1:1

* Active layer thickness = 150 nm
" Annealing Temperature = 150 °C




Block Copolymer as Compatibilizer

Nanotechnology 2010, 21, 105201.

w/o compatibilizer with compatibilizer
annealing

Morphology of Active Layer

P3HT/PCBM

0 min 360 min

P3HT/PCBM/P3HT-b-Cg,(2.5 wt'%)

» Development of nanometer scale
phase separation of active layer

* Enhancement of long-term stability
of solar cell performance

15 min 360 min

Problems of Block Copolymer Compatibilizer

= Presence of a substantial amount of insulating

moieties required for introducing Cg, in the second
block

= Synthetic difficulty due to the multiple post-
polymerization steps
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New strategy:
Synthesis of C,,-end capped P3HT

P3HT as the electron donor

Fullerene as the electron
acceptor

Synthesis of C,,-end Capped P3HT

J. Mater. Chem. 2010, 20, 3287.
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Detector response (a.u.)

Synthesis of C4,-end capped P3HT

GPC/Mass Analysis

P3HT-C,,
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Morphology

TEM Image
P3HT/PCBM

0 min 15 min

P3HT/PCBM/P3HT-C,(2.5 wt%)

O min i  60min 120 min

Long-term Thermal Stability

Accelerated Lifetime Measurements

Annealing Temperature: 100 °C
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40 - 'r O~ o~ ::,_:l.
35+
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15} P3HT/PCBM the Arrhenius model.
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J. Mater. Chem. 2010, 20, 3287.
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P3HT-Dye-Cq,

J. Mater. Chem. 2011, 21, 17209.
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Morphology Control and Device Optimization

J-V Curves IPCE Spectra
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Intensity (a.u.)

10 |

Morphology Control and Performance

Time-resolved Photoluminescence Spectra
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Stability by Crosslinking

Fréchet et al., Adv. Mater., 2011, 23, 1660
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Stability/Durability

= Thermal stability
= Chemical stability
= Photo stability

Efficiency

= Low bandgap polymer

= Control of HOMO/LUMO levels
= Morphology control

= |nterface engineering

= Fabrication method
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Factors affecting Jq.

* Absorption of photons — bandgap

* Charge separation— LUMO levels offset of donor
and acceptor

= Charge carrier mobility

* Morphology — domain size and connectivity

Factors governing V.

“ Energy difference between HOMO of donor and LUMO of
acceptor

= Work function difference between anode and cathode

= Formation and recombination of CT states

Factors influencing fill factor

*= Balance between hole and electron mobility
= Series and shunt resistances

Factors controlling the HOMO/LUMO levels
of conjugated polymers

" Molecular weight

Intramolecular charge transfer

» Planarity of chain backbone

Substituents




Push-Pull mechanism
Acceptor
Unit

Electron-rich unit

Alternating Conjugated Copolymers

Low bandgap polymers
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Efficiency

= Low bandgap polymer

= Control of HOMO and LUMO levels
= Morphology control

= |[nterface engineering

= Fabrication method

Processing for Morphology Evolution of
Active Layer

thermal annealing

solvent annealing Nano-scale
s 4 _ Phase
Separation
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Morphology of Polymer Solar Cell

as-spun é after argnealing
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Vertical Morphology

= Imbalanced surface energy: P3HT (26.9 mJ/m2), PCBM (37.8 mJ/m?)

» P3HT accumulates at the surface of the active layer.

® Non-ideal vertical distribution in active layer hinders efficient charge
transport.

S
TEE
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Previous Efforts for
Ideal Vertical Morphology

Inverted-structure Solar Cell Fluorinated PCBM

PCEM

\\\\\\\\\\\\\\\\\\\
.....

Synthesis of Fullerene-End
Capped Poly(ethylene glycol)

1. Formation of PEG thin layer on the top of P3HT/PCBM
—> Induce the ideal vertical composition gradient.
2. Induction of interfacial dipole due to high dielectric constant
of PEG: ¢(PEG)=13.0 vs. ¢(P3HT)=2.6, ¢(PCBM)=3.9.
— Increase the V,, due to the raise of vacuum level of
metal cathode.

_.19_




Electrochemical characteristics
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Adv. Mater. 2011, 23, 1782
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XPS depth profile:

oy no PEG-C,, added
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vertical morphology

top: P3HT rich

™ hottom: PCBM rich

non—ideal structure

= top: PCBM rich
e

= bottom: P3HT rich

ideal structure

conventional bulk heterojunction

P3HT: top of the film
PCBM: bottom of the film

addition of PEG-C,

Development of Ideal Vertical Morphology

PEG-C,, added bulk heterojunction

P3HT: bottom of the film
PCBM: top of the film
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vacuum level /[ ____ Te
idrease 3.0eVv * ﬂ "
4.0 eV]
_____ fo
Al
LI:.(_;Y_ 50eVisqev
PEDO
PSS P3HT|S.8 eV
Al metal cathode PCB
-0.1 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 S PEG-Ceo
Voltage [V] high dipole moment of PEG-Cy,
Amount of Voe FF Jsc PCE Rs
PEG-Cgy V] [mA/cm?] [%] [Q-cm?]
0 0.61 0.58 10.17 3.60 13.25
25 0.65 0.60 9.87 3.85 9.47
5 0.66 0.65 10.27 4.41 5.51
10 0.63 0.42 9.45 2.50 48.63

%Eiiit;
Thermal stability
Chemical stability
Photo stability

Jurability

Efficiency

= | ow bandgap polymer

= Control of HOMO and LUMO levels
= Morphology control

* [nterface engineering

= Fabrication method
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Surface Morphology of PSSA-g-PANI

PEDOT:PSS on ITO

rms roughness: 2.18 nm

(b)

PSSA-g-PANI on ITO

rms roughness: 0.80 nm

® Much smoother surface of PSSA-g-PANI than PEDOT:PSS

The covalently grafted PANI is more miscible with PSSA than PEDOT with
PSSA, and therefore PSSA-g-PANI effectively decreases the roughness of ITO.

Optical Characteristics of PSSA-g-PANI

(a) 100 (b) 18
—weem— P3HT:PCBM on PSSA-g-PANI
1.4 - —— P3HT:PCBM on PEDOT:PSS
_ _ 12
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& ] I
B £ 08
3 £
/{1 R ] B
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P g5l ---- PSSA-g-PANITOnm \ < sl '
¥ —— PEDOT:PSS40nm 1\ ‘ =
~=~- PEDOT:PSS 70 nm / 02
I . 1.0
80-" po o yog Mgy ey Yy gy g ] ge g g 00 - l....ml-!?.,sﬂ...
300 400 500 600 700 800 300 400 500 600 700

Wavelength [nm]

Wavelength [nm]

® High transparency in 450-650 nm wavelength of PSSA-g-PANI

Highly transparent PSSA-g-PANI results in enhanced light absorption in range
of 450—-650 nm.
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1L

Cyclic Voltammetry Measurements

C) P (b) 04
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e e
3 5
Q i [
01 02| ~ === PSSA-g-PANI 5 cycle
—= PSSA-g-PANI 100 cycle
—~—— PEDOT:PSS 5 cycle
—— PEDOT:PS8 100 cycle
-02 | 1 i 04 | | 1
-5 -10 -05 00 05 10 15 -2.0 -10 00 10 20
Potential{vs. Fc/Fc+) [V] Potential [V]

" Nearly equal HOMO level of PSSA-g-PANI and PEDOT:PSS
Good match to both the work function of ITO (4.7-4.8 eV in air) and the HOMO
level of P3HT (5.0-5.1 eV) for efficient hole transport

" High electrochemical stability of PSSA-g-PANI than PEDOT:PSS
Almost the same oxidation and reduction potential after 100 cycles

Device Performance

@@ =2 ; (b) #0
| ——= PSSA-g-PANI a / ] —e— PSSA-g-PANI annealed
o[ PssagpaNi annealed {1 70| T PEDOT:PSSannealed
S L Annealing Voo FF  Jsg PCE
E [min] i\ [%] [mA/ecm?] [%]
Z
2 0 051 59 7.2 217
5| PSSA-g-PANI
2 0.56 61 10.7 3.66
g 049 58 55 1.56
o| PEDOTPSS
0.56 61 9.7 3.31
5‘."_10 50?
U T e o wT O Uw “ou sow 600 700
Voltage [V] Wavelength [nm]}

* The device with PSSA-g-PANI shows higher performance than that with
PEDOT:PSS
The higher Jg is attributed to higher transparency and higher conductivity of
PSSA-g-PANI than PEDOT:PSS.
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Optimized Device Performance
J. Phys. Chem. C 2010, 114, 633.

Molar ratio of  Conductivity 2

\ i
gl ANI/SSA i4Tdm] I | i
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PEDOTPSS — PEPOTPSS | 12-01 00 01 02 03 04 05 06

Voltage [V] —

= By changing the molar ratio of ANI/SSA, various PSSA-g-PANIs with different
electrical conductivity can be synthesized.

= By using highly conductive PSSA-g-PANI as HTL, high power conversion
efficiency about 4% was achieved which is 20% higher than that of the device
with PEDOT:PSS.

Thermal stability
Chemical stability

Photo stability

Efficiency

Low bandgap polymer

Control of HOMO and LUMO levels
Morphology control

Interface engineering

Fabrication method
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Conventional Processing for Polymer Solar Cells

rough surface
scale-up proble

Solution
. Processing

rough surface

® | ow-cost and high-throughput

L §.~ = Syijtable for light and flexible
solar cell

= No waste of materials for
processing
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Roller Painting for Solar Cells

G G
i

" If we coat polymeric
semiconductor on the
wall using the roller
~ painting, ...

Roller painting can be a
promising process for
organic electronics.

The roller painting process can be a model study
for the R2R process of fabricating organic electronics.

rLlhth el

as spin-coated P3HT film

R e i
G F 1 r i
B

Lo ) - o
s L : Gomme
@@@@@

organic solar cells

Alhenvrihharnan Fa
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Enhanced crystallinity of roller painted film

P3HT films P3HT:PCBM films
(a) _
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v’ Both normal and shear stress, and slow drying during
roller painting induce high crystallinity of P3HT.

Effect of roller painting on chain packing of P3HT

(@ | (b)

Absorbance [a.u.]
Absorbance [a.u.]

annealed after spin coating
=== as-roller painted

annealed afterlroller painting
] | P | =

—— 35-3pin coated
as-roller painted
el e e g e —

300 400 500 600 700 300 400 500 600 700
Wavelength [nm] Wavelength [nm]

v"In roller painted film, there was no significant change
of crystallinity of P3HT after thermal annealing
treatment.
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Adv. Funct. Mater. 2010, 20, 3287.

Photovoltaic Performance

Annealing* Voc FF Jsc PCE

RIQEess [min] V] [mAlcm?] [%]
Roller Painting 0 0.57 0.56 75 2.4
[245 nm] 8 0.63 0.64 1.3 46
Spin Coating 0 0.56 0.52 6.6 1.9
[230 nm] 15 0.61 0.58 111 3.9

*Annealing temperature: 150 °C

v’ 245 nm thick roller painted device yielded over 4.6%
efficiency after optimized thermal annealing process.

Roller Painting Process with Additives
5 wt% 1,8-octanedithiol added film

v' Addition of additives without thermal annealing induces
development of PCBM nanocrystals with P3HT nanofibrils.
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Photovoltaic Performance

S wt% 1,8-octanedithiol added film without annealing

2 35
I | I | N l wews= @, spin coating T
Voc Jsc FF PCE Hp He
Frogsss VI  [mAlcm]  [%] [%] [cm2V1sT  [em2 V1 s
Roller painting 0.58 10.8 0.60 3.8 5.20 x 10° 1.02 x 10+
Spin coating 0.57 10.2 0.57 3.3 1.43 x 105 6.21 x 105

= b [] ]
% € —)010 .‘// ..0‘
o ../ '.' o

v Roller painted solar cell yielded the power conversion

efficiency of 3.8% without thermal annealing process.

Volt.
oitage [V] V'Vbi

Conclusions

— Stability and durability of polymer solar
cells was improved by the use of
compatibilizer.

— The efficiency of polymer solar cells has

recently been improved by various methods
toward a PCE over 10%.

— The combination of several potential
methods may pave a new avenue to achieve
high performance polymer solar cells.
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