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No More Cheap Oill
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Make the jump now - It isnt too late.
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CO,

. CO, 530 /GWh
CO, 5 /GWh
GWh = Giga Watt x Hour
=10 kWh =
1G=1Giga=10°
1k=1Kkilo=10°
1kWh=1
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Single crystalline
(sc-Si)

Silicon(Si) typ

I‘

Solar cells

Compound typ4

Crystalline : Bulk
(Bulk) Polycrystalline
(poly-Si)
HIT (Heterojunction with intrinsic thin-layer)
Amorphous | (s;j s;j Alloy, Sige, SiC, etc.)
(a-Si)
. _ uC-Si N
Microcrystalling Thin Film
(u c-Si) “ . .
a-Si/uc-Si
Single
Crystalline | (GaAstype, etc)
Thin Film

[ ] Already commercialized
[ 1 Partially commercialized
[ 1 Under development

Polycrystalline

(CulnSe,, CulnGaSe,,
CdS, CdTe, etc.)

Organic type

d

Wet type
s
sensitized —
Thin film
(Solid type)

Source :KRI Report No. 8: Solar Cells, February 2005

(a) Schottky junction type (organic/metal)
(b) Organic heterojunction (two-layer) type
(c) Donor/acceptor composite film (ome-

d) Molecular device t

i
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PV Generation, Cost, & Efficiency

Coal/Gas 1~-4c/kWh

+——>
US$0.10/W  US$0.20/W usso.sow (1)
;; ff . Thermodynamic
?wwmthOSff limit at 46,200 suns

.

Queisser limit (l I

= US$3.50/W
40c/KWh

300

Cost, US$/m?

After Martin Green

400

500

c-Si solar cell
(Industry driven)

| wind, oil,
. gllj;:;e/irWh(l 1) Thin-film solar cell
a-Si, CdTe,
_| US$1.00W CIGS, etc..
(Innovation driven)
«— Shockley-

1) Organic PV, DSC,
QD, CPV, etc..
(Research driven)
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Future Generation PV Technologies

“Speed + Timing + Direction” for winning the holy grail.

Glocs clchodo
» Opportunities for innovation — ultra __ Hheav
low cost, ultra high efficiencies, new
T materials, new device physics S
o em{aa:‘; . . iy
Y 1 - Nanoparticle precursors -
' - Exciton cells (dye, polymer, organice LA
small molecules, etc.) ; 60 glass
7 slectkinge
- Quantum dots, hot-carrier, ;mp

band cells

.;‘:‘ ”W

5
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- as . e
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R :v‘ ,',tw?y .
e ol Ry

400

{deal Structure

Source Thomas Surek, Solar Electricity: Progress and Challenges, 2006 - TR T
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CIGS (CulnGaSe)
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I-111-VI
-111-VI CulnSe, Cu(In,Ga)Se,
| 1 vV V. VI

| @ /

J |




Optical superiority of CIGS

More electricity can be expected given the same environmental conditions due
to its superior spectral sensitivity.
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d ZnO/CdS Zn0, ITO - 2500 A

i cics
CdsS .700A

1-2.
Gilana CIGS 2.5 pum

Buried pn junction

Glass, metal foil,
plastics

Source: January 2005 MRS Bulletin T BITHER
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Wiirth Solars CIGS Co-Evaporation

=

- £

Cu, Ga, In, Se
Evaporation Sources

Handling X Handling

Load Lock Load Lock

,%/é .
_ﬁy W y%ﬁy 60 cm x120 cm
\ /

1 4
Substrate Heating  Rate Control  Deposition Control
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Global Solar Energy

Professor Vivian Alberts and a
team at the University of Johannesburg
developed and patented a manufacturing
technique to construct CIGS of 5 micron
thick.

TR ZTE
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_ _ ) TRk iinaf 52 pe
January 2005 Materials Research Society Bulletin £ e
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Nanosolar CIGS Ink

Nanopanticle 98
Dispaisiongs

'Why CIGS? —ak
= NREL has shown >19.5% power conversion efficiency |
Outstanding long-term stability and durability
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CIGS: High-Vacuum vs. Non-Vacuum




CIGS absorber layer
from nanoparticle printing

Figure 8: The basic process sequence consists of creating a high-quality dispersion of nanoparticles suitable for
high-quality wet coating and converting the printed layer into a high-quality semiconductor using Rapid Thermal
Processing (RTP). The art consists of doing so in a way that the resulting semiconductor is indistinguishable in
electronic and crystalline quality from one deposited with far more expensive high-vacuum deposition techniques.

Souce: Nanosolar White Paper 2009 T R
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Nanosolar Ships First Panels - vec. 182007

Martin Roscheisen,
CEO

eBay
0.99 3 13,000
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Ink Printing CIGS

())Cu In Ga Se pattern( )
(2)
(3) >95% (Multi-source vacuum deposition

30%~60%)
(4) Throughput 10-100X

(1) ( nanoparticle wetting agent
dispersion agent printing H,/N,

)
(2)
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» Dye Sensitized Solar Cell
(DSSC)

»Qrganic PV (OPV)




The Cheapest Option

5 'l.1-ll.
.I.‘_:II'I'E'!!-::I' ol

Efficiency: 0.3 %

We don’t have the
land and water to
provide the world
with energy this
way.

Can we artificially
improve the
efficiency?
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Konarka — Power Plastic

Power Plastic®

@

Konarka®

Konarka has developed its affordable Power Plastic film with several manufacturing technigues,

‘ Sram an early proprietary printing procesy (pictured above in image ratated for spacel to a new
Breakthraugh with inkjet printers that showld dramatically reduce costs, with applications including

sensars and RFID. (Phatagraph by David A. White'Konarka)

B 300

Industrial Technology
Research Institute

Copyright 2008 ITRI 23



»QOrganic PV (OPV)
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Polymer Solution Processed Solar Cells

Active layer

ITO/PEDOT:PSS/P3HT :PCBM/AI

Polymer - fullerene n ~5% (Adv. Funct. Mater. 2005,15,1617)

ITO/PEDOT:PSS/P3HT:PCBM/TiO,/Al
n ~5.8% (MRS 2006)

ITO/PEDOT :PSS/P3HT :PCBM/LiF/Al:
n ~6.1% (APL 2007,90,163511)

metal
Polymer — oo vines

interface layer
P3HT:F8TBT: n ~1.8%

active layer (Appl. Phys. Lett. 2007,90,193506.)

transparent
conductive FH=BIOH Bt

polymer
transparent

conductive
oxide

P3HT:CdSe nanorod: n ~1.7%
(Phys. Chem. Chem. Phys. 2006,8,3557.)
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Donor and Acceptor

= Acceptor

(n)

MDMO-PPV

PFDTBT [70]PCBM

Chart 1. Donor and acceptor materials used in polymer—fulferene bulk heterojunction solar
cells. Donors: MDMO-PFPV = poly[2-methoxy-5-(3', 7' -dimethyloctyloxy)-p-phenylene
vinylene]; P3HT = poly(3-hexylthiophene);, PFDTBT = poly(2, 7-[9-(2' -ethylhexyl)-9-
hexylfluorenej-alt-5,5-(4', 7' -di-2-thienyl-2' , 11", 3' -benzothiadiazole)]. Acceptors: PCBM =
3'-phenyl-3' H-cyclopropal1,9](5, 6]fullerene-Cs,-1,,-3' -butanoic acid methy! ester; [7O]PCBM:
3’ -phenyl-3' H-cyclopropal8,25]5, 6]lfullerene-C .,-D.,(6)-3" -butanoic acid methyl ester.
35300
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Requirements for High Efficiency

1. Efficient light harvesting

2. Ultrafast photoinduced charge separation

3. Suppression of the back-charge-transfer
so as to allow sufficient time to collect the separated charges
at electrodes prior to recombination

4. Efficient collection of the separated charges at the electrodes

Light absorplion Exciton diffusion J1 /|
(eacilon genaration)
I_ rIED T O

£ !
] [] “‘w\sw :
0. AR N Maximum
power point
ﬂ' dec Voo Ju)

e Mer 77} - 77«:11.’33* X ! Z{i&s X77am
i 1— = ImVm/Psun

T o -l — 1000 o FD Psun

FF =IJmVm/lscVoc

Charge collection Charge transfer =
2 g E 3530
(exciton dissociation) Psun = A X (W/mz) £ vt ecmonny
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Polythiophene/CdSe Nanorod

A B ¢
Regioregular P3HT e

n/4

C External

|A|' CdSe/P3HT Blend C"‘]‘:“

I # S
PEDOT:PSS Substrate ITO

A. poly (3-hexylthiophene) (P3HT) (Donor )
B. CdSe Nanorod P3HT
CdSe P3HT
C. CdSe Nanorod Solar Cell CdSe/P3HT 200 nm
(90wt% CdSe Nanorod P3HT
Spin Coating ) (PEDOT:PSS)

Copyright 2008 ITRI 28



cdSe Nanorod

1.2,
=0
g_ﬁ 08} Nanorod

Q

SE Band Gap
oL
QE
>
B2 04}
23

0900 —s00 800 700

Wavelength (nm)

Photocurrent spectra Nanorod 60 nm
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cdSe Nanorod

60 y r T
3 -
< L =60 nm Nanorod
E-I‘ =7nm
_g 40 L -
tu-_ p—.
€0 L = 30 M
ﬁﬁ D=7nm
S 20 -
[
& O
8 D=7nm

Q00 8500 600 700

Wavelength (nm)

Nanorod 7 nm CdSe Nanorod / P3HT
300~720 nm
Nanorod External Quantum Efficiency
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CdSe/P3HT

0.04 : : 6 . . .
”g 0.02 N’E" 3t -
-~ O
< <
E 0.00 | DK E o
1< J Y=
£ 2 £
3-0.02 91 mW/cm 5 .3| AM. 1.5 Global -
O
'0.04 L L -6 1 1 L
08 -04 00 04 08 00 02 04 06 08
Voltage (V) Voltage (V)
Nanorod 7 nm 60 nm Nanorod 7 nm 60
515 nm nm AM 1.5
0.083 mW/cm? Global |-
|-V curve V curve Voo =
l,. =0.019 mA/cm?  Power 0.7V Power Conversion

Conversion Efficiency 6.9 % Efficiency 1.7 %
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» Dye Sensitized Solar Cell
(DSSC)
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Prof. Michael Gratzel

(EPFL, Switzerland) Gratzel

1991
(Dye Sensitized Solar Cell, DSSC)
Ref. : Gratzel, M. et al., Nature, 335, p.737, 1991
Patent: US Patent 4,927,721, May 1990
US Patent 5,084,365, Jan 1992 n I%E?W?‘%ﬁ
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— -0.45

" — 0.536
V vs NHE
lon Diffusio
1. Tio,

Anode : S+hy —>S* Absorption 2. HOMO-LUMO

S*—> S +e (TIiO,) Electron injection bandgap

25" +31 -5 25 +1, Regenerati on 3
Cathode : I, +2e (Pt) —» 31" 4
Cell : e (Pt)+hv »>e (TiO,) 5

M. Grétzel, Nature 2001, 414, 338-344. “* TRXATATSTRE
B. O’Regan, M. Grétzel, Nature 1991, 353, 737-740 Resnarch Insicte
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IPCE (°o)

Surface enhancement by nc ~TrOrs

0.15

0.10

0.05

c-TiO, plate / Dye

M 1000,

nc-TiO, layer / Dye
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% 3 .
\\ S 40 F
]
Single crystal ™ \ B y
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T1O, nano crystalline film

TR ZTE
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Source: Prof. Uchida’s lecture
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Cell structure of DSSC
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Nanowire Dye-sensitized Solar Cell

m UC Berkeley/LBNL, UC Santa Barbara/U. Minnesota, Lo |
EPFL/Imperial College (2005,2006). omauetor gl P

m Nanowires provide better connectivity for electrons transport,
results in slower recombination.

m Nanowire can’t provide large enough surface area for more
photoexcited electrons, results in small fill factor and so

_ FiSnOp/glass P

small efficiency. A A AR A AR
Dye loading (moles x 10-8 per cm? of substrate) e
' ’ : ; i 120 . J . 4 : L. i 13 , L : 2 B: Dense interstitial NPs
T I I T I I T
—~ 2' : . ‘. 8] T T T T
q.! L SE |
E 1 LU ; J s Il - ]
2 11 Dense layer only . m n 2| i
E \ 1=003% 2om A "
n=0 - g ool .
et 1 X - Ny -I'Il' 3 3 .
E‘ --------- E ‘ o o8 o il A Hybrid ]
g o e n=005%" o "\000 ‘ 5 "
o Particles N~ Y- B A ‘ o \16-24um 0.0 0.2 Vc:-?t':ge (\%6 0.8
5 21 I MA ® Zn0 wires
g 2k ()<> 2 m Ti0, particles, small
-3' = L e A In0 partcles, large
0 Rgds 'I] =0. ?D % S ol 44 um & In0 partcles, smal
04 02 00 02 04 T R S S S | |
0 200 400 600 800 1,000 1,200
(c) VO'tagE (V) Roughness factor . . .
Hybrid nanowire/nanoparticle DSC
Nanorod on polymer DSC Comparison of nanowire and nanoporticle Solar Energy Materials & Solar Cells
J. Phys. Chem. (2006),EPFL/Imperial Nature Materials(2005),UCB (2006),UCsSB/UM 35300
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DSSC with NPs & NWs compaosites

240 nm

PIWO 100% NPs
P8W2 80%NPs, 20%NWs
P2.3W7.7 23%NPs,77%NWs

Copyright 2008 ITRI
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Titanium nanotubes

Conduciing glass sputiered
with 1.6 nm platinum

L]

I—/L,— electrolyte

N-719 sensitized
Ti0O, nanotubes in
electrolyte

TiOy, barrier layer

Ti metal subwrate

43 (<]
2 | g |
2 2
e 3
D- } Conductive Glass {
Barrier Tayer

LY Dye molecules Electrolyte
o i Y, Graphite or Au coated glass

a 500-nm-thick Ti thin film (sputtered onto
SnO,:F coated glass at 500 °C) anodized using a 0.5% HF

Nano. LEtt-, 6 (2) (2006) 215-218. electrolyte concentration at a potential of 12 V.
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Titanium nanotubes DSSC

(A L SN A R (NI SN S R B (AN R A R R

] R TiCl, treated TiO, nanotubes / FTO/Glass |

/

2 | TiO, nanotubes / FTO/Glass

» € &

- Dark

0 prol] ] | ] e { Gy Dl [y B, ol
0 1 02 03 04 05 06 07 OB

Potential (V)

Current Density (mA/cm?)

- N
S

)

1. Nano. Lett., 6 (2) (2006) 215-218.
2. 2006 MRS spring meeting.
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Dye-sensitized ZnQO & TiO, solar cell

08
; (a) TO, n=27%
FF =069
3 §
06 04 Zn0
3 gu n=16%
2 2 FF =049
g 04 =" 02
0.2
0
0 : 0 061 02 03 04 05 08
400 450 500 550 600 850 700 750 800 vV
)
Wavelength {nmj}
m}ﬁﬁ
Figure 3. Abzorption spectra of X719 dve adserbed on Z00 and Ti0, 04
films (thickness 4 wm). The spectra are corrected for Za0. Ti0:. and '
substrate abscrption. 0.3
W 03
L
o
) - 02
Zn*2/dye complex formation o
0 00
400 450 500 550 600 650 700 750 800
Wavelength (nm}

J. Phys. Chem. C, 111 (2007) 1035
TR
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Zn0 “Popcorn Ball” DSSC

’

g

N

S
A\

\\\Q\\\\\\\\\
G

N A\
N \\\§

&l
*\\ A

Figure 1. Morphology and structure of the ZnO aggregate film. a) SEM
image of the cross section of the ZnO aggregate film. b) SEM image
of the top view of the ZnO film consisting of polydisperse aggregates.
c) A magnified SEM image of an individual ZnO aggregate. d) A
schematic diagram that illustrates the microstructure of aggregated

ZnO comprising closely packed nanocrystallites.

Copyright 2008 ITRI
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Current density / mA cm™

Figure 2. SEM images showing the morphology evolution of ZnO films synthesized at different
temperatures: a) 170°C (sample 2), b) 180°C (sample 3), and ¢} 190°C {sample 4},

20

ol
1541

A
L)

(4]

-

Zn0) nanocrystalites ~ Y

i i i i L% | i

0 100 200 300 400 500 600 700

Voltage / mV

Angew. Chem. Int. Ed., 47 (2008)
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Gifu University

PLASTIC SOLAR CELLS EMPLOYING ELECTRODEPOSITED ZNO AND
ORGANIC PHOTOSENSITIZER DYES

Tsukasa Yoshida', Masaki Matsui', Kazumasa Funabiki', Hidetoshi Miura® and Yoshiya Fujishita®
! Center of Innovative Photovoltaic Systems (CIPS), Gifu University, Japan, * Chemicrea Inc., Japan, * Sekisui

Jushi Corp., Japan

Fig. 1 [l

{Irom lefi to nght).

ectrodeposition bath employing RDE, ZnO/eosinY hybrid thin film electrodeposited on ITO coated PET
film, nanowire porous structure of electrodeposited Zn0O thin film {cross section SEM) and colorful plasuie solar cells

%\\w{ ‘

r] : 5 " 6 % o /f::{ g\:f‘j\\ g g i
NS N

1 § x;; g ; \

for small (7 0

cell L)

Q\Qxf;‘

i

\
S

Fig. 2 The structure of
new DN-7 dye.

Fig. 3 Full plastic submodule (10 em > 10 em) with
promising 3.2% conversion efficiency (active area)
employing electrodeposited ZnO and organic
Technical Digest of the International PVSEC-17, Fukuoka, Japan, 2007 | photosensitizer dye.
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Inadustrialization &
Applications
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CIGS Potential Application

Rooftop

>

Portable or Fléxible
Customer DGSIgn

CIGS Meets all application

r T it st be
f Industrial Technology
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@ The 39th Tokyo Motor Show 2005 MAZDA STAND INFORMATION

Concept model “SENKU” (5cEE)
Glass roof equipped with DSC

— =
- e

Aisin
Toyota PAPI

Nothing was revealed
about the solar cell.
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DSSC panel |- | 5 RIS
by AISIN http://www.toyota.co.jp/jp/news/04/Dec/nt04_1204.html
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Features of DSSC

=X 00
RAINBOW CELL .
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“®.- " G24 Innovations, UK

CIPS

Graetzel-type
“Roll to Roll” process
Plastic Modules
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CEATEC JAPAN — TDK 2008.10

TDK Zn0O
Source: Nikkei Business Publications
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Sony-Lan’[emS USing DSSC'ECO-ProductS 2008

Demonstration of a fan powered by the solar panel
Source: M. Kawai, Nikkei Microdevices, Dec. 12, 2008 W o nes
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Moto Solar Urbana
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