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Introduction

Photovoltaics (PV) comprises the technology to convert sunlight directly into eectricity. The term
“photo” meanslight and “voltaic,” electricity. A photovoltaic (PV) cell, also known as“solar cell,”
isasemiconductor device that generates electricity when light fallson it . Although photovoltaic
effect was observed in 1839 by the French scientist Edmund Becquerel, it was not fully
comprehensible until the development of quantum theory of light and solid state physicsin early to
middle 1900s. Sinceitsfirst commercial usein powering orbital satellites of the US space
programs in the 1950s, PV has made significant progress with total U.S. photovoltaic module and

cell shipments reaching $131 million dollarsin 1996.

While most PV cellsin usetoday are silicon-based, cells made of other semiconductor materials are
expected to surpass silicon PV cellsin performance and cost and become viable competitorsin the

PV marketplace.

This paper surveysthe major types of PV cell materialsincluding silicon- and non-silicon-based

materias, providing an overview of the advantages and limitations of each type of materials.

Photovoltaics and Photovoltaic Cells

When sunlight strikesa PV cell, the photons of the absorbed sunlight dislodge the electrons from
the atoms of the cell. The free electrons then move through the cell, creating and filling in holesin
the cell. It isthis movement of electrons and holes that generates electricity. The physical process

inwhich aPV cell converts sunlight into electricity is known as the photovoltaic effect.

Onesingle PV cell produces up to 2 watts of power, too small even for powering pocket
calculators or wristwatches. To increase power output, many PV cells are connected together to

form modules, which are further assembled into larger units called arrays. This modular nature of
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PV enables designersto build PV systems with various power output for different types of

applications.

A complete PV system consists not only of PV modules, but aso the “ balance of system” or BOS -
- the support structures, wiring, storage, conversion devices, etc. i.e. everything elseinaPV
system except the PV modules. Two major types of PV systems are available in the marketplace

today: flat plate and concentrators.

Asthe most prevaent type of PV systems, flat plate systems build the PV modules on arigid and
flat surface to capture sunlight. Concentrator systems use lenses to concentrate sunlight on the PV
cells and increase the cell power output. Comparing the two systems, flat plate systems are
typically less complicated but employ alarger number of cells while the concentrator systems use
smaller areas of cells but require more sophisticated and expensive tracking systems. Unable to

focus diffuse sunlight, concentrator systems do not work under cloudy conditions.

Types of PV cell materials

PV cdllsare made of semiconductor materials. The mgor types of materials are crystalline and thin
films, which vary from each other in terms of light absorption efficiency, energy conversion
efficiency, manufacturing technology and cost of production. The rest of the paper discussesthe

characteristics, advantages and limitations of these two major types of cell materials.

1. Crystalline Materials
1.1 Single-crystal silicon
Single-crystal silicon cells are the most common in the PV industry. The main
technique for producing single-crystal silicon is the Czochralski (CZ) method.
High-purity polycrystalineis melted in aquartz crucible. A single-crystal silicon

seed is dipped into this molten mass of polycrystalline. Asthe seedispulled
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dowly from the melt, asingle-crystal ingot isformed. The ingots are then sawed
into thin wafers about 200-400 micrometers thick (1 micrometer = 1/1,000,000
meter). The thin wafers are then polished, doped, coated, interconnected and

assembled into modules and arrays.

A single-crystal silicon has a uniform molecular structure. Compared to non-
crystalline materials, its high uniformity resultsin higher energy conversion
efficiency -- theratio of eectric power produced by the cell to the amount of
available sunlight power i.e. power-out divided by power-in. The higher aPV

cell’ s conversion efficiency, the more electricity it generates for agiven area of
exposure to the sunlight. The conversion efficiency for single-silicon commercial
modul es ranges between 15-20%. Not only are they energy efficient, single-silicon

modules are highly reliable for outdoor power applications.

The average price for single-crystal modulesis $3.97 per peak watt in 1996.
(Renewable Energy Annual 1997). About half of the manufacturing cost comes
from wafering, atime-consuming and costly batch process in which ingots are cut
into thin wafers with a thickness no less than 200 micrometersthick. If the wafers
aretoo thin, the entire wafer will break in wafering and subsequent processing.
Due to this thickness requirement, a PV cell requires a significant amount of raw

silicon and half of this expensive material islost as sawdust in wafering.

1.2 Polycrystalline silicon

Consisting of small grains of single-crystal silicon, polycrystalline PV cellsare less
energy efficient than single-crystalline silicon PV cells. The grain boundariesin

polycrystalline silicon hinder the flow of electrons and reduce the power output of

! Department of Energy, Renewable Energy Annua 1997, Vol 1, Chapter 2, Table 28.
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the cell. The energy conversion efficiency for acommercial module made of

polycrystalline silicon ranges between 10 to 14%.

A common approach to produce polycrystalline silicon PV cellsisto dicethin
wafers from blocks of cast polycrystalline silicon. Another more advanced
approach isthe “ribbon growth” method in which silicon is grown directly as thin
ribbons or sheets with the approach thickness for making PV cells. Since no
sawing is needed, the manufacturing cost islower. The most commercialy

devel oped ribbon growth approach is EFG (edge-defined film-fed growth).

Compared to single-crystalline silicon, polycrystalline silicon materia is stronger
and can be cut into one-third the thickness of single-crystal material. It also has
dightly lower wafer cost and less strict growth requirements. However, their
lower manufacturing cost is offset by the lower cell efficiency. The average price
for a polycrystalline module made from cast and ribbon is $3.92 per peak watt in

1996, dightly lower than that of asingle-crystal module.

Gallium Arsenide (GaAs)

A compound semiconductor made of two elements: gallium (Ga) and arsenic (AS),
GaAshasacrystal structure similar to that of silicon. An advantage of GaAsisthat
it has high level of light absorptivity. To absorb the same amount of sunlight,
GaAsrequiresonly alayer of few micrometers thick while crystaline silicon
requires awafer of about 200-300 micrometersthick.> Also, GaAs has amuch

higher energy conversion efficiency than crystal silicon, reaching about 25 to 30%.

2 Department of Energy, Renewable Energy Annual 1997, Vol 1, Chapter 2, Table 28.

% The concept of light absorptivity is different from that of energy conversion efficiency. Light absorptivity measures
how much usable solar energy is absorbed by a given area of material. The greater number of different wavelengths
of the solar spectrum a material can absorb, the higher the light absorptivity. For the sunlight that is absorbed by
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Its high resistance to heat makesit an ideal choice for concentrator systemsin which
cell temperatures are high. GaAsis also popular in space applications where strong

resistance radiation damage and high cell efficiency are required.

The biggest drawback of GaAs PV cellsisthe high cost of the single-crystal
substrate that GaAsis grown on. Thereforeit is most often used in concentrator

systems where only asmall area of GaAs cellsis needed.

2. Thin Film Materials

In athin-film PV cell, athin semiconductor layer of PV materialsis deposited on |ow-cost
supporting layer such as glass, meta or plastic foil. Since thin-film materials have higher
light absorptivity than crystalline materials, the deposited layer of PV materiasis extremely
thin, from afew micrometers to even less than a micrometer (a single amorphous cell can
be as thin as 0.3 micrometers). Thinner layers of materia yield significant cost saving.
Also, the deposition techniques in which PV materials are sprayed directly onto glass or
metal substrate are cheaper. So the manufacturing processis faster, using up less energy
and mass production is made easier than the ingot-growth approach of crystalline silicon.
However, thin film PV cells suffer from poor cell conversion efficiency due to non-single-
crystal structure, requiring larger array areas and increasing area-related costs such as

mountings.

Constituting about 4% of total PV module shipments of US', the PV industry sees great

potentias of thin-film technology to achieve low-cost PV electricity.

Materials used for thin film PV modules are asfollows:

the material, how much of the sunlight can be successfully converted into electricity is measured by the concept of
energy conversion efficiency.
* Department of Energy, Renewable Energy Annual 1997, Vol 1, Chapter 2, Table 27.
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2.1 Amorphous Silicon (a-Si)

Used mostly in consumer e ectronic products which require lower power output
and cost of production, amorphous silicon has been the dominant thin-film PV

materia sinceit wasfirst discovered in 1974.

Amorphous silicon isanon-crystalline form of siliconi.e. its silicon atoms are
disordered in structure. A significant advantage of aSi isits high light
absorptivity, about 40 times higher than that of single-crystal silicon. Therefore
only athin layer of &S is sufficient for making PV cells (about 1 micrometer thick
as compared to 200 or more micrometers thick for crystalline silicon cells). Also, a
Si can be deposited on various low-cost substrates, including stedl, glass and
plastic, and the manufacturing process requires lower temperatures and thus less
energy. So thetotal materia costs and manufacturing costs are lower per unit area

as compared to those of crystalline silicon cells.

Despite the promising economic advantages, aSi still has two major roadblocks to
overcome. Oneisthelow cell energy conversion efficiency, ranging between 5-
9%, and the other is the outdoor reliability problem in which the efficiency degrades

within afew months of exposure to sunlight, losing about 10 to 15%.

The average price for aaSi module cost about $7 per watt in 1995.°

2.2 Cadmium Telluride (CdTe)

As apolycrystalline semiconductor compound made of cadmium and tellurium,
CdTehasahigh light absorptivity level -- only about a micrometer thick can absorb

90% of the solar spectrum. Another advantageisthat it isrelatively easy and cheap

® Department of Energy, Renewable Energy Annual 1997, Vol 1, Chapter 2, Table 28.
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to manufacture by processes such as high-rate evaporation, spraying or screen
printing. The conversion efficiency for aCdTe commercia moduleis about 7%,

similar to that of a-Si.

Theinstability of cell and module performance is one of the major drawbacks of
using CdTefor PV cells. Another disadvantage isthat cadmium isatoxic
substance. Although very little cadmium is used in CdTe modules, extra

precautions have to be taken in manufacturing process.

Copper Indium Diselenide (CulnSe,, or CIS)

A polycrystalline semiconductor compound of copper, indium and selnium, CIS
has been one of the major research areasin the thin film industry. The reason for it
to recelve so much attention isthat CIS has the highest “research” energy
conversion efficiency of 17.7% in 1996 is not only the best among all the existing
thin film materials, but also came close to the 18% research efficiency of the
polycrystalline silicon PV célls. (A prototype CIS power module has a conversion
efficiency of 10%.) Being ableto deliver such high energy conversion efficiency
without suffering from the outdoor degradation problem, CIS has demonstrated that
thin film PV cells are aviable and competitive choice for the solar industry in the

future.

CISisalso one of the most light-absorbent semiconductors -- 0.5 micrometers can

absorb 90% of the solar spectrum.

ClSisan efficient but complex material. Its complexity makesit difficult to
manufacture. Also, safety issues might be another concern in the manufacturing

process asit involves hydrogen selenide, an extremely toxic gas. So far, CISisnot
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commercialy available yet although Siemens Solar has plans to commerciaize CIS

thin-film PV modules.

Conclusion

Crystaline silicon has been the workhorse of the PV cells for the past two decades. However,
recent progressin the thin-films technology has led many industry expertsto believe that thin-films
PV cdlswill eventually dominate the marketplace one day and realize the goals of PV -- alow price

and reliable source of energy supply.
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