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Outline

1. Survey of photovoltaic materials and small cells
2. Three generations of PV

3. Manufacturing technology for solar modules and
systems -- thin films rising...

4. Commercial growth of PV in the U.S. and the world




Multijunction Concentrators
¥ Three-junction (2-terminal, monolithic)
A Two-junction (2-terminal, monolithic)

Single-Junction GaAs
A Single crystal

A Concentrator

WV Thin film

Crystalline Si Cells
m Single crystal

O Multicrystalline
# Thick Sifilm

Thin-Film Technologies
@® Cu(In,Ga)Se;

O CdTe

O Amorphous Si:H (stabilized)
# Nano-, micro-, poly-Si

O Multijunction polycrystalline
Emerging PV

© Dye-sensitized cells

® Organic cells
(various technologies)

o)
<o

[\®]
B~

N
o

—_
X
~—~—
>
(&)
c
2
=
=
Ll

Westing-
house

No. Carolina
State Univ.

—_
(@p]

Kodak Solarex

Boeing

Matsushita
Boeing

Boein RCA
Gﬁ?\?lemﬂy X
of Maine

II?CA

Best Research-Cell Efficiencies

Varian
{216x conc.)

Stanford g

(140x conc.)

Universit

So. Florida

ARCO Boeing

AMETEK

Photon Energy

Boeing-
Spectrolab
{metamorphic}?

Boeing- %REL
Spectrolab (inverted,

Spectrolab metamorphic)

NREL/
Spectrolab
Amoanix
(92x conc.)

(96x conc.)

-
- ————
]

FhG-ISE

Cu(In,Ga)Se,
(14x conc.) FhG-ISE

Georgia Tech

NREL ~ NREL NREL  NREL
NREL NREL

O_’/O'Q Univ. Stuttgart
NRE’L, (45 pm thin-film
T

NREL transfer)

Sharp
(large-area)

o*

NREL
(CdTe/CIS)

L 2

AstroPower
NREL (small-area)

Euro-CIS  United Solar

— ,
Boeing —(5 United Solar
' 4
. Kaneka
(2 pm on glass)

O

EPF Sharp

United Solar

NREL Konarka
. Univ. Linz
Groningen
Plextronics
Siemens
ety [ 0o UNiversity
University Linz Linz

1980

|
1990

2000 2005

from 5/28/08 presentation at U. Toledo by L. Kazmerski, Dir. NCPV, U.S. DOE




£
g 2
E
T

&

.

CdS

PY Best confirmed efficiency under
standard conditions (T = 25°C)

1.5
Bandgap (eV)

Attainable cell efficiencies for AMO (solid line) and AM1.5 spectra (dashed line) and
best efficiencies achieved for several materials as single junctions. (Kazmerski 2006)



First generation:

wafer silicon modules

r— Pyramidal suriace with silicon
‘ nitricle antreflection layer

Pyramidal surface wih artiraflaction iayer

r— Burried contact

Bk layer (S0,

— negative Cu-contact

ositive Cu-contact
P Back contact —

point-contacis

(a) o)
— Front contact (TCO)

0.2 mm

Back contact (TCO) -~ L aSiH (nl) = me-Si (n)
L —a$iH ()

Three types of commercial silicon wafer cells as described in the text.
- From Kazmerski 2006.a) Sun Power, b) BP Solar, c) Sanyo HIT cell




Second generation (thin-film) cells
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ZnO,ITO-2500A
CIGS 1-25pm

Mo -0.5-1pm

Glass, Metal Foil,
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ZnTe:Cu C-Paste with'Cu;
Ti or Metals

Fig. 4.2 Structure of the polycrystalline CIGS and CdTe cells.
From Noufi 2006.




Third generation concepts

- multijjunction IlI-V
- organic




124 L.L. Kazmerski / Journal of Electron Spectroscopy and Related Phenomena 150 (2006) 105-135

Fig. 17. Cross-sections of triple-junction, high-efficiency solar cells: (a) lattice-matched design, (b) lattice-mismatched (metamorphoric), and (c) latt:
mismatched. thin_ inverted structure. ARC is the antireflection coating.



concentrators:
terrestrial
implementation of high
efficiency cells
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Organic Solar Cell (OSC) __

Organic Solar Cell (with polymers)

blended with: 0C,C,.-PPV

exciton energy
exciton energy in OSC2
in O8C1 {optical bandgap)

bandgap, Epg

{optical bandgap)

‘Eftective heterojunction

V|:_! .

FF =61% FF = 60%

n=2.5% n=35%
{under AM1.5 illumination)

&
g
2
[
g
i
-

& 1 podmmar | fularone
conductng bend
polyrmier
At Wod
FEDOT PSS




PV modules
- solar resource (U.S.)
- history of cost reductions
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First Solar—the largest
U.S. module producer

(Began as Solar Cells Inc on the U.T. campus)

Module Production Capacity:

Ramped the first 25MW module
production line in Perrysburg, Ohio to =5
its steady state volume in 2005

Added two additional 25MW production '.
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Production of solar modules in the U.S.

Company 2000 | 2001 2002 2003 2004 2005 2006 2007
SELEREIT s o 47 52 62 2 | 35 | 35
Solarworld
BP Solar 21 25 31 13 14 22 25.6 27.7
United
Solar* 3 4 4 7 14 22 28 48
First Solar* 3 9 20 50 120
GE 25 18 22
AstroPower 18 26 30 17
Schott Solar 4 5 5 4 10 13 13 10




World PV Cell / Module Production (1988-2007)
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Electricity Prices (S/&kw-hr)

Electricity price convergence — 5 to 6 years

(Source: Deutsche Bank 2007)

Solar PV industry outlook
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PV Module Production Experience (or “Learning”) Curve

from Tom Surek & Robt Margolis, Third World Conf. on PV Energy Conversion, Osaka, May, 2003
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PV produces electricity just when it is most needed!
electricity usage (NY State) vs. time of day

New York Thu Feb 12 2004 Time Update: 23:50 EST u New York Jun 27, 2002
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source: http://currentenergy.lbl.gov/ny/




...and sometimes grid electricity fails!

NY Electricity Systen Status
Thu. Aug. 14, 2003
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Sunday, August 08, 2004 Cleveland Plain Dealer--
About 50 million people were affected, and the economic impact was
estimated at more than $6 billion in lost business and damages.
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PV at the workplace
+
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Figure 7.2 The Effect of a Few Million PHEVs and 9% PV Power
on the California Electric Load in Mid-July

Dave Heidenreich, Exponential Solar (2007)







Not only is the e-truck
charged with solar, it
can power up the
house for
emergencies...




PV, Wind and the Smart Grid

« Sensors and controls together with a communications
backbone can support bi-directional power flow and
help to reduce the need for base-load power
generation and dispatchable power.

* The smart grid can increase the penetration of solar
and wind and enable a lower carbon grid.

» Navigant Consulting is engaged in a major study of the
otential for and impacts of a PV smart grid to be
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Figure 4: Wind Penetration with PHEVs
from: Short and Denholm, NREL



A Solar Grand Plan

Ken Zweibel, James Mason, Vasilis Fthenakis
Scientific American, Dec. 16, 2007

* PV farms in the U.S. Southwest
[can use high efficiency, concentrating PV (CPV)]

 High Voltage Direct Current (HVDC) long-distance
transmission lines throughout the U.S. deliver power to
regional AC grid




recent developments

Battery storage--Xcel Energy has signed a contract to purchase a
battery from NGK Insulators Ltd. The 20 50-kilowatt NaS battery
modules will be able to store about 7.2 megawatt-hours of electricity,
with a charge/discharge power of one megawatt.

The project will take place in Luverne, Minn., about 30 miles east of
Sioux Falls, S.D., with the battery installation beginning this spring
adjacent and connected to a nearby 11-megawatt wind farm owned
by Minwind Energy, LLC. The battery is expected to go on-line in
October 2008.

« IBM announced Monday a joint venture with Tokyo Ohka Kogyo







Figure 1. Energy Payback for PV Systems
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Figure 8 Structhure for zgh-efficiency (30%:) orzamc PV cell basad
on 3 napostructured substrate onto which thin layers of molecular
mult-pmetions are grown and anchorad oo the nanostrucnurs
surface. The rad circle denotes an electron acceptor; the blue squars,
aw electron donor; and the yvellow circle, a matal panopartcle.




