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Research and Development 
in Renewable Energy

• Direct – Hydroelectric, Wind, waves, and geothermal 
• Photovoltaics – New concepts+ and Materials, Design, 

testing and modeling
• Fuel production – Liquid and gas from coal and 

others including biomass
• Hydrogen storage and sensors 
• Fuel cells
• Photosynthesis – Natural and artificial
• Energy Storage – Electrical capacitors+, Mechanical, 

batteries, thermal, and gravity
• Depositions – MBE, CVD, Spray-on + Rapid thermal, Laser ablation 
• Devices – Semiconductors, optical and mechanical
• New frontiers – Nanoscience, new concepts, and 

exploration+ of symmetry, Catalysis 
with hot electrons

+ Exploratory ideas to be mentioned in this talk
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Who introduced photovoltaic to me?

I joined the ultrasound department of Bell Labs. Working with Don 

White, who invented the solid state ultrasound amplifier. He told 

me that it is nothing but a CdS pn-junction with two transducers 

attached, one at the input and another at the output. He said that I 

should understand how pn-junction works. A week later, Raymond 

Wolfe came to our lab. commenting on my learning the pn-

junction, he said, “Before I got involved with George Smith (the 

inventor of CCD) working on high magnetic field, I was at Oxford 

U. working on photovoltaic. It is nothing more than a pn-junction. 

In fact, almost all semiconductor devices are nothing but pn-

junctions. However, photovoltaic involves human destiny because 

all energy comes from the sun, and mankind better learn to take 

advantage of solar energy. I shall go back to it one of these days.” 

Ray Wolfe never did! He eventually became in charge of the 

magnetic bubble memory. But I was impressed by his comment.
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My first awareness

• My first encounter with the notion of doing something with 
renewable energy was during 1973 oil crises. I was already 
heavily involved with the field of man-made quantum 
devices at IBM Research, when in 1969-1970 period, Esaki 
and I introduced the man-made solids – superlattice and 
quantum wells. Nobody in these days seriously proposing 
replacing silicon in the Hoffman cells (common name for 
solar cells) pushed by RCA. My substantial swing in the 
direction of energy issues began when I was on Sabbatical 
in Campinas Brazil, 1977, teaming up with Carlos Luango to 
study coal and graphite. We discovered that the good coal 
of Pennsylvania and bad coal of South Dakota are 
distinguished by what gets in between the graphite planes. 
Also during these days, amorphous silicon passivated with 
H came on the scene as a viable material for solar cells.
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I ran into Stan Ovshinsky in the APS meeting. I wanted to 
tell him my fascinating encounter with David Turnbull. I told 
David that my pulse laser annealed amorphous silicon 
apparently melts at 900C+. Prof. Turnbull replied, ― Take the 
melting point of silicon, reduced to 2/3, would that be close 
enough to your measured value?‖ I said, ― Indeed very close, 
but why?‖ He said: ―You used a forth harmonic of 1.06µm Nd-
Yag laser for annealing. And you told me that the absorption 
length is less than 100Å, what you have done is to effect 2D 
melting.‖ I asked him where he published this work. He 
replied, ― I could not pass the reviewer on this idea of mine!‖ 

Stan said to me , ― I want you to come and join ECD.‖ Two 
years later, I did leave IBM and joined ECD to work on the 
amorphous-silicon solar cell at ECD, eventually leading me to 
SERI, hired by Satyen Deb, the Director of the Basic Science 
of DOE, to run the a-Si PV group.

+ A transducer was used to detect the onset of melting.
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When I was following Stan for getting support for PV, the primary 
number is price per watt of electricity. I think the number we used 
for utility companies was $1/Kw for installation and $.07/Kwh. People 
are overly optimistic about how much the Moore’s law dictated the 
rapid development of the IC industries. Implying that if they can do 
it, by working little hard, we can do it too. Well, we all know now that 
it is a tough assignment. We should not take it from congressmen 
running for offices to tell us all their optimistic views, nor we should 
take it from salesmen from companies selling renewable energy. 
Even if we can be 100% efficient, using AM1 figure, for a car top of 4 
square meters of area, we can only generate 4kW. Reducing it for 
time several hours from noon, and several months from June 21st, 
we have at most 1kW, enough to run the electronic control and head 
lights of your car! Renewable energy is more than dollars and cents, 
rather, about utilization and management.

What is different today from 20 years ago is our awareness,  
aided by environmental concerns, together with available 
funding from government and private sectors in encouraging 
utility companies to set aside a portion of the operating 
budget to promote research and development in renewable 
energy. This fact serves as the driving force for significant 
development in photovoltaic and solar energy research.
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Solar spectra outside of earth atmosphere and 
5800K Blackbody
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Newport: Path length in Air-mass with various zenith angles 
AM0 : 1367W/Sq.m, AM1: 1KW/Sq.m, AM1.5: 900W/Sq.m
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Diurnal variations of global solar radiation flux on a 

sunny day. From Newport

http://www.newport.com/images/webclickthru-EN/images/1069.gif
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Since pn-junction is so important, let us first show the difference 
between two cases: (A) low photon excitation at equilibrium when 
the Fermi levels on the left for N-side is aligned with that on the right 
for the P-side. Also shown are the electrons sliding down and holes 
climbing up. Under high excitation (B), eh pairs generated with 
electrons collected on the left and holes on right separately, resulting 
in a voltage V.
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The right and left contacts are pinned by the surface states, ST( according to 
Bardeen, located about 1/3 from the conduction band-edge.) Therefore the 
electrons collected gain 1/3 of the band-gap Eg and holes gain 2/3 of Eg so 
that heat is generated at the contacts. Contacts to n-Si and p-Si are specially 
designed silicides. Finding the right contacts is one of the most difficult device 
consideration. When photon energy is >> Eg, we resort to multi-junctions PV 
to overcome the Queisser-Schockley limit.

ST

ST

EFL(+)

EFR (-)

Ec

Ev
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Some Important Basics in Semiconductor Contacts

• Contacts to n-type and p-type are different, e.g. we use Cu/Si for 
n-SiC and Al/Si for p-SiC.

• Surface states are different from the bulk because in the bulk one 
sees the same materials, but on the surface one side is silicon, 
and the other side is vacuum.

• The general rule (John Bardeen) that the surface states is reduced 
from 1 to 2/3 so that it is positioned in energy, ~ 2/3 from the 
valence band. For this reason, a metallic contact generates a 
Schottky barrier. To avoid this we deposit an appropriate metal 
onto a heavily doped thin surface layer.

• We need transparent electrodes, TE, e.g., ITO (Indium tin oxide) 
and TCO (transparent conducting oxide) in general, to allow light 
to pass through the contact. However, these TEs usually have a 
sheet resistance ~ 2-5 Ω/Sq, too high for most electronic device 
standards.

• The contact issue alone constitutes intense research effort, not at 
all routine.
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Fundamental understanding of 
heterojunctions

• Any photon, smaller in energy than the bandgap, passes
right through, while much greater than the bandgap results
in losing the extra energy to the creation of phonons as
heat, the optimum case is when the bandgap is matched to
the photon energy. This is all because the solar spectrum is
quite wide. The solution is to create tandem cells or even
triple junction cells. However, because of the problem with
high sheet resistance for the TE contacts, often times a
poorly executed triple cells is out performed by a single
junction cell.

• When materials with different band-gaps are placed
adjacent to each other, how do we align the two sides.
Usually we use the work function from the vacuum state to
align. Therefore, using the jargon, we call band-edge
offset.

• What happens at a common energy, one is in the valence
band, and the other in the conduction band (I called it
type-II superlattice in 1977, today it is referred to as Type
III), the orthogonality of the wave functions will form new
linear combination to account for the interaction. By doing
so, new bandgap opens up. Why is it important? This
system provides new flexibility in PV design, designing
states in the gap for additional photo response.
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Other important properties affecting the efficiency

• PV cells output is approximately given the product of open circuit voltage 
& short circuit current. Thus mobility does enter into efficiency, comparing 
with AM1, or AM0.

• Silicon is widely used, because of its indirect bandgap with absorption 
length of 1,000x of direct band-gap semiconductor, it runs up the cost by 
requiring too much material. Generally, we need an absorption length of 
no more than ~ 1µm. In industry, it is called E04, i.e. the absorption 
coefficient reaches 104 cm-1. For this reason, III-V cells such as GaInP, 
and II-VI InTe, and CuInGaSe2 are gaining on c-Si cells in every case 
other than space and military fields. 

• The most important reason why the costly c-Si PV cells are not pushed 
aside by these lower cost, polycrystalline cells is the fact that these higher 
efficiency, lower cost cells have not been developed sufficiently advance in 
reliability. For example, one hears about >30% cells of single crystalline 
III-V cells, and 16.8% low cost  CdTe polycrystalline cells, these cells have 
not been developed sufficiently for large scale and long term use.

• The triple junction a-Si:H cells, nominally having  12% efficiency is 
actually much below that. A single junction c-Si cell can deliver more and 
lasting longer, generally with a half mm thick single crystalline silicon 
wafer.

• Solid state solar cells with concentrators require adequate cooling.
• The present PV cells have not reached the level to run side by side 

with electricity from nuclear power and fossil fuels. More research 
and development are needed.
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The Issue of Efficiency

Realistic figure of efficiency of Gasoline engine ~ 15% and Steam 

engine ~ 25%

We heard figure of 40% for solar cell. What you do not know is 

that these numbers apply to small area ~ 1cm2 or less, testing with 

an ideal simulator at Zenith. Taking into account time of day, days 

of the year, cloudy sky, evenings, etc, multi-junction a-Si cell is no 

more than ~ 6%. CdTe cells are better, but not by much.

One heard about 25 years of guarantee. Yet, one could hardly 

expect any panel to operate at 80% installed value after more than 

5 years of operation.

My personal view is that we need to develop the best PV for 

situation such as space and remote locations. We can expect 

incremental improvements, but do not expect quantum leap. 

We need far more research and development before PV is ready 

for operating side by side with the utility companies.
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03514202
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Summarizing PV Technology

1st Generation

Single-crystal Si, III-V, Poly-grain Si

2nd Generation

Amorphous Si, Polycrystalline CdTe/CdS

and thin-film Si, Dye-sensitized cells,

CuInSe2, High-efficiency III-V tandem cells

3rd Generation

Multijunction Solar cells, CuInGaSe2 and InGaPAs 

Heterojunction: superlattices with Quantum wells, slab and 

quantum wires

Engineered textured surfaces
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World PV Module Shipments

Consumer and Commercial (MW)
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Do you see problems in this slide? I shall list few: Sheet resistance 
too high, the contact, n3 p2 combination, needs research, n1 doping of 

a-SiGe alloy on Zn-oxide needs further research, etc.
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Key Issues for Efficiency Improvement of a-Si Solar Cells

Physical Process

Efficient guidance of optical energy

Efficiently guided photon confinement

Carrier confinement

Reduction of photogenerated carrier

recombination

Reduction of voltage factor losses

Reduction of series resistance losses

Technical Solution

• Antireflection coating (ARC)

• Multi-energy-gap stacked juntion

• Textured surface treatment

• Use of back-surface-reflection (BSR) effect

• Refractive index arrangement

• Minority carrier mirror effect by heterojunction

• Increase of µ -product in the PV active layer

• Film quality improvement by controlling the deposition condition such as 

RH, Ts, RF-frequency

• Drift-type effect with p-i-n junction

• Graded-gap PV active layer (bandgap profiling)

• Graded impurity-doping involving back surface field (BSF) effect

• Band profile control of the PV active layer

• Insertion of proper buffer layer in the interface of the p-i and i-n junction

• Optimum design of electrode pattern

• Decrease of transparent conductive oxide (TCO) resistance

• Use of superlattice tunneling junction

Thin-Film Solar Cells, Y. Hamakawa, Springer
026587278
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Thin Film CIS 
Solar Cell Structure

I-V Curve for a 19.3%
Thin Film CIGS Solar Cell

MgF2/ZnO/CdS/CIGS/Mo/glass
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SnO2

Glass substrate

Back contact

CdTe

CdS

Back contact

CdTe

ZnxCd1-xS/CdS

Zn2SnO4 (ZTO)

Cd2SnO4 (CTO)

Glass substrate

Typical CdTe Device Structure: (a) 
Conventional and (b) Modified Version

(a) (b)

Front
contact

Front
contact

026587299
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03514212

Integrated Basic Energy Sciences and Photovoltaic Program

at NREL Led to the World Record Efficiency Solar Cell

Several World Record

Efficiencies:

• 29.5% 1 sun flat plate cell

• 30.2% 140-180 sun

concentrator cell

• 25.7% 1 sun space cell

Gallium Indium Phosphide/Gallium 

Arsenide Photovoltaic Solar Cell
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Efficiencies: Si (up to 400X) 27
GaAs (up to 1000X) 28
GaInP2/GaAs (1X) 30.3
GaInP2/GaAs/Ge (1X) 32.0
GaInP2/GaInAs/Ge (236X) 39.0 

• Module efficiencies: 15-17% (Si); best 
prototypes:  

>20% (Si), >24% (GaAs), 28% 
(GaInP2/GaAs/Ge,10X) 

• Large space markets drive GaInP2/GaAs and 
GaInP2/GaAs/Ge commercial cell 

production

High-Efficiency and Concentrator PV—
Progress and Status

Key companies: Amonix, Spectrolab, 

Tecstar, Emcore, Sunpower, ENTECH; 

Solar Research Corp. (Australia)

• Manufacturability demonstrated

– Low-concentration, line focus

– High-concentration, point focus

– High efficiency cells (Si, GaAs, 

multijunctions)

in production

• Limited applications in today's markets 02679613

ENTECH

Amonix
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Photoluminescence 

spectrum

Luminescence 

Intensity Map
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GaInP/GaAs/Ge 

Triple Junction 

Cell

Science of Semiconductor Alloys Leads to Record Solar Cell

Mascarenhas, Olsen, and Wei, NREL 

with co-funding by DOE/SC/BES and DOE/EERE

Studies Relate Spontaneous 

Ordering in a Semiconductor       

Alloy to Optoelectronic Properties

• Superstructure ordering modifies 

energy band structure.

• Allows tailoring optical properties to 

optimize solar cell performance.

• Resulted in a record-performance “triple 

junction” photovoltaic device (32.4% 

efficiency!)

• These devices are being applied in 

space-based applications and terrestrial 

light concentrator devices.

Ordering in GaInP

Triple-Junction

Solar Cell

Ordered Domains

(GaInP)
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Best Research-Cell Efficiencies

026587193
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Epitaxial InP Quantum Dots
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RENEWABLE HYDROGEN 

PRODUCTION/UTILIZATION

H2

Fuel

cell
Electricity

H2O

O2

Sunlight Green algae
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19.3%-Efficient CIGS/CdS/ZnO Solar Cell 
(a) Device Structure and (b) Elemental Fluxes and 

Substrate Temperature vs Deposition Time

(a)

(b)
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In conclusion, solar energy density is quite low. For
application such as running a car, only the
accumulated organic matters stored under ground
can work. Wind and wave energy scooped up from
afar may work, and geothermal and hydroelectric
are already in use. But direct solar energy
conversion such as PV cells requires more research
and development. We need to develop proper
consciousness, including utilization and application,
but most of all, the realization that it is our human
destiny.

• I acknowledge with thanks that the Slides from No.
16 – 29 were from Satyen Deb, ex-director of the
Basic Science of DOE at NREL, given to me via
Angelo Mascarenhas.


