June 16, 2009 Seminar
€ IEEE
SAN FRANCISCO BAY AREA
NANOTECHNOLOGY COUNCIL

- =

—Nano-solar cells™ Solar=Cel|s=e};

the Futurerwith-Nanotechn Gl

Outline

1. Energy Research: Forefront and Challenges -
Introduction — the energy challenge |
Energy alternatives and the materials challenge ’
Think big, go small
2. Our Energy Future: Nano-Solar Cells
i

— Jeongwon Park, PhD.
@l‘ Front End Product Group 1!
| Applied Materials 1 B

thinkit. apply it; Santa Clara
APPLIED MATERIALS. June 16, 2009 RINNESNW]

*




Humanity’'s Top llen Problems
for riext 100 vaars

=

ENVIRONMENT
POVERTY
TERRORISM & WAR
DISEASE

DUCATION
DEMOCRACY

I6) POPULATION

2007 6.6 Billion People
2050 8-10  Billion People

http://energysos.org/ricksmalley/top10problems/

Source: Richard Smalley, Energy & Nanotechnology Conference, Houston.
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The World Energy.Demand Challenge

— e
2100: 40-50 T™W
2050: 25-30 TW

2000: 13 T™W energy gap

~ 14 TW by 2050
~ 33 TW by 2100

industrial

developing

nucl renew

1990 2010

EIA Intl Energy Outlook 2004 o .
http://www.eia.doe.gov/oiaf/ieo/index.html 85% fOSSII

Hoffert et al Nature 395, 883,1998
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New Materials and Nanoscience

y_TiO
NN 2 T
R\ hanocrystals artificial

photosynthesis
dsorbed

4y a
- quantum dots

natural

hotosynthesis
P Y nanostructured
thermoelectrics

.. nanoscale architectures characterization theory and modeling

— top-down lithography scanning probes  multi-node computer clusters
bottom-up self-assembly  electrons, neutrons, x-rays density functional theory

~ multi-scale integration smaller length and time scales 10 000 atom assemblies

Solar energy requires interdisciplinary nanoscience research
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50 - 200 °C 500 - 3000 °C
space, water heat engines
natural \ heating electricity generation

photosynthesis artificial process heat
photosynthesis

Solar Electric Solar Thermal
Solar Fuel

.0002 TW PV (world)

.00003 TW PV (US) 1.4 TW biomass (world)
. $0.30/kWh w/o storage 0.2 TW biomass sustainable (world)

| ll

R ———

1.5 TW electricity (world) 11 TW fossil fuel 2 TW
$0.03-$0.06/kWh (fossil) (present use) space and water

heating (world)
~ 14 TW additional energy by 2050

0.006 TW (world)




What.is a.Selar Cell?

t1salse knewn as Photovoltaic celf@V cel):
= A device that converts light energy (solar energy)
directly-to-electricity.

= The term solar cell is designated to capture energy from

sunlight, whereas PV cell is referred to an unspecified
light source.

= |tis like a battery because it supplies DC power.

= |tis not like a battery because the voltage supplied by
~the cell changes with changes in the resistance.of.the

Ioad_. Solar Cells

R —




= apewanplereneray p——

= Can be powered! for remote locations

= It’s free, limitless, and environmentally
friendly...

Toys, watches, calculators
Electric fences

Remote lighting systems | | | |
Water pumping

Nater treatment

_Emergency power
"Portable power supplies

Satellites




Moore’s Law for semiconductor electronics
seon, all microchipsawillbenanescale.devices

=il °® —@— DRAM 1/2 pitch, 3-yrcycle e DRAM 1/2 pitch, 2-yr cycle —@— MPU gate length
o

°
® o

o o

®

CONCLUSION: Moore’s law continues for this decade regarding future size, device
performance and cost for semiconductor electronics industry.

We now need to apply to set goals for the

Semiconductor Research Corporation



Example of Moeore s law,

MRestofworld
E Europe

M Japan

mUS.

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Annual Growth > 30% For the Last Decade

Source: Paul Maycock, PV News, March 2006




Global Solar markets

Newly installed PV Power in 2007: 2.4 GWp B

Italy
[ 50 MWp: 2%

!

! Greece
" 2MWp: 0.1%

_ France

45 MWp; 2%

Portugal
10 MWp; 0%

- ROEU
10 MWp: 0.4%

China
7 20 MWp; 1%
f,ff’ South Korea

—_

" 50 MWp; 2%

~_ India
20 M\Wp; 1%

——_ _ Row Source: EPIA, ASIF, BSW
175 MWp; 7% Updated February 2008




Reductio
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Distribution of Renewable Energy

Total RES
electricity
production
2007: 86.7 TWh
RES share of
electricity
consumption: 14.3%

Hydro energy
21.7 TWh; 27%

e

Iectrici ucti-on inGermany 2007

Photovoltaics
3.0 TWh; 4%

____Bioenergy solid
6.6 TWh; 8%

_Biogas
" 8.9TWh; 11%

_ Bio energy liquid
—  1.2TWh; 2%

T Geothermal
0.1 TWh; 0.1%

Source: BEE, Jan 2008




Choice of solar technologies:

1 Crystelline silicor)
Amoerpheus silicon
Cadmium telluride
Copper indium-diselenide CIS family,
notably copper indium gallium diselenide CIGS
Dye sensitised solar cells DSSC
Organic — polymer or small molecule

Nano solar cell: silicon nanoparticle ink, carbon nanotube CNT and
guantum dots, nanowires

Inorganic nanorods embedded in semiconducting polymer, sandwiched

petween two electrodes
. Sunlight

: v T
N

anorods
Electrode




How: Solar Cells Work: Photoveltaic Effect

VISIBLE

3 e = - Y Wavelength (m)
— Ny Doundon : : s 10-# 107 & s 10
. EANE | | | | I

Ultrawiolet Infrared
| | | |
1077 0% ms 101 101 102
Fregquency (Hz)

[ ] 1 I |
103 102 10! w0 1! 102

Photon energy (eV)

antireflection coating

SOLAR
RADIATION

front contact
emitter

Entire spectrum of sunlight : 0.5eV ~2.9 eV
(Red light : 1.7 eV, Blue light : 2.7 eV)

We need to consider;

Energy source
Photon excites Valencerelectron

Electron-hole pair created
Electrons & holes “separate”

Band gap determines what is
absorbed

. Absorption

Transport

Collection



To free an electron, the energy of a photon must be at least as great as the
bandgap energy.

E hoton = absorb to create free electrons.

=
wwrston. < Ebandgap . pass through the material.

Epand gap OF Other effective PV semiconductors ranges from 1.0 to 1.6 eV.
In this range, electrons can be freed without creating extra heat.




Typical P-N Junction Silicon Solar Cell Structure

— i

REFLECTION

Sunlight
Top side metallization grid

Anti-reflection coating

n* emitter

p base

~100-300 pm  Boron~1016¢m-3 . -
: Optional p* back

surface diffusion

Back side
metallization




Current-voltage (I-V) curves of an organic solar cell (dark, - - -; illuminated, -). The characteristic intersections with
the abscissa and ordinate are the open circuit voltage (Voc) and the short circuit current (Isc), respectively. The
largest power output (Pmax) is determined by the point where the product of voltage and current is maximized.
Division of Pmax by the product of Isc and Voc yields the fill factor FF. Pin is the incident light power density.

Harald Hoppea, et al, J. Mater. Res., 19, 1924-1945, (2004)



SEETConsIsts ofraliare , _ 210z of
‘generalingrusablerelectiical enerayAromligtiseuICESWithtENaVEIEngiiS of
sunlight. These cells: are typically'made using ai silicon wafer.

2"d: Based on the use of thin-film deposits of semiconductors. These devices

were Initially designed to be high-efficiency, multiple junction photovoltaic cells.

3rd: Very different from the previous semiconductor devices as they do not rely
on a traditional p-n junction to separate photogenerated charge carriers. These
new devices include photoelectrochemical cells, polymer soelarcells, and
nanocrystal solar cells. Dye-sensitized solar cells are now inpreduction.
Examples include Amorphous silicon, Polycrystalline silicon, micro-crystalline
silicon, Cadmium telluride, copper indium selenide/sulfide.

m—

4N Composite photoyoligiciechnelogy with therise of polymers with nano

particles can be'mixed together to make a single multispectrum layer. Then the
thin"multi spectrum layers can be stacked to make multispectrum solar cells
more efficient and cheaper based on polymer solar cell and multi junction
technology used by NASA on Mars missions.




Comparisoen of thin film solar cells

YOE Baneflt or lnigricdad genefit Efficiancy Crizllernges COINPERIES
a-Si Thin Film, 8-10% Constant Innovalight
Flexible substrates degradation United Solar
Potential for roll to roll processing low efficiency Mitsubishi
unavailable for mono- or poly-Si. Not tightly rollable
NanoSi As above with high efficiency High? Kovio

CdTe Fairly high efficiency. Cd is toxic First Solar
Well proven Controlled disposal Calyxo
Over $1 billion of orders only
Lowest cost/watt over life Not tightly rollable

High efficiency at low cost Price of indium. HONDA
long life New process/ Global Solar
transparent stability Wurth
no disposal problems, printable Nanosolar

Tolerant of polarised/ Liquids handling G24i UK
low' level light-can use heat Price of ruthenium?? Dyesol
extreme angle ofiincoming light 5 year liie? Sonys
Transparent/colors; tightlyireliable —
R L Ne dispesalfpreblems, printable

Organic Potential for lowest cost ? Cost Konarka
Large area possible Efficiency Plextronics
Tightly rollable 1 year life? Heliatek
No disposal problems, Narrow spectrum

Spray directly onto things?




DhinEin PV AlleChnoelogjes

* nanoparticle Si

CIGS/CIS

) PrlmeStar Solar

Organic PV he“a’[ek . |
Orga sed Photovoltai Konarkar




Best. Cell Efficiencles

— —

BEST POWER
CONVERSION
EFFICIENCY. (%)

TYPE OF CELL/
TECHNOLOGY

Single crystalline
J - / 24
silicon

Multi-crystalline 18
silicon

Amorphous

N
i Y

silicon
CIS,
CIGS
DSSC

=
& 20
0
[+]
b

16

Multi-Junctions
(e.g. GaAs, InGaP)

Organic Unh Linz

& hybrid Slomora

Unwarsliy
Universly Line
solar cells L e

1980 2000 2005

Source: NREL



“Efficiency vs. cost
« Solar cell efficiencies vary from 6% for amorphous silicon-based
solar cells t0.42.8% with multiple-junction research lab cells.

 Solar cell energy conversion efficiencies for commercially available
multicrystalline Si solar cells are around 14-16%.

* The highest efficiency cells have not always been the most
economical — for example a based on
exotic materials such as gallium arsenide or indium selenide and

. produced in low volume might well as much

——
-

as an amorphous silicon cell in-mass production, while
- only delivering about four times the electrical power.




o Make an Efficient Solar Cell,

Extra
elactrons

(® Tune the p-layer to the properties of incoming photons to absorb as many as possible,
and thus, to free up as many electrons as possible.

(® Keep the electrons from meeting up with holes and recombining with them before they
can escape from the PV cell.

(® One designs the material to free the electrons as close to the junction as possible, so
that the electric field can help send the free electrons through the conduction layer (the
‘n-layer) and out into the electrical circuit.

® Antireflective Coating e
[@ Silicon reflects more than 30% of the light that shines on it.

= To improve the conversion efficiency of a solar cell:
' 1. Coat the top surface with a thin layer of silicon monoxide (SiO).
a single layer : 10% ; a second layer : less than 4%
2. Texture the top surface: cones and pyramids which capture light rays

J. Vac. Sci. Technol. B 20.6., Nov. Dec 2002




Revolutionary Photovoltaics: 50% Efficient Solar Cells

- single junction
- ohe exciton per photon
* relaxation to band edge

%’A

~_multiple junctions  multiple gaps multiple excitons hot carriers

per photon

S— -
rich variety of new physical phenomena
challenge: understand and implement




iR ElmeSelar Cell. Junction: Structures

—

(® Hetero junction : formed by contacting two different semiconductors—
CdS and CulnSe,

® p-i-n / n-i-p : typically, amorphous silicon thin-film cells use a p-i-n
structure, whereas CdTe cells use an n-i-p structure.

(® Multi junction : also called a cascade or tandem cell, can achieve a higher
total conversion efficiency by capturing a larger portion of the solar
spectrum

- Antireflection
., coating

(® A multijunction device is a stack of individual
single-junction cells in descending order of

o> Eaa> s E)_a,ndgap _LEg).

i | 0 ®© The top cell captures the high-energy
cell 1 (Eg) photons and passes the rest of the photons

= on to be absorbed by lower-bandgap cells.

Cell 2 (Eg2)

i

Cell 3 (Eq3)




Prospects for Nanoe-enhanced Solar Cells (Ying Guo)

o — e N

decreased agglomeration

e glEClronical contact
' —# charge separation
photon management &
optical enhancement
\ NO Vacuum processing
: Low temperature
\ fabncation

encapsulation

Dye-sensitised solar cells

photovoltaic efficiency
(>10% for modules)

improved stability Flexible solar cells

sol-gel

solid state

nanocrystalline
matenals structured thin film p-n

junctions

techniques for ultra-thin
films

Basic research Required technology developments Market applications




Solar Cells based on Nanotechnology:

Organic and Hybrid cells

Nano-crystalline TiO, Film: Dye-Sensitized Solar Cell (DSSC)
Quantum dot solar cells

Nanowire solar cells




Organic and hybrid solar cells

———

ADVANTAGES

» Easier and cheaper fabrication processes: non-vacuum, low
Temperature, available at industrial scale.

* Low cost materials (?), low quantity (g/m?), flexible and cheap
substrates (no glass).

- High EQE over the whole sun spectrum.
» High light absorption (100nm are enough to absorb most of the light)

DISADVANTAGES

- Lower carrier mobility than in inorganic semiconductors.

A -

“*"New devices, a lot of work for optimising morphology and composition.




Examples of organic semiconductors used in

n=5: DH-5T

F
clu
1=6 : DH-6T “
O
poaSa S
d Y PTCDA
S

j 5 g 5:‘ CCCCCCC

Phthalocyanine

Harald Hoppea, et
al, J. Mater. Res.,
19, 1924-1945,
(2004)

S\/ \/ \_/

a—sexithiophene



Organic Hetero-Junction Cell

“+ The first cells where built in the 50’ (organic dyes with-inorganic semiconductors).
« First organic cells had very low efficiency: 10-4/10-3 %. — —

» Due to the very short diffusion length for excitons (about 10nm), only the charges
very close to the junction could be efficiently separated and collected by the

electrodes.

100/200 nm

electron
acceptor

: Phthalocyanine
substrate ppVaPSI?Y cyano-polymer
glass ’ 1Q

T
uariz > e i"
q .. L t ” S——

active interface

lllustration of the photoinduced charge transfer with a sketch of the energy level.
After excitation in the PPV polymer, the electron is transferred to the C60




The Bulk Hetero-Junction

electrodes wn’rh wor'k func‘rlon maTchmg the ener'gy bands—of"rhmmposﬁre

It can be seen as nanoscale p-n junctions.

»The density of p-n-junctions is much higher than in bilayer cells.
*Much larger interfacial area, where charges can be separated.
-Efficiency increased of 2-3 order of magnitude reaching 1%.
-Separate conduction path for electron and holes (like in DSC).

(b)

Exciton Electron

CN-PPV MEH-PPV




—_— Fea—— e ———

Organic cells can be a cheap alternative to inorganic——
semiconductor cells: low cost material, cheap fabrication process,
good spectral response.

What has to be done?

*Optimising the morphology is the key for better efficiencies.

- Two competing goals: good mixing, partial ordering.




— - 1 - g — — = - -
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BHJ with organic/inorganic semiconductors

—

ex. P30T:CdTe, P3HT:CdSe, CuPC:Si, P3HT:TiO,, P3HT:CIS

Maximum reported eff. is 2%

ADVANTAGES
Inorganic semiconductors have much higher carrier mobility.

~ Inorganic semiconductor can be produced in the form of nanocrystal
_in order to control the ordering of the microstructure

R —




|deal structure of a bulk heterojunction solar cell

Interspaced with an average length scale:
10-20 nm < Exciton diffusion length

The two phases have to be interdigitated in percolated highways to ensure high mobility
charge carrier transport with reduced recombination.

Buried Nanoelectrodes

- Diffraction gratings and buried nano-electrodes—architectures for organic solar cells
M.Niggemann*®, M.Glatthaar, A.Gombert, A.Hinsch, V.Wittwer

~ Thin Solid Films 451 -452 (2004) 619-623
_Substrate__

T~
‘ Separate the absorption process from the charge
Photoactive transport in case of different mobility for holes and e-in
area - the blend

lectrodes




Hybrid cells

- Fig. 2. Cadmium se-

— e . lenide nanocrystals with
T aspect ratios ranging
Hybmd Nangr'od-Ponmer from 1 to 10. The sam-
Solar Cells ples, shown by transmis-
Wendy U. Huynh, Janke J. sion ellectronl micro-
Dittmer, A. Paul Alivisatos graphs (TEMs) at the

- s scale, have dimen-
Science 295 p.2425 (2002) cions (A) 7 nm by 7 nmy

(B) 7 nm by 30 nm, and
(C) 7 nm by 60 nm.

f 2
7

]
4

™ . & .
T 1 % '
% e 3 § | LA |
b el ¥
_. b L

AN .

Hybrid solar cells with vertically aligned CdTe nanorods and

a conjugated polymer pEE—— -
Yoonmook Kang, Nam-Gyu Park, and Donghwan Kimb ]']:“; <. Scanning electron MICIOSCopy IMmages: ll” 1:'
Applied Physics Letters 86, 113101 (2005) P e ¢ anarods: T e

cross section of the composite layer.

400nm




Nano-crystalline T102 Film

SnO, Coated Glass TiO, Nanoparticles / Electrolyte Counter Electrode

The excited state of the dye can be
thought of as an electron-hole pair
(exciton). Tio,

el
&0
o
=
m
=
o
=
o
2
w

Mesoporous TiO,
Surface area X1000

Anode Cathode

_— —= 9 =
= —
The excited dye transfers an electron to the semiconducting TiO, (electron injection).

This separates the electron-hole pair leaving the hole on the dye. [dye™]

The hole is filled by an electron from an iodide ion.
[2dye** + 3> 2dye + ;7]




Nano-crystalline T102 Film

from the TiO, at the
cathode.

A

_———Ef

Anode is covered-with SN
carbon catalyst and _ | 5 N
injects electrons into the c ‘ |
cell regenerating the
iodide.

Electron Energy

Redox mediator is iodide/triiodide (I-/15)

"~ The dashed line shows that some electrons
are transferred from the TiO, to the triiodide
and generate iodide. This reaction is an
internal short circuit that decreases the
efficiency of the cell.

Y

- h* in'l (ns) Au
Dye ‘

Hole-transporter

n
(=]
|||||I|||||||||I||||

&
o




Py -,,_;' f
LY - Q\~ *
-4

1 A p R D
AccV Spot Det WD 1 500 nm
5.00kV 3.0 TLD 5.2 SPIRO ASG10354895 HC infiltration

f rea W & M W
Glass
———

Light absorption in dye, electron transfer to TiO,,
hole transfer to Spiro-MeOTAD.

Additives in HTM: tbp and Lithium TFSI

‘Bach, U. et al. Nature 395, 583-585 (1998)




Application, of Carbon Nanotubes to Counter

Glass

- FTO
TiO2/ Dye (N719) Photo

TiO2/ Dye (N719)

Photo
electrode

electrode Reflection layer
Reflection layer Electrolyte
Electrolyte + Counter
Catalyst Count et - electrode
i ounter Membrane filter
electrode Glass

FTO
Glass

s Pt “'JE
§ 104 < s
< = SWCNT
E 8— -—.-J E
= ) \ >
% 4 Carbon filament " ~ b @
§ [ e LTI 3 . S 44 Nanohorn
- 44 Nanohorn ~ v, \ =
S h \‘". o Carbon filament
3 24 ""-.,‘%'  None L 3
0 —zy - ' 0.2 0.4
0.0 0.2 0.4 0.6 0.8 ’ )
Voltage / V Voltage / V -

Table 1. Conversion efficiency (7)) of the cells and specific
surface area (S) of carbon materials

Table 2. Conversion efficiency (77) of the cells and sheet
resistance (R) of carbon electrodes

Catalyst n/'% S/m?g”! Electrode /% R/ square™"
SWCNT‘ 3.5 764 SWCNT 45 18
Carbon filament 2.5 350

Nanohorn 24 300 Carbon filament 0.2 990

Pt 5.4 - Nanohorn 0.04 = 1000
None 0.1 -

Kazuharu Suzuki, et al, Chemistry Letters, 32, 28 (2003)



Charge must be rapidly. separated to prevent back reaction.

Dye sensitized solar cell, the excited dye transfers an electron to the TiO, and
a hole to the electrolyte.

In the PN junction in Si solar cell has a built-in electric field that tears apart the
electron-hole pair formed when a photon is absorbed in the junction.

Basic problems needed to overcome:

the high recombination rate at the TiO, interface
the low conductivity of the hole conductor itself.

-

1
2




Solar Cells based on Nanotechnology:

Quantum dot solar cells
Nanowire solar cells




Strategies for Improvement

(Witrl riarosifucitres- AbDs)

. Capture more Sun"ght - Tune SMGLE QD-FV TANDEM, QD-PV STACKED QD-PV
energy band gaps of materials Power Eff > 10% Power Eff » 15% Power Eff > 15%

n-type n-type rr-Eypd
meetal omide X matal axide . ern:-l-ill conde i

: f1 Coligidal QD it
. . 3.8 LRE" multilayers . Callaidal QO
Potential Advantages: Wa e s voe - - S

Cheaper Materials matal cxide e | o different

absarption

Capture more of Solar ' epectrum

SpeCtrum conventional
Py call
mEtaJ oide

Generate more electrons per
photon:

Potential Advantages:

— Dramatic Efficiency
Improvements

— Greater Solar Spectrum

Photoexcitation




= Basic Solar Cell:

1 photon = 1 exciton
(1 electron/ 1 hole + excess

energy)

MEG Solar Cell:

ek

1 photon = 2+ excitons

(2+ electron/holes

—reduce heat loss!)

B
4

Potential Efficiency Improvement

Cluantum Dot

Une photon yields
!

WO e~N* pairs

mpact ionization
(now called
multiple exciton
generation, MEQG)




\Why: Quantum Dots for. selarn cells?

AlIETES

Tnermzl relepeliion of excligel chzireje

cantersigniiicantly siowed down;

1" Enhanced photoveltage = collect
charges while their hot.

2. Enhanced photocurrent = get more
from the hot ones.

S ——
r———

Photoexcitation

Iy

One photon yields
two e’-h* pairs

w

2
: g

{ g

<

\

-

Schaller. Nano Letters 6 424 (2006)
Nozik. Physica E 14 115 (2002)



(b) Auger Recombination

excited N —_ .
exciton biexciton biexciton exciton

Higher photon energy/band gap
raties, give higher carrier
multiplication efficiencies.

Onset at ~3Eg.

(c¢)Dynamic Carrier Populations (d) Dynamics Schematic

th T —hoE3
— ho/E4<3

? 1S—stat§e °c°”pat.i.2[' limit «— s Immediately following photoexcitation, hia/Eg>3

asd 90.9

1P

S5 ) Impact ionization (n= 50%)and cooling

183 - ”xx

Auger recombination and coollng
B=ny+ny

4 5 6 7 8 9 10 11 12
Photon energ).//Eg

Schaller. Nano Letters 6 424 (2006)
Schaller. PRL 92 186601 (2004)

N=Nyx/ (Nx+Nyy)
=(A-B)/B

to

-
I
I
1

A=ny+2nyy
I

Population —_—

"% Time (ps) —




IHaveteoe able to extract charge
carriers produced in quantum

B Y S 7 . i R g o g o (E fht
dots. | N B s h g
TIO, polymer

The two fundamental pathways for enhancing the
conversion efficiency (increased photovoltage [7.8] or
increased photocurrent [9,10] can be accessed, in prin-
ciple, in three different QD solar cell configurations;
these configurations are shown in Fig. 2 and they are
described below. However, it is emphasized that these
potential high-efficiency configurations are specula-
tive and there is no experimental evidence yet that
demonstrates actual enhanced conversion efficiencies
in any of these systems.

Nozik. Physica E 14 115 (2002)



Coaxial silicon nanowires as solar cells

Liquid + (Si)

Temperature (°C)

Si
100 3
Percentage of Si atoms 1 nin2

p1-p2

Charles M. Lieber et al, Nature 449, 885 (2007)




Characterization of the p-

A9
A

L
[+]
o

(z-wo yuw) °°p usseddy

\
b
m
L
N
o

10 15 20
Device length (um)

400 800 0
1 Intensity (mW cm) ’,.“
.’»
.o
,.,
24} &%
0.1 0.2 0.3

Ferand V. (V) and I, (nA)

0.0

-N S

100 150 200

Temperature (K)

250 300

The overall apparent efficiency of the p-i-n coaxial silicon nanowire photovoltaic
elements—3.4% (upper bound) and 2.3% (lower bound)—exceeds reported
nanorod/polymer and nanorod/dye systems, and could be increased substantially

with improvements in Voc by means of, for example, surface passivation.
Charles M. Lieber et al, Nature 449, 885 (2007)




a 0.18

0.16f

V (V)

0.14

0.12

Nanowire
senhsor

4,000

Time (s)

—_— PV 1
— PV 2
—— In series
— |n parallel

0.2
Vbias (V)

0.4

v
3 Vie Vie | Vo 11
v
1o o |o
1 0 0
0 1 0
Viy Vi d i 1
e b
00
Logic state

Figure 4 | Self-powered nanosystems. a, Real-time detection of the voltage
drop across an aminopropyltriethoxysilane-modified silicon nanowire at
different pH values. The silicon nanowire pH sensor is powered by a single
silicon nanowire photovoltaic device operating under 8-sun illumination
(Vo =0.34V, I, = 8.75nA). Inset, circuit schematics. b, Light I-V curves
(1-sun, AM 1.5G) of two silicon nanowire photovoltaic devices (PV 1 and
PV 2) individually and connected in series and in parallel. ¢, Nanowire AND
logic gate powered by two silicon nanowire photovoltaic devices in series.
Insets, circuit schematics and truth table for the AND gate. The resistance of
CdSe nanowire is ~5 G£2; the V. of two photovoltaic devices in series is
0.53 V. The large resistance of the CdSe nanowire and reverse-biased p-i-n
diode makes V, and V; (HIGH) very close to V, of the photovoltaic device.
To get V; (LOW), the diode is simply grounded.

Charles M. Lieber et al, Nature 449, 885 (2007)



Strained Si Nanowires: Solar cells

2% tension

Energy (eV)
Energy Change (cV)

3\

3 N,

m "1:-:\
b \
L

»

102 03 04 05 01 02 03 04 05 004 002 000 0.02
k (2n/c) 2n/c) Strain

Figure 1. (a) Electronic band structures of a 2.2 nm [011] Si NWs under 2% compression (blue) or tension (red), comparing with the
unstrained (black). The energy zero (also in other figures) is set to the vacuum level. (b) The energy shifts of the CBM (AE¢gy) and VBM
(AEygwm) levels and the change of the band gap (E,) as functions of strain for the 2.2 nm Si NW.

* The added strain in the nanowire changes the structure of energy bands, such that
positive and negative charges can be separated into different regions of the nanowire.

* The main potential benefit of silicon nanowire cells over traditional crystalline silicon
cells is that the silicon would not need to be doped with other materials.

» This means that nanowire solar cells could be made inexpensively from much lower
quality silicon, and without labour-intensive processing.

Wu, Z., Neaton, J. B. & Grossman, J. C. Charge separation via strain in silicon nanowires. Nano Lett. doi:10.1021/nI19010854 (2009).




Nanowire applications for selar. cells
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Nanowires decouple light absorption and carrier extraction
into different directions !  Atwater Caltech




Choice of solar technologies:

1 Crystelline silicor)
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“Amoerpheus silicon

Cadmium telluride

Copper indium-diselenide CIS family,

notably copper indium gallium diselenide CIGS
Dye sensitised solar cells DSSC

Organic — polymer or small molecule

Others such as silicon nanoparticle ink, carbon nanotube CNT and
gquantum dots

Nano solar cell: Inorganic nanorods embedded in semiconducting

polymer, sandwiched between two electredes
. Sunlight
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WI|| be needed — .

New materials and nanoscience discoveries are necessary to
its development

Strong interplay between basic and applied sciences is a key
to success

Interdisciplinary approaches, and coupling theory/experiment

are vital
Working with industry at all stages is a key factor

The challenges and constraints are global and
L complementary:among different countries

ERiernational cellakpration . andnetwoeidngrmust be
Sencouragedand stipported




