The Abdus Salam
International Centre for Theoretical Physics

ICTP Experts Meeting on "Science & Renewable Energy"
January 15 - 18, 2007

Venue: ICTP Adriatico Guest House - Lundqvist Lecture Hall

310/1905

"Photovoltaics Technology:

Evoluntionary, Disruptive & Revolutionary"
(eennen At the Tipping Point)

L. Kazmerski
NREL
USA

Strada Costiera | |, 34014 Trieste, ltaly - Tel. +39 040 2240 | | |; Fax +39 040 224 163 - sci_info@ictp.it, www.ictp.it



Photovoltaics Technology:
Evolutionary, Disruptive & Revolutionary
(...At the Tipping Point)

Lawrence L. Kazmerski
National Center for Photovoltaics
National Renewable Energy Laboratory
Golden, Colorado 80401 USA




— — 1 A Back Bar Book |

NGy POINT 1S THAT MAGIC MOMENT

K D, OR SOCIAL BEHAVIOR CROSSES
S, AND SPREADS LIKE WILDFIRE.
&an start an cpidemic of the flu, so too can a
ush cavse a fashion trend, the popularity of
the crime rate. This widely acclaimed best-
seller, in Wi ; 1l explores and brilliantly illuminates the
tippIng point already changing the way people through-

out the world think ducts and mse%

“Undeniably compelling . . . &

— O LAIRE

“Gladwell has a knack for rendering complex
prose, and he makes a charismatic tour gui
CHRISTOPHER Haw THOR

“As a business how-to, The Tipping Point is truly SUpEH
with new theories on the Jof manipulation.™
L Time Out

-

ter for the Wishingror
ger and then as New
for The Neswo Yorker.

$14.95 FI'T | $22.95 in Canada
13BN O=316=30662-4

51655

2I7e0316" 346627




"Regretfully, I have come to conclude that the world has missed the
boat on evolving a good working plan on global energy for 2020.”

Policy

Technology

K.R. Sreenivasan

Abdus Salam Research Professor
Director, ICTP




"Regretfully, I have come to conclude that the world has missed the
boat on evolving a good working plan on global energy for 2020.”

"In 2050 . . . where is this energy going to come from?”
L& A 4 C

n

"Oil ... fission ... fusion ... hydrogen ... renewable energy . ..

rr

... reasonable goal for 2050 . . a three way mix of renewable
enerqy, fossil fuels and nuclear fission . . .
i I > o o

rr

"By 2050, we will surely know more about . . . fusion, hydorgen and
large-scale harvesting of renewable energy, and we will have to
readapt ourselves to a new equilibrium point for 2100.”

K.R. Sreenivasan

Abdus Salam Research Professor
Director, ICTP




Energy Issues . . .

Now and short term
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Primary Energy Projections in Terawatts

Renewables
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Energy Issues . . .

Long term (toward 2050 & beyond)
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The Challenges (7he Terawatt Dilemma . . . )
Worldwide Energy Consumption (now to the future):

2005: About 14 TW total primary energy
By 2050, we will need an additional 10-15 TW!

Energy to meet this future?

Electricity: Solar, Wind, Bioenergy, . . . Nuclear, Renewables?

Fuels: Hydrogen, methanol, ethanol, others?




World "Light” Generation




U.S. Energy Consumption
(By Source: 1850-2005)
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Source: 1850-1949, Energy Perspectives: A Presentation ﬂf Major Energy and E:?f:g};—ﬂﬂ'ﬂffd
Data, U.S. Department of the Interior, 1975; 1950-2005, Annual Energy Review 2000, Table 1.3.




World Population: Historical Perspectives
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World Oil Comparison
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Vehicles Per 1000 Persons as a Function of Time
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World Oil Consumption by Use Sector
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Coal Reserves
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Annual Coal Consumption by Country

Russia

South Africa
Japan
Australia

o]

=

=
|

)
O
dad
<
c
e
o
E
=
n
c
O
&
©
O
(&
©
= |
c
o
- ¢

0

T
1985 1987 1989 1991 1993 1995 1997 1999 2001 2003




The Challenges (7he Terawatt Dilemma . . . )
Worldwide Energy Consumption (now to the future):

2005: About 14 TW total primary energy
By 2050, we will need an additional 10-15 TW!




Primary Energy Projections in Terawatts
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The Challenges (7he Terawatt Dilemma . . . )
Worldwide Energy Consumption (now to the future):

2005: About 14 TW total primary energy
By 2050, we will need an additional 10-15 TW!

Energy to meet this future?
Electricity: Fossil Fuels . .. Nuclear, Renewables . . . Other?

Fuels: Fossil sources . .. Hydrogen, methanol, ethanol, others?




Primary Energy Projections in Terawatts
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1. The Background: Global Climate Change

"A threat to our planet”, Dr. James Hansen, NASA




2001-2005 Mecan Surface Temperature Anomaly (°C)
Base Period = 1951-1980

Global Land-Ocean Temperature Anomaly (°C)
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Carbon dioxide concentration (ppimv)

377 ppm

Methane concentration (pp
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A Global Climate Forcings
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21st Century Global Warming Aim is to stabilize
Surface Air Temperature (°C) gre enho use gaS
' ' : emissions . . .

—— Individual Runs
5 Bun Mean

Observations F 'I- 4 : fn balance Wfth fhe
climate system

Allemative
Soenano
with YValcanoes

.. 1900 1950 2000 2050
Climate Simulations for IPCC 2007 Report

» Climate Model Sensitivity ~ 2.7°C for 2xCO,

(consistent with paleoclimate data & other models)

» Simulations Consistent with 1880-2003 Observations
(key test = ocean heat storage)

» Simulated Global Warming < 1°C in Alternative Scenario

Conclusion: Warming < 1°C if additional forcing ~ 1.5 W/m?2

Source: Hansen et al., to be submitted fo J. Geophys. Res.




Observation and Prediction:
Poleward Migration Rate of Isotherms (km/decade)
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Evidence for Global Warming

The 12 hottest years (over the last 145 years) have occurred in the
last 15 years.

Rank Year

20056
1998
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2008
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Evidence for Global Warming

The 12 hottest years (over the last 145 years) have occurred in the
last 15 years.

Glaciers in most parts of the world are receding.

-~ '\.-_q'ﬁ'ﬁr

Upsala Glacier in
Argentina, comparing
1928 and 2004, showing
the glacier has mostly
disappeared.

£ RO, .
. pan-s Ly |25 L T
o

Riggs Glacier in Alaska,
comparing 1941 & 2004
(Most of the 610 meter
thick glaser has
disappeared).




Evidence for Global Warming

The 12 hottest years (over the last 145 years) have occurred in the
last 15 years.

Glaciers in most parts of the world are receding.

Over the last 100 years, the global sea level has risen about 10 cm-
25 cm (20%-30% of this is due to thermal expansion).

Significant changes have been observed in many local habitats
affecting plants, coral, tundra, birds, polar bears, etc.

Surface me %ian Greenland

fiy

B R (descending inta a "moulin”,
Increasing ice discharges from maijor ice . L SO vertical_éhﬁft that carries melt to
stream (Jacobshavn) in Greenland A _N - the ice sheet base).




Increasing Melt Area on Greenland

Trend: 0.7%/ year

Maximum meall extent (km”)

T T
1980 1985 1990 1995 2000

« 2002 all-time record melt area
* Melting up to elevation of 2000 m
* 16% increase from 1979 to 2002

70 meters thinning in5 years

Satellite-era record melt of 2002 was exceeded in 2005.
Source: Waleed Abdalati, Goddard Space Flight Center




Evidence for Global Warming

The 12 hottest years (over the last 145 years) have occurred in the

last 15 years.

Glaciers in most parts of the world are receding.

Over the last 100 years, the global sea level has risen about 10 cm-
25 cm (20%-30% of this is due to thermal expansion).

Significant changes have been observed in many local habitats
affecting plants, coral, tundra, birds, polar bears, etc.
Greenland Mass Loss — From Gravity Satellite

lce Mass (km3)
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Source: Ekstrom, Metiles and Taesl, Scence, 311, 1756, 2006
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Evidence for Global Warming

The 12 hottest years (over the last 145 years) have occurred in the
last 15 years.

Glaciers in most parts of the world are receding.

Over the last 100 years, the global sea level has risen about 10 cm-
25 cm (20%-30% of this is due to thermal expansion).

Significant changes have been observed in many local habitats
affecting plants, coral, tundra, birds, polar bears, etc.

Worldwide precipitation patterns have changed significantly over the
last 100 years.

Both the duration and the highest wind speeds of cyclones and
hurricanes have increased by about 50% over the last 50 years
(some argue that part of this is cyclical).




Consequences of Global Warming

Accelerating rise in sea levels (Destruction of cities; relocation of
people; loss of land area)

Sea level rise over the last century
Centimeters

—— Annual sea level change
—— DS-yedr running mean

1920 1840 1860 1980




Consequences of Global Warming

Accelerating rise in sea levels (Destruction of cities; relocation of
Areas Under Water: Four Regions

U5, Arca Under Waler Europe Arca Under Water

Population (millions) in 2000

Population Under Water

for given sea level rise)
fim : I5m Tim




Consequences of Global Warming

Accelerating rise in sea levels (Destruction of cities; relocation of
people; loss of land area)

More extreme weather (floods, hurricanes, droughts, . . . )

Ocean thermohaline circulation slowdown or abrupt cessation (the
Gulf Stream stops!)

Alteration of natural habitats (extinction of species; potential for
increasing desertification; relocation of farms, ranches--threat to food

ducti 8 .
RSN Survival of Species

1. “Business-as-Usual” Scenario

- Global Warming ~ 3°C
- Likely Extinctions ~ 50 percent

2. “Alternative” Scenario

- Global Warming ~ 1°C
- Likely Extinctions ~ 10 percent

Climate Feedbacks 2 Scenario Dichotomy




Consequences of Global Warming

Accelerating rise in sea levels (Destruction of cities; relocation of
people; loss of land area)

More extreme weather (floods, hurricanes, droughts, . . . )

Ocean thermohaline circulation slowdown or abrupt cessation (the
Gulf Stream stops!)

Alteration of natural habitats (extinction of species; potential for
increasing desertification; relocation of farms, ranches--threat to food

production)
More heat-related diseases: health deterioration

Economic strain/failures; increased world tensions (war)




0, Growth (ppm/year)

--@-- [ce Core Data
In Situ Data
5-Year Mean

IPCC
Alternative Scenario

1900 1950 2000 2050

Growth rate of atmospheric CO, (ppm/year).

Source: Hansen and Sato, PNAS, 101, 16108, 2004.




Business-as-Usual We don't change . . .
{2% annual growth to peak, then 2% annual decline)

_,ﬂﬂ{; PR
T

Atmospheric COa (ppmv)

Alternative Case: Coal Phaseout
{(+2%/yr to 2012; +1%/yr to 2022; phaseout by 2050)

Atmospheric CO:z (ppmv)

Toward "450 ppm/yr CO5". . .




The telling of the story . . . ozone vs. climate change

Ozone Case

Global Climate

Scientists

Clear warning

Fail to make clear distinction
between climate change and
BAU means a different planet

Media

Reported messages well

False "balance"; leap to
hopelessness

Special
Interests

Initial skepticism, but did not en-
gage in disinformation. Instead,
pursued advanced technologies

Disinformation campaigns,
emphasis on short-term profits

Public

Quick response (spray cans
replaced). No additional CFC
infrastructure built

Understandably confused,
disinterested

Government

U.S. and Europe leadership.
Allowed delay & technical
assistance to developing world.

Affected by special interests;
fails to leadl assistance to
developing world.




Need to solve the inequities . . .




Is solar part of the solution?




Solar is real . . .
now and for our future




Important issues for solar:

1. Solar Resource (Need to know)

2. Efficiency (buildings, appliances, . . .)
(Need to have)




s % ™ Yoarly global
S, ] L)
o “"u":::_::,\ DL imaliatien
-"-‘If': r‘] ._nr.h"-\_._,.rg:" '-_I [kWhimZ]
'r_’ I‘!L"".-'-::\""" il L o
1_.- R_;".E-%‘Lu s Beotrad
-
Flreriae \ \”g.‘__,\'-.x SarSevs
| T Wy P
i i S
R Fiakeat 100
S T R -
iy ‘ s "3 | _
Mo S
e | [
E 1 T _i;f e S ’ ili
B K
Pl arme) -:'_Pl .I' & I
I i ey L
L e fEnka 55
3 ;i = .
{ {
& N Yearly global L.l %, ¥allatia
irradiation 2
5 H{w‘
[kWhim2]

Pecs

A7

Sarajeve

\
\




— — 1 A Back Bar Book |

POINT 158 THAT MAGIC MOMENT
D, OR SOCIAL BEHAVIOR CROSSES

A PS, AND SPREADS LIKE WILDFIRE.
Just 2 &an start an cpidemic of the flu, so too can a
small sh cavse 2 fashion trend, the popularity of
a new p crime rate. Thiz widely acclaimed best-
seller, in Wi 1l explores and brilliantly illuminates the

tipping point already changing the way people through-

out the world think ucts and mse%

“Undeniably compelling . . . &

—Crare DEDE

“Gladwell has a knack for rendering complex
prose, and he makes a charismatic tour guid
CHRISTOPHER Haw THOR

“As a business how-to, The Tipping Foint is truly sup eri
with new theories on the Jof manipulation.™
—AA L Time Out

Qo LM GLADWEL

gr and then as New
for The Neswo Yorker.

$14.95 FI'T | $22.95 in Canada
13BN O=316=30662-4

51655

2I7e0316" 346627




-Worldwide PV Shipments
(1989 - 2005)
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-Worldwide PV Shipments
- (1989 - 2005)
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GERMANY
Feed-In Law

100,000 Rooftop
Program

1000 Rooftop
Program

90 '91 '92 '93 '94 '95 '96 '97 '98 '99 '00 '01 D2 '

Japan Subsidy Program

700,000 Roofs"

Capital investment buy down

Subsidy phase-out:

Introduction: 50% cash subsidy for
3-4 kW grid-connected system

Current: About 7% subsiay this year

Result: 500 systems in 1995,
230,000 in 2004

—

entive ($/W)
Total System Cost

System Cost or Inc
Incentive

o M~ B G o O

Yearly Installed MWp

German Feed-In Tarrif Program

Pay for kWh produced by PV into grid
Tariff phase-out:
Introduction in 2000: ~50 Euro cents forevery kWh
fed into grid (20 -year guarantee), Price is reduced
5 % every year for subsequent years
"100,000 Roofs Program" (provides low-cost loans)
Result: 20 MW//r market in 2000;
~ 250 MWirear currently
Pay? Costis spread over the entire electricity user
rate base —utiities are nofnegatively im-
pacted: no government annual appropriations
(cost to consumer? ~1EUMmonth!)

JAPAN




Feed-In Law

100,000 oﬂﬁie e d

Program

Installed MWp

y

market growth & acteptance by consumer

sustairiable markéjtg (long-term commitment)
PR -inter"ﬁationaﬂy competitive mass production
20 01 'z 93 ‘94 o5 96 wnppduet Shortage! Benefits to some newer

technologiex
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"What we are proposing AREEIIY
will deliver the proven [EITCYIIrENy
environment, and more secure do

1/2 of new U.S. eleChiaCitypeneran

500-fold growth inU:St installed capacity oyer 2004
150-fold growth in U.S. annual shipments
40% reduction in consumer system price

80% reduction in consumer electricity rates
Direct employment more than supported now
by General Electrice.

Electricity equivalent (
to 40%-50% consumed - e [,,

in U.S. buildings |
U Bl U SR

P T, ¢
hrough 2030 and BeYY




Enact residential and commercial tax credits
Establish uniform net metering and interconnection standards

Boost federal government procurements (especially in
applications to enhance security)

Support state public benefit charge programs and other

state & local initiatives; build strategic alliances with
public & private oganizations

Increase R&D investment to $250M/year by 2010

Strengthen investments in crystalline silicon, thin film, and
balance-of-systems components/new systems concepts

Support higher-risk, longer-term R&D that can leapfrog beyond
today's technologies (performance/cost)

Enhance funding for facilities and equipment to shorten the time
between lab discovery and industry use in manufacturing and
products

Grow partnerships among industry, universities and national
laboratories




The Roadmap case would enhance annual solar electricty generation in 2030 by
360-billion kWh over the Baseline case—the amount of electricity consumed by
34 million households.

Baseline Case

_-.'|II!

‘45
10 40

Comparison of annual U.S. solar power shipments
under the Baseline and Roadmap cases.

2030 and 2050 differences are highlighted by the arrows.




PV System Value Chain




Absorber

Devices




Production Equipment Design

Process Engineering Engineering
Mining/Extraction Supplies g g LER
Production Equipment Mf%lé‘%bnr Engineering
Labor Installation Labor

O&M

=

Production Equipment

Process Engineering Engineering

Production Equipment
Mf%lé‘%bor Mfg Labor
Engineering, (R&D) Engineering, (R&D) R&D
Production Equipment ~ Production Equipment

Mining/Extraction Mfg Labor
Mfg Labor



Value Chain and Key Competencies

& = = - Measurements, Testing, & Characterization = == == == = >
Device R&D ;
Process/PDIL R&D Packaging R&D
Interface R&D Accelerated Testing
Field Testing System Evaluation

Disruptive Potential

Revolutionary Potential Disruptive Potential eating Conters

Disruptive Potential

——

Materials R&D
Explortion

Materials R&D
Process/PDIL R&D

Disruptive Potential

Revolutionalry Potential Power Electronics R&D
Field Testing
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Focus on Module R&D . ..

Installation,
Engineering

~
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PV System Value Chain

Key Competencies
Current & Evolutionary Support

Disruptive Technologies
Revolutionary Technologies

F———————

T Devices Module
| A— —— |

~ Mechanical Inverters ——




100.0
J A “80% Learning Curve”:
a [ Module price decreases by
= 1 20% for every doubling of
. cumulative production
@
o v
S 10.0 2
o~
ot &
@ 2005
'E a‘a'ae_‘-
0. - -y -
- < - = 0/
- T~. 80%
T 1.0% -y =
O ;
=
>
(s
0‘1 Al Aassad A a8 & aaaad i Aa s aid A A aaaad T T e
0 10 100 1,000 10,000 100,000 1,000,000

Cumulative Production (MWp)




Technololgy
Investment
Pathways

1stGeneration PV
*Silicon
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September/October 1953 - Chapin reports that a
phosphorus-diffused silicon cell outperforms Pearson’s
original cell by a factor of 2, reaching 4% efficiency,
and he proceeds to build a 0.1-watt solar generator.

May/June 1953 - Chapin chooses to concentrate on
silicon in his photoelectric studies. Failing to get more
power from other lithium-diffused silicon devices, he
experiments with several phosphorus-diffused silicon
cells produced in Fuller’s diffusion furnace.
Phosphorus-diffused silicon is more stable, and the p-n
junction can be brought closer to the surface.
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March 1953 - Pearson provides a device to Chapin,
who reports obtaining 5 times more power from this
sample than from previously tested commercial
selenium cells. Chapin estimates that a lithium-
diffused silicon device could theoretically produce
60 times more power than commercial selenium.

March 1953 - Gerald Pearson detects a strong
photovoltaic effect in a rectifier built according to
Fuller’s diffusion method.
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 April 25,1954 - At a New York press conference, e g oy
Daryl Chapin, Calvin Fuller,and Gerald Pearson AT AR \AC h#
present to the public the first material to directly ——_} i
convert enough sunlight into electricity to generate o e S o
useful amounts of power. The New York Times | et
recognizes their work as marking "the beginning of a e B ==l +
new era, leading eventually to the realization of one | ‘ =
of mankind'’s most cherished dreams—the | | |

harnessing of the almost limitless energy of the sun =
for the uses of civilization." ¢
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Technololgy PV Module Production Experience (or “Learning”) Curve
Investment .
Pathways & yRen “80% Learning Curve”:
"E“_ Module price decreases by
= 20% for every doubling of
-~ cumulative production
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Pyramidal surface with silicon
nitride antireflection layer

— Burried contact

+

I—P
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Front contact (TCO

Pyramidal surface with antirellection layer

— Back layer (SiO)
— negative Cu-contact

positive Cu-contact

Back contact (TCO)

a-Si:H (ni)




The Silicon Issue

Silicon Production
Capacity

Solar PV
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Benefits . . .

Made the Si industry examine itself.
Better Si material utilization
Process improvements
Performance improvements

Accelerated other technologies.
Thin films into the marketplace
Established companies look at alternatives

Problem: Si Shortage
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Technolol Module Production Learning or Experience Curve
)
Investment L T

Pa th wa ys 20% for every doubling of

cumulative production

S
o
o

Disruptive 3
Advanced 1st Generation '- -
Silicon
Thinner wafers (<100 pm)
Improved processing
Improved performance (>25%)

10 BT 1,000 10,000
Cumulative Production (MWp)

PV Module Price (2004%$/Wp)

Industry
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* lower Sifeedstock prices ayears) (3-10years) _
* thinner Si wafer technology S : ntentrators
* thin films = rganics
*improved processmg' ~ = , "

5 o wafers <100pm
*improved performance " | cells beyond 25%
*advanced integratioppess=— """
*advanced packaging——
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“80% Learning Curve™:
Module price decreases by
20% for every doubling of

cumulative production
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* lower Sifeedstock prices
* thinner Si wafer technology
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| Best Research Cell Efficiencies
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Flexible shingle laminate

Flexible roofing laminate




Thin-Film Cu(In,Ga)(S,Se)> - CIGSSe

Front Contact:

3.0 um Al
0.05 um Ni MgF,
Antireflection Coating

s (ARC) (0.08-0.12 um)
g CdS

Window (0.05 um)

CIGS Deposition

PVD (elemental deposition)
CIGS : :
Absorber (2-4 (im) Sputtering/ gas reaction

Electrodeposition

Chemical deposition

B Glass
S Substrate




CdS/Cu(In,Ga)Se, Cell

Device ID: C1812-11 #3 Device Temperature: 25.0+ 1.0 °C

Aug 18, 2004 12:48 Device Arca: 0.409 ¢cm?
Spectrum: AML.5-G (IEC 60904) [iradiance: 1000.0 W/m?
4% X251V System
=1 ¥
‘!@;g h I?-— YV Performance Characterization Team

— %

Current (mA)

[ Ve =06922V [nax = 13.596 mA
— lse = 14.403 mA Vinax = 0.3857 V
Je =35.223 mA/em? By =7.9628 mW

Fill Factor = 79.87 % Efficiency = 19.5 %

1 1 1 1 | 1 1 1 1 | 1 L L 1 | L 1 1 ] | 1

0.0 0.2 0.4 0.6
Voltage (V)




Thin-Film Silicon

CSG: "Crystalline Silicon on Glass"

\ Dimple y

Crater Groove

Textured Glass

01
Light
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7 Three-junction (2-terminal, monolithic)

\ Two-junction (2-terminal, monolithic)

Varian\

A

North Carolina
State University

Spectrolab /

Boeing =
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Spectrolab
\ Spectrolab /
NREL
Japan
Energy

a-Si:H

(stabilized)




Lattice-Matched Multijunction
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V' Performance Characterization Team

Spectrolab
GalnP/ GalnAs/ Ge Cell

UDE
.J_:_;.:
FF
Vi

3.089V
3.377 Alcm?
88.24%
2749V

monomon

-

e ]
=
=
L
=
—
o 3

Efficiency = 39.0% *+ 2.3%

236 suns (23.6 W/cm?) intensity
0.2691 cm? aperture area
25 +1°C, AM1.5D, low-AOD spectrum

= =
1.5 2.0

Voltage (V)
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i, " Lattice-Mismatched Multijunction
| ngfeng,. (Metamorphic)

Ie' 3 |n I:ll[«:"'l -~




Spectrolab GalnP/GalnAs/Ge Cell

Sample: 6997-C407 Device Temperature = 25.0°C
Wed. Sep 6. 2006 7:46 PM area used = 0.26685 cm’
HiPer Direct Reference Irradiance: 240037.1 W/m?

A o
‘?"ﬁ"* h'?=l HIPSS
@-‘-@ mmmm PV Performance Characterization Team

T

Current (A)

Vi = 2911V Vi = 2589V
- 1. =1.023 A [ax = 1.006 A
— Fill Factor = 87.51 % P oa ™ 26005"W
- Efficiency = 40.7 £ 2.4 %

| T | | |
0.0 0.5 1.0 1.5 2.0

Voltage (V)




Front Contact: 3.0 ym Al

««i Absorber : CuAlSe, (27eV)
1.5-25um CuGaSe: (7.7eV)

CulnS, (71.53el)
T~ CdTe  (1.5eV)

LA AT N e ' NE
- imaaw (0 0OS e
Cdo Wwinaow (0.05 Hm)

Cu(ln,Ga)Se , Absorber 2 Connecting
(2-4 pym) Junction 2?2?72

Soda-Lime Glass Substrate

Multijunction
Polycrystalline Thin Films
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Technololgy
Investment
Pathways

Industry-

1s&2ndGeneration PV
* lower Sifeedstock prices
* thinner Si wafer technology

* thin films
*improved processmg

*improved performance oy
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*Madule Production Learning or Experience Curve

“80% Learning Curve”™:
Module price decreases by
20% for every doubling of

cumulative production
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3rd, 4th, . . . Future Generations
Revolutionary Technologies for Our Next Generations of Consumers

. quantum dot, pod, rod and other novel
structures; nanotechnologies; multiple-
junctions...
with efficiencies 2-3 times those for
conventional PV

. high-risk research

. the fringes of technology exploration

Efficiencies for Ideal Future Generation Solar Cells

!deal cqn?erter; Ts = 6000K, T3 = 300K Efficiency
isotropic illumination




Intermediate Band Solar Cells MOCVD Growth of InGaAs/GaAs QD arrays on (113)8 GaAs
A substrates for intermediate band sqlar c_eils_ _

- .

== : i R e e
! Cross-sectional TEM | : Plan-view TEM
QD arrays are being grown to test concept of intermediate band solar
cell proposed by A. Marti and A. Luque

(311)B 50 period InGaAs/GaAs QD
superlattice plan-view TEM
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"The only thing about the future
that you couldn’t predict ...
was the history you didn't know."









