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e History of Conjugated Polymers

e Electronic Structures of Conjugated Polymers

e Polymer Light-emitting Diodes

e Polymer-based Thin Film Transistors

e Polymer-based Photovoltaics

e Polymers for Memory devices
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0. POPULATION

— Sl e R

2003 6.3 Billion People
2050 8-10  Billion People

Source: Richard Smalley, Energy & Nanotechnology Conference, Houston; Christoph Brabec,; Konarka .
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Renewable energies

Biomass

Tide/Ocean
Currents
0.7 TW

Geothermal

Hydroelectric _, : Lo :
1.2 TW technically feasible . S L Solar

. 0.6 TW installed capacity % 2 : Bt Nl 1 x 10% TW at Earth surface
e Ll ; X 10,000 TW (technical value)

Energy gap
~ 14 TW by 2050

~ 33 TW by 2100
Credit: Christoph Brabec, Konarka
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Future Trend-- Renewable Energy |

1.600 —

1400 —

1.200 —

q.000 —

GLLLE By

aio —

Primary Enerqy Use [EJ/a]

410

200

2000

Source : German Advisory Council on Global Change, 2003

(EJ/a : 10%Joul/vear)
Wk R

German Advisory Council on Global Change,

2003

20102 20210

20

=

Saotheaermal
Other BEE

Solarthermal
(Heat anby)

I

Photovoltaic
and

Salar Thermal
Electricity

WWind

Biomass {modern
Biomass (trad.)
Hwdro

MNuclear

Matural Gas

Coal

il

GHERRHAEANET BB ARIOFARRER !

smbad ANNR T D | 28 e AT S



L SR IX T WTFLT

Iwm““ g 2 e = =
AGHEBEZXTRHRER Y

% 1954 % Bell LabsZt B 357 K5 &
(ChapinZF A > #3823 & £46%) — ad
L 1958 5 B 45 K %2 JE F (GaAs) y -
L 19705 B4 KI5 A5 E & #ib @ JE A (Si) iR i)
2 1976 Carlson E/F i % —EIE R FBE K5 Tt
Le 1980+F 75 & M 4 B K 5 & i & A (a-Si, CdS/CdTe)
L 1990F 82 & N BEBE 2 K% 08 E A ShIkHT
(Grid-Connected PV System, Si) (& /1 & F#.4) e B R
L 19925 A28k E ~ B & REHPVHBY 2B
L 20004422 4 — 3 A K M & i e A (BIPV)

T

D | s e S TTT e i



History of Organic Solar Cells

/\S{Hm’ important milestones in the development of organic solar cells

2001
2001

2000

1995
1994
1993
1991
1986
1964

1958

1906
1839

-Ramos used double-cable polyimers in PV cells.

- Schmidt-Mende made a self-organised liquid crystalline solar cell of
hexabenzocoronene and perylene.

-Peters / van Hal used oligomer-Cgg dyads/triads as the active material
in PV cells.

-Yu / Hall made the first bulk polymer/polymer heterojunction PV.

-Yu made the first bulk polymer/Cg; heterojunction PV,

- Sariciftei made the first polymer/Cgy heterojunction device.

-Hiramoto made the first dye/dye bulk heterojunction PV by co-sublimation.

-Tang published the first heterojunction PV device.

-Delacote observed a rectifying effect when magnesium phthalocyanines
(CuPh) was placed between two different metalelectrodes.

-Kearns and Calvin worked with magnesium phthalocyanines (MgPh).
measuring a photovoltage of 200 mV.

- Pochettino studied the photoconductivity of anthracene.

-Becquerel observed the photoelectrochemical process.

Solar Energy Materials & Solar Cells 2004, 83, 125
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Solar Cells —

wtential high efficiend
"w cost

ght weight to be portable

exible is highly feasil]
Irge area

A& MFEFR

Single Crystalline m
Bulk { ~ 7:12~20%
— Silicon—<: Multi Crystalline .

Thin Film | o
Qi g 7 -10~18%
(a-Si; uc-Si) n:6-8% M #
it HLRE

GaAs " 1830%(BARKZXEA

en process

3 PV &)
——Compound {
CdSe, CdTe, CulnGaSe,
y  Technology Push .
<—
le Conducting Polymer
Organic Small molecules
Dye Sensitized ”
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==EET Highest Solar Cell Efficiency Tables until 2006. 04

Table 1. Confirmed terrestrial cell and submodule efficiencies measured under the global AM1.5 spectrum (1000 Wm %)

Prog. Photovolt: Res. Appl. 2006;

Frmims skimbad ANNE 1T D 1 38 eSS T S

at 25°C
Classification® Effic.” Area“ Vs Tz FF Test Centre® Description
(%) (cm2) (V) (mA.fcm:) (%) (and Date)
Silicon
Si (crystalline) 247405 400 (da)  0.706 422 82.8 Sandia (3/99) UNSW PERL'"
Si (multicrystalline) 203+05 1.002 (ap) 0.664 37.7 80.9 NREL (5/04) FhG-ISE"”
Si (thin film transfer) 16,604  4.017 (ap) 0.645 32.8 78.2 FhG-ISE (7/01) U. Stuttgart (45 p.m thick)'®
Si (thin film submodule) 94+03 949 (ap) 0.493' 26.0' 731 Sandia (406) CSG Solar (1-2 pm on glass;
20 cells)’
[I-V Cells
GaAs (crystalline) 25.1+0.8 391 () 1.022 28.2 87.1 NREL (3/90) Kopin, AlGaAs window'’
GaAs (thin film) 245+£0.5 1.002 (1) 1.029 28.8 82.5 FhG-ISE (5/05) Radboud U., NL'®
GaAs (multicrystalline) 18.2+0.5 4.011 (1) 0.994 23.0 79.7 NREL (11/95) RTI, Ge substrate'’
InP (crystalline) 21.94+0.7 4.02 (1) 0.878 29.3 854 NREL (4/90) Spire, epitaxialm
Thin Film Chalcogenide
CIGS (cell) 184+£05% 1.04 (ap) 0.669 35.7 77.0 NREL (2/01) NREL, CIGS on glass™'
CIGS (submodule) 16.6+04 160 (ap) 0661' 334" 751 FhG-ISE (3/00) U. Uppsala, 4 serial cells™
CdTe (cell) 16.5+0.58 1.032 (ap) 0.845 25.9 75.5 NREL (9/01) NREL, mesa on glnssz"
Amorphous/Nanocrystalline Si
Si (ﬂmorphous)h 95+£03 1.070 (ap) 0.859 17.5 63.0 NREL (4/03) U. Neuchatel”
Si (nanocrystalline) 10.1£0.2 1.199 (ap) 0.539 24.4 76.6 JQA (12/97) Kaneka (2 um on glass)™
—Lhotochemical

Dye sensitised 104 +0.3 1.004 (ap) 0.729 21.8 65.2 AIST (8/05) Sharp™
Dye sensitised (submodule) 6.3%+0.2 26.5 (ap) 6.145 1.70 60.4 AIST (8/05) Sharp®
Organic
Organic polymer' 3.0x01 1.001 (ap) 0.538 9.68 524 AIST (3/06) Sharp, fullerene derivative’

ultijunction Devices ]
GalnP/GaAs/Ge 320+1.5 3980 ()  2.622 14.37 85.0 NREL (1/03) Spectrolab (monolithic) a
GalnP/GaAs 30.3 4.0 (1) 2.488 14.22 85.6 JQA (4/96) Japan Energy (monolithic)*’ :
GaAs/CIS (thin film) 258413  4.00() = = — NREL (11/89)  Kopin/Boeing (4 terminal)®® E
a-Si/p.c-Si (thin submodule) 11.7£04 1423 (ap) 5.462 2.99 71.3  AIST (9/04) Kaneka (thin film)® .




Efficiency (%)

Efficiency of Photovoltaic Devices

Measured Solar Cell Efficiency from 1975 to the present
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Requirement Trends of the Photovoltaic Industry
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installed solar capacities

Proceeding of the IEEE 2005, 93, 1429
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Solid State Organic Solar Cells

Optical power = electrical power

FIGURES OF MERRIT:
Pawer conversion efficiency

Full solar intensities
kREliabilit}'

Photovoltaics <

High absorption in the visible spectrum

Have relaxed deposition requirements

can be manufactured in alow cost process

can be grown on thin and flexible substrate

can add value to existing product

Challenge!

Current power conversion efficiencies are too low for
commercial implementation
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Organic solar cells : three types

. Dye sensitized solar cells: Electrochemical cells

F SIS EE NI NSNS EEENS NSNS EEEENS NSNS NI ESEEE NSNS N ENNE SN NEEE NS NEESEE I NSNS NSNS NSNS NN S NNNEES NI EEEENS NSNS IS EEEEENEEEE "
L4 Ei

@ Small molecule organic solar cells: Made by vacuum deposition

. Polymer solar cells: Made by solution, low temperature processing

Each of these cells face more or less the same challenges:

: 1. Increase power conversion efficiency
Physical cell Il 5 \ncrease stability

3. Develop a technology for large areas

Frmims skimbad ANNE 1T D 1 38 eSS T S
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Dye-sensitized TiO, solar cell operation principle
- 5,

Best performance for a single cell so far

-15 - 80
0, Glass

1ol AM1.5 (1000 W/mem?) 801
J,. = 16.9 mA/cm?

k Load ) '
TiO, nanoparticles Redox electrolyte
V,.=087V 40 1
; 5] FF=0.75
n =11.04% 20 ‘
0 S | 0 SR S— ”"]””'”“I‘mi””
=) 0.0 0.2 04 06 08 400 500 600 700

Potential [V] Wavelength [nm]

Photocurrent action spectrum obtained with the N719 dye

attached to 16 + 4 pm nanocrystalline TiO2 film

Current Density mA/cm?

Counter electrode
Ruthenium Dye

M. Grétzel, Nature 1991, 3583, 737.

Anode: S+ hv > 8§ Absorption

& —5.8% & &7 i) Electron injection
28T + 31T -5 28+ I, Regeneration
Cathode: I3 +2e (P1) — 31~

Cell: e (Pty+ hv — e (Ti0,)
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Organic double layer p/n cell

ITO

Glass

electron
transfer

light

L
absorption

s

exciton dissociation into
donor acceptor + and — charge carriers

n-type

C. W. Tang, Appl. Phys. Lett. 1985, 48, 183.
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Bulk heterojunction solar cells

Charge separation in nanostructured composite organic semiconductors

front
electrode

donor

acceptor

back

electrode

glass

transparent electrode

100 nm

metal electrode

R. H. Friend et al., Nature 1995, 376, 498
A. J. Heeger et al., Science 1995, 270, 1789

nanoscopic mixing of donor and acceptor to
overcome ~10 nm exciton diffusion length

mmismimbad ANNE 1T D | 38 o 4TI S



Structures and Principles of LED & Photovoltaic mode

Aluminum [

T,

Active layer

PEDOT
! Light

Glass Glass

ITO ITO
— —

Input Organic material Output Organic material
L Al Ca, Mg I Al, Ca, Mg
LED mode Photovoltaic mode

A PV mode is the reverse of a LED. In PVs electrons are collected at
the metal electrode and holes are collected at the ITO electrode.
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==“What & Why Is Organic Solid Phase Photovolta

Bulk Hetel’Oj_l_H.l_Ct_LOl’l (BHJ) Cell FHRBEERGASZIES
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acce| SE
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’ . Ve ORI SR B BUA(E
‘| AR A )
Electron .ﬂ“ﬂﬂl | °® ’fg if'_‘;(- 3 'ﬁ]_ %:I’i
l
b Al I __ Assuming a Fill Factor of 0.6
: P/N blend layer I 304 |
\ ;J_'_ w e
\ Substrate TO / g
\ 3
\ d :
\ P-type is conducting polymer //
S « N-type is either C material or B e e . P e
~ Qanocrystals P w Absorption up to [ x nm |
Sy - -
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m=zz=w Polymer Based Solar Cell-Active layer

= Il

- ~y

» “Bulk Heterojunction >

Conventional
P-N Junction Cell

load @
|

n

, -type
silicon
junction
p-type

silicon

‘ Three
\ Active e transporter + absorber + h' transpori

{Compositio

\ /

\ Fullerene/ nanocrystal + Polymer /
\\ Polymer Based solar cell (PSC) 7 /
N\ " y
e s’
~ - o
oy

-——’

Frmims skimbad ANNE 1T D 1 38 eSS T S



L SR IX T WTFLT

SR Light Converting Processes
7 abs =S0% Diffusion
Length ~ 10n
® Abso o tion [gl:gll'l; :mprg;l;n) Exciton diffusion

® Exciton diffusion
® Charge Separation
® Charge Transport

17 Jj = ﬂabs X ﬂdiss X Hout b E

e

d ™4 3T

overall photocurrent efficiency

be fraction of photons absorbed

Charge collection Charge transfer
(exciton dissociation)

iss fraction of electron-hole pairs that are dissociated

« fraction of charges that reach the electrodes Depends on

n diss—=100%
geometry

Frmims skimbad ANNE 1T D 1 38 eSS T S



General Mechanism in Organic Photovoltaic Cells

qf%; LUMO
% (3)-Vyare-» -+
B 1111‘;1
Photons hy ; " o 1’]T1'1:
: U H-:) O oy % "' )1
P D) Nig 6
na = A |e X9)
Cr = | " Vg 1,
Anode - ClNaig, A | P47 AR Cathode
6f LA A1
5l e

g
IIOMO %
(1) Photon absoption (7 ,) (4) Hole-electron separation (7 1¢)
(2) Generation of excitons (5) Carrier transport towards the

|
(3) Exciton diffusion (7 4i) electrode (7 )

(6) Charge collection at the respective
electrode( 7 <¢)



General Scheme for Organic Photovoltaic Effect

Optical processes
B 1 Losses at air-oreanic
[=] ": - . W
E 5= interface E
kL 22 é
2|2 =
r =
E g % i > Losses penerated by
Losses generated by g = E g - E‘ unabsorbed photons
unabsorbed photons | 2] = w0 =
= b ly
| & b —
| : Thermalisation of the
__| Manosirociore scale l photon enerey excess
-_____.-'-" - i' B ,
Tgigy - recombinati _ Exciton generation (2) and \
during diffusion h bulk diffusion (3) \
\ ¢ /
\\ {4): Separation at D/A interface —l://““f efficiency due to
— o carrier separation
Typ © hole - . plert
trapping in D [#—=(5) Hole transport in D | {5 electron transport in A Mt © ol

» trapping in A

| }

Nee: efficiency due tc"_ 16} Hole collection (6) Electron collection| | Tec - efficiency dus to
charge collection at at the anoede at the cathode charge collection at

the anode ' the cathode
: \f\f\m o) ;

| Condition the 1(V) characteristics |




Examples on Polymer Phtovoltaic Devices

CN-PPV
MEH-PPV 5
ﬁ-( External
circuit
."?
R=CgHq3
/
J;\ Aluminium /—L
Sio Polymer blend film [~ gjg | _/
ITO
Glass substrate

First Polymer-Polymer
heterojunction PV

NATURE - VOL 376 - 10 AUGUST 1995

Matal alectrade
(Al ar Ca)

-_— Ligghi
" illumiratiart

- Glass gr plastic
substrate

Energy conversion efficiency: 2.9 %
Science 1995



Plastic Solar Cells

A large area plastic solar cell
running a small motor

MDMO-PPV:PCBM solar cell realized
on a PET substrate
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Besecrch Instthute s s
Applications

Ultra-low-margin products '

Power generation systems.

Organic solid

Photovoltaics

v

|| | § Application Roadmap

Organic solid
photovoltaics
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Polymer solution processed cells come in three ‘flavors’

Polymer solar cells

Polymer — fullerene

interface layer

active layer

Polymer — inorganic

transparent
cenductive
polymer

fransparent
conductive
oxide

glass .
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lithography coating encapsulation

| l

PEDOT:PSS

Plasma
cleaner
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m BE A RIERE
Procedure:

ITO glass Exposure Development Etching

Encapsulation Top Electrode Polymer Coating
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|
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Vmp Voc
ill Factor (F.F.) = (V,,, x I, / Vo X I5) x 100%
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Characteristics of Solar Cells

current / |

current / | A
4
| I
I Vinax | \Icﬂage iV
/ AN
S I . Ucc
Voltage / V /f
'max /
I g
% mpp
.,

LY
Isc

Air Mass (AM)- A measure of how much atmosphere sunlight must
travel through to reach surface. The intensity is fixed at 100W/cmz2,

Open circuit voltage (V,.) Voltage across the cell in sunlight when no
current is flowing.

Short circuit voltage (ls.) Current flows through an solar cell when there
IS no external resistance.

Maximum power point (mpp) The maximum power is produced.
":U"F'P I'ij'P

Power conversion Impp Viopp s Voe FF

Fill Factor (FF) FF = 7 He —
IseV oc efficiency (PCE) Pin Pir
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Polymer Photovoltaic Structure

----------------------------------------------------
y
&
.
*
4

p—

poly(3-hexylthiophene) )
Regioregular P3HT

External

CdSe/P3HT Blend eyt

|
PEDOT:PSS Substrate ITO
Active Area : 0.03¢cm?

St E 8RR R 2.4% (CdSe)
J. Appl.Phys. 2005, 97, 014914 P
) e E k36 5 R6.1% (PCBM)| | e i P

Appl. Phys. Lett. 90, 163511 (2007) Encrey
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==EET Postproduction induced P3HT:PCBM solar cells

P3HT:PCBM solar cells

AM1.5 performance spin coating S
chlorobenzene (% :

J. V., FF  EQE "
87 058 055 70 238
85* 055  0.60 70 35
94 061 053 58 3.0 P3HT
72 062 062 58 27 0.39 nm*
11.1* 065  0.54 . 4.9 PCBM
9.5* 063 068 : 5.0 0'4?_'3_'“ -
106 061 067 63 4.4 .:"' "o, B
> 10"  ~0.60 . 73 44 : 110 °C for
* measured at 80 m\W/cm?; ** at 85 mW/cm? "90 LR &

»
Snggar®

P. Schilinsky et al., Appl. Phys. Lett. 2002, 81, 3885.

F. Padinger et al., Adv. Funct. Mater 2003, 13, 85.

Y. Kim et al., Appl. Phys. Lett. 2005, 86, 063502. P3HT

X. Yang et al., Nano Lett. 2005, 5, 579. =
M. Reyes-Reyes et al., Appl. Phys. Lett. 2005 87, 083506 -39 Nm

W. Ma et al., Adv. Funct. Mater., 2005, 15, 1617. PCBM

G. Li et al.,Nature Mater. 2005, 4, 8§64.

Y. Kim et al., Nature Mater. 2006, 5, 197 0.46 nm
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P3HT:PCBM solar cells vialslow drying process

1.0
C.H |
613 L Slow no. 1, annealed
/ \ = Slow no. 1, as-cast
S = 0.6
§ Fast no. 7, annealed
=
% Fast no. 7, as-cast
S 0.4
. Ve FF EQE 7 ]
12.50 0.604 0.594 66 4.5% 02
0.0 : - ' '
. 10 ——— — —_— 300 400 500 600 700 800 200
NE Wavelength (nm)
S L
2 5 -
&
~— 0.8 ~ e~ slow (no. 1)
2 0 f X
N
g ] 0.4 o \
= = e fast (no. 7)
= A ] =
R @€
c S 0of i
o - - g o
= 2 -~
s> -10F - = i 8
o —04 h+ fast (no. 7)
A S —osf "
-0.5 0.0 0.5 1.0 _ e e
. - PR S T R | . I S TR T L TR R S L
Bias (V) 1 10 100 1,000
Time (ps)

Yang Yang et al. Nature Mater. 2005, 4, 864.
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==="_ R&D Focuses to Tackle Critical Issues

e New polymer design to enhance Ceiered Bl

mobility & light harvesting

A

<100nm

e Ordered BHJ structure with

<>

well-defined paths and limited B

Wldth < 2 exciton diffusion
length (10-20nm)

 New device design to enhance

Jsc or Voc

e Life time issues

NE 1T D | g e ST S



Current Challenges

The lower photocurrent is due to poor light absorption, generation and
transport. The fill factor is due to poor transport and recombination.

e Improving light harvesting

Small band gap polymer, dye-sensitized materials, light-trapping structures
e Improving charge transport

Carrier mobility (102~10° cm?/VS) is low

e Control morphology
Processing condition, self organization, synthesis of D-A block copolymer,
use of porous films as template

e Addressing manufacturing issue and improving stability

By encapsulating cells and more stable materials

e Understanding device function and limits to performance
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A. Heeger

- aly g . S5 2 =
% AT A K5 AT B
Authors/Institutes Compositions Efficiency (%)
David L. Carroll/Wake Forest ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al 6.1
University, USA/Kyungkon Kim/
KIST, Korea
C. J. Brabec /Siemens (Konarka) | ITO/PEDOT:PSS/P3HT:PCBM/AI 5.68
AU/A. Heeger/Konarka USA
Kwanghee Lee /Pusan U., Korea/ | ITO/PEDOT:PSS/P3HT:PCBM/Ti02/Al (5.8

A. Heeger/UC Santa Barbara ,
USA

ITO/PEDOT:PSS/P3HT:PCBM/AI

4.8-5.1/100 samples

N. S. Sariciftel /Linz ITO/PEDOT:PSS/MDMO- 3.5
Austria PPV:PCBM/LiF/Al

Y. Yang /UCLA ,USA ITO/PEDOT:PSS/P3HT:PCBM/AI 4.4/3.8
R. A. J. Janssen/ECN ITO/PEDOT:PSS/MDMO- 3.0
Netherlands PPV:[70]PCBM/LiF/Al

ITRI ITO/PEDOT:PSS/P3HT:PCBM/Ca:Al 54
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Effective light
harvest device
& materials

’j = nabsx ﬂdiss X”out

Light absorplion
(exciton genaration)

J A Dﬂl‘k;
F g
f’v/ Light
Ii-' M o
_—— ] *\- - 4 v
] [ Ve
JDﬂ-mn }
1 JM ______
Maximum
J P power point
" (Vs )

Order BHJ

structure

“F =ImVm/JscVoc
7 =JmVm/Psun = 100*Jsc*Voc*FF/Psun
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Charge collection

Exciton diffusion \

High mobility
material

|— "en

I
3
L

Charge transfer
(exciton dissociation)

Good P/N tyg
blending




Prospects for high-efficiency (>10%)
Polymer PV cells

1. New device designs: Ordered Bulk Heterojuctions

— Approach: Polymer Semiconductor/acceptor Order
Heterojuction Structure

2. The high light-absorbing capabilitiesConjugated polymer
and electron acceptor with lower band gap35C-900 nm
(3.5~1.4eV)

- Approach: Low Eg Polymer with a broad absorption
3. Suitable energy level for high Voc: Low HOMO level
4. Higher carrier mobilities:

Approach : % 4 <+ mobilities > 0.01 cni/Vs and Morphology
control

5. Optimized Processing Conditions: coating/drying/additives



Four device architectures of conjugated
polymer—based PV cells

(a) (b) I (C) electrode (d?apm
e = e o 1

polymer
Fiw
ransparent
% top electrode

ol
*

Single Layer(a)Low EQE(0.1~1%) due to exciton recombination; low carrier mobility
Bilayers (b) :PA-PPV/TIO, 25% EQE, 3.9 % power efficiency (435 nm);
PPV/BBL 66%% EQE, 2% power efficiency
Bulk heterojunction (c) (d):
— PPV/C60 Derivatives 70% EQE, 3.5% power efficiency

Chem. Mater. 2004 16, 4533




Organic Photovoltaic Device Architectures

Bilayer Devices
(a) ; +

Anode (Au) \ 17 gAML

n-tvpe (C60 ) —

‘/:x pe (MDMO-PPY ) —

P o \ 4
Cathode (1TO) -zA
TR

olass 4
_ NP AT S A5 = 4
4 SHAL ShAA Phad o)
L . W
e Gt Lrae Cpde

*
| 1op electroce | b e Y '
ekeciron acceptor . c
| vewparenisischode |




Organic Photovoltaic Device Architectures

Bulk Heterojunction Devices

(a) Anode (Al) ’ +

o pelypenelype —l
(MDMO-PPY. PCBM) &

’\\\ Cathode (1T0)




Organic Semiconductors Used in Solar Cells

=5 : DH-5T
=i : DH-6T

a—sexithiophene
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Design strategy for low band gap: Donor-Acceptor polymers

increase the double bond character of the single bonds:

-D-A-D-A-D-A- *+—> _D*=A-D*=A-D*=A-

% RacceptorzL£ &g
alignment of transition dipoles along the chain R R R R
g —» —> — p g jS\. NHN N>/ \I\<N
_D-A-D-A-D-A- o — V—
\ 4/ \ 7/ sl Do
absorption from HOMO donor to LUMO acceptor 5
cceptors
LUMO =
= LUMO
Eg
HOMO'HL
Donor -H- HOMO  Acceptor

E. E. Havinga, et al. Polym. Bull. 1992, 29, 119.
J. Roncali, Chem. Rev. 1997, 97, 173.
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D-A Conjugated Alternating Polymers:PCBM Solar Cells

I#i N'fh[”
" sc IV s R
\ wL(uﬂ:O
C12H25
VOC =0.72V FF =0.37

lsc =3.1 mA/cm?  PCE=1%

FF = 0.46

Voc =0.72V

lsc = 4.66 mA/cm? PCE=22%

Voc =0.76 V

OC0H21 OCygHz
CgHy7. CeHi7
Feaniatat
S S
(A
N. _N n
S

FF=0.49

lsc =4.31 mA/cm? PCE=1.6%

N N
g
H21Cyd  CaoHas 4
V.. =0.56 V FF =0.49
l.c = 3.6 mMA/cm? PCE = 0.51 %



D-A Conjugated Alternating Polymers:PCBM or C,, Solar Cells

) ) Vo, = 0.54 V V.. =0.78 V
ﬁifiﬁi\;% L IITOMACTE B0, s M
Sio FF = 0.46 * o FE=N/A
Oy PCE=03% 3o PCE = 0.9 %
.PCBM PCBM
~ V.. = 0.58 V el
4, le=3.4mAlcm? Vo
‘L(S 0atle s /“17’} FE = 0.35 8 f\ » lsc = 2.4 mA/cm?
e (53 e »/3*& FF = 0.40
Co c. = PCE=0.59 %
Vo = 0.56 V
lsc = 2.1 mA/cm?
FF = 0.32

PCE =0.37%




D-A Conjugated Alternating Polymers:PCBM Solar Cells

PBSDTP
CaHn \-—-‘

V,.=0.72V
l.c = 3.1 mA/cm?
FF =0.37

PCE=1%

“N

V,, = 0.59 V

lsc = 2.6 mA/cm?

ISC

FF=0.39

n U<
FhAS

Voo =0.77V
= 3.4 mA/cm?
FF = 0.42

PCE=0.2%

PCE =0.6% lsc = 0.2 mA/cm?

V,.=0.61V

Sy O

2
1]
@

V.. =0.56 V
l.c = 3.5 mA/cm?
FF =0.58

PCE=11%

n

FF=0.24

PCE =0.02 %



Max. IPCE:

P3HT/PCy,BM-63% at 540 nm

P3/PC,,.BM-49% at 500nm

i

The presence of PCBM can
provide more photon current
because it can absorb the photon
beyond wavelength of 600nm

Coplanar chromophore

[T E'.'i-['LHBMIJ.:H Q
3 s PP BMC13) polymer/PCBM (wiw ratio) J. (mAfem® Vo (V) FF 5 (%)
= ! T 02 P3HT" 1:1" 9.9 064 0.62 3.9
£ 4l 3 P1 1:3* 3.5 0.79 039 1.
E : g P2 1:3% L4 0,76 054 06
B i~ = £ L A8 070 053 7
: 04 Fa 1:3% 5.3 077 053 22
201 ——P3HT/PC, BM(1 1) , P3 1:3¢ 1.6 0.80 054 33
PA/PC. BM(1:3) e P4 1:2° 4.1 075 045 14
10 - M py 1:3* 4.6 0.76 0.49 1.7
. - : : : P4 1:3¢ 7.0 0.79 049 27
' 100 500 600 700 460 H KN i
Wavelength (nm) Wavelengthi{ nm)
‘Table 1. Molecular Weights, FET Maobility, and Optical and Electrochemical Froperties of Various Polymers
My (FDIY  Ape (flm) 27 (em™h E'E'x't eV Eg (VI¥ IP (eV) (HOMO) EA (V) (LUMO) it (e W os)) onfaff”
Pl 252040 (152 480 A3 = 107 210 0.71 517 A7 3.7 = lod 52w 108
F2 21300 (1.97) 510 3.0 1 107 2.10 0.7z 518 308 1.5 1074 14 = 104
F3 HETO 2,190 510 2.9 = 107 2.0 .04 e | 3.02 B T [ 9.1 = 104
P4 20300 (1.87) 308 9.4 % 10° 211 0.7z 514 a7 3.0 x 1003 (P9 x 10749 13 x 105 (6.5 % 1097
P3HT 47000 (245 352 1.2 %10 1.90 0.74 5.2 3.30 6.5 x 1072 13 x 10°

. Absorption coefficient was

% o-DCB solufions. © CHCl; so

crmined at dgay in TIIT. b Lox is the onset potential of oxidation of polymer “ Thin-filma TCTs were fabricated from 1 wit
nt was vsed instzad of o-DCR.

Ko et al., Macromolecules 2008 41,

High absorption coefficient in comparison to P3HT 5519




rpfion coefficent {

Figure 7. Schema®c representatioon dlustrating tee motphalogy of the
acther layer wpon diyving (top) and snnesling (bottom]ra) the BT and b) L7

i Figesn L. UM o et of e TT sl L1 iy josssmal 5l A0C s e
polymerPCBMiwAwratio) S,
T B Prooem Anvambng Qe fmAom ™y Veclmd  PFPR RCLN]
F3 1:1 9 |t [ree. PATA0M MU W74 06 LI0ROM |
F3HT® 1:1° 7 (1] T ernl 100 C BAl 4046 SATHME 54310 MMM OH
L 30 iy 03 B adyF Tl pd WHiedd Redabd
i l:3h 5 ut BRI T L4008 AT BOEZ) QlGi00m
L AW TH DRI TEM PRIl Qena 0T
Pl :l:?ﬂEl E T-5T Femne FUEE-TTa T} n_lrrfrm—rti":
P:-! l 3!, ﬁ |Lr|-I'E; FTmins i C 1|M-:ﬂ.r: |Ib:|I uI::.t PR
P2 1:37 10.1 080 053

Best PCE-4.T%

Table 1. Molecular Weights, OTFT Mobility, Optical and Redox Properties of Various Palymers
M, (POI) A (film)  {  10° em~) E P (eV) Eq® (V) HOMO {&V) LUMD {eV) ity () oniof
Pl 26300 (1.55) 520 17 (1.6 1.76 L.oo —5.46 —31.56 7.0 % 107% 1.3 % 10°
| 38600 (174 590 777145 1.70 0.97 —543 — .66 34 % 1077 5.6 10°

Ko et al, J. Am. Chem. Soc. 2008 in press




Design Rules for Donors in Solar Cell -Towards 10 % PCE

Power Conversion Efficiency [ % ]

LUy

AE I LUK 4.3 &V
E;

LUMO Level Donor [ eV |

HORAD

HOMO 50 &V

3.0 27 2.4 2.1 1.8 15 1.2 Donor  PCBM
Band Gap Donor [ eV ]

To get PCE >10% The highest PCE of polymer solar cell up to now :.8%
Bandgap of donor polymer <1.74eV & LUMO <-3.92 eV



The importance of HOMO/LUMO level on the
Photovoltalc Devices

Power Conversion Efficiency [ % ]

-4.0

LUMO

3
h LUMO’.&' 5 a6
N, — :
] § 3.4
HOMO 3 5
Donor  Acceptor ‘
ITO Al
-3.0 W
3.0 27 24 2.1
Acceptor ﬁ} " f .
— = '_N 5
A J[rﬁ_é‘u‘ x
=)_(S' \N—f ) \=/ 0 = “n
=/ | Fh

G o
L) PPyBT
N__ \(\i Q F o]
OO HOH
N 4 N ; N
A
% n Y
‘ ,,
1

The EA of the PTPQ, PTQ, PPyBT, and
PTDA: 2.7~3.0 eV, mismatch with AL poor
PV efficiency

Band Gap Donaor [eV 1

1.8 1.5

I Importance of donor HOMO

1.2 Denor PCB]\;
b)
Y
=20 27
3 L EE—
& 40-43
sl 47-48 el S
9 & . 5 R
ES0] o T L2
6.0 PPV 5
¢ —_—
(c) 1
n-type polymer (BBL) |r _
p-tvpe polvmer (PPV) | External Circuit |
ITO
glass substrate
Light illumination



The importance of HOMO/LUMO level on
the Photovoltaic De\iiuces

b : "
‘ l Glass B

HOMO ITO _ na
HOMO I -
Donor  Acceptor Output ; i T et vy
o A Organic material s nE:!
Al, Ca, M Tow
] L] g 30 / ey HOMO -6.0 eV
HOMO Position [ eV ] 30 27 24 21 1.8 1.5 1.2 Donor  PCBM
oo 8 48 B0 52 54 56 58 i Ik I V. FF Band Gap Donor [eV]
T L T LA B mpp " mpp a0 Y o
1 ] I- f— fr— - - 0 . .
000 ] oo 1 P 7 Theoretical PCE ~10% in a single
2 a0/ 1e00 PV cell: Bandgap of donor
[— EU-‘\C
~* 600l | ' polymer < 1.74 eV & LUMO <
|3 [P -3.92 eV using PCBM
3 4004 < 400 AE, -4.3 eV
3 ] ] 43evil®
= 200 4 200 Eromoz .
- ———— - : i 6.0 eV i 0
A s IS | Theoretical PCE up to 15%
Onset of Oxidation [ mV | Donor1  PCyBM || Donor2  PCyBM By Tandem cell

Adv. Mater 2008,20, 579-583

Voe=(1le)( | E>"HOMO | - [ E"*MLUMO )03V | sotomeenn ropeet

1.0 < E; <3.2eV 1.0<E; <3.2eV
-4 < Ejjpgpy -3V 4 <Ejups-3eV

350 nm Aq Az

Scharber et al., Adv. Mater. 2006, 18, 789



NewQuinoxaline based
Donor-Acceptor Conjugated
PolymersFor Optoelectronic
Applications

Highest Solar Cell PCE :1.76% M,=22308 PDI=2.38

20

. = MIL:PCBM=1:1 @1.5 wt%
i e MI:PCBM=1:2 @1.5 wt%
. & MI:PCBM=1:4 @1.5 wt%

Current density (mA/cmz)

-10 1 1 1 1 1
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Bias (V)

J. Polym. &ci. Polym. Chem. 2009
Through the collaboration of
W. C. Chen and F. C. Chen

HOMO=-5.18 eV
LUMO= -3.60 eV

Mobility 9.25x104
On/off 2.31x1¢

M3
‘S/ N N
M, =4003 PDI=1.26

HOMO-= -5.06 eV

LUMO= -3.36 eV
Mobility 9.25x104

On/off 2.3x106

L
. OC10H2
7

&
S S
C10H2,0 Ly O \

M=8590 PDI=1.67

HOMO=-4.91 eV
LUMO= -3.03 eV

Mobility 4.71x10°
On/off 4.07x1@

\_\_zo 05_/_/
N N
S
| N
Mn=8450 PDI=1.76
HOMO= -5.06 eV
LUMO= -3.19 eV

Mobility 2.52x104
On/off 2.00x10



Energy level (eV)

/

Yu, L. Nat. Photon. 2009 3, 649.

c
r r 1.0 1 |——PBDTTT-E
P —O0—PBOTTT-C :
% o0g.| & PBOTTT Cr /{
K
5 "o £ o6 /:(
h [ :; 2 4
| " n n 7 84 N
§ 0.2 4
[a]
Z - -
0.0+ Similar bandgap
I. Wavelength (nm)
20 " | PBDTTT-CF I
-25 Lower the HOM/LUMO levels 1.0 | m— . L 100
-30 _- -3.24 _/ W—ﬂ ,FT:\ I
] -3.35 _ L,
-35 - L;J O 245 - 80
4.0 - - s 7 430 I
45 - 'aD_c E E . 0-0-0-0-0 ol 60
-5.0 — & = < L 40
55 ] : -512 522 & : = _
-6.0 ] nghly efﬁClent Overa.”02 —— Ahsorhance - 20
1 -610 hot . af | o e i
-65 photoconversion process| | o¢ 0
-7.0 in the cell (high IQE) ——
400 500 600 700 800
Wavelength (nm)
Table1 | Solar cell parameters of devices based on the three different polymers.
LUMO HOMO V,c (V) J,. (mAcm™?) FF (%) PCE (%)
_ Best Ave
PBDTTT-E —3.24 =501 0.62 =152 63 515 4.8
PBDTTT-C =515 =51z 0.7 —14.7 64.1 6.58 63
PBDTTT-CF —3.45 —522 0.76 —15.2 66.9 | 7.73 | 7.4

(94) Azusio1)e wnuznd



/ N" CaHy7- ‘I—CBHW
/ - - \

/oS Segiaes O

If; PCDTBT B \

[ / \\ Hala | .
[ ! |

\ { Electron o “/—BDW : /

:
47 eV
PCgBM

YU, L. Nat. Photon. 2009 3, 297.

The TiQ, layer redistributes the light intensity
within the BHJ by changing the optical interference
between the incident light and the light reflechean
the metal electrodéopitcal spacer)

Efficient collection of electrons by hole-blocking

a
1000 -
=
7
=]
=
2 3
bl (1]
i =
[ =N
- =
sl
m
£
a0d [—9— Absarbed photons
—a— |FCE
T]—a— 1gE
0 T T T T T
400 450 500 550 &0 650
Wavalangth (nm?
Optical spacer & hole-blocking layer
a 80w
2030d03a, —o With TiDy, ,
’D-ﬂaow % o withautTio,| /
Ll @ E /
X <
@ so ﬂ\ ™ [
E - ra \I' g - M
-'% 304 dght \" : H*:Hfﬂo—a-&é' 0
7o M Al 'ﬁ ‘-0 4 1 /ﬂ
204 L 0.0 0.2 04 06 0.8 1.0]
i 0_“‘ Voltaga (V)
Lo Active laver »
0 T T T T T T T
400 AL0 Z00 So0 [Cali] L] 700

Wavelength (rr)

feacture of TiQ

With TiO, layer, the IQE, EQE, absorption could be
enhanced, leading to the best efficiency up to 6.1%
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Some of the Approaches in MCL

Better packing conducting polymer

— Stereo-regular conducting polymer (no micro-structure defects)

.........................................................................................................

LDA

[—i\ MgBr, ,(—S\ NiCL(dppp)
Br—" 3 regular

— Tightly-packing conducting polymer
but still maintain its processbility

— High mobility conducting
polymer design with good
solubility

Coowniaht 3008 [TRIT s HrEr R



P3HT:PCBM Solar Cells

Different annealing time

mﬂl‘““ Actie layer

5
=L
E
e 1[0, 1
NO. 2
~10- —1i0.3
T — 0. 4
-12 ' ' | ' | ' | '
~0.2 00 0.2 0.4 0.6 08
Blas (V)
V,.=0.61V FF = 0.67

l.c = 10.6 mA/cm? PCE =4.37 %



PPV:PCBM Solar Cells

MDMO-PPV' [6,6]-PCBM

(a) Aluminum [Ehl.] nm)

Current Density (mA/cm?)

LiF(0.6 nmj__
Chlorobenzene-cast active layer
Active layer (~100 n -
~ 0.0 01 02 03 04 05 06 07 08 0.9
PEDOT (~80 nm) VéliaGe (31
Glass
V,.=0.82V FF=0.61
l.c = 5.25 mA/cm? PCE=25%

APL 2001, 78, 841



Importance of Polymer Morphology on
Photovoltaic Efficiency

Morphology determining parameters:
The spin casting solvent
The composition between polymer and fullerene
The solution concentration
The controlled phase separation and

o : crystallization induced by thermal annealing
g - The ASRA Mgt [4—) dnd shori sl test:uaby 1 b pla 2 fon—) B The chemical structure of the materials

ages =f ra MDA OP Py PCE M oo pocine Sleres of 90 [ae), 30 [0 &7
[SEd, A== 50 wa -2 POEM (O Hedghe Dar [Fasdaeen geales s lley])
FEprEsents 30 A (@l 10 A ) 3 s oL a3 s () T e o e
s @AY e 30 e

Adv. Funct. Mater. 2004, 14, No. 5, May . Mater. Chem, 2006, 16, 45-61 H- Spanggoard, EC Kribs ] Solar Energy Mateviak & Solar Cells 83 (204) 125-146



Enhanced thermal stabilitiy and efficiency by Low Temp. Drying

Adv. Funct. Mater. 201Q 20, 834

With the LT process, the low drying temperatarganced
P3HT nucleation, butrestricted P3HT/PCBM phase

under the low temperature), resulting in a morpgplo
where abundant P3HT nuclei dispersed within a fine

domains.

separation(due to the limited movements of the molecule

3
mixture of PCBM-rich domains and amorphous P3HTwri¢ &

8 RT/annealed
@ LT/annealed
) %@b _i?%;} In RT, the larger
3 QJ e . P3HT crystallite siz
i ~ would result to the
w P higherzs- ©*
w interaction
SII}D 4fIIO EEIU BEID ?60 800

Wavelength / nm

Figure 6. UV-vis spectra of the RT and LT layers (annealed at 190°C for
2 min).

Process Annesling Joc [mA em™ Vo [mV]  FF [%)] PCE [34]

RT Mone 9424054 534718 637416 3204014

Amorphous .
P3HT-rich domain Annealing

I FoHT orystal
A a |

Figure 7. Schernatic representations illustrating the morphology of the
active layer upon drying (top) and annealing (bottom): a) the RT and b) LT

Annealing

layers.

P3HT/PCBM (21mg/mL,
1:1, 600rpm 50sec)

RT 2 miny 190 °C BA414+046 587416 654413 3234018
RT 30 minf 190 °C 8254039 S664+14 533446 Z4940.18
RT Ehj100°C 172+ 0328 54547 19.0+21 0364005
RT 1368 hfes *C [a] 2484029 487474 72423 0454007
LT (—-57°C) Maone 1404047 41415 339409 0204006

LT{=5"C) Zmin/1903°C 1150+£073 615411 628+24 443103

Best PCE~4.7%



PCPDTET

Absorption fau )

1,3-propanadithiol

[

7o0

dit

1 1
a0o 200

Wavelangtly (nm)
7- T* transistion

1
400 500

| »1,6-hexanedithiol

L» 1,4-butanedithiol

ICFC {eectrona per photon in %)

It indicates that the PCPDTBT chains interact nstrengly
and improved local structural order compared wlthd
processed from pure chlorobenzene.

100

Heeger, Nat. Mater. 2007, 6,497.

P3HT/PCy,BM-anneal

a0

-

PCPDTBT/PC,,BM/
without additive

PC
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1
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Spin-coating

Surface unmodified

s
'
3

5

s

. =

e e Yo
6 s 0 ¢

i :A?(‘.'-z" {
. 3 1"%5‘

Dip-coating
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Control of Surface Grown ZnO

Spin-coating
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P - bt Y

- e B iy N W

4268 2.8kv x%0. 8k’ Booam
. E 3 o = - - -

15539 &3~ JUL-8B6
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Surface modified



nverted semi-tranparent OPV

ITO

Shadowffiaattimm
5%, 10%, 19%

v rmm

2.7
YR
' CE3H13
Cs,CO; P3HT =
PCBM 51 memm s7 T
6.1 MoO, P3HT

F. C. Chen, J. L. Wu, K. H. Hsieh, and W. C. ChenQrg. Electron. 2008



J-V characteristics

Bottom-illuminated

Top-illuminated

2 | f [] 2 ! f -
i= ~=-wio CE grid € ol = woCEgrid
é’ O— . 5% CE grid . O “I' —e 5%CEgrid ;"
= [ -+ 10%CE grid /j E [+ 10% CE grid }A
= 2 + 15%CEgrid " S 2r o 15%CEgid "
"? I .l.. b F .l. ‘/pA
c -4 /-// @ -4t i
% .-". e Q - ..l'. ’/:/.A
= 6 " e © AL " ¥ A
GC_) Il.... ./:g E 6 .l... M““:::‘A
= [uen" oolie o i'l.... W--.o'::x‘
8 8r ° .........02131233::’ 5 -8 m;:w“‘ A
1OW . . () O (b)
02 00 02 04 06 08 %0 o2 04 06 08
Bias (V) Bias (V)

Incorporating an Al CE grid of 10% shadow fraction, the semi-transparent OPVs
exhibited very similar electrical characteristics whether the cvice was illuminated
from the bottom side (PCE = 3.15%) or from the top side (PCE = 2.8%).
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Adding a hydrophobic layer, including a ALD HfO, film or a PVDC film,
on top of the ALD Al,O; increased the lifetime to up to 282 hrs
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