In the beginning God created the heaven and the earth. Genesis 1:1
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Energy Demand in near future

* Present: 12.8 TW
205049 : 28-35 TW

* Needs at least 16 TW
Bio: 2 TW
Wind: 2 TW
Atomic: 8 TW (8000 power plant)
Fossil: 2 TW

* Solar: 160,000 TW
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Market Forecasting

2002 2005 2010 2015 2020 2025 2030

c-Si 20104 360 E A Ao A+
® thin film 109 W & 7t iﬂ A R B

New Concepts Source: EPIA (2005.11)



Solar cells Market

90 MW /8%

Economically
viable

Dependant on
market support
- programs

Source: Strategies
Unlimited

Market in 2004



Solar cell technologies

Dye and
Si-ribbon monec-Si multi-Si CVD-Si CdTe CIS a-Si IV organic PV

W | CuS/CdS

mono-Si 1954

Thin Film Solar Cell

Bell Telephone Laboratories crystalline Si cell reported in 1954
Bell cells and first solar module (6%)




Limit of Efficiency

Efficiency limit at
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Jenny Nelson, The Physics of Solar Cells, 2003
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Generation of Solar cells
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Best Solar cell

Best Research-Cell Efficiencies
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Drawbacks of Si—based Solar Cells

©® Environmental Problems

High production cost

High energy intensive process

Instability of Si supply

| electric
| components | - | Systems |

silica sand

4

- future scenario

silicon purification

EG-silicon | | silicon SoG-silicon
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pc-silicon

casting
_
wafer sawing

I
cell production

_ ¥

— : | mountin
panel- and laminate production 4

r _ ._.___'.‘_"_-_-_=,,!._I o
installation 3kWp plants
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operafion
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electricity
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2 MG-silicon M silicon purification @ casting B wafer sawing

cell production panel production  EIBOS components E operation

“Life Cycle Assesment of Photovoltaic System”
Progress in Photovoltaics: Research and Application 2005, 713, 429.



Payback Time of Si—based Solar Cells

B pay back time, fossil + nuclear
B pay back time, non-renewable and hydro
pay back time, global warming

| @ pay back time, EI'99, (H,A)

| @ pay back time, UBP

slanted-roof slanted-roof slanted-roof slanted-roof slanted-roof slanted-roof
installation, me-5Si, installation, me-Si, installation, me-5i, installation, pc-Si, installation, pc-5i, installation, pc-5i,
future, on roof laminated, panel, mounted,  future, on roof laminated, panel, mounted,
integrated, on roof on roof integrated, on roof on roof

Energy and Environmental Payback Time of 3 kWp Si Solar Cells

“Life Cycle Assesment of Silicon Photovoltaic System”
Progress in photovoltaics: Research and Application 2005, 13, 429.



Photovoltaic module price/Wp vs.

cumulative production

Silicon feedstock

shortage
2005 4 /

10.0

“80% Learning Curve”:
Module price decreases by
20% for every doubling of
cumulative production
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A. Slaoui et at. MRS 2007, 32, 211




New Types of Solar Cell



Thin Film Inorganic Solar Cells

NanoSolar Co./California/USA

CIGS (Copper-indium-gallium-sulfide) based-thin film solar cells
Production capacity: 430 MW/year
Production cost: 10-20% of silicon solar cell
Roll to Roll process: 3 mile solar cell/polymer roll

Construction cost for 400 MW :
1 billion dollars for silicon solar cells

0.1 billion dollars for thin film solar cells

0.1 billion investment from Google and others

&S AHA 2 20065 62 23



Nano-Size TiO, based Dye-sensitized Solar Cell

Pt-coated glass

/—— I, electrolyte 11% for dot cell
/% for panels

®

Dye/TiO, layer
(10 = 15 um)

SnO,-base TCO




Organic Solar Cells

Aluminum

Active layer > 50~400 nm
~ > 30~100 nm

PEDOT :PSS
Total device thickness < 1 um
(except ITO substrate)

n-type : nano particle

MDMO-PPV P3HT PCBM

W, =5 x107 cm/Vs w, =~0.1 cm/Vs n, =2 x10° cm/Vs



2. Hybrid solar cells

Definition
Liquid phase synthesis of 1norganic semiconductors
Water-soluble polymers for the interfacial contact

Modification of hydrophilicity by anion exchange



New Types of Solar Cells

Anode

n-type P-type Cathode
semicon materials
ductor

n-type p-type
semiconductor semiconductor

LuMO
e triumo | A

Homo | N

HOMO

Anode Electron Hole Cathode

acceptor acceptor

Inorganic cells Hybrid solar cells

Organic cells

Fast carriers mobility
Long life time

High production cost
Brittle

ﬁ —
Inorganic n + Organic p

ETA Cell
Dye-sensitized Solar Cells

Low Production Cost
Flexible

Tunable color

Light weight

Slow carrier mobility
Short life time



Liquid-phase preparation of inorganic
semiconductors

» Nanocrystalline TiO,/ZnO by layer-by-layer deposition
» Cd(OH), of n-type and HgCr,S, of p-type by layer-by-layer deposition

» CdO nanowires, Ti0,, ZnO by chemical bath deposition

» CdSe nanowires by electrodeposition



Gas-phase thin-films preparation methods

Resistive heating Chemical vapor deposition Glow discharge DC sputtering
Flash evaporation Laser chemical vapor deposition Triode sputtering
Electron beam Photo chemical vapor Getter sputtering

evaporation deposition Radio frequency (RF)
Laser evaporation Plasma-enhanced chemical sputtering
Arc evaporation vapor deposition Magnetron sputtering
Radio frequency (RF) Metal -organochemical vapor Face target sputtering
heating deposition Ion beam sputtering
AC sputtering




Liquid-phase thin-films preparation methods

Chemical bath deposition
Layer-by-Layer deposition (LbL)

Spray pyrolysis
Electrodeposition

Electroless deposition
Anodization
Liquid phase epitaxy
Sol gel process
Langmuir-Boldgett (LLB) technique




Inexpens

Thermometer

Precursor solution
Magnetic niddal —

Heater

Experimental set up of Chemical bath deposition
method
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Nanocrystalline TiO,/Zn0O by layer-by-layer deposition

—— ITOITIO(N3)

—— ITOITIO,(N3)/ZnO 30 nm
ITOITIO(N3)/ZnO 150 nm

—— ITOITIO{N3)/Zn0 300 nm

1.5

5.0 (.:E_l:' I:h::l ( .;-:|

Figure 1. Photoimages of the surfaces of (a) T102, (b) T102/ZnO. and

-2.5
\ (c) T102/Zn0O with N3 dye. The images were taken under a white light
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TABLE 1. DSSCs performance of TiO, (N3) and ZnO coated TiO, (N3)
electrodes under the light intensity of 80 mW/cm?,

Electrode V. (V) Jg (mAfcm?®) FF ®)

Figure 3. SEM images of (a) the as-deposited T10-; thin film and (b)
TiO- (N3) 0.49 13.2 : with Ti0:/Zn0 thin film deposition. The images were recorded at

. dafferent magnification due to the differences between the structure of
TiO,(N3)/Zn0O (30 nm) 0.62 11.7 S s the TiO-: and ZnO samples.

TiO5(N3)/Zn0O (60 nm) 0.59 451 . J Phys. Chem. B 2005, 109, 24254.
TiO5(N3)/Zn0O (150 nm) 0.54 4.14

TiO,(N3)/ZnO (300 nm) 0.47 0.61 Appl. Phys. Lett. 2006, 89, 253512
Electrochimica Acta 2005, 50, 2453




CdO nanowires by chemical bath deposition (CBD)

IS.BkV »1l1B.8K S.Bﬂpm 15.8kV X188K 3808nm

Energy conversion efficiency: ~1% under 80 mW/cm?

Solar Energy 80 (2006) 185
J. Photochem. Photobio. A in press
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Hybrid Solar Cells with Quantum Dots

A

Regioregular P3HT

C External

A Circui
I | CdSe/P3HT Blend  ~'§"

L’L;;DI PSS Substrate Eff=1.7%

v A. P. Alivisatos et. al. Science 2002, 295, 2425
v A. P. Alivisatos et. al. Adv. Mater. 1999, 11,923



ZnO nanoparticles bending in P3HT polymers

MDD MO-PPV . nc-Zril
olend

Eff=0.92 %

v' R. A. J. Janssen et. al. Adv. Funct. Mater. 2004, 16, 1009.
v R. A. J. Janssen et. al Adv. Funct. Mater. 2006, 16, 1112.



Infiltrating semiconducting polymers into mesophorous films

=

Intensity [a.u]

| Spin coating and high
T temperature treatment
100-200 °C, 1 min — 48 hr

Only 33% of the total
volume of the film can be
filled with a semiconducting
polymer

C soporous ttama at two different magmbications (¢d). Pores w
HHo I.Jr Latis nLI ymmetry are shos nlnl-;JI.

v' M. D. McGehee, Adv. Funct. Mater. 2003, 13, 301.



Infiltration and in-situ polymerization

Figure 1. SEM image of a random nanocrystalline TiOy film created by

spin-coating, a) Top view and b) angled view of a cross-section. The scale
1=} ¥ ! £}

bars represent 500 nm.

Random nanocrystalline TiO, network
A very low incorporation of polymer (0.5%)

v A. J. Heeger et. al. Adv. Funct. Mater. 2004, 15, 677.

Nanocrystalline CdSe spin-coated on I'T(
PTPAA brush grown from an ITO surfa

v'R. H. Friend et al. Nano Lett. 2005, 5, 1653.



Role of linkage groups and their hydrophilicity

CH;COOH

/Au solar cells: (b)
polythiophene (sodium

— PTAA
=THPLRET
= PURET

+ PHI

Current Density ('n'lA!'cmz}

0.5
Voltage (V)

FIG. 2. Linear J-F curve in the fourth quadrant under 80 mW
lluminats

v J. T. McLeskey, Jr.  , Appl. Phys. Lett. 2005, 86,153501.



Preparation of CdS nanoparticles on ITO by CBD

v’ Nanocrystalline CdS film on ITO; (a) SEM, (b) TEM (inset: SAED),
(c) high-resolution TEM (inset: magnified image) and (d) water contact angle
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J-V curves of hybrid polymer solar cells on CdS/ITO
in the presence of I/1,/CH,;CN

o
o
o
®

CdS
LM 2 on CdS
LM 3 on CdS

0.2 0.4 0.6
Applied voltage (V)

400

490 nm, 72 %

500 600 700
Wavelength (nm)

800

Voc (V) Jsc (mA/cm?)

FF Eff (%)

CdS

0.66 1.66

0.42 0.57

In the presence of TiO2 layers as a hole blocking layer



J-V curves of hybrid polymer solar cells on SWNTs/CdS/ITO

80
= CdS 70
o TiO/CdS
- SWNT/CdS 60
Ng M g\(jvsrﬁ#czsmms 50
i 40
= 30
= 20
>
O 10
v 0
04 . 400 500 600 700 800
Applied Voltage (V) Wavelength (nm)
Voc Jsc
CdSe FF Eff (%)
V) (mA/cm?)
CdS 0.68 1.27 0.36 0.39
TiO,/CdS 0.63 1.36 0.37 0.40
SWNT/CdS 0.66 J Y 0.37 0.44

CdS/LM 3 0.69 3.85 0.37 1.22




Preparation of Macaroni-Shaped In,S; nanorods

SEM image (scale bar : 300 nm) of In,S; film on ITO; prepared by the addition
of 0.1 M HCI (a) 0 vol %, (b) 2 vol %, (c) 4 vol % and (d) 6 vol %.



Hybrid solar cells with P3HT as a hole
transporting materials

Hole Transporting Layer

Inorganic Semiconductor/Polymer




|-V characteristic of hybrid solar cell

= without LM4 = without LM4
o dip-coated LM4 AdpLA, e dip-coated LM4

A insitu polymerized LM4 AL, 4 insitu polymerized LM4
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500 600 700
Applied Voltage (V) Wavelength (nm)

ITO/CAS/LM4/P3HT/Au  Voc (V) Jsc (mA/cm?) FF Eff (%)
without LM4 0.43 0.89 0.44 0.17
dip-coated LM4 0.52 3.01 0.37 0.58

in situ polymerized LM4 0.54 4.84 0.45 1.19




Summary

Interfacial contact in hybrid solar cells was optimized using water-

soluble polymer photosensitizers

Water-soluble, acetylene-based polymer photosensitizers was developed

and its surface hydrophilicity was modified by anion exchange method

Fabrication of electrochemical solar cells with acetylene-based polymer

- A power conversion efficiency of 2.37%

Solid-state hybrid solar cells with hydrophilicity control

- A power conversion efficiency of 1.19%
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