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Abstract
Photovoltaic (PV) cells (often referred to as solar cells) are semiconduc-
tor devices that change sunlight directly into electric current. These 
devices were first fabricated and extensively studied in the mid 1950s. 
They found an early application in space satellites. Later applications 
included limited stand-alone power for remote locations (water pump-
ing, communication electronics, and village lighting). However, a steady 
increase in conversion efficiencies, coupled with drastic reductions in 
large-scale processing costs and greatly improved module reliability, 
have resulted in a recent remarkable expansion of PV into the terrestrial 
distributed power market (residential and commercial rooftops, and 
large-scale utility deployments). The Department of Energy (DOE) 
has an aggressive PV program—the Solar America Initiative (SAI)—to 
accelerate PV manufacturing development and commercialization. The 
SAI has goals of 5-10 cents per kilowatt-hour, and 5-10 gigawatts of 
installed domestic systems, by the year 2015. This paper describes pho-
tovoltaic technology, development trends, and the DOE SAI.

Overview of Photovoltaic Technology
Photovoltaics (PV) refers to electrical power from solar cells—large-
area semiconductor devices that change sunlight directly into electric 
current. The first solar cells were demonstrated at Bell Telephone 
Laboratories in the mid 1950s, and were made from crystalline silicon 
wafers [1]. Early cell conversion efficiencies, i.e., the ratio of output 
electric power to input power from sunlight, were about 6%. Because 
the efficiency was low, and fabrication expense was high, solar cells 
remained a laboratory curiosity for several years. This status was 
exacerbated by the fact that the power density of sunlight reaching the 
earth is rather small, only about 100 milliwatts per square centimeter. 
Consequently, a large area of solar cells (and, by implication, a large 
expense) was required to achieve a useful amount of electrical power in 
most applications. For all types of photovoltaic technology, this problem 
can be ameliorated by increasing the efficiency of the devices and/or 
decreasing the cost of manufacture. 

By the late 1950s, with the rapid development of the U.S. space 
program, solar cells found an important application in spacecraft power 
supplies. When deployed in space, solar cells are often individually 
mounted on a deployable mast. However, for terrestrial applications, 
solar cells are always electrically tied together and packaged in hermeti-
cally sealed units called “modules”. The module is the fundamental 
photovoltaic commercial unit. In the late 1980s, solar cell efficiency, 
module reliability, and system development had improved to the point 
where PV found a niche in the terrestrial premium power market. This 
was mostly in the form of small (~ 100 – 1000 watt) systems that pro-
vided electrical power for remote electronics (e.g., microwave repeaters 
on mountain tops), village lighting and communications, and water 
pumping for cattle ranches and villages. These systems were usually 
configured with battery storage to provide uniform voltage, as well as 
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autonomy for those periods when sunlight was not available. 
By the year 2000, costs were low enough to allow a large increase 

in the number of rooftop grid-tied deployments. These (usually) bat-
tery-free systems include an inverter to render alternating current, and 
are tied directly to the commercial power grid through the building’s 
electric power meter. The PV system slows down the meter (or even 
reverses the meter) as it provides power to the grid. This configuration 
can be thought of as a form of distributed rooftop power. Now, in 2007, 
installed PV grid-tied systems have achieved levelized lifetime energy 
costs in the range of 17–22 cents per kilowatt-hour, and are starting to 
become competitive with conventional central station power. Various 
government incentive programs, e.g., the feed-in tariff program in 
Germany, the U.S. Energy Policy Act of 2005 (EPACT), and the buy-
down programs of various U.S. states, have greatly accelerated PV 
deployment. The Department of Energy (DOE) Solar America Initiative 
(SAI) will further accelerate photovoltaic manufacturing development 
and commercialization. It has specific goals of 5-10 cents per kilowatt-
hour for levelized cost of PV energy, and 5-10 gigawatts of cumulative 
installed domestic PV systems, by the year 2015. 

 All presently commercialized solar cells are semiconductor diodes. 
Only a very brief description of the physical mechanism of the domi-
nant crystalline silicon solar cell will be given here. These cells are inten-
tionally designed with two distinct layers in intimate contact. One layer 
of the cell is doped with impurities so that it is rich in free electrons in 
the conduction band. The other layer is doped to be rich in effective free 
positive charges (called “holes”) in the valence band. For each layer, one 
of the electronic species is the “minority” carrier, and the other is the 
“majority” carrier. Their concentrations usually differ by many orders of 
magnitude. As a result of this structure, a built-in electric field is created 
at the metallurgical junction of the layers. In thermal equilibrium, the 
minority and majority carrier concentrations in each layer are fixed by 
the respective doping densities, and vary only with temperature. For the 
non-equilibrium case when the cell is exposed to sunlight and photons 
are absorbed, excess electrons and holes are created by the elevation of 
electrons from the valence band to the conduction band. The excess 
photogenerated minority carriers diffuse toward the built-in electric 
field, cross the metallurgical junction, become majority carriers, and 
are transported to the external contacts. The subsequent current in the 
external circuit can do useful work. 

 Organic cells, and some other types of solar cells, operate by 
considerably different mechanisms than that of the crystalline silicon 
cell. In particular, in an organic cell, the photogenerated electron and 
hole are bound together to form a so-called “exciton” or “exciton pair”. 
The exciton pair diffuses toward the junction, where it is separated into 
individual charges for subsequent collection by the contacts.

Regardless of the technology, the output efficiency of the cell is 
proportional to the product of its open-circuit voltage, short-circuit 
current, and a parameter called the fill factor. These parameters and 
solar cell device physics are extensively discussed in the literature [2-5]. 
Improvements to efficiency invariably target physical mechanisms 
that limit the values of the above parameters. A variety of mechanisms 
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decrease cell efficiency from the theoretical Carnot efficiency limit of 
about 87 percent to the realized value of between 6 and 40 percent. Two 
fundamental mechanisms, in particular, tend to greatly limit crystal-
line cell efficiency. Both are dependent on the single most significant 
parameter of a semiconductor, viz., its bandgap. This is the energy sepa-
ration between the valence and conduction bands. The first mechanism 
(thermalization) is the tendency of an energetic charge carrier to lose 
its kinetic energy to the crystalline lattice as it moves toward the band 
edges. And the second is the inability of the semiconductor to absorb 
wavelengths less energetic than the bandgap. These less energetic wave-
lengths (long wavelengths) pass through the material. So-called “third 
generation” [6] devices address these limiting mechanisms. 

For the ever-popular silicon semiconductor, these limits have 
great implications. The silicon bandgap is about 1.1 electron volts. 
This corresponds to a photon wavelength of about 1100 nanometers. 
Consequently, the energy of absorbed photons with very short wave-
lengths, e.g., ultraviolet light, is lost to thermalization (if not already lost 
to a variety of engineering-dependent mechanisms); while low energy 
infrared photons are simply not absorbed. Through clever engineering 
improvements, cell efficiencies have steadily improved over the years; 
however, the above two fundamental loss mechanisms are the topic of 
intense academic study. 

From an industrial standpoint, a much larger effort has been 
dedicated to developing innovative manufacturing methods which will 
greatly lower producer costs. These efforts have been very successful, 
with the result that photovoltaics is now experiencing a dramatic 
increase in consumer demand and subsequent production volumes. In 
2005, year-over-year worldwide photovoltaic production (measured in 
total power output under standard test conditions) increased by 46 per-
cent. Total worldwide production in 2005 was 1759 megawatts [7]. (By 

comparison, the power output of a medium-size coal-fired generation 
plant is about 500 megawatts.) Unfortunately, only about 154 megawatts 
were from U.S. production. 

Photovoltaic development is now in its third generation. However, 
most solar cells are still made on wafers of silicon—so-called “first 
generation” photovoltaic technology. The silicon wafers can be obtained 
from single-crystal ingots (Czochralski ingots), directionally solidified 
large-grain ingots (polycrystalline ingots), or from polycrystalline rib-
bons pulled out of a melt. Silicon PV wafer thicknesses are between 200 
and 300 microns. The trend is toward thinner wafers to both improve 
performance and increase the total cell area produced from an ingot. 
The best silicon cells are made on single-crystal material. This material 
is characterized by low defect densities and high minority carrier dif-
fusion lengths. Polycrystalline ingots yield cells with efficiencies almost 
as high as that seen in single-crystal cells, and at lower producer costs. 
Polycrystalline ribbons have the comparative advantages of relatively low 
thermal overhead and simple wafer separation. Note that all of the above 
types of wafers are referred to as “crystalline” silicon. 

In 2005, about 94 percent of worldwide module production was 
based on crystalline silicon. More than half of this was in the form of 
modules made from polycrystalline cells. Power conversion efficiencies 
for crystalline silicon modules vary between 12 percent and almost 18 
percent, and manufacturing costs (producer costs) are under $2/watt. 
(Note that module producer costs and installation prices are specified in 
dollars per unit power; while lifetime costs to the user are specified in 
dollars per unit energy.) 

The feedstock material for the growth of photovoltaic silicon ingots 
and ribbons is usually material rejected by the integrated circuits 
industry. This material is often referred to as “solar” grade silicon. 

continued on page 44
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Photovoltaic production would unquestionably be larger were it not 
for a serious shortage of solar-grade silicon feedstock—a condition that 
is expected to continue for at least another year. Shortages have kept 
solar-grade feedstock prices well above $30 per kilogram—an uncom-
fortably high price for an industry that is aggressively trying to reduce 
its module production costs by half. 

Because crystalline silicon is an “indirect bandgap” semiconductor, 
it absorbs light weakly and requires an effective thickness of at least 
100 microns for most applications. Effective thickness can be greater 
than actual wafer thickness if light trapping coatings are employed—an 
approach which will become increasingly important when wafer thick-
nesses decrease under 150 microns. This can take the form of backside 
layers that reflect long-wavelength light back into the cell. 

Instead of crystalline silicon, “second generation” photovoltaics 
uses thin layers of highly absorbent semiconductors, e.g., polycrystal-
line layers of cadmium telluride or copper indium gallium diselenide 
(CIGS), or amorphous silicon. These materials are amenable to high-
throughput deposition processes. Thin films have a major advantage 
over crystalline silicon: they do not require the growth of crystalline 
ingots or ribbons. This saves money in two major ways. First, there is 
very low thermal overhead; and secondly, there is no kerf loss (loss of 
material) from sawing ingots into discrete wafers. Two of the thin-film 
PV technologies—amorphous silicon and copper indium gallium 
diselenide—have been manufactured on flexible substrates (stainless 
steel ribbon). This opens up some interesting commercial applications, 
e.g., photovoltaic roofing shingles are being made out of amorphous 
silicon cells, and man-portable CIGS-based power supplies for bat-
tery charging are now deployed with the military. Potential producer 
costs of thin-film PV are well under 1$/watt. Commercial efficiencies 
are between 5 and 11 percent, with the best efficiencies achieved by 
copper indium gallium diselenide, followed by cadmium telluride and 
triple-junction amorphous silicon. Improvements to amorphous silicon 
efficiency have been achieved with nanocrystalline silicon interfaces, 
but this requires a slower deposition rate. 

While it is quickly expanding, thin-film PV is not as industrially 
mature as crystalline silicon technology. It accounted for only about 6 
percent of worldwide output in 2005. This is partly explained by the 
fact that crystalline silicon has been the beneficiary of the huge silicon 
integrated circuits industry for many years. Unlike crystalline silicon 
PV, thin films have not yet run up against a feedstock shortage—a fact 
which partly accounts for their rapid expansion. The United States is 
the world’s leader in thin-film PV production. In 2007, U.S. production 
of thin film modules will probably surpass that of crystalline silicon 
modules. 

Thin film photovoltaic technology also includes dye-sensitized 
photoelectrochemical cells, and the still nascent field of organic cells. 
Photoelectrochemical cells [8] use nano-particle titanium dioxide 
films to absorb light. A redox reaction in an iodine electrolyte is used 
to complete the circuit. The surface of the titanium dioxide is coated 
with a dye to “sensitize” this wide-bandgap semiconductor so that 
an acceptably large fraction of the solar spectrum can be absorbed. 
Photoelectrochemical cells are in a prototype stage of development. 

Organic cells [9] are made from thin layers of organic compounds, 
the interface of which allows the separation of excitons into excess free 
charge carriers. While displaying similar current-voltage characteristics 
(I-V curves), organic cells have significantly different device physics 
from that of crystalline cells. Important problems remain to be solved 
before organic cells are commercialized, including stability of the inter-
face junction, and improved understanding of the device physics. 

Photovoltaic Technology Development
continued from page 43

Third generation PV refers to technologies that have the potential 
for very high efficiencies through bandgap engineering. This includes 
multijunction cells made from III-V materials like gallium indium 
arsenide; and devices that incorporate quantum dots to slow down the 
thermalization of energetic carriers, or intermediate bands to enhance 
photon absorption. In 2007, the only third generation approach that has 
been commercialized is the III-V multijunction technology. These cells 
consist of three subcells in series. The top subcell is made from crystal-
line gallium indium phosphide and absorbs the blue end of the spec-
trum. Because of the wide bandgap of gallium indium phosphide, the 
material is transparent to the longer wavelengths of the solar spectrum. 
Consequently, the longer wavelengths, i.e., those less energetic than 
the bandgap, are passed on to the second subcell. The second subcell, 
consisting of indium gallium arsenide, absorbs the middle wavelengths, 
and passes the still longer wavelengths. The bottom subcell, consisting of 
germanium, absorbs the red wavelengths. By this sequential absorption 
approach, the total energy lost to the thermalization of energetic car-
riers seeking the bottom of the various conduction bands in the cell, is 
considerably lower than in silicon cells. 

Multijunction III-V material cells have achieved a champion 
efficiency of over 40 percent. They are routinely used in a flat-plate 
configuration on space satellites, where high efficiency and radiation 
hardness are priorities. However, very high producer cost restricts their 
use on earth to concentrator modules in which a flat plastic Fresnel 
lens is used to focus sunlight onto a small cell at several hundred suns 
intensity. This approach trades off very expensive semiconductor area 
for an equivalent area of cheap plastic. High ratio, i.e., 250:1 or greater, 
concentrator systems require careful two-dimensional tracking. They are 
geographically restricted to direct sunlight (usually desert) locations. By 
the end of 2006, there were several utility-scale deployments of silicon-
based high-ratio concentrator systems in Arizona. In 2007, similarly 
designed III-V-based systems are anticipated. They will have dc-system 
output efficiency above 29 percent, and ac-output efficiency above 26 
percent—very impressive technology ! 

While early photovoltaics was dominated by remote stand-alone 
applications, the clear trend today is for grid-tied battery-free power 
in the form of 1-4 kilowatt systems. These systems are usually rooftop 
mounted, and are not intended to make the building independent of the 
commercial power grid. Instead, they represent a form of distributed 
power which supplements the grid. Aside from the obvious environ-
mental advantages, grid-tied PV systems will be particularly useful in 
meeting peak systems loads, e.g., extra power on the grid to meet air 
conditioning demands on hot afternoons. Coincidentally, photovoltaic 
power output tends to be maximized during periods of high solar insola-
tion on summer days. 

Module reliability has greatly improved over the years—most 
crystalline silicon modules are now warranted for 25 years at 80 percent 
rated power. Balance-of-system equipment, namely inverters, have also 
improved. Inverters now have dc-to-ac efficiency of 92-94 percent, and 
mean time to failure of 5-7 years. However, considerable improvements 
must be made in module production costs, inverter reliability, codes 
and standards that facilitate deployment, and installation procedures if 
photovoltaics is to become an important part of the national energy mix. 
This is where the Department of Energy’s Solar America Initiative (SAI) 
comes in. 

The Solar America Initiative (SAI)
The Solar America Initiative is a presidential initiative to greatly accel-
erate the cost effectiveness, reliability, and ease of deployment of solar 
energy systems, particularly grid-tied photovoltaic systems. Its objec-
tive is to make photovoltaic energy cost competitive with conventional 
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central station power. Specific goals include a levelized cost of energy 
of 5 to 10 cents per kilowatt-hour, and 5 -10 gigawatts of cumulative 
domestic deployment, by 2015. The center piece of the SAI effort is the 
creation of competitively selected public-private partnerships—called 
Technology Pathway Partnerships (TPPs)—to pursue development of 
component and system technologies and to develop manufacturing 
approaches that deliver low-cost, high-reliability commercial PV prod-
ucts [10]. Teams will contribute over 50% cost-share. In addition to the 
TPPs, the Solar America Initiative will pursue market transformation 
efforts which address non-R&D barriers to market penetration. These 
include such issues as installation codes and regulations, promotion of 
certification programs for photovoltaic installers and code officials, and 
development of a national rating system for PV module performance. 

A major effort has been made to assure industry and university 
input to the development of the technology pathway partnership and 
market transformation funding opportunities, i.e., solicitations. This 
has included several (website advertised) open technical exchange 
meetings that were held in the spring of 2006 which allowed extensive 
discussion on the best approaches for achieving the SAI 2015 goals. 
The TPP funding opportunity process has now been completed; 
however, the competitive selections have not been made public as of 
this writing. Funding is anticipated to begin in the spring of 2007. Total 
yearly funding for the TPPs is expected to be between $50 million and 
$60 million for each of the federal fiscal years 2007 through 2009. The 
market transformation funding opportunity has also made competitive 
selections, and will fund awardees at a total of $18 million over a three 
year period. More information about the SAI Technology Pathway 
Partnerships can be found at [10, 11]. 

Finally, the Solar America Initiative will include a “PV Incubator” 
funding opportunity (solicitation) in 2007 intended for small businesses 

and non-federal research institutes. This funding opportunity will target 
research and development of PV systems and component prototypes 
which have full functionality and are candidates for pilot-scale produc-
tion by 2010. It is expected that prototype technologies will have already 
completed proofs-of-concept for new manufacturing processes. This 
could be through the use of contractor equipment, the Process Design 
Integration Laboratory at the National Renewable Energy Laboratory 
(NREL), or other appropriate facilities. The emphasis will be on the 
barriers to entry for 2010 commercialization. Subcontract duration 
is expected to be 18 months. Prototype technologies that successfully 
compete in the PV Incubator funding opportunity may go on to be 
candidates for the next round of TPP competitive funding in the 2010 
timeframe. 

The Solar America Initiative has been designed to encourage close 
collaboration between the industry-led partnerships, the national 
laboratories, and universities. To facilitate this, the Department of 
Energy is also releasing two funding opportunities under the heading of 
University and Exploratory Research in the spring of 2007 that will lend 
additional support to university photovoltaic research. These will be 
funded at between $4 million and $6 million per year for each funding 
opportunity. One of these, entitled “University Research & Development 
Support for SAI Technology Pathway Partnerships” will fund university 
research projects that address specific industry-determined problems 
critical to the 2015 goals. It will be open only to universities. The other 
funding opportunity, entitled “Applied Research for Future Generation 
Solar Electric Technologies” will be open to both universities and 
industry. It will address technologies that are unlikely to be (widely) 
commercialized by 2015. These include organic solar cells; novel 
bandgap-engineered devices that employ quantum dots, other low-
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dimensional structures, or intermediate bands to improve efficiency; 
advanced III-V multijunction cells for use in concentrator systems; and 
photovoltaic approaches to large-scale hydrogen generation. Funding is 
expected to begin by early 2008. As with the TPP and market transfor-
mation funding opportunities, a serious effort has been made to develop 
the University and Exploratory Research solicitations with the extensive 
input of industry and universities. This has included an open workshop 
in February 2007 in Arlington, Virginia, to hear the opinions of industry 
and universities about which topics are best suited for the solicitations. 

Conclusions
Advances in module efficiency and reliability, accompanied by major 
reductions in the costs of installed rooftop-mounted grid-tied systems, 
have allowed photovoltaics to enter a regime of rapidly expanding ter-
restrial deployment. In an effort to accelerate this trend so that photo-
voltaics can become an important part of the national energy mix by 
2015, the Department of Energy has started its Solar America Initiative 
(SAI). This program has two specific goals for 2015: levelized cost of 
energy of 5 to 10 cents per kilowatt-hour, and cumulative deployment of 
5 to 10 gigawatts. The SAI is centered around industry-led public-pri-
vate teams—technology pathway partnerships (TPPs)—that will pursue 
component and system development, and high-throughput manufactur-
ing methods, that deliver low-cost high-reliability commercial products. 
Team cost share will be over 50%. The TPPs have now been competi-
tively selected, with three-year DOE funding (FY 2007-2009) for the 
program at about $50 million to $60 million per year. 
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