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EFFICIENCY PENETRATION

Incandescent 5% 12%
Fluorescent 20% 62%
HID lamps 25% 26%
White LEDs 35%

Note: Electric Motor Efficiency 85~90%



Time Magazine, 3 April 2006
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 the sun is absorbed by the plan
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gases like carbon dioxide trap that heat
and Keep it from leaking mto space.
That's what keeps us warm at night.

But as humans pour ever increasmg
amounts of greenhouse gases into the

atmosphere, more of the sun’s heat gets
trapped, and the planet gets a fever
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MAUNA LOA OBSERVATORY, HAWAII
AVERAGE MONTHLY CARBON DIOXIDE CONCENTRATION

(Wdd) NOLLVYINIDNOD 20D

il -
.no.w}..lo..-o.u”
R S |
,au?._.r.m.u.d
il 4 -
._ﬂ.nu.fuw-.. O
e wG
e =z .
?-?alunu... Ll D
-ﬂ.vaPr..F > o —
._-....c-?..oL._ 1] m
T . ar <
. H!l.ull.l D I.._
m ..|m on un.-....n.n..ho - "_
- = C . (a4 (@) -
+) (O e i (@)
~0 S5 -l =0 _
Ow © g on s L
LS c okt et EZ
on Y -7 - Z 0O
Y— 2z () —
£ 0o © Q Il o
— O e Y —
A o — m < et T " R w
“on 94 o -l k= -
vE 2£cg = S
£E §5% S £
+J —_ N " | .
w © Qo v e
e e o C ! -O..l...uf...b
O 5 o c= el N
o p— b . |¢r|r__.n“I
“ 3 “— I -, _
- ~ ._n_l.“ () ...m...hu...r..
© (o} O o = .nvid.....,u.u-
£ S5 U = e .
¥ c r— 2 M s it
cCC wn m ..., -~
~ o on -7
e W P n .ﬂ.ol.ﬂlumob
t e O e o pr— - .fu-...-“t —
~ Py © s,
C o o O —-——
Q m o m Q e -
25 2839 o
C - " m -n.aH...,uh..v ~
W= OO O
O n = c =L -
L + RIS P
wn = +) LN
()] w © e, LV
c O =z .......,..........uu.-.
— — a.uf.w _
| | | i ] | | | | | | | |
o L - u = L ] gl < L) o L) - Tp] o
oo I~ ~ O L L = = o7 (ap] (o =~ =i =

002
200t
000¢
8661
9661
F6o61
2661
0661
8861
9861
r861
2861
0861
861
961
VL61
2.61
0L61
8961
9961
961
2961
0961
8S61

YEAR

IS THERE ANY HUMAN EFFECT
ON THE ENVIRONMENT ?

Science 310, 1313 (2005)
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TEMPERATURE TRACKS CARBON DIOXIDE
at Vostok, Antarctica

Temperature inferred from isotope ratios
in the Vostok ice core

Carbon dioxide levels measured in the
trapped air bubbles in the same core

CO, TWICE AS HIGH
AS IT HAS EVER BEEN
IN THE LAST 400,000 YEARS

\ CO, as of 2003:

S WM \ »- : 373 ppm C)
from Thm Ice by Mark Bowen
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Between
Jan 31, 2002 and
March 5, 2002
a chunk of the
Larsen B ice shelf
the size of
Rhode Island
disintegrated.

Images from NASA's
Terra satellite,
National Snow and Ice
Data Center,
University of
Colorado, Boulder.
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cublc feet of trees -- gouble he annual take by all the loggers i y Canada. In seven years or

- sooner, the Fores 3erv1ce predicts, that kill will nearly triple a d 80 percent of the pines in

# . the central British Co urhbla ‘orest will be dead.

- Surveys show the mPl-mtam ;E ne beetle has infes-ted 21 million acres and killed 411 million

1
Foresters and researc e]rs'agree that the principle culprit is global warming (because warmer '.:
| winters, even by ¢ a ie degr?es have not been severe enough to kill the native beetle and

" suppress its now- ex onentl population growth). | 1]
i

1 The Washmgton Post, March 1, 2006 |
P flﬁ-"r 'EJF ﬂ . Pueis v AT _}_._u. Wt M Y, TP % T
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ABUNDANCE OF AFFORDABLE ENERGY RESOURCES CAN UPLIFT THE WORLD
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i

just 24 hours into blackout
Air Pﬁl tion was Reduced

S0, >90%

I 0, ~50%

Light Scattering
Particles ~70%

“This clean air benefit was
realized over much of
eastern U.S.”

l
v

Marufu et al., Geophysical Research
. Letters 2004
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Map of the World Scaled to Energy Consumption by Country

e —— . .Newman, U. Mlchlgan 2006
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In 2002 the world burned energy at a rate of 13.5 TW

EQUIVALENT TO o Xx22
How fast will we burn energy in 2050 ?

(assume 9 billion people)

If we use energy like in U.S. we will need 102TW
Conservative estimate 28~35TW

Energy use estimates from Nocera, Daedalus 2006 & Lewis and Nocera, PNAS 2006
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GCEP Global Exergy Flux, Reservoirs, and Destruction
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32 Crustal Thermal Thermal  Kinetic B -‘:_) Natural Exergy Destruction ~ —<@»— Exergy Accumulation [ZJ] (=102 J)

Energy 1.5e7 Z] = Nuclear Chemical
Radiation  Gravitational —F Human Use for Energy Services _r_ Exergy Flux [TW] (=1012 W)

Exergy is the useful portion of energy that allows us to do work and perform energy services. We gather exergy from energy-carrying substances in the natural
world we call energy resources. While energy is conserved, the exergetic portion can be destroyed when it undergoes an energy conversion. This diagram
summarizes the exergy reservoirs and flows in our sphere of influence including their interconnections, conversions, and eventual natural or anthropogenic
destruction. Because the choice of energy resource and the method of resource utilization have environmental consequences, knowing the full range of energy
options available to our growing world population and economy may assist in efforts to decouple energy use from environmental damage.

Prepared by Wes Hermann and A.]. Simon
Global Climate and Energy Project at Stanford University (http://gcep.stanford.edu) Ver, 1.1 & GCEF 2005, 2007
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PV PERFORMANCE BENCHMARKS (independently confirmed)

at AMO: satellites / space vehicles

Best performance:
GalnP/GaAs/Ge multijunction
np= (35.2+1.6)%, under 66 suns

at AM1.5: Terrestrial

Best crystalline Si: Np = (24.7£0.5)%
Best polycrystalline Si: ne = (19.8+£0.5)%
Best amorphous Si: np = (10.1£0.2)%

Best organic (Gratzel): ne = (8.2+0.3)%

Inverter, charge controller, )
Circuit breaker, cables, mounting frames
Real estate
Labor
System integrator margins
Permitting, design, shipping
Warranty
Maintenance |

from Progress in Photovoltaics:

Research and Applications, 11, 347 (2003)

Cost [¢/kW-hr]

e

Cell costs

of El

@
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Production Cost

ectricity ip, 2002

\L
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" 20
" 15
10
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Module
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slide 16 from M. Baldo
INSTALLATION COSTS

At present, installation costs for small scale
domestic solar systems are ~ $500/m?

This is equivalent to about $50/sq ft

FOR COMPARISON:
house construction including materials is ~$100/sq ft
warehouse construction including materials is ~$50/sq ft

Installation costs give a large advantage to high efficiency PV systems, e.g.

Case 1: Crystalline Si PV Case 2: Thin Film PV
Module cost $3/W Module cost $1/W
Efficiency = 20% (200W/m2) Efficiency = 10% (100W/m?2)
For 10kW system For 10kW system

Solar cells = $30,000 Solar cells = $10,000
Installation = $25,000 Installation = $50,000

Illil— Total = $55,000 Total = $60,000



slide 17 from M. Baldo

HOW CAN WE RADICALLY LOWER THE COST OF SOLAR CELLS?

17,: power efficiency

Use metric $/W,,: PV cost
$/W p —

(cost of PV cell divided by power

generated at peak solar 77p L L: solar power
illumination)
Example:

The CdTe process at First Solar
(100 MW/year of 8-10% modules, throughput = 4um thick films every 40s)

Capital cost of CdTe evaporation = $0.04/W *
Semiconductor cost = $0.04/W *

Total manufacturing cost = $1.25/W, 1

* See Zweibel, Solar Energy Materials & Solar Cells, 59, 1-18 (1999)
T Recent production data from First Solar

CdTe associated costs < 10% of manufacturing cost.
Remainder dominated by substrate (glass) and module costs (labor, wiring etc..).

New semiconductors/fabrication techniques alone will not achieve large cost savings.

Best option? Improve efficiency. 1% increase in efficiency = $0.12 / W,
IlsI”  Including installation costs: 1% increase in efficiency > $0.40 / W,
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Production is the real issue ...

Expected Global Solar Cell Production (Mike Rogol)

10°g . . :
_ 14,000 acres/dayé
py 1 100% US
ke |
5 1 10% US
©
(@] E
s
>
(a T
©
>
2 1
< 1 14 acres/day

O ] ' ] ; .
2000 2010 2020 2030 2040
Year

2006: Solar Cell Production Rate: 14 acres / day
2035: Required Solar Cell Production Rate: 14,000 acres / day

To survive as a technology NANOSTRUCTURED PVs need to:
- ACCELEREATE OVER THE Si-PRODUCTION
- REACH HIGHER EFFICIENCIES and/or LOWER INSTALLATION COSTS
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Advantages of Nanostructured PVs

Absorption constant for organic and nanostructured rl-l: '... 0.. LA A

materials is 10-fold larger than for inorganic thin films YT XYy
(due to large dipole moments in organics and quantum L AR L L LA

size effects in quantum dots and rods) Y YY XL

- TUNABLE SPECTRAL ABSORPTION -
- EFFICIENT MATERIALS USE -

- ROOM TEMPERATURE DEPOSITION -
(on an arbitrary form factor)

Thin Film Nanostructured PV efficiency ~6 %
Nanocrystalline dye electrochemical PV ~8 %

MANUFACTURING PARADIGM SHIFT
b — 3

e Electrode | PV Package

PVRoOll




slide 20 (junction of two different semiconductors)
Semiconductor Heterojunction Solar Cell
< MATERIAL A > < MATERIAL B R
IT IS ENERGETICALLY e
FAVORABLE FOR
electron ELECTRONS TO GO TO THE

MATERIAL ON THE RIGHT
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. oy
*

. »
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L & . &
B A 2
] N . o
- [ ] - L
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- L] l .

IT IS ENERGETICALLY :
FAVORABLE FOR HOLES TO

STAY IN THE MATERIAL ON hple
THE LEFT

Resistor

VVV
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sHide 21 Example: First Organic Heterojunction Solar Cell

Power conversion efficiency ~ 1%

|

Gold Wire Contact
\ g
— 30
:-—:
T ™ ~Gass &
' 5
ight 20t ¢
E
10} .
[-V in DARK

N

-04 -0.2

PHOTOGENERATED -10}

02 04
VOC

V (volts)

Perylene tetracarboxylic
derivative (PV)

CUREN
N
ot N (@]
lsc I-V in LIGHT
-30F
0’1
@o—
Need interface to | CupPc
maximize exciton
) e o PV
dissociation
- 0J

Voc = open-circuit voltage
l;c = short-circuit current

from Tang, Applied Physics Letters, 48 183 (1985)
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Organic Material Example: PHTHALOCYANINES -

Abundant: BASF makes 75,000,000 kg/yr
Non Toxic

Low cost: ~$1/g - $0. 17/m2 gN
Stable q '

after Peumans silicon production: ~35,000,000 kg/yr (2005)



slide 23 slide courtesy P. Peumans

Power Conversion Efficiency
~ Effect of Band Offset, AE ~

o 18 = . . . :
= AM1.5
= 16} 0.2eV A
- . A A
L>)\ 14 i F\ i \;/AE
C ARG \F
O 121 #0.3eVi il
@ i 0 e |
E ”i ':"..\':",'E‘ v
T 10¢ 1 For AE = 0.3 eV
- i RWEaN. Peak Power
81| :
O ! Conversion
g 6! Efficiency
E is 15%
o 4
O !
s 2 |/
2 ]
o O — : : : :
o 0 0.5 1 1.5 2 2.5 3 3.5

Band Edge, E. [eV]
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Multiple Junction Cells

Connect solar cells in series.
Usually wide gap cells in series with narrow gap cells.

— (——o

recombination interface

High energy gap Low energy gap

Voltage of cells adds.
But need same current through each cell. Must carefully tune absorption.

Advantage: highest performance cells made this way.




slide 25 slide courtesy P. Peumans

Power Conversion Efficiency
~ Multijunction Cells with AE = 0.3 eV ~

» AM1.5
30} 10 (30%) )
75| “rQ 642(;/502/) . multijunction cells

# junctions (77p)

20} o O219%)

e V
-

1514 : ¥ single junction (15%)

10t/ 4
: 6 stacked PV junctions
balance the need for

maximized efficiency
and reduced complexity

0 100 200 300 400 500 600 700
Short Circuit Photocurrent, J. [A/m?]

Balanced Power Conversion Efficiency, n, [%]



slide 26 from M. Baldo

A SHORT TERM GOAL: SOLAR CONCENTRATORS

FIXED LENS OR MIRROR COLLECTOR

Efficiency of devices increases

with light intensity:

- Short circuit current increases
linearly with incident power

- Open circuit voltage increases « Concentration factor limited to n2.
(G ~ 2) (n: refractive index)

TRACKING COLLECTORS

e Mechanical - adds cost and maintenance
Cooled cell « PV needs cooling
« Must be widely spaced to avoid shadowing
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A different approach:

use Organics only for Optical Function of solar cells ...

Simple construction: dye in or on waveguide

solar qir
~\radiation

e \\
me —> g lass
\\WW "i'ﬁgs}e@/

Structure collects and concentrates light onto PV cells.

This is not a new idea...

‘LUMINESCENT SOLAR CONCENTRATOR’

W. H. Weber and J. Lambe, Applied Optics 15, 2299 (1976)
Mir

from M. Baldo
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The ideal solar concentrator

1. Static (does not need to track sun)
2. Theoretically unlimited concentration factor
3. No excess heat incident on PVs (pumped at bandgap)

Example of luminescent solar concentration

Baldo lab proto-types
are 10x10x0. 1cm.
Characterized with
Sunpower Si PV cell
at one edge

from M. Baldo




slide 29 Bulovic¢, Baldo, and Bawendi

Lightweight A
Fluorescence - - EFFICIENT, LIGHTWIGHT, RUGGED, FLEXIBLE, PORTABLE
Down-Converti ng UNFOLDED SOLAR COLLECTOR
COATED WITH QD COLOR CENTERS
Concentrators THEIR OWN LUMINESCENCE THAT I8
GUIDED TO THE SOLAR CELL STRIP ROLLED-UP
SOLAR COLLECTOR
(FOR PORTABILITY)
1 KW per kg _
REFLECTIVE EDGES 4
A DIRECT LIGHT TOWARDS /
A 7 THE SOLAR CELL STRIP
COMMERCIAL SOLAR CELL STRIP
< > MOUNTED ALONG AN EDGE

r
1 (1) INCIDENT SUNLIGHT
: IS ABSORBED BY QDs
1 AND RE-EMITTED AS

I QD LUMINESCENCE QD COLOR CENTERS
bemm s s - IN A THIN FILM MATRIX

SUG 55608D U660
@%% A @© - d'%© )

SUBSTRATE

e L
1 (2) OVER 80% OF QD LUMINESCENCE i
: IS CAPTURED BY THE SUBSTRATE :

l - - COMMERCIAL SOLAR CELL STRIP
I I MOUNTED ON THE SUBSTRATE EDGE
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Quantum Dots in LEDs

Demonstrated:

» Spectrally Tunable - single material set
can access most of visible range.

D]
<
=
S
'y
w
>
)
o
-~
9)
IS
Q

 Saturated Color - linewidths of < 30nm FWHM.
» Can separately engineer “external” chemistry, C%if:rz':
emitting core, stabilizing shell. FWHM ~30nm_ |} 420, 800
« Can generate large area infrared sources. (2002).
 Inorganic - more stable than organic dyes 400 450 500 550 600 650 -
' 0.9
THE IDEAL DYE MOLECULES “ rentia lo.8
......................... LED colors 1,
% ....................... ' 0.6
usually alkane organics " 4 |
- TOPO, Oleic Acid, etc 10-5
0.4
Shell 10-3
Wider bandgap ................... ; - 02
semiconductor - ZnS, , 0.1
CdS, CdZnS NTSC 10.0
’ ~ color triangle 1™

X 0.00.1 0.20.3 040.50.60.70.8
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Design of QD-LEDs

QD m QDs are POOR CHARGE cathode | o N
L J H J e’ r| TRANSPORT MATERIALS but | A oro
EFFICIENT EMITTERS ... T e S
Cdse | moooooooc,\
hole transport D monolaver
ﬁz"i ﬁ L[ ﬁ L[ use ORGANICS for Q y
TOPO caps . " . CHARGE TRANSPORT anode
QD intersite glass
spacing

Isolate layer functions of maximize
device performance:

Vacuum Level = 0 eV

EA-2 1 1. Generate excitons on organic sites.
3 TPD o | A0 Eaca 2. Transfer excitons to QDs via Forster or
% ~ TAZ| | Algy| Ep=3.7 Dexter energy transfer.
2 [e-a7 Mg 3. QD electroluminescence.
c |0 EA=4.6
ol ITO
O IE=5.4 | CdS . .
g IE—6e8 IE=5.8 Need a new fabrication method

—_— =6. .
15265 in order to make QD layers:

Phase Separation

Il coe etal., Nature 420, 800 (2002).
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QD Monolavers ~ Phase Separation and Self-Assembly of QDs ~

QD Solution TPD Solution QDs

- @)
lr 72 ° o 0% close Eacked QDs
1 2 S 3 O TPD/solvent 4 TPD
‘ ‘ _______ Substrate Substrate

1. A solution of an organic
material, QDs, and solvent...
2. is spin-coated onto a clean

substrate.

3. During the solvent drying /
time, the QDs rise to the ~8nm PbSe QDs
surface...

4. and self-assemble into
grains of hexagonally close
packed spheres. Elat TPD

background

Coe-Sullivan et al., Adv. Funct. Mater. (2005)
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Phase Separation and Self-Assembly of QDs

QD Solution TPD Solution

ST

=

LINE DISLOCATION

VACANCY

/
x

INTERSTITIAL DEFECT

» ~ o¥PS$  close packed QDs

m .oooooooooo-
Substrate Substrate

GRAIN.BOUNDARY.

Mg:Ag
40 nm Alq; (ETL) /|

60 nm TPD (HTL)

100nm ITO

M

Coe-Sullivan et al., Adv. Funct. Mater. (2005)
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100 nm Mg/Ag

20 nm Alg,
20nmTAZ
1,0 T T &
saturated 40 nm TPD
color ITO
0.8} - QIESS
- same ETL,HTL,HBL
| in all QD-LEDs
g g
204 simplified
5 manufacturing
0.2k >
Green 0.9
. T CIE QD-LED
350 400 450 500 550 600 650 700 750 Potafitial 0.8
wavelength [nm] video 130% o OD-LED colars 0.7
T T T brightness NTSC O )
) range color ,. red 106
(5~10V) triangle ... :-" QD-‘ Fp 10.5
g"lg_ ...... - . . 0.4
T REQE,, =2.8% 0.3
w
) GEQE .,=19% | G = : : 0.2
_ BEQE. . =0.35% , - 0.1
o ] QE o 0 Blue NTSC 0.0
150_5 - QD-LED color triangle |

0%  10° 10° 10 [Hw :
current density [Alcm?] I III X 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8



f\fv/.a."',' : e € r)lr,l"
. Vhite via Patterned R-G-b
Wh’te Q_D'LEDS e .1'!.!"" ‘"-‘:
‘-...-"-'.“‘.'--
-1.“|-r.
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~ Calculated Spectra, Using 40 nm PL FWHM QDs -

paaieje

T T |
B CIE (033,035) T=5500 K - - . 'R R vl -
CRI=98 Black Body Spectrum .l o kg dia e b FEE

-
LT
N
.
.
e
.
.
e
-

scaled output energy density

Simulated Enabled by the identical
Composite ETL, HTL, HBL for all QD-LEDs
i QD-LED |
Spectrum m
/ Electron Transport
i i Hole Blocking
OO0O0C009
Hole Transport
= | — = 1 = — — — H
400 500 600 700 800 anode
wavelength [nm] glass
~ Precise Color Temperature Tuning ~ 1 l l l J l l

e ~ No “Wasted” Photons in IR or UV ~ (N ~
I““ White



slide 36

Mixed Layer White QD-LEDs

(Anikeeva, et al., Nano Letters (2007)

5 V: (0.35,0.47) and CRI = 76
9 V: (0.35,0.41) and CRI = 86

©
o

0.6

o
~

>
S,
—
Ll
©
O}
o
©
E
—
@)
c

—
N

] 500
wavelength [nm]

A

J/

-~
White




slide 37

QD-LED Cross Section shell

Evolution of Display Technologies B

electron transport 1

hole transport N

QD monolayer

" ToPO
cap

anode
glass

CAN WE REPLACE CHARGE TRANSPORT LAYERS

CRT 300-500 mm
Plasma - 25 mm
LCD - 8 mm

PLED/OLED/QD-LED:
15t Generation - 2 mm (Glass + metal can encapsulation)
2" Generation - 1 mm (Thin film encapsulation)
3rd Generation - 0.1 mm (Self-encapsulating QD-LED Flexible substrates)
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QD LEDs with Zn0:5n0, Electron Transport Layer

X 1.5 Vacuum level

2 FORWARD BIAS

3 .1 .

Ag

S 4 432
2 46 s Zn0:
5 . _Ag SnOZ
: L
Ll

6 ZnO: O

Snt)2 =
7
20 T T T T | . -
8 s UV excitation |

¥ Energy Band Diagram determined by:
 Ultraviolet Photoelectron Spectroscopy
 Optical absorption measurements

PL Intensity ( 2.1 )

Non-Catastrophic Damage to QD film 4r
during Zn0O:5Sn0, RF sputter deposition -

1 1 1 1 1 1 L 1 L 1 L

0.
B40 BE0 B850 600 620 640 680 630 70O
Wavelenglh (nm)

Illil- Caruge et al., Nature Photonics (2008).



Caruge et al., Nature Photonics (2008).
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OLED: The Green Display

TV and PC Account for 1% each of US Electricity Usage

EIEI 3 ':
First OLED TV: Sony XEL-1
(Est. 40% less power than LCD)

Plasma, LCD, RPTV power usage values from 2007 CNet report on commercial TV power
consumption. OLED value projected from SID 2007 demo. US household power usage data
from 2004 report by the Natural Resources Defense Council.






