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Photovoltalc Palnts ’?
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To Lower the Cost of Solar Energy...
Change the way solar cells are made

Brittle and heavy Light and flexible



A Photovoltaic Device
How it works:



A Photovoltaic Device
How it works:

Start with a semiconductor...

(Examples of semiconductors include silicon, GaN, germanium...)
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How it works:
/idjfhotons
(Light)

The semiconductor absorbs the light
from the sun



In the semiconductor, electrons are
tied up in bonds between atoms




But when the semiconductor absorbs
a photon

Photon
(Light)




But when the semiconductor absorbs
a photon, a free electron is created

Photon energy
“excites” an
electron




But when the semiconductor absorbs
a photon, a free electron is created
and a hole

Excited
electron
leaves behind
a hole




Both the electron and hole can move
to create a photogenerated electrical
current across the semiconductor

Excited
electron and
hole can move
to create a
current




A Photovoltaic Device VQV

How it works:
f;‘:

hotons

“ N

-> Light absorption creates an
electron and hole




A Photovoltaic Device VCA)G

How it works: = =
D y Q
Both the electron and hole can move §w ‘;“’ 3
\ )
}“ Photons
Semiconductor 2 (Light)
e- .
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But...need a force that will separate
the electron and hole to create an
electric current



A Photovoltaic Device VQV

How it works:
f;‘:

hotons
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Another semiconductor layer is nheeded




A Photovoltaic Device VN
How it works: Q
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i (Light)
p-type 4

The two semiconductors form a p-n
junction




A Photovoltaic Device VQG
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The two semiconductors form a p-n
junction that separates the electron
and hole; this is the photovoltaic effect



A Photovoltaic Device VN
How it works: Q
V
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T hotons

(Light)

Electrical power can be generated




A Photovoltaic Device VQG
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How it works: A - 2
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Metal (cathode)

But we need metal electrodes on
each side to extract the charge



A Photovoltaic Device
How it works: = Q =

Metal (anode)

;yxl:mtons

(Light)
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And a mechanical support



A Photovoltaic Device VN
How it works: @
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This is the basic design of every solar cell
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What’s wrong with the existing technology?

It's to0 expensive



What's wrong with the existing technology?
It's too expensive
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Production cost of energy (DOE, 2002)



What’s wrong with the existing technology?

To compete with fossil fuels:

* Need < $1/Wp module cost
- Current cost is $4.27/Wp

 Cost of power from fossil fuels is <¢4-
10/kWh

-Solar power stands at ¢20/kWh



What’s wrong with the existing technology?
» Need < $1/Wp module cost

- Current cost is $4.27/Wp
« -Corresponds to ~¢20/kWh

Other

SVStem Costs .
. 17%
55% of the cost is in lkass _
Installation
Modules

55%

manufacturing the
module

Inverter

10%

SolarBuzz.com
Kazmerski LL, J Electron Spectroscopy, 2006; 150:103-135.



Silicon dominates
the solar cell
market




Silicon dominates
the solar cell
market

It's relatively
expensive




1954: the first practical solar cell

Silicon dominates
the solar cell
market

It's relatively
expensive
and mature

Somtthisg New Uader the Sue o' the Bell Solar Battosy, made of thin dicos of specially e < licon, ss
ingrediemt of common amd, 11 converts the sun's rayy directly into meabke omonnts of eleverielty. Sheple and
troubile-frow, CThe sberage batsirion bostdn tha solar Batteey Store op ita clctnicity for nizht ee,)

Bell System Solar Battery Converts Sun’s Rays into Electricity!

Bell Telephione Laboratories invention has great

possibilities for telephone sercice and for all mankind

Ever since Archimedes, men have been
soarching for the =oceot of the sm.

For it s known that thesame kindly ray that
help the fowers and the grains amd the Toaits
10 grow aleo send us almo=t Himitless power,
" ;~ lll‘ll.l‘ . |’|I"'h oyven 'h'f"‘ '.nl\.‘ as i"
all known reserves of conl. oll and weaniom,

IT thi nersy could be put T e there

would be encugh to turm every wheel and ligh
A 1 - ‘4 AL A

long research and frst aonounced in LY5L
Ninee then ita efficiency has heen doubled and
its usefulness extended,

There's still muxh 1o be done before the
Lattery’s puossibilities i tebephiony wnd e
other wars ane fully developed, But a good and
picneering start has been made ‘

The progress so [ar ie like the opening of a
door throagh which we can glimpse exeiting




The Cost of Silicon
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$1 Sourge: Robert Margolis, NREL
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http://pubs.usgs.gov/fs/2002/fs087-02/



The Cost of Silicon

Cell

20% '1

B FPrica/Watt

[ | Silicon
50%

510

The cost of
silicon is high

$1 Sourge: Robert Margolis, NF
1980 18985 1990 1985 2000 2005 2010 2015 2020 2025

http://pubs.usgs.gov/fs/2002/fs087-02/



The Cost of Silicon

510

Sourt

e Robert Marg

$1

Module
Cell Cost

- 20% ”

| | | Silicon

Processing silicon
IS energy intensive

ols, NF

50%

Silicon /,-‘ Energy
/Y Required

1EL

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

http://pubs.usgs.gov/fs/2002/fs087-02/



The Cost of Silicon

Cell

20% '1

[ | Silicon
50%

510

Module ol
Finishing ~

18%

2010, $3.59/W

$1 Sourge: HubEﬂMarJuﬁs N#EL ‘
1980 1985 1990 1995 EEI-DI:'_J EﬂDS 2010 2015 2020 2025

Silicon /*A Energy
/Y Required

http://pubs.usgs.gov/fs/2002/fs087-02/



Warld Annual Solar Photovoltaics Production,
1985-2009
12,000

10,000

Silicon PV’s work well and g

£ dominate the market z
z
4,000 é
2,000 %?

- 3

1985 13282 1991 1994 1997 2000 2003 2008 2004
A S A b e st ST e At e fare e e Mledlis

Estimated 14,000 MW capacity in 2010



Warld Annual Solar Photovoltaics Production,
1985-2009

12,000

10,000

Silicon PV’s work well and
dominate the market, but
are too expensive for the
long-term

hWegawatts

2,000

Earth Falicy Institute - www earthpolicy.org

0
1325 1928 1991 1934 1397 2000 2003 2008 2009

A S A b e st ST e At e fare e e Mledlis

Estimated 14,000 MW capacity in 2010



There are new
Technologies on the
Horizon:



There are new

Technologies on the £ ..

Horizon: g

solar cells: s
First Solar claimsto ¢

have built modules at

$0.98/W

Rooftop First Solar CdTe panels

2005

Source IEA PVPS

2008




There are new
Technologies on the
Horizon:

Organic materials-
based solar cells

Roll-to-roll processing of
polymer-based solar cells
(Mekoprint A/S)

Konarka



There are new
Technologies on the
Horizon:

But the cost of solar energy still needs to be
reduced by about a factor of 10.
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First, we need an ink: Ij’ |

Copper indium gallium selenide: CIGS



First, we need an ink: -

-> Develop a chemical synthesis of
CIGS nanocrystals

Wv: Pet Page Life Aquatic Job Shop Daily De me Team FOX Walks DTV
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First, we need an ink:

o) poe
. %] - Develop a chemical synthesis of
CIGS nanocrystals

CuCl + InCl; + 2Se oleylamine, 240°C | CulnSe, nanocrystals
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ARTICLES
Published on Web 11/17/2008

Synthesis of CulnS,, CulnSe,;, and Cu(ln,Gai.x)Ses (CIGS)
Nanocrystal “Inks” for Printable Photovoltaics

Matthew G. Panthani,? Vahid Akhavan,’ Brian Goodfellow,T Johanna P. Schmidtke *
Lawrence Dunn,®' Ananth Dodabalapur,® Paul F. Barbara* and Brian A. Korgel™t

Depariments of Chemical Engineering, Chemisiry & Biochemistry, and Physics and
Microelectronics Research Center, Texas Materials Institute and Center for Nano- and
Molecular Science and Technology, The University of Texas at Austin, Austin, Texas 78712-1062

Recaived July 25, 2008, E-mail: korgal@cha.utexas.edu

Abstract Chalcopyrite copper indium sulfide {(CulnS:) and copper indium gallium selenide (Culln,Gay..)-
Sag: ClGS) nanocrystals ranging from ~5 to ~25 nm in diameter were synthesized by arrested precipitation
in salution. The InfGa ratio inthe CIGS nanocrystals could be controlled by varying the In/Ga reactant ratio
in the reaction, and the optical properties of the CulnS, and CIGS nanocrystals correspond 1o those of the
respective bulk materials. Using methods developed to produce uniform, crack-free micrometar-thick films,
CulnSe; nanocrystals were tested in prototype photovoltaic devices. As a proof-of-concept, the nanocrystal-
based devices exhibited a reproducible photovoltaic response.
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How does thin-film solar work?
1. Sunlight hits
light-absorbing
semiconductor 4.The
film. electronis
2. Electrons collected by a
3 transparent
GRITLERENgy: top electrode.

electron electriclty

into another
semiconductor
layer, leaving
behind an
electron vacancy

7.The electron travels t&, /
combine with an election
vacancy, completing the circuit.

Drawings are schematic/not to scale
Spurces: Briar Korgel, UT

5. The energy from
the electron is used
to power a
fluorescent light.

P+ 6.The ‘used’

electron transfers
to the bottom
metal contact layer
(Molybdenum or
stainless steel
metal foil).

. — n-type semiconductor

Nanocrystal ink

Metal
" Glass or plastic
support

Robert Calzada AMERICANSTATESMAN



Nanocrystal PV Device Fabrication

1. Deposit metal 2. Solution-deposit 3. Deposit heterojunction
foil onto a flexible nanocrystals partner layers (CdS/ZnO)
Substrate

> Sy »

4. Pattern metal
collection grid

S




Nanocrystal Film Formation

For the solar cell, need uniform films of nanocrystals.




. Standard Cell
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Nanocrystal Film Formation

For the solar cell, need uniform films of hanocrystals.




CIS Nanocrystal PV device
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V. A. Akhavan, M. G. Panthani, B. W. Goodfellow, D. K. Reid, B. A. Korgel,
“Thickness-limited performance of CulnSe2 nanocrystal photovoltaic devices,”
Optics Express, 18 (2010) A411-A420.




Energy Environ. 5ci, 2010, 3, 1600-1606

PAPER www.rsc.org/ees | Energy & Environmental Science

Spray-deposited CulnSe, nanocrystal photovoltaics

Vahid A. Akhavan,”” Brian W. Goodfellow,”” Matthew G. Panthani,”” Dariva K. Reid,” Danny J. Hellebusch,”
]'ﬁ'ﬂ'b

Takuji Adachi® and Brian A. Korge

Indium Ti n Oxide———————
mium sulfide
-
: Id) '

: — bottom electrode (go
' \\ /subsm (glass or plastic) ———

Fig. 3 (Top) Photographs of PVs fabricated by spray-depositing CIS
nanocrystals on various substrates: (top left and right) glass and (top,
middle) plastic (kapton). (Bottom) Illustration of the device layer struc-
ture as viewed from the top and from the side.
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*Solar cells can be fabricated with solar
inks on light-weight flexible substrates



Accomplished to date:

Solar inks can be chemically synthesized

*Solar cells can be fabricated with solar
Inks

*Solar cells can be fabricated with solar
inks on light-weight flexible substrates

The current challenge is to try to improve

the power conversion efficiency up to >10%



Korgel group milestone chart for CIGS Nanocrystal PVs
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Extracting the photogenerated
electrons and holes efficiently is
currently the biggest challenge
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The highest efficiency devices have very
thin nanocrystal layers that do not absorb
all of the light

The l'nm(my 1exas at Austin

~200 nm thick layer of
nanocrystals on glass disc



Thicker nanocrystal layers absorb more
light, but are less efficient
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V. A. Akhavan, M. G. Panthani, B. W. Goodfellow, D. K. Reid, B. A. Korgel, “Thickness-limited
performance of CulnSe2 nanocrystal photovoltaic devices,” Optics Express, 18 (2010) A411-A420.



Readers 25 Inventions That Will Improve Your

Digest H
Brilliant ideas, inventions, and gadgets for everyday life.

12. Spray-On Solar Panels

While solar panels are hot with hameowners for waming the house and saving electricity,
thay're often rejectad as costly and tricky to install. Now engineers are racing to make a more
consumer-friendly version. One attractive candidate is solar ink. Applied with a spray gun, the
ink allows builders and homeowners to tum windows, doors, and roofs into power-genarating
pands. Just spray it on the way you would on a madel airplane, says Brian Korgel, the
University of Texas at Austin chemical engineering professor who inventad the technology.

(T he ink can also be printad on plastic sheats using an ink-jet-type printer.) He expects tha ink

to be available in three to five years.
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Readers 25 Inventions That Will Improve Your

Digest i
Brilliant ideas, inventions, and gadgets for everyday life.

12. Spray-On Solar Panels
While solar panels are hot with hameowners for wamming the house and saving electricity,
thay're often rejectad as costly and tricky to install. Now engineers are racing to make a more

consumer-friendly version. One attractive candidate is solar ink. Applied with a spray gun, the
ink allows builders and homeowners to tum windows, doors, and roofs into power-genarating

pandgls. Just spray it on the way you would on a model airplane, says Brian Korgel, the
University of Texas at Austin chemical engineering professor who inventad the technology.

(T he ink can also be printad on plastic sheets using an ink-jet-typa printer.) He expeacts thaink
to be available in three to five years.

The challenge is to demonstrate

commercially viable efficiencies of >10%
(currently, the devices function at 3%)
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Dr. Brian Korgel

Brian Korgel's research lab studies Nanotechnology,
the field of applied science at the atomic and
molecular scale. His group focuses on investigating
size-tunable material properties, and the self-
assembly and fabrication of nanostructures. This
multidisciplinary research finds applications in
microelectronics, photonics, photovoltaics, spintronics,
coatings, sensors and biotechnology.



