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Classification of Solar Cells
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Why do you rob banks, Willy?
“Cause that’s where the
money is”

Willy Sutton
Bank Robber



Photovoltaics R&D: DOE Funding Opportunities



 Basic Research
e Fundamental understanding
« New technologies

http://www1.eere.energy.gov/solar/solar_america/pdfs/d_horwitz_os_bes.pdf



http://www.sc.doe.gov/bes/reports/files/SEU _rpt.pdf



Recommendations

m New concepts in solar electric

m Organic and hybrid organic/inorganic
conversion systems

m Photoelectrochemical solar cells

m Novel nanoscale and self-assembled
materials

m Theory, modeling, and simulation



www1.eere.energy.gov/solar/solar_america/pdfs/d_horwitz_os_bes.pdf



Cell Structures
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Comparison of Simulated and Reported

Photo- J-V and Quantum Efficiency
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The Effect of CGS Top Cell Thickness

on CGS/CIGS Tandem Cell Performance
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The simulations suggest that a mechanically stacked CGS/CIGS tandem
structure could achieve n ~ 25% using a high performance CGS top cell (n > 16%0)
and an optimized CIGS bottom cell.



Recommendations

m New concepts in solar electric

m Organic and hybrid organic/inorganic
conversion systems

m Photoelectrochemical solar cells

m Novel nanoscale and self-assembled
materials

m Theory, modeling, and simulation



Organic Photovoltaic Cells

e Advantages
- Low material cost
- Low temperature processing
— Compatibility with flexible substrates
and roll-to-roll processing
— Tunability of material properties
through chemical synthesis

e Challenges —_—
- Low device efficiency (5-6% now) »
— Stability and reliability issues




Recommendations

m New concepts in solar electric

m Organic and hybrid organic/inorganic
conversion systems

m Photoelectrochemical solar cells

m Novel nanoscale and self-assembled
materials

m Theory, modeling, and simulation



Unseeded, Template-free InN
Nanorod Growth

T =600 °C @& ~ 100 — 300 nm
HCI/TMIn =4 L~1pum
M v = 250 Flat or sharp edge

Substrates: Random or aligned
Si(111), GaN/c-Al,O5; No liquid indium

Growth time =1 hr observed




Effect of HCl/TMIn and Growth
Temperature

HCI/TMIn ratio

Optimal Conditions:
T =600 °C
HCI/TMIn=4
V/111=250



o Applied Research

 Experiment with lab-
scale processes and
prototype production
to assist in the
transition of PV
technology

http://www1.eere.energy.gov/solar/solar_america/pdfs/d_horwitz_os_bes.pdf



duction - $/W,

m Materials Costs (~50%)
— Material efficient deposition

- Lower substrate cost (e.g., BIPV)
» Lower temperature

m Processing Costs

— Capitalization largest cost
» Process intensification
» Increase process yield (e.g., process control)

» Increase throughput (e.g., scale-up, reduce absorber thickness,
high rate deposition/rapid reaction pathway/lower
temperature)

m Increase Cell Efficiency

- For advanced technologies: Module level <
Champion cell ~ Predicted



Seek CIGS Pathway
High-rate
High-quality
Low temperature

Phase Diagrams
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ch to Developing Phase Diagrams

Critical Evaluation, Equilibrium
Model Selection & _Phase
Assessment Diagrams

Therm_ogzhe_mical Bulk & Point Defects

Solid State Coulometric Titration Isothermal Section (500 °C) « Solution modeling

e First principles calculations
¢ EXFAS measurements

Phase Model

Liquid lonic two sub-lattice model
(Cu+1,Cu+2)p(Se-2,Va,Se)q

a-Cu,_Se Sub-lattice model (3 sub-lattices)
(Cu,Va),(Se,Va),(Cu),

B-Cu,_Se Sub-lattice model (3 sub-lattices)
(Cu,Va),(Se,Va),(Cu),

Fcc (Cu) Regular solution model
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emperatcure Ramp Anneal

CGS (112) ICPDS

CuSe #34-0171
CuzxSe #06-0680
CuGaSez #35-1100

CGS
(220/204)

(110, 108)

(101,102)  (006)




- > TEM-EDS



ENVIEEDRS Analysis

Glass/GaSe/CuSe Precursor



ENVIEEDRS Analysis

Glass/GaSe/CGS/CuSe annealed for 30 min, at 300 °C
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Solld=state Growth Models

e Parabolic growth model
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Parabolic model Avrami model

a® — k-t In[-In(1-2)] = nin(t+t*) + nink

= Analysis suggests one-dimensional diffusion controlled reaction



e Avrami model

3
( ) Avrami
-6 =
A 1 InSe/CuSe 66 65
In(k) o
A 2 CuSe/In,Se, NVZN 162 (+5)
-8 4
100
3 Cu-In + Se(vapor 124 (+19
4 '\ Gase/CuSe 118 (:22) 107
(#15)
104 (6)
Cu-Ga + Se(vapor) 108 N/ZA
6 Cu/In/Ga + 144 N/A
o Se(vapor)
1.4 15 1.6 1.7 1.8 1.9 2 2.1
[441 °C] [203 °C]

1000/T(K)




e Consulting activities

e Experiences positions
Universities to offer guidance
to industry

e Supply industry with
qualified scientists and

engineers

Where will all the new
ideas and people come
from?

http://www1.eere.energy.gov/solar/solar_america/pdfs/d_horwitz_os_bes.pdf






versity Research
.

Why do you rob banks,
Willy?
“Cause that’s where the
money is”
Willy Sutton
Bank Robber

Sutton's law states that in attempting to diagnose a
problem, one should first do the experiment that can
confirm the most likely diagnosis. "When you hear hoof
beats in Texas, think horses, not zebras."



=

Basic Research Recommendations
m Novel nanoscale and self-assembled

materials

— Studies of nucleation and growth of novel
materials involving Kinetically or
thermodynamically driven self-assembly of
tailored building blocks.

— Construction of the active layers and devices

using carefully controlled vapor or solution-
based.



ommendations

m Theory, modeling, and simulation

— New theoretical, modeling, and computational tools are
needed which span many decades in space, time and
structure are required to guide and interpret
experiment and assist in the design of molecules,
materials and systems.

— Improved theory and methods are needed to
understand electron transfer and charge separation,
excited-states, their properties and their potential
energy surfaces.

— Enhanced capabilities to accurately predicted band-
gaps, lifetimes and band offsets in materials that are
realistic candidates for solar energy systems.



ommendations

m New concepts in solar electric conversion

— Nano-structured architectures that can efficiently
absorb the full spectrum of wavelengths in solar
radiation

— Multiple exciton generation
— Structures that are defect tolerant and self repairing.
— The use of these materials in multiple junction cells

— Advances in nanoscale characterization using electron,
neutron, and x-ray scattering and spectroscopy and
integration of these probes with studies of
photoinduced charge separation and transport will be
essential to understand the structure/property
relationships in these materials.



m Photoelectrochemical solar cell research:

m - Need to extend photoelectrode lifetimes and find
low-cost solids and electrolytes.

m - Search for new combinations of sensitizers and
redox couples for higher solar conversion
efficiencies.

m - Enhance absorption in the infra-red spectrum by
sensitizing dyes and quantum dots.

m - Develop novel mesoscopic electrode designs,
derived from nanostructured and nanoporous
solids.




m http://wwwl.eere.energy.gov/solar/sol
ar_america/pdfs/d_horwitz_os_bes.pdf
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