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Outline

0 The sun as a source of energy
* What are the scale and usefulness of solar energy?

0 Fundamental physics behind photovoltaic solar cells
* What is a solar cell made from?
* How does a solar cell work on the level of atoms and electrons?
* What are the current voltage characteristics of a single cell?

O Types of solar cells, challenges, and the future
* How do types of solar cells differ?

* What are the challenges in materials science to making solar cells
more efficient and economical?

* What did | just read in the news about a new discovery in solar
cells and is it actually promising?
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The sun as a source of energy

What are the scale and usefulness of solar energy?
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Scale of Energy Consumption

¢ U.S. Energy consumption = 1020 Joules / year

¥ Spread out evenly over time = 3 Trillion Watts
(3 TW)

¥ Per person = 10,000 Watts / person

QUESTION: When you curl a 20 Ib. dumb-bell
and lift it about 3 feet, how much energy are you
expending to lift it? 2

ANSWER: About 100 Joules.
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Per Person

r You would need to lift this 20 Ib. dumb-bell
380,000 times an hour in order to supply your
own energy (assuming your efforts could be

harnessed with 100% efficiency).
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Energy from Sun

el 8,000 miles
g ¥ - 93 million miles

S

PeartH =
one-billionth Pg

= 3x107” Watts

T=6000 K
Psun = 3.9%x1026 Watts

http://nssdc.gsfc.nasa.gov/planetary/factsheet/sunfact.html
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How much energy reaches the surface?

r Most of the solar radiation penetrates the outer
atmosphere.

Peak intensities:

1,366 W/m2/1
~1,000 W/m?
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Average intensities?

¢ Geography and climate-dependent: considering
clouds, four seasons, day and night

Peak intensity:
~1,000 W/m?

Average intensity:
~100-300 W/m?
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How much energy reaches us?

What about Wisconsin?

Photovoltaics Basics Michael S. Arnold
EP 602 Slide 9



us?

Direct Normal Solar Radiation Annual
(Two-Axis Tracking Concentrator) | isimecs sy aume o oatenong oo

aerosol optical depth, precipitable water vapor, albedo, atmospheric

pressure and ozone resampled to a 40km resolution. See
http: #wan nrel gov/gisfil_csp html documentation for more details.
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us?

Direct Normal Solar Radiation Annual
(TWO_AX'S Tra Ckl ng C o n Ce ntrato r) Model estimates of monthly average daily total radiation using inputs

derived from satellite andfor surface observations of cloud cover,
aerosol optical depth, precipitable water vapor, albedo, atmospheric
pressure and ozone resampled to a 40km resolution. See

http: #wan nrel gov/gisfil_csp html documentation for more details.
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us?

Direct Normal Solar Radiation Annual
(TWO_AX'S Tra Ckl ng C 0 n Ce ntrato r) Model estimates of monthly average daily total radiation using inputs

derived from satellite andfor surface observations of cloud cover,
aerosol optical depth, precipitable water vapor, albedo, atmospheric
pressure and ozone resampled to a 40km resolution. See

http: #wan nrel gov/gisfil_csp html documentation for more details.

20% effizient
solar cells =2

kWh/m2/day

A
Sy « BNREL

e L,
Produced by the Electric & Hydrogen

Technologies & Systems Center - May 2004
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Conclusions about solar resources

¥ Humankind’s energy needs are enormous.

¥ The energy we receive from the sun is
more enormous.

r Sunlight could power our society if the
proper technology were available and
affordable.

If we run out of coal and oil,
the sun could save your arms
from a lot of unnecessary
exertion:
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Fundamental Physics Behind
Photovoltaic Solar Cells

What is a solar cell made from?

How does a solar cell work on the level of atoms and
electrons?
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What is a Solar Cell Made From?

Visible

Radio Microwaves Infrared Ultraviolet H-ray Gamma Ray

Low Frequency High Frequency

AN ]

Light

Electricity

www.freefoto.com
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What is a Solar Cell Made From?

Light - BLACKBOX

+ ) -
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What is a Solar Cell Made From?

¢ At heart: a semiconductor

¢ Silicon is most common

+ (also: inactive components such as metal, glass,
structural materials, etc.)

A\
e

A computer chip and a solar cell are both
made from semiconductors.
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Other Semiconductors

¥ GaAs
e CdTe
r CulnGaSe (CIGS)

¢ Organic molecules (C)

¥ Pbl2 + Organic
molecules (Organic-
iInorganic hybrid

perovskite) Many elements and
compounds are

semiconductors.
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What Makes a Semiconductor a Semiconductor?

F It can act like both a conductor or an insulator.
F It can be doped to conduct negative charge
(electrons) or positive charge (holes).

F It has an “energy gap” or “band gap”.

Conductor Insulator
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What Makes a Semiconductor a Good Semiconductor?

Proper bandgap
® Determines energies of photons absorbed and PV voltage
¢ Abundance of materials

¥ Economics of processing / scale-up / toxicity / cost
of disposal

¥ "Speed” of charges
¢ Thermal and chemical stability / lifetime / reliability

¥ Electronic nature of atomic-scale defects and
imperfections in semiconductors
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What happens to these energy levels
when you pack many atoms into solid?



Energy Levels Split in a Solid to Form Bands

Look at effect on lowest n=1 orbital.

7 YEEEEEEEE many atoms

Band of energy levels
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Semiconductor Has Gap Between Bands

n=4 /\ Empty Band
n=3
e e _
- f‘ n=2 Empty Band
(@)
| -
3 $Band Gap
Lu -
e e B
1 isolated atom solid of many atoms
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Light Excites Electrons Across Bandgap

Empty Band E T

I Band Gap

Challenge is to next separate negative and positive charge to
opposite sides of a solar cell before the electron falls back down
to the filled band and turns into heat!
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How Can Charge Be Spatially Separated?

0°0°0°6 60 ¢

Si . Si 0 Si Si_Si_Si_Si

seveee
L

Si . Si o Si . SiSi_ Si_Si

Example 2D Representation of Si:

¥ Each Si atom is covalently bonded to 4 other Si atoms.
F All 4 electrons in the outer-shell are in covalent bonds.
B No free charges to move around — low conductivity.
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Absorption of Light

One route to separating
positive and negative charge
is to utilize doping.

What is doping?
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Not the Kind of Doping | Am Talking About.
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What is Doping?

E Doping results from the intentional or
unintentional addition of impurities to a
semiconductor.
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N-type (Electron Doped) Silicon (Si)

i o Si \Si Si  Si . Si  Si
i "Si Si  Si _ Si
seeeee
oo

Si . Si L Si Si _Si_Si_Si

S
S

F Replacement of Group IV Si atom with Group V P atom
F P atom becomes positively ionized, releasing free
electron that can move and conduct.
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P-type (“Hole” Doped) Silicon (Si)

Si _ Si _ Si
Si _ Si _ Si

Si

LR

Si

F Replacement of Group IV Si atom with Group Ill B atom
F B atom becomes negatively ionized, effectively releasing
positive charge called a hole that can move and conduct.
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A Common Device is: P-N Junction

P
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: ¢
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P-N Junction
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P-N Junction




Other Components: Electrodes, Coatings

anti-reflective

photon track coating

conductors

ILLUSTRATION BY KURT STRUVE

crystalline

semiconductor
(usually silicon)
priayer n-layer
back contact :
(positive conductor) + “hole” (negativecondagtay)
reflective layer
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Our Blackbox

Light - BLACKBOX
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g
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Conclusions About How a Solar Cell Works
on the Level of Electrons and Atoms

¢ The active materials in a photovoltaic
solar cell are semiconductors.

r Light excites negative charge (electrons)
higher in energy across the band gap.

¥ Ajunction between P-doped and N-doped
semiconductors (PN junction) is used to
separate the positive and negative
charges —> electricity.
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Fundamental Physics Behind
Photovoltaic Solar Cells

What are the current voltage characteristics of a
single cell?
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Current-Voltage Characteristics

/
o= —0
Anode Cathode
Current
VOItage ( Vanode' Vcathode)
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Short-Circuit Current (/)

/
o
Anode Cathode
Current
VOItage (Vanode' cathode)
ISC
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Open-Circuit Voltage (V,)

/
O— —0
Anode Cathode
V,
o¢ Current
Q_ VOItage (Vanode' cathode)
VOC
ISC
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P=lV FF = “Fill Factor”

: —_— * — * *
Electrical power = I,,*V,, = V,*I*FF e l,V,
. IOC VSCFF VOC ]SC
Efficiency 717, =
tical
opHed Current
Voltage ( Vanode- Vcathode)
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What is the FF? FF = “Fill Factor”
Electrical power = 1,,*V,,, = V,.*Is.*FF FF — l,V,
L IOC VSCFF VOC ]SC
Efficiency 7, =
/ optical Current
Area of
FF =

Area of

FF measures squareness of
the curve and how close

operating voltage and current
\&)me to the V. and /.. /

Voltage (Vanode-Veathode)
Voc

erating condition
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Trends

Dramatic changes in solar installations and cost
over the last several decades.
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The PV market has been growing rapidly
over the last two decades.

Price of a solar panel per watt Global solar panel installations
v v
$120 $101.05 64,892 MW 70,000
— 50,000
80
40,000
60
30,000
40 3 :
2 MEGAWATTS 20,000
N 10,000
O R P PR TR (N DPEN B N AP NS U R NN M ISRV [ N VRS RS O NV N U OSN[RS I A N0 NN /N O I N 1 A (ORI O
1975 1980 1985 1990 1995 2000 2005 2010 2015*
Data/image source: Earth Policy Institute/Bloomberg
Photovoltaics Basics Michael S. Arnold

EP 602 Slide 46



Meanwhile, price has plummeted.

Price of a solar panel per watt Global solar panel installations
v 8 4
$120| 810105 64,892MW | 70000
100
80
60
40
2 MEGAWATTS
20
70 ot 30l Bt Kol B 8 B 8 el W e o o G bl b N ey g 0
1975 1980 1985 1990 1995 2000 2005 2010 2015*
Data/image source: Earth Policy Institute/Bloomberg
Photovoltaics Basics Michael S. Arnold

EP 602 Slide 47



The growth has been world-wide and
especially in China.

Annual global PV module supply

GW

1;0 _ Rest of World
" Europe «  2018is
M India

projection from

100 W= JaPa" March, has
. since been

B China revised

. downward
| B l

2013 2014 2015 2016 2017 2018

“Annual solar PV installations reached 100 GW in 2017, with
China consuming half of the global demand.” Data source:

o
o
T

0

New installations in each year
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Types of Solar Cells

How do types of solar cells differ?
How efficient are they?

What are the challenges in materials science to making
solar cells more efficient and economical?
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NREL National Center for Photovoltaics

Best Research-Cell Efficiencies

http://www.nrel.gov/ncpv/

%=
L.
St

Multijunction Cells (2-terminal, monelithic)
LM = lattice matched

™ MM = metamorphic

IMM = inverted, metamorphic

V' Three-junction (concentrator)

|— ¥ Three-junction (non-concentrator)

A Two-junction (concentrator)

A Two-junction (non-concentrator)

B Four-junction or more (concentrator)

O Four-junction or more (non-concentrator)

Single-Junction GaAs

A Single crystal

A Concentrator

V' Thinfilm crystal

Crystalline Si Cells

B Single crystal (concentrator)

B Single crystal (non-concentrator)
O Multicrystaliine

| @ Silicon heterostructures (HIT)
V' Thin-film crystal

| of Maina

Thin-Film Technologies

© CIGS (concentrator)

® CIGS

O CdTe

O Amorphous Si-H (stabilized)

Emerging PV

O Dye-sensitized cells

O Perovskite cells (not stabilized)

@ Organic cells (various types)

A Organic tandem cells

@ Inorganic cells (CZTSSe)

< Quantum dot cells
(various types)

- Amonix
o - (92%)

1 1 1 1 1

Observation #1: Efficiency up with time! Ranges from 10-46%!!!

|
1985

| |
1995 2000
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How Efficient is Photosynthesis?

Chemlcal
Energyl

, Regeneratlon

e 7 (y Stored/
Eff|C|enC|es from ézf:rmﬂ* = 4 0 Hawestable

Opinion in’Biotégh / e 4 !
2008, 19:153-159 "7~ © Jof0m Pt Acommens wﬁ%} edlh. org/W|k|/F|Ie Rain_ forest_ NZQJPG
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NREL National Center for Photovoltaics

cianci http://www.nrel.gov/ncpv/ *NREL
[l . - " »
Best Research-Cell Efficiencies P g P e-a INIRE L
52
Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies
LM = [attice matched © CIGS (concentrator)
48 - MM = metamorphic ® CIGS
IMM = inverted, metamorphic O CdTe
V' Three-junction (concentrator) O Amorphous Si-H (stabilized)
|~ 'V Three-junction (non-concentrator) 3
4 A Two-junction (concentrator) Eome[;yg:sgnzxze\, cells
a Two-function (non-concentrslor) O Perovskite cells (not stabilized)
_— Four-junction or more (concentrator) @ Organic cells (various types)
40 Four-junction or more (non-concentrator) A Organic tandem cells
Single-Junction GaAs :) [(']‘°’95;”' CC:”S (CHZTSSe)
. uantum dot cells
36 2 gmgﬁﬁ (various types)
YV Thin-film crystal
Crystalline Si Cells
—~ 32 =& Single crystal (concentrator)
2 B Single crystal (non-concentrator)
< E Multicrystalline
- Silicon heterostructures (HIT)
5 28 V' Thin-film crystal
c o
(o) UNSW
o A
=
L

Ny
o

—_
(=]

12

1985 1990

1995 2000

Observation #2: Lots of different cell-types!
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Cell-Type Classifications

Number of Junctions
Single-Junction:

Crystallinity

- > 4 '4
by A L e % G ey
. * % ‘s L el a0 , &’ Wiy .
9 ®» 9 9 ¥ s . LTS o . 53 o e - H H .
L 4. 4 & & 4 oy, "l:- o 8 T 3v‘q"s,:‘f;7; MU/tI-JunCtIOn Small
rFyYyrrr’r waltal 0 ¥ % B e N
-4 &% % e R B e o gl = A"
= .3 wills e s 3l ey Bandga
., ¢ W | v - .
44 ¢ 414 N Y Vot g S .
=00 9 90 9% v 9 g
Medium
Crystalline Polycrystalline Amorphous

Bandgap

Large
Bandgap
Thick Crystal or Thin Film Composition

Thin-Film

Periodic Table of Elements
Semiconductor Thin Film e

~

w

IS

Thick Crystal

g-nsa:sa!;s'::aﬂ = R T
& HER) il FR

~

Semiconductor Crystal
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CrySta Il nity Defects slow charges and
Ne——""_ cause losses.

Crystalline Polycrystalline Amorphous

More Economical

Faster Charge
Collection

Faster Charge
Recombination

Image from; httE://sEectrum.ieee.org/image/1 838375
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Number of Junctions

Single-Junction: Multi-dJunction: Small
Bandgap
Medium
Bandgap
Large
Bandgap
QWhen the photon energy > band In multi-junction cell, blue
gap, extra energy is wasted. photon can produce more
QFor example, a blue photon energy than red photon.
produces same energy as red O Maximum efficiency ~50% (for
photon). 3 cells).
QMaximum efficiency ~30%. dMore complex fabrication -
More $$%.
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Composition (Different Semiconductors)

Periodic Table of Elements

10 11 12 13 14 15 16 17

~
o
©

1 2 3 4 5 6

! Atomic #

Metals ” Nonmetals

Lanthanoids
Actinoids

auleyy

selew ypes

00ZErx o0zZrx

PUVOZErx

-
=]

For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.

Design and Interface Copyright © 1997 Michael Dayah (michael@dayah.com). http://www.ptable.com/

41t tr r v tr tr t °r tr tr 1tr 1r 1
La ©Ce :tPr #Nd Z2Pm Z8Sm %*Eu 2Gd 3Th 7Dy 2Ho zEr 2Tm %Yb %Lu =2
Lanthanum 2 Cerium e = ium 2 2 Samarium 2 Ewopium 2 Gadolinium 2 Tebium 2 ium 2 Holmum 2 Erbium 2 Thuiom 2 Ytteium 2 Lutetom 2

138.90547 140.116 140.90765 144242 (145) 150.38 151.964 157.25 158.92535 162.500 164.93032 167.259 168.93421 173.054 174.9668
me 89 i9 i i 9 i9 S i9 i9% i i i9 g100 F101 3102 2103 2
: Ac :Th zPa U :Np ZPu Am zCm :Bk :Cf zEs zFm :Md :No :Lr 2
Actimium 3 Thorum ' Protactiium 3 Uranium 3 Neptunum 3 Putonum 2 Amercum 3 Cuum  J Berkeium 3 Calfomum ? Eisteinum 3 Femium 3 Mendeeim 2 Nobelum 3 Lawrencum 3

232.02808 231.03588 238.02891 (221) (244) (243) (241) (2471) (251) (252) (257) (258) (229) (282)
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Thick Crystal or Thin Film

Thin-Film Thick Crystal
Semiconductor Thin Film

Semiconductor Crystal

~ 5 um (~0.2 mils) ~ 500 pm (~20 mils)

F Very thin films possible if

semiconductor absorbs light .
strongly (depends on composition). ¢ Self-supporting.

B Uses less material. ¢Single crystalline.
F Requires supporting substrate.

¥ Typically polycrystalline.
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NREL National Center for Photovoltaics

cianci http://www.nrel.gov/ncpv/ *NREL
[l . - " »
Best Research-Cell Efficiencies P g P e-a INIRE L
52
Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies
LM = [attice matched © CIGS (concentrator)
48 - MM = metamorphic ® CIGS
IMM = inverted, metamorphic O CdTe
V' Three-junction (concentrator) O Amorphous Si-H (stabilized)
|~ 'V Three-junction (non-concentrator) 3
4 A Two-junction (concentrator) Eome[;yg:sgnzxze\, cells
a Two-function (non-concentrslor) O Perovskite cells (not stabilized)
_— Four-junction or more (concentrator) @ Organic cells (various types)
40 Four-junction or more (non-concentrator) A Organic tandem cells
Single-Junction GaAs :) [(']‘°’95;”' CC:”S (CHZTSSe)
. uantum dot cells
36 2 gmgﬁﬁ (various types)
YV Thin-film crystal
Crystalline Si Cells
—~ 32 =& Single crystal (concentrator)
2 B Single crystal (non-concentrator)
< E Multicrystalline
- Silicon heterostructures (HIT)
5 28 V' Thin-film crystal
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=
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Observation #2: Lots of different cell-types!
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Only 3 of these different types have
significant market share.

Annual PV production share
by technology

2013 2014 2015 2016 2017 2018

Thin-film

M c-Si p-type
Mono Advanced

Process

M c-Si p-type
Mono Standard
Process
c-Si p-type
Multi Advanced

Process

B c-Si p-type
Multi Standard

Process

“Until 2016, standard processed c-Si p-type solar cells dominated
PV production; during 2017, p-type mono cells have increased

market-share contributions in addition to advanced process flows
including PERC cells.”

c-Si indicates crystalline silicon
where

o mono = single crystalline

o multi = poly crystalline
n,p refers to doping of the original
silicon wafer

Data source:
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Best Research-Cell Efficiencies

More Detailed Comparison

http://www.nrel.gov/ncpv/

BES
']

e N R

AL RENEWASLE

et

Multijunction Cells (2-terminal, monolith
LM = lattice matched

MM = metamorphic

IMM = inverted, metamorphic

V' Three-junction (concentrator)

¥ Three-junction (non-concentrator)

A Two-junction (concentrator)

A Two-junction (non-concentrator)

B Four-junction or more (concentrator)

O Four-junction or more (non-concentrator)

Single-Junction GaAs
A Single crystal

A Concentrator

V' Thin-film crystal

Crystalline Si Cells

B Single crystal (concentrator)

B Single crystal (non-concentrator)
O Multicrystalline

@ Silicon heterostructures (HIT)
V' Thin-film crystal

oeing,, .. K

ic)  Thin-Film Technologies
© CIGS (concentrator)
® CIGS

O CdTe

O Amorphous Si:H (stabilized)
Emerging PV
O Dye-sensitized cells
O Perovskite cells (not stabilized)
@ Organic cells (various types)
A Organic tandem celis
@ Inorganic cells (CZTSSe)
< Quantum dot cells

(various types)

- - = = ==

UNSW 2

UNSW

N
*
LRLRERRRRRRR

NNNN
NEB W
WANW

Solarex”

ARCO

odak Kodak

Photovoltaics Basics
EP 602

Michael S. Arnold
Slide 60



1]

Single-Junction Single-Crystal Si Solar Cells

Number of Junctions
Single-Junction:

Crystallinity
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Efficiency (%)

Best Research-Cell Efficiencies

Efficiency ~ 26%
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Challenge: Expensive Manufacturing

< 2

Polycrystalline Si
> 99.9999%

http://www.youtube.com/wat

ch?v=aWVywhzuHnQ&NR=1
(start @ 1:48)

m/applic'ati.ons/polysilicon/ 1/
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2]

Single-Junction Polycrystalline-Crystal Si Cells

Number of Junctions
Single-Junction:

Crystallinity
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Best Research-Cell Efficiencies

Efficiency ~ 22%
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2]

Lower Processing Costs

Deposition by chemical vapor deposition: SiH, (g) = Si (s) + 2H,(g), 650 °C

A
"—'_"-'——u-—

‘_—.‘

l’ aﬁal "3“

Grains

F Lower cost due to Iower temperature processing
but lower efficiency due to loss at grain boundaries.
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3] Single-Junction Polycrystalline-Crystal Thin
Film Cells (e.g. CdTe)

Crystallinity

Number of Junctions

Single-Junction:
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Best Research-Cell Efficiencies

Efficiency ~ 22-23%

http://www.nrel.gov/ncpv/
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Multijunction Cells (2-terminal, monolithic)
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MM = metamorphic

IMM = inverted, metamorphic
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2] Lower Processing and Materials Costs: Vapor
Deposited, Thin Films

CIGS
Zn0O,ITO-2500A

ZnO/CdS
CIGS

CdS-700A
x CIGS 1-25pm
Mo

Glass Mo -0.5-1 um

Glass, Metal Foil,

Plastics
CdTe
Glass
SRS R SnO; Glass

Cds

$n0,,Cd,Sn0,-0.2-0.5 ym

§ CdTe CdS-600-2000 A
CdTe 2-8ym

{8 ZnTe:Cu B C-Paste.with Cu;
Ti or Metals

Fig. 1. CdTe and CIGS Device Structure

from: Noufi and Zweibel, IEEE 4t WCPEC-4 (2006)
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Other Types of Solar Cells

Technologies on the periphery.

What did | just read in the news about a new
discovery in solar cells and is it actually promising?
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Efficiency (%)

Advantage: Work Record Efficiencies (46%)

Best Research-Cell Efficiencies

:iNREL

MGLAL RENEWABLE Y LABORATORY

52
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Multi-Junction Solar Cells

Number of Junctions
Single-Junction:
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Example: Near-World Record Multi-
Junction Cell

1 Solar Junctions

InGaP Top Cell
143.5% (2012) 19ev uneHo
0 Recent advances in jy Tumnel danction
.. (e GaAs _Middle Cell
efficiency due tc? ability AN e
to grow new unique ~Tunnel Junction
combinations of GalnNAs (Sb) _ | Bottom Cell
1.0eV Junction 3

materials on top of
one-another.

GaAs Substrate

Contact

from: http://www.nrel.gov/continuum/spectrum/awards.cfm
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Disadvantage: Very Costly

Many layers of P- and N- doped lll,V semiconductors

e

Con -
“_(.‘s'a"‘s's C,o&‘ 38
: ¥
n-AllnP wind ow A\
n-InGaP emitter LoP “\\ﬂ 36 ] ® %—
p-InGaP base (\5“, & ®
- AllnP BSF T ®
p-AlGaAsvnInGaP | > o 34 &
n-InGaP windew \pc'a»d\ S @
n-InGaAs emitter \d&&ef\n = &
p-InGaAs base \\-ﬂe : w32
pInGaP BSF TS
p-GaAs/n-GaAs > - 30 @
\a¥
n-InGaAs buffer \,o““
InGaP lst layer Ce & o8 . ;
"'g° vl ) 1 10 100 1000
p-Ue
Concentration Ratio

Fig. 5. A schematic cross section of a high-efficiency InGaP/InGaAs/Ge 3-junction soar cell and efficiency of a
concentrator cell as a function of concentration ratio.

““*ScienceDirect S fry Nt

¥ Higher efficiency but much higher cost!™ =

on and
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Possible Solution: Concentrators

F Reduce cost by using lenses to focus light from large
areas into smaller solar cells

Fig. 6. 7000cm? and 400X concentrator module with the 36 receivers connected in series and dome-shaped
Fresnel lens made by injection mold.

F Must track the sun to enable focusing =» expensive.
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Efficiency (%)

Highly Exploratory Cells

Best Research-Cell Efficiencies i:NREL

NATIONAL RENEWABLE ENERGY LABORATORY
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Highly Exploratory Cells: New Materials

Organic Nanotechnology
molecules & (quantum dots
polymers and carbon

nanotubes)

A < S -
s e -
-4 ' 4

BRI B, Adv. hter: .
inorganic (7 SR £ W %‘ Inorganic/or
semi- | Wy ‘c"z'z‘;s.m’s.;‘ ganic hy.brid
perovskites

conductors jebiii S o e A
FRHERE L RIS Mo i 4L ’ 2 A o
= H Tfoskin b AR o 1L
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Organic-Inorganic Hybrid Perovskites

HTM

TiO,/CH,NH,Pbl,

FTO

MA = methylammonium http://www.nature.com/nature/journal/v499/n7458/

images_article/nature12340-f2.jpg
http://scitation.aip.org/docserver/fulltext/pt.5.7058figure1.jpg

O Discovered just a few years ago.

O Solution-processable - Inexpensive.
0>20% already!!!

QStability and lifetime still an issue.
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Summary

The active materials in a photovoltaic solar cell are
semiconductors.

A junction between P-doped and N-doped semiconductors
(PN junction) is used to separate the positive and negative
charges generated by light - electricity.

Photovoltaic solar cells come in several varieties:

® Single-crystalline, polycrystalline, amorphous.

#* Single- and multi-junction.

#® Thick crystal and thin film.

* Si, llI-V, 1I-VI, and other compositions.

Single- and polycrystalline single-junction Si and
polycrystalline thin film single-junction CdTe are currently the
most commonly installed photovoltaic technologies.
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Thank You!

Are there any Questions?

Prof. Michael S. Arnold

Department of Materials Science
and Engineering

University of Wisconsin-Madison
1509 Univeristy Ave.
Madison, WI 53706
TEL 608-262-3863
michael.arnold@wisc.edu

H
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