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Chapter 1

Lamp (electrical component)

“Electric lamp” and “Light bulb” redirect here. For the
item of furniture, see light fixture. For the music by Fu-
jiya & Miyagi, see Lightbulbs (album).
A lamp is a replaceable component that produces light

Various compact fluorescent (CFL) lightbulbs

from electricity.[1] Compact lamps are commonly called
light bulbs, for example the incandescent light bulb.
Lamps usually have a base made of ceramic, metal, glass
or plastic, which secures the lamp in the socket of a light
fixture. The electrical connection to the socket may be
made with a screw-thread base, twometal pins, twometal
caps or a bayonet cap.

1.1 Types

There are several types of lamp:

• Incandescent lamp, a heated filament inside a glass
envelope

• Halogen lamps use a fused quartz envelope,
filled with halogen gas

• LED lamp, a solid-state lamp that uses light-
emitting diodes (LEDs) as the source of light

• Arc lamp

• Xenon arc lamp

A clear glass 60 W Neolux light bulb

• Mercury-xenon arc lamp
• Ultra-high-performance lamp, an ultra-high-
pressure mercury-vapor arc lamp for use in
projectors

• Metal-halide lamp

• Gas-discharge lamp, a light source that generates
light by sending an electrical discharge through an
ionized gas

• Fluorescent lamp
• Compact fluorescent lamp, a fluorescent
lamp designed to replace an incandescent

1
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lamp
• Neon lamp
• Mercury-vapor lamp
• Sodium-vapor lamp
• Sulfur lamp
• Electrodeless lamp, a gas discharge lamp in
which the power is transferred from outside
the bulb to inside via electromagnetic fields

1.2 Uses other than illumination

Lamps can be used as heat sources, for example in
incubators and toys such as the Easy-Bake Oven.
Filament lamps have long been used as fast acting
thermistors in electronic circuits. The filaments are most
likely made out of tungsten. Popular uses have included:

• Stabilisation of sine wave oscillators

• Protection of tweeters

• Automatic volume control in telephones

1.3 Lamp circuit symbols

In circuit diagrams lamps usually are shown as symbols.
There are two main types of symbols, these are:

1.4 See also
• Electric light

• Light source

• Light tube

• List of light sources

1.5 References
[1] “Lamp”. Dictionary.com. Retrieved Nov 9, 2014.
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Chapter 2

Incandescent light bulb

A 230-volt incandescent light bulb, with a 'medium' sized E27
(Edison 27 mm) male screw base. The filament is visible as the
horizontal line between the vertical supply wires.

An incandescent light bulb, incandescent lamp or in-
candescent light globe is an electric light which produces
light with a wire filament heated to a high temperature by
an electric current passing through it, until it glows (see
Incandescence). The hot filament is protected from oxi-
dation with a glass or quartz bulb that is filled with inert
gas or evacuated. In a halogen lamp, filament evaporation
is prevented by a chemical process that redeposits metal
vapor onto the filament, extending its life. The light bulb
is supplied with electrical current by feed-through termi-
nals or wires embedded in the glass. Most bulbs are used

in a socket which provides mechanical support and elec-
trical connections.
Incandescent bulbs are manufactured in a wide range of
sizes, light output, and voltage ratings, from 1.5 volts
to about 300 volts. They require no external regulat-
ing equipment, have low manufacturing costs, and work
equally well on either alternating current or direct cur-
rent. As a result, the incandescent lamp is widely used in
household and commercial lighting, for portable lighting
such as table lamps, car headlamps, and flashlights, and
for decorative and advertising lighting.
Incandescent bulbs are much less efficient than most
other types of electric lighting; incandescent bulbs con-
vert less than 5%of the energy they use into visible light[1]
(with the remaining energy being converted into heat).
The luminous efficacy of a typical incandescent bulb is 16
lumens per watt, compared to the 60 lm/W of a compact
fluorescent bulb. Some applications of the incandescent
bulb deliberately use the heat generated by the filament.
Such applications include incubators, brooding boxes for
poultry,[2] heat lights for reptile tanks,[3] infrared heating
for industrial heating and drying processes, lava lamps,
and the Easy-Bake Oven toy. Incandescent bulbs typi-
cally have short lifetimes compared with other types of
lighting; around 1,000 hours for home light bulbs ver-
sus typically 10,000 hours for compact fluorescents and
30,000 hours for lighting LEDs.
Incandescent bulbs are gradually being replaced in many
applications by other types of electric light, such as
fluorescent lamps, compact fluorescent lamps (CFL),
cold cathode fluorescent lamps (CCFL), high-intensity
discharge lamps, and light-emitting diode lamps (LED).
Some jurisdictions, such as the European Union, China,
Canada and United States, are in the process of phasing
out the use of incandescent light bulbs while others, in-
cluding Colombia,[4] Mexico, Cuba, Argentina, Brazil or
Australia,[5] have prohibited them already.

2.1 History

In addressing the question of who invented the incandes-
cent lamp, historians Robert Friedel and Paul Israel[6] list
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22 inventors of incandescent lamps prior to Joseph Swan
and Thomas Edison. They conclude that Edison’s ver-
sion was able to outstrip the others because of a com-
bination of three factors: an effective incandescent ma-
terial, a higher vacuum than others were able to achieve
(by use of the Sprengel pump) and a high resistance that
made power distribution from a centralized source eco-
nomically viable.
Historian Thomas Hughes has attributed Edison’s success
to his development of an entire, integrated system of elec-
tric lighting.

The lamp was a small component in his
system of electric lighting, and no more critical
to its effective functioning than the Edison
Jumbo generator, the Edison main and feeder,
and the parallel-distribution system. Other
inventors with generators and incandescent
lamps, and with comparable ingenuity and
excellence, have long been forgotten because
their creators did not preside over their intro-
duction in a system of lighting.
—Thomas P. Hughes, In Technology at the
Turning Point, edited by W. B. Pickett[7][8]

2.1.1 Early pre-commercial research

In 1802, Humphry Davy had what was then the most
powerful electrical battery in the world at the Royal Insti-
tution of Great Britain (with the possible exception of an-
other one made in the same year by Vasily Petrov in Rus-
sia). In that year, Davy created the first incandescent light
by passing the current through a thin strip of platinum,
chosen because the metal had an extremely high melting
point. It was not bright enough nor did it last long enough
to be practical, but it was the precedent behind the efforts
of scores of experimenters over the next 75 years.[10]

Over the first three-quarters of the 19th century many ex-
perimenters worked with various combinations of plat-
inum or iridium wires, carbon rods, and evacuated or
semi-evacuated enclosures. Many of these devices were
demonstrated and some were patented.[11]

In 1835, James Bowman Lindsay demonstrated a con-
stant electric light at a public meeting in Dundee, Scot-
land. He stated that he could “read a book at a distance
of one and a half feet”. However, having perfected the
device to his own satisfaction, he turned to the problem
of wireless telegraphy and did not develop the electric
light any further. His claims are not well documented,
although he is credited in Challoner et al. with being the
inventor of the “Incandescent Light Bulb”.[12]

In 1840, British scientist Warren de la Rue enclosed a
coiled platinum filament in a vacuum tube and passed an
electric current through it. The design was based on the
concept that the high melting point of platinum would al-

Original carbon-filament bulb from Thomas Edison's shop in
Menlo Park

low it to operate at high temperatures and that the evac-
uated chamber would contain fewer gas molecules to re-
act with the platinum, improving its longevity. Although
a workable design, the cost of the platinum made it im-
practical for commercial use.
In 1841, Frederick de Moleyns of England was granted
the first patent for an incandescent lamp, with a design
using platinum wires contained within a vacuum bulb.[13]

In 1845, American John W. Starr acquired a patent
for his incandescent light bulb involving the use of car-
bon filaments.[14][15] He died shortly after obtaining the
patent, and his invention was never produced commer-
cially. Little else is known about him.[16]

In 1851, Jean Eugène Robert-Houdin publicly demon-
strated incandescent light bulbs on his estate in Blois,
France. His light bulbs are on display in the museum of
the Château de Blois.[17]

In 1872, Russian Alexander Lodygin invented an incan-
descent light bulb and obtained a Russian patent in 1874.
He used as a burner two carbon rods of diminished sec-
tion in a glass receiver, hermetically sealed, and filled
with nitrogen, electrically arranged so that the current
could be passed to the second carbon when the first had
been consumed.[18] Later he lived in the USA, changed
his name to Alexander de Lodyguine and applied and ob-
tained patents for incandescent lamps having chromium,
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iridium, rhodium, ruthenium, osmium, molybdenum and
tungsten filaments,[19] and a bulb using a molybdenum
filament was demonstrated at the world fair of 1900 in
Paris.[20]

Heinrich Göbel in 1893 claimed he had designed the
first incandescent light bulb in 1854, with a thin car-
bonized bamboo filament of high resistance, platinum
lead-in wires in an all-glass envelope, and a high vacuum.
Judges of four courts raised doubts about the alleged Gö-
bel anticipation, but there was never a decision in a final
hearing due to the expiry date of Edison’s patent. A re-
search work published 2007 concluded that the story of
the Göbel lamps in the 1850s is a legend.[21] On 24 July
1874, a Canadian patent was filed by Henry Woodward
and Mathew Evans for a lamp consisting of carbon rods
mounted in a nitrogen-filled glass cylinder. They were un-
successful at commercializing their lamp, and sold rights
to their patent (U.S. Patent 0,181,613) to Thomas Edison
in 1879.[22][23]

2.1.2 Commercialization

Carbon filament lamps, showing darkening of bulb

Joseph Swan (1828–1914) was a British physicist and
chemist. In 1850, he began working with carbonized pa-
per filaments in an evacuated glass bulb. By 1860, he
was able to demonstrate a working device but the lack of
a good vacuum and an adequate supply of electricity re-
sulted in a short lifetime for the bulb and an inefficient
source of light. By the mid-1870s better pumps became
available, and Swan returned to his experiments.
With the help of Charles Stearn, an expert on vacuum
pumps, in 1878, Swan developed a method of process-
ing that avoided the early bulb blackening. This received
a British Patent in 1880.[24] On 18 December 1878, a
lamp using a slender carbon rod was shown at a meet-
ing of the Newcastle Chemical Society, and Swan gave
a working demonstration at their meeting on 17 January
1879. It was also shown to 700 who attended ameeting of

Sir Joseph Wilson Swan

the Literary and Philosophical Society of Newcastle upon
Tyne on 3 February 1879. These lamps used a carbon rod
from an arc lamp rather than a slender filament. Thus they
had low resistance and required very large conductors to
supply the necessary current, so they were not commer-
cially practical, although they did furnish a demonstration
of the possibilities of incandescent lighting with relatively
high vacuum, a carbon conductor, and platinum lead-in
wires. Besides requiring too much current for a central
station electric system to be practical, they had a very
short lifetime.[25] Swan turned his attention to producing
a better carbon filament and the means of attaching its
ends. He devised a method of treating cotton to produce
'parchmentised thread' and obtained British Patent 4933
in 1880.[24] From this year he began installing light bulbs
in homes and landmarks in England. His house was the
first in the world to be lit by a lightbulb and so the first
house in the world to be lit by hydroelectric power. In
1878 the home of Lord Armstrong at Cragside was also
among the first houses to be lit by electricity. In the early
1880s he had started his company.[26] In 1881, the Savoy
Theatre in the City of Westminster, London was lit by
Swan incandescent lightbulbs, which was the first theatre,
and the first public building in the world, to be lit entirely
by electricity.[27]

Thomas Edison began serious research into developing a
practical incandescent lamp in 1878. Edison filed his first
patent application for “Improvement In Electric Lights”
on 14 October 1878.[28] After many experiments, first
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Edison carbon filament lamps, early 1880s

Thomas Alva Edison

with carbon in the early 1880s and then with platinum
and other metals, in the end Edison returned to a car-
bon filament.[29] The first successful test was on 22 Octo-
ber 1879,[30][31] and lasted 13.5 hours. Edison contin-
ued to improve this design and by 4 November 1879,
filed for a US patent for an electric lamp using “a car-
bon filament or strip coiled and connected ... to platina
contact wires.”[32] Although the patent described several
ways of creating the carbon filament including using “cot-
ton and linen thread, wood splints, papers coiled in var-
ious ways,”[32] Edison and his team later discovered that
a carbonized bamboo filament could last more than 1200
hours.[33] In 1880, the Oregon Railroad and Navigation
Company steamer, Columbia, became the first applica-
tion for Edison’s incandescent electric lamps (it was also
the first ship to execute use of a dynamo).[34][35][36]

Hiram S. Maxim started a lightbulb company in 1878 to
exploit his patents and those of William Sawyer. His

United States Electric Lighting Company was the sec-
ond company, after Edison, to sell practical incandescent
electric lamps. They made their first commercial instal-
lation of incandescent lamps at the Mercantile Safe De-
posit Company in New York City in the fall of 1880,
about six months after the Edison incandescent lamps
had been installed on the Columbia. In October 1880,
Maxim patented a method of coating carbon filaments
with hydrocarbons to extend their life.
Lewis Latimer, employed at the time by Edison, devel-
oped an improved method of heat-treating carbon fila-
ments which reduced breakage and allowed them to be
molded into novel shapes, such as the characteristic “M”
shape of Maxim filaments. On 17 January 1882, Latimer
received a patent for the “Process of Manufacturing Car-
bons”, an improved method for the production of light
bulb filaments, which was purchased by the United States
Electric Light Company.[37] Latimer patented other im-
provements such as a better way of attaching filaments to
their wire supports.[38]

In Britain, the Edison and Swan companies merged into
the Edison and Swan United Electric Company (later
known as Ediswan, and ultimately incorporated into
Thorn Lighting Ltd). Edison was initially against this
combination, but after Swan sued him and won, Edison
was eventually forced to cooperate, and the merger was
made. Eventually, Edison acquired all of Swan’s interest
in the company. Swan sold his US patent rights to the
Brush Electric Company in June 1882.
The United States Patent Office gave a ruling 8 October
1883, that Edison’s patents were based on the prior art of
William Sawyer and were invalid. Litigation continued
for a number of years. Eventually on 6 October 1889, a
judge ruled that Edison’s electric light improvement claim
for “a filament of carbon of high resistance” was valid.[39]

In 1897, German physicist and chemist Walther Nernst
developed the Nernst lamp, a form of incandescent lamp
that used a ceramic globar and did not require enclosure in
a vacuum or inert gas.[40][41] Twice as efficient as carbon
filament lamps, Nernst lamps were briefly popular until
overtaken by lamps using metal filaments.

2.2 Tungsten bulbs

On 13 December 1904, Hungarian Sándor Just and
Croatian Franjo Hanaman were granted a Hungarian
patent (No. 34541) for a tungsten filament lamp that
lasted longer and gave brighter light than the carbon fil-
ament. Tungsten filament lamps were first marketed
by the Hungarian company Tungsram in 1904. This
type is often called Tungsram-bulbs in many European
countries.[42] Their experiments also showed that the lu-
minosity of bulbs filled with an inert gas was higher than
in vacuum.[43] The tungsten filament outlasted all other
types.
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U.S. Patent 0,223,898 by Thomas Edison for an improved elec-
tric lamp, 27 January 1880

In 1906, the General Electric Company patented a
method of making filaments from sintered tungsten and
in 1911, used ductile tungsten wire for incandescent light
bulbs.
In 1913, Irving Langmuir found that filling a lamp with
inert gas instead of a vacuum resulted in twice the lumi-
nous efficacy and reduction of bulb blackening. In 1924,
Marvin Pipkin, an American chemist, patented a process
for frosting the inside of lamp bulbs without weakening
them, and in 1947, he patented a process for coating the
inside of lamps with silica.
Between 1924 and the outbreak of the Second World
War, the Phoebus cartel attempted to fix prices and sales
quotas for bulb manufacturers outside of North America.
In 1930, Hungarian Imre Bródy filled lamps with kryp-
ton gas rather than argon, and designed a process to ob-
tain krypton from air. Production of krypton filled lamps
based on his invention started at Ajka in 1937, in a fac-
tory co-designed by Polányi and Hungarian-born physi-
cist Egon Orowan.[44]

By 1964, improvements in efficiency and production of
incandescent lamps had reduced the cost of providing a

Hungarian advertising of the Tungsram-bulb from 1904. This
was the first light bulb that used a filament made from tungsten
instead of carbon. The inscription reads: wire lampwith a drawn
wire – indestructible.

given quantity of light by a factor of thirty, compared with
the cost at introduction of Edison’s lighting system.[45]

Consumption of incandescent light bulbs grew rapidly
in the US. In 1885, an estimated 300,000 general light-
ing service lamps were sold, all with carbon filaments.
When tungsten filaments were introduced, about 50 mil-
lion lamp sockets existed in the US. In 1914, 88.5 million
lamps were used, (only 15% with carbon filaments), and
by 1945, annual sales of lamps were 795 million (more
than 5 lamps per person per year).[46]

https://www.google.com/patents/US223898
https://en.wikipedia.org/wiki/Thomas_Edison
https://en.wikipedia.org/wiki/General_Electric
https://en.wikipedia.org/wiki/Sintered
https://en.wikipedia.org/wiki/Tungsten
https://en.wikipedia.org/wiki/Irving_Langmuir
https://en.wikipedia.org/wiki/Inert_gas
https://en.wikipedia.org/wiki/Marvin_Pipkin
https://en.wikipedia.org/wiki/Frosting_(decorative_arts)
https://en.wikipedia.org/wiki/Silica
https://en.wikipedia.org/wiki/Phoebus_cartel
https://en.wikipedia.org/wiki/Hungary
https://en.wikipedia.org/wiki/Imre_Br%C3%B3dy
https://en.wikipedia.org/wiki/Ajka
https://en.wikipedia.org/wiki/Egon_Orowan
https://en.wikipedia.org/wiki/Hungarian_language
https://en.wikipedia.org/wiki/Tungsram
https://en.wikipedia.org/wiki/Tungsten


8 CHAPTER 2. INCANDESCENT LIGHT BULB

Xenon halogen lamp with an E27 base, which can replace a non-
halogen bulb

2.3 Efficacy, efficiency, and envi-
ronmental impact

Of the power consumed by typical incandescent light
bulbs, 95% or more is converted into heat rather than vis-
ible light.[1] Other electrical light sources are more effec-
tive.
Luminous efficacy of a light source may be defined in
two ways. The radiant luminous efficacy (LER) is the ra-
tio of the visible light flux emitted (the luminous flux) to
the total power radiated over all wavelengths. The source
luminous efficacy (LES) is the ratio of the visible light
flux emitted (the luminous flux) to the total power input
to the source, such as a lamp.[47] Visible light is measured
in lumens, a unit which is defined in part by the differing
sensitivity of the human eye to different wavelengths of
light. Not all wavelengths of visible electromagnetic en-
ergy are equally effective at stimulating the human eye;
the luminous efficacy of radiant energy (LER) is a mea-
sure of how well the distribution of energy matches the
perception of the eye. The units of luminous efficacy are
“lumens per watt” (lpw). The maximum LER possible is
683 lm/W for monochromatic green light at 555 nanome-

ters wavelength, the peak sensitivity of the human eye.
The luminous efficiency is defined as the ratio of the lu-
minous efficacy to the theoretical maximum luminous ef-
ficacy of 683 lpw, and, as for luminous efficacy, is of two
types, radiant luminous efficiency (LFR) and source lu-
minous efficacy (LFS).
The chart below lists values of overall luminous efficacy
and efficiency for several types of general service, 120-
volt, 1000-hour lifespan incandescent bulb, and several
idealized light sources. The values for the incandescent
bulbs are source efficiencies and efficacies. The values for
the ideal sources are radiant efficiencies and efficacies. A
similar chart in the article on luminous efficacy compares
a broader array of light sources to one another.
The spectrum emitted by a blackbody radiator at temper-
atures of incandescent bulbs does not match the sensi-
tivity characteristics of the human eye; the light emitted
does not appear white, and most is not in the range of
wavelengths at which the eye is most sensitive. Tungsten
filaments radiate mostly infrared radiation at tempera-
tures where they remain solid – below 3,695 K (3,422 °C;
6,191 °F). Donald L. Klipstein explains it this way: “An
ideal thermal radiator produces visible light most effi-
ciently at temperatures around 6,300 °C (6,600K; 11,400
°F). Even at this high temperature, a lot of the radiation is
either infrared or ultraviolet, and the theoretical luminous
efficacy (LER) is 95 lumens per watt.”[48] No known ma-
terial can be used as a filament at this ideal temperature,
which is hotter than the sun’s surface. An upper limit for
incandescent lamp luminous efficacy (LER) is around 52
lumens per watt, the theoretical value emitted by tungsten
at its melting point.[45]

Although inefficient, incandescent light bulbs have an ad-
vantage in applications where accurate color reproduc-
tion is important, since the continuous blackbody spec-
trum emitted from an incandescent light-bulb filament
yields near-perfect color rendition, with a color render-
ing index of 100 (the best possible).[50] White-balancing
is still required to avoid too “warm” or “cool” colors, but
this is a simple process that requires only the color tem-
perature in Kelvin as input for modern, digital visual re-
production equipment such as video or still cameras un-
less it is completely automated. The color-rendering per-
formance of incandescent lights cannot be matched by
LEDs or fluorescent lights, although they can offer sat-
isfactory performance for non-critical applications such
as home lighting.[51][52] White-balancing such lights is
therefore more complicated, requiring additional adjust-
ments to reduce for example green-magenta color casts,
and even when properly white-balanced, the color repro-
duction will not be perfect.
For a given quantity of light, an incandescent light bulb
produces more heat (and thus consumes more power)
than a fluorescent lamp. In buildings where air condi-
tioning is used, incandescent lamps’ heat output increases
load on the air conditioning system.[53] Heat from lights
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Thermal image of an incandescent bulb. Much of the energy is
emitted as infrared. The IR heats the glass, which conducts the
heat to the surrounding air, producing convection.

Spectral distribution of a typical incandescent lamp.

will displace heat required from a building’s heating sys-
tem, but generally space heating energy is of lower cost
than heat from lighting.
Halogen incandescent lamps have higher efficacy, which
will allow a halogen light to use less power to produce the
same amount of light compared to a non-halogen incan-
descent light. The expected life span of halogen lights is
also generally longer compared to non-halogen incandes-
cent lights, and halogen lights produce a more constant
light-output over time, without much dimming.[54]

There are many non-incandescent light sources, such as
the fluorescent lamp, high-intensity discharge lamps and
LED lamps, which have higher luminous efficiency, and
some have been designed to be retrofitted in fixtures
for incandescent lights. These devices produce light by
luminescence. These lamps produce discrete spectral
lines and do not have the broad “tail” of invisible infrared
emissions. By careful selection of which electron energy
level transitions are used, and fluorescent coatings which
modify the spectral distribution, the spectrum emitted

can be tuned to mimic the appearance of incandescent
sources, or other different color temperatures of white
light. Due to the discrete spectral lines rather than a con-
tinuous spectrum, the light is not ideal for applications
such as photography and cinematography.[51][52]

2.3.1 Cost of lighting

See also: Architectural lighting design

The initial cost of an incandescent bulb is small compared
to the cost of the energy it uses over its lifetime. Incan-
descent bulbs have a shorter life than most other light-
ing, an important factor if replacement is inconvenient or
expensive. Some types of lamp, including incandescent
and fluorescent, emit less light as they age; this may be an
inconvenience, or may reduce effective lifetime due to
lamp replacement before total failure. A comparison of
incandescent lamp operating cost with other light sources
must include illumination requirements, cost of the lamp
and labor cost to replace lamps (taking into account ef-
fective lamp lifetime), cost of electricity used, effect of
lamp operation on heating and air conditioning systems.
When used for lighting in houses and commercial build-
ings, the energy lost to heat can significantly increase the
energy required by a building’s air conditioning system,
although during the heating season such heat is not all
wasted, but is not as effective as the heating system.[55]

2.3.2 Measures to ban use

Main article: Phase-out of incandescent light bulbs

Since incandescent light bulbs usemore energy than alter-
natives such as CFLs and LED lamps, many governments
have introduced measures to ban their use,[56] by setting
minimum efficacy standards higher than can be achieved
by incandescent lamps.
In the US, federal law has scheduled the most common
incandescent light bulbs to be phased out by 2014, to be
replaced with more energy-efficient light bulbs.[57] Tra-
ditional incandescent light bulbs were phased out in Aus-
tralia in November 2009.[58]

Objections to banning the use of incandescent light bulbs
include the higher initial cost and quality of light of
alternatives.[59] Some people have concerns about the
health effects of fluorescent lamps.

2.3.3 Efforts to improve efficiency

Some research has been carried out to improve the ef-
ficacy of commercial incandescent lamps. In 2007,
the consumer lighting division of General Electric an-
nounced a “high efficiency incandescent” (HEI) lamp
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project, which they claimed would ultimately be as much
as four times more efficient than current incandescents,
although their initial production goal was to be approx-
imately twice as efficient.[60][61] The HEI program was
terminated in 2008 due to slow progress.[62][63]

US Department of Energy research at Sandia National
Laboratories initially indicated the potential for dra-
matically improved efficiency from a photonic lattice
filament.[60] However, later work indicated that initially
promising results were in error.[64]

Prompted by US legislation mandating increased bulb
efficiency by 2012, new “hybrid” incandescent bulbs
have been introduced by Philips. The “Halogena Energy
Saver” incandescent is 30 percent more efficient than tra-
ditional designs, using a special chamber to reflect for-
merly wasted heat back to the filament to provide addi-
tional lighting power.[65]

2.4 Construction

Incandescent light bulbs consist of an air-tight glass enclo-
sure (the envelope, or bulb) with a filament of tungsten
wire inside the bulb, through which an electric current
is passed. Contact wires and a base with two (or more)
conductors provide electrical connections to the filament.
Incandescent light bulbs usually contain a stem or glass
mount anchored to the bulb’s base that allows the electri-
cal contacts to run through the envelope without air or gas
leaks. Small wires embedded in the stem in turn support
the filament and its lead wires.
An electric current heats the filament to typically 2,000 to
3,300 K (3,140 to 5,480 °F), well below tungsten’s melt-
ing point of 3,695 K (6,191 °F). Filament temperatures
depend on the filament type, shape, size, and amount of
current drawn. The heated filament emits light that ap-
proximates a continuous spectrum. The useful part of the
emitted energy is visible light, but most energy is given off
as heat in the near-infrared wavelengths.
Three-way light bulbs have two filaments and three con-
ducting contacts in their bases. The filaments share a
common ground, and can be lit separately or together.
Commonwattages include 30–70–100, 50–100–150, and
100–200–300, with the first two numbers referring to the
individual filaments, and the third giving the combined
wattage.
Most light bulbs have either clear or coated glass. The
coated glass bulbs have a white powdery substance on
the inside called kaolin. Kaolin, or kaolinite, is a white,
chalky clay in a very fine powder form, that is blown
in and electrostatically deposited on the interior of the
bulb. It diffuses the light emitted from the filament,
producing a more gentle and evenly distributed light.
Manufacturers may add pigments to the kaolin to ad-
just the characteristics of the final light emitted from the
bulb. Kaolin diffused bulbs are used extensively in inte-

rior lighting because of their comparatively gentle light.
Other kinds of colored bulbs are also made, including
the various colors used for “party bulbs”, Christmas tree
lights and other decorative lighting. These are created by
coloring the glass with a dopant; which is often a metal
like cobalt (blue) or chromium (green).[66] Neodymium-
containing glass is sometimes used to provide a more
natural-appearing light.
Many arrangements of electrical contacts are used. Large
lamps may have a screw base (one or more contacts at
the tip, one at the shell) or a bayonet base (one or more
contacts on the base, shell used as a contact or used only
as a mechanical support). Some tubular lamps have an
electrical contact at either end. Miniature lamps may
have a wedge base and wire contacts, and some automo-
tive and special purpose lamps have screw terminals for
connection to wires. Contacts in the lamp socket allow
the electric current to pass through the base to the fila-
ment. Power ratings for incandescent light bulbs range
from about 0.1 watt to about 10,000 watts.
The glass bulb of a general service lamp can reach tem-
peratures between 200 and 260 °C (392 and 500 °F).
Lamps intended for high power operation or used for
heating purposes will have envelopes made of hard glass
or fused quartz.[45]

Further information: Lightbulb socket

2.4.1 Gas fill

The bulb is filled with an inert gas, to reduce evaporation
of the filament and prevent its oxidation at a pressure of
about 70 kPa (0.7 atm).[67]

The role of the gas is to prevent evaporation of the fil-
ament, without introducing significant heat losses. For
these properties, chemical inertness and high atomic or
molecular weight is desirable. The presence of gas
molecules knocks the liberate tungsten atoms back to the
filament, reducing its evaporation and allowing it to be op-
erated at higher temperature without reducing its life (or,
for operating at the same temperature, prolongs the fila-
ment life). It however introduces heat losses (and there-
fore efficiency loss) from the filament, by heat conduction
and heat convection.
Early lamps, and some small modern lamps used only a
vacuum to protect the filament from oxygen. This how-
ever increases evaporation of the filament, albeit it elim-
inates the heat losses.
The most common fills are:[68]

• Vacuum, used in small lamps. Provides best thermal
insulation of the filament but does not protect against
its evaporation. Used also in larger lamps where the
outer bulb surface temperature has to be limited.

• Argon (93%) and nitrogen (7%), where argon is
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used for its inertness, low thermal conductivity and
low cost, and the nitrogen is added to increase the
breakdown voltage and prevent arcing between parts
of the filament[67]

• Nitrogen, used in some higher-power lamps, e.g.
projection lamps, and where higher breakdown volt-
age is needed due to proximity of filament parts or
lead-in wires

• Krypton, which is more advantageous than ar-
gon due to its yet higher atomic weight and yet
lower thermal conductivity (which also allows use
of smaller bulbs), but its use is hindered by much
higher cost, confining it mostly to smaller-size bulbs.

• Krypton mixed with xenon, where xenon improves
the gas properties further due to its yet higher atomic
weight. Its use is however limited by its very high
cost. The improvements by xenon are however mod-
est in comparison to its cost.

• Hydrogen, in special flashing lamps where rapid fil-
ament cooling is required; its high thermal conduc-
tivity is exploited here.

The gas fill must be free of traces of water. In presence of
the hot filament, water reacts with tungsten forming tung-
sten trioxide and atomic hydrogen. The oxide deposits on
the bulb inner surface and reacts with hydrogen, decom-
posing to metallic tungsten and water. Water then cycles
back to the filament. This greatly accelerates the bulb
blackening, in comparison with evaporation-only.
The gas layer just around the filament (called the Lang-
muir layer) is stangant, heat transfer occurs only by con-
duction. Only at some distance the convection takes over
to carry the heat to the bulb envelope.
The orientation of the filament against the convective gas
flow influences efficiency. Gas flowing parallel to the fila-
ment, e.g. in case of a vertically oriented bulb with verti-
cal (or axial) filament, allows running the filament hotter
and reduces convective losses.
The efficiency of the gas increases with the increasing
bulb filament diameter. Thin-filament, low-power bulbs
benefit less from a fill gas, so are often only evacuated.
In special cases, when rapid cooling of powered-off fil-
ament is needed (e.g. in flashing lights), gas fill is used;
hydrogen provides an advantage here.
Early lightbulbs with carbon filaments also used carbon
monoxide, nitrogen, or mercury vapor. Carbon filaments
however had to operate at lower temperatures than tung-
sten ones, so the effect of the fill gas was not significant
as the heat losses offset the benefits.

Tantalum filament light bulb, 1908, the first metal filament bulb

2.5 Manufacturing

Early lamps were laboriously assembled by hand. Af-
ter automatic machinery was developed the cost of lamps
fell.
In manufacturing the glass bulb, a type of “ribbon ma-
chine” is used. A continuous ribbon of glass is passed
along a conveyor belt, heated in a furnace, and then blown
by precisely aligned air nozzles through holes in the con-
veyor belt into molds. Thus the glass bulbs are created.
After the bulbs are blown, and cooled, they are cut off the
ribbon machine; a typical machine of this sort produces
50,000 bulbs per hour.[69] The filament and its supports
are assembled on a glass stem, which is fused to the bulb.
The air is pumped out of the bulb, and the evacuation
tube in the stem press is sealed by a flame. The bulb is
then inserted into the lamp base, and the whole assembly
tested.
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2.6 Filament

The first successful light bulb filaments were made of
carbon (from carbonized paper or bamboo). Early car-
bon filaments had a negative temperature coefficient of
resistance — as they got hotter, their electrical resistance
decreased. This made the lamp sensitive to fluctuations in
the power supply, since a small increase of voltage would
cause the filament to heat up, reducing its resistance and
causing it to draw even more power and heat even further.
In the “flashing” process, carbon filaments were heated by
current passing through them while in an evacuated ves-
sel containing hydrocarbon vapor (usually gasoline). The
carbon deposited on the filament by this treatment im-
proved the uniformity and strength of filaments as well as
their efficiency. A metallized or “graphitized” filament
was first heated in a high-temperature oven before flash-
ing and lamp assembly. This transformed the carbon into
graphite which further strengthened and smoothed the fil-
ament. This also changed the filament to have a positive
temperature coefficient, like a metallic conductor, and
helped stabilize the lamp’s power consumption, temper-
ature and light output against minor variations in supply
voltage.
In 1902, the Siemens company developed a tantalum
lamp filament. These lamps were more efficient than
even graphitized carbon filaments and could operate at
higher temperatures. Since tantalum metal has a lower
resistivity than carbon, the tantalum lamp filament was
quite long and required multiple internal supports. The
metal filament had the property of gradually shortening
in use; the filaments were installed with large loops that
tightened in use. This made lamps in use for several hun-
dred hours quite fragile.[70] Metal filaments had the prop-
erty of breaking and re-welding, though this would usu-
ally decrease resistance and shorten the life of the fila-
ment. General Electric bought the rights to use tantalum
filaments and produced them in the US until 1913.[71]

From 1898 to around 1905, osmium was also used as a
lamp filament in Europe, and the metal was so expen-
sive that used broken lamps could be returned for partial
credit.[72] It could not be made for 110 V or 220 V so
several lamps were wired in series for use on standard
voltage circuits.

How a tungsten filament is made

In 1906, the tungsten filament was introduced. Tungsten
metal was initially not available in a form that allowed it to
be drawn into fine wires. Filaments made from sintered
tungsten powder were quite fragile. By 1910, a process
was developed by William D. Coolidge at General Elec-
tric for production of a ductile form of tungsten. The
process required pressing tungsten powder into bars, then
several steps of sintering, swaging, and then wire draw-
ing. It was found that very pure tungsten formed filaments
that sagged in use, and that a very small “doping” treat-
ment with potassium, silicon, and aluminium oxides at
the level of a few hundred parts per million greatly im-
proved the life and durability of the tungsten filaments.[73]

2.6.1 Coiled coil filament

To improve the efficiency of the lamp, the filament usu-
ally consists of multiple coils of coiled fine wire, also
known as a 'coiled coil'. For a 60-watt 120-volt lamp, the
uncoiled length of the tungsten filament is usually 22.8
inches (580 mm),[45] and the filament diameter is 0.0018
inches (0.046 mm). The advantage of the coiled coil is
that evaporation of the tungsten filament is at the rate
of a tungsten cylinder having a diameter equal to that of
the coiled coil. The coiled-coil filament evaporates more
slowly than a straight filament of the same surface area
and light-emitting power. As a result, the filament can
then run hotter, which results in a more efficient light
source, while reducing the evaporation so that the fila-
ment will last longer than a straight filament at the same
temperature.
There are several different shapes of filament used in
lamps, with differing characteristics. Manufacturers des-
ignate the types with codes such as C-6, CC-6, C-2V,
CC-2V, C-8, CC-88, C-2F, CC-2F, C-Bar, C-Bar-6, C-
8I, C-2R, CC-2R, and Axial.
Electrical filaments are also used in hot cathodes of
fluorescent lamps and vacuum tubes as a source of
electrons or in vacuum tubes to heat an electron-emitting
electrode.

2.6.2 Reducing filament evaporation

One of the problems of the standard electric light bulb is
evaporation of the filament. Small variations in resistivity
along the filament cause “hot spots” to form at points
of higher resistivity;[46] a variation of diameter of only
1% will cause a 25% reduction in service life.[45] These
hot spots evaporate faster than the rest of the filament,
which increases the resistance at that point—this creates
a positive feedback that ends in the familiar tiny gap in
an otherwise healthy-looking filament. Irving Langmuir
found that an inert gas, instead of vacuum, would retard
evaporation. General service incandescent light bulbs
over about 25 watts in rating are now filled with a mix-
ture of mostly argon and some nitrogen,[74] or sometimes
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krypton.[75] Since a filament breaking in a gas-filled bulb
can form an electric arc, which may spread between the
terminals and draw very heavy current, intentionally thin
lead-in wires or more elaborate protection devices are
therefore often used as fuses built into the light bulb.[76]
More nitrogen is used in higher-voltage lamps to reduce
the possibility of arcing.
While inert gas reduces filament evaporation, it also con-
ducts heat from the filament, thereby cooling the fila-
ment and reducing efficiency. At constant pressure and
temperature, the thermal conductivity of a gas depends
upon the molecular weight of the gas and the cross sec-
tional area of the gas molecules. Higher molecular weight
gasses have lower thermal conductivity, because both the
molecular weight is higher and also the cross sectional
area is higher. Xenon gas improves efficiency because of
its high molecular weight, but is also more expensive, so
its use is limited to smaller lamps.[77]

During ordinary operation, the tungsten of the filament
evaporates; hotter, more-efficient filaments evaporate
faster. Because of this, the lifetime of a filament lamp is a
trade-off between efficiency and longevity. The trade-off
is typically set to provide a lifetime of several hundred
to 2,000 hours for lamps used for general illumination.
Theatrical, photographic, and projection lamps may have
a useful life of only a few hours, trading life expectancy
for high output in a compact form. Long-life general ser-
vice lamps have lower efficiency but are used where the
cost of changing the lamp is high compared to the value
of energy used.
Filament notching describes another phenomenon that
limits the life of lamps. Lamps operated on direct cur-
rent develop random stairstep irregularities on the fila-
ment surface, reducing the cross section and further in-
creasing heat and evaporation of tungsten at these points.
In small lamps operated on direct current, lifespan may
be cut in half compared to AC operation. Different al-
loys of tungsten and rhenium can be used to counteract
the effect.[78][79]

If a light bulb envelope leaks, the hot tungsten filament
reacts with air, yielding an aerosol of brown tungsten ni-
tride, brown tungsten dioxide, violet-blue tungsten pen-
toxide, and yellow tungsten trioxide that then deposits on
the nearby surfaces or the bulb interior.

2.6.3 Bulb blackening

In a conventional lamp, the evaporated tungsten eventu-
ally condenses on the inner surface of the glass envelope,
darkening it. For bulbs that contain a vacuum, the dark-
ening is uniform across the entire surface of the envelope.
When a filling of inert gas is used, the evaporated tung-
sten is carried in the thermal convection currents of the
gas, depositing preferentially on the uppermost part of
the envelope and blackening just that portion of the en-
velope. An incandescent lamp that gives 93% or less of

its initial light output at 75% of its rated life is regarded
as unsatisfactory, when tested according to IEC Publica-
tion 60064. Light loss is due to filament evaporation and
bulb blackening.[80] Study of the problem of bulb black-
ening led to the discovery of the Edison effect, thermionic
emission and invention of the vacuum tube.
A very small amount of water vapor inside a light bulb
can significantly affect lamp darkening. Water vapor
dissociates into hydrogen and oxygen at the hot fila-
ment. The oxygen attacks the tungsten metal, and the
resulting tungsten oxide particles travel to cooler parts of
the lamp. Hydrogen from water vapor reduces the ox-
ide, reforming water vapor and continuing this water cy-
cle.[46] The equivalent of a drop of water distributed over
500,000 lamps will significantly increase darkening.[45]
Small amounts of substances such as zirconium are placed
within the lamp as a getter to react with any oxygen that
may bake out of the lamp components during operation.
Some old, high-powered lamps used in theater, pro-
jection, searchlight, and lighthouse service with heavy,
sturdy filaments contained loose tungsten powder within
the envelope. From time to time, the operator would re-
move the bulb and shake it, allowing the tungsten powder
to scrub off most of the tungsten that had condensed on
the interior of the envelope, removing the blackening and
brightening the lamp again.[81]

2.6.4 Halogen lamps

Close-up of a tungsten filament inside a halogen lamp. The two
ring-shaped structures left and right are filament supports.

Main article: Halogen lamp

The halogen lamp reduces uneven evaporation of the fil-
ament and eliminates darkening of the envelope by fill-
ing the lamp with a halogen gas at low pressure, rather
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than an inert gas. The halogen cycle increases the life-
time of the bulb and prevents its darkening by redeposit-
ing tungsten from the inside of the bulb back onto the
filament. The halogen lamp can operate its filament at
a higher temperature than a standard gas filled lamp of
similar power without loss of operating life. Such bulbs
are much smaller than normal incandescent bulbs, and
are widely used where intense illumination is needed in a
limited space. Fiber-optic lamps for optical microscopy
is one typical application.

2.6.5 Incandescent arc lamps

A variation of the incandescent lamp did not use a hot
wire filament, but instead used an arc struck on a spherical
bead electrode to produce heat. The electrode then be-
came incandescent, with the arc contributing little to the
light produced. Such lamps were used for projection or il-
lumination for scientific instruments such as microscopes.
These arc lamps ran on relatively low voltages and incor-
porated tungsten filaments to start ionization within the
envelope. They provided the intense concentrated light
of an arc lamp but were easier to operate. Developed
around 1915, these lamps were displaced by mercury and
xenon arc lamps.[82][83][84]

2.7 Electrical characteristics

2.7.1 Power

Incandescent lamps are nearly pure resistive loads with a
power factor of 1. This means the actual power consumed
(in watts) and the apparent power (in volt-amperes) are
equal. Incandescent light bulbs are usually marketed ac-
cording to the electrical power consumed. This is mea-
sured in watts and depends mainly on the resistance of the
filament, which in turn depends mainly on the filament’s
length, thickness, andmaterial. For two bulbs of the same
voltage, type, color, and clarity, the higher-powered bulb
gives more light.
The table shows the approximate typical output, in
lumens, of standard incandescent light bulbs at various
powers. Light output of a 230 V version is usually slightly
less than that of a 120 V version. The lower current
(higher voltage) filament is thinner and has to be operated
at a slightly lower temperature for same life expectancy,
and that reduces energy efficiency.[87] The lumen values
for “soft white” bulbs will generally be slightly lower than
for clear bulbs at the same power.

2.7.2 Current and resistance

The actual resistance of the filament is temperature de-
pendent. The cold resistance of tungsten-filament lamps
is about 1/15 the hot-filament resistance when the lamp is

operating. For example, a 100-watt, 120-volt lamp has a
resistance of 144 ohms when lit, but the cold resistance is
much lower (about 9.5 ohms).[45][88] Since incandescent
lamps are resistive loads, simple phase-control TRIAC
dimmers can be used to control brightness. Electrical
contacts may carry a “T” rating symbol indicating that
they are designed to control circuits with the high inrush
current characteristic of tungsten lamps. For a 100-watt,
120-volt general-service lamp, the current stabilizes in
about 0.10 seconds, and the lamp reaches 90% of its full
brightness after about 0.13 seconds.[89]

Carbon filament bulbs have the opposite characteristic.
The resistance of a carbon filament is higher when it is
cold than when it is operating. In the case of a 240 Volt,
60 Watt carbon filament bulb, the resistance of the fil-
ament when at operating temperature is 960 Ohms, but
rises to around 1500 Ohms when cold.

2.8 Physical characteristics

2.8.1 Bulb shapes

A B C C A E F 

G H P P S S T 

R E R P A R B R 

Incandescent light bulbs come in a range of shapes and sizes.

Incandescent light bulbs come in a range of shapes and
sizes. The names of the shapes may be slightly different
in some regions. Many of these shapes have a designation
consisting of one or more letters followed by one or more
numbers, e.g. A55 or PAR38. The letters represent the
shape of the bulb. The numbers represent the maximum
diameter, either in 1⁄8 of an inch, or in millimeters, de-
pending on the shape and the region. For example, 63
mm reflectors are designated R63, but in the US, they are
known as R20 (2.5 in).[90] However, in both regions, a
PAR38 reflector is known as PAR38.
Common shapes:

General Service Light emitted in (nearly) all directions.
Available either clear or frosted.
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Types: General (A), Mushroom, elliptical (E), sign (S),
tubular (T)

120 V sizes: A17, 19 and 21

230 V sizes: A55 and 60

High Wattage General Service Lamps greater than
200 watts.

Types: Pear-shaped (PS)

Decorative lamps used in chandeliers, etc.

Types: candle (B), twisted candle, bent-tip candle (CA
& BA), flame (F), globe (G), lantern chimney (H),
fancy round (P)

230 V sizes: P45, G95

Reflector (R) Reflective coating inside the bulb directs
light forward. Flood types (FL) spread light. Spot
types (SP) concentrate the light. Reflector (R) bulbs
put approximately double the amount of light (foot-
candles) on the front central area as General Service
(A) of same wattage.

Types: Standard reflector (R), elliptical reflector (ER),
crown-silvered

120 V sizes: R16, 20, 25 and 30

230 V sizes: R50, 63, 80 and 95

Parabolic aluminized reflector (PAR) Parabolic alu-
minized reflector (PAR) bulbs control light more
precisely. They produce about four times the con-
centrated light intensity of general service (A), and
are used in recessed and track lighting. Weath-
erproof casings are available for outdoor spot and
flood fixtures.

120 V sizes: PAR 16, 20, 30, 38, 56 and 64

230 V sizes: PAR 16, 20, 30, 38, 56 and 64

Available in numerous spot and flood beam spreads.
Like all light bulbs, the number represents the di-
ameter of the bulb in 1⁄8 of an inch. Therefore, a
PAR 16 is 2 in in diameter, a PAR 20 is 2.5 in in
diameter, PAR 30 is 3.75 in and a PAR 38 is 4.75
in in diameter.

Multifaceted reflector (MR)

HIR “HIR” is a GE designation for a lamp with an in-
frared reflective coating. Since less heat escapes, the
filament burns hotter and more efficiently.[91] The
Osram designation for a similar coating is “IRC”.[92]

40-watt light bulbs with standard E10, E14 and E27 Edison
screw base

The double-contact bayonet cap on an incandescent bulb

2.8.2 Lamp bases

Main article: Lightbulb sockets
Very small lamps may have the filament support wires
extended through the base of the lamp, and can be di-
rectly soldered to a printed circuit board for connections.
Some reflector-type lamps include screw terminals for
connection of wires. Most lamps have metal bases that
fit in a socket to support the lamp and conduct current to
the filament wires. In the late 19th century, manufactur-
ers introduced a multitude of incompatible lamp bases.
General Electric introduced standard base sizes for tung-
sten incandescent lamps under the Mazda trademark in
1909. This standard was soon adopted across the US,
and the Mazda name was used by many manufacturers
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under license through 1945. Today most incandescent
lamps for general lighting service use an Edison screw
in candelabra, intermediate, or standard or mogul sizes,
or double contact bayonet base. Technical standards for
lamp bases include ANSI standard C81.67 and IEC stan-
dard 60061-1 for common commercial lamp sizes, to en-
sure interchangeablitity between different manufacturer’s
products. Bayonet base lamps are frequently used in
automotive lamps to resist loosening due to vibration. A
bipin base is often used for halogen or reflector lamps.[93]

Lamp bases may be secured to the bulb with a cement, or
by mechanical crimping to indentations molded into the
glass bulb.
Miniature lamps used for some automotive lamps or dec-
orative lamps have wedge bases that have a partial plastic
or even completely glass base. In this case, the wires wrap
around to the outside of the bulb, where they press against
the contacts in the socket. Miniature Christmas bulbs use
a plastic wedge base as well.
Lamps intended for use in optical systems such as film
projectors, microscope illuminators, or stage lighting in-
struments have bases with alignment features so that the
filament is positioned accurately within the optical sys-
tem. A screw-base lamp may have a random orientation
of the filament when the lamp is installed in the socket.

2.9 Light output and lifetime

See also: Lamp rerating

Incandescent lamps are very sensitive to changes in the
supply voltage. These characteristics are of great practical
and economic importance.
For a supply voltage V near the rated voltage of the lamp:

• Light output is approximately proportional to V 3.4

• Power consumption is approximately proportional to
V 1.6

• Lifetime is approximately proportional to V −16

• Color temperature is approximately proportional to
V 0.42[94]

This means that a 5% reduction in operating voltage will
more than double the life of the bulb, at the expense of re-
ducing its light output by about 16%. This may be a very
acceptable trade off for a light bulb that is in a difficult-
to-access location (for example, traffic lights or fixtures
hung from high ceilings). Long-life bulbs take advantage
of this trade-off. Since the value of the electric power
they consume is much more than the value of the lamp,
general service lamps emphasize efficiency over long op-
erating life. The objective is to minimize the cost of light,

The Centennial Light is the longest-lasting light bulb in the world.

Various lighting spectra as viewed in a diffraction grating. Upper
left: fluorescent lamp, upper right: incandescent bulb, lower left:
white LED, lower right: candle flame.

not the cost of lamps.[45] Early bulbs had a life of up to
2500 hours, but in 1924 a cartel agreed to limit life to
1000 hours.[95] When this was exposed in 1953, General
Electric and other leading American manufacturers were
banned from limiting the life.[96]

The relationships above are valid for only a few percent
change of voltage around rated conditions, but they do in-
dicate that a lamp operated at much lower than rated volt-
age could last for hundreds of times longer than at rated
conditions, albeit with greatly reduced light output. The
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"Centennial Light" is a light bulb that is accepted by the
Guinness Book of World Records as having been burning
almost continuously at a fire station in Livermore, Califor-
nia, since 1901. However, the bulb emits the equivalent
light of a four watt bulb. A similar story can be told of
a 40-watt bulb in Texas that has been illuminated since
21 September 1908. It once resided in an opera house
where notable celebrities stopped to take in its glow, and
was moved to an area museum in 1977.[97]

In flood lamps used for photographic lighting, the trade-
off is made in the other direction. Compared to general-
service bulbs, for the same power, these bulbs produce far
more light, and (more importantly) light at a higher color
temperature, at the expense of greatly reduced life (which
may be as short as two hours for a type P1 lamp). The
upper temperature limit for the filament is the melting
point of the metal. Tungsten is the metal with the highest
melting point, 3,695 K (6,191 °F). A 50-hour-life pro-
jection bulb, for instance, is designed to operate only 50
°C (122 °F) below that melting point. Such a lamp may
achieve up to 22 lumens per watt, compared with 17.5 for
a 750-hour general service lamp.[45]

Lamps designed for different voltages have different lu-
minous efficacy. For example, a 100-watt, 120-volt lamp
will produce about 17.1 lumens per watt. A lamp with the
same rated lifetime but designed for 230Vwould produce
only around 12.8 lumens per watt, and a similar lamp de-
signed for 30 volts (train lighting) would produce as much
as 19.8 lumens per watt.[45] Lower voltage lamps have a
thicker filament, for the same power rating. They can run
hotter for the same lifetime before the filament evapo-
rates.
The wires used to support the filament make it mechani-
cally stronger, but remove heat, creating another tradeoff
between efficiency and long life. Many general-service
120-volt lamps use no additional support wires, but lamps
designed for "rough service" or “vibration service” may
have as many as five. Low-voltage lamps have filaments
made of heavier wire and do not require additional sup-
port wires.
Very low voltages are inefficient since the lead wires
would conduct too much heat away from the filament,
so the practical lower limit for incandescent lamps is 1.5
volts. Very long filaments for high voltages are frag-
ile, and lamp bases become more difficult to insulate,
so lamps for illumination are not made with rated volt-
ages over 300 volts.[45] Some infrared heating elements
are made for higher voltages, but these use tubular bulbs
with widely separated terminals.

2.10 See also

• Flash (photography)

• Lampshade

• Light tube

• Lightbulb jokes

• List of light sources

• Longest-lasting light bulbs

• Over-illumination

• Photometry (optics)

• Spectrometer
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2.12 External links
• Light Source Spectra 60 W-100 W Incandescent
light bulb spectra, from Cornell University Program
of Computer Graphics

• Bulb Museum

http://www.graphics.cornell.edu/online/measurements/source-spectra/index.html
http://www.bulbmuseum.eu/blb%2520en/index%2520en.htm
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Halogen lamp

A halogen lamp operating in its fitting with the protecting glass
removed

A Halogen lamp behind a round UV filter. A separate filter is
included with some halogen light fixtures to remove UV light.

A halogen lamp, also known as a tungsten halo-
gen, quartz-halogen or quartz iodine lamp, is an
incandescent lamp that has a small amount of a halogen
such as iodine or bromine added. The combination of the
halogen gas and the tungsten filament produces a halo-
gen cycle chemical reaction which redeposits evaporated
tungsten back onto the filament, increasing its life and
maintaining the clarity of the envelope. Because of this,
a halogen lamp can be operated at a higher temperature
than a standard gas-filled lamp of similar power and op-

Xenon Halogen Lamp (105W) for replacement purposes with an
E27 screw base

erating life, producing light of a higher luminous efficacy
and color temperature. The small size of halogen lamps
permits their use in compact optical systems for projec-
tors and illumination.

3.1 History

A carbon filament lamp using chlorine to prevent darken-
ing of the envelope was patented[1] in 1882, and chlorine-
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A close-up of a halogen lamp

filled “NoVak” lamps were marketed in 1892.[2] The use
of iodine was proposed in a 1933 patent,[3] which also de-
scribed the cyclic redeposition of tungsten back onto the
filament. In 1959, General Electric patented[3] a practical
lamp using iodine.[4]

3.2 Halogen cycle

In ordinary incandescent lamps, evaporated tungsten
mostly deposits onto the inner surface of the bulb, caus-
ing the bulb to blacken and the filament to grow increas-
ingly weak until it eventually breaks. The halogen, how-
ever, sets up a reversible chemical reaction cycle with this
evaporated tungsten. The halogen cycle keeps the bulb
clean and causes the light output to remain almost con-
stant throughout the bulb’s life. At moderate tempera-
tures the halogen reacts with the evaporating tungsten, the
halide formed being moved around in the inert gas filling.
At some point, however, it will reach higher temperature
regions within the bulb where it then dissociates, releas-
ing tungsten back onto the filament and freeing the halo-

gen to repeat the process. The overall bulb envelope tem-
perature must be significantly higher than in conventional
incandescent lamps for this reaction to succeed, however.
The bulb must be made of fused silica (quartz) or a high-
melting-point glass (such as aluminosilicate glass). Since
quartz is very strong, the gas pressure can be higher,[5]
which reduces the rate of evaporation of the filament, per-
mitting it to run a higher temperature (and so luminous ef-
ficacy) for the same average life. The tungsten released in
hotter regions does not generally redeposit where it came
from, so the hotter parts of the filament eventually thin
out and fail.
Quartz iodine lamps, using elemental iodine, were the
first commercial halogen lamps launched by GE in
1959.[6][7] Quite soon, bromine was found to have ad-
vantages, but was not used in elemental form. Certain
hydrocarbon bromine compounds gave good results.[8][9]
Regeneration of the filament is also possible with fluo-
rine, but its chemical reactivity is so great that other parts
of the lamp are attacked.[8][10] The halogen is normally
mixed with a noble gas, often krypton or xenon.[11] The
first lamps used only tungsten for filament supports, but
some designs use molybdenum — an example being the
molybdenum shield in the H4 twin filament headlight for
the European Asymmetric Passing Beam.
For a fixed power and life, the luminous efficacy of all
incandescent lamps is greatest at a particular design volt-
age. Halogen lamps made for 12 to 24 volt operation
have good light outputs, and the very compact filaments
are particularly beneficial for optical control (see picture).
The range of multifaceted reflector “MR” lamps of 20-
50 watts were originally conceived for the projection of
8 mm film, but are now widely used for display lighting
and in the home. More recently, wider beam versions
have become available designed for direct use on supply
voltages of 120 or 230 V.

3.3 Effect of voltage on perfor-
mance

Tungsten halogen lamps behave in a similar manner to
other incandescent lamps when run on a different voltage.
However the light output is reported as proportional to
V 3 , and the luminous efficacy proportional to V 1.3 .[12]
The normal relationship regarding the lifetime is that it
is proportional to V −14 . For example, a bulb operated
at 5% higher than its design voltage would produce about
15%more light, and the luminous efficacy would be about
6.5% higher, but would be expected to have only half the
rated life.
Halogen lamps are manufactured with enough halogen to
match the rate of tungsten evaporation at their design volt-
age. Increasing the applied voltage increases the rate of
evaporation, so at some point there may be insufficient
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halogen and the lamp goes black. Over-voltage operation
is not generally recommended. With a reduced voltage
the evaporation is lower and there may be too much halo-
gen, which can lead to abnormal failure. At much lower
voltages, the bulb temperature may be too low to support
the halogen cycle, but by this time the evaporation rate is
too low for the bulb to blacken significantly. There are
many situations where halogen lamps are dimmed suc-
cessfully. However, lamp life may not be extended as
much as predicted. The life span on dimming depends on
lamp construction, the halogen additive used and whether
dimming is normally expected for this type.

3.4 Spectrum
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A technical diagram depicting the power of a halogen light at
various wavelengths. An overlay of the visible light spectrum can
be seen along the left side.

Like all incandescent light bulbs, a halogen lamp pro-
duces a continuous spectrum of light, from near ultravi-
olet to deep into the infrared.[13] Since the lamp filament
can operate at a higher temperature than a non-halogen
lamp, the spectrum is shifted toward blue, producing light
with a higher effective color temperature.
High temperature filaments emit some energy in the UV
region. Small amounts of other elements can be mixed
into the quartz, so that the doped quartz (or selective op-
tical coating) blocks harmful UV radiation. Hard glass
blocks UV and has been used extensively for the bulbs
of car headlights.[14] Alternatively, the halogen lamp can
be mounted inside an outer bulb, similar to an ordinary
incandescent lamp, which also reduces the risks from the
high bulb temperature. Undoped quartz halogen lamps
are used in some scientific, medical and dental instru-
ments as a UV-B source.

3.5 Safety

Halogen lamps get hotter than regular incandescent lamps
because the heat is concentrated on a smaller envelope

surface, and because the surface is closer to the fila-
ment. This high temperature is essential to their oper-
ation. Because the halogen lamp operates at very high
temperatures, it can pose fire and burn hazards. In Aus-
tralia, numerous house fires each year are attributed to
ceiling-mounted halogen downlights.[15][16] The Western
Australia Department of Fire and Emergency Services
recommends that home owners consider instead using
compact fluorescent lamps or light emitting diode lamps
because they produce less heat.[17] Some safety codes now
require halogen bulbs to be protected by a grid or grille,
especially for high power (1–2 kW) bulbs used in theatre,
or by the glass and metal housing of the fixture to prevent
ignition of draperies or flammable objects in contact with
the lamp.
To reduce unintentional ultraviolet (UV) exposure, and
to contain hot bulb fragments in the event of explosive
bulb failure, general-purpose lamps usually have a UV-
absorbing glass filter over or around the bulb. Alterna-
tively, lamp bulbs may be doped or coated to filter out the
UV radiation. With adequate filtering, a halogen lamp ex-
poses users to less UV than a standard incandescent lamp
producing the same effective level of illumination with-
out filtering.

3.5.1 Handling precautions

A burned out halogen light bulb

Any surface contamination, notably the oil from hu-
man fingertips, can damage the quartz envelope when
it is heated. Contaminants will create a hot spot on
the bulb surface when the lamp is turned on. This ex-
treme, localized heat causes the quartz to change from its
vitreous form into a weaker, crystalline form that leaks
gas. This weakening may also cause the bulb to form a
bubble, weakening it and leading to its explosion.[18] Con-
sequently, manufacturers recommend that quartz lamps
should be handled without touching the clear quartz, ei-
ther by using a clean paper towel or carefully holding the
porcelain base. If the quartz is contaminated in any way,
it must be thoroughly cleaned with denatured alcohol and
dried before use.
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3.6 Applications

Medical halogen penlight to observe pupillary light reflex

Halogen headlamps are used in many automobiles. Halo-
gen floodlights for outdoor lighting systems as well as
for watercraft are also manufactured for commercial and
recreational use. They are now also used in desktop
lamps.
Tungsten-halogen lamps are frequently used as a near-
infrared light source in Infrared spectroscopy.
Halogen lamps were used on the Times Square Ball from
1999 to 2006. However, from 2007 onwards, the halo-
gen lamps were replaced with LED lights, both to reduce
electrical costs, and due to themuch longer potential lifes-
pan (about ten times longer for LED over incandescent).
The year numerals that light up when the ball reaches the
bottom used halogen lighting for the last time for the 2009
ball drop. It was announced on the Times Square website
that the year numerals for the 2010 ball drop would use
LED lights.[19]

3.6.1 Automotive

A close-up of a tungsten filament of a halogen car lamp after
several hundred hours of use

Main article: Automotive lamp types

Tungsten-halogen lamps have been commonly used as the
light sources in automobile headlamps, but are increasing
being replaced by Xenon and LED lights.

3.6.2 Architectural

• Linear in various sizes and power

• R7S: linear halogen lamp measuring 118mm
or 78mm. Also known as a double ended
halogen lamp. There are also less common
189mm, 254mm and 331mm R7S lamps.

• Dichroic and plain reflector spots. Higher efficiency
versions using infrared reflective coating (IRC) tech-
nology are 40% more efficient than standard low
voltage halogen lamps

3.6.3 Cooking

Halogen lamps are used as the heating element in a
halogen oven.

3.6.4 Home use

Halogen multifaceted reflector bulbs are widely avail-
able. The most common format is MR16, which is avail-
able in 10–50 W power ratings (150–800 lumens).[20]
Low voltage lamps use the MR16 and similar bi-pin
bases, whereas mains voltage lamps use the same caps
as normal mains tungsten filament lamps, or a special
GU10/GZ10 base. The GU10/GZ10 bases are shaped
to prevent dichroic reflector lamps being used in lumi-
naires intended for aluminised reflector lamps, which
could cause overheating of the fitting. Higher efficiency
LED versions of all of these lamps are now available, but
these have widely varying light output and quality.
With the help of some companies such as Philips and
Osram Sylvania, halogen bulbs have been made for stan-
dard household fittings, and can replace banned incandes-
cent light bulbs of low luminous efficacy.[21][22][23]

Tubular lampswith electrical contacts at each end are now
being used in standalone lamps and household fixtures.
These come in various lengths and wattages (50–300W).

3.6.5 Stage lighting

Tungsten halogen lamps are used in the majority of the-
atrical and studio (film and television) fixtures, including
Ellipsoidal Reflector Spotlights and Fresnels. PAR Cans
are also predominately tungsten halogen.

3.6.6 Specialized

Projection lamps are used inmotion-picture and slide pro-
jectors for homes and small office or school use. The
compact size of the halogen lamp permits a reasonable
size for portable projectors, although heat-absorbing fil-
ters must be placed between the lamp and the film to pre-
vent melting. Halogen lamps are sometimes used for in-
spection lights and microscope stage illuminators. Halo-
gen lamps were used for early flat-screen LCD backlight-
ing, but other types of lamps are now used.
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3.7 Disposal

Halogen lamps do not contain any mercury. General
Electric claims that none of the materials making up their
halogen lamps would cause the lamps to be classified as
hazardous waste.[24]

3.8 External links
• Halogen Lamp Resources Halogen Lamp Resources

3.9 See also
• Bi-pin connector for base designations GY6.35, G8,
etc.

• FEL lamp

• Lamp base for other bases

• List of light sources
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Chapter 4

Fused quartz

Not to be confused with shocked quartz.
Fused quartz or fused silica is glass consisting of silica

A fused quartz sphere manufactured for use in a gyroscope in the
Gravity Probe B experiment. It is one of the most accurate spheres
ever manufactured, deviating from a perfect sphere by no more
than 40 atoms of thickness. It is thought that only neutron stars
are smoother.

in amorphous (non-crystalline) form. It differs from tra-
ditional glasses in containing no other ingredients, which
are typically added to glass to lower the melt tempera-
ture. Fused silica, therefore, has high working and melt-
ing temperatures. The optical and thermal properties
of fused quartz are superior to those of other types of
glass due to its purity. For these reasons, it finds use in
situations such as semiconductor fabrication and labora-
tory equipment. It has better ultraviolet transmission than
most other glasses, and so is used tomake lenses and other
optics for the ultraviolet spectrum. Its low coefficient of
thermal expansion also makes it a useful material for pre-
cision mirror substrates.[1]

4.1 Production

4.1.1 Feedstock

Fused quartz is produced by fusing (melting) high-purity
silica sand, which consists of quartz crystals. Quartz
contains only silicon and oxygen, although commercial
quartz glass often contains impurities. The most domi-

nant impurities are aluminium and titanium.[2]

4.1.2 Fusion

Melting is effected at approximately 2000 °C using ei-
ther an electrically heated furnace (electrically fused) or
a gas/oxygen-fuelled furnace (flame fused). Fused sil-
ica can be made from almost any silicon-rich chemical
precursor, usually using a continuous process which in-
volves flame oxidation of volatile silicon compounds to
silicon dioxide, and thermal fusion of the resulting dust
(although there are alternative processes). This results
in a transparent glass with an ultra-high purity and im-
proved optical transmission in the deep ultraviolet. One
common method involves adding silicon tetrachloride to
a hydrogen–oxygen flame, however use of this precursor
results in environmentally unfriendly by-products includ-
ing chlorine and hydrochloric acid. To eliminate these
by-products, new processes have been developed using an
alternative feedstock, which has also resulted in a higher
purity fused silica with further improved deep ultraviolet
transmission.

4.1.3 Product quality

Fused quartz is normally transparent, the process of fu-
sion results in a material that is translucent. The material
can however appear opaque owing to the presence small
air bubbles trapped within the material. The water con-
tent (and therefore infrared transmission of fused quartz
and fused silica) is determined by the manufacturing pro-
cess. Flame fused material always has a higher water con-
tent due to the combination of the hydrocarbons and oxy-
gen fuelling the furnace forming hydroxyl [OH] groups
within the material. An IR grade material typically has
an [OH] content of <10 parts per million.

4.2 Applications

Most of the applications of fused silica exploit its wide
transparency range, which extends from the UV to the
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near IR. Fused silica is the key startingmaterial for optical
fiber, used for telecommunications.
Because of its strength and high melting point (compared
to ordinary glass), fused silica is used as an envelope for
halogen lamps and high-intensity discharge lamps, which
must operate at a high envelope temperature to achieve
their combination of high brightness and long life. Vac-
uum tubes with silica envelopes allowed for radiation-
cooling by incandescent anodes.
The combination of strength, thermal stability, and UV
transparencymakes it an excellent substrate for projection
masks for photolithography.

An EPROM with fused quartz window in the top of the package

Its UV transparency also finds uses in the semiconduc-
tor industry; an EPROM, or erasable programmable read
onlymemory, is a type ofmemory chip that retains its data
when its power supply is switched off, but which can be
erased by exposure to strong ultraviolet light. EPROMs
are recognizable by the transparent fused quartz win-
dow which sits on top of the package, through which the
silicon chip is visible, and which permits exposure to UV
light during erasing.
Due to the thermal stability and composition it is used in
semiconductor fabrication furnaces.
Fused quartz has nearly ideal properties for fabricating
first surface mirrors such as those used in telescopes. The
material behaves in a predictable way and allows the op-
tical fabricator to put a very smooth polish onto the sur-
face and produce the desired figure with fewer testing it-
erations. In some instances, a high-purity UV grade of
fused quartz has been used to make several of the indi-
vidual uncoated lens elements of special purpose lenses
including the Zeiss 105mm f/4.3 UV Sonnar, a lens for-
merly made for the Hasselblad camera, and the Nikon
UV-Nikkor 105mm f/4.5 (presently sold as the Nikon
PF10545MF-UV) lens. These lenses are used for UV
photography, as the quartz glass has a lower extinction
rate than lens made with more common flint or crown
glass formulas.

4.2.1 Refractory material applications

Fused silica as an industrial raw material is used to
make various refractory shapes such as crucibles, trays,

shrouds, and rollers for many high-temperature thermal
processes including steelmaking, investment casting, and
glass manufacture. Refractory shapes made from fused
silica have excellent thermal shock resistance and are
chemically inert to most elements and compounds includ-
ing virtually all acids, regardless of concentration, except
hydrofluoric acid which is very reactive even in fairly low
concentrations. Translucent fused silica tubes are com-
monly used to sheathe electric elements in room heaters,
industrial furnaces and other similar applications.
Owing to its low mechanical damping at ordinary tem-
peratures, it is used for high-Q resonators, in particular,
for wine-glass resonator of hemispherical resonator gyro
(HRG).[3][4]

Quartz glassware is occasionally used in chemistry lab-
oratories when standard borosilicate glass cannot with-
stand high temperatures; it is more commonly found as
a very basic element, such as a tube in a furnace, or as a
flask, the elements in direct exposure to the heat.

4.3 Physical properties

The extremely low coefficient of thermal expansion,
about 5.5×10−7/°C (20–320 °C), accounts for its remark-
able ability to undergo large, rapid temperature changes
without cracking (see thermal shock).

Phosphorescence in fused quartz from an extremely intense pulse
of ultraviolet light, centered at 170 nm, in a flashtube.

Fused quartz is prone to phosphorescence and
"solarisation" (purplish discoloration) under intense
UV illumination, as is often seen in flashtubes. “UV
grade” synthetic fused silica (sold under various trade-
names including “HPFS”, “Spectrosil” and “Suprasil”)
has a very low metallic impurity content making it
transparent deeper into the ultraviolet. An optic with a
thickness of 1 cm will have a transmittance of about 50%
at a wavelength of 170 nm, which drops to only a few
percent at 160 nm. However, its infrared transmission
is limited by strong water absorptions at 2.2 μm and 2.7
μm.
“Infrared grade” fused quartz (tradenames “Infrasil”,
“Vitreosil IR” and others) which is electrically fused, has
a greater presence of metallic impurities, limiting its UV
transmittance wavelength to around 250 nm, but a much
lower water content, leading to excellent infrared trans-
mission up to 3.6 μm wavelength. All grades of transpar-
ent fused quartz/fused silica have nearly identical physical
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properties.

Phosphorescence of the quartz ignition tube of an air-gap flash.

4.4 Optical properties

The optical dispersion of fused silica can be approxi-
mated by the following Sellmeier equation:[5]

ε = n2 = 1+
0.6961663λ2

λ2 − 0.06840432
+

0.4079426λ2

λ2 − 0.11624142
+

0.8974794λ2

λ2 − 9.8961612
,

where the wavelength λ is measured inmicrometers. This
equation is valid between 0.21 and 3.71 micrometers and
at 20 °C.[5] Its validity was confirmed for wavelengths up
to 6.7 µm.[6] Experimental data for the real (refractive in-
dex) and imaginary (absorption index) parts of the com-
plex refractive index of fused quartz reported in the lit-
erature over the spectral range from 30 nm to 1000 µm
has been reviewed by Kitamura et al.[6] and are available
online.

4.5 Typical properties of clear
fused silica

• Density: 2.203 g/cm3

• Hardness: 5.3–6.5 (Mohs scale), 8.8 GPa

• Tensile strength: 48.3 MPa

• Compressive strength: >1.1 GPa

• Bulk modulus: ~37 GPa

• Rigidity modulus: 31 GPa

• Young’s modulus: 71.7 GPa

• Poisson’s ratio: 0.17

• Lamé elastic constants: λ=15.87 GPa, μ=31.26 GPa

• Coefficient of thermal expansion: 5.5×10−7/°C (av-
erage from 20 °C to 320 °C)

• Thermal conductivity: 1.3 W/(m·K)

• Specific heat capacity: 45.3 J/(mol·K)

• Softening point: c. 1665 °C

• Annealing point: c. 1140 °C

• Strain point: 1070 °C

• Electrical resistivity: >1018 Ω·m

• Dielectric constant: 3.75 at 20 °C 1 MHz

• Dielectric loss factor: less than 0.0004 at 20 °C 1
MHz

• Index of refraction: at 587.6 nm (n⛴): 1.4585

• Change of refractive index with temperature (0 to
700 °C): 1.28×10−5/°C (between 20 and 30 °C)[5]

• Strain-optic coefficients: p11=0.113, p12=0.252.

• Hamaker constant: A=6.5×10−20 J.

• Dielectric strength: 250–400 kV/cm at 20 °C[7]

• Surface Tension: .300 N/m at 1800 - 2400 °C[8]

4.6 See also

• Vycor

• Structure of liquids and glasses
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Chapter 5

LED lamp

An assortment of LED lamps commercially available as of 2010
as replacements for screw-in bulbs, including floodlight fixtures
(left), reading light (center), household lamps (center right and
bottom), and low-power accent light (right) applications

LED spotlight using 60 individual diodes for mains voltage power

An LED lamp is a light-emitting diode (LED) prod-
uct that is assembled into a lamp (or light bulb) for
use in lighting fixtures. LED lamps have a lifespan
and electrical efficiency that is several times better than
incandescent lamps, and significantly better than most
fluorescent lamps, with some chips able to emit more
than 100 lumens per watt. The LED lamp market is pro-
jected to grow by more than twelve-fold over the next
decade, from $2 billion in the beginning of 2014 to $25
billion in 2023, a compound annual growth rate (CAGR)
of 25%.[1]

Like incandescent lamps and unlike most fluorescent
lamps (e.g. tubes and compact fluorescent lamps or

LED light bulb to replace G24 compact fluorescent lamp

CFLs), LEDs come to full brightness without need for
a warm-up time; the life of fluorescent lighting is also
reduced by frequent switching on and off. Initial cost
of LED is usually higher. Degradation of LED dye and
packaging materials reduces light output to some extent
over time.
Some LED lamps are made to be a directly compati-
ble drop-in replacement for incandescent or fluorescent
lamps. An LED lamp packaging may show the lumen
output, power consumption in watts, color temperature
in kelvins or description (e.g. “warm white”), operating
temperature range, and sometimes the equivalent wattage
of an incandescent lamp of similar luminous output.
Most LEDs do not emit light in all directions, and their
directional characteristics affect the design of lamps. Al-
though through the progression of time, omnidirectional
lamps are becoming more common, allowing for 360°
light spread. The light output of single LEDs is less than
that of incandescent and compact fluorescent lamps; in
most applications multiple LEDs are used to form a lamp,
although high-power versions (see below) are becoming
available.
LED chips need controlled direct current (DC) electri-
cal power; an appropriate circuit is required to convert
alternating current from the supply to the regulated low
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voltage direct current used by the LEDs. LEDs are ad-
versely affected by high temperature, so LED lamps typ-
ically include heat dissipation elements such as heat sinks
and cooling fins.

5.1 Technology overview

Dropped ceiling with LED lamps

General-purpose lighting needs white light. LEDs emit
light in a very narrow band of wavelengths, emitting light
of a color characteristic of the energy bandgap of the
semiconductor material used to make the LED. To emit
white light from LEDs requires either mixing light from
red, green, and blue LEDs, or using a phosphor to convert
some of the light to other colors.
One method (RGB or trichromatic white LEDs) uses
multiple LED chips, each emitting a different wave-
length, in close proximity to generate white light. This
allows the intensity of each LED to be adjusted to change
the overall color.
The second method uses LEDs in conjunction with a
phosphor. The CRI (color rendering index) value can
range from less than 70 to over 90, and color temperatures
in the range of 2700 K (matching incandescent lamps) up
to 7000 K are available.

5.2 Application

A significant difference from other light sources is that
the light is more directional, i.e., emitted as a narrower
beam. LED lamps are used for both general and special-
purpose lighting. Where colored light is needed, LEDs
that inherently emit light of a single color require no
energy-absorbing filters.

BAPS Shri Swaminarayan Mandir Atlanta Illumination with
color mixing LED fixtures

Computer-led LED lighting allows enhancement of unique qual-
ities of paintings in the National Museum in Warsaw[2]

White-light LED lamps have longer life expectancy and
higher efficiency (more light for the same electricity) than
most other lighting when used at the proper temperature.
LED sources are compact, which gives flexibility in de-
signing lighting fixtures and good control over the distri-
bution of light with small reflectors or lenses. Because
of the small size of LEDs, control of the spatial distribu-
tion of illumination is extremely flexible,[3] and the light
output and spatial distribution of an LED array can be
controlled with no efficiency loss.
LEDs using the color-mixing principle can emit a wide
range of colors by changing the proportions of light gen-
erated in each primary color. This allows full color mix-
ing in lamps with LEDs of different colors.[4] Unlike
other lighting technologies, LED emission tends to be
directional (or at least lambertian), which can be either
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advantageous or disadvantageous, depending on require-
ments. For applications where non-directional light is re-
quired, either a diffuser is used, or multiple individual
LED emitters are used to emit in different directions.

5.3 Household LED lamps

5.3.1 Replacement for existing lighting

Disassembled LED-light bulb with driver circuit board and Edi-
son screw

Lamp sizes and bases

LED lamps are made of arrays of SMD modules that re-
place screw-in incandescent or compact fluorescent light
bulbs, mostly replacing incandescent bulbs rated from 5
to 60 watts. Such lamps are made with standard light bulb
connections and shapes, such as an Edison screw base,
an MR16 shape with a bi-pin base, or a GU5.3 (bi-pin
cap) or GU10 (bayonet fitting) and are made compatible
with the voltage supplied to the sockets. They include
driver circuitry to rectify the AC power and convert the
voltage to an appropriate value, usually Switched-mode
power supplies.
As of 2010 some LED lamps replaced higher wattage
bulbs; for example, one manufacturer claimed a 16-watt
LED bulb was as bright as a 150 W halogen lamp.[5] A
standard general-purpose incandescent bulb emits light at
an efficiency of about 14 to 17 lumens/W depending on
its size and voltage. According to the European Union
standard, an energy-efficient bulb that claims to be the
equivalent of a 60W tungsten bulb must have a minimum
light output of 806 lumens.[6]

A selection of consumer LED bulbs available in 2012 as drop-in
replacements for incandescent bulbs in screw-type sockets

Somemodels of LED bulbs are compatible with dimmers
as used for incandescent lamps. LED lamps often have
directional light characteristics. The lamps have declined
in cost to between US$10 to $50 each as of 2012. These
bulbs are more power-efficient than compact fluorescent
bulbs[7] and offer lifespans of 30,000 or more hours, re-
duced if operated at a higher temperature than specified.
Incandescent bulbs have a typical life of 1,000 hours, and
compact fluorescents about 8,000 hours. The bulbs main-
tain output light intensity well over their lifetimes. Energy
Star specifications require the bulbs to typically drop less
than 10% after 6,000 or more hours of operation, and
in the worst case not more than 15%.[8] LED lamps are
available with a variety of color properties. The purchase
price is higher than most other, but the higher efficiency
may make total cost of ownership (purchase price plus
cost of electricity and changing bulbs) lower.[9]

High-power LED light bulb

Several companies offer LED lamps for general lighting
purposes. The technology is improving rapidly and new
energy-efficient consumer LED lamps are available.[10]

LED lamps are close to being adopted as the mainstream
light source because of the falling prices and because 40
and 60 watt incandescent bulbs are being phased out.[11]
In the U.S. the Energy Independence and Security Act of
2007 effectively bans the manufacturing and importing of
most current incandescent light bulbs. LED bulbs have
decreased substantially in pricing and many varieties are
sold with subsidized prices from local utilities.[12]

LED tube lamps

LED tube lights are designed to physically fit in fixtures
intended for fluorescent tubes. Some LED tube lamps
are intended to be a drop-in replacement into existing fix-
tures. Others require rewiring of the fixtures to remove
the ballast. An LED tube lamp generally uses many in-
dividual LEDs which are directional. Fluorescent lamps
emit light all the way around the lamp. Most LED tube
lights available can be used in place of T8, T10, or T12
tube designations, in lengths of 2, 4, 6, and 8 feet.
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A 17 W tube of LEDs which has the same intensity as a 45 W
fluorescent tube

5.3.2 Lighting designed for LEDs

LED-wall lamp

Newer light fittings designed for LED lamps, or indeed
with long-lived LEDs built-in, have been coming into use
as the need for compatibility with existing fittings dimin-
ishes. Such lighting does not require each bulb to contain
circuitry to operate from mains voltage.

5.4 Specialty uses

LED Flashlight replacement bulb (left), with tungsten equivalent
(right)

White LED lamps have achieved market dominance
in applications where high efficiency is important at

low power levels. Some of these applications include
flashlights, solar-powered garden or walkway lights, and
bicycle lights. Monochromatic (colored) LED lamps are
now commercially used for traffic signal lamps, where the
ability to emit bright monochromatic light is a desired fea-
ture, and in strings of holiday lights.

5.5 Comparison to other lighting
technologies

See luminous efficacy for an efficiency chart comparing
various technologies.

• Incandescent lamps (light bulbs) generate light by
passing electric current through a resistive filament,
thereby heating the filament to a very high temper-
ature so that it glows and emits visible light over a
broad range of wavelengths. Incandescent sources
yield a “warm” yellow or white color quality de-
pending on the filament operating temperature. In-
candescent lamps emit 98% of the energy input as
heat.[13] A 100 W light bulb for 120 V operation
emits about 1,700 lumens, about 17 lumens/W;[14]
for 230 V bulbs the figures are 1340 lm and 13.4
lm/W.[15] Incandescent lamps are relatively inex-
pensive to make. The typical lifespan of an AC in-
candescent lamp is 750 to 1,000 hours.[16][17] They
work well with dimmers. Most older light fixtures
are designed for the size and shape of these tradi-
tional bulbs. In the U.S. the regular sockets are E26
and E11, and E27 and E14 in some European coun-
tries.

• Fluorescent lamps work by passing electricity
through mercury vapor, which in turn emits ultra-
violet light. The ultraviolet light is then absorbed
by a phosphor coating inside the lamp, causing it
to glow, or fluoresce. Conventional linear fluores-
cent lamps have life spans around 20,000 and 30,000
hours based on 3 hours per cycle according to lamps
NLPIP reviewed in 2006. Induction fluorescent re-
lies on electromagnetism rather than the cathodes
used to start conventional linear fluorescent. The
newer rare earth triphosphor blend linear fluorescent
lamps made by Osram, Philips, Crompton and oth-
ers have a life expectancy greater than 40,000 hours,
if coupled with a warm-start electronic ballast. The
life expectancy depends on the number of on/off cy-
cles, and is lower if the light is cycled often. The
ballast-lamp combined system efficacy for then cur-
rent linear fluorescent systems in 1998 as tested by
NLPIP ranged from 80 to 90 lm/W.[18] For com-
parison, general household LED bulbs available in
2011 emit 64 lumens/W.[19]

• Compact fluorescent lamps' specified lifespan typi-
cally ranges from 6,000 hours to 15,000 hours.[16]
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• Electricity prices vary state to state and are customer
dependent. Generally commercial (10.3 cent/kWh)
and industrial (6.8 cent/kWh) electricity prices are
lower than residential (12.3 cent/kWh) due to fewer
transmission losses.[20]

In keeping with the long life claimed for LED lamps,
long warranties are offered. One manufacturer war-
rants lamps for professional use, depending upon type,
for periods of (defined) “normal use” ranging from 1
year or 2,000 hours (whichever comes first) to 5 years or
20,000 hours.[28] A typical domestic LED lamp is stated
to have an “average life” of 15,000 hours (15 years at 3
hours/day), and to support 50,000 switch cycles.[29]

5.5.1 Energy Star qualification

Energy Star is an international standard for energy effi-
cient consumer products.[30][31] Devices carrying the En-
ergy Star service mark generally use 20–30% less energy
than required by US standards.[32]

Energy Star LED qualifications:

• Reduces energy costs — uses at least 75% less en-
ergy than incandescent lighting, saving on operating
expenses.

• Reduces maintenance costs — lasts 35 to 50 times
longer than incandescent lighting and about 2 to 5
times longer than fluorescent lighting. No bulb-
replacements, no ladders, no ongoing disposal pro-
gram.

• Reduces cooling costs — LEDs produce very little
heat.

• Is guaranteed — comes with a minimum three-year
warranty — far beyond the industry standard.

• Offers convenient features — available with dim-
ming on some indoor models and automatic daylight
shut-off and motion sensors on some outdoor mod-
els.

• Is durable — won’t break like a bulb.

To qualify for Energy Star certification, LED lighting
products must pass a variety of tests to prove that the
products will display the following characteristics:

• Brightness is equal to or greater than existing light-
ing technologies (incandescent or fluorescent) and
light is well distributed over the area lighted by the
fixture.

• Light output remains constant over time, only de-
creasing towards the end of the rated lifetime (at
least 35,000 hours or 12 years based on use of 8
hours per day).

• Excellent color quality. The shade of white light ap-
pears clear and consistent over time.

• Efficiency is as good as or better than fluorescent
lighting.

• Light comes on instantly when turned on.

• No flicker when dimmed.

• No off-state power draw. The fixture does not use
power when it is turned off, with the exception of ex-
ternal controls, whose power should not exceed 0.5
watts in the off state.

5.6 Limitations

Camera of mobile phone can detect flickering of LED light bulb

Color rendition is not identical to incandescent lamps. A
measurement unit called CRI is used to express how the
light source’s ability to render the eight color sample chips
compare to a reference on a scale from 0 to 100.[33] LEDs
with CRI below 75 are not recommended for use in in-
door lighting.[34]

LED efficiency and life span drop at higher temperatures,
which limits the power that can be used in lamps that
physically replace existing filament and compact fluores-
cent types. Thermal management of high-power LEDs is
a significant factor in design of solid state lighting equip-
ment.
LED lamps are sensitive to excessive heat, like most
solid state electronic components. LED lamps should be
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checked for compatibility for use in totally or partially
enclosed fixtures before installation since heat build-up
could cause lamp failure and/or fire.
LED lamps may flicker. The extent of flicker is based on
the quality of the DC power supply built into the lamp
structure, usually located in the lamp base.
Depending on the design of the lamp, the LED lamp may
be sensitive to electrical surges. This is generally not an
issue with incandescents, but can be an issue with LED
and compact fluorescent bulbs. Power circuits that sup-
ply LED lamps can be protected from electrical surges
through the use of surge protection devices.
The long life of LEDs, expected to be about 50 times that
of the most common incandescent bulbs and significantly
longer than fluorescent types, is advantageous for users
but will affect manufacturers as it reduces the market for
replacements in the distant future.[35]

5.6.1 Efficiency droop

The term “efficiency droop” refers to the decrease in
luminous efficacy of LEDs as the electrical current in-
creases above tens of milliamps (mA). Instead of increas-
ing current levels, luminance is usually increased by com-
bining multiple LEDs in one bulb. Solving the problem
of efficiency droop would mean that household LED light
bulbs would need fewer LEDs, which would significantly
reduce costs.
In addition to being less efficient, operating LEDs at
higher electrical currents creates higher heat levels which
compromise the lifetime of the LED. Because of this in-
creased heating at higher currents, high-brightness LEDs
have an industry standard of operating at only 350 mA.
350 mA is a good compromise between light output, ef-
ficiency, and longevity.[36][37][38][39]

Early suspicions were that the LED droop was caused
by elevated temperatures. Scientists proved the opposite
to be true that, although the life of the LED would be
shortened, elevated temperatures actually improved the
efficiency of the LED.[40] The mechanism causing effi-
ciency droop was identified in 2007 as Auger recombina-
tion, which was taken with mixed reaction.[39] In 2013, a
study conclusively identified Auger recombination as the
cause of efficiency droop.[41]

5.7 Development and adoption his-
tory

The first LEDs were developed in the early 1960s, how-
ever, they were low-powered and only produced light
in the low, red frequencies of the spectrum. The first
high-brightness blue LED was demonstrated by Shuji
Nakamura of Nichia Corporation in 1994.[42] The exis-

tence of blue LEDs and high-efficiency LEDs quickly led
to the development of the first white LED, which em-
ployed a phosphor coating to mix down-converted yel-
low light with blue to produce light that appears white.[43]
IsamuAkasaki, Hiroshi Amano andNakamura were later
awarded the 2014 Nobel prize in physics for the invention
of the blue LED.[44]

The Energy Independence and Security Act (EISA) of
2007 authorized the Department of Energy (DOE) to es-
tablish the Bright Tomorrow Lighting Prize competition,
known as the “L Prize”, the first government-sponsored
technology competition designed to challenge industry
to develop replacements for 60 W incandescent lamps
and PAR 38 halogen lamps. The EISA legislation estab-
lished basic requirements and prize amounts for each of
the two competition categories, and authorized up to $20
million in cash prizes.[45] The competition also included
the possibility for winners to obtain federal purchasing
agreements, utility programs, and other incentives. In
May 2008, they announced details of the competition and
technical requirements for each category. Lighting prod-
ucts meeting the competition requirements could use just
17% of the energy used by most incandescent lamps in
use today. That same year the DOE also launched the En-
ergy Star program for solid-state lighting products. The
EISA legislation also authorized an additional L Prize
program for developing a new “21st Century Lamp”.
Philips Lighting ceased research on compact fluorescents
in 2008 and began devoting the bulk of its research
and development budget to solid-state lighting.[35] On 24
September 2009, Philips Lighting North America be-
came the first to submit lamps in the category to re-
place the standard 60 W A-19 "Edison screw fixture”
light bulb,[9] with a design based on their earlier “Ambi-
entLED” consumer product. On 3 August 2011, DOE
awarded the prize in the 60 W replacement category
to a Philips’ LED lamp after 18 months of extensive
testing.[46]

Early LED lamps varied greatly in chromaticity from the
incandescent lamps they were replacing. A standard was
developed, ANSI C78.377-2008, that specified the rec-
ommended color ranges for solid-state lighting products
using cool to warm white LEDs with various correlated
color temperatures.[47] In June 2008, NIST announced
the first two standards for solid-state lighting in the United
States. These standards detail performance specifica-
tions for LED light sources and prescribe test methods
for solid-state lighting products.
Also in 2008 in the United States and Canada, the Energy
Star program began to label lamps that meet a set of
standards for starting time, life expectancy, color, and
consistency of performance. The intent of the program
is to reduce consumer concerns due to variable quality
of products, by providing transparency and standards for
the labeling and usability of products available in the
market.[48] Energy Star Light Bulbs for Consumers is a
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resource for finding and comparing Energy Star qualified
lamps. A similar program in the United Kingdom (run by
the Energy Saving Trust) was launched to identify lighting
products that meet energy conservation and performance
guidelines.[49]

The Illuminating Engineering Society of North Amer-
ica (IESNA) published a documentary standard LM-79,
which describes the methods for testing solid-state light-
ing products for their light output (lumens), efficacy (lu-
mens per watt) and chromaticity.
In January 2009, it was reported that researchers at
Cambridge University had developed an LED bulb that
costs £2 (about $3 U.S.), is 12 times as energy efficient
as a tungsten bulb, and lasts for 100,000 hours.[50] Honey-
well Electrical Devices and Systems (ED&S) recommend
world wide usage of LED lighting as it is energy efficient
and can help save the climate.[51]

5.7.1 Examples of early adoption

LEDs as Christmas illumination in Viborg, Denmark

In 2008 Sentry Equipment Corporation in Oconomowoc,
Wisconsin, USA, was able to light its new factory inte-
rior and exterior almost solely with LEDs. Initial cost was
three times more than a traditional mix of incandescent
and fluorescent lamps, but the extra cost was recovered
within two years via electricity savings, and the lamps
should not need replacing for 20 years.[35] In 2009 the
Manapakkam, Chennai office of the Indian IT company,
iGate, spent ₹3,700,000 (US$80,000) to light 57,000 sq
ft (5,300 m2) of office space with LEDs. The firm ex-
pected the new lighting to pay for itself fully within 5
years.[52]

In 2009 the exceptionally large Christmas tree standing
in front of the Turku Cathedral in Finland was hung with
710 LED bulbs, each using 2 watts. It has been calculated
that these LED lamps paid for themselves in three and a
half years, even though the lights run for only 48 days per
year.[53]

In 2009 a new highway (A29) was inaugurated in Aveiro,
Portugal, it included the first European public LED-based

lighting highway.[54]

By 2010 mass installations of LED lighting for commer-
cial and public uses were becoming common. LED lamps
were used for a number of demonstration projects for out-
door lighting and LED street lights. The United States
Department of Energy made several reports available on
the results of many pilot projects for municipal outdoor
lighting,[55] andmany additional streetlight andmunicipal
outdoor lighting projects soon followed.[56]

5.8 See also
• LED display

• LED headlamp

• LED Filament

• List of emerging technologies

• List of light sources

• Lux

• Photometry (optics)

• Radiation angle

• Solar lamp

• Spectrometer
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Chapter 6

Light-emitting diode

“LED” redirects here. For other uses, see LED (disam-
biguation).

A light-emitting diode (LED) is a two-lead

Epoxy lens/case

Semiconductor die

Wire bond

CathodeAnode

Reflective cavity

Anvil
Post

Leadframe

Flat spot

Parts of an LED. Although not directly labeled, the flat bottom
surfaces of the anvil and post embedded inside the epoxy act as
anchors, to prevent the conductors from being forcefully pulled
out from mechanical strain or vibration.

semiconductor light source. It is a pn-junction diode,
which emits light when activated.[4] When a suitable
voltage is applied to the leads, electrons are able to re-
combine with electron holes within the device, releas-
ing energy in the form of photons. This effect is called
electroluminescence, and the color of the light (corre-
sponding to the energy of the photon) is determined by
the energy band gap of the semiconductor.
An LED is often small in area (less than 1 mm2) and
integrated optical components may be used to shape its
radiation pattern.[5]

Appearing as practical electronic components in 1962,[6]
the earliest LEDs emitted low-intensity infrared light. In-
frared LEDs are still frequently used as transmitting ele-
ments in remote-control circuits, such as those in remote

A bulb-shaped modern retrofit LED lamp with aluminium heat
sink, a light diffusing dome and E27 screw base, using a built-in
power supply working on mains voltage

controls for a wide variety of consumer electronics. The
first visible-light LEDs were also of low intensity, and
limited to red. Modern LEDs are available across the
visible, ultraviolet, and infrared wavelengths, with very
high brightness.
Early LEDs were often used as indicator lamps for elec-
tronic devices, replacing small incandescent bulbs. They
were soon packaged into numeric readouts in the form
of seven-segment displays, and were commonly seen in
digital clocks.
Recent developments in LEDs permit them to be used
in environmental and task lighting. LEDs have many ad-
vantages over incandescent light sources including lower
energy consumption, longer lifetime, improved physical
robustness, smaller size, and faster switching. Light-
emitting diodes are now used in applications as diverse
as aviation lighting, automotive headlamps, advertising,
general lighting, traffic signals, and camera flashes. How-
ever, LEDs powerful enough for room lighting are still
relatively expensive, and require more precise current and
heat management than compact fluorescent lamp sources
of comparable output.
LEDs have allowed new text, video displays, and sensors
to be developed, while their high switching rates are also
useful in advanced communications technology.

39

https://en.wikipedia.org/wiki/LED_(disambiguation)
https://en.wikipedia.org/wiki/LED_(disambiguation)
https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Light_source
https://en.wikipedia.org/wiki/Pn-junction
https://en.wikipedia.org/wiki/Diode
https://en.wikipedia.org/wiki/Voltage
https://en.wikipedia.org/wiki/Electrons
https://en.wikipedia.org/wiki/Electron_holes
https://en.wikipedia.org/wiki/Photon
https://en.wikipedia.org/wiki/Electroluminescence
https://en.wikipedia.org/wiki/Band_gap
https://en.wikipedia.org/wiki/Radiation_pattern
https://en.wikipedia.org/wiki/LED_lamp
https://en.wikipedia.org/wiki/Heat_sink
https://en.wikipedia.org/wiki/Heat_sink
https://en.wikipedia.org/wiki/Diffuser_(optics)
https://en.wikipedia.org/wiki/E27_screw
https://en.wikipedia.org/wiki/Mains_voltage
https://en.wikipedia.org/wiki/Visible_spectrum
https://en.wikipedia.org/wiki/Ultraviolet
https://en.wikipedia.org/wiki/Infrared
https://en.wikipedia.org/wiki/Seven-segment_display
https://en.wikipedia.org/wiki/Navigation_light#Aviation_navigation_lights
https://en.wikipedia.org/wiki/Automotive_lighting#Light_emitting_diodes_(LED)
https://en.wikipedia.org/wiki/Lighting
https://en.wikipedia.org/wiki/Traffic_signal
https://en.wikipedia.org/wiki/Fluorescent_lamp


40 CHAPTER 6. LIGHT-EMITTING DIODE

6.1 History

6.1.1 Discoveries and early devices

Green electroluminescence from a point contact on a crystal of
SiC recreates H. J. Round's original experiment from 1907.

Electroluminescence as a phenomenon was discovered in
1907 by the British experimenter H. J. Round ofMarconi
Labs, using a crystal of silicon carbide and a cat’s-whisker
detector.[7][8] Soviet inventor Oleg Losev reported cre-
ation of the first LED in 1927.[9] His research was dis-
tributed in Soviet, German and British scientific journals,
but no practical use was made of the discovery for several
decades.[10][11] Kurt Lehovec, Carl Accardo and Edward
Jamgochian, explained these first light-emitting diodes in
1951 using an apparatus employing SiC crystals with a
current source of battery or pulse generator and with a
comparison to a variant, pure, crystal in 1953.[12] [13]

Rubin Braunstein[14] of the Radio Corporation of Amer-
ica reported on infrared emission from gallium arsenide
(GaAs) and other semiconductor alloys in 1955.[15]
Braunstein observed infrared emission generated by sim-
ple diode structures using gallium antimonide (GaSb),
GaAs, indium phosphide (InP), and silicon-germanium
(SiGe) alloys at room temperature and at 77 kelvins.
In 1957, Braunstein further demonstrated that the rudi-
mentary devices could be used for non-radio communi-
cation across a short distance. As noted by Kroemer[16]
Braunstein”.. had set up a simple optical communications
link: Music emerging from a record player was used via
suitable electronics to modulate the forward current of a
GaAs diode. The emitted light was detected by a PbS
diode some distance away. This signal was fed into an
audio amplifier, and played back by a loudspeaker. Inter-
cepting the beam stopped the music. We had a great deal
of fun playing with this setup.” This setup presaged the
use of LEDs for optical communication applications.
In the fall of 1965, while working at Texas Instruments
Inc. in Dallas, TX, James R. Biard and Gary Pittman
found that gallium arsenide (GaAs) emitted infrared light
when electric current was applied. On August 8, 1962,
Biard and Pittman filed a patent titled “Semiconductor
Radiant Diode” based on their findings, which described

Diagram of a light emitting diode constructed on a zinc diffused
area of gallium arsenide semi-insulating substrate[17]

a zinc diffused p–n junction LED with a spaced cathode
contact to allow for efficient emission of infrared light
under forward bias.
After establishing the priority of their work based on
engineering notebooks predating submissions from G.E.
Labs, RCA Research Labs, IBM Research Labs, Bell
Labs, and Lincoln Lab at MIT, the U.S. patent office is-
sued the two inventors the patent for the GaAs infrared
(IR) light-emitting diode (U.S. Patent US3293513), the
first practical LED.[18] Immediately after filing the patent,
Texas Instruments began a project to manufacture in-
frared diodes. In October 1962, they announced the
first LED commercial product (the SNX-100), which em-
ployed a pure GaAs crystal to emit a 900 nm light output.
The first visible-spectrum (red) LED was developed in
1962 by Nick Holonyak, Jr., while working at General
Electric Company.[6] Holonyak first reported his LED in
the journal Applied Physics Letters on the December 1,
1962.[19][20] M. George Craford,[21] a former graduate
student of Holonyak, invented the first yellow LED and
improved the brightness of red and red-orange LEDs by
a factor of ten in 1972.[22] In 1976, T. P. Pearsall created
the first high-brightness, high-efficiency LEDs for optical
fiber telecommunications by inventing new semiconduc-
tor materials specifically adapted to optical fiber trans-
mission wavelengths.[23]
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6.1.2 Initial commercial development

The first commercial LEDs were commonly used as re-
placements for incandescent and neon indicator lamps,
and in seven-segment displays,[24] first in expensive
equipment such as laboratory and electronics test equip-
ment, then later in such appliances as TVs, radios, tele-
phones, calculators, as well as watches (see list of signal
uses). Until 1968, visible and infrared LEDs were ex-
tremely costly, in the order of US$200 per unit, and
so had little practical use.[25] The Monsanto Company
was the first organization to mass-produce visible LEDs,
using gallium arsenide phosphide (GaAsP) in 1968 to
produce red LEDs suitable for indicators.[25] Hewlett
Packard (HP) introduced LEDs in 1968, initially using
GaAsP supplied by Monsanto. These red LEDs were
bright enough only for use as indicators, as the light output
was not enough to illuminate an area. Readouts in calcu-
lators were so small that plastic lenses were built over each
digit to make them legible. Later, other colors became
widely available and appeared in appliances and equip-
ment. In the 1970s commercially successful LED devices
at less than five cents each were produced by Fairchild
Optoelectronics. These devices employed compound
semiconductor chips fabricated with the planar process
invented by Dr. Jean Hoerni at Fairchild Semicon-
ductor.[26][27] The combination of planar processing for
chip fabrication and innovative packaging methods en-
abled the team at Fairchild led by optoelectronics pioneer
Thomas Brandt to achieve the needed cost reductions.[28]
Thesemethods continue to be used by LED producers.[29]

LED display of a TI-30 scientific calculator (ca. 1978), which
uses plastic lenses to increase the visible digit size

Most LEDs were made in the very common 5 mm T1¾
and 3 mm T1 packages, but with rising power output, it
has grown increasingly necessary to shed excess heat to
maintain reliability,[30] so more complex packages have
been adapted for efficient heat dissipation. Packages for
state-of-the-art high-power LEDs bear little resemblance
to early LEDs.

6.1.3 The blue and white LED

The first high-brightness blue LED was demonstrated
by Shuji Nakamura of Nichia Corporation in 1994 and
was based on InGaN.[31] Parallelly Isamu Akasaki and
Hiroshi Amano in Nagoya were working on developing
the important GaN nucleation on sapphire substrates and
the demonstration of p-type doping of GaN. Nakamura,
Akasaki and Amano were awarded the Nobel prize in
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physics for their work.[32] In 1995, Alberto Barbieri at
the Cardiff University Laboratory (GB) investigated the
efficiency and reliability of high-brightness LEDs and
demonstrated a “transparent contact” LED using indium
tin oxide (ITO) on (AlGaInP/GaAs). The existence of
blue LEDs and high-efficiency LEDs quickly led to the
development of the first white LED, which employed a Y
3Al
5O
12:Ce, or "YAG", phosphor coating to mix down-
converted yellow light with blue to produce light that ap-
pears white.
In 2001[33] and 2002,[34] processes for growing gallium
nitride (GaN) LEDs on silicon were successfully
demonstrated. In January 2012, Osram demonstrated
high-power InGaN LEDs grown on silicon substrates
commercially.[35] It has been speculated that the use
of six-inch silicon wafers instead of two-inch sapphire
wafers and epitaxy manufacturing processes could reduce
production costs by up to 90%.[36]

6.1.4 Illumination breakthrough

The invention of the blue LED made possible a simple
and effective way to generate white light. By coating a
blue LED with a phosphor material a portion of the blue
light can be converted to green, yellow and red light. This
mixture of colored light will be perceived by humans as
white light and can therefore be used for general illumi-
nation. The first white LEDs were expensive and ineffi-
cient. However the development of LED technology has
caused their efficiency and light output to rise exponen-
tially, with a doubling occurring approximately every 36
months since the 1960s, in a way similar to Moore’s law.
This trend is generally attributed to the parallel develop-
ment of other semiconductor technologies and advances
in optics and material science, and has been called Haitz’s
law after Dr. Roland Haitz.[37]
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As LED materials technology grew more advanced, light
output rose, while maintaining efficiency and reliability
at acceptable levels. The invention and development of
the high-power white-light LED led to use for illumina-
tion, and is slowly replacing incandescent and fluorescent
lighting[38][39] (see list of illumination applications).
Isamu Akasaki, Hiroshi Amano and Shuji Nakamura
have been awarded the Nobel Prize in Physics in 2014.
They created the blue LED in the 1990s. Red and green
LEDs have been around much longer. The blue LED was
final piece of the puzzle to create the RGB LED which
can produce any color of light. LEDs can now produce
over 300 lumens per watt of electricity, while lasting up
to 100,000 hours.[40]

6.2 Working

A P-N junction can connect the absorbed light energy into
its proportional electric current. The same process is re-
versed here. i.e. the P-N junction emits light when en-
ergy is applied on it. This phenomenon is generally called
electroluminance, which can be defined as the emission
of light from a semi-conductor under the influence of an
electric field. The charge carriers recombine in a forward
P-N junction as the electrons cross from the N-region
and recombine with the holes existing in the P-region.
Free electrons are in the conduction band of energy lev-
els, while holes are in the valence energy band. Thus the
energy level of the holes will be lesser than the energy lev-
els of the electrons. Some part of the energy must be dis-
sipated in order to recombine the electrons and the holes.
This energy is emitted in the form of heat and light.
The electrons dissipate energy in the form of heat
for silicon and germanium diodes. But in Gallium-
Arsenide-phosphorus (GaAsP) and Gallium-phosphorus
(GaP) semiconductors, the electrons dissipate energy by
emitting photons. If the semiconductor is translucent, the
junction becomes the source of light as it is emitted, thus
becoming a light emitting diode (LED). But when the
junction is reverse biased no light will be produced by
the LED, and, on the contrary the device may also get
damaged.

6.3 Technology

6.3.1 Physics

The LED consists of a chip of semiconducting mate-
rial doped with impurities to create a p-n junction. As
in other diodes, current flows easily from the p-side, or
anode, to the n-side, or cathode, but not in the reverse
direction. Charge-carriers—electrons and holes—flow
into the junction from electrodes with different voltages.
When an electron meets a hole, it falls into a lower energy
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I-V diagram for a diode. An LED will begin to emit light when
more than 2 or 3 volts is applied to it. Some external system
must control the current through the LED to prevent destruction
by overheating.

level and releases energy in the form of a photon.
The wavelength of the light emitted, and thus its color,
depends on the band gap energy of the materials forming
the p-n junction. In silicon or germanium diodes, the elec-
trons and holes usually recombine by a non-radiative tran-
sition, which produces no optical emission, because these
are indirect band gap materials. The materials used for
the LED have a direct band gap with energies correspond-
ing to near-infrared, visible, or near-ultraviolet light.
LED development began with infrared and red devices
made with gallium arsenide. Advances in materials
science have enabled making devices with ever-shorter
wavelengths, emitting light in a variety of colors.
LEDs are usually built on an n-type substrate, with an
electrode attached to the p-type layer deposited on its
surface. P-type substrates, while less common, occur as
well. Many commercial LEDs, especially GaN/InGaN,
also use sapphire substrate.
Most materials used for LED production have very high
refractive indices. This means that much light will be re-
flected back into the material at the material/air surface
interface. Thus, light extraction in LEDs is an important
aspect of LED production, subject to much research and
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development.

6.3.2 Refractive index

Idealized example of light emission cones in a semiconductor, for
a single point-source emission zone. The left illustration is for a
fully translucent wafer, while the right illustration shows the half-
cones formed when the bottom layer is fully opaque. The light is
actually emitted equally in all directions from the point-source, so
the areas between the cones shows the large amount of trapped
light energy that is wasted as heat.[41]

The light emission cones of a real LED wafer are far more com-
plex than a single point-source light emission. The light emission
zone is typically a two-dimensional plane between the wafers.
Every atom across this plane has an individual set of emission
cones. Drawing the billions of overlapping cones is impossible,
so this is a simplified diagram showing the extents of all the emis-
sion cones combined. The larger side cones are clipped to show
the interior features and reduce image complexity; they would ex-
tend to the opposite edges of the two-dimensional emission plane.

Bare uncoated semiconductors such as silicon exhibit a
very high refractive index relative to open air, which pre-
vents passage of photons arriving at sharp angles rel-
ative to the air-contacting surface of the semiconduc-
tor. This property affects both the light-emission effi-
ciency of LEDs as well as the light-absorption efficiency
of photovoltaic cells. The refractive index of silicon is
3.96 (590 nm),[42] while air is 1.0002926.[43]

In general, a flat-surface uncoated LED semiconductor
chip will emit light only perpendicular to the semicon-

ductor’s surface, and a few degrees to the side, in a cone
shape referred to as the light cone, cone of light,[44] or
the escape cone.[41] The maximum angle of incidence is
referred to as the critical angle. When this angle is ex-
ceeded, photons no longer escape the semiconductor but
are instead reflected internally inside the semiconductor
crystal as if it were a mirror.[41]

Internal reflections can escape through other crystalline
faces, if the incidence angle is low enough and the crys-
tal is sufficiently transparent to not re-absorb the photon
emission. But for a simple square LED with 90-degree
angled surfaces on all sides, the faces all act as equal an-
gle mirrors. In this case most of the light can not escape
and is lost as waste heat in the crystal.[41]

A convoluted chip surface with angled facets similar to a
jewel or fresnel lens can increase light output by allowing
light to be emitted perpendicular to the chip surface while
far to the sides of the photon emission point.[45]

The ideal shape of a semiconductor with maximum light
output would be a microsphere with the photon emission
occurring at the exact center, with electrodes penetrating
to the center to contact at the emission point. All light
rays emanating from the center would be perpendicular
to the entire surface of the sphere, resulting in no internal
reflections. A hemispherical semiconductor would also
work, with the flat back-surface serving as a mirror to
back-scattered photons.[46]

Transition coatings

After the doping of thewafer, it is cut apart into individual
dies. Each die is commonly called a chip.
Many LED semiconductor chips are encapsulated or
potted in clear or colored molded plastic shells. The plas-
tic shell has three purposes:

1. Mounting the semiconductor chip in devices is eas-
ier to accomplish.

2. The tiny fragile electrical wiring is physically sup-
ported and protected from damage.

3. The plastic acts as a refractive intermediary between
the relatively high-index semiconductor and low-
index open air.[47]

The third feature helps to boost the light emission from
the semiconductor by acting as a diffusing lens, allowing
light to be emitted at a much higher angle of incidence
from the light cone than the bare chip is able to emit alone.

6.3.3 Efficiency and operational parame-
ters

Typical indicator LEDs are designed to operate with no
more than 30–60 milliwatts (mW) of electrical power.
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Around 1999, Philips Lumileds introduced power LEDs
capable of continuous use at one watt. These LEDs
used much larger semiconductor die sizes to handle the
large power inputs. Also, the semiconductor dies were
mounted onto metal slugs to allow for heat removal from
the LED die.
One of the key advantages of LED-based lighting sources
is high luminous efficacy. White LEDs quickly matched
and overtook the efficacy of standard incandescent
lighting systems. In 2002, Lumileds made five-watt
LEDs available with a luminous efficacy of 18–22 lu-
mens per watt (lm/W). For comparison, a conventional
incandescent light bulb of 60–100 watts emits around
15 lm/W, and standard fluorescent lights emit up to 100
lm/W.
As of 2012, the Lumiled catalog gives the following as the
best efficacy for each color.[48] The watt-per-watt value is
derived using the luminosity function.
In September 2003, a new type of blue LED was demon-
strated by the company Cree Inc. to provide 24 mW at 20
milliamperes (mA). This produced a commercially pack-
aged white light giving 65 lm/W at 20 mA, becoming the
brightest white LED commercially available at the time,
and more than four times as efficient as standard incan-
descents. In 2006, they demonstrated a prototype with a
record white LED luminous efficacy of 131 lm/W at 20
mA. Nichia Corporation has developed a white LEDwith
luminous efficacy of 150 lm/W at a forward current of 20
mA.[49] Cree’s XLampXM-L LEDs, commercially avail-
able in 2011, produce 100 lm/W at their full power of 10
W, and up to 160 lm/W at around 2 W input power. In
2012, Cree announced a white LED giving 254 lm/W,[50]
and 303 lm/W inMarch 2014 .[51] Practical general light-
ing needs high-power LEDs, of one watt or more. Typical
operating currents for such devices begin at 350 mA.
Note that these efficiencies are for the LED chip only,
held at low temperature in a lab. Lighting works at higher
temperature and with drive circuit losses, so efficiencies
are much lower. United States Department of Energy
(DOE) testing of commercial LED lamps designed to re-
place incandescent lamps or CFLs showed that average
efficacy was still about 46 lm/W in 2009 (tested perfor-
mance ranged from 17 lm/W to 79 lm/W).[52]

Efficiency droop

Efficiency droop is the decrease (up to 20%) in luminous
efficacy of LEDs as the electrical current increases above
tens of milliamps (mA).
This effect, first reported in 1999, was initially theorized
to be related to elevated temperatures. Scientists proved
the opposite to be true that, although the life of an LED
would be shortened, the efficiency droop is less severe at
elevated temperatures.[53] The mechanism causing effi-
ciency droop was identified in 2007 as Auger recombina-

tion, which was taken with mixed reaction.[54] In 2013, a
study conclusively identified Auger recombination as the
cause of efficiency droop.[55]

In addition to being less efficient, operating LEDs at
higher electrical currents creates higher heat levels which
compromise the lifetime of the LED. Because of this in-
creased heating at higher currents, high-brightness LEDs
have an industry standard of operating at only 350 mA,
which is a compromise between light output, efficiency,
and longevity.[54][56][57][58]

Possible solutions Instead of increasing current lev-
els, luminance is usually increased by combining multi-
ple LEDs in one bulb. Solving the problem of efficiency
droop would mean that household LED light bulbs would
need fewer LEDs, which would significantly reduce costs.
Researchers at the U.S. Naval Research Laboratory have
found a way to lessen the efficiency droop. They found
that the droop arises from non-radiative Auger recombi-
nation of the injected carriers. They created quantum
wells with a soft confinement potential to lessen the non-
radiative Auger processes.[59]

Researchers at Taiwan National Central University and
Epistar Corp are developing a way to lessen the effi-
ciency droop by using ceramic aluminium nitride (AlN)
substrates, which are more thermally conductive than the
commercially used sapphire. The higher thermal conduc-
tivity reduces self-heating effects.[60]

6.3.4 Lifetime and failure

Main article: List of LED failure modes

Solid-state devices such as LEDs are subject to very lim-
ited wear and tear if operated at low currents and at low
temperatures. Many of the LEDs made in the 1970s and
1980s are still in service in the early 21st century. Typ-
ical lifetimes quoted are 25,000 to 100,000 hours, but
heat and current settings can extend or shorten this time
significantly. [61]

The most common symptom of LED (and diode laser)
failure is the gradual lowering of light output and loss of
efficiency. Sudden failures, although rare, can also occur.
Early red LEDs were notable for their short service life.
With the development of high-power LEDs the devices
are subjected to higher junction temperatures and higher
current densities than traditional devices. This causes
stress on the material and may cause early light-output
degradation. To quantitatively classify useful lifetime in
a standardized manner it has been suggested to use the
terms L70 and L50, which is the time it will take a given
LED to reach 70% and 50% light output respectively.[62]

LED performance is temperature dependent. Most man-
ufacturers’ published ratings of LEDs are for an operating
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temperature of 25 °C (77 °F). LEDs used outdoors, such
as traffic signals or in-pavement signal lights, and that are
utilized in climates where the temperature within the light
fixture gets very high, could result in low signal intensities
or even failure.[63]

LED light output rises at lower temperatures, leveling
off, depending on type, at around −30 °C (−22 °F).
Thus, LED technology may be a good replacement in
uses such as supermarket freezer lighting[64][65][66] and
will last longer than other technologies. Because LEDs
emit less heat than incandescent bulbs, they are an energy-
efficient technology for uses such as in freezers and re-
frigerators. However, because they emit little heat, ice
and snow may build up on the LED light fixture in colder
climates.[63] Similarly, this lack of waste heat generation
has been observed to sometimes cause significant prob-
lems with street traffic signals and airport runway lighting
in snow-prone areas. In response to this problem, some
LED lighting systems have been designed with an added
heating circuit at the expense of reduced overall electrical
efficiency of the system; additionally, research has been
done to develop heat sink technologies that will transfer
heat produced within the junction to appropriate areas of
the light fixture.[67]

6.4 Colors and materials

Conventional LEDs are made from a variety of inorganic
semiconductor materials. The following table shows the
available colors with wavelength range, voltage drop and
material:

6.4.1 RGB

RGB LEDs consist of three LEDs. Each LED actually
has one red, one green and one blue light. These three
colored LEDs are capable of producing any color.

Blue LEDs

6.4.2 Ultraviolet and blue LEDs

Current bright blue LEDs are based on the wide band gap
between semiconductors GaN (gallium nitride) and In-
GaN (indium gallium nitride). They can be added to ex-
isting red and green LEDs to produce the impression of
white light. Modules combining the three colors are used
in big video screens and in adjustable-color fixtures.
The first blue-violet LED using magnesium-doped gal-
lium nitride was made at Stanford University in 1972
by Herb Maruska and Wally Rhines, doctoral students
in materials science and engineering.[76][77] At the time
Maruska was on leave from RCA Laboratories, where
he collaborated with Jacques Pankove on related work.
In 1971, the year after Maruska left for Stanford, his
RCA colleagues Pankove and EdMiller demonstrated the
first blue electroluminescence from zinc-doped gallium
nitride, though the subsequent device Pankove and Miller
built, the first actual gallium nitride light-emitting diode,
emitted green light.[78][79] In 1974 the U.S. patent office
awarded Maruska, Rhines and Stanford professor David
Stevenson a patent for their work in 1972 (U.S. Patent
US3819974 A) and today magnesium-doping of gallium
nitride continues to be the basis for all commercial blue
LEDs and laser diodes. These devices built in the early
1970s had too little light output to be of practical use and
research into gallium nitride devices slowed. In August
1989, Cree Inc. introduced the first commercially avail-
able blue LED based on the indirect bandgap semicon-
ductor, silicon carbide.[80] SiC LEDs had very low effi-
ciency, no more than about 0.03%, but did emit in the
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blue portion of the visible light spectrum.
In the late 1980s, key breakthroughs in GaN epitaxial
growth and p-type doping[81] ushered in the modern era
of GaN-based optoelectronic devices. Building upon
this foundation, in 1993 high-brightness blue LEDs were
demonstrated.[82] High-brightness blue LEDs invented by
Shuji Nakamura of Nichia Corporation using gallium ni-
tride revolutionized LED lighting, making high-power
light sources practical.
Nakamura was awarded the 2006 Millennium Tech-
nology Prize for his invention.[83] Nakamura, Hiroshi
Amano and Isamu Akasaki were awarded the Nobel
Prize in Physics in 2014 for the invention of the blue
LED.[84][85][86]

By the late 1990s, blue LEDs became widely available.
They have an active region consisting of one or more
InGaN quantum wells sandwiched between thicker lay-
ers of GaN, called cladding layers. By varying the rela-
tive In/Ga fraction in the InGaN quantum wells, the light
emission can in theory be varied from violet to amber.
Aluminium gallium nitride (AlGaN) of varying Al/Ga
fraction can be used to manufacture the cladding and
quantum well layers for ultraviolet LEDs, but these de-
vices have not yet reached the level of efficiency and tech-
nological maturity of InGaN/GaN blue/green devices. If
un-alloyed GaN is used in this case to form the active
quantum well layers, the device will emit near-ultraviolet
light with a peak wavelength centred around 365 nm.
Green LEDs manufactured from the InGaN/GaN system
are far more efficient and brighter than green LEDs pro-
duced with non-nitride material systems, but practical de-
vices still exhibit efficiency too low for high-brightness
applications.
With nitrides containing aluminium, most often AlGaN
and AlGaInN, even shorter wavelengths are achievable.
Ultraviolet LEDs in a range of wavelengths are becom-
ing available on the market. Near-UV emitters at wave-
lengths around 375–395 nm are already cheap and often
encountered, for example, as black light lamp replace-
ments for inspection of anti-counterfeiting UV water-
marks in some documents and paper currencies. Shorter-
wavelength diodes, while substantially more expensive,
are commercially available for wavelengths down to 240
nm.[87] As the photosensitivity of microorganisms ap-
proximately matches the absorption spectrum of DNA,
with a peak at about 260 nm, UV LED emitting at 250–
270 nm are to be expected in prospective disinfection
and sterilization devices. Recent research has shown that
commercially available UVA LEDs (365 nm) are already
effective disinfection and sterilization devices.[88]

Deep-UV wavelengths were obtained in laboratories us-
ing aluminium nitride (210 nm),[72] boron nitride (215
nm)[70][71] and diamond (235 nm).[69]

6.4.3 White light

There are two primary ways of producing white light-
emitting diodes (WLEDs), LEDs that generate high-
intensity white light. One is to use individual LEDs that
emit three primary colors[89]—red, green, and blue—and
then mix all the colors to form white light. The other is to
use a phosphor material to convert monochromatic light
from a blue or UV LED to broad-spectrum white light,
much in the same way a fluorescent light bulb works.
There are three main methods of mixing colors to pro-
duce white light from an LED:

• blue LED + green LED + red LED (color mixing;
can be used as backlighting for displays)

• near-UV or UV LED + RGB phosphor (an LED
producing light with a wavelength shorter than blue’s
is used to excite an RGB phosphor)

• blue LED + yellow phosphor (two complementary
colors combine to form white light; more efficient
than first twomethods andmore commonly used)[90]

Because of metamerism, it is possible to have quite dif-
ferent spectra that appear white. However, the appear-
ance of objects illuminated by that light may vary as the
spectrum varies.

RGB systems

Combined spectral curves for blue, yellow-green, and high-
brightness red solid-state semiconductor LEDs. FWHM spectral
bandwidth is approximately 24–27 nm for all three colors.

White light can be formed by mixing differently colored
lights; the most common method is to use red, green, and
blue (RGB). Hence themethod is calledmulti-color white
LEDs (sometimes referred to as RGB LEDs). Because
these need electronic circuits to control the blending and
diffusion of different colors, and because the individual
color LEDs typically have slightly different emission pat-
terns (leading to variation of the color depending on di-
rection) even if they are made as a single unit, these are
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RGB LED.

seldom used to produce white lighting. Nevertheless, this
method is particularly interesting in many uses because of
the flexibility of mixing different colors,[91] and, in prin-
ciple, this mechanism also has higher quantum efficiency
in producing white light.
There are several types of multi-color white LEDs: di-,
tri-, and tetrachromatic white LEDs. Several key factors
that play among these different methods, include color
stability, color rendering capability, and luminous effi-
cacy. Often, higher efficiency will mean lower color ren-
dering, presenting a trade-off between the luminous effi-
ciency and color rendering. For example, the dichromatic
white LEDs have the best luminous efficacy (120 lm/W),
but the lowest color rendering capability. However, al-
though tetrachromatic white LEDs have excellent color
rendering capability, they often have poor luminous effi-
ciency. Trichromatic white LEDs are in between, having
both good luminous efficacy (>70 lm/W) and fair color
rendering capability.
One of the challenges is the development ofmore efficient
green LEDs. The theoretical maximum for green LEDs
is 683 lumens per watt but as of 2010 few green LEDs
exceed even 100 lumens per watt. The blue and red LEDs
get closer to their theoretical limits.
Multi-color LEDs offer not merely another means to form
white light but a new means to form light of different col-
ors. Most perceivable colors can be formed by mixing
different amounts of three primary colors. This allows
precise dynamic color control. As more effort is devoted
to investigating this method, multi-color LEDs should
have profound influence on the fundamental method that
we use to produce and control light color. However, be-
fore this type of LED can play a role on the market, sev-
eral technical problems must be solved. These include
that this type of LED’s emission power decays exponen-
tially with rising temperature,[92] resulting in a substantial
change in color stability. Such problems inhibit and may
preclude industrial use. Thus, many new package designs
aimed at solving this problem have been proposed and
their results are now being reproduced by researchers and
scientists.

Correlated color temperature (CCT) dimming for LED
technology is regarded as a difficult task, since binning,
age and temperature drift effects of LEDs change the
actual color value output. Feedback loop systems are
used for example with color sensors, to actively moni-
tor and control the color output of multiple color mixing
LEDs.[93]

Phosphor-based LEDs

Spectrum of a white LED showing blue light directly emitted
by the GaN-based LED (peak at about 465 nm) and the more
broadband Stokes-shifted light emitted by the Ce3+:YAG phos-
phor, which emits at roughly 500–700 nm

This method involves coating LEDs of one color (mostly
blue LEDs made of InGaN) with phosphors of dif-
ferent colors to form white light; the resultant LEDs
are called phosphor-based or phosphor-converted white
LEDs (pcLEDs).[94] A fraction of the blue light under-
goes the Stokes shift being transformed from shorter
wavelengths to longer. Depending on the color of the
original LED, phosphors of different colors can be em-
ployed. If several phosphor layers of distinct colors are
applied, the emitted spectrum is broadened, effectively
raising the color rendering index (CRI) value of a given
LED.[95]

Phosphor-based LED efficiency losses are due to the heat
loss from the Stokes shift and also other phosphor-related
degradation issues. Their luminous efficacies compared
to normal LEDs depend on the spectral distribution of
the resultant light output and the original wavelength of
the LED itself. For example, the luminous efficacy of a
typical YAG yellow phosphor based white LED ranges
from 3 to 5 times the luminous efficacy of the original
blue LED because of the human eye’s greater sensitivity
to yellow than to blue (as modeled in the luminosity func-
tion). Due to the simplicity of manufacturing the phos-
phor method is still the most popular method for making
high-intensity white LEDs. The design and production of
a light source or light fixture using a monochrome emitter
with phosphor conversion is simpler and cheaper than a
complex RGB system, and the majority of high-intensity
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white LEDs presently on the market are manufactured
using phosphor light conversion.
Among the challenges being faced to improve the effi-
ciency of LED-based white light sources is the develop-
ment of more efficient phosphors. As of 2010, the most
efficient yellow phosphor is still the YAG phosphor, with
less than 10% Stoke shift loss. Losses attributable to in-
ternal optical losses due to re-absorption in the LED chip
and in the LED packaging itself account typically for an-
other 10% to 30% of efficiency loss. Currently, in the
area of phosphor LED development, much effort is being
spent on optimizing these devices to higher light output
and higher operation temperatures. For instance, the ef-
ficiency can be raised by adapting better package design
or by using a more suitable type of phosphor. Conformal
coating process is frequently used to address the issue of
varying phosphor thickness.
Some phosphor-based white LEDs encapsulate InGaN
blue LEDs inside phosphor-coated epoxy. Alternatively,
the LED might be paired with a remote phosphor, a
preformed polycarbonate piece coated with the phos-
phor material. Remote phosphors provide more diffuse
light, which is desirable for many applications. Remote
phosphor designs are also more tolerant of variations in
the LED emissions spectrum. A common yellow phos-
phor material is cerium-doped yttrium aluminium garnet
(Ce3+:YAG).
White LEDs can also be made by coating near-
ultraviolet (NUV) LEDs with a mixture of high-efficiency
europium-based phosphors that emit red and blue, plus
copper and aluminium-doped zinc sulfide (ZnS:Cu, Al)
that emits green. This is a method analogous to the way
fluorescent lamps work. This method is less efficient than
blue LEDs with YAG:Ce phosphor, as the Stokes shift is
larger, somore energy is converted to heat, but yields light
with better spectral characteristics, which render color
better. Due to the higher radiative output of the ultra-
violet LEDs than of the blue ones, both methods offer
comparable brightness. A concern is that UV light may
leak from a malfunctioning light source and cause harm
to human eyes or skin.

Other white LEDs

Another method used to produce experimental white
light LEDs used no phosphors at all and was based on
homoepitaxially grown zinc selenide (ZnSe) on a ZnSe
substrate that simultaneously emitted blue light from its
active region and yellow light from the substrate.[96]

A new style of wafers composed of gallium-nitride-on-
silicon (GaN-on-Si) is being used to produce white LEDs
using 200-mm silicon wafers. This avoids the typical
costly sapphire substrates in relatively small 100- or 150-
mmwafer sizes.[97] It is predicted that by 2020, 40%of all
GaN LEDs will be made with GaN-on-Si. Manufactur-
ing large sapphire material is difficult, while large silicon

material is cheaper and more abundant. LED companies
shifting from using sapphire to silicon should be a mini-
mal investment.[98]

6.4.4 Organic light-emitting diodes
(OLEDs)

Main article: Organic light-emitting diode
In an organic light-emitting diode (OLED), the

Demonstration of a flexible OLED device

Orange light-emitting diode

electroluminescent material comprising the emissive
layer of the diode is an organic compound. The
organic material is electrically conductive due to the
delocalization of pi electrons caused by conjugation over
all or part of the molecule, and the material therefore
functions as an organic semiconductor.[99] The organic
materials can be small organic molecules in a crystalline
phase, or polymers.
The potential advantages of OLEDs include thin, low-
cost displays with a low driving voltage, wide viewing
angle, and high contrast and color gamut.[100] Polymer
LEDs have the added benefit of printable[101][102] and
flexible[103] displays. OLEDs have been used to make vi-
sual displays for portable electronic devices such as cell-
phones, digital cameras, and MP3 players while possible
future uses include lighting and televisions.[100]
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6.4.5 Quantum dot LEDs

Quantum dots (QD) are semiconductor nanocrystals that
possess unique optical properties.[104] Their emission
color can be tuned from the visible throughout the in-
frared spectrum. This allows quantum dot LEDs to create
almost any color on the CIE diagram. This provides more
color options and better color rendering than white LEDs
since the emission spectra is much narrower, character-
istic of quantum confined states. There are two types of
schemes for QD excitation. One uses photo excitation
with a primary light source LED (typically blue or UV
LEDs are used). The other is direct electrical excitation
first demonstrated by Alivisatos et al.[105]

One example of the photo-excitation scheme is a method
developed by Michael Bowers, at Vanderbilt University
in Nashville, involving coating a blue LED with quantum
dots that glow white in response to the blue light from
the LED. This method emits a warm, yellowish-white
light similar to that made by incandescent bulbs.[106]
Quantum dots are also being considered for use in white
light-emitting diodes in liquid crystal display (LCD)
televisions.[107]

In February 2011 scientists at PlasmaChem GmbH could
synthesize quantum dots for LED applications and build a
light converter on their basis, which could efficiently con-
vert light from blue to any other color for many hundred
hours.[108] Such QDs can be used to emit visible or near
infrared light of any wavelength being excited by light
with a shorter wavelength.
The structure of QD-LEDs used for the electrical-
excitation scheme is similar to basic design of OLED.
A layer of quantum dots is sandwiched between lay-
ers of electron-transporting and hole-transporting ma-
terials. An applied electric field causes electrons and
holes to move into the quantum dot layer and recom-
bine forming an exciton that excites a QD. This scheme
is commonly studied for quantum dot display. The tun-
ability of emission wavelengths and narrow bandwidth
is also beneficial as excitation sources for fluorescence
imaging. Fluorescence near-field scanning optical mi-
croscopy (NSOM) utilizing an integrated QD-LED has
been demonstrated.[109]

In February 2008, a luminous efficacy of 300 lumens
of visible light per watt of radiation (not per electrical
watt) and warm-light emission was achieved by using
nanocrystals.[110]

6.5 Types

The main types of LEDs are miniature, high-power de-
vices and custom designs such as alphanumeric or multi-
color.[111]

LEDs are produced in a variety of shapes and sizes. The color
of the plastic lens is often the same as the actual color of light
emitted, but not always. For instance, purple plastic is often used
for infrared LEDs, and most blue devices have colorless hous-
ings. Modern high-power LEDs such as those used for lighting
and backlighting are generally found in surface-mount technol-
ogy (SMT) packages (not shown).

6.5.1 Miniature

Photo of miniature surface mount LEDs in most common sizes.
They can be much smaller than a traditional 5 mm lamp type
LED which is shown on the upper left corner.

Very small (1.6x1.6x0.35 mm) red, green, and blue surface
mount miniature LED package with gold wire bonding details.

These are mostly single-die LEDs used as indicators, and
they come in various sizes from 2 mm to 8 mm, through-
hole and surfacemount packages. They usually do not use
a separate heat sink.[112] Typical current ratings ranges
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from around 1 mA to above 20 mA. The small size sets
a natural upper boundary on power consumption due to
heat caused by the high current density and need for a heat
sink.
Common package shapes include round, with a domed or
flat top, rectangular with a flat top (as used in bar-graph
displays), and triangular or square with a flat top. The
encapsulation may also be clear or tinted to improve con-
trast and viewing angle.
Researchers at the University of Washington have in-
vented the thinnest LED. It is made of two-dimensional
(2-D) flexible materials. It is 3 atoms thick, which is 10 to
20 times thinner than three-dimensional (3-D) LEDs and
is also 10,000 times smaller than the thickness of a hu-
man hair. These 2-D LEDs are going to make it possible
to create smaller, more energy-efficient lighting, optical
communication and nano lasers.[113]

There are three main categories of miniature single die
LEDs:

• Low-current: typically rated for 2 mA at around 2
V (approximately 4 mW consumption).

• Standard: 20 mA LEDs (ranging from approxi-
mately 40 mW to 90 mW) at around:

1.9 to 2.1 V for red, orange and yel-
low,
3.0 to 3.4 V for green and blue,
2.9 to 4.2 V for violet, pink, purple
and white.

• Ultra-high-output: 20 mA at approximately 2 V or
4–5 V, designed for viewing in direct sunlight.

5 V and 12 V LEDs are ordinary miniature LEDs that
incorporate a suitable series resistor for direct connection
to a 5 V or 12 V supply.

6.5.2 Mid-range

Medium-power LEDs are often through-hole-mounted
and mostly utilized when an output of just tens of lumens
are needed. They sometimes have the diode mounted to
four leads (two cathode leads, two anode leads) for better
heat conduction and carry an integrated lens. An example
of this is the Superflux package, from Philips Lumileds.
These LEDs are most commonly used in light panels,
emergency lighting, and automotive tail-lights. Due to the
larger amount of metal in the LED, they are able to han-
dle higher currents (around 100 mA). The higher current
allows for the higher light output required for tail-lights
and emergency lighting.

High-power light-emitting diodes attached to an LED star base
(Luxeon, Lumileds)

6.5.3 High-power

See also: Solid-state lighting, LED lamp and Thermal
management of high-power LEDs

High-power LEDs (HPLEDs) or high-output LEDs (HO-
LEDs) can be driven at currents from hundreds of mA
to more than an ampere, compared with the tens of
mA for other LEDs. Some can emit over a thousand
lumens.[114][115] LED power densities up to 300 W/cm2

have been achieved.[116] Since overheating is destructive,
the HPLEDs must be mounted on a heat sink to allow
for heat dissipation. If the heat from a HPLED is not re-
moved, the device will fail in seconds. One HPLED can
often replace an incandescent bulb in a flashlight, or be
set in an array to form a powerful LED lamp.
Some well-known HPLEDs in this category are the
Nichia 19 series, Lumileds Rebel Led, Osram Opto
Semiconductors Golden Dragon, and Cree X-lamp. As
of September 2009, some HPLEDs manufactured by
Cree Inc. now exceed 105 lm/W[117] (e.g. the XLamp
XP-G LED chip emitting Cool White light) and are be-
ing sold in lamps intended to replace incandescent, halo-
gen, and even fluorescent lights, as LEDs grow more cost
competitive.
The impact of Haitz’s lawwhich describes the exponential
rise in light output of LEDs over time can be readily seen
in year over year increases in lumen output and efficiency.
For example, the CREE XP-G series LED achieved 105
lm/W in 2009,[117] while Nichia released the 19 series
with a typical efficacy of 140 lm/W in 2010.[118]

6.5.4 AC driven LED

LEDs have been developed by Seoul Semiconductor that
can operate on AC power without the need for a DC con-
verter. For each half-cycle, part of the LED emits light
and part is dark, and this is reversed during the next half-
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cycle. The efficacy of this type of HPLED is typically
40 lm/W.[119] A large number of LED elements in se-
ries may be able to operate directly from line voltage. In
2009, Seoul Semiconductor released a high DC voltage
LED, named as 'Acrich MJT', capable of being driven
from AC power with a simple controlling circuit. The
low-power dissipation of these LEDs affords them more
flexibility than the original AC LED design.[120]

6.5.5 Application-specific variations

Flashing

Used as attention seeking indicators without requiring
external electronics. Flashing LEDs resemble standard
LEDs but they contain an integrated multivibrator circuit
that causes the LED to flash with a typical period of one
second. In diffused lens LEDs this is visible as a small
black dot. Most flashing LEDs emit light of one color,
but more sophisticated devices can flash between multi-
ple colors and even fade through a color sequence using
RGB color mixing.

Bi-color LED

Two different LED emitters in one case. There are two
types of these. One type consists of two dies connected
to the same two leads antiparallel to each other. Current
flow in one direction emits one color, and current in the
opposite direction emits the other color. The other type
consists of two dies with separate leads for both dies and
another lead for common anode or cathode, so that they
can be controlled independently.

A decorative garden light that changes color

Tri-color

Three different LED emitters in one case. Each emitter
is connected to a separate lead so they can be controlled
independently. A four-lead arrangement is typical with
one common lead (anode or cathode) and an additional
lead for each color.

RGB

Tri-color LEDs with red, green, and blue emitters, in gen-
eral using a four-wire connection with one common lead
(anode or cathode). These LEDs can have either common
positive or common negative leads. Others however, have
only two leads (positive and negative) and have a built in
tiny electronic control unit.

Decorative multicolor

Incorporates several emitters of different colors supplied
by only two lead-out wires. Colors are switched internally
simply by varying the supply voltage. (In a cheap 'Melin-
era' garden lamp supplied by OWIM GmbH & Co KG in
2013 the LEDs are within a clear casting of 5mm diame-
ter, 10mm long which encapsulates 3 LEDs which change
between red, green and blue as the DC supply varies be-
tween about 2 volts and 3 volts).

Alphanumeric

Available in seven-segment, starburst and dot-matrix for-
mat. Seven-segment displays handle all numbers and
a limited set of letters. Starburst displays can display
all letters. Dot-matrix displays typically use 5x7 pix-
els per character. Seven-segment LED displays were in
widespread use in the 1970s and 1980s, but rising use of
liquid crystal displays, with their lower power needs and
greater display flexibility, has reduced the popularity of
numeric and alphanumeric LED displays.

Digital RGB

These are RGB LEDs that contain their own “smart” con-
trol electronics. In addition to power and ground, these
provide connections for data in, data out, and sometimes
a clock or strobe signal. These are connected in a daisy
chain, with the data in of the first LED sourced by a mi-
croprocessor, which can control the brightness and color
of each LED independently of the others. They are used
where a combination of maximum control and minimum
visible electronics are needed such as strings for Christ-
mas and LEDmatrices, few even have refresh rates in the
kHz range allowing for basic video applications.

6.6 Considerations for use

6.6.1 Power sources

Main article: LED power sources

The current–voltage characteristic of an LED is similar
to other diodes, in that the current is dependent expo-
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nentially on the voltage (see Shockley diode equation).
This means that a small change in voltage can cause a
large change in current. If the applied voltage exceeds
the LED’s forward voltage drop by a small amount, the
current rating may be exceeded by a large amount, poten-
tially damaging or destroying the LED. The typical so-
lution is to use constant-current power supplies to keep
the current below the LED’s maximum current rating.
Since most common power sources (batteries, mains)
are constant-voltage sources, most LED fixtures must in-
clude a power converter, at least a current-limiting re-
sistor. However, the high resistance of 3 V coin cells
combined with the high differential resistance of nitride-
based LEDsmakes it possible to power such an LED from
such a coin cell without an external resistor.[121]

6.6.2 Electrical polarity

Main article: Electrical polarity of LEDs

As with all diodes, current flows easily from p-type to n-
type material.[122] However, no current flows and no light
is emitted if a small voltage is applied in the reverse direc-
tion. If the reverse voltage grows large enough to exceed
the breakdown voltage, a large current flows and the LED
may be damaged. If the reverse current is sufficiently
limited to avoid damage, the reverse-conducting LED is
a useful noise diode.

6.6.3 Safety and health

The vast majority of devices containing LEDs are “safe
under all conditions of normal use”, and so are classified
as “Class 1 LED product"/"LED Klasse 1”. At present,
only a few LEDs—extremely bright LEDs that also have
a tightly focused viewing angle of 8° or less—could, in
theory, cause temporary blindness, and so are classified
as “Class 2”.[123] The opinion of the French Agency for
Food, Environmental and Occupational Health & Safety
(ANSES) of 2010, on the health issues concerning LEDs,
suggested banning public use of lamps which were in the
moderate Risk Group 2, especially those with a high blue
component in places frequented by children.[124] In gen-
eral, laser safety regulations—and the “Class 1”, “Class
2”, etc. system—also apply to LEDs.[125]

While LEDs have the advantage over fluorescent lamps
that they do not contain mercury, they may contain other
hazardous metals such as lead and arsenic. A study pub-
lished in 2011 states (concerning toxicity of LEDs when
treated as waste): “According to federal standards, LEDs
are not hazardous except for low-intensity red LEDs,
which leached Pb [lead] at levels exceeding regulatory
limits (186 mg/L; regulatory limit: 5). However, accord-
ing to California regulations, excessive levels of copper
(up to 3892 mg/kg; limit: 2500), lead (up to 8103 mg/kg;
limit: 1000), nickel (up to 4797 mg/kg; limit: 2000), or

silver (up to 721 mg/kg; limit: 500) render all except low-
intensity yellow LEDs hazardous.”[126]

6.6.4 Advantages

• Efficiency: LEDs emit more lumens per watt than
incandescent light bulbs.[127] The efficiency of LED
lighting fixtures is not affected by shape and size,
unlike fluorescent light bulbs or tubes.

• Color: LEDs can emit light of an intended color
without using any color filters as traditional lighting
methods need. This is more efficient and can lower
initial costs.

• Size: LEDs can be very small (smaller than 2
mm2[128]) and are easily attached to printed circuit
boards.

• On/Off time: LEDs light up very quickly. A typi-
cal red indicator LED will achieve full brightness in
under a microsecond.[129] LEDs used in communi-
cations devices can have even faster response times.

• Cycling: LEDs are ideal for uses subject to frequent
on-off cycling, unlike incandescent and fluorescent
lamps that fail faster when cycled often, or High-
intensity discharge lamps (HID lamps) that require
a long time before restarting.

• Dimming: LEDs can very easily be dimmed either
by pulse-width modulation or lowering the forward
current.[130] This pulse-width modulation is why
LED lights, particularly headlights on cars, when
viewed on camera or by some people, appear to be
flashing or flickering. This is a type of stroboscopic
effect.

• Cool light: In contrast to most light sources, LEDs
radiate very little heat in the form of IR that can
cause damage to sensitive objects or fabrics. Wasted
energy is dispersed as heat through the base of the
LED.

• Slow failure: LEDs mostly fail by dimming over
time, rather than the abrupt failure of incandescent
bulbs.[61]

• Lifetime: LEDs can have a relatively long useful
life. One report estimates 35,000 to 50,000 hours of
useful life, though time to complete failure may be
longer.[131] Fluorescent tubes typically are rated at
about 10,000 to 15,000 hours, depending partly on
the conditions of use, and incandescent light bulbs at
1,000 to 2,000 hours. Several DOE demonstrations
have shown that reduced maintenance costs from
this extended lifetime, rather than energy savings, is
the primary factor in determining the payback pe-
riod for an LED product.[132]
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• Shock resistance: LEDs, being solid-state compo-
nents, are difficult to damage with external shock,
unlike fluorescent and incandescent bulbs, which are
fragile.

• Focus: The solid package of the LED can be de-
signed to focus its light. Incandescent and fluores-
cent sources often require an external reflector to
collect light and direct it in a usable manner. For
larger LED packages total internal reflection (TIR)
lenses are often used to the same effect. However,
when large quantities of light are needed many light
sources are usually deployed, which are difficult to
focus or collimate towards the same target.

6.6.5 Disadvantages

• High initial price: LEDs are currently more ex-
pensive, price per lumen, on an initial capital cost
basis, than most conventional lighting technologies.
As of 2012, the cost per thousand lumens (kilol-
umen) was about $6. The price was expected to
reach $2/kilolumen by 2013.[133] At least one manu-
facturer claims to have reached $1 per kilolumen as
ofMarch 2014.[134] The additional expense partially
stems from the relatively low lumen output and the
drive circuitry and power supplies needed.

• Temperature dependence: LED performance
largely depends on the ambient temperature of the
operating environment – or “thermal management”
properties. Over-driving an LED in high ambient
temperatures may result in overheating the LED
package, eventually leading to device failure. An
adequate heat sink is needed to maintain long life.
This is especially important in automotive, medical,
and military uses where devices must operate over a
wide range of temperatures, which require low fail-
ure rates. Toshiba has produced LEDs with an op-
erating temperature range of −40 to 100 °C, which
suits the LEDs for both indoor and outdoor use in
applications such as lamps, ceiling lighting, street
lights, and floodlights.[97]

• Voltage sensitivity: LEDs must be supplied with
the voltage above the threshold and a current below
the rating. Current and lifetime change greatly with
small change in applied voltage. They thus require a
current-regulated supply (usually just a series resis-
tor for indicator LEDs).[135]

• Light quality: Most cool-white LEDs have spec-
tra that differ significantly from a black body ra-
diator like the sun or an incandescent light. The
spike at 460 nm and dip at 500 nm can cause the
color of objects to be perceived differently under
cool-white LED illumination than sunlight or incan-
descent sources, due to metamerism,[136] red sur-
faces being rendered particularly badly by typical

phosphor-based cool-white LEDs. However, the
color-rendering properties of common fluorescent
lamps are often inferior to what is now available in
state-of-art white LEDs.

• Area light source: Single LEDs do not approxi-
mate a point source of light giving a spherical light
distribution, but rather a lambertian distribution. So
LEDs are difficult to apply to uses needing a spher-
ical light field; however, different fields of light can
be manipulated by the application of different optics
or “lenses”. LEDs cannot provide divergence below
a few degrees. In contrast, lasers can emit beams
with divergences of 0.2 degrees or less.[137]

• Electrical polarity: Unlike incandescent light
bulbs, which illuminate regardless of the electrical
polarity, LEDs will only light with correct electrical
polarity. To automatically match source polarity to
LED devices, rectifiers can be used.

• Blue hazard: There is a concern that blue LEDs
and cool-white LEDs are now capable of exceed-
ing safe limits of the so-called blue-light haz-
ard as defined in eye safety specifications such as
ANSI/IESNA RP-27.1–05: Recommended Prac-
tice for Photobiological Safety for Lamp and Lamp
Systems.[138][139]

• Blue pollution: Because cool-white LEDs with
high color temperature emit proportionally more
blue light than conventional outdoor light sources
such as high-pressure sodium vapor lamps, the
strong wavelength dependence of Rayleigh scatter-
ing means that cool-white LEDs can cause more
light pollution than other light sources. The
International Dark-Sky Association discourages us-
ing white light sources with correlated color temper-
ature above 3,000 K.[120]

• Efficiency droop: The luminous efficacy of LEDs
decreases as the electrical current increases. Heat-
ing also increases with higher currents which com-
promises the lifetime of the LED. These effects put
practical limits on the current through an LED in
high power applications.[54][56][57][140]

• Impact on insects: LEDs are much more attractive
to insects than sodium-vapor lights, so much so that
there has been speculative concern about the possi-
bility of disruption to food webs.[141][142]

• Use In Winter Conditions: Since they do not give
off much heat in comparison to traditional electrical
lights, LED lights used for traffic control can have
snow obscuring them, leading to accidents. [143][144]

6.7 Applications

LED uses fall into four major categories:
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• Visual signals where light goes more or less directly
from the source to the human eye, to convey a mes-
sage or meaning.

• Illumination where light is reflected from objects to
give visual response of these objects.

• Measuring and interacting with processes involving
no human vision.[145]

• Narrow band light sensors where LEDs operate in
a reverse-bias mode and respond to incident light,
instead of emitting light.[146][147][148][149] See LEDs
as light sensors.

6.7.1 Indicators and signs

The low energy consumption, low maintenance and small
size of LEDs has led to uses as status indicators and dis-
plays on a variety of equipment and installations. Large-
area LED displays are used as stadium displays and as
dynamic decorative displays. Thin, lightweight message
displays are used at airports and railway stations, and as
destination displays for trains, buses, trams, and ferries.

Red and green traffic signals

One-color light is well suited for traffic lights and sig-
nals, exit signs, emergency vehicle lighting, ships’ navi-
gation lights or lanterns (chromacity and luminance stan-
dards being set under the Convention on the Interna-
tional Regulations for Preventing Collisions at Sea 1972,
Annex I and the CIE) and LED-based Christmas lights.
In cold climates, LED traffic lights may remain snow-
covered.[150] Red or yellow LEDs are used in indicator
and alphanumeric displays in environments where night
vision must be retained: aircraft cockpits, submarine and
ship bridges, astronomy observatories, and in the field,
e.g. night time animal watching and military field use.

Automotive applications for LEDs continue to grow

Because of their long life, fast switching times, and their
ability to be seen in broad daylight due to their high output
and focus, LEDs have been used in brake lights for cars’
high-mounted brake lights, trucks, and buses, and in turn
signals for some time, but many vehicles now use LEDs
for their rear light clusters. The use in brakes improves
safety, due to a great reduction in the time needed to light
fully, or faster rise time, up to 0.5 second faster than an
incandescent bulb. This gives drivers behind more time
to react. It is reported that at normal highway speeds, this
equals one car length equivalent in increased time to re-
act. In a dual intensity circuit (rear markers and brakes)
if the LEDs are not pulsed at a fast enough frequency,
they can create a phantom array, where ghost images of
the LED will appear if the eyes quickly scan across the
array. White LED headlamps are starting to be used.
Using LEDs has styling advantages because LEDs can
form much thinner lights than incandescent lamps with
parabolic reflectors.
Due to the relative cheapness of low output LEDs, they
are also used in many temporary uses such as glowsticks,
throwies, and the photonic textile Lumalive. Artists have
also used LEDs for LED art.
Weather and all-hazards radio receivers with Specific
Area Message Encoding (SAME) have three LEDs: red
for warnings, orange for watches, and yellow for advi-
sories and statements whenever issued.

6.7.2 Lighting

See also: LED lamp and LED-backlit LCD

With the development of high-efficiency and high-power
LEDs, it has become possible to use LEDs in lighting and
illumination. Replacement light bulbs have been made,
as well as dedicated fixtures and LED lamps. To en-
courage the shift to very high efficiency lighting, the US
Department of Energy has created the L Prize competi-
tion. The Philips Lighting North America LED bulb won
the first competition on August 3, 2011 after successfully
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completing 18 months of intensive field, lab, and product
testing.[151]

LEDs are used as street lights and in other architectural
lighting where color changing is used. The mechanical
robustness and long lifetime is used in automotive lighting
on cars, motorcycles, and bicycle lights.
LED street lights are employed on poles and in park-
ing garages. In 2007, the Italian village Torraca was
the first place to convert its entire illumination system to
LEDs.[152]

LEDs are used in aviation lighting. Airbus has used LED
lighting in their Airbus A320 Enhanced since 2007, and
Boeing uses LED lighting in the 787. LEDs are also be-
ing used now in airport and heliport lighting. LED air-
port fixtures currently include medium-intensity runway
lights, runway centerline lights, taxiway centerline and
edge lights, guidance signs, and obstruction lighting.
LEDs are also suitable for backlighting for LCD televi-
sions and lightweight laptop displays and light source for
DLP projectors (See LED TV). RGB LEDs raise the
color gamut by as much as 45%. Screens for TV and
computer displays can be made thinner using LEDs for
backlighting.[153]

LEDs are used increasingly in aquarium lights. In par-
ticular for reef aquariums, LED lights provide an effi-
cient light source with less heat output to help maintain
optimal aquarium temperatures. LED-based aquarium
fixtures also have the advantage of being manually ad-
justable to emit a specific color-spectrum for ideal col-
oration of corals, fish, and invertebrates while optimizing
photosynthetically active radiation (PAR), which raises
growth and sustainability of photosynthetic life such as
corals, anemones, clams, and macroalgae. These fixtures
can be electronically programmed to simulate various
lighting conditions throughout the day, reflecting phases
of the sun and moon for a dynamic reef experience. LED
fixtures typically cost up to five times as much as similarly
rated fluorescent or high-intensity discharge lighting de-
signed for reef aquariums and are not as high output to
date.
The lack of IR or heat radiation makes LEDs ideal for
stage lights using banks of RGB LEDs that can easily
change color and decrease heating from traditional stage
lighting, as well as medical lighting where IR-radiation
can be harmful. In energy conservation, the lower heat
output of LEDs alsomeans air conditioning (cooling) sys-
tems have less heat to dispose of.
LEDs are small, durable and need little power, so they
are used in hand held devices such as flashlights. LED
strobe lights or camera flashes operate at a safe, low
voltage, instead of the 250+ volts commonly found in
xenon flashlamp-based lighting. This is especially useful
in cameras on mobile phones, where space is at a pre-
mium and bulky voltage-raising circuitry is undesirable.
LEDs are used for infrared illumination in night vision

LED to be used for miners, to increase visibility inside mines.

uses including security cameras. A ring of LEDs around
a video camera, aimed forward into a retroreflective
background, allows chroma keying in video productions.
LEDs are used in mining operations, as cap lamps to pro-
vide light for miners. Research has been done to improve
LEDs for mining, to reduce glare and to increase illumi-
nation, reducing risk of injury for the miners.[154]

LEDs are now used commonly in all market areas from
commercial to home use: standard lighting, AV, stage,
theatrical, architectural, and public installations, and
wherever artificial light is used.
LEDs are increasingly finding uses in medical and edu-
cational applications, for example as mood enhancement
, and new technologies such as AmBX, exploiting LED
versatility. NASA has even sponsored research for the
use of LEDs to promote health for astronauts.[155]

6.7.3 Data communication and other sig-
naling

See also: Li-Fi

Light can be used to transmit data and analog signals.
Assistive listening devices in many theaters and similar
spaces use arrays of infrared LEDs to send sound to lis-
teners’ receivers. Light-emitting diodes (as well as semi-
conductor lasers) are used to send data over many types
of fiber optic cable, from digital audio over TOSLINK
cables to the very high bandwidth fiber links that form
the internet backbone. For some time, computers were
commonly equipped with IrDA interfaces, which allowed
them to send and receive data to nearby machines via in-
frared.
Because LEDs can cycle on and off millions of times per
second, very high data bandwidth can be achieved.[156]
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6.7.4 Sustainable lighting

Efficient lighting is needed for sustainable architecture.
In 2009, a typical 13-watt LED lamp emitted 450 to 650
lumens,[157] which is equivalent to a standard 40-watt in-
candescent bulb. In 2011, LEDs had become more effi-
cient, so that a 6-watt LED could easily achieve the same
results. A standard 40-watt incandescent bulb has an ex-
pected lifespan of 1,000 hours, whereas an LED can con-
tinue to operate with reduced efficiency for more than
50,000 hours, 50 times longer than the incandescent bulb.

Energy consumption

In the US, one kilowatt-hour (3.6 MJ) of electricity cur-
rently causes an average 1.34 pounds (610 g) of CO
2 emission.[158] Assuming the average light bulb is on for
10 hours a day, a 40-watt bulb will cause 196 pounds (89
kg) of CO
2 emission per year. The 6-watt LED equivalent will only
cause 30 pounds (14 kg) of CO
2 over the same time span. A building’s carbon footprint
from lighting can therefore be reduced by 85% by ex-
changing all incandescent bulbs for new LEDs if a build-
ing previously used only incandescent bulbs.
In practice, most buildings that use a lot of lighting use
fluorescent lighting, which has 22% luminous efficiency
compared with 5% for filaments, so changing to LED
lighting would still give a 34% reduction in electrical
power use and carbon emissions.
The reduction in carbon emissions depends on the source
of electricity. Nuclear power in the United States pro-
duced 19.2% of electricity in 2011, so reducing elec-
tricity consumption in the U.S. reduces carbon emissions
more than in France (75% nuclear electricity) or Norway
(almost entirely hydroelectric).
Replacing lights that spend the most time lit results in the
most savings, so LED lights in infrequently used locations
bring a smaller return on investment.

Economically sustainable

LED light bulbs could be a cost-effective option for light-
ing a home or office space because of their very long
lifetimes. Consumer use of LEDs as a replacement for
conventional lighting system is currently hampered by the
high cost and low efficiency of available products. 2009
DOE testing results showed an average efficacy of 35
lm/W, below that of typical CFLs, and as low as 9 lm/W,
worse than standard incandescents.[157] However, as of
2011, there are LED bulbs available as efficient as 150
lm/W and even inexpensive low-end models typically ex-
ceed 50 lm/W. The high initial cost of commercial LED
bulbs is due to the expensive sapphire substrate, which
is key to the production process. The sapphire appara-
tus must be coupled with a mirror-like collector to reflect

light that would otherwise be wasted.

6.7.5 Light sources for machine vision sys-
tems

Machine vision systems often require bright and homo-
geneous illumination, so features of interest are easier to
process. LEDs are often used for this purpose, and this is
likely to remain one of their major uses until price drops
low enough to make signaling and illumination uses more
widespread. Barcode scanners are the most common ex-
ample of machine vision, and many low cost ones use
red LEDs instead of lasers. Optical computer mice are
also another example of LEDs in machine vision, as it is
used to provide an even light source on the surface for
the miniature camera within the mouse. LEDs constitute
a nearly ideal light source for machine vision systems for
several reasons:

• The size of the illuminated field is usually compar-
atively small and machine vision systems are often
quite expensive, so the cost of the light source is
usually a minor concern. However, it might not be
easy to replace a broken light source placed within
complex machinery, and here the long service life
of LEDs is a benefit.

• LED elements tend to be small and can be placed
with high density over flat or even-shaped substrates
(PCBs etc.) so that bright and homogeneous sources
that direct light from tightly controlled directions on
inspected parts can be designed. This can often be
obtained with small, low-cost lenses and diffusers,
helping to achieve high light densities with control
over lighting levels and homogeneity. LED sources
can be shaped in several configurations (spot lights
for reflective illumination; ring lights for coaxial illu-
mination; back lights for contour illumination; linear
assemblies; flat, large format panels; dome sources
for diffused, omnidirectional illumination).

• LEDs can be easily strobed (in the microsecond
range and below) and synchronized with imaging.
High-power LEDs are available allowing well-lit im-
ages even with very short light pulses. This is of-
ten used to obtain crisp and sharp “still” images of
quickly moving parts.

• LEDs come in several different colors and wave-
lengths, allowing easy use of the best color for each
need, where different color may provide better vis-
ibility of features of interest. Having a precisely
known spectrum allows tightly matched filters to be
used to separate informative bandwidth or to re-
duce disturbing effects of ambient light. LEDs usu-
ally operate at comparatively low working temper-
atures, simplifying heat management and dissipa-
tion. This allows using plastic lenses, filters, and
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diffusers. Waterproof units can also easily be de-
signed, allowing use in harsh or wet environments
(food, beverage, oil industries).

• A large LED display behind a disc jockey

• LED destination signs on buses, one with a colored
route number

• LED digital display that can display four digits and
points

• Traffic light using LED

• LED daytime running lights of Audi A4

• LED panel light source used in an experiment on
plant growth. The findings of such experiments may
be used to grow food in space on long duration mis-
sions.

• LED lights reacting dynamically to video feed via
AmBX

• Different sized LEDs. 8 mm, 5 mm and 3 mm, with
a wooden match-stick for scale.

• A green surface-mount colored LEDmounted on an
Arduino circuit board

6.7.6 Other applications

LED costume for stage performers.

The light from LEDs can be modulated very quickly so
they are used extensively in optical fiber and free space
optics communications. This includes remote controls,
such as for TVs, VCRs, and LED Computers, where in-
frared LEDs are often used. Opto-isolators use an LED
combined with a photodiode or phototransistor to pro-
vide a signal path with electrical isolation between two
circuits. This is especially useful in medical equipment
where the signals from a low-voltage sensor circuit (usu-
ally battery-powered) in contact with a living organism
must be electrically isolated from any possible electrical
failure in a recording or monitoring device operating at

potentially dangerous voltages. An optoisolator also al-
lows information to be transferred between circuits not
sharing a common ground potential.
Many sensor systems rely on light as the signal source.
LEDs are often ideal as a light source due to the require-
ments of the sensors. LEDs are used as motion sensors,
for example in optical computer mice. The Nintendo
Wii's sensor bar uses infrared LEDs. Pulse oximeters
use them for measuring oxygen saturation. Some flatbed
scanners use arrays of RGB LEDs rather than the typical
cold-cathode fluorescent lamp as the light source. Hav-
ing independent control of three illuminated colors allows
the scanner to calibrate itself for more accurate color bal-
ance, and there is no need for warm-up. Further, its sen-
sors only need be monochromatic, since at any one time
the page being scanned is only lit by one color of light.
Touch sensing: Since LEDs can also be used as photo-
diodes, they can be used for both photo emission and
detection. This could be used, for example, in a touch-
sensing screen that registers reflected light from a finger
or stylus.[159] Many materials and biological systems are
sensitive to or dependent on light. Grow lights use LEDs
to increase photosynthesis in plants[160] and bacteria and
viruses can be removed from water and other substances
using UV LEDs for sterilization.[88] Plant growers are in-
terested in LEDs because they are more energy-efficient,
emit less heat (can damage plants close to hot lamps),
and can provide the optimum light frequency for plant
growth and bloom periods compared to currently used
grow lights: HPS (high-pressure sodium), metal-halide
(MH) or CFL/low-energy. However, LEDs have not re-
placed these grow lights due to higher price. As mass
production and LED kits develop, the LED products will
become cheaper. LEDs have also been used as amedium-
quality voltage reference in electronic circuits. The for-
ward voltage drop (e.g., about 1.7 V for a normal red
LED) can be used instead of a Zener diode in low-voltage
regulators. Red LEDs have the flattest I/V curve above
the knee. Nitride-based LEDs have a fairly steep I/V
curve and are useless for this purpose. Although LED for-
ward voltage is far more current-dependent than a good
Zener, Zener diodes are not widely available below volt-
ages of about 3 V.

6.8 See also
• Display examples

• Laser diode

• Light-emitting electrochemical cell (LEC)

• LED circuit

• LED lamp

• LED tattoo

• LED as light sensor
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• Li-Fi

• List of LED failure modes

• Luminous efficacy

• Nixie tube

• OLED

• Photovoltaics

• Seven-segment display

• SMD LED Module

• Solar lamp

• Solid-state lighting

• Thermal management of high-power LEDs

• UV LED curing
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6.10 Further reading
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Arc lamp

The 15 kW xenon short-arc lamp used in the IMAX projection
system.

A mercury arc lamp from a fluorescence microscope.

A krypton long arc lamp (top) is shown above a xenon flashtube.
The two lamps, used for laser pumping, are very different in the
shape of the electrodes, in particular, the cathode, (on the left).

An arc lamp or arc light is a lamp that produces light by
an electric arc (also called a voltaic arc). The carbon arc

light, which consists of an arc between carbon electrodes
in air, invented by Humphry Davy in the early 1800s, was
the first practical electric light.[1] It was widely used start-
ing in the 1870s for street and large building lighting until
it was superseded by the incandescent light in the early
20th century.[1] It continued in use in more specialized
applications where a high intensity point light source was
needed, such as searchlights and movie projectors until
after World War II. The carbon arc lamp is now obsolete
for all of these purposes and is only still made for very
specialized purposes where a high intensity UV source is
needed.
The term is now used to refer to gas discharge lamps,
which produce light by an arc between metal electrodes
through an inert gas in a glass bulb. The common
fluorescent lamp is a low-pressure mercury arc lamp.[2]
The xenon arc lamp, which produces a high intensity
white light, is now used in many of the applications which
formerly used the carbon arc, such as movie projectors
and searchlights.

7.1 Operation

An arc is the discharge that occurs when a gas is ionized.
A high voltage is pulsed across the lamp to “ignite” or
“strike” the arc, after which the discharge can be main-
tained at a lower voltage. The “strike” requires an elec-
trical circuit with an igniter and a ballast. The ballast is
wired in series with the lamp and performs two functions.
First, when the power is first switched on, the ig-
niter/starter (which is wired in parallel across the lamp)
sets up a small current through the ballast and starter.
This creates a small magnetic field within the ballast
windings. A moment later the starter interrupts the cur-
rent flow from the ballast, which has a high inductance
and therefore tries tomaintain the current flow (the ballast
opposes any change in current through it); it cannot, as
there is no longer a 'circuit'. As a result, a high voltage ap-
pears across the ballast momentarily - to which the lamp
is connected, therefore the lamp receives this high volt-
age across it which 'strikes’ the arc within the tube/lamp.
The circuit will repeat this action until the lamp is ionized
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enough to sustain the arc.
When the lamp sustains the arc, the ballast performs its
second function, to limit the current to that needed to op-
erate the lamp. The lamp, ballast and igniter are rated
matched to each other; these parts must be replaced with
the same rating as the failed component or the lamp will
not work.
The colour of the light emitted by the lamp changes as
its electrical characteristics change with temperature and
time. Lightning is a similar principle where the atmo-
sphere is ionized by the high potential difference (volt-
age) between earth and storm clouds.

A krypton arc lamp during operation.

The temperature of the arc in an arc lamp can reach sev-
eral thousand degrees Celsius. The outer glass envelope
can reach 500 degrees Celsius, therefore before servicing
onemust ensure the bulb has cooled sufficiently to handle.
Often, if these types of lamps are turned off or lose their
power supply, one cannot restrike the lamp again for sev-
eral minutes (called cold restrike lamps). However, some
lamps (mainly fluorescent tubes/energy saving lamps) can
be restruck as soon as they are turned off (called hot re-
strike lamps).
The Vortek water-wall plasma arc lamp, invented in 1975
by David Camm and Roy Nodwell at the University of
British Columbia Vancouver, Canada, made the Guinness
Book of World Records in 1986 and 1993 as the most
powerful continuously burning light source at over 300
kW or 1.2 million candle power.[3]

7.2 Carbon arc lamp

In popular use, the term arc lampmeans carbon arc lamp
only. In a carbon arc lamp, the electrodes are carbon
rods in free air. To ignite the lamp, the rods are touched
together, thus allowing a relatively low voltage to strike
the arc.[1] The rods are then slowly drawn apart, and elec-
tric current heats and maintains an arc across the gap.
The tips of the carbon rods are heated and the carbon va-
porizes. The carbon vapor in the arc is highly luminous,
which is what produces the bright light.[1] The rods are
slowly burnt away in use, and the distance between them
needs to be regularly adjusted in order to maintain the
arc.[1] Many ingenious mechanisms were invented to ef-
fect this automatically, mostly based on solenoids. In one
of the simplest mechanically-regulated forms (which was

A carbon arc lamp, cover removed, on the point of ignition. This
model requires manual adjustment of the electrodes

An electric arc, demonstrating the “arch” effect.

Early experimental carbon arc light powered by liquid batteries,
similar to Davy’s

soon superseded by more smoothly acting devices) the
electrodes are mounted vertically. The current supply-
ing the arc is passed in series through a solenoid attached
to the top electrode. If the points of the electrodes are
touching (as in start up) the resistance falls, the current
increases and the increased pull from the solenoid draws
the points apart. If the arc starts to fail the current drops
and the points close up again. The Yablochkov candle is
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Medical carbon arc lamp used to treat skin conditions, 1909

a simple arc lamp without a regulator, but it has the draw-
backs that the arc cannot be restarted (single use) and a
limited lifetime.

7.3 History

The concept of carbon-arc lighting was first demonstrated
by Sir Humphry Davy in the early 19th century (1802,
1805, 1807 and 1809 are all mentioned), using charcoal
sticks and a 2000-cell battery to create an arc across a
4-inch (100 mm) gap. He mounted his electrodes hori-
zontally and noted that, because of the strong convection
flow of air, the arc formed the shape of an arch. He coined
the term “arch lamp”, which was contracted to “arc lamp”
when the devices came into common usage.[4]

The arc lamp provided one of the first commercial uses
for electricity, a phenomenon previously confined to ex-
periment, the telegraph, and entertainment.[5]

7.3.1 Carbon-arc lighting in the U.S.

In the United States, there were attempts to produce arc
lamps commercially after 1850 but the lack of a con-
stant electricity supply thwarted efforts. Thus electrical
engineers began focusing on the problem of improving
Faraday’s dynamo. The concept was improved upon by

Self-regulating arc lamp proposed byWilliam Edwards Staite and
William Petrie in 1847

a number of people including William Staite and Charles
F. Brush. It was not until the 1870s that lamps such as the
Yablochkov candle were more commonly seen. In 1877,
the Franklin Institute conducted a comparative test of dy-
namo systems. The one developed by Brush performed
best, and Brush immediately applied his improved dy-
namo to arc-lighting an early application being Public
Square in Cleveland, Ohio, on April 29, 1879.[6] In 1880,
Brush established the Brush Electric Company.
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The harsh and brilliant light was found most suitable
for public areas, such as Cleveland’s Public Square, be-
ing around 200 times more powerful than contemporary
filament lamps.
The usage of Brush electric arc lights spread quickly. Sci-
entific American reported in 1881 that the system was be-
ing used in:[7]

• 800 lights in rolling mills, steel works, shops, etc.

• 1,240 lights in woolen, cotton, linen, silk, and other
factories

• 425 lights in large stores, hotels, churches, etc.

• 250 lights in parks, docks, and summer resorts

• 275 lights in railroad depots and shops

• 130 lights in mines, smelting works, etc.

• 380 lights in factories and establishments of various
kinds

• 1,500 lights in lighting stations, for city lighting, etc.

• 1,200 lights in England and other foreign countries.

• A total of over 6,000 lights which are actually sold

There were three major advances in the 1880s:

• The arcs were enclosed in a small tube to slow
the carbon consumption (increasing the life span to
around 100 hours).

• Flame arc lamps were introduced where the carbon
rods had metal salts (usually magnesium, strontium,
barium, or calcium fluorides) added to increase light
output and produce different colours.

• František Křižík invented a mechanism to allow the
automatic adjustment of the electrodes.

In the U.S., patent protection of arc-lighting systems and
improved dynamos proved difficult and as a result the
arc-lighting industry became highly competitive. Brush’s
principal competition was from the team of Elihu Thom-
son and Edwin J. Houston. These two had formed the
American Electric Corporation in 1880, but it was soon
bought up by Charles A. Coffin, moved to Lynn, Mas-
sachusetts, and renamed the Thomson-Houston Elec-
tric Company. Thomson remained, though, the princi-
pal inventive genius behind the company patenting im-
provements to the lighting system. Under the leader-
ship of Thomson-Houston’s patent attorney, Frederick P.
Fish, the company protected its new patent rights. Cof-
fin’s management also led the company towards an ag-
gressive policy of buy-outs and mergers with competi-
tors. Both strategies reduced competition in the electrical

lighting manufacturing industry. By 1890, the Thomson-
Houston company was the dominant electrical manu-
facturing company in the U.S.[8] Nikola Tesla received
U.S. Patent 447920, "Method of Operating Arc-Lamps"
(March 10, 1891), that describes a 10,000 cycles per
second alternator to suppress the disagreeable sound of
power-frequency harmonics produced by arc lamps oper-
ating on frequencies within the range of human hearing.
Around the turn of the century arc-lighting systems were
in decline, but Thomson-Houston controlled key patents
to urban lighting systems. This control slowed the ex-
pansion of incandescent lighting systems being developed
by Thomas Edison's Edison General Electric Company.
Conversely, Edison’s control of direct current distribution
and generating machinery patents blocked further expan-
sion of Thomson-Houston. The roadblock to expansion
was removed when the two companies merged in 1892 to
form the General Electric Company.[8]

Arc lampswere used in some earlymotion-picture studios
to illuminate interior shots. One problem was that they
produce such a high level of ultra-violet light that many
actors needed to wear sunglasses when off camera to re-
lieve sore eyes resulting from the ultra-violet light. The
problem was solved by adding a sheet of ordinary win-
dow glass in front of the lamp, blocking the ultra-violet.
By the dawn of the “talkies”, arc lamps had been replaced
in film studios with other types of lights. In 1915, Elmer
Ambrose Sperry began manufacturing his invention of a
high-intensity carbon arc searchlight. These were used
aboard warships of all navies during the 20th century for
signaling and illuminating enemies.[9] In the 1920s, car-
bon arc lamps were sold as family health products, a sub-
stitute for natural sunlight.[10]

Arc lamps were superseded by filament lamps in most
roles, remaining in only certain niche applications such
as cinema projection, followspots, and searchlights. Even
in these applications conventional carbon arc lamps are
being pushed into obsolescence by xenon arc lamps, but
were still being manufactured as spotlights at least as late
as 1982[11] and are still manufactured for at least one
purpose - simulating sunlight in “accelerated aging” ma-
chines intended to estimate how fast a material is likely
to be degraded by environmental exposure.[12][13]

7.4 See also

• Electric light

• Graphite

• High-intensity discharge lamp

• Large-format slide projector

• Léon Foucault

• List of light sources
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• List of Nikola Tesla patents

• Movie projector

• Pavel Yablochkov

• Photolithography

• Praseodymium

• Shielded metal arc welding

• Stage lighting

• Timeline of lighting technology

• Walther Nernst
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Xenon arc lamp

15 kW xenon short-arc lamp used in IMAX projectors

High-speed, slow-motion video of a xenon flashtube. Camera
was recording at 44,025 frames per second.

A xenon arc lamp is a specialized type of gas discharge
lamp, an electric light that produces light by passing elec-
tricity through ionized xenon gas at high pressure. It
produces a bright white light that closely mimics natural
sunlight. Xenon arc lamps are used in movie projectors in
theaters, in searchlights, and for specialized uses in indus-
try and research to simulate sunlight. Xenon headlamps
in automobiles actually use metal-halide lamps where a
xenon arc is only used during start-up.

8.1 Types

Xenon arc lamps can be roughly divided into three cate-
gories:

• Continuous-output xenon short-arc lamps

• Continuous-output xenon long-arc lamps

• Xenon flash lamps (which are usually considered
separately)

Each consists of a fused quartz or other heat resistant
glass arc tube, with a tungsten metal electrode at each
end. The glass tube is first evacuated and then re-filled
with xenon gas. For xenon flashtubes, a third “trigger”
electrode usually surrounds the exterior of the arc tube.
The lamp has a lifetime of around 2000 hours.

8.2 History and modern usage

An Osram 100 W xenon/mercury short-arc lamp in reflector

Xenon short-arc lamps were invented in the 1940s in Ger-
many and introduced in 1951 by Osram. First launched
in the 2 kW size (XBO2001), these lamps saw wide use
in movie projection, where they replaced the older, more
complicated carbon arc lamps. The white continuous
light generated by the xenon arc is spectrally similar to
daylight, but the lamp has a rather low efficiency in terms
of lumens of visible light output per watt of input power.
Today, almost all movie projectors in theaters employ
these lamps, with power ratings ranging from 900 watts
up to 12 kW. Omnimax (Imax Dome) projection systems
use single xenon lamps with ratings as high as 15 kW.
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8.3 Lamp construction

An end-view of a 15 kW IMAX lamp showing the liquid-cooling
ports

All modern xenon short-arc lamps use a fused quartz en-
velope with thoriated tungsten electrodes. Fused quartz
is the only economically feasible material currently avail-
able that can withstand the high pressure (25 atmo-
spheres for an IMAX bulb) and high temperature present
in an operating lamp, while still being optically clear.
The thorium dopant in the electrodes greatly enhances
their electron emission characteristics. Because tungsten
and quartz have different coefficients of thermal expan-
sion, the tungsten electrodes are welded to strips of pure
molybdenum metal or Invar alloy, which are then melted
into the quartz to form the envelope seal.
Because of the very high power levels involved, large
lamps are water-cooled. In those used in IMAX projec-
tors, the electrode bodies are made from solid Invar and
tipped with thoriated tungsten. An O-ring seals off the
tube, so that the naked electrodes do not contact the wa-
ter. In low power applications the electrodes are too cold
for efficient electron emission and are not cooled; in high
power applications an additional water cooling circuit for
each electrode is necessary. To save costs, the water cir-
cuits are often not separated and the water needs to be
deionized to make it electrically non-conductive, which,
in turn, lets the quartz or some laser media dissolve into
the water.
In order to achieve maximum efficiency, the xenon gas
inside short-arc lamps is maintained at an extremely high
pressure — up to 30 atmospheres (440 psi / 3040 kPa)
— which poses safety concerns. If a lamp is dropped,
or ruptures while in service, pieces of the lamp enve-
lope can be thrown at high speed. To mitigate this, large
xenon short-arc lamps are normally shipped in protec-
tive shields, which will contain the envelope fragments
should breakage occur. Normally, the shield is removed
once the lamp is installed in the lamp housing. When
the lamp reaches the end of its useful life, the protec-
tive shield is put back on the lamp, and the spent lamp
is then removed from the equipment and discarded. As

Perspective view of 3 kW lamp showing plastic safety shield used
during shipping.

lamps age, the risk of failure increases, so bulbs being re-
placed are at the greatest risk of explosion. Because of the
safety concerns, lamp manufacturers recommend the use
of eye protection when handling xenon short-arc lamps.
Because of the danger, some lamps, especially those used
in IMAX projectors, require the use of full-body protec-
tive clothing.

8.4 Light generation mechanism

Output profile of a xenon arc lamp.

Xenon short-arc lamps come in two distinct varieties:
pure xenon, which contain only xenon gas; and xenon-
mercury, which contain xenon gas and a small amount of
mercury metal.
In a pure xenon lamp, the majority of the light is gener-
ated within a tiny, pinpoint-sized cloud of plasma situated
where the electron stream leaves the face of the cathode.
The light generation volume is cone-shaped, and the lu-
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minous intensity falls off exponentially moving from cath-
ode to anode. Electrons passing through the plasma cloud
strike the anode, causing it to heat. As a result, the anode
in a xenon short-arc lamp either has to be much larger
than the cathode or be water-cooled, to dissipate the heat.
The output of a pure xenon short-arc lamp offers fairly
continuous spectral power distribution with a color tem-
perature of about 6200K and color rendering index close
to 100.[1] However, even in a high pressure lamp there
are some very strong emission lines in the near infrared,
roughly in the region from 850–900 nm. This spectral
region can contain about 10% of the total emitted light.
Light intensity ranges from 20,000 to 500,000 cd/cm2.
An example is “XBO lamp”, which is an OSRAM trade
name for pure xenon short-arc lamp.[1]

For some applications such as endoscopy and dental tech-
nology light guide systems are included.
In xenon-mercury short-arc lamps, the majority of the
light is generated in a pinpoint-sized cloud of plasma sit-
uated at the tip of each electrode. The light generation
volume is shaped like two intersecting cones, and the lu-
minous intensity falls off exponentially moving towards
the centre of the lamp. Xenon-mercury short-arc lamps
have a bluish-white spectrum and extremely high UV out-
put. These lamps are used primarily for UV curing ap-
plications, sterilizing objects, and generating ozone.
The very small size of the arc makes it possible to fo-
cus the light from the lamp with moderate precision. For
this reason, xenon arc lamps of smaller sizes, down to
10 watts, are used in optics and in precision illumination
for microscopes and other instruments, although in mod-
ern times they are being displaced by single mode laser
diodes and white light supercontinuum lasers which can
produce a truly diffraction limited spot. Larger lamps are
employed in searchlights where narrow beams of light are
generated, or in film production lighting where daylight
simulation is required.
All xenon short-arc lamps generate substantial ultraviolet
radiation. Xenon has strong spectral lines in the UV
bands, and these readily pass through the fused quartz
lamp envelope. Unlike the borosilicate glass used in stan-
dard lamps, fused quartz readily passes UV radiation un-
less it is specially doped. The UV radiation released by a
short-arc lamp can cause a secondary problem of ozone
generation. The UV radiation strikes oxygen molecules
in the air surrounding the lamp, causing them to ion-
ize. Some of the ionized molecules then recombine as
O3, ozone. Equipment that uses short-arc lamps as the
light source must contain UV radiation and prevent ozone
build-up.
Many lamps have a shortwave UV blocking coating on
the envelope and are sold as “ozone free” lamps for solar
simulators applications. The company WACOM has also
a long history of xenon lamp production.[2] Some lamps
have envelopes made out of ultra-pure synthetic fused sil-
ica (such as “Suprasil”), which roughly doubles the cost,

but which allows them to emit useful light into the vacuum
UV region. These lamps are normally operated in a pure
nitrogen atmosphere.

8.5 Ceramic xenon lamps

A Cermax 2 kW xenon lamp from a video projector. A pair of
heatsinks are clamped on the twometal bands around the perime-
ter, which also double to supply power to the lamp

Xenon short-arc lamps also are manufactured with a ce-
ramic body and an integral reflector. They are available
in many output power ratings with either UV-transmitting
or blocking windows. The reflector options are parabolic
(for collimated light) or elliptical (for focused light).
They are used in a wide variety of applications, such as
video projectors, fiber optic illuminators, endoscope and
headlamp lighting, dental lighting, and search lights.

8.6 Power supply requirements

A 1 kW xenon short-arc lamp power supply with the cover re-
moved.

Xenon short-arc lamps have a negative temperature coef-
ficient like other gas discharge lamps. They are operated

https://en.wikipedia.org/wiki/Anode
https://en.wikipedia.org/wiki/Color_rendering_index
https://en.wikipedia.org/wiki/Ultraviolet
https://en.wikipedia.org/wiki/Curing_(chemistry)
https://en.wikipedia.org/wiki/Sterilization_(microbiology)
https://en.wikipedia.org/wiki/Ozone
https://en.wikipedia.org/wiki/Microscope
https://en.wikipedia.org/wiki/Laser_diode
https://en.wikipedia.org/wiki/Laser_diode
https://en.wikipedia.org/wiki/Supercontinuum#Commercial_suppliers_of_supercontinuum_laser_sources
https://en.wikipedia.org/wiki/Ultraviolet_radiation
https://en.wikipedia.org/wiki/Ultraviolet_radiation
https://en.wikipedia.org/wiki/Borosilicate_glass
https://en.wikipedia.org/wiki/Dopant
https://en.wikipedia.org/wiki/Ozone
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Ultraviolet#Subtypes
https://en.wikipedia.org/wiki/Fused_quartz
https://en.wikipedia.org/wiki/Fused_quartz
https://en.wikipedia.org/wiki/Ultraviolet#Subtypes
https://en.wikipedia.org/wiki/Ultraviolet#Subtypes
https://en.wikipedia.org/wiki/Negative_temperature_coefficient
https://en.wikipedia.org/wiki/Negative_temperature_coefficient


72 CHAPTER 8. XENON ARC LAMP

at low-voltage, high-current, DC and started with a high
voltage pulse of 20 to 50kV. As an example, a 450 W
lamp operates normally at 18 V and 25 A once started.
They are also inherently unstable, prone to phenomena
such as plasma oscillation and thermal runaway. Because
of these characteristics, xenon short-arc lamps require a
proper power supply.

8.7 Automotive headlamps

In 1991 "xenon headlamps" were introduced for vehicles
(BMW E32). These are actually metal-halide lamps; the
xenon gas is used only to provide some light immediately
upon lamp startup, as required for safety in an automotive
headlamp application. Full intensity is reached 20 to 30
seconds later once the salts of sodium and scandium are
vapourised by the heat of the xenon arc. The lamp en-
velope is small and the arc spans only a few millimetres.
An outer hard glass tube blocks the escape of ultravio-
let radiation that would tend to damage plastic headlamp
components. The first xenon headlamps contained mer-
cury; newer types do not.

8.8 Xenon long-arc-lamps

These are structurally similar to short-arc lamps except
that the arc-containing portion of the glass tube is greatly
elongated. When mounted within an elliptical reflector,
these lamps are frequently used to simulate sunlight. Typ-
ical uses include solar cell testing, solar simulation for age
testing of materials, rapid thermal processing, and mate-
rial inspection.

8.9 See also
• List of light sources

8.10 References
[1] “OSRAM SYVLANIA XBO” (PDF).

[2] “WACOM KXL” (PDF).

8.11 External links
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Ultra-high-performance lamp

For other uses, see UHP (disambiguation).

The Ultra-High-Performance lamp, a high-pressure
mercury arc lamp often known by the Philips trademark
UHP, was originally known as the ultra-high-pressure
lamp.[1][2] It was developed by Philips in 1995 for use in
commercial projection systems, home theatre projectors,
MD-PTVs and video walls. Unlike other common mer-
cury vapor lamps used in projection systems, it is not a
metal halide lamp, but uses only mercury. Philips claims
a lifetime of over 10,000 hours for the lamps. These
lamps are highly efficient compared to other projection
lamps – a single 132 watt UHP lamp is used by DLPman-
ufacturers such as Samsung and RCA to power their DLP
rear-projection TV lines, however Laser Display technol-
ogy could be the superseding technology due to its in-
creased longevity and display characteristics.

9.1 Known manufacturers of
high pressure discharge lamps
(UHP or similar)

• Iwasaki (HSCR)

• Osram/Sylvania (P-VIP)

• Panasonic, Matsushita (HS)

• Philips (UHP)

• Phoenix (SHP)

• Ushio (NSH)

• Panasonic (UHM)

9.2 Devices using UHP lamps
• Samsung DLP rear-projection TV sets.

• Sony LCD rear-projection TV sets.

• Most Digital Projectors Manufactured post 2001
(except LED projectors)

• Olympus ILP-2 High Intensity Light Source

• Mitsubishi DLP Projection Televisions

• Barco Sim7 series LCoS simulation projectors

9.3 References

• Guenther Derra et al. (2005). “UHP lamp sys-
tems for projection applications”. J. Phys. D: Appl.
Phys. 38 (17): 2995–3010. doi:10.1088/0022-
3727/38/17/R01.

• Pavel Pekarski et al. (2003). “UHP Lamps for
Projection Systems”. International Conference on
Phenomena in Ionized Gases (Philips Research Lab-
oratories, Weisshausstr.2, D-52066 Aachen, Ger-
many).

9.4 References

[1] Flesch, Peter (2006). Light and Light Sources: High-
intensity Discharge Lamps. Springer. p. 39. ISBN
9783540326854.

[2] Richard, Cadena (2012). Automated Lighting: The Art
and Science of Moving Light in Theatre, Live Perfor-
mance and Entertainment. CRC Press. p. 565. ISBN
9781136085253.

9.5 External links

• Philips, UHP lamp manufacturer.

• DLP information site, FixYourDLP.com.

• Texas Instruments’ DLP website.

• Where to find original UHP FRONT PROJEC-
TION replacement lamps: Philips Digital Projec-
tion Lighting website
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• Make sure it’s an original! : Philips Digital Projec-
tion Lighting official brochure to educate people on
the importance of buying and using an ORIGINAL
lamp



Chapter 10

Metal-halide lamp

Metal halide lamp bulb (type /O with arc tube shield.)

Metal halide streetlight in Tallinn, Estonia

Metal halide floodlights at a baseball field

Metal-halide lamp should not be confused with
Halogen lamp

A metal-halide lamp is an electric lamp that produces
light by an electric arc through a gaseous mixture of va-
porized mercury and metal halides[1][2] (compounds of
metals with bromine or iodine). It is a type of high-
intensity discharge (HID) gas discharge lamp.[1] Devel-
oped in the 1960s, they are similar to mercury vapor
lamps,[1] but contain additional metal halide compounds
in the quartz arc tube, which improve the efficacy and
color rendition of the light. The most common metal

halide compound used is sodium iodide. Once the arc
tube reaches its running temperature, the sodium dissoci-
ates from the iodine, adding orange and reds to the lamp’s
spectrum from the sodium D line as the metal ionizes.
As a result, metal-halide lamps have high luminous ef-
ficacy of around 75 - 100 lumens per watt,[2] which is
about twice that of mercury vapor lights and 3 to 5 times
that of incandescent lights[1] and produce an intense white
light. Lamp life is 6,000 to 15,000 hours.[2][3] As one
of the most efficient sources of high CRI white light,
metal halides as of 2005 were the fastest growing segment
of the lighting industry.[1] They are used for wide area
overhead lighting[2] of commercial, industrial, and public
spaces, such as parking lots, sports arenas, factories, and
retail stores,[1] as well as residential security lighting and
automotive headlamps (xenon headlights).
The lamps consist of a small fused quartz or ceramic arc
tube which contains the gases and the arc, enclosed inside
a larger glass bulb which has a coating to filter out the
ultraviolet light produced.[1][3] They operate at a pressure
between 4 to 20 atms, and require special fixtures to op-
erate safely, as well as an electrical ballast. Metal atoms
produce most of the light output.[1] They require a warm-
up period of several minutes to reach full light output.[2]

10.1 Uses

Metal-halide lamps are used both for general lighting pur-
poses both indoors and outdoors, automotive and spe-
cialty applications. Because of their wide spectrum,[4]
they are used for indoor growing applications, in athletic
facilities and are quite popular with reef aquarists, who
need a high intensity light source for their corals.
Metal-halide lamps are used in automobile headlights,
where they are commonly known as “xenon headlamps”
due to the use of xenon gas in the bulb instead of the
argon typically used in other halide lamps. They produce
a more intense light than incandescent headlights.
Another widespread use for such lamps is in photographic
lighting and stage lighting fixtures, where they are com-
monly known as MSD lamps and are generally used in
150, 250, 400, 575 and 1,200 watt ratings, especially
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intelligent lighting.

10.2 Operation

Like other gas-discharge lamps such as the very-similar
mercury-vapor lamps, metal-halide lamps produce light
by making an electric arc in a mixture of gases. In a
metal-halide lamp, the compact arc tube contains a high-
pressure mixture of argon or xenon, mercury, and a vari-
ety of metal halides, such as sodium iodide and scandium
iodide,.[5] The particular mixture of halides influences the
correlated color temperature and intensity (making the
light bluer, or redder, for example). The argon gas in the
lamp is easily ionized, which facilitates striking the arc
across the two electrodes when voltage is first applied to
the lamp. The heat generated by the arc then vaporizes
the mercury and metal halides, which produce light as the
temperature and pressure increases.
Common operating conditions inside the arc tube are 5–
50 atm or more[6] (70–700 psi or 500–5000 kPa) and
1000–3000 °C.[7] Like all other gas-discharge lamps,
metal-halide lamps have negative resistance, and with the
rare exception of self-ballasted lamps with a filament, re-
quire a ballast to provide proper starting and operating
voltages and regulate the current flow in the lamp. About
24% of the energy used by metal-halide lamps produces
light (an efficacy of 65–115 lm/W),[4] making them sub-
stantially more efficient than incandescent bulbs, which
typically have efficiencies in the range 2–4%.

10.3 Components

150 watt metal-halide bulb in fixture, about halfway through
warmup

Metal-halide lamps consist of an arc tube with electrodes,
an outer bulb, and a base.

10.3.1 Arc tube

Inside the fused quartz arc tube two tungsten electrodes
doped with thorium, are sealed into each end and current
is passed to them by molybdenum foil seals in the fused
silica. It is within the arc tube that the light is actually
created.
Besides the mercury vapor, the lamp contains iodides
or sometimes bromides of different metals. Scandium
and sodium are used in some types, thallium, indium
and sodium in European Tri-Salt models, and more re-
cent types use dysprosium for high colour temperature,
tin for lower colour temperature. Holmium and thulium
are used in some very high power movie lighting mod-
els. Gallium or lead is used in special high UV-A models
for printing purposes. The mixture of the metals used
defines the color of the lamp. Some types for festive or
theatrical effect use almost pure iodides of thallium, for
green lamps, and indium, for blue lamps. An alkali metal,
(sodium or potassium), is almost always added to reduce
the arc impedance, allowing the arc tube to be made suf-
ficiently long and simple electrical ballasts to be used. A
noble gas, usually argon, is cold filled into the arc tube at
a pressure of about 2 kPa to facilitate starting of the dis-
charge. Argon filled lamps are typically quite slow to start
up, taking several minutes to reach full light intensity;
xenon fill as used in automotive headlamps has a much
better start up time.
The ends of the arc tube are often externally coated with
white infrared–reflective zirconium silicate or zirconium
oxide to reflect heat back onto the electrodes to keep them
hot and thermionically emitting. Some bulbs have a phos-
phor coating on the inner side of the outer bulb to improve
the spectrum and diffuse the light.
In the mid-1980s a new type of metal-halide lamp was
developed, which, instead of a quartz (fused silica) arc
tube as used in mercury vapor lamps and previous metal-
halide lamp designs, use a sintered alumina arc tube sim-
ilar to those used in the high pressure sodium lamp. This
development reduces the effects of ion creep that plagues
fused silica arc tubes. During their life, sodium and other
elements tends to migrate into the quartz tube, because
of high UV radiation and gas ionization, resulting in de-
pletion of light emitting material that causes cycling. The
sintered alumina arc tube does not allow the ions to creep
through, maintaining a more constant colour over the life
of the lamp. These are usually referred as ceramic metal-
halide lamps or CMH lamps.
The concept of adding metallic iodides for spectral mod-
ification (specifically: sodium - yellow, lithium - red, in-
dium - blue, potassium and rubidium - deep red, and thal-
lium - green) of a mercury arc discharge to create the first
metal-halide lamp can be traced to patent US1025932 in
1912 by Charles Proteus Steinmetz, the “Wizard of Gen-
eral Electric”.
The amount of mercury used has lessened over years of
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progress.

10.3.2 Outer bulb

Most types are fitted with an outer glass bulb to protect
the inner components and prevent heat loss. The outer
bulb can also be used to block some or all of the UV
light generated by the mercury vapor discharge, and can
be composed of specially doped “UV stop” fused silica.
Ultraviolet protection is commonly employed in single
ended (single base) models and double ended models that
provide illumination for nearby human use. Some high
powered models, particularly the lead-gallium UV print-
ing models and models used for some types of sports sta-
dium lighting do not have an outer bulb. The use of a bare
arc tube can allow transmission of UV or precise position-
ing within the optical system of a luminaire. The cover
glass of the luminaire can be used to block the UV, and
can also protect people or equipment if the lamp should
fail by exploding.

10.3.3 Base

Some types have an Edison screw metal base, for various
power ratings between 10 to 18,000 watts. Other types
are double-ended, as depicted above, with R7s-24 bases
composed of ceramic, along with metal connections be-
tween the interior of the arc tube and the exterior. These
are made of various alloys (such as iron-cobalt-nickel)
that have a thermal coefficient of expansion that matches
that of the arc tube.

10.3.4 Ballasts

The electric arc in metal-halide lamps, as in all gas dis-
charge lamps has a negative resistance property; meaning
that as the current through the bulb increases, the voltage
across it decreases. If the bulb is powered from a constant
voltage source such as directly from the AC wiring, the
current will increase until the bulb destroys itself; there-
fore, halide bulbs require electrical ballasts to limit the
arc’s current. There are two types:

1. Many fixtures use an inductive ballast similar to
those used with fluorescent lamps. This consists
of an iron-core inductor. The inductor presents an
impedance to AC current. If the current through the
lamp increases, the inductor reduces the voltage to
keep the current limited.

2. Electronic ballasts are lighter and more compact.
They consist of an electronic oscillator which gen-
erates a high frequency current to drive the lamp.
Because they have lower resistive losses than an in-
ductive ballast, they are more energy efficient. How-
ever, high-frequency operation does not increase
lamp efficacy as for fluorescent lamps.

Electronic ballast for 35W metal halide light bulbs

Pulse-start metal-halide bulbs don't contain a starting
electrode which strikes the arc, and require an ignitor to
generate a high-voltage (1–5 kV on cold strike, over 30
kV on hot restrike) pulse to start the arc. Electronic bal-
lasts include the igniter circuit in one package. American
National Standards Institute (ANSI) lamp-ballast system
standards establish parameters for all metal-halide com-
ponents (with the exception of some newer products).

Self-ballasted lamps

As of 2012 several companies started to offer self-
ballasted metal-halide lamps as a direct replacement for
incandescent and self-ballasted mercury-vapor lamps.
These lamps include an arc tube with a starting electrode
as well as a tubular halogen lamp which is connected in
series and used to regulate the current in the arc tube.
A resistor provides the current limiting for the starting
electrode. Like self-ballasted mercury-vapor lamps, self-
ballasted metal-halide lamps are connected directly to
mains power and do not require an external ballast. In
contrast to the former, these lamps usually have a clear
outer bulb without a coating, making the arc tube and the
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halogen lamp tube clearly visible from the outside.

10.4 Color temperature

Output spectrum of a typical metal-halide lamp showing peaks
at 385nm, 422nm, 497nm, 540nm, 564nm, 583nm (highest),
630nm, and 674nm.

Because of the whiter and more natural light generated,
metal-halide lamps were initially preferred to the bluish
mercury vapor lamps. With the introduction of special-
ized metal-halide mixtures, metal-halide lamps are now
available with a correlated color temperature from 3,000
K to over 20,000 K. Color temperature can vary slightly
from lamp to lamp, and this effect is noticeable in places
where many lamps are used. Because the lamp’s color
characteristics tend to change during lamp’s life, color is
measured after the bulb has been burned for 100 hours
(seasoned) according to ANSI standards. Newer metal-
halide technology, referred to as “pulse start,” has im-
proved color rendering and a more controlled kelvin vari-
ance (±100 to 200 kelvins).
The color temperature of a metal-halide lamp can also be
affected by the electrical characteristics of the electrical
system powering the bulb and manufacturing variances
in the bulb itself. If a metal-halide bulb is underpowered,
because of the lower operating temperature, its light out-
put will be bluish because of the evaporation of mercury
alone. This phenomenon can be seen during warmup,
when the arc tube has not yet reached full operating tem-
perature and the halides have not fully vaporized. It is
also very apparent with dimming ballasts. The inverse is
true for an overpowered bulb, but this condition can be
hazardous, leading possibly to arc-tube explosion because
of overheating and overpressure.

10.5 Starting and warm up

A “cold” (below operating temperature) metal-halide
lamp cannot immediately begin producing its full light ca-
pacity because the temperature and pressure in the inner
arc chamber require time to reach full operating levels.
Starting the initial argon arc sometimes takes a few sec-
onds, and the warm up period can be as long as five min-
utes (depending upon lamp type). During this time the

400 W metal-halide lamp shortly after powering up

lamp exhibits different colors as the various metal halides
vaporize in the arc chamber.
If power is interrupted, even briefly, the lamp’s arc will
extinguish, and the high pressure that exists in the hot
arc tube will prevent restriking the arc; with a normal
ignitor a cool-down period of 5–10 minutes will be re-
quired before the lamp can be restarted, but with special
ignitors and specially designed lamps, the arc can be im-
mediately re-established. On fixtures without instant re-
strike capability, a momentary loss of power can mean
no light for several minutes. For safety reasons, many
metal-halide fixtures have a backup tungsten-halogen in-
candescent lamp that operates during cool-down and re-
strike. Once the metal halide restrikes and warms up, the
incandescent safety light is switched off. A warm lamp
also tends to take more time to reach its full brightness
than a lamp that is started completely cold.
Most hanging ceiling lamps tend to be passively cooled,
with a combined ballast and lamp fixture; immediately
restoring power to a hot lamp before it has re-struck can
make it take even longer to relight, because of power con-
sumption and heating of the passively cooled lamp ballast
that is attempting to relight the lamp.

10.6 End of life behaviour

Old HMI lamp

At the end of life, metal-halide lamps exhibit a phe-
nomenon known as cycling. These lamps can be started
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at a relatively low voltage but as they heat up during op-
eration, the internal gas pressure within the arc tube rises
and more and more voltage is required to maintain the arc
discharge. As a lamp gets older, the maintaining voltage
for the arc eventually rises to exceed the voltage provided
by the electrical ballast. As the lamp heats to this point,
the arc fails and the lamp goes out. Eventually, with the
arc extinguished, the lamp cools down again, the gas pres-
sure in the arc tube is reduced, and the ballast once again
causes the arc to strike. This causes the lamp to glow for
a while and then goes out, repeatedly. In rare occurrences
the lamp explodes at the end of its useful life.[8]

Modern electronic ballast designs detect cycling and give
up attempting to start the lamp after a few cycles. If
power is removed and reapplied, the ballast will make a
new series of startup attempts.

10.6.1 Risk of lamp explosion

All HID arc tubes deteriorate in strength over their life-
time because of various factors, such as chemical attack,
thermal stress and mechanical vibration. As the lamp
ages the arc tube becomes discoloured, absorbing light
and getting hotter. The tube will continue to become
weaker until it eventually fails, causing the breakup of the
tube.
Although such failure is associated with end of life, an
arc tube can fail at any time even when new, because of
unseen manufacturing faults such as microscopic cracks.
However, this is quite rare. Manufacturers typically “sea-
son” new lamps to check for such defects before the lamps
leave the manufacturer’s premises.
Since a metal-halide lamp contains gases at a significant
high pressure, failure of the arc tube is inevitably a vio-
lent event. Fragments of arc tube are launched, at high
velocity, in all directions, striking the outer bulb of the
lamp with enough force to cause it to break. If the fix-
ture has no secondary containment (such as a lens, bowl
or shield) then the extremely hot pieces of debris will fall
down onto people and property below the light, likely re-
sulting in serious injury, damage, and possibly causing a
major building fire if flammable material is present.
The risk of a “nonpassive failure” (explosion) of an arc
tube is very small. According to information gathered
by the National Electrical Manufacturers Association,
there are approximately 40 million metal-halide systems
in North America alone, and only a very few instances
of nonpassive failures have occurred. Although it is im-
possible to predict or eliminate the risk of a metal-halide
lamp exploding, there are several precautions that can re-
duce the risk:

• Using only well designed lamps from reputableman-
ufacturers and avoiding lamps of unknown origin.

• Inspecting lamps before installing to check for any

faults such as cracks in the tube or outer bulb.

• Replacing lamps before they reach their end of life
(i.e. when they have been burning for the number of
hours that the manufacturer has stated as the lamp’s
rated life).

• For continuously operating lamps, allowing a 15-
minute shutdown for every seven days of continuous
operation.

• Relamping fixtures as a group. Spot relamping is not
recommended.

Also, there are measures that can be taken to reduce the
damage caused by a lamp failure violently:

• Ensuring that the fixture includes a piece of strength-
ened glass or polymeric materials between the lamp
and the area it is illuminating. This can be incorpo-
rated into the bowl or lens assembly of the fixture.

• Using lamps that have a reinforced glass shield
around the arc tube to absorb the impact of flying arc
tube debris, preventing it from shattering the outer
bulb. Such lamps are safe to use in 'open' fixtures.
These lamps carry an “O” designation on the pack-
aging reflective of American National Standards In-
stitute (ANSI) standards.

Lamps that require an enclosed fixture are rated "/E”.
Lamps that do not require an enclosed fixture are rated
"/O” (for open). Sockets for "/O” rated fixtures are
deeper. "/E” rated bulbs flare at the base, preventing them
from fully screwing into a "/O” socket. "/O” bulbs are
narrow at the base allowing them to fully screw in. "/O”
bulbs will also fit in an "/E” fixture.

10.7 Other safety concerns

10.7.1 Eyes

Broken and unshielded high-intensity metal-halide bulbs
are known to cause eye[9] and skin injuries, particularly
in school gymnasiums.[10]

10.8 ANSI ballast codes

10.9 See also

• High-intensity discharge lamp (HID)

• Arc lamp

• Sodium-vapor lamp
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• Mercury-vapor lamp

• Sulfur lamp

• Neon lamp

• List of light sources

• History of street lighting in the United States
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Gas-discharge lamp

See also: Gas-filled tube
Gas-discharge lamps are a family of artificial light

Germicidal lamps are simple low-pressure mercury vapor dis-
charges in a fused quartz envelope.

sources that generate light by sending an electrical dis-
charge through an ionized gas, a plasma. The character
of the gas discharge depends on the pressure of the gas
as well as the frequency of the current. Typically, such

lamps use a noble gas (argon, neon, krypton, and xenon)
or a mixture of these gases. Most lamps are filled with
additional materials, like mercury, sodium, and metal
halides. In operation the gas is ionized, and free electrons,
accelerated by the electrical field in the tube, collide with
gas and metal atoms. Some electrons in the atomic or-
bitals of these atoms are excited by these collisions to a
higher energy state. When the excited atom falls back to
a lower energy state, it emits a photon of a characteristic
energy, resulting in infrared, visible light, or ultraviolet
radiation. Some lamps convert the ultraviolet radiation
to visible light with a fluorescent coating on the inside of
the lamp’s glass surface. The fluorescent lamp is perhaps
the best known gas-discharge lamp.
Compared to incandescent lamps, gas-discharge lamps
offer higher efficiency,[1][2] but are more complicated to
manufacture and require auxiliary electronic equipment
such as ballasts to control current flow through the gas.
Some gas-discharge lamps also have a perceivable start-
up time to achieve their full light output. Still, due to
their greater efficiency, gas-discharge lamps are replac-
ing incandescent lights in many lighting applications.

11.1 History

The history of gas-discharge lamps began in 1675 when
French astronomer Jean-Felix Picard observed that the
empty space in his mercury barometer glowed as the
mercury jiggled while he was carrying the barometer.[3]
Investigators, including Francis Hauksbee, tried to de-
termine the cause of the phenomenon. Hauksbee first
demonstrated a gas-discharge lamp in 1705. He showed
that an evacuated or partially evacuated glass globe,
in which he placed a small amount of mercury, while
charged by static electricity could produce a light bright
enough to read by. The phenomenon of electric arc was
first described by Vasily V. Petrov, a Russian scientist, in
1802; Sir Humphry Davy demonstrated in the same year
the electric arc at the Royal Institution of Great Britain.
Since then, discharge light sources have been researched
because they create light from electricity considerably
more efficiently than incandescent light bulbs.
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The father of the low-pressure gas discharge tube was
German glassblower Heinrich Geissler, who beginning in
1857 constructed colorful artistic cold cathode tubes with
different gases in them which glowed with many differ-
ent colors, called Geissler tubes. It was found that inert
gases like the noble gases neon, argon, krypton or xenon,
as well as carbon dioxide worked well in tubes. This tech-
nology was commercialized by French engineer Georges
Claude in 1910 and became neon lighting, used in neon
signs.
The introduction of the metal vapor lamp, including var-
ious metals within the discharge tube, was a later ad-
vance. The heat of the gas discharge vaporized some of
the metal and the discharge is then produced almost ex-
clusively by the metal vapor. The usual metals are sodium
and mercury owing to their visible spectrum emission.
One hundred years of research later led to lamps with-
out electrodes which are instead energized by microwave
or radio frequency sources. In addition, light sources of
much lower output have been created, extending the ap-
plications of discharge lighting to home or indoor use.

11.2 Color

Each gas, depending on its atomic structure emits cer-
tain wavelengths which translates in different colors of
the lamp. As a way of evaluating the ability of a light
source to reproduce the colors of various objects being
lit by the source, the International Commission on Il-
lumination (CIE) introduced the color rendering index
(CRI). Some gas-discharge lamps have a relatively low
CRI, which means colors they illuminate appear substan-
tially different from how they do under sunlight or other
high-CRI illumination.

11.3 Types

Lamps are divided into families based on the pressure
of gas in the bulb, below. A second distinction used is
whether the cathode is heated:

• Hot-cathode lamps have electrodes which operate
at a high temperature, which during operation are
heated by the arc current in the lamp. The heat
knocks electrons out of the electrodes by thermionic
emission, which helps maintain the arc. In many
types the electrodes consist of electrical filaments
made of fine wire, which are heated by a separate
current at startup, to get the arc started.

• Cold-cathode lamps have electrodes which oper-
ate at room temperature. To start conduction in the
lamp a high enough voltage (the striking voltage)
must be applied to ionize the gas, so these lamps
require higher voltage to start.

A compact fluorescent lamp

11.3.1 Low pressure discharge lamps

Low-pressure lamps have working pressure much less
than atmospheric pressure. For example common
fluorescent lamps operate at a pressure of about 0.3% of
atmospheric pressure.

• Fluorescent lamps, a heated-cathode lamp, the most
common lamp in office lighting and many other ap-
plications, produces up to 100 lumens per watt

• Neon lighting, a widely used form of cold-cathode
specialty lighting consisting of long tubes filled with
various gases at low pressure excited by high volt-
ages, used as advertising in neon signs.

• Low pressure sodium lamps, the most efficient gas-
discharge lamp type, producing up to 200 lumens
per watt, but at the expense of very poor color ren-
dering. The almost monochromatic yellow light is
only acceptable for street lighting and similar appli-
cations.

• A small discharge lamp containing a bi-metallic
switch is used to start a fluorescent lamp. In this
case the heat of the discharge is used to actuate the
switch; the starter is contained in an opaque enclo-
sure and the small light output is not used.
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Gas-discharge lamp “Candle”.

• Continuous glow lamps are produced for special
applications where the electrodes may be cut in
the shape of alphanumeric characters and figural
shapes.[4]

• A flicker light bulb, flicker flame light bulb or flicker
glow lamp is a gas-discharge lamp which produces
light by ionizing a gas, usually neon mixed with
helium and a small amount of nitrogen gas, by an
electric current passing through two flame shaped
electrode screens coated with partially decomposed
barium azide. The ionized gas moves randomly be-
tween the two electrodes which produces a flicker-
ing effect, often marketed as suggestive of a can-
dle flame (see image). US patent 3238408, Kayatt
Philip J., “Flicker glow lamps”, issued 1966-03-1

11.3.2 High pressure discharge lamps

High-pressure lamps have a discharge that takes place in
gas under slightly less to greater than atmospheric pres-
sure. For example, a high pressure sodium lamp has
an arc tube under 100 to 200 torr pressure, about 14%
to 28% of atmospheric pressure; some automotive HID
headlamps have up to 50 bar or fifty times atmospheric
pressure.

• Metal halide lamps. These lamps produce almost
white light, and attain 100 lumen per watt light out-
put. Applications include indoor lighting of high
buildings, parking lots, shops, sport terrains.

• High pressure sodium lamps, producing up to 150
lumens per watt. These lamps produce a broader

light spectrum than the low pressure sodium lamps.
Also used for street lighting, and for artificial
photoassimilation for growing plants

• High pressuremercury-vapor lamps. This lamp type
is the oldest high pressure lamp type, being replaced
inmost applications by themetal halide lamp and the
high pressure sodium lamp. It requires a shorter arc
length.

11.3.3 High-intensity discharge lamps

15 kW xenon short-arc lamp used in IMAX projectors

Main article: High-intensity discharge lamp

A high-intensity discharge (HID) lamp is a type of
electrical lamp which produces light by means of an
electric arc between tungsten electrodes housed inside a
translucent or transparent fused quartz or fused alumina
arc tube. Compared to other lamp types, relatively high
arc power exists for the arc length. Examples of HID
lamps include:

• Mercury-vapor lamps

• Metal halide lamps

• Ceramic discharge metal halide lamps

• Sodium vapor lamps

• Xenon arc lamps

HID lamps are typically used when high levels of light
and energy efficiency are desired.

11.4 Other examples

Main article: Xenon flash lamp
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The Xenon flash lamp produces a single flash of light
in the millisecond-microsecond range and is commonly
used in film, photography and theatrical lighting. Particu-
larly robust versions of this lamp, known as strobe lights,
can produce long sequences of flashes, allowing for the
stroboscopic examination of motion. This has found use
in the study of mechanical motion, in medicine and in the
lighting of dance halls.

11.5 See also
• Electric arc

• Electric glow discharge

• Emission spectrum

• Fluorescent lamp

• Gas-filled tube

• Hydrargyrum medium-arc iodide lamp

• List of light sources

• Over-illumination
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Chapter 12

Fluorescent lamp

Fluorescent lamps

Top, two compact fluorescent lamps. Bottom, two fluorescent
tube lamps. A matchstick, left, is shown for scale.

Compact fluorescent lamp with electronic ballast

A fluorescent lamp or a fluorescent tube is a low

Typical F71T12 100 W bi-pin lamp used in tanning beds. The
(Hg) symbol indicates that this lamp contains mercury. In the US,
this symbol is now required on all fluorescent lamps that contain
mercury.[1]

One style of lamp holder for T12 and T8 bi pin fluorescent lamps
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Inside the lamp end of a preheat bi-pin lamp. In this lamp the
filament is surrounded by an oblong metal cathode shield, which
helps reduce lamp end darkening.[2]

pressure mercury-vapor gas-discharge lamp that uses
fluorescence to produce visible light. An electric current
in the gas excites mercury vapor which produces short-
wave ultraviolet light that then causes a phosphor coating
on the inside of the bulb to glow. A fluorescent lamp
converts electrical energy into useful light much more ef-
ficiently than incandescent lamps. The luminous efficacy
of a fluorescent light bulb can exceed 100 lumens per
watt, several times the efficacy of an incandescent bulb
with comparable light output.
Fluorescent lamp fixtures are more costly than incandes-
cent lamps because they require a ballast to regulate the
current through the lamp, but the lower energy cost typ-
ically offsets the higher initial cost. Compact fluorescent
lamps are now available in the same popular sizes as in-
candescents and are used as an energy-saving alternative
in homes.
Because they contain mercury, many fluorescent lamps
are classified as hazardous waste. The United States En-
vironmental Protection Agency recommends that fluores-
cent lamps be segregated from general waste for recycling
or safe disposal.[3]

12.1 History

12.1.1 Physical discoveries

Fluorescence of certain rocks and other substances had
been observed for hundreds of years before its nature
was understood. By the middle of the 19th century, ex-
perimenters had observed a radiant glow emanating from
partially evacuated glass vessels through which an electric
current passed. One of the first to explain it was the Irish
scientist Sir George Stokes from the University of Cam-

bridge, who named the phenomenon “fluorescence” after
fluorite, a mineral many of whose samples glow strongly
due to impurities. The explanation relied on the nature
of electricity and light phenomena as developed by the
British scientists Michael Faraday in the 1840s and James
Clerk Maxwell in the 1860s.[4]

Little more was done with this phenomenon until 1856
when a German glassblower named Heinrich Geissler
created a mercury vacuum pump that evacuated a glass
tube to an extent not previously possible. When an elec-
trical current passed through a Geissler tube, a strong
green glow on the walls of the tube at the cathode end
could be observed. Because it produced some beautiful
light effects, the Geissler tube was a popular source of
amusement. More important, however, was its contribu-
tion to scientific research. One of the first scientists to ex-
periment with a Geissler tube was Julius Plücker who sys-
tematically described in 1858 the luminescent effects that
occurred in a Geissler tube. He also made the important
observation that the glow in the tube shifted position when
in proximity to an electromagnetic field. Alexandre Ed-
mond Becquerel observed in 1859 that certain substances
gave off light when they were placed in a Geissler tube.
He went on to apply thin coatings of luminescent materi-
als to the surfaces of these tubes. Fluorescence occurred,
but the tubes were very inefficient and had a short oper-
ating life.[5]

Inquiries that began with the Geissler tube continued as
even better vacuums were produced. The most famous
was the evacuated tube used for scientific research by
William Crookes. That tube was evacuated by the highly
effective mercury vacuum pump created by Hermann
Sprengel. Research conducted by Crookes and others ul-
timately led to the discovery of the electron in 1897 by
J. J. Thomson and X-rays in 1895 by Wilhelm Roentgen.
But the Crookes tube, as it came to be known, produced
little light because the vacuum in it was too good and thus
lacked the trace amounts of gas that are needed for elec-
trically stimulated luminescence.

12.1.2 Early discharge lamps

While Becquerel was interested primarily in conduct-
ing scientific research into fluorescence, Thomas Edison
briefly pursued fluorescent lighting for its commercial po-
tential. He invented a fluorescent lamp in 1896 that used a
coating of calcium tungstate as the fluorescing substance,
excited by X-rays, but although it received a patent in
1907,[6] it was not put into production. As with a few
other attempts to use Geissler tubes for illumination, it
had a short operating life, and given the success of the
incandescent light, Edison had little reason to pursue an
alternative means of electrical illumination. Nikola Tesla
made similar experiments in the 1890s, devising high-
frequency powered fluorescent bulbs that gave a bright
greenish light, but as with Edison’s devices, no commer-
cial success was achieved.
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One of the first mercury vapor lamps invented by Peter Cooper
Hewitt, 1903. It was similar to a fluorescent lamp without the
fluorescent coating on the tube, and produced greenish light. The
round device under the lamp is the ballast.

Although Edison lost interest in fluorescent lighting, one
of his former employees was able to create a gas-based
lamp that achieved a measure of commercial success. In
1895 Daniel McFarlan Moore demonstrated lamps 2 to
3 meters (6.6 to 9.8 ft) in length that used carbon diox-
ide or nitrogen to emit white or pink light, respectively.
As with future fluorescent lamps, they were considerably
more complicated than an incandescent bulb.[7]

After years of work, Moore was able to extend the op-
erating life of the lamps by inventing an electromag-
netically controlled valve that maintained a constant gas
pressure within the tube.[8] Although Moore’s lamp was
complicated, was expensive to install, and required very
high voltages, it was considerably more efficient than in-
candescent lamps, and it produced a closer approxima-
tion to natural daylight than contemporary incandescent
lamps. From 1904 onwards Moore’s lighting system was
installed in a number of stores and offices.[9] Its success
contributed to General Electric’s motivation to improve
the incandescent lamp, especially its filament. GE’s ef-
forts came to fruition with the invention of a tungsten-
based filament. The extended lifespan and improved ef-
ficacy of incandescent bulbs negated one of the key ad-
vantages of Moore’s lamp, but GE purchased the rele-

Peter Cooper Hewitt

vant patents in 1912. These patents and the inventive ef-
forts that supported themwere to be of considerable value
when the firm took up fluorescent lighting more than two
decades later.
At about the same time that Moore was developing his
lighting system, another American was creating a means
of illumination that also can be seen as a precursor to the
modern fluorescent lamp. This was the mercury-vapor
lamp, invented by Peter Cooper Hewitt and patented in
1901 (US 682692; this patent number is frequently mis-
quoted as US 889,692). Hewitt’s lamp glowed when
an electric current was passed through mercury vapor at
a low pressure. Unlike Moore’s lamps, Hewitt’s were
manufactured in standardized sizes and operated at low
voltages. The mercury-vapor lamp was superior to the
incandescent lamps of the time in terms of energy ef-
ficiency, but the blue-green light it produced limited its
applications. It was, however, used for photography and
some industrial processes.
Mercury vapor lamps continued to be developed at a slow
pace, especially in Europe, and by the early 1930s they re-
ceived limited use for large-scale illumination. Some of
them employed fluorescent coatings, but these were used
primarily for color correction and not for enhanced light
output. Mercury vapor lamps also anticipated the fluores-
cent lamp in their incorporation of a ballast to maintain a
constant current.
Cooper-Hewitt had not been the first to use mercury va-
por for illumination, as earlier efforts had been mounted
by Way, Rapieff, Arons, and Bastian and Salisbury. Of
particular importance was the mercury vapor lamp in-
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vented by Küch in Germany. This lamp used quartz in
place of glass to allow higher operating temperatures, and
hence greater efficiency. Although its light output relative
to electrical consumption was better than that of other
sources of light, the light it produced was similar to that
of the Cooper-Hewitt lamp in that it lacked the red por-
tion of the spectrum, making it unsuitable for ordinary
lighting.

12.1.3 Neon lamps

Main article: Neon lighting

The next step in gas-based lighting took advantage of
the luminescent qualities of neon, an inert gas that had
been discovered in 1898 by isolation from the atmo-
sphere. Neon glowed a brilliant red when used in Geissler
tubes.[10] By 1910, Georges Claude, a Frenchman who
had developed a technology and a successful business for
air liquefaction, was obtaining enough neon as a byprod-
uct to support a neon lighting industry.[11][12] While neon
lighting was used around 1930 in France for general il-
lumination, it was no more energy-efficient than conven-
tional incandescent lighting. Neon tube lighting, which
also includes the use of argon and mercury vapor as al-
ternate gases, came to be used primarily for eye-catching
signs and advertisements. Neon lighting was relevant
to the development of fluorescent lighting, however, as
Claude’s improved electrode (patented in 1915) over-
came “sputtering”, a major source of electrode degrada-
tion. Sputtering occurred when ionized particles struck
an electrode and tore off bits of metal. Although Claude’s
invention required electrodes with a lot of surface area,
it showed that a major impediment to gas-based lighting
could be overcome.
The development of the neon light also was significant
for the last key element of the fluorescent lamp, its fluo-
rescent coating. In 1926 Jacques Risler received a French
patent for the application of fluorescent coatings to neon
light tubes.[9] The main use of these lamps, which can be
considered the first commercially successful fluorescents,
was for advertising, not general illumination. This, how-
ever, was not the first use of fluorescent coatings; Edison
used calcium tungstate for his unsuccessful lamp. Other
efforts had been mounted, but all were plagued by low
efficiency and various technical problems. Of particular
importance was the invention in 1927 of a low-voltage
“metal vapor lamp” by Friedrich Meyer, Hans-Joachim
Spanner, and Edmund Germer, who were employees of
a German firm in Berlin. A German patent was granted
but the lamp never went into commercial production.

12.1.4 Commercialization of fluorescent
lamps

All the major features of fluorescent lighting were in
place at the end of the 1920s. Decades of invention and
development had provided the key components of fluo-
rescent lamps: economically manufactured glass tubing,
inert gases for filling the tubes, electrical ballasts, long-
lasting electrodes, mercury vapor as a source of lumines-
cence, effective means of producing a reliable electrical
discharge, and fluorescent coatings that could be ener-
gized by ultraviolet light. At this point, intensive devel-
opment was more important than basic research.
In 1934, Arthur Compton, a renowned physicist and GE
consultant, reported to the GE lamp department on suc-
cessful experiments with fluorescent lighting at General
Electric Co., Ltd. in Great Britain (unrelated to General
Electric in the United States). Stimulated by this report,
and with all of the key elements available, a team led by
George E. Inman built a prototype fluorescent lamp in
1934 at General Electric’s Nela Park (Ohio) engineering
laboratory. This was not a trivial exercise; as noted by
Arthur A. Bright, “A great deal of experimentation had
to be done on lamp sizes and shapes, cathode construc-
tion, gas pressures of both argon and mercury vapor, col-
ors of fluorescent powders, methods of attaching them
to the inside of the tube, and other details of the lamp
and its auxiliaries before the new device was ready for
the public.”[9]

In addition to having engineers and technicians along with
facilities for R&D work on fluorescent lamps, General
Electric controlled what it regarded as the key patents
covering fluorescent lighting, including the patents orig-
inally issued to Hewitt, Moore, and Küch. More impor-
tant than these was a patent covering an electrode that
did not disintegrate at the gas pressures that ultimately
were employed in fluorescent lamps. Albert W. Hull of
GE’s Schenectady Research Laboratory filed for a patent
on this invention in 1927, which was issued in 1931.[13]
General Electric used its control of the patents to pre-
vent competition with its incandescent lights and prob-
ably delayed the introduction of fluorescent lighting by
20 years. Eventually, war production required 24-hour
factories with economical lighting and fluorescent lights
became available.
While the Hull patent gave GE a basis for claiming legal
rights over the fluorescent lamp, a few months after the
lamp went into production the firm learned of a U.S.
patent application that had been filed in 1927 for the
aforementioned “metal vapor lamp” invented in Germany
by Meyer, Spanner, and Germer. The patent application
indicated that the lamp had been created as a superior
means of producing ultraviolet light, but the application
also contained a few statements referring to fluorescent il-
lumination. Efforts to obtain a U.S. patent had met with
numerous delays, but were it to be granted, the patent
might have caused serious difficulties for GE. At first,
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GE sought to block the issuance of a patent by claiming
that priority should go to one of their employees, Leroy
J. Buttolph, who according to their claim had invented
a fluorescent lamp in 1919 and whose patent application
was still pending. GE also had filed a patent application
in 1936 in Inman’s name to cover the “improvements”
wrought by his group. In 1939 GE decided that the claim
of Meyer, Spanner, and Germer had some merit, and that
in any event a long interference procedure was not in their
best interest. They therefore dropped the Buttolph claim
and paid $180,000 to acquire the Meyer, et al. applica-
tion, which at that point was owned by a firm known as
Electrons, Inc. The patent was duly awarded in December
1939.[14] This patent, along with the Hull patent, put GE
on what seemed to be firm legal ground, although it faced
years of legal challenges from Sylvania Electric Products,
Inc., which claimed infringement on patents that it held.
Even though the patent issue would not be completely re-
solved for many years, General Electric’s strength inman-
ufacturing and marketing the bulb gave it a pre-eminent
position in the emerging fluorescent light market. Sales of
“fluorescent lumiline lamps” commenced in 1938 when
four different sizes of tubes were put on the market used
in fixtures manufactured by three leading corporations,
Lightolier, Artcraft Fluorescent Lighting Corporation,
and Globe Lighting, two based in NewYork City. During
the following year GE and Westinghouse publicized the
new lights through exhibitions at the New York World’s
Fair and the Golden Gate International Exposition in San
Francisco. Fluorescent lighting systems spread rapidly
during World War II as wartime manufacturing intensi-
fied lighting demand. By 1951 more light was produced
in the United States by fluorescent lamps than by incan-
descent lamps.[15]

In the first years zinc orthosilicate with varying content
of beryllium was used as greenish phosphor. Small ad-
ditions of magnesium tungstate improved the blue part
of the spectrum yielding acceptable white. After it was
discovered that beryllium was toxic, halophosphate based
phosphors took over.[16]

12.2 Principles of operation

The fundamental means for conversion of electrical en-
ergy into radiant energy in a fluorescent lamp relies on
inelastic scattering of electrons when an incident electron
collides with an atom in the gas. If the (incident) free
electron has enough kinetic energy, it transfers energy to
the atom’s outer electron, causing that electron to tem-
porarily jump up to a higher energy level. The collision
is 'inelastic' because a loss of kinetic energy occurs.
This higher energy state is unstable, and the atom will
emit an ultraviolet photon as the atom’s electron re-
verts to a lower, more stable, energy level. Most of the
photons that are released from the mercury atoms have

wavelengths in the ultraviolet (UV) region of the spec-
trum, predominantly at wavelengths of 253.7 and 185
nanometers (nm). These are not visible to the human eye,
so they must be converted into visible light. This is done
by making use of fluorescence. Ultraviolet photons are
absorbed by electrons in the atoms of the lamp’s interior
fluorescent coating, causing a similar energy jump, then
drop, with emission of a further photon. The photon that
is emitted from this second interaction has a lower energy
than the one that caused it. The chemicals that make up
the phosphor are chosen so that these emitted photons are
at wavelengths visible to the human eye. The difference
in energy between the absorbed ultra-violet photon and
the emitted visible light photon goes toward heating up
the phosphor coating.
When the light is turned on, the electric power heats up
the cathode enough for it to emit electrons (thermionic
emission). These electrons collide with and ionize noble
gas atoms inside the bulb surrounding the filament to form
a plasma by the process of impact ionization. As a result
of avalanche ionization, the conductivity of the ionized
gas rapidly rises, allowing higher currents to flow through
the lamp.
The fill gas helps determine the operating electrical char-
acteristics of the lamp, but does not give off light itself.
The fill gas effectively increases the distance that elec-
trons travel through the tube, which allows an electron a
greater chance of interacting with a mercury atom. Ar-
gon atoms, excited to a metastable state by impact of an
electron, can impart this energy to a neutral mercury atom
and ionize it, described as the Penning effect. This has the
benefit of lowering the breakdown and operating voltage
of the lamp, compared to other possible fill gases such as
krypton.[17]

12.2.1 Construction

A fluorescent lamp tube is filled with a gas contain-
ing low pressure mercury vapor and argon, xenon, neon,
or krypton. The pressure inside the lamp is around
0.3% of atmospheric pressure.[18] The inner surface
of the lamp is coated with a fluorescent (and often
slightly phosphorescent) coating made of varying blends
of metallic and rare-earth phosphor salts. The lamp’s
electrodes are typically made of coiled tungsten and usu-
ally referred to as cathodes because of their prime func-
tion of emitting electrons. For this, they are coated with a
mixture of barium, strontium and calcium oxides chosen
to have a low thermionic emission temperature.
Fluorescent lamp tubes are typically straight and range
in length from about 100 millimeters (3.9 in) for minia-
ture lamps, to 2.43 meters (8.0 ft) for high-output lamps.
Some lamps have the tube bent into a circle, used for table
lamps or other places where a more compact light source
is desired. Larger U-shaped lamps are used to provide
the same amount of light in a more compact area, and are
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Close-up of the cathodes of a germicidal lamp (an essentially
similar design that uses no fluorescent phosphor, allowing the
electrodes to be seen.)

used for special architectural purposes. Compact fluores-
cent lamps have several small-diameter tubes joined in a
bundle of two, four, or six, or a small diameter tube coiled
into a helix, to provide a high amount of light output in
little volume.
Light-emitting phosphors are applied as a paint-like coat-
ing to the inside of the tube. The organic solvents are
allowed to evaporate, then the tube is heated to nearly
the melting point of glass to drive off remaining organic
compounds and fuse the coating to the lamp tube. Care-
ful control of the grain size of the suspended phosphors is
necessary; large grains, 35 micrometers or larger, lead to
weak grainy coatings, whereas too many small particles
1 or 2 micrometers or smaller leads to poor light mainte-
nance and efficiency. Most phosphors perform best with
a particle size around 10 micrometers. The coating must
be thick enough to capture all the ultraviolet light pro-
duced by the mercury arc, but not so thick that the phos-
phor coating absorbs too much visible light. The first
phosphors were synthetic versions of naturally occurring
fluorescent minerals, with small amounts of metals added
as activators. Later other compounds were discovered,
allowing differing colors of lamps to be made.[19]

12.2.2 Electrical aspects of operation

Fluorescent lamps are negative differential resistance de-
vices, so as more current flows through them, the elec-
trical resistance of the fluorescent lamp drops, allowing

The unfiltered ultraviolet glow of a germicidal lamp is produced
by a low pressure mercury vapor discharge (identical to that in a
fluorescent lamp) in an uncoated fused quartz envelope.

Different ballasts for fluorescent and discharge lamps

for even more current to flow. Connected directly to a
constant-voltage power supply, a fluorescent lamp would
rapidly self-destruct due to the uncontrolled current flow.
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To prevent this, fluorescent lamps must use an auxiliary
device, a ballast, to regulate the current flow through the
lamp.
The terminal voltage across an operating lamp varies de-
pending on the arc current, tube diameter, temperature,
and fill gas. A fixed part of the voltage drop is due to
the electrodes. A general lighting service 48-inch (1,219
mm) T12[20] lamp operates at 430 mA, with 100 volts
drop. High output lamps operate at 800 mA, and some
types operate up to 1.5 A. The power level varies from 33
to 82 watts per meter of tube length (10 to 25 W/ft) for
T12 lamps.[21]

The simplest ballast for alternating current (AC) use is
an inductor placed in series, consisting of a winding on a
laminated magnetic core. The inductance of this winding
limits the flow of AC current. This type is still used, for
example, in 120 volt operated desk lamps using relatively
short lamps. Ballasts are rated for the size of lamp and
power frequency. Where the AC voltage is insufficient to
start long fluorescent lamps, the ballast is often a step-up
autotransformer with substantial leakage inductance (so
as to limit the current flow). Either form of inductive
ballast may also include a capacitor for power factor cor-
rection.

230 V ballast for 18–20 W

Many different circuits have been used to operate fluo-
rescent lamps. The choice of circuit is based on AC volt-
age, tube length, initial cost, long term cost, instant versus
non-instant starting, temperature ranges and parts avail-
ability, etc.
Fluorescent lamps can run directly from a direct current
(DC) supply of sufficient voltage to strike an arc. The bal-
last must be resistive, and would consume about as much
power as the lamp. When operated from DC, the start-
ing switch is often arranged to reverse the polarity of the
supply to the lamp each time it is started; otherwise, the
mercury accumulates at one end of the tube. Fluores-
cent lamps are (almost) never operated directly from DC
for those reasons. Instead, an inverter converts the DC
into AC and provides the current-limiting function as de-
scribed below for electronic ballasts.

12.2.3 Effect of temperature

Thermal image of a helical fluorescent lamp.

The light output and performance of fluorescent lamps is
critically affected by the temperature of the bulb wall and
its effect on the partial pressure of mercury vapor within
the lamp.[19] Each lamp contains a small amount of mer-
cury, which must vaporize to support the lamp current
and generate light. At low temperatures the mercury is in
the form of dispersed liquid droplets. As the lampwarms,
more of the mercury is in vapor form. At higher tempera-
tures, self-absorption in the vapor reduces the yield ofUV
and visible light. Since mercury condenses at the coolest
spot in the lamp, careful design is required to maintain
that spot at the optimum temperature, around 40 °C (104
°F).
By using an amalgam with some other metal, the vapor
pressure is reduced and the optimum temperature range
extended upward; however, the bulb wall “cold spot” tem-
perature must still be controlled to prevent migration of
the mercury out of the amalgam and condensing on the
cold spot. Fluorescent lamps intended for higher output
will have structural features such as a deformed tube or
internal heat-sinks to control cold spot temperature and
mercury distribution. Heavily loaded small lamps, such
as compact fluorescent lamps, also include heat-sink ar-
eas in the tube to maintain mercury vapor pressure at the
optimum value.[22]

12.2.4 Losses

Only a fraction of the electrical energy input into a lamp
is converted to useful light. The ballast dissipates some
heat; electronic ballasts may be around 90% efficient. A
fixed voltage drop occurs at the electrodes, which also
produces heat. Some of the energy in the mercury va-
por column is also dissipated, but about 85% is turned
into visible and ultraviolet light.
The UV light is absorbed by the lamp’s fluorescent coat-
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40 watts power in

Ballast 90%

Electrodes 92%

Discharge 85%

Phosphor 86%

Quantum efficiency 45%

11 w

Visible light
out

4 w Ballast loss

3 w Electrode loss

5 w Not visible or UV

4 w UV photons lost

13 w Quantum efficiency
5.5 ev UV to 2.5 ev visible

Losses in a 36 w t8 tri-phosphor fluorescent lamp 
with electronic ballast

A Sankey diagram of energy losses in a fluorescent lamp. Inmod-
ern designs, the biggest loss is the quantum efficiency of convert-
ing high-energy UV photons to lower-energy visible light photons.

ing, which re-radiates the energy at longer wavelengths
to emit visible light. Not all the UV energy striking the
phosphor gets converted into visible light. In a modern
lamp, for every 100 incident photons of UV impacting
the phosphor, only 86 visible light photons are emitted
(a quantum efficiency of 86%). The largest single loss in
modern lamps is due to the lower energy of each photon
of visible light, compared to the energy of the UV pho-
tons that generated them (a phenomenon called Stokes
shift). Incident photons have an energy of 5.5 electron
volts but produce visible light photons with energy around
2.5 electron volts, so only 45% of the UV energy is used;
the rest is dissipated as heat. If a so-called “two-photon”
phosphor could be developed, this would improve the
efficiency but much research has not yet found such a
system.[23]

12.2.5 Cold cathode lamps

Most fluorescent lamps use electrodes that operate by
thermionic emission, meaning they are operated at a high
enough temperature for the electrode material (usually
aided by a special coating) to emit electrons into the tube
by heat.
However, there are also tubes that operate in cold cath-
ode mode, whereby electrons are liberated into the tube
only by the large potential difference (voltage) between
the electrodes. This does not mean the electrodes are cold
(indeed, they can be very hot), but it does mean they are
operating below their thermionic emission temperature.
Because cold cathode lamps have no thermionic emis-
sion coating to wear out they can have much longer lives
than hot cathode tubes. This quality makes them desir-
able for maintenance-free long-life applications (such as
backlights in liquid crystal displays). Sputtering of the
electrode may still occur, but electrodes can be shaped
(e.g. into an internal cylinder) to capturemost of the sput-

tered material so it is not lost from the electrode.
Cold cathode lamps are generally less efficient than
thermionic emission lamps because the cathode fall volt-
age is much higher. The increased fall voltage results in
more power dissipation at tube ends, which does not con-
tribute to light output. However, this is less significant
with longer tubes. The increased power dissipation at
tube ends also usually means cold cathode tubes have to
be run at a lower loading than their thermionic emission
equivalents. Given the higher tube voltage required any-
way, these tubes can easily be made long, and even run
as series strings. They are better suited for bending into
special shapes for lettering and signage, and can also be
instantly switched on or off.

12.2.6 Starting

The mercury atoms in the fluorescent tube must be ion-
ized before the arc can “strike” within the tube. For small
lamps, it does not take much voltage to strike the arc and
starting the lamp presents no problem, but larger tubes
require a substantial voltage (in the range of a thousand
volts).

A
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F

C

B

G

F

A preheat fluorescent lamp circuit using an automatic starting
switch. A: Fluorescent tube, B: Power (+220 volts), C: Starter,
D: Switch (bi-metallic thermostat), E: Capacitor, F: Filaments,
G: Ballast

Starting a preheat lamp. The automatic starter switch flashes
orange each time it attempts to start the lamp.
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Preheating

This technique uses a combination filament–cathode at
each end of the lamp in conjunction with a mechanical
or automatic (bi-metallic) switch (see circuit diagram to
the right) that initially connect the filaments in series with
the ballast to preheat them; when the arc is struck the fila-
ments are disconnected. This system is described as pre-
heat in some countries and switchstart in others.[24] These
systems are standard equipment in 200–240 V countries
(and for 100–120 V lamps up to about 30 watts).

A preheat fluorescent lamp “starter” (automatic starting switch)

Before the 1960s four-pin thermal starters and manual
switches were used. Amethod widely used for preheating
from then, and still in common use, is a glow starter (illus-
trated). It consists of a normally open bi-metallic switch
in a small sealed inert gas (neon or argon) gas-discharge
lamp.

Electronic fluorescent lamp starters

When power is first applied to the circuit, there will be a
glow discharge across the electrodes in the starter lamp.
This heats the gas in the starter and causes one of the
bi-metallic contacts to bend towards the other. When
the contacts touch, the two filaments of the fluorescent
lamp and the ballast will effectively be switched in se-
ries to the supply voltage. The current through the fil-
aments causes them to heat up and emit electrons into

the tube gas by thermionic emission. In the starter, the
touching contacts short out the voltage sustaining the glow
discharge, extinguishing it so the gas cools down and no
longer heats the bi-metallic switch, which opens within
a second or two. The current through the filaments and
the inductive ballast is abruptly interrupted, leaving the
full line voltage applied between the filaments at the ends
of the tube and generating an inductive kick which pro-
vides the high voltage needed to start the lamp. The lamp
will fail to strike if the filaments are not hot enough, in
which case the cycle repeats; several cycles are usually
needed, which causes flickering and clicking during start-
ing (older thermal starters behaved better in this respect).
A power factor correction (PFC) capacitor draws lead-
ing current from the mains to compensate for the lagging
current drawn by the lamp circuit.[24]

Once the tube strikes, the impinging main discharge
keeps the cathodes hot, permitting continued electron
emission without the need for the filaments to continue
to be heated. The starter switch does not close again be-
cause the voltage across the lit tube is insufficient to start
a glow discharge in the starter.[24]

With automated starters such as glow starters, a failing
tube will cycle endlessly, flickering as the lamp quickly
goes out because the emission mix is insufficient to keep
the lamp current high enough to keep the glow starter
open. This runs the ballast at higher temperature. Some
more advanced starters time out in this situation, and do
not attempt repeated starts until power is reset. Some
older systems used a thermal over-current trip to de-
tect repeated starting attempts and disable the circuit un-
til manually reset. The switch contacts in glow starters
are subject to wear and inevitably fail eventually, so the
starter is manufactured as a plug-in replaceable unit.
More recently introduced electronic starters use a differ-
ent method to preheat the cathodes.[25] They may be de-
signed to be plug-in interchangeable with glow starters for
use in standard fittings. They commonly use a purpose-
designed semiconductor switch and “soft start” the lamp
by preheating the cathodes before applying a controlled
starting pulse which strikes the lamp first time without
flickering; this dislodges a minimal amount of material
from the cathodes during starting, giving longer lamp life
than possible with the uncontrolled impulses to which the
lamp is subjected in a switchstart.[24] This is claimed to
prolong lamp life by a factor of typically 3 to 4 times for
a lamp frequently switched on as in domestic use,[26] and
to reduce the blackening of the ends of the lamp typical
of fluorescent tubes. The circuit is typically complex, but
the complexity is built into the IC. Electronic starters may
be optimized for fast starting (typical start time of 0.3
seconds),[26][27] or for most reliable starting even at low
temperatures and with low supply voltages, with a startup
time of 2–4 seconds.[28] The faster-start units may pro-
duce audible noise during start-up.[29]

Electronic starters only attempt to start a lamp for a short
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time when power is initially applied, and do not repeat-
edly attempt to restrike a lamp that is dead and unable
to sustain an arc; some automatically shut down a failed
lamp.[25] This eliminates the re-striking of a lamp and
the continuous flickering of a failing lamp with a glow
starter. Electronic starters are not subject to wear and
do not need replacing periodically, although they may
fail like any other electronic circuit. Manufacturers typ-
ically quote lives of 20 years, or as long as the light
fitting.[27][28] Starters are inexpensive, typically less than
50 US cents for the short-lived glow type (depending
upon lamp power), and perhaps ten times more for the
electronic type as of 2013.

Instant start

Another type of tube does not have filaments to start it
at all. Instant start fluorescent tubes simply use a high
enough voltage to break down the gas and mercury col-
umn and thereby start arc conduction. These tubes can be
identified by a single pin at each end of the tube. The lamp
holders have a “disconnect” socket at the low-voltage end
which disconnects the ballast when the tube is removed,
to prevent electric shock. Low-cost lighting fixtures with
an integrated electronic ballast use instant start on lamps
designed for preheating, although it shortens lamp life.

Rapid start

Newer rapid start ballast designs provide filament power
windings within the ballast; these rapidly and continu-
ously warm the filaments/cathodes using low-voltage AC.
No inductive voltage spike is produced for starting, so the
lamps must be mounted near a grounded (earthed) re-
flector to allow the glow discharge to propagate through
the tube and initiate the arc discharge. In some lamps a
grounded “starting aid” strip is attached to the outside of
the lamp glass.

A rapid-start “iron” (magnetic) ballast continually heats the cath-
odes at the ends of the lamps. This ballast runs two F40T12
lamps in series.

Quick-start

Quick-start ballasts use a small auto-transformer to heat
the filaments when power is first applied. When an arc
strikes, the filament heating power is reduced and the tube
will start within half a second. The auto-transformer is
either combined with the ballast or may be a separate
unit. Tubes need to be mounted near an earthed metal
reflector in order for them to strike. Quick-start ballasts
are more common in commercial installations because
of lower maintenance costs. A quick-start ballast elim-
inates the need for a starter switch, a common source of
lamp failures. Nonetheless, Quick-start ballasts are also
used in domestic (residential) installations because of the
desirable feature that a Quick-start ballast light turns on
nearly immediately after power is applied (when a switch
is turned on). Quick-start ballasts are used only on 240
V circuits and are designed for use with the older, less
efficient T12 tubes.

Semi-resonant start

A 65 watt fluorescent lamp starting on a semi-resonant start cir-
cuit

A semi-resonant start circuit diagram

The semi-resonant start circuit was invented by Thorn
Lighting for use with T12 fluorescent tubes. This method
uses a double wound transformer and a capacitor. With
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no arc current, the transformer and capacitor resonate
at line frequency and generate about twice the supply
voltage across the tube, and a small electrode heating
current.[30] This tube voltage is too low to strike the arc
with cold electrodes, but as the electrodes heat up to
thermionic emission temperature, the tube striking volt-
age falls below that of the ringing voltage, and the arc
strikes. As the electrodes heat, the lamp slowly, over
three to five seconds, reaches full brightness. As the arc
current increases and tube voltage drops, the circuit pro-
vides current limiting.
Semi-resonant start circuits are mainly restricted to use
in commercial installations because of the higher initial
cost of circuit components. However, there are no starter
switches to be replaced and cathode damage is reduced
during starting making lamps last longer, reducing main-
tenance costs. Due to the high open circuit tube voltage,
this starting method is particularly good for starting tubes
in cold locations. Additionally, the circuit power factor
is almost 1.0, and no additional power factor correction
is needed in the lighting installation. As the design re-
quires that twice the supply voltage must be lower than
the cold-cathode striking voltage (or the tubes would er-
roneously instant-start), this design cannot be used with
240 volt AC power unless the tubes are at least 1.5 meter
length. Semi-resonant start fixtures are generally incom-
patible with energy saving T8 retrofit tubes, because such
tubes have a higher starting voltage than T12 lamps and
may not start reliably, especially in low temperatures. Re-
cent proposals in some countries to phase out T12 tubes
will reduce the application of this starting method.

Programmed start

This is used with electronic ballasts shown below. A
programmed-start ballast is a more advanced version of
rapid start. This ballast applies power to the filaments
first, then after a short delay to allow the cathodes to pre-
heat, applies voltage to the lamps to strike an arc. This
ballast gives the best life and most starts from lamps, and
so is preferred for applications with very frequent power
cycling such as vision examination rooms and restrooms
with a motion detector switch.

Electronic ballasts

Electronic ballast for fluorescent lamp, 2x58W

Electronic ballast basic schematic

Fluorescent lamp with an electronic ballast.

Electronic ballasts and different compact fluorescent lamps

Electronic ballasts employ transistors to change the sup-
ply frequency into high-frequency AC while also regulat-
ing the current flow in the lamp. Some still use an in-
ductance to limit the current, but the higher frequency
allows a much smaller inductance to be used. Others
use a capacitor-transistor combination to replace the in-
ductor, since a transistor and capacitor working together
can simulate the action of an inductor. These ballasts
take advantage of the higher efficiency of lamps operated
with higher-frequency current, which rises by almost 10%
at 10 kHz, compared to efficiency at normal power fre-
quency. When the AC period is shorter than the relax-
ation time to de-ionize mercury atoms in the discharge
column, the discharge stays closer to optimum operating
condition.[31] Electronic ballasts typically work in rapid
start or instant start mode. Electronic ballasts are com-
monly supplied with AC power, which is internally con-
verted to DC and then back to a variable frequency AC
waveform. Depending upon the capacitance and the qual-
ity of constant-current pulse-width modulation, this can
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largely eliminate modulation at 100 or 120 Hz.
Low cost ballasts mostly contain only a simple oscillator
and series resonant LC circuit. When turned on, the os-
cillator starts, and resonant current causes on the LC cir-
cuit. And this resonant current directly drive the switch-
ing transistor through the ring core transformer. This
principle is called the current resonant inverter circuit.
After a short time the voltage across the lamp reaches
about 1 kV and the lamp ignites. The process is too fast
to preheat the cathodes, so the lamp instant-starts in cold
cathode mode. The cathode filaments are still used for
protection of the ballast from overheating if the lamp
does not ignite. A few manufacturers use positive tem-
perature coefficient (PTC) thermistors to disable instant
starting and give some time to preheat the filaments.
More complex electronic ballasts use programmed start.
The output frequency is started above the resonance fre-
quency of the output circuit of the ballast; and after the
filaments are heated, the frequency is rapidly decreased.
If the frequency approaches the resonant frequency of the
ballast, the output voltage will increase so much that the
lamp will ignite. If the lamp does not ignite, an electronic
circuit stops the operation of the ballast.
Many electronic ballasts are controlled by a
microcontroller or similar, and these are sometimes
called digital ballasts. Digital ballasts can apply quite
complex logic to lamp starting and operation. This
enables functions such as testing for broken electrodes
and missing tubes before attempting to start, auto detect
tube replacement, and auto detection of tube type, such
that a single ballast can be used with several different
tubes, even those that operate at different arc currents,
etc. Once such fine grained control over the starting and
arc current is achievable, features such as dimming, and
having the ballast maintain a constant light level against
changing sunlight contribution are all easily included
in the embedded microcontroller software, and can be
found in various manufacturers’ products.
Since introduction in the 1990s, high-frequency ballasts
have been used in general lighting fixtures with either
rapid start or pre-heat lamps. These ballasts convert
the incoming power to an output frequency in excess
of 20 kHz. This increases lamp efficiency. These are
used in several applications, including new generation
tanning lamp systems, whereby a 100 watt lamp (e.g.,
F71T12BP) can be lit using 90 watts of actual power
while obtaining the same luminous flux (measured in lu-
mens) asmagnetic ballasts.[32] These ballasts operate with
voltages that can be almost 600 volts, requiring some con-
sideration in housing design, and can cause a minor lim-
itation in the length of the wire leads from the ballast to
the lamp ends.

12.2.7 End of life

The end of life failure mode for fluorescent lamps varies
depending on how they are used and their control gear
type. Often the light will turn pink (see Loss of mercury)
with black burns on the ends of the lamp due to sputtering
of emission mix (see below). The lamp may also flicker
at a noticeable rate (see Flicker problems). More infor-
mation about normal failure modes are as follows:

Emission mix

Closeup of the filament on a low pressure mercury gas discharge
lamp showing white thermionic emission mix coating on the cen-
tral portion of the coil acting as hot cathode. Typically made of
a mixture of barium, strontium and calcium oxides, the coating
is sputtered away through normal use, often eventually resulting
in lamp failure.

The "emission mix" on the lamp filaments/cathodes is
required to enable electrons to pass into the gas via
thermionic emission at the lamp operating voltages used.
The mix is slowly sputtered off by bombardment with
electrons and mercury ions during operation, but a larger
amount is sputtered off each time the lamp is started with
cold cathodes. The method of starting the lamp has a
significant impact on this. Lamps operated for typically
less than 3 hours each switch-on will normally run out
of the emission mix before other parts of the lamp fail.
The sputtered emission mix forms the dark marks at the
lamp ends seen in old lamps. When all the emission mix
is gone, the cathode cannot pass sufficient electrons into
the gas fill to maintain the gas discharge at the designed
lamp operating voltage. Ideally, the control gear should
shut down the lamp when this happens. However, due to
cost, negative differential resistance and sometimes high
starting voltage, some control gear will provide sufficient
increased operating voltage to continue lighting the lamp
in cold cathode mode. This will cause overheating of the
lamp end and rapid disintegration of the electrodes (fila-
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ment goes open-circuit) and filament support wires until
they are completely gone or the glass cracks, wrecking
the low pressure gas fill and stopping the gas discharge.

Ballast electronics

This may occur in compact fluorescent lamps with inte-
gral electrical ballasts or in linear lamps. Ballast electron-
ics failure is a somewhat random process that follows the
standard failure profile for any electronic device. There is
an initial small peak of early failures, followed by a drop
and steady increase over lamp life. Life of electronics is
heavily dependent on operating temperature—it typically
halves for each 10 °C temperature rise. The quoted av-
erage life of a lamp is usually at 25 °C (77 °F) ambient
(this may vary by country). The average life of the elec-
tronics at this temperature is normally greater than this,
so at this temperature, not many lamps will fail due to
failure of the electronics. In some fittings, the ambient
temperature could be well above this, in which case fail-
ure of the electronics may become the predominant fail-
ure mechanism. Similarly, running a compact fluorescent
lamp base-up will result in hotter electronics, which can
cause shorter average life (particularly with higher power
rated ones). Electronic ballasts should be designed to shut
down the tube when the emission mix runs out as de-
scribed above. In the case of integral electronic ballasts,
since they never have to work again, this is sometimes
done by having them deliberately burn out some compo-
nent to permanently cease operation.
In most CFLs the filaments are connected in series, with a
small capacitor between them. The discharge, once lit, is
in parallel to the capacitor and presents a lower-resistance
path, effectively shorting the capacitor out.

Phosphor

The phosphor drops off in efficiency during use. By
around 25,000 operating hours, it will typically be half
the brightness of a new lamp (although some manufactur-
ers claim much longer half-lives for their lamps). Lamps
that do not suffer failures of the emission mix or inte-
gral ballast electronics will eventually develop this failure
mode. They still work, but have become dim and inef-
ficient. The process is slow, and often becomes obvious
only when a new lamp is operating next to an old one.

Loss of mercury

As in all mercury-based gas-filled tubes, mercury is
slowly adsorbed into the glass, phosphor, and tube elec-
trodes throughout the life of the lamp, until it can no
longer function. Newer lamps have just enough mercury
to last the expected life of the lamp. Loss of mercury will
take over from failure of the phosphor in some lamps.
The failure symptoms are similar, except loss of mercury

initially causes an extended run-up time to full light out-
put, and finally causes the lamp to glow a dim pink when
the mercury runs out and the argon base gas takes over as
the primary discharge.[33]

Subjecting the tube to asymmetric waveforms, where the
total current flow through the tube does not cancel out
and the tube effectively operates under a DC bias, causes
asymmetric distribution of mercury ions along the tube
due to cataphoresis. The localized depletion of mercury
vapor pressure manifests as pink luminescence of the
base gas in the vicinity of one of the electrodes, and the
operating lifetime of the lamp may be dramatically short-
ened. This can be an issue with some poorly designed
inverters.[34]

Burned filaments

The filaments can burn at the end of the lamp’s lifetime,
opening the circuit and losing the capability to heat up.
Both filaments lose function as they are connected in se-
ries, with just a simple switch start circuit a broken fila-
ment will render the lamp completely useless. Filaments
rarely burn or fail open circuit unless the filament be-
comes depleted of emitter and the control gear is able to
supply a high enough voltage across the tube to operate it
in cold cathode mode. Some digital electronic ballasts are
capable of detecting broken filaments and can still strike
an arc with one or both filaments broken providing there
is still sufficient emitter. A broken filament in a lamp at-
tached to a magnetic ballast often causes both lamps to
burn out or flicker.

12.3 Phosphors and the spectrum
of emitted light

Light from a fluorescent tube lamp reflected by a CD shows the
individual bands of color.

The spectrum of light emitted from a fluorescent lamp
is the combination of light directly emitted by the mer-
cury vapor, and light emitted by the phosphorescent coat-
ing. The spectral lines from the mercury emission and
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the phosphorescence effect give a combined spectral dis-
tribution of light that is different from those produced
by incandescent sources. The relative intensity of light
emitted in each narrow band of wavelengths over the vis-
ible spectrum is in different proportions compared to that
of an incandescent source. Colored objects are perceived
differently under light sources with differing spectral dis-
tributions. For example, some people find the color ren-
dition produced by some fluorescent lamps to be harsh
and displeasing. A healthy person can sometimes appear
to have an unhealthy skin tone under fluorescent lighting.
The extent to which this phenomenon occurs is related to
the light’s spectral composition, and may be gauged by its
color rendering index (CRI).

12.3.1 Color temperature

Main article: Color temperature
Correlated color temperature (CCT) is a measure of the
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The color temperature of different electric lamps

“shade” of whiteness of a light source compared with
a blackbody. Typical incandescent lighting is 2700 K,
which is yellowish-white. Halogen lighting is 3000 K.
Fluorescent lamps are manufactured to a chosen CCT by
altering the mixture of phosphors inside the tube. Warm-
white fluorescents have CCT of 2700 K and are popular
for residential lighting. Neutral-white fluorescents have a
CCT of 3000 K or 3500 K. Cool-white fluorescents have
a CCT of 4100 K and are popular for office lighting. Day-
light fluorescents have a CCT of 5000K to 6500K, which
is bluish-white.
High CCT lighting generally requires higher light lev-
els. At dimmer illumination levels, the human eye per-
ceives lower color temperatures as more pleasant, as re-
lated through the Kruithof curve. So, a dim 2700 K in-
candescent lamp appears comfortable and a bright 5000
K lamp also appears natural, but a dim 5000 K fluores-
cent lamp appears too pale. Daylight-type fluorescents
look natural only if they are very bright.

12.3.2 Color rendering index

Main article: Color rendering index

Color rendering index (CRI) is a measure of how well

A helical cool-white fluorescent lamp reflected in a diffraction
grating reveals the various spectral lines which make up the light.

Fluorescent spectra in comparison with other forms of lighting.
Clockwise from upper left: Fluorescent lamp, incandescent bulb,
candle flame and LED lighting.

colors can be perceived using light from a source, rela-
tive to light from a reference source such as daylight or a
blackbody of the same color temperature. By definition,
an incandescent lamp has a CRI of 100. Real-life flu-
orescent tubes achieve CRIs of anywhere from 50 to 99.
Fluorescent lamps with lowCRI have phosphors that emit
too little red light. Skin appears less pink, and hence “un-
healthy” compared with incandescent lighting. Colored
objects appear muted. For example, a low CRI 6800 K
halophosphate tube (an extreme example) will make reds
appear dull red or even brown. Since the eye is relatively
less efficient at detecting red light, an improvement in
color rendering index, with increased energy in the red
part of the spectrum, may reduce the overall luminous
efficacy.[35]

Lighting arrangements use fluorescent tubes in an assort-
ment of tints of white. Sometimes this is because of the
lack of appreciation for the difference or importance of
differing tube types. Mixing tube types within fittings can
improve the color reproduction of lower quality tubes.
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12.3.3 Phosphor composition

Some of the least pleasant light comes from tubes con-
taining the older, halophosphate-type phosphors (chem-
ical formula Ca5(PO4)3(F, Cl):Sb3+, Mn2+). This phos-
phor mainly emits yellow and blue light, and relatively
little green and red. In the absence of a reference, this
mixture appears white to the eye, but the light has an in-
complete spectrum. The CRI of such lamps is around 60.
Since the 1990s, higher quality fluorescent lamps use ei-
ther a higher CRI halophosphate coating, or a triphos-
phor mixture, based on europium and terbium ions, that
have emission bands more evenly distributed over the
spectrum of visible light. High CRI halophosphate and
triphosphor tubes give a more natural color reproduction
to the human eye. The CRI of such lamps is typically
82–100.

12.4 Applications

Fluorescent lamps come in many shapes and sizes. The
compact fluorescent lamp (CFL) is becoming more pop-
ular. Many compact fluorescent lamps integrate the aux-
iliary electronics into the base of the lamp, allowing them
to fit into a regular light bulb socket.
In US residences, fluorescent lamps are mostly found in
kitchens, basements, or garages, but schools and busi-
nesses find the cost savings of fluorescent lamps to be sig-
nificant and rarely use incandescent lights. Tax incentives
and building codes result in higher use in places such as
California.
In other countries, residential use of fluorescent lighting
varies depending on the price of energy, financial and en-
vironmental concerns of the local population, and accept-
ability of the light output. In East and Southeast Asia it is
very rare to see incandescent bulbs in buildings anywhere.
Some countries are encouraging the phase-out of incan-
descent light bulbs and substitution of incandescent lamps
with fluorescent lamps or other types of energy-efficient
lamps.
In addition to general lighting, special fluorescent lights
are often used in stage lighting for film and video pro-
duction. They are cooler than traditional halogen light
sources, and use high-frequency ballasts to prevent video
flickering and high color-rendition index lamps to approx-
imate daylight color temperatures.

12.5 Advantages

12.5.1 Luminous efficacy

Fluorescent lamps convert more of the input power to
visible light than incandescent lamps, though as of 2013

LEDs are sometimes even more efficient and are more
rapidly increasing in efficiency. A typical 100 watt tung-
sten filament incandescent lamp may convert only 5% of
its power input to visible white light (400–700 nm wave-
length), whereas typical fluorescent lamps convert about
22% of the power input to visible white light.[36]

The efficacy of fluorescent tubes ranges from about 16
lumens per watt for a 4 watt tube with an ordinary ballast
to over 100 lumens per watt[37] with a modern electronic
ballast, commonly averaging 50 to 67 lm/Woverall. Most
compact fluorescents above 13 watts with integral elec-
tronic ballasts achieve about 60 lm/W. Lamps are rated
by lumens after 100 hours of operation.[38] For a given
fluorescent tube, a high-frequency electronic ballast gives
about a 10% efficacy improvement over an inductive bal-
last. It is necessary to include the ballast loss when eval-
uating the efficacy of a fluorescent lamp system; this can
be about 25% of the lamp power with magnetic ballasts,
and around 10% with electronic ballasts.
Fluorescent lamp efficacy is dependent on lamp temper-
ature at the coldest part of the lamp. In T8 lamps this is
in the center of the tube. In T5 lamps this is at the end of
the tube with the text stamped on it. The ideal tempera-
ture for a T8 lamp is 25 °C (77 °F) while the T5 lamp is
ideally at 35 °C (95 °F).

12.5.2 Life

Typically a fluorescent lamp will last 10 to 20 times as
long as an equivalent incandescent lamp when operated
several hours at a time. Under standard test conditions
general lighting lamps have 9,000 hours or longer service
life.[39]

The higher initial cost of a fluorescent lamp compared
with an incandescent lamp is usually more than compen-
sated for by lower energy consumption over its life.[40]

A fewmanufacturers are producing T8 lampswith 90,000
hour lamp lives, rivalling the life of LED lamps.

12.5.3 Lower luminance

Compared with an incandescent lamp, a fluorescent tube
is a more diffuse and physically larger light source. In
suitably designed lamps, light can be more evenly dis-
tributed without point source of glare such as seen from
an undiffused incandescent filament; the lamp is large
compared to the typical distance between lamp and il-
luminated surfaces.

12.5.4 Lower heat

Fluorescent lamps give off about one-fifth the heat of
equivalent incandescent lamps. This greatly reduces the
size, cost, and energy consumption devoted to air con-
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ditioning for office buildings that would typically have
many lights and few windows.

12.6 Disadvantages

12.6.1 Frequent switching

If the lamp is installed where it is frequently switched on
and off, it will age rapidly.[41] Under extreme conditions,
its lifespan may be much shorter than a cheap incandes-
cent lamp. Each start cycle slightly erodes the electron-
emitting surface of the cathodes; when all the emission
material is gone, the lamp cannot start with the available
ballast voltage. Fixtures intended for flashing of lights
(such as for advertising) will use a ballast that maintains
cathode temperature when the arc is off, preserving the
life of the lamp.
The extra energy used to start a fluorescent lamp is equiv-
alent to a few seconds of normal operation; it is more
energy-efficient to switch off lamps when not required for
several minutes.[42][43]

12.6.2 Health and safety issues

Main article: Fluorescent lamps and health

If a fluorescent lamp is broken, a very small amount of
mercury can contaminate the surrounding environment.
About 99% of the mercury is typically contained in the
phosphor, especially on lamps that are near the end of
their life.[44] The broken glass is usually considered a
greater hazard than the small amount of spilled mercury.
The EPA recommends airing out the location of a fluores-
cent tube break and using wet paper towels to help pick
up the broken glass and fine particles. Any glass and used
towels should be disposed of in a sealed plastic bag. Vac-
uum cleaners can cause the particles to become airborne,
and should not be used.[45]

Fluorescent lamps with magnetic ballasts flicker at a nor-
mally unnoticeable frequency of 100 or 120 Hz and this
flickering can cause problems for some individuals with
light sensitivity,[46] they are listed as problematic for some
individuals with autism, epilepsy,[47] lupus,[48] chronic fa-
tigue syndrome, Lyme disease,[49] and vertigo.[50] Newer
fluorescent lights without magnetic ballasts have essen-
tially eliminated flicker.[51]

12.6.3 Ultraviolet emission

Fluorescent lamps emit a small amount of ultraviolet
(UV) light. A 1993 study in the US found that ultravio-
let exposure from sitting under fluorescent lights for eight
hours is equivalent to only oneminute of sun exposure.[52]
Very sensitive individuals may experience a variety of

health problems relating to light sensitivity that is aggra-
vated by artificial lighting.
The ultraviolet light from a fluorescent lamp can de-
grade the pigments in paintings (especially watercolor
pigments) and bleach the dyes used in textiles and some
printing. Valuable art work must be protected from ul-
traviolet light by placing additional glass or transparent
acrylic sheets between the lamp and the art work.

12.6.4 Ballast

Magnetic single-lamp ballasts have a low power factor.

Fluorescent lamps require a ballast to stabilize the current
through the lamp, and to provide the initial striking volt-
age required to start the arc discharge. This increases the
cost of fluorescent light fixtures, though often one ballast
is shared between two or more lamps. Electromagnetic
ballasts with a minor fault can produce an audible hum-
ming or buzzing noise. Magnetic ballasts are usually filled
with a tar-like potting compound to reduce emitted noise.
Hum is eliminated in lamps with a high-frequency elec-
tronic ballast. Energy lost inmagnetic ballasts was around
10% of lamp input power according to GE literature from
1978.[21] Electronic ballasts reduce this loss.

12.6.5 Power quality and radio interfer-
ence

Simple inductive fluorescent lamp ballasts have a power
factor of less than unity. Inductive ballasts include power
factor correction capacitors. Simple electronic ballasts
may also have low power factor due to their rectifier in-
put stage.
Fluorescent lamps are a non-linear load and generate
harmonic currents in the electrical power supply. The
arc within the lamp may generate radio frequency noise,
which can be conducted through power wiring. Suppres-
sion of radio interference is possible. Very good suppres-
sion is possible, but adds to the cost of the fluorescent
fixtures.
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12.6.6 Operating temperature

Fluorescent lamps operate best around room temper-
ature. At much lower or higher temperatures, effi-
ciency decreases. At below-freezing temperatures stan-
dard lamps may not start. Special lamps may be needed
for reliable service outdoors in cold weather. In appli-
cations such as road and railway signalling, fluorescent
lamps which do not generate as much heat as incandes-
cent lamps may not melt snow and ice build up around
the lamp, leading to reduced visibility.

12.6.7 Lamp shape

Fluorescent tubes are long, low-luminance sources com-
pared with high pressure arc lamps, incandescent lamps
and LEDs. However, low luminous intensity of the emit-
ting surface is useful because it reduces glare. Lamp fix-
ture design must control light from a long tube instead of
a compact globe.
The compact fluorescent lamp (CFL) replaces regular
incandescent bulbs. However, some CFLs will not fit
some lamps, because the harp (heavy wire shade support
bracket) is shaped for the narrow neck of an incandescent
lamp, while CFLs tend to have a wide housing for their
electronic ballast close to the lamp’s base.

12.6.8 Flicker problems

The “beat effect” problem created when shooting photos under
standard fluorescent lighting

Fluorescent lamps using a magnetic power line frequency
ballast do not give out a steady light; instead, they flicker
at twice the supply frequency. This results in fluctua-
tions not only with light output but color temperature as
well,[53] which may pose problems for photography and
people who are sensitive to the flicker. Even among per-
sons not sensitive to light flicker, a stroboscopic effect
can be noticed, where something spinning at just the right
speedmay appear stationary if illuminated solely by a sin-
gle fluorescent lamp. This effect is eliminated by paired

lamps operating on a lead-lag ballast. Unlike a true strobe
lamp, the light level drops in appreciable time and so sub-
stantial “blurring” of the moving part would be evident.
In some circumstances, fluorescent lamps operated at the
power supply frequency (50 or 60 Hz) can also produce
flicker at the same frequency itself, which is noticeable
by more people. This can happen in the last few hours
of tube life when the cathode emission coating at one end
has almost run out, and that cathode starts having diffi-
culty emitting enough electrons into the gas fill, result-
ing in slight rectification and hence uneven light output in
positive and negative going AC cycles. Power frequency
flicker can also sometimes be emitted from the very ends
of the tubes, if each tube electrode produces a slightly
different light output pattern on each half-cycle. Flicker
at power frequency is more noticeable in the peripheral
vision than it is when viewed directly, as is all flicker
(since the peripheral vision is faster—has a higher crit-
ical frequency—than the central vision).
Near the end of life, fluorescent lamps can start flicker-
ing at a frequency lower than the power frequency. This
is due to a dynamic instability inherent in the negative
resistance of the plasma source,[54] which can be from a
bad lamp, a bad ballast, or a bad starter; or occasionally
from a poor connection to power.

The “beat effect” problem created when shooting films under
standard fluorescent lighting

New fluorescent lamps may show a twisting spiral pattern
of light in a part of the lamp. This effect is due to loose
cathode material and usually disappears after a few hours
of operation.[55]

Electromagnetic ballasts may also cause problems for
video recording as there can be a “beat effect” between
the periodic reading of a camera’s sensor and the fluctu-
ations in intensity of the fluorescent lamp.
Fluorescent lamps using high-frequency electronic bal-
lasts do not produce visible light flicker, since above
about 5 kHz, the excited electron state half-life is longer
than a half cycle, and light production becomes continu-
ous. Operating frequencies of electronic ballasts are se-
lected to avoid interference with infrared remote controls.
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Poor quality (or failing) electronic ballasts may have in-
sufficient reservoir capacitance or have poor regulation,
thereby producing considerable 100/120 Hz modulation
of the light.

12.6.9 Dimming

Fluorescent light fixtures cannot be connected to dimmer
switches intended for incandescent lamps. Two effects
are responsible for this: the waveform of the voltage emit-
ted by a standard phase-control dimmer interacts badly
with many ballasts, and it becomes difficult to sustain
an arc in the fluorescent tube at low power levels. Dim-
ming installations require a compatible dimming ballast.
These systems keep the cathodes of the fluorescent tube
fully heated even as the arc current is reduced, promoting
easy thermionic emission of electrons into the arc stream.
CFLs are available that work in conjunction with a suit-
able dimmer.

12.6.10 Disposal and recycling

Main article: Fluorescent lamp recycling

The disposal of phosphor and particularly the toxic
mercury in the tubes is an environmental issue. Govern-
mental regulations in many areas require special disposal
of fluorescent lamps separate from general and household
wastes. For large commercial or industrial users of fluo-
rescent lights, recycling services are available in many na-
tions, and may be required by regulation.[56][57] In some
areas, recycling is also available to consumers.[58]

12.7 Lamp sizes and designations

Main article: Fluorescent lamp formats

Systematic nomenclature identifies mass-market lamps as
to general shape, power rating, length, color, and other
electrical and illuminating characteristics.

12.8 Other fluorescent lamps

Black lights Blacklights are a subset of fluorescent
lamps that are used to provide near ultraviolet light
(at about 360 nm wavelength). They are built in the
same fashion as conventional fluorescent lamps but
the glass tube is coated with a phosphor that converts
the short-wave UV within the tube to long-wave UV
rather than to visible light. They are used to pro-
voke fluorescence (to provide dramatic effects us-
ing blacklight paint and to detect materials such as

urine and certain dyes that would be invisible in vis-
ible light) as well as to attract insects to bug zappers.

So-called blacklite blue lamps are also made from more
expensive deep purple glass known as Wood’s glass
rather than clear glass. The deep purple glass fil-
ters out most of the visible colors of light directly
emitted by the mercury-vapor discharge, producing
proportionally less visible light compared with UV
light. This allows UV-induced fluorescence to be
seenmore easily (thereby allowing blacklight posters
to seemmuchmore dramatic). The blacklight lamps
used in bug zappers do not require this refinement so
it is usually omitted in the interest of cost; they are
called simply blacklite (and not blacklite blue).

Tanning lamps The lamps used in tanning beds con-
tain a different phosphor blend (typically 3 to 5 or
more phosphors) that emits both UVA and UVB,
provoking a tanning response in most human skin.
Typically, the output is rated as 3% to 10% UVB
(5% most typical) with the remaining UV as UVA.
These are mainly F71, F72 or F73 HO (100 W)
lamps, although 160 W VHO are somewhat com-
mon. One common phosphor used in these lamps
is lead-activated barium disilicate, but a europium-
activated strontium fluoroborate is also used. Early
lamps used thallium as an activator, but emissions
of thallium during manufacture were toxic.[59]

UVB Medical lamps The lamps used in Phototherapy
contain a phosphor that emits only UVB Ultravio-
let light. There are two types: Broadband UVB that
gives 290-320 nanometer with peak wavelength of
306nm, and Narrowband UVB that gives 311-313
nanometer. Due to its longer wavelength the Nar-
rowband UVB requires a 10 times higher dose to the
skin, compared to the broadband. The Narrowband
is good for Psoriasis, Eczema (Atopic Dermatitis).
Vitiligo, Lichen Planus and some other skin dis-
eases. The Broadband is better for increasing Vi-
tamin D3 in the body.

Grow lamps Grow lamps contain phosphor blends that
encourage photosynthesis, growth, or flowering in
plants, algae, photosynthetic bacteria, and other
light-dependent organisms. These often emit light
in the red and blue color range, which is absorbed by
chlorophyll and used for photosynthesis in plants.[60]

Infrared lamps Lamps can be made with a lithium
metaluminate phosphor activated with iron. This
phosphor has peak emissions between 675 and 875
nanometers, with lesser emissions in the deep red
part of the visible spectrum.[61]

Bilirubin lamps Deep blue light generated from a
europium-activated phosphor is used in the light
therapy treatment of jaundice; light of this color
penetrates skin and helps in the breakup of excess
bilirubin.[19]
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Germicidal lamps Germicidal lamps depend on the
property that spectrum of 254 nm kills most germs.
Germicidal lamps contain no phosphor at all (mak-
ing them mercury vapor gas discharge lamps rather
than fluorescent) and their tubes are made of fused
quartz that is transparent to the UV light emitted by
the mercury discharge. The 254 nm UV emitted
by these tubes will kill germs and ionize oxygen to
ozone. In addition it can cause eye and skin damage
and should not be used or observed without eye and
skin protection. Besides their uses to kill germs and
create ozone, they are sometimes used by geologists
to identify certain species of minerals by the color of
their fluorescence. When used in this fashion, they
are fitted with filters in the same way as blacklight-
blue lamps are; the filter passes the short-wave UV
and blocks the visible light produced by the mer-
cury discharge. They are also used in some EPROM
erasers.

Germicidal lamps have designations beginning with G
(meaning 'Germicidal'), rather than F, for example
G30T8 for a 30-watt, 1-inch (2.5 cm) diameter, 36-
inch (91 cm) long germicidal lamp (as opposed to
an F30T8, which would be the fluorescent lamp of
the same size and rating).

Electrodeless lamps Electrodeless induction lamps are
fluorescent lamps without internal electrodes. They
have been commercially available since 1990. A
current is induced into the gas column using
electromagnetic induction. Because the electrodes
are usually the life-limiting element of fluorescent
lamps, such electrodeless lamps can have a very long
service life, although they also have a higher pur-
chase price.

Cold-cathode fluorescent lamps (CCFL) Cold-
cathode fluorescent lamps are used as backlighting
for LCD displays in personal computer and TV
monitors. They are also popular with computer
case modders in recent years.

12.9 Science demonstrations

Fluorescent lamps can be illuminated by means other
than a proper electrical connection. These other methods,
however, result in very dim or very short-lived illumina-
tion, and so are seen mostly in science demonstrations.
Static electricity or a Van de Graaff generator will cause
a lamp to flash momentarily as it discharges a high volt-
age capacitance. A Tesla coil will pass high-frequency
current through the tube, and since it has a high voltage
as well, the gases within the tube will ionize and emit
light. Capacitive coupling with high-voltage power lines
can light a lamp continuously at low intensity, depending
on the intensity of the electrostatic field.

Capacitive coupling with high-voltage power lines can light a
lamp continuously at low intensity.

Also, placing a fluorescent lamp half way up a two-way
radio antenna while transmitting will illuminate the lamp
due to the RF energy.

12.10 See also
• Compact fluorescent lamp

• Fluorescent lamp formats

• Fluorescent lamp recycling

• Fluorescent lamps and health

• Metal halide lamp

• List of light sources

• Gas filled tube

12.11 References
[1] HTTP 404 Error Message - WA State Dept. of Ecology

[2] M. A. Laughton Electrical Engineer’s Reference Book Six-
teenth Edition, Newnes, 2003 ISBN 0-7506-4637-3, page
21-12

[3] Mercury-Containing Light Bulb (Lamp) Recycling | Uni-
versal Waste | US EPA

[4] Gribben, John; “The Scientists; A History of Science Told
Through the Lives of Its Greatest Inventors"; Random
House; 2004; pp 424–432; ISBN 978-0-8129-6788-3

https://en.wikipedia.org/wiki/Germicidal_lamp
https://en.wikipedia.org/wiki/Fused_quartz
https://en.wikipedia.org/wiki/Fused_quartz
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Ozone
https://en.wikipedia.org/wiki/Microorganism
https://en.wikipedia.org/wiki/Geologist
https://en.wikipedia.org/wiki/Mineral
https://en.wikipedia.org/wiki/EPROM
https://en.wikipedia.org/wiki/Electrodeless_lamp
https://en.wikipedia.org/wiki/Electromagnetic_induction
https://en.wikipedia.org/wiki/Cold-cathode_fluorescent_lamp
https://en.wikipedia.org/wiki/Backlighting
https://en.wikipedia.org/wiki/LCD_display
https://en.wikipedia.org/wiki/Case_modder
https://en.wikipedia.org/wiki/Static_electricity
https://en.wikipedia.org/wiki/Van_de_Graaff_generator
https://en.wikipedia.org/wiki/Tesla_coil
https://en.wikipedia.org/wiki/Capacitive_coupling
https://en.wikipedia.org/wiki/Electric_power_transmission
https://en.wikipedia.org/wiki/Compact_fluorescent_lamp
https://en.wikipedia.org/wiki/Fluorescent_lamp_formats
https://en.wikipedia.org/wiki/Fluorescent_lamp_recycling
https://en.wikipedia.org/wiki/Fluorescent_lamps_and_health
https://en.wikipedia.org/wiki/Metal_halide_lamp
https://en.wikipedia.org/wiki/List_of_light_sources
https://en.wikipedia.org/wiki/Gas_filled_tube
http://www.ecy.wa.gov/mercury/mercury_light_bulbs.html
https://en.wikipedia.org/wiki/Special:BookSources/0750646373
http://www.epa.gov/waste/hazard/wastetypes/universal/lamps/index.htm
http://www.epa.gov/waste/hazard/wastetypes/universal/lamps/index.htm
https://en.wikipedia.org/wiki/Random_House
https://en.wikipedia.org/wiki/Random_House
https://en.wikipedia.org/wiki/Special:BookSources/9780812967883


104 CHAPTER 12. FLUORESCENT LAMP

[5] See Bright 1949, pp. 381–385 for discussion of early his-
tory

[6] US 865367 Fluorescent Electric Lamp

[7] “Mr. Moore’s Etheric Light. The Young Newark Electri-
cian’s New And Successful Device.”. New York Times.
October 2, 1896. Retrieved 2008-05-26. Paid access.

[8] Gaster, Leon; Dow, John Stewart (1915). Modern illumi-
nants and illuminating engineering. Whittaker & Co. pp.
107–111.

[9] Bright, Arthur A., Jr. (1949). The Electric-Lamp Indus-
try. MacMillan. Pages 221–223 describe Moore tubes.
Pages 369–374 describe neon tube lighting. Page 385 dis-
cusses Risler’s contributions to fluorescent coatings in the
1920s. Pages 388–391 discuss the development of the
commercial fluorescent at General Electric in the 1930s.

[10] Weeks, Mary Elvira (2003). Discovery of the Elements:
Third Edition (reprint). Kessinger Publishing. p. 287.
ISBN 978-0-7661-3872-8.

[11] Claude, Georges (November 1913). “The Development
of Neon Tubes”. The Engineering Magazine: 271–274.

[12] van Dulken, Stephen (2002). Inventing the 20th century:
100 inventions that shaped the world : from the airplane
to the zipper. New York University Press. p. 42. ISBN
978-0-8147-8812-7.

[13] US patent 1790153, Albert W. Hull, “Electrical Dis-
charge Device and Method of Operation”, issued 1931-
01-27, assigned to General Electric Company

[14] US patent 2182732, Friedrich Meyer; Hans-Joachim
Spanner&EdmundGermer, “Metal Vapor Lamp”, issued
1939-12-05, assigned to General Electric Company

[15] Lighting A Revolution: 20th Century Store-room

[16] Kane, Raymond; Sell, Heinz (2001). “A Review of Early
Inorganic Phosphors”. Revolution in lamps: a chronicle of
50 years of progress. p. 98. ISBN 978-0-88173-378-5.

[17] William M. Yen, Shigeo Shionoya, Hajime Yamamoto,
Practical Applications of Phosphors,CRC Press, 2006,
ISBN 1-4200-4369-2, pages 84-85

[18] Kulshreshtha, Alok K. (2009). Basic Electrical Engineer-
ing: Principles and Applications. India: Tata McGraw-
Hill Education. p. 801. ISBN 0-07-014100-2. The par-
tial pressure of the mercury vapor alone is about 0.8 Pa
(8 millionths of atmospheric pressure), in a T12 40-watt
lamp. See Kane and Sell, 2001, page 185

[19] Van Broekhoven, Jacob (2001). “Chapter 5: Lamp Phos-
phors”. In Kane, Raymond; Sell, Heinz. Revolution in
lamps: a chronicle of 50 years of progress (2nd ed.). The
Fairmont Press, Inc. p. 93. ISBN 0-88173-378-4.

[20] T12 specifies the bulb’s diameter in 1/8 inch units; a T12
bulb is 12×(1/8) inches or 1.5 in (38 mm) in diameter.

[21] General Electric, Fluorescent Lamps Technical Bulletin TP
111R, December 1978 pages 10–11

[22] page 188

[23] pages 196–197

[24] Philips Semiconductor: Power Semiconductor Applica-
tions - Lighting, p579

[25] Datasheet of typical electronic starter (not fast start), with
detailed explanation of operation

[26] Datasheet of typical fast start electronic starter, with de-
tailed explanation of operation

[27] Data on an ultrafast starter, with nominal startup time of
0.3 seconds

[28] Data on a typical starter for even adverse conditions, with
nominal startup time of 2.4 seconds

[29] Quick Start for Fluorescent Lights “All three of the 'FAST'
(< .5 seconds) starter brands caused an audible 'BUR-
RRRRRRP' noise in some light fittings as they started and
this is an inherent problem caused by their use of the faster
'DC' heating. It is worse with higher wattage tubes and if
there is any loose metal in the light fitting.”

[30] Thorn Lighting Technical Handbook

[31] page 182

[32] “Energy Conservation Standards for Fluorescent Lamp
Ballasts” (PDF). US Department of Energy. p. 31. Re-
trieved 29 January 2012.

[33]

[34] http://www.htl.co.jp/img/p_pro4_p10.pdf

[35] page 8

[36] page 20

[37] Panasonic. “Panasonic Spiral Fluorescent ceiling lights,
124.3lm/W”. Retrieved 2010-09-27.

[38] Klipstein, Donald L. “Light and Lighting Facts and Bits
of Data!". Retrieved 2007-12-29.

[39] Fink, Donald G.; Beaty, H.Wayne, eds. (1978). Standard
Handbook for Electrical Engineers (11th ed.). McGraw
Hill. pp. 22–17. ISBN 978-0-070-20974-9.

[40] National Research Council (U.S.). Building Research In-
stitute. Building illumination: the effect of new lighting
levels Publisher National Academies, 1959. Page 81

[41] “Compact Fluorescent Lighting” (PDF). eere.energy.gov.
Archived from the original (PDF) on May 11, 2011. Re-
trieved 24 July 2012.

[42] “Science Fact or Science Fiction: Fluorescent Lights”.
Quirks and Quarks (CBC). Archived from the original on
October 28, 2011. Retrieved 27 October 2011.

[43] “When to Turn Off Your Lights”. U.S. Department of En-
ergy. U.S. Department of Energy. Retrieved 28 Novem-
ber 2012.

[44] Floyd, et al. (2002), quoted on page 184 of Toolkit
for identification and quantification of mercury releases
(PDF)

https://en.wikipedia.org/wiki/Fluorescent%2520lamp#CITEREFBright1949
http://worldwide.espacenet.com/textdoc?DB=EPODOC&IDX=US865367
http://query.nytimes.com/gst/abstract.html?res=9400E1DE133BEE33A25751C0A9669D94679ED7CF
http://query.nytimes.com/gst/abstract.html?res=9400E1DE133BEE33A25751C0A9669D94679ED7CF
http://books.google.com/books?id=jVVDAAAAIAAJ&pg=PA107
http://books.google.com/books?id=jVVDAAAAIAAJ&pg=PA107
https://en.wikipedia.org/wiki/Mary_Elvira_Weeks
http://books.google.com/books?id=SJIk9BPdNWcC&pg=PA287
http://books.google.com/books?id=SJIk9BPdNWcC&pg=PA287
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/978-0-7661-3872-8
http://books.google.com/books?id=erpMAAAAYAAJ&pg=PA271#v=onepage&q&f=false
http://books.google.com/books?id=erpMAAAAYAAJ&pg=PA271#v=onepage&q&f=false
http://books.google.com/books?id=aVHRRoQvW60C&pg=PA42
http://books.google.com/books?id=aVHRRoQvW60C&pg=PA42
http://books.google.com/books?id=aVHRRoQvW60C&pg=PA42
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/978-0-8147-8812-7
http://worldwide.espacenet.com/textdoc?DB=EPODOC&IDX=US1790153
http://worldwide.espacenet.com/textdoc?DB=EPODOC&IDX=US2182732
http://americanhistory.si.edu/lighting/20thcent/prec20.htm
http://books.google.de/books?id=klE5qGAltjAC&pg=PA98
http://books.google.de/books?id=klE5qGAltjAC&pg=PA98
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/978-0-88173-378-5
https://en.wikipedia.org/wiki/Special:BookSources/1420043692
http://books.google.com/books?id=GWPfL5bxkAwC&pg=PA801&dq=pressure+in+%2522fluorescent+tube%2522&hl=en&ei=t8XETuz_HqzUiALGyJXyBQ&sa=X&oi=book_result&ct=result&resnum=4&ved=0CE8Q6AEwAw#v=onepage&q=pressure%2520in%2520%2522fluorescent%2520tube%2522&f=false
http://books.google.com/books?id=GWPfL5bxkAwC&pg=PA801&dq=pressure+in+%2522fluorescent+tube%2522&hl=en&ei=t8XETuz_HqzUiALGyJXyBQ&sa=X&oi=book_result&ct=result&resnum=4&ved=0CE8Q6AEwAw#v=onepage&q=pressure%2520in%2520%2522fluorescent%2520tube%2522&f=false
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/0-07-014100-2
http://books.google.com/books?id=Z19OAkRv_14C&printsec=frontcover&dq=Revolution+in+lamps:+a+chronicle+of+50+years+of+progress&hl=en&sa=X&ei=h-k5VLvBCYvioATdoYLwAQ&ved=0CB8Q6AEwAA#v=onepage&q=Revolution%2520in%2520lamps%253A%2520a%2520chronicle%2520of%252050%2520years%2520of%2520progress&f=false
http://books.google.com/books?id=Z19OAkRv_14C&printsec=frontcover&dq=Revolution+in+lamps:+a+chronicle+of+50+years+of+progress&hl=en&sa=X&ei=h-k5VLvBCYvioATdoYLwAQ&ved=0CB8Q6AEwAA#v=onepage&q=Revolution%2520in%2520lamps%253A%2520a%2520chronicle%2520of%252050%2520years%2520of%2520progress&f=false
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/0-88173-378-4
http://www.nxp.com/documents/application_note/APPCHP8.pdf
http://www.nxp.com/documents/application_note/APPCHP8.pdf
http://www.tabelek.co.uk/datasheets/UM2-UM3-Datasheet.pdf
http://www.tabelek.co.uk/datasheets/UM2-UM3-Datasheet.pdf
http://www.tabelek.co.uk/datasheets/300C-Datasheet.pdf
http://www.tabelek.co.uk/datasheets/300C-Datasheet.pdf
http://www.tabelek.co.uk/product-300C-fastlux-electronic-fluorescent-tube-starter.asp
http://www.tabelek.co.uk/product-300C-fastlux-electronic-fluorescent-tube-starter.asp
http://www.tabelek.co.uk/product-um2-multipulse-electronic-fluorescent-tube-starter.asp
http://www.tabelek.co.uk/product-um2-multipulse-electronic-fluorescent-tube-starter.asp
http://users.tpg.com.au/pschamb/light.html
http://www1.eere.energy.gov/buildings/appliance_standards/residential/pdfs/flballast_preanalysis_ch3.pdf
http://www1.eere.energy.gov/buildings/appliance_standards/residential/pdfs/flballast_preanalysis_ch3.pdf
http://www.htl.co.jp/img/p_pro4_p10.pdf
http://panasonic.co.jp/corp/news/official.data/data.dir/jn100609-1/jn100609-1.html
http://panasonic.co.jp/corp/news/official.data/data.dir/jn100609-1/jn100609-1.html
http://members.misty.com/don/
http://members.misty.com/don/
https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/978-0-070-20974-9
https://web.archive.org/web/20110511132153/http://www1.eere.energy.gov/femp/pdfs/29267-5.4.3.pdf
http://www1.eere.energy.gov/femp/pdfs/29267-5.4.3.pdf
https://web.archive.org/web/20111028205846/http://www.cbc.ca/quirks/episode/2011/10/22/october-22-2011
https://en.wikipedia.org/wiki/Canadian_Broadcasting_Corporation
http://www.cbc.ca/quirks/episode/2011/10/22/october-22-2011/
http://energy.gov/energysaver/articles/when-turn-your-lights
http://www.unep.org/hazardoussubstances/Portals/9/Mercury/Documents/Publications/Toolkit/Hg%2520Toolkit-Reference-Report-rev-Jan11.pdf
http://www.unep.org/hazardoussubstances/Portals/9/Mercury/Documents/Publications/Toolkit/Hg%2520Toolkit-Reference-Report-rev-Jan11.pdf
https://en.wikipedia.org/wiki/Portable_Document_Format


12.13. EXTERNAL LINKS 105

[45] Fluorescent lamp cleanup Accessed 22 Apr 2009.

[46] “Working with Light Sensitivity”.

[47] “Accommodation Ideas for Employees with Epilepsy”.

[48] “Accommodation and Compliance Series: Employees
with Lupus”.

[49] Shadick NA, Phillips CB, Sangha O et al. (December
1999). “Musculoskeletal and neurologic outcomes in pa-
tients with previously treated Lyme disease”. Ann. Intern.
Med. 131 (12): 919–26. doi:10.7326/0003-4819-131-
12-199912210-00003. PMID 10610642.

[50] “Accommodating People with Vertigo”.

[51] Lighting flicker, retrieved 2010 April 19

[52] Lytle, CD; Cyr, WH; Beer, JZ; Miller, SA; James, RH;
Landry, RJ; Jacobs, ME; Kaczmarek, RG; Sharkness,
CM; Gaylor, D et al. (December 1993). “An Estimation
of Squamous Cell Carcinoma Risk from Ultraviolet Ra-
diation Emitted by Fluorescent Lamps”. Photodermatol
Photoimmunol Photomed 9 (6): 268–74. PMID 1343229.

[53] “Exposure and Color Temperature Variations When Pho-
tographing Under Fluorescent Lights”

[54] Glozman, Stanislav; Ben-Yaakov, Shmuel (September–
October 2001). “Dynamic Interaction Analysis of HF
Ballasts and Fluorescent Lamps Based on Envelope Sim-
ulation”. IEEE Transactions on Industry Applications 37
(5): 1531–1536. doi:10.1109/28.952531.

[55] page 22

[56] LampRecycle.org Commercial Lighting: Lamp Recyclers

[57] EPA.gov Mercury-Containing Light Bulb (Lamp) Regu-
latory Framework

[58] EPA.gov Mercury-Containing Light Bulb (Lamp) Collec-
tion and Recycling Programs Where You Live

[59] page 120

[60] Goins, GD and Yorio, NC and Sanwo, MM and Brown,
CS (1997). “Photomorphogenesis, photosynthesis, and
seed yield of wheat plants grown under red light-emitting
diodes (LEDs) with and without supplemental blue light-
ing”. Journal of Experimental Botany (Soc Experiment
Biol) 48 (7): 1407–1413. doi:10.1093/jxb/48.7.1407.

[61] pg. 122

12.12 Further reading
• Bright, Arthur Aaron (1949). The Electric-Lamp In-

dustry: Technological Change and Economic Devel-
opment from 1800 to 1947. Macmillan Co.

• Emanuel Gluskin, “The fluorescent lamp circuit”,
(Circuits & Systems Expositions)

• IEEE Transactions on Circuits and Systems, Part I:
Fundamental Theory and Applications 46(5), 1999
(529-544).

12.13 External links
• Popular Science, January 1940 Fluorescent Lamps

• T5 Fluorescent Systems — Lighting Research Cen-
ter Research about the improved T5 relative to the
previous T8 standard

• NASA: The Fluorescent Lamp: A plasma you can
use

• How Fluorescent Tubes are Manufactured on
YouTube

• Museum of Electric Lamp Technology

• R. N. Thayer (1991-10-25). “The Fluorescent
Lamp: Early U. S. Development”. The Report cour-
tesy of General Electric Company. Retrieved 2007-
03-18.

• Wiebe E. Bijker,Of bicycles, bakelites, and bulbs: to-
ward a theory of sociotechnical change MIT Press,
1995, Chapter 4, preview available at Google Books,
on the social construction of fluorescent lighting

• Explanations and schematics of some fluorescent
lamps

http://www.jan.wvu.edu/soar/vision/light.html
http://www.jan.wvu.edu/media/epilepsy.html
http://www.jan.wvu.edu/media/Lupus.html
http://www.jan.wvu.edu/media/Lupus.html
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.7326%252F0003-4819-131-12-199912210-00003
https://dx.doi.org/10.7326%252F0003-4819-131-12-199912210-00003
https://en.wikipedia.org/wiki/PubMed_Identifier
https://www.ncbi.nlm.nih.gov/pubmed/10610642
http://www.jan.wvu.edu/enews/2004/Enews_V2-I1.htm#four
http://www.ccohs.ca/oshanswers/ergonomics/lighting_flicker.html
https://en.wikipedia.org/wiki/PubMed_Identifier
https://www.ncbi.nlm.nih.gov/pubmed/1343229
http://blog.tommyimages.com/2009/06/photographing-under-fluorescent-lights.html
http://blog.tommyimages.com/2009/06/photographing-under-fluorescent-lights.html
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1109%252F28.952531
http://lamprecycle.org/lamprecyclers.shtml
http://www.epa.gov/waste/hazard/wastetypes/universal/lamps/frame.htm
http://www.epa.gov/waste/hazard/wastetypes/universal/lamps/live.htm
https://en.wikipedia.org/wiki/Journal_of_Experimental_Botany
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1093%252Fjxb%252F48.7.1407
http://books.google.com/books?id=zR8hAAAAMAAJ
http://books.google.com/books?id=zR8hAAAAMAAJ
http://books.google.com/books?id=zR8hAAAAMAAJ
http://books.google.com/books?id=1iYDAAAAMBAJ&pg=PA136&dq=popular+science+January+1940&hl=en&ei=cG6MTO34FIKengfuvrXICw&sa=X&oi=book_result&ct=result&resnum=3&ved=0CDgQ6AEwAg#v=onepage&q=popular%2520science%2520January%25201940&f=true
http://www.lrc.rpi.edu/programs/NLPIP/lightingAnswers/LAT5/abstract.asp
http://www.lrc.rpi.edu/programs/NLPIP/lightingAnswers/LAT5/abstract.asp
http://www-istp.gsfc.nasa.gov/Education/wfluor.html
http://www-istp.gsfc.nasa.gov/Education/wfluor.html
https://www.youtube.com/watch?v=YwsDvINxA84
https://en.wikipedia.org/wiki/YouTube
http://www.lamptech.co.uk/
http://home.frognet.net/~ejcov/thayer.html
http://home.frognet.net/~ejcov/thayer.html
http://www.pavouk.org/hw/lamp/en_index.html
http://www.pavouk.org/hw/lamp/en_index.html


Chapter 13

Electric discharge
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Voltage versus current characteristics for neon gas at 1 Torr pres-
sure between flat electrodes spaced 50 cm. A-D dark discharge,
D-I glow discharge, I-K arc. A-B represent non-self-sustaining
discharge and collection of spontaneously-generated ions. B-D
is the Townsend region, where the cascade multiplication of car-
riers takes place. D-E is the transition to a glow discharge, break-
down of the gas. E-G represents transition to a normal glow; in
the regions around G, voltage is nearly constant for varying cur-
rent. The region G-I represents abnormal glow, as current density
rises. I-J represents transition to an arc discharge.

Electric discharge describes any flow of electric charge
through a gas, liquid or solid. Electric discharges include:

• Brush discharge

• Dielectric barrier discharge

• Corona discharge

• Electric glow discharge

• Electric arc

• Electrostatic discharge

• Electric discharge in gases

• Leader (spark)

• Partial discharge

• Streamer discharge

• Vacuum arc

• Townsend discharge

13.1 Applications

The properties and effects of electric discharges are use-
ful over a wide range of magnitudes. Tiny pulses of cur-
rent are used to detect ionizing radiation in a Geiger–
Müller tube. A low steady current can be used to illustrate
the spectrum of gases in a Gas-filled tube. A neon lamp
is an example of a gas-discharge lamp, useful both for
illumination and as a voltage regulator. A flashtube gen-
erates a short pulse of intense light useful for photography
by sending a heavy current through a gas arc discharge.
Corona discharges are used in photocopiers.
Electric discharges can convey substantial energy to the
electrodes at the ends of the discharge. A spark gap is
used in internal combustion engines to ignite the fuel/air
mixture on every power stroke. Spark gaps are also used
to switch heavy currents in a Marx generator and to pro-
tect electrical appratus. In electric discharge machining,
multiple tiny electric arcs are used to erode a conductive
workpiece to a finished shape. Arc welding is used to
assemble heavy steel structures, where the base metal is
heated to melting by the heat of the arc. An electric arc
furnace sustains arc currents of tens of thousands of am-
peres and is used for steelmaking and production of alloys
and other products.

13.2 Natural phenomena

• St. Elmo’s fire

• Lightning

• Electric organ

13.3 See also

• Electrical breakdown

• Electric discharge in gases

• E/N ratio

• Lichtenberg figure
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• Space charge

• Debye sheath
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Plasma (physics)

For other uses, see Plasma.

Plasma (from Greek πλάσμα, “anything formed”[1]) is
one of the four fundamental states of matter, the others
being solid, liquid, and gas. A plasma has properties un-
like those of the other states.
A plasma can be created by heating a gas or subjecting
it to a strong electromagnetic field applied with a laser
or microwave generator. This decreases or increases the
number of electrons, creating positive or negative charged
particles called ions,[2] and is accompanied by the disso-
ciation of molecular bonds, if present.[3]

The presence of a significant number of charge carriers
makes plasma electrically conductive so that it responds
strongly to electromagnetic fields. Like gas, plasma does
not have a definite shape or a definite volume unless en-
closed in a container. Unlike gas, under the influence of
a magnetic field, it may form structures such as filaments,
beams and double layers.
Plasma is the most abundant form of ordinary matter in
the Universe, most of which is in the rarefied intergalactic
regions, particularly the intracluster medium, and in stars,
including the Sun.[4][5] A common form of plasmas on
Earth is seen in neon signs.
Much of the understanding of plasmas has come from the
pursuit of controlled nuclear fusion and fusion power, for
which plasma physics provides the scientific basis.

14.1 Properties and parameters

14.1.1 Definition

Plasma is loosely described as an electrically neutral
medium of unbound positive and negative particles (i.e.
the overall charge of a plasma is roughly zero). It is im-
portant to note that although they are unbound, these par-
ticles are not ‘free’ in the sense of not experiencing forces.
When the charges move, they generate electrical currents
with magnetic fields, and as a result, they are affected by
each other’s fields. This governs their collective behav-
ior with many degrees of freedom.[3][7] A definition can

Artist’s rendition of the Earth’s plasma fountain, showing oxygen,
helium, and hydrogen ions that gush into space from regions near
the Earth’s poles. The faint yellow area shown above the north
pole represents gas lost from Earth into space; the green area is
the aurora borealis, where plasma energy pours back into the
atmosphere.[6]

have three criteria:[8][9]

1. The plasma approximation: Charged particles
must be close enough together that each particle
influences many nearby charged particles, rather
than just interacting with the closest particle (these
collective effects are a distinguishing feature of a
plasma). The plasma approximation is valid when
the number of charge carriers within the sphere of
influence (called the Debye sphere whose radius is
the Debye screening length) of a particular particle
is higher than unity to provide collective behavior of
the charged particles. The average number of parti-
cles in the Debye sphere is given by the plasma pa-
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rameter, "Λ" (the Greek letter Lambda).

2. Bulk interactions: The Debye screening length
(defined above) is short compared to the physical
size of the plasma. This criterion means that inter-
actions in the bulk of the plasma are more impor-
tant than those at its edges, where boundary effects
may take place. When this criterion is satisfied, the
plasma is quasineutral.

3. Plasma frequency: The electron plasma frequency
(measuring plasma oscillations of the electrons) is
large compared to the electron-neutral collision fre-
quency (measuring frequency of collisions between
electrons and neutral particles). When this condition
is valid, electrostatic interactions dominate over the
processes of ordinary gas kinetics.

14.1.2 Ranges of parameters

Plasma parameters can take on values varying by many
orders of magnitude, but the properties of plasmas with
apparently disparate parameters may be very similar (see
plasma scaling). The following chart considers only con-
ventional atomic plasmas and not exotic phenomena like
quark gluon plasmas:
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Range of plasmas. Density increases upwards, temperature in-
creases towards the right. The free electrons in a metal may be
considered an electron plasma.[10]

14.1.3 Degree of ionization

For plasma to exist, ionization is necessary. The term
“plasma density” by itself usually refers to the “electron
density”, that is, the number of free electrons per unit
volume. The degree of ionization of a plasma is the pro-
portion of atoms that have lost or gained electrons, and

is controlled mostly by the temperature. Even a par-
tially ionized gas in which as little as 1% of the parti-
cles are ionized can have the characteristics of a plasma
(i.e., response to magnetic fields and high electrical con-
ductivity). The degree of ionization, α , is defined as
α = ni

ni+nn
, where ni is the number density of ions and

nn is the number density of neutral atoms. The electron
density is related to this by the average charge state ⟨Z⟩
of the ions through ne = ⟨Z⟩ni , where ne is the number
density of electrons.

14.1.4 Temperatures

See also: Nonthermal plasma

Plasma temperature is commonly measured in Kelvins or
electronvolts and is, informally, a measure of the ther-
mal kinetic energy per particle. Very high temperatures
are usually needed to sustain ionization, which is a defin-
ing feature of a plasma. The degree of plasma ioniza-
tion is determined by the electron temperature relative
to the ionization energy (and more weakly by the den-
sity), in a relationship called the Saha equation. At low
temperatures, ions and electrons tend to recombine into
bound states—atoms[12]—and the plasma will eventually
become a gas.
In most cases the electrons are close enough to thermal
equilibrium that their temperature is relatively well-
defined, even when there is a significant deviation from
a Maxwellian energy distribution function, for example,
due to UV radiation, energetic particles, or strong electric
fields. Because of the large difference in mass, the
electrons come to thermodynamic equilibrium amongst
themselves much faster than they come into equilibrium
with the ions or neutral atoms. For this reason, the ion
temperature may be very different from (usually lower
than) the electron temperature. This is especially com-
mon in weakly ionized technological plasmas, where the
ions are often near the ambient temperature.

Thermal vs. non-thermal plasmas

Based on the relative temperatures of the electrons, ions
and neutrals, plasmas are classified as “thermal” or “non-
thermal”. Thermal plasmas have electrons and the heavy
particles at the same temperature, i.e. they are in ther-
mal equilibrium with each other. Non-thermal plas-
mas on the other hand have the ions and neutrals at a
much lower temperature (sometimes room temperature),
whereas electrons are much “hotter” ( Te ≫ Tn ).
A plasma is sometimes referred to as being “hot” if it is
nearly fully ionized, or “cold” if only a small fraction (for
example 1%) of the gas molecules are ionized, but other
definitions of the terms “hot plasma” and “cold plasma”
are common. Even in a “cold” plasma, the electron tem-
perature is still typically several thousand degrees Celsius.
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Plasmas utilized in “plasma technology” (“technological
plasmas”) are usually cold plasmas in the sense that only
a small fraction of the gas molecules are ionized.

14.1.5 Plasma potential

Lightning is an example of plasma present at Earth’s surface.
Typically, lightning discharges 30,000 amperes at up to 100 mil-
lion volts, and emits light, radio waves, X-rays and even gamma
rays.[13] Plasma temperatures in lightning can approach 28,000
K (28,000 °C; 50,000 °F) and electron densities may exceed 1024

m−3.

Since plasmas are very good electrical conductors, elec-
tric potentials play an important role. The potential as it
exists on average in the space between charged particles,
independent of the question of how it can be measured,
is called the “plasma potential”, or the “space potential”.
If an electrode is inserted into a plasma, its potential will
generally lie considerably below the plasma potential due
to what is termed a Debye sheath. The good electrical
conductivity of plasmas makes their electric fields very
small. This results in the important concept of “quasineu-
trality”, which says the density of negative charges is ap-
proximately equal to the density of positive charges over
large volumes of the plasma ( ne = ⟨Z⟩ni ), but on
the scale of the Debye length there can be charge imbal-
ance. In the special case that double layers are formed, the
charge separation can extend some tens of Debye lengths.

The magnitude of the potentials and electric fields must
be determined by means other than simply finding the net
charge density. A common example is to assume that the
electrons satisfy the Boltzmann relation:

ne ∝ eeΦ/kBTe .

Differentiating this relation provides a means to calculate
the electric field from the density:

E⃗ = (kBTe/e)(∇ne/ne).

It is possible to produce a plasma that is not quasineutral.
An electron beam, for example, has only negative charges.
The density of a non-neutral plasma must generally be
very low, or it must be very small, otherwise it will be
dissipated by the repulsive electrostatic force.
In astrophysical plasmas, Debye screening prevents
electric fields from directly affecting the plasma over
large distances, i.e., greater than the Debye length. How-
ever, the existence of charged particles causes the plasma
to generate, and be affected by, magnetic fields. This
can and does cause extremely complex behavior, such
as the generation of plasma double layers, an object that
separates charge over a few tens of Debye lengths. The
dynamics of plasmas interacting with external and self-
generated magnetic fields are studied in the academic dis-
cipline of magnetohydrodynamics.

14.1.6 Magnetization

Plasma with a magnetic field strong enough to influence
the motion of the charged particles is said to be magne-
tized. A common quantitative criterion is that a parti-
cle on average completes at least one gyration around the
magnetic field before making a collision, i.e., ωce/vcoll >
1 , where ωce is the “electron gyrofrequency” and vcoll is
the “electron collision rate”. It is often the case that the
electrons are magnetized while the ions are not. Mag-
netized plasmas are anisotropic, meaning that their prop-
erties in the direction parallel to the magnetic field are
different from those perpendicular to it. While electric
fields in plasmas are usually small due to the high conduc-
tivity, the electric field associated with a plasma moving
in a magnetic field is given by E = −v × B (where E is
the electric field, v is the velocity, and B is the magnetic
field), and is not affected by Debye shielding.[14]

14.1.7 Comparison of plasma and gas
phases

Plasma is often called the fourth state of matter after
solid, liquids and gases.[15][16] It is distinct from these and
other lower-energy states of matter. Although it is closely
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related to the gas phase in that it also has no definite form
or volume, it differs in a number of ways, including the
following:

14.2 Common plasmas

Further information: Astrophysical plasma, Interstellar
medium and Intergalactic space

Plasmas are by far the most common phase of ordinary
matter in the universe, both by mass and by volume.[18]
Essentially, all of the visible light from space comes from
stars, which are plasmas with a temperature such that they
radiate strongly at visible wavelengths. Most of the or-
dinary (or baryonic) matter in the universe, however, is
found in the intergalactic medium, which is also a plasma,
but much hotter, so that it radiates primarily as X-rays.
In 1937, Hannes Alfvén argued that if plasma pervaded
the universe, it could then carry electric currents capable
of generating a galactic magnetic field.[19] After winning
the Nobel Prize, he emphasized that:

In order to understand the phenomena in
a certain plasma region, it is necessary to map
not only the magnetic but also the electric field
and the electric currents. Space is filled with
a network of currents which transfer energy
and momentum over large or very large dis-
tances. The currents often pinch to filamen-
tary or surface currents. The latter are likely to
give space, as also interstellar and intergalactic
space, a cellular structure.[20]

By contrast the current scientific consensus is that about
96% of the total energy density in the universe is not
plasma or any other form of ordinary matter, but a com-
bination of cold dark matter and dark energy. Our Sun,
and all stars, are made of plasma, much of interstellar
space is filled with a plasma, albeit a very sparse one, and
intergalactic space too. Even black holes, which are not
directly visible, are thought to be fuelled by accreting ion-
ising matter (i.e. plasma),[21] and they are associated with
astrophysical jets of luminous ejected plasma,[22] such as
M87’s jet that extends 5,000 light-years.[23]

In our solar system, interplanetary space is filled with the
plasma of the SolarWind that extends from the Sun out to
the heliopause. However, the density of ordinary matter
is much higher than average and much higher than that
of either dark matter or dark energy. The planet Jupiter
accounts for most of the non-plasma, only about 0.1% of
the mass and 10−15% of the volume within the orbit of
Pluto.
Dust and small grains within a plasma will also pick up
a net negative charge, so that they in turn may act like

a very heavy negative ion component of the plasma (see
dusty plasmas).

14.3 Complex plasma phenomena

Although the underlying equations governing plasmas are
relatively simple, plasma behavior is extraordinarily var-
ied and subtle: the emergence of unexpected behavior
from a simple model is a typical feature of a complex
system. Such systems lie in some sense on the boundary
between ordered and disordered behavior and cannot typ-
ically be described either by simple, smooth, mathemat-
ical functions, or by pure randomness. The spontaneous
formation of interesting spatial features on a wide range
of length scales is one manifestation of plasma complex-
ity. The features are interesting, for example, because
they are very sharp, spatially intermittent (the distance
between features is much larger than the features them-
selves), or have a fractal form. Many of these features
were first studied in the laboratory, and have subsequently
been recognized throughout the universe. Examples of
complexity and complex structures in plasmas include:

14.3.1 Filamentation

Striations or string-like structures,[27] also known as
birkeland currents, are seen in many plasmas, like
the plasma ball, the aurora,[28] lightning,[29] electric
arcs, solar flares,[30] and supernova remnants.[31] They
are sometimes associated with larger current densities,
and the interaction with the magnetic field can form
a magnetic rope structure.[32] High power microwave
breakdown at atmospheric pressure also leads to the for-
mation of filamentary structures.[33] (See also Plasma
pinch)
Filamentation also refers to the self-focusing of a high
power laser pulse. At high powers, the nonlinear part of
the index of refraction becomes important and causes a
higher index of refraction in the center of the laser beam,
where the laser is brighter than at the edges, causing a
feedback that focuses the laser even more. The tighter
focused laser has a higher peak brightness (irradiance)
that forms a plasma. The plasma has an index of refrac-
tion lower than one, and causes a defocusing of the laser
beam. The interplay of the focusing index of refraction,
and the defocusing plasma makes the formation of a long
filament of plasma that can be micrometers to kilometers
in length.[34] One interesting aspect of the filamentation
generated plasma is the relatively low ion density due to
defocusing effects of the ionized electrons.[35] (See also
Filament propagation)
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14.3.2 Shocks or double layers

Plasma properties change rapidly (within a few Debye
lengths) across a two-dimensional sheet in the presence
of a (moving) shock or (stationary) double layer. Double
layers involve localized charge separation, which causes
a large potential difference across the layer, but does not
generate an electric field outside the layer. Double layers
separate adjacent plasma regions with different physical
characteristics, and are often found in current carrying
plasmas. They accelerate both ions and electrons.

14.3.3 Electric fields and circuits

Quasineutrality of a plasma requires that plasma currents
close on themselves in electric circuits. Such circuits fol-
low Kirchhoff’s circuit laws and possess a resistance and
inductance. These circuits must generally be treated as a
strongly coupled system, with the behavior in each plasma
region dependent on the entire circuit. It is this strong
coupling between system elements, together with non-
linearity, which may lead to complex behavior. Elec-
trical circuits in plasmas store inductive (magnetic) en-
ergy, and should the circuit be disrupted, for example,
by a plasma instability, the inductive energy will be re-
leased as plasma heating and acceleration. This is a
common explanation for the heating that takes place in
the solar corona. Electric currents, and in particular,
magnetic-field-aligned electric currents (which are some-
times generically referred to as "Birkeland currents"), are
also observed in the Earth’s aurora, and in plasma fila-
ments.

14.3.4 Cellular structure

Narrow sheets with sharp gradients may separate regions
with different properties such as magnetization, density
and temperature, resulting in cell-like regions. Examples
include the magnetosphere, heliosphere, and heliospheric
current sheet. Hannes Alfvén wrote: “From the cos-
mological point of view, the most important new space
research discovery is probably the cellular structure of
space. As has been seen in every region of space ac-
cessible to in situ measurements, there are a number of
'cell walls’, sheets of electric currents, which divide space
into compartments with different magnetization, temper-
ature, density, etc.”[36]

14.3.5 Critical ionization velocity

The critical ionization velocity is the relative velocity be-
tween an ionized plasma and a neutral gas, above which a
runaway ionization process takes place. The critical ion-
ization process is a quite general mechanism for the con-
version of the kinetic energy of a rapidly streaming gas

into ionization and plasma thermal energy. Critical phe-
nomena in general are typical of complex systems, and
may lead to sharp spatial or temporal features.

14.3.6 Ultracold plasma

Ultracold plasmas are created in a magneto-optical trap
(MOT) by trapping and cooling neutral atoms, to temper-
atures of 1 mK or lower, and then using another laser to
ionize the atoms by giving each of the outermost electrons
just enough energy to escape the electrical attraction of
its parent ion.
One advantage of ultracold plasmas are their well charac-
terized and tunable initial conditions, including their size
and electron temperature. By adjusting the wavelength
of the ionizing laser, the kinetic energy of the liberated
electrons can be tuned as low as 0.1 K, a limit set by the
frequency bandwidth of the laser pulse. The ions inherit
the millikelvin temperatures of the neutral atoms, but are
quickly heated through a process known as disorder in-
duced heating (DIH). This type of non-equilibrium ul-
tracold plasma evolves rapidly, and displays many other
interesting phenomena.[37]

One of the metastable states of a strongly nonideal plasma
is Rydberg matter, which forms upon condensation of ex-
cited atoms.

14.3.7 Non-neutral plasma

The strength and range of the electric force and the good
conductivity of plasmas usually ensure that the densities
of positive and negative charges in any sizeable region
are equal (“quasineutrality”). A plasma with a significant
excess of charge density, or, in the extreme case, is com-
posed of a single species, is called a non-neutral plasma.
In such a plasma, electric fields play a dominant role. Ex-
amples are charged particle beams, an electron cloud in a
Penning trap and positron plasmas.[38]

14.3.8 Dusty plasma/grain plasma

A dusty plasma contains tiny charged particles of dust
(typically found in space). The dust particles acquire high
charges and interact with each other. A plasma that con-
tains larger particles is called grain plasma. Under labo-
ratory conditions, dusty plasmas are also called complex
plasmas.[39]

14.3.9 Impermeable plasma

Impermeable plasma is a type of thermal plasma which
acts like an impermeable solid with respect to gas or cold
plasma and can be physically pushed. Interaction of cold
gas and thermal plasma was briefly studied by a group
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led by Hannes Alfvén in 1960s and 1970s for its possible
applications in insulation of fusion plasma from the reac-
tor walls.[40] However later it was found that the external
magnetic fields in this configuration could induce kink in-
stabilities in the plasma and subsequently lead to an unex-
pectedly high heat loss to the walls.[41] In 2013, a group of
materials scientists reported that they have successfully
generated stable impermeable plasma with no magnetic
confinement using only an ultrahigh-pressure blanket of
cold gas. While spectroscopic data on the characteristics
of plasma were claimed to be difficult to obtain due to the
high-pressure, the passive effect of plasma on synthesis
of different nanostructures clearly suggested the effective
confinement. They also showed that uponmaintaining the
impermeability for a few tens of seconds, screening of
ions at the plasma-gas interface could give rise to a strong
secondary mode of heating (known as viscous heating)
leading to different kinetics of reactions and formation
of complex nanomaterials.[42]

14.4 Mathematical descriptions

The complex self-constricting magnetic field lines and current
paths in a field-aligned Birkeland current that can develop in a
plasma.[43]

Main article: Plasma modeling

To completely describe the state of a plasma, we would
need to write down all the particle locations and veloci-
ties and describe the electromagnetic field in the plasma
region. However, it is generally not practical or neces-
sary to keep track of all the particles in a plasma. There-
fore, plasma physicists commonly use less detailed de-
scriptions, of which there are two main types:

14.4.1 Fluid model

Fluid models describe plasmas in terms of smoothed
quantities, like density and averaged velocity around each
position (see Plasma parameters). One simple fluid
model, magnetohydrodynamics, treats the plasma as a
single fluid governed by a combination of Maxwell’s
equations and the Navier–Stokes equations. A more gen-
eral description is the two-fluid plasma picture, where the
ions and electrons are described separately. Fluid mod-
els are often accurate when collisionality is sufficiently
high to keep the plasma velocity distribution close to a
Maxwell–Boltzmann distribution. Because fluid models
usually describe the plasma in terms of a single flow at
a certain temperature at each spatial location, they can
neither capture velocity space structures like beams or
double layers, nor resolve wave-particle effects.

14.4.2 Kinetic model

Kinetic models describe the particle velocity distribution
function at each point in the plasma and therefore do not
need to assume aMaxwell–Boltzmann distribution. A ki-
netic description is often necessary for collisionless plas-
mas. There are two common approaches to kinetic de-
scription of a plasma. One is based on representing the
smoothed distribution function on a grid in velocity and
position. The other, known as the particle-in-cell (PIC)
technique, includes kinetic information by following the
trajectories of a large number of individual particles. Ki-
netic models are generally more computationally inten-
sive than fluid models. The Vlasov equation may be used
to describe the dynamics of a system of charged particles
interacting with an electromagnetic field. In magnetized
plasmas, a gyrokinetic approach can substantially reduce
the computational expense of a fully kinetic simulation.

14.5 Artificial plasmas

Most artificial plasmas are generated by the application
of electric and/or magnetic fields. Plasma generated in a
laboratory setting and for industrial use can be generally
categorized by:

• The type of power source used to generate the
plasma—DC, RF and microwave
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• The pressure they operate at—vacuum pressure (<
10 mTorr or 1 Pa), moderate pressure (~ 1 Torr
or 100 Pa), atmospheric pressure (760 Torr or 100
kPa)

• The degree of ionization within the plasma—fully,
partially, or weakly ionized

• The temperature relationships within the plasma—
thermal plasma ( Te = Ti = Tgas ), non-thermal or
“cold” plasma ( Te ≫ Ti = Tgas )

• The electrode configuration used to generate the
plasma

• The magnetization of the particles within the
plasma—magnetized (both ion and electrons are
trapped in Larmor orbits by the magnetic field), par-
tially magnetized (the electrons but not the ions are
trapped by the magnetic field), non-magnetized (the
magnetic field is too weak to trap the particles in or-
bits but may generate Lorentz forces)

• The application.

14.5.1 Generation of artificial plasma

Artificial plasma produced in air by a Jacob’s Ladder

Just like the many uses of plasma, there are several means
for its generation, however, one principle is common to
all of them: there must be energy input to produce and
sustain it.[44] For this case, plasma is generated when an

electrical current is applied across a dielectric gas or fluid
(an electrically non-conducting material) as can be seen
in the image to the right, which shows a discharge tube as
a simple example (DC used for simplicity).
The potential difference and subsequent electric field pull
the bound electrons (negative) toward the anode (positive
electrode) while the cathode (negative electrode) pulls the
nucleus.[45] As the voltage increases, the current stresses
thematerial (by electric polarization) beyond its dielectric
limit (termed strength) into a stage of electrical break-
down, marked by an electric spark, where the material
transforms from being an insulator into a conductor (as it
becomes increasingly ionized). The underlying process is
the Townsend avalanche, where collisions between elec-
trons and neutral gas atoms create more ions and electrons
(as can be seen in the figure on the right). The first im-
pact of an electron on an atom results in one ion and two
electrons. Therefore, the number of charged particles in-
creases rapidly (in the millions) only “after about 20 suc-
cessive sets of collisions”,[46] mainly due to a small mean
free path (average distance travelled between collisions).

Electric arc

e- e-

e-

e-

e-

e-

e-

Cascade process of ionization. Electrons are ‘e−’, neutral atoms
‘o’, and cations ‘+’.

With ample current density and ionization, this forms
a luminous electric arc (a continuous electric dis-
charge similar to lightning) between the electrodes.[Note 1]
Electrical resistance along the continuous electric arc cre-
ates heat, which dissociates more gas molecules and ion-
izes the resulting atoms (where degree of ionization is
determined by temperature), and as per the sequence:
solid-liquid-gas-plasma, the gas is gradually turned into
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Original ionization event
Ionizing electron pathLiberated electron path

Ionization event

Avalanche effect between two electrodes. The original ionisa-
tion event liberates one electron, and each subsequent collision
liberates a further electron, so two electrons emerge from each
collision: the ionising electron and the liberated electron.

a thermal plasma.[Note 2] A thermal plasma is in thermal
equilibrium, which is to say that the temperature is rel-
atively homogeneous throughout the heavy particles (i.e.
atoms, molecules and ions) and electrons. This is so be-
cause when thermal plasmas are generated, electrical en-
ergy is given to electrons, which, due to their great mo-
bility and large numbers, are able to disperse it rapidly
and by elastic collision (without energy loss) to the heavy
particles.[47][Note 3]

14.5.2 Examples of industrial/commercial
plasma

Because of their sizable temperature and density ranges,
plasmas find applications in many fields of research, tech-
nology and industry. For example, in: industrial and ex-
tractive metallurgy,[47] surface treatments such as plasma
spraying (coating), etching in microelectronics,[48] metal
cutting[49] and welding; as well as in everyday vehicle
exhaust cleanup and fluorescent/luminescent lamps,[44]
while even playing a part in supersonic combustion en-
gines for aerospace engineering.[50]

Low-pressure discharges

• Glow discharge plasmas: non-thermal plasmas gen-
erated by the application of DC or low frequency
RF (<100 kHz) electric field to the gap between
two metal electrodes. Probably the most common
plasma; this is the type of plasma generated within
fluorescent light tubes.[51]

• Capacitively coupled plasma (CCP): similar to glow
discharge plasmas, but generated with high fre-
quency RF electric fields, typically 13.56 MHz.
These differ from glow discharges in that the sheaths
are much less intense. These are widely used in
the microfabrication and integrated circuit manu-
facturing industries for plasma etching and plasma
enhanced chemical vapor deposition.[52]

• Cascaded Arc Plasma Source: a device to pro-
duce low temperature (~1eV) high density plasmas
(HDP).

• Inductively coupled plasma (ICP): similar to a CCP
and with similar applications but the electrode con-
sists of a coil wrapped around the chamber where
plasma is formed.[53]

• Wave heated plasma: similar to CCP and ICP in that
it is typically RF (or microwave). Examples include
helicon discharge and electron cyclotron resonance
(ECR).[54]

Atmospheric pressure

• Arc discharge: this is a high power thermal discharge
of very high temperature (~10,000 K). It can be gen-
erated using various power supplies. It is commonly
used in metallurgical processes. For example, it is
used to smelt minerals containing Al2O3 to produce
aluminium.

• Corona discharge: this is a non-thermal discharge
generated by the application of high voltage to sharp
electrode tips. It is commonly used in ozone gener-
ators and particle precipitators.

• Dielectric barrier discharge (DBD): this is a non-
thermal discharge generated by the application of
high voltages across small gaps wherein a non-
conducting coating prevents the transition of the
plasma discharge into an arc. It is often mislabeled
'Corona' discharge in industry and has similar appli-
cation to corona discharges. It is also widely used in
the web treatment of fabrics.[55] The application of
the discharge to synthetic fabrics and plastics func-
tionalizes the surface and allows for paints, glues and
similar materials to adhere.[56]

• Capacitive discharge: this is a nonthermal plasma
generated by the application of RF power (e.g.,
13.56 MHz) to one powered electrode, with a
grounded electrode held at a small separation dis-
tance on the order of 1 cm. Such discharges are
commonly stabilized using a noble gas such as he-
lium or argon.[57]

• "Piezoelectric direct discharge plasma:" is a
nonthermal plasma generated at the high-side of
a piezoelectric transformer (PT). This generation
variant is particularly suited for high efficient and
compact devices where a separate high voltage
power supply is not desired.

14.6 History

Plasma was first identified in a Crookes tube, and so
described by Sir William Crookes in 1879 (he called
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it “radiant matter”).[58] The nature of the Crookes tube
"cathode ray" matter was subsequently identified by
British physicist Sir J.J. Thomson in 1897.[59] The term
“plasma” was coined by Irving Langmuir in 1928,[60]
perhaps because the glowing discharge molds itself to
the shape of the Crookes tube (Gr. πλάσμα – a thing
moulded or formed).[61] Langmuir described his obser-
vations as:

Except near the electrodes, where there
are sheaths containing very few electrons, the
ionized gas contains ions and electrons in
about equal numbers so that the resultant space
charge is very small. We shall use the name
plasma to describe this region containing bal-
anced charges of ions and electrons.[60]

14.7 Fields of active research

Hall effect thruster. The electric field in a plasma double layer is
so effective at accelerating ions that electric fields are used in ion
drives.

This is just a partial list of topics. See list of plasma
(physics) articles. A more complete and organized
list can be found on web sites on plasma science and
technology.[62]

14.8 See also
• Plasma torch

• Ambipolar diffusion

• Hannes Alfvén Prize

• Plasma channel

• Plasma parameters

• Plasma nitriding

• Magnetohydrodynamics (MHD)

• Electric field screening

• List of plasma physicists

• List of plasma (physics) articles

• Important publications in plasma physics

• IEEE Nuclear and Plasma Sciences Society

• Quark-gluon plasma

• Nikola Tesla

• Space physics

• Total electron content

14.9 Notes
[1] The material undergoes various ‘regimes’ or stages (e.g.

saturation, breakdown, glow, transition and thermal arc)
as the voltage is increased under the voltage-current rela-
tionship. The voltage rises to its maximum value in the
saturation stage, and thereafter it undergoes fluctuations
of the various stages; while the current progressively in-
creases throughout.[46]

[2] Across literature, there appears to be no strict defini-
tion on where the boundary is between a gas and plasma.
Nevertheless, it is enough to say that at 2,000°C the gas
molecules become atomized, and ionized at 3,000 °C and
“in this state, [the] gas has a liquid like viscosity at at-
mospheric pressure and the free electric charges confer
relatively high electrical conductivities that can approach
those of metals.”[47]

[3] Note that non-thermal, or non-equilibrium plasmas are
not as ionized and have lower energy densities, and thus
the temperature is not dispersed evenly among the parti-
cles, where some heavy ones remain ‘cold’.
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Chapter 15

Compact fluorescent lamp

“Low-energy light-bulb” redirects here. For other low-
energy bulbs, see LED lamp.
A compact fluorescent lamp (CFL), also called com-

The tubular-type compact fluorescent lamp is one of the most
popular types in Europe

pact fluorescent light, energy-saving light, and com-
pact fluorescent tube, is a fluorescent lamp designed to
replace an incandescent lamp; some types fit into light fix-
tures formerly used for incandescent lamps. The lamps
use a tube which is curved or folded to fit into the space
of an incandescent bulb, and a compact electronic ballast
in the base of the lamp.
Compared to general-service incandescent lamps giving
the same amount of visible light, CFLs use one-fifth to
one-third the electric power, and last eight to fifteen times
longer. A CFL has a higher purchase price than an in-
candescent lamp, but can save over five times its pur-
chase price in electricity costs over the lamp’s lifetime.[1]
Like all fluorescent lamps, CFLs contain toxic mercury[2]
which complicates their disposal. In many countries, gov-
ernments have established recycling schemes for CFLs
and glass generally.
The principle of operation in a CFL bulb remains the
same as in other fluorescent lighting: electrons that are
bound to mercury atoms are excited to states where they
will radiate ultraviolet light as they return to a lower en-
ergy level; this emitted ultraviolet light is converted into
visible light as it strikes the fluorescent coating on the bulb
(as well as into heat when absorbed by other materials

Compact fluorescent light bulb with GU24 connector

such as glass).
CFLs radiate a spectral power distribution that is differ-
ent from that of incandescent lamps. Improved phosphor
formulations have improved the perceived color of the
light emitted by CFLs, such that some sources rate the
best “soft white” CFLs as subjectively similar in color to
standard incandescent lamps.[3]

White LED lamps now compete with CFLs for high-
efficiency house lighting.[4]
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Comparison of compact fluorescent light bulbs with 105 W, 36
W, and 11 W power consumption

15.1 History

The parent to the modern fluorescent lamp was invented
in the late 1890s by Peter Cooper Hewitt.[5] The Cooper
Hewitt lamps were used for photographic studios and
industries.[5]

Edmund Germer, Friedrich Meyer, and Hans Spanner
patented a high-pressure vapor lamp in 1927.[5] George
Inman later teamed with General Electric to create a
practical fluorescent lamp, sold in 1938 and patented in
1941.[5] Circular and U-shaped lamps were devised to re-
duce the length of fluorescent light fixtures. The first flu-
orescent bulb and fixture were displayed to the general
public at the 1939 New York World’s Fair.
The spiral CFL was invented in 1976 by Edward E. Ham-
mer, an engineer with General Electric,[6] in response to
the 1973 oil crisis.[7] Although the design met its goals, it
would have cost GE about $25 million to build new fac-
tories to produce the lamps, and thus the invention was
shelved.[8] The design eventually was copied by others.[8]
In 1995, helical CFLs, manufactured in China, became
commercially available.[9] Since that time, their sales have
steadily increased.
In 1980, Philips introduced its model SL, which was a
screw-in lamp with integral magnetic ballast. The lamp
used a folded T4 tube, stable tri-color phosphors, and a
mercury amalgam. This was the first successful screw-in
replacement for an incandescent lamp. In 1985, Osram
started selling its model EL lamp, which was the first CFL
to include an electronic ballast.[10]

Development of fluorescent lamps that could fit in the
same volume as comparable incandescent lamps required
the development of new, high-efficacy phosphors that
could withstand more power per unit area than the phos-

phors used in older, larger fluorescent tubes.[10]

• Philips SL, an early CFL

• A helical integrated CFL, one of the most popular
designs in North America, since 1995, when a Chi-
nese firm, Shanghai Xiangshan, marketed the first
successful design.[1]

1. ^ Cite error: The named reference lamptech was
invoked but never defined (see the help page).

15.2 Design

There are two types of CFLs: integrated and non-
integrated lamps. Integrated lamps combine the tube and
ballast in a single unit. These lamps allow consumers
to replace incandescent lamps easily with CFLs. Inte-
grated CFLs work well in many standard incandescent
light fixtures, reducing the cost of converting to fluores-
cent. 3-way lamp bulbs and dimmable models with stan-
dard bases are available.
Non-integrated CFLs have the ballast permanently in-
stalled in the luminaire, and only the lamp bulb is usually
changed at its end of life. Since the ballasts are placed in
the light fixture, they are larger and last longer compared
to the integrated ones, and they don't need to be replaced
when the bulb reaches its end-of-life. Non-integrated
CFL housings can be both more expensive and sophis-
ticated. They have two types of tubes: a bi-pin tube de-
signed for conventional ballast, and a quad-pin tube de-
signed for an electronic ballast or a conventional ballast
with an external starter. A bi-pin tube contains an inte-
grated starter, which obviates the need for external heat-
ing pins but causes incompatibility with electronic bal-
lasts.

Non-integrated bi-pin double-turn CFL

CFLs have two main components: a magnetic or elec-
tronic ballast and a gas-filled tube (also called bulb or
burner). Replacement of magnetic ballasts with elec-
tronic ballasts has removed most of the flickering and
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An electronic ballast and permanently attached tube in an inte-
grated CFL

slow starting traditionally associated with fluorescent
lighting, and has allowed the development of smaller
lamps directly interchangeable with more sizes of incan-
descent bulb.
Electronic ballasts contain a small circuit board with
rectifiers, a filter capacitor and usually two switching
transistors. The incoming AC current is first rectified to
DC, then converted to high frequency AC by the transis-
tors, connected as a resonant series DC to AC inverter.
The resulting high frequency is applied to the lamp tube.
Since the resonant converter tends to stabilize lamp cur-
rent (and light produced) over a range of input voltages,
standard CFLs do not respond well in dimming applica-
tions. Special electronic ballasts (integrated or separate)
are required for dimming service.
CFL light output is roughly proportional to phosphor sur-
face area, and high output CFLs are often larger than their
incandescent equivalents. This means that the CFL may
not fit well in existing light fixtures. To fit enough phos-
phor coated area within the approximate overall dimen-
sions of an incandescent lamp, standard shapes of CFL
tube are a helix with one or more turns, multiple parallel
tubes, circular arc, or a butterfly.
Some CFLs are labeled not to be run base up, since heat
will shorten the ballast’s life. Such CFLs are unsuit-
able for use in pendant lamps and especially unsuitable
for recessed light fixtures. CFLs for use in such fixtures
are available.[11] Current recommendations for fully en-
closed, unventilated light fixtures (such as those recessed
into insulated ceilings), are either to use “reflector CFLs”
(R-CFL),[12][13] cold-cathodeCFLs or to replace such fix-
tures with those designed for CFLs.[12] A CFL will thrive
in areas that have good airflow, such as in a table lamp.[14]

15.3 Characteristics

15.3.1 Spectrum of light

Characteristic spectral power distributions (SPDs) for an incan-
descent lamp (left) and a CFL (right). The horizontal axes are in
nanometers and the vertical axes show relative intensity in arbi-
trary units

A photograph of various lamps illustrates the effect of color tem-
perature differences. From left to right:— Compact Fluorescent:
General Electric, 13 W, 6,500 K; Incandescent: Sylvania 60 W
Extra Soft White; Compact Fluorescent: Bright Effects, 15 W,
2,644 K; Compact Fluorescent: Sylvania, 14 W, 3,000 K

CFLs emit light from a mix of phosphors inside the bulb,
each emitting one band of color. Modern phosphor de-
signs balance the emitted light color, energy efficiency,
and cost. Every extra phosphor added to the coating mix
improves color rendering but decreases efficiency and in-
creases cost. Good quality consumer CFLs use three or
four phosphors to achieve a “white” light with a color ren-
dering index (CRI) of about 80, where the maximum 100
represents the appearance of colors under daylight or a
black-body (depending on the correlated color tempera-
ture).
Color temperature can be indicated in kelvins or mireds
(1 million divided by the color temperature in kelvins).
The color temperature of a light source is the temperature
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of a black body that has the same chromaticity (i.e. color)
of the light source. A notional temperature, the correlated
color temperature, the temperature of a black body which
emits light of a hue which to human color perceptionmost
closely matches the light from the lamp, is assigned.
A true color temperature is characteristic of black-body
radiation; a fluorescent lamp may approximate the radia-
tion of a black body at a given temperature, but will not
have an identical spectrum. In particular, narrow bands
of shorter-wavelength radiation are usually present even
for lamps of low color temperature (“warm” light).[15]

As color temperature increases, the shading of the white
light changes from red to yellow to white to blue. Color
names used for modern CFLs and other tri-phosphor
lamps vary between manufacturers, unlike the standard-
ized names used with older halophosphate fluorescent
lamps. For example, Sylvania’s Daylight CFLs have a
color temperature of 3,500 K, while most other lamps
called daylight have color temperatures of at least 5,000
K.

15.3.2 Lifespan

CFLs typically have a rated service life of 6,000–15,000
hours, whereas standard incandescent lamps have a ser-
vice life of 750 or 1,000 hours.[16][17][18] However, the
actual lifetime of any lamp depends on many factors, in-
cluding operating voltage, manufacturing defects, expo-
sure to voltage spikes, mechanical shock, frequency of cy-
cling on and off, lamp orientation, and ambient operating
temperature, among other factors.[19]

The life of a CFL is significantly shorter if it is turned on
and off frequently. In the case of a 5-minute on/off cy-
cle the lifespan of some CFLs may be reduced to that of
incandescent light bulbs. The U.S. Energy Star program
suggests that fluorescent lamps be left on when leaving a
room for less than 15minutes to mitigate this problem.[20]
CFLs produce less light later in their lives than when they
are new. The light output decay is exponential, with the
fastest losses being soon after the lamp is first used. By
the end of their lives, CFLs can be expected to produce
70–80% of their original light output.[21] The response of
the human eye to light is logarithmic. That is, while the
human eye is highly sensitive to changes in the intensity
of faint light sources, it is less sensitive to changes in the
intensity of brighter light sources since the pupils com-
pensate by dilating or constricting.[22] So, presuming the
illumination provided by the lamp was ample at the be-
ginning of its life, and the light output of a bulb gradually
decreases by 25%, viewers will perceive a much smaller
change in light intensity.[23]

Fluorescent lamps get dimmer over their lifetime,[24] so
what starts out as an adequate luminosity may become
inadequate. In one test by the U.S. Department of En-
ergy of “Energy Star” products in 2003–04, one quarter
of tested CFLs no longer met their rated output after 40%

of their rated service life.[25][26]

15.3.3 Energy efficiency
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For more details on this topic, see Luminous efficacy.

Because the eye’s sensitivity changes with the wavelength,
the output of lamps is commonly measured in lumens,
a measure of the power of light as perceived by the hu-
man eye. The luminous efficacy of lamps is the num-
ber of lumens produced for each watt of electrical power
used. The luminous efficacy of a typical CFL is 50–70
lumens per watt (lm/W) and that of a typical incandes-
cent lamp is 10–17 lm/W.[27] Compared to a theoretical
100%-efficient lamp (680 lm/W), CFL lamps have light-
ing efficiency ranges of 7–10%,[28] versus 1.5–2.5%[29]

for incandescents.[30]

Because of their higher efficacy, CFLs use between one-
seventh and one-third of the power of equivalent in-
candescent lamps.[27] Fifty to seventy percent of the
world’s total lighting market sales were incandescent in
2010.[31] Replacing all inefficient lighting with CFLs
would save 409 terawatt hours (TWh) per year, 2.5% of
the world’s electricity consumption. In the US, it is esti-
mated that replacing all the incandescents would save 80
TWh yearly.[32] Since CFLs usemuch less energy than in-
candescent lamps (ILs), a phase-out of ILs would result
in less carbon dioxide (CO2) being emitted into the at-
mosphere. Exchanging ILs for efficient CFLs on a global
scale would achieve annual CO2 reductions of 230 Mt
(million tons), more than the combined yearly CO2 emis-
sions of the Netherlands and Portugal.[33]

If a building’s indoor incandescent lamps are replaced
by CFLs, the heat produced due to lighting is signifi-
cantly reduced. In warm climates or in office or indus-
trial buildings where air conditioning is often required,
CFLs reduce the load on the cooling system when com-
pared to the use of incandescent lamps, resulting in sav-
ings in electricity in addition to the energy efficiency sav-
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ings of the lamps themselves. However in cooler cli-
mates in which buildings require heating, the heating
system needs to replace the reduced heat from lighting
fixtures. In Winnipeg, Canada, it was estimated that
CFLs would only generate 17% savings in energy com-
pared to incandescent bulbs, as opposed to the 75% sav-
ings that could have been expected without space heating
considerations.[36]

15.3.4 Cost

While the purchase price of a CFL is typically 3–10 times
greater than that of an equivalent incandescent lamp, a
CFL lasts 8–15 times longer and uses two-thirds to three-
quarters less energy. A U.S. article stated “A house-
hold that invested $90 in changing 30 fixtures to CFLs
would save $440 to $1,500 over the five-year life of the
bulbs, depending on your cost of electricity. Look at your
utility bill and imagine a 12% discount to estimate the
savings.”[37]

CFLs are extremely cost-effective in commercial build-
ings when used to replace incandescent lamps. Using av-
erage U.S. commercial electricity and gas rates for 2006,
a 2008 article found that replacing each 75 W incan-
descent lamp with a CFL resulted in yearly savings of
$22 in energy usage, reduced HVAC cost, and reduced
labour to change lamps. The incremental capital invest-
ment of $2 per fixture is typically paid back in about one
month. Savings are greater and payback periods shorter
in regions with higher electric rates and, to a lesser ex-
tent, also in regions with higher than U.S. average cooling
requirements.[38] However, frequent on-off cycling (turn-
ing on and off) of CFLs greatly reduces their lifespan.
CFLs should be avoided in places where lights are fre-
quently turned on and off, as it would increase costs and
add to e-waste generation.
The current price of CFLs reflects the manufacturing of
nearly all CFLs in China, where labour costs less. In
September 2010, theWinchester, Virginia, General Elec-
tric plant closed,[39] leaving Osram Sylvania and the tiny
American Light Bulb Manufacturing Inc. the last com-
panies to make standard incandescent bulbs in the United
States.[40] At that time, Ellis Yan, whose Chinese com-
panymade themajority of CFLs sold in the United States,
said he was interested in building a United States factory
to make CFL bulbs, but wanted $12.5 million from the
U.S. government to do so. General Electric had consid-
ered changing one of its bulb plants to make CFLs, but
said that even after a $40 million investment in convert-
ing a plant, wage differences would mean costs would be
50% higher.[39]

According to an August 2009 newspaper report, some
manufacturers claimed that CFLs could be used to re-
place higher-power incandescent lamps than justified by
their light output.[41] Equivalent wattage claims can be re-
placed by comparison of actual light output produced by

the lamp, which is measured in lumens and marked on
the packaging.[42]

compact fluorescent lamp with holder wall mounted

15.3.5 Failure

In addition to the wear-out failure modes common to all
fluorescent lamps, the electronic ballast may fail, since it
has a number of component parts. Ballast failures may be
accompanied by discoloration or distortion of the ballast
enclosure, odors, or smoke.[43] The lamps are internally
protected and are meant to fail safely at the end of their
lives. Industry associations are working toward advising
consumers of the different failure modes of CFLs com-
pared to incandescent lamps, and to develop lamps with
inoffensive failure modes.[44] New North American tech-
nical standards aim to eliminate smoke or excess heat at
the end of lamp life.[45]

15.3.6 Dimming

Only some compact fluorescent lamps are labeled for
dimming control. Using a dimmer with a standard CFL
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Dimmable integrated helical CFL that dims 2–100%, compara-
ble to standard light bulb dimming properties

is ineffective and can shorten bulb life and void the
warranty.[46][47] Dimmable CFLs are available. The dim-
mer switch used in conjunction with a dimmable CFL
must be matched to its power consumption range;[48]
many dimmers installed for use with incandescent bulbs
do not function acceptably below 40 W, whereas CFL
applications commonly draw power in the range 7–20
W. Dimmable CFLs have been marketed before suit-
able dimmers are available. The dimming range of CFLs
is usually between 20% and 90%,[49] but many modern
CFLs have a dimmable range of 2% to 100%, more akin
to that of incandescent lights. There are two types of
dimmable CFL on themarket: Standard dimmable CFLs,
and “switch-dimmable” CFLs. The latter use a stan-
dard light switch, and the on-board electronics chooses
the light output level based on the number of times the
switch is turned on and off quickly. Dimmable CFLs
are not a 100% replacement for incandescent fixtures
that are dimmed for “mood scenes” such as wall sconces
in a dining area. Below the 20% limit, the lamp may
remain at 20% or flicker or the starter circuitry may
stop and restart.[50] Above 80%, the bulb may operate at

100%. However, recent products have solved these prob-
lems so that they perform more like incandescent lamps.
Dimmable CFLs are more expensive than standard CFLs
due to the additional circuitry.
Cold-cathode CFLs can be dimmed to low levels, mak-
ing them popular replacements for incandescent bulbs on
dimmer circuits.
When a CFL is dimmed, its color temperature (warmth)
stays the same. This is counter to most other light sources
(such as the sun or incandescents) where color gets red-
der as the light source gets dimmer. The Kruithof curve
from 1934 described an empirical relationship between
intensity and color temperature of visually pleasing light
sources.

15.3.7 Power factor

The input stage of a CFL is a rectifier, which presents
a non-linear load to the power supply and introduces
harmonic distortion on the current drawn from the
supply.[51][52] The use of CFLs in homes has no appre-
ciable effect on power quality, but significant quantities
of them in a large facility can have an impact. The power
factor of CFLs does not significantly affect their energy-
saving benefits for individual consumers, but their use
in large numbers—such as in commercial applications
or across millions of homes in a distribution system—
could require infrastructure upgrades. In such cases,
CFLs with low (below 30 percent) total harmonic distor-
tion (THD) and power factors greater than 0.9 should be
selected.[53][54][55]

Voltage and current for a 120 V 60 Hz 30-watt compact fluo-
rescent lamp. Because the current is heavily distorted, the power
factor of this lamp is only 0.61. The lamp takes 29 watts but 39
volt-amperes due to this distortion.

15.3.8 Infrared signals

Electronic devices operated by infrared remote control
can interpret the infrared light emitted by CFLs as a
signal; this may limit the use of CFLs near televi-
sions, radios, remote controls, or mobile phones. Energy
Star certified CFLs must meet FCC standards, and so
are required to list all known incompatibilities on the
package.[56][57]
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15.3.9 Outdoor use

A CFL used outside of a building

CFLs are generally not designed for outdoor use and some
will not start in cold weather. CFLs are available with
cold-weather ballasts, which may be rated to as low as
−28.8 °C (−20 °F).[58] Light output in the first few min-
utes drops at low temperatures.[59] Cold-cathode CFLs
will start and perform in a wide range of temperatures
due to their different design.

15.3.10 Starting time

Incandescents reach full brightness a fraction of a sec-
ond after being switched on. As of 2009, CFLs turn on
within a second, but many still take time to achieve full
brightness.[60] The light color may be slightly different
immediately after being turned on.[61] Some CFLs are
marketed as “instant on” and have no noticeable warm-
up period,[62] but others can take up to a minute to reach
full brightness,[63] or longer in very cold temperatures.
Some that use a mercury amalgam can take up to three
minutes to reach full output.[62] This and the shorter life
of CFLs when turned on and off for short periods may
make CFLs less suitable for applications such as motion-
activated lighting. Hybrid lamps, combining a halogen
lamp with a CFL, are available where warm up time
is unacceptable.[64][65] The halogen lamp lights immedi-
ately, and is switched off once the CFL has reached full
brightness.

15.4 Health and environmental im-
pact

Main article: Fluorescent lamps and health

Closed double-envelope CFL

15.4.1 General

According to the European Commission Scientific Com-
mittee on Emerging and Newly Identified Health Risks
(SCENIHR) in 2008, CFLs may pose an added health
risk due to the ultraviolet and blue light emitted. This
radiation could aggravate symptoms in people who al-
ready suffer skin conditions that make them exception-
ally sensitive to light. The light produced by some single-
envelope CFLs at distances of less than 20 cm (7.9 in)
could lead to ultraviolet exposures approaching the cur-
rent workplace limit set to protect workers from skin and
retinal damage. However, industry sources claim the UV
radiation received from CFLs is too small to contribute to
skin cancer and the use of double-envelope CFLs “largely
or entirely” mitigates any other risks.[66]

Tests have shown that radiation exposure from CFLs is
negligible at 150 centimeter distance from the source.
At closer distances, comparisons show that CFLs emit
less UVA (long wavelength) radiation than incandescent
light bulbs. They do, however, emit higher levels of UVB
(short wavelength) radiation.[67] UVA can penetrate deep
into the skin while sufficient levels of UVB can burn
superficial layers. Closed (double-envelope) CFLs are
shielded and emit a lower total UV radiation compared
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to incandescent or halogen bulbs of a similar wattage.
For the average user, UV radiation from indoor lights
does not appear to be a concern. For those with skin
sensitivity long term indoor exposure may be a concern,
in which case they may want to use a bulb with lower
UV radiation output. There seems to be more variability
within bulb types than between them, but the best option
is shielded CFLs.
A 2012 study comparing cellular health effects of CFL
light and incandescent light found statistically significant
cell damage in cultures exposed to CFL light. Spec-
troscopic analysis confirmed the presence of significant
UVA and UVC radiation, which the study’s authors con-
jectured was attributable to damage in the bulbs’ inter-
nal phosphor coatings. No cellular damage was observed
following exposure to incandescent light of equivalent in-
tensity. The study’s authors suggest that the ultraviolet
exposure could be limited by the use of “double-walled”
bulbs manufactured with an additional glass covering sur-
rounding the phosphor-coated layer.[68]

When the base of the bulb is not made to be flame-
retardant, as required in the voluntary standard for CFLs,
overheating of the electrical components in the bulb may
create a fire hazard.[69]

15.4.2 Mercury content
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CFLs, like all fluorescent lamps, contain mercury[70][71]
as vapor inside the glass tubing. Most CFLs contain
3–5 mg per bulb, with the bulbs labeled “eco-friendly”
containing as little as 1 mg.[72][73] Because mercury is
poisonous, even these small amounts are a concern for
landfills and waste incinerators where the mercury from
lamps may be released and contribute to air and wa-
ter pollution. In the U.S., lighting manufacturer mem-
bers of the National Electrical Manufacturers Associa-
tion (NEMA) have voluntarily capped the amount ofmer-
cury used in CFLs.[74] In the EU the same cap is required

by the RoHS law.
In areas with coal-fired power stations, the use of CFLs
saves on mercury emissions when compared to the use of
incandescent bulbs. This is due to the reduced electrical
power demand, reducing in turn the amount of mercury
released by coal as it is burned.[75] In July 2008 the U.S.
EPA published a data sheet stating that the net system
emission of mercury for CFL lighting was lower than for
incandescent lighting of comparable lumen output. This
was based on the average rate of mercury emission for
U.S. electricity production and average estimated escape
of mercury from a CFL put into a landfill.[76] Coal-fired
plants also emit other heavy metals, sulfur, and carbon
dioxide.
In the United States, the U.S. Environmental Protection
Agency estimated that if all 270 million CFLs sold in
2007 were sent to landfill sites, around 0.13metric tons of
mercury would be released, 0.1% of all U.S. emissions of
mercury (around 104metric tons that year).[77] The graph
assumes that CFLs last an average of 8,000 hours regard-
less of manufacturer and premature breakage. In areas
where coal is not used to produce energy, the emissions
would be less for both types of bulb.[78]

Special handling instructions for breakage are not printed
on the packaging of household CFL bulbs in many coun-
tries. The amount of mercury released by one bulb can
temporarily exceed U.S. federal guidelines for chronic
exposure.[79][80] Chronic, however, implies exposure for
a significant time, and it remains unclear what the health
risks are from short-term exposure to low levels of ele-
mental mercury.[80] Despite following EPA best-practice
clean-up guidelines on broken CFLs, researchers were
unable to remove mercury from carpet, and agitation of
the carpet — such as by young children playing — cre-
ated localized concentrations as high as 0.025 mg/m3

in air close to the carpet, even weeks after the initial
breakage.[80]

The U.S. Environmental Protection Agency (EPA) has
published best practices for cleanup of broken CFLs, as
well as ways to avoid breakage, on its web site.[81] It rec-
ommends airing out the room and carefully disposing of
broken pieces in a jar. A Maine Department of Environ-
mental Protection (DEP) study of 2008 comparing clean-
up methods warns that using plastic bags to store bro-
ken CFL bulbs is dangerous because vapors well above
safe levels continue to leak from the bags. The EPA and
the Maine DEP recommend a sealed glass jar as the best
repository for a broken bulb.[82]

15.4.3 Recycling

See also: Fluorescent lamp recycling

Health and environmental concerns about mercury have
prompted many jurisdictions to require spent lamps to
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be properly disposed of or recycled, rather than being in-
cluded in the general waste stream sent to landfills. Safe
disposal requires storing the bulbs unbroken until they
can be processed.
In the United States, most states have adopted and
currently implement the federal Universal Waste Rule
(UWR).[83] Several states, including Vermont, New
Hampshire, California, Minnesota, New York, Maine,
Connecticut and Rhode Island, have regulations that are
more stringent than the federal UWR.[83] Home-supply
chain stores make free CFL recycling widely available.[84]

In the European Union, CFLs are one of many products
subject to the WEEE recycling scheme. The retail price
includes an amount to pay for recycling, and manufactur-
ers and importers have an obligation to collect and recycle
CFLs.
According to the Northwest Compact Fluorescent Lamp
Recycling Project, because household users in the U.S.
Northwest have the option of disposing of these products
in the same way they dispose of other solid waste, in Ore-
gon “a large majority of household CFLs are going to mu-
nicipal solid waste”. They also note the EPA’s estimates
for the percentage of fluorescent lamps’ total mercury re-
leased when they are disposed of in the following ways:
municipal waste landfill 3.2%, recycling 3%, municipal
waste incineration 17.55% and hazardous waste disposal
0.2%.[85]

The first step of processing CFLs involves crushing the
bulbs in a machine that uses negative pressure ventila-
tion and a mercury-absorbing filter or cold trap to con-
tain mercury vapor. Many municipalities are purchasing
such machines. The crushed glass and metal is stored in
drums, ready for shipping to recycling factories.

15.4.4 Greenhouse gases

In some places, such as Quebec and British Columbia in
2007, central heating for homes was provided mostly by
the burning of natural gas, whereas electricity was pri-
marily provided by hydroelectric power. An analysis of
the impacts of a ban on incandescent light bulbs at that
time introduced the notion that in such areas, heat gener-
ated by conventional electric light bulbs may have been
significantly reducing the release of greenhouse gases
from natural gas.[86] Ivanco, Karney, and Waher esti-
mated that “If all homes in Quebec were required to
switch from (incandescent) bulbs to CFLs, there would
be an increase of almost 220,000 tonnes in CO2 emis-
sions in the province, equivalent to the annual emissions
from more than 40,000 automobiles.” Such calculations
were based on the implicit assumption that changes in
power consumption equally affect electricity generation
in different types of power stations. That is, the elec-
tricity generation mix was assumed to stay unchanged.
Hydroelectric and nuclear power stations, in most cases,
produce baseload power, or as much electric energy as

technically possible, regardless of consumption. There-
fore changes in power consumption may in reality mostly
affect the amounts of electricity imported and exported,
and thus the amount of power actually generated in other
regions, where fossil-fuelled power plants may dominate.

15.5 Use and adoption

Main article: Phase-out of incandescent light bulbs

CFLs are produced for both alternating current (AC) and
direct current (DC) input. DC CFLs are popular for use
in recreational vehicles and off-the-grid housing. There
are various aid agency initiatives in developing countries
to replace kerosene lamps, which have associated health
and safety hazards, with CFLs powered by batteries, solar
panels or wind generators.[87]

CFLs in solar powered street lights, use solar panels
mounted on the pole.
Due to the potential to reduce electric consumption
and pollution, various organizations have encouraged the
adoption of CFLs and other efficient lighting. Efforts
range from publicity to encourage awareness, to direct
handouts of CFLs to the public. Some electric utilities
and local governments have subsidized CFLs or provided
them free to customers as a means of reducing electric
demand (and so delaying additional investments in gen-
eration).
In the United States, the Program for the Evaluation and
Analysis of Residential Lighting (PEARL) was created to
be a watchdog program. PEARL has evaluated the per-
formance and ENERGY STAR compliance of more than
150 models of CFL bulbs.[88][89]

The UN Environment Programme (UNEP)/Global En-
vironment Facility (GEF) en.lighten initiative has devel-
oped “The Global Efficient Partnership Program” which
focuses on country-led policies and approaches to enable
the implementation of energy-efficient lighting, includ-
ing CFLs, quickly and cost-effectively in developing and
emerging countries.
In the United States and Canada, the Energy Star program
labels lamps that meet a set of standards for efficiency,
starting time, life expectancy, color, and consistency of
performance. The intent of the program is to reduce con-
sumer concerns due to variable quality of products.[90]
Those CFLs with a recent Energy Star certification start
in less than one second and do not flicker. “Energy Star
Light Bulbs for Consumers” is a resource for finding and
comparing Energy Star qualified lamps. There is ongoing
work in improving the “quality” (color rendering index)
of the light.
In the United Kingdom, a similar program is run by the
Energy Saving Trust to identify lighting products that
meet energy conservation and performance guidelines.[91]
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The G24 (624Q2) and GU24 socket systems were de-
signed to replace the traditional lamp sockets, so that in-
candesecent bulbs are not installed in fixtures intended
for energy efficient lamps only.

15.6 Other CFL and lighting tech-
nologies

15.6.1 LEDs

Solid-state lighting using light-emitting diodes (LEDs)
have for some time filled many specialist niches such as
traffic lights. White LED lights now compete with CFLs
for high-efficiency house lighting.[4]

Solid-state lighting has improved over several years; U.S.
Department of Energy (DOE) tests of commercial LED
lamps designed to replace incandescent or CFLs showed
that average efficacy was about 30 lm/W in 2008 (tested
performance ranged from 4 lm/W to 62 lm/W).[92] In
June 2011 the eight products in the A-line bulb config-
uration that DOE tested[93] ranged from 50 to 97 lumens
per watt, with an average of 62 lumens/watt.
The luminous efficacy of currently available LED lamps
is similar that of CFLs, though there have been LED
lamps available for purchase with better than 90 lm/W
overall luminous efficacy at least since early 2012, and
higher efficiency LEDs, up to 200 lm/W, are under
development.[94]

15.7 Cold-cathode fluorescent
lamps

A cold-cathode CFL unlit (left) and illuminated (right)

The cold-cathode fluorescent lamp (CCFL) is a form of

CFL. CCFLs use electrodes without a filament. The volt-
age of CCFLs is about 5 times higher than CFLs, and the
current is about 10 times lower. CCFLs have a diame-
ter of about 3 millimeters. CCFLs were initially used for
document scanners and also for back-lighting LCD dis-
plays, and later manufactured for use as lamps. The effi-
cacy (lumens per watt) is about half that of CFLs. Their
advantages are that they are instant-on, like incandes-
cent lamps, and have a long life of approximately 50,000
hours. CCFLs are an effective and efficient replacement
for lighting that is turned on and off frequently with little
extended use (for example, in a bathroom or closet).

15.8 Efficiency comparison
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Chapter 16

Neon lamp

See also: Neon lighting
A neon lamp (also neon glow lamp) is a miniature gas

A General Electric NE-34 glow lamp, manufactured circa 1930.

discharge lamp. The lamp typically consists of a small
glass capsule that contains a mixture of neon and other
gases at a low pressure and two electrodes (an anode and
a cathode). When sufficient voltage is applied and suffi-
cient current is supplied between the electrodes, the lamp
produces an orange glow discharge. The glowing portion
in the lamp is a thin region near the cathode; the larger
and much longer neon signs are also glow discharges, but
they use the positive column which is not present in the
ordinary neon lamp. Neon glow lamps are widely used as
indicator lamps in the displays of electronic instruments
and appliances.

16.1 History

Neon was discovered in 1898 by William Ramsay and
Morris W. Travers. The characteristic, brilliant red color
that is emitted by gaseous neon when excited electrically
was noted immediately; Travers later wrote, “the blaze of
crimson light from the tube told its own story and was a
sight to dwell upon and never forget.”[1]

Neon’s scarcity precluded its prompt application for elec-
trical lighting along the lines of Moore tubes, which used
electric discharges in nitrogen. Moore tubes were com-
mercialized by their inventor, Daniel McFarlanMoore, in
the early 1900s. After 1902, Georges Claude's company,

Air Liquide, was producing industrial quantities of neon
as a byproduct of his air liquefaction business, and in De-
cember 1910 Claude demonstrated modern neon lighting
based on a sealed tube of neon. In 1915 a U.S. patent was
issued to Claude covering the design of the electrodes for
neon tube lights;[2] this patent became the basis for the
monopoly held in the U.S. by his company, Claude Neon
Lights, through the early 1930s.[3]

Around 1917, Daniel Moore developed the neon lamp
while working at the General Electric Company. The
lamp has a very different design from the much larger
neon tubes used for neon lighting. The difference in de-
sign was sufficient that a U.S. patent was issued for the
lamp in 1919.[4] A Smithsonian Institution website notes,
“These small, low power devices use a physical principle
called coronal discharge. Moore mounted two electrodes
close together in a bulb and added neon or argon gas. The
electrodes would glow brightly in red or blue, depending
on the gas, and the lamps lasted for years. Since the elec-
trodes could take almost any shape imaginable, a popu-
lar application has been fanciful decorative lamps. Glow
lamps found practical use as indicators in instrument pan-
els and in many home appliances until the widespread
commercialisation of Light-Emitting Diodes (LEDs) in
the 1970s.”[5]

16.2 Description

DC and AC supplied NE-2 type neon lamps

A small electric current, (For a 5 mm bulb diameter NE-2
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lamp, the quiescent current is about 400 uA) which may
be AC or DC, is allowed through the tube, causing it to
glow orange-red. The gas is typically a Penning mixture,
99.5% neon and 0.5% argon, which has lower striking
voltage than pure neon, at a pressure of 1-20 torr. The
lamp glow discharge lights at its striking voltage. The
voltage required to sustain the discharge is significantly
(~30%) lower than the striking voltage. This is due to
the organization of positive ions near the cathode. When
driven from a DC source, only the negatively charged
electrode (cathode) will glow. When driven from an AC
source, both electrodes will glow (each during alternate
half cycles). These attributes make neon bulbs (with se-
ries resistors) a convenient low-cost voltage testers; they
determine whether a given voltage source is AC or DC,
and if DC, the polarity of the points being tested. Neon
lamps operate using a low current glow discharge. Higher
power devices, such as mercury-vapor lamps or metal
halide lamps use a higher current arc discharge. Low
pressure sodium-vapor lamps use a neon Penningmixture
for warm up and can be operated as giant neon lamps if
operated in a low power mode.

D

Graph showing the relationship between current and voltage
across a neon lamp.[6]

Once the neon lamp has reached breakdown, it can sup-
port a large current flow. Because of this characteris-
tic, electrical circuitry external to the neon lamp must
limit the current through the circuit or else the current
will rapidly increase until the lamp is destroyed. For
indicator-sized lamps, a resistor typically limits the cur-
rent. Larger neon sign sized lamps often use a specially
constructed high voltage transformer with high leakage
inductance or other electrical ballast to limit the available
current.
When the current through the lamp is lower than the cur-
rent for the highest-current discharge path, the glow dis-
charge may become unstable and not cover the entire sur-
face of the electrodes.[6] Thismay be a sign of aging of the
indicator bulb, and is exploited in the decorative “flicker

flame” neon lamps. However, while too low a current
causes flickering, too high a current increases the wear of
the electrodes by stimulating sputtering, which coats the
internal surface of the lamp with metal and causes it to
darken.
The potential needed to strike the discharge is higher than
what is needed to sustain the discharge. When there is not
enough current, the glow forms around only part of the
electrode surface. Convective currents make the glowing
areas flow upwards, not unlike the discharge in a Jacob’s
ladder. A photoionization effect can also be observed
here, as the electrode area covered by the glow discharge
can be increased by shining light at the lamp.
In comparison with incandescent light bulbs, neon lamps
have much higher luminous efficacy. Incandescence is
heat-driven light emission, so a large portion of the elec-
tric energy put into an incandescent bulb is converted into
heat. Non-incandescent light sources such as neon light
bulbs, fluorescent light bulbs, and light emitting diodes
are therefore much more energy efficient than normal in-
candescent light bulbs. Green neon bulbs[7] can produce
up to 65 lumens per watt of power input, while white neon
bulbs have an efficacy of around 50 lumens per watt. In
contrast, a standard incandescent light bulb only produces
around 13.5 lumens per watt.[8]

16.3 Applications

The digits of a Nixie tube.

Small neon lamps are most widely used as indicators in
electronic equipment and appliances, due to their low
power consumption, long life, and ability to operate off
mains power. Larger lamps are used in neon signage.
Most small neon (indicator-sized) lamps, such as the
commonNE-2, break down at between 90 and 110 volts.
The breakdown feature of neon lamps allows them to
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be used as very simple voltage regulators or overvoltage
protection devices. In the 1960s General Electric (GE),
Signalite, and other firms made special extra-stable neon
lamps for electronic uses.
Like other gas discharge lamps,[9] the neon bulb
has negative resistance; its voltage falls with increas-
ing current after the bulb reaches its breakdown
voltage.[10][11][12] Therefore the bulb has hysteresis; its
turn-off (extinction) voltage is lower than its turn-on
(breakdown) voltage.[13] This allows it to be used as
an active switching element. Neon bulbs were used
to make relaxation oscillator circuits,[13][14][11] for low
frequency applications such as flashing warning lights,
stroboscopes[15] tone generators in electronic organs,[11]
and as time bases and deflection oscillators in early
cathode ray oscilloscopes.[16] Neon bulbs can also be
bistable, and were even used to build digital logic cir-
cuits such as logic gates, flip-flop, binary memories, and
digital counters.[17] [18] At least some of these lamps had
a glow concentrated into a small spot on the cathode,
which made them unsuited to use as indicators. These
were sometimes called “circuit-component” lamps, the
other variety being indicators. A variant of the NE-2 type
lamp, the NE-77, had three parallel wires (in a plane) in-
stead of the usual two. It was also intended primarily to
be a circuit component.
Neon lamps have been historically used as microwave
andmillimeter-wave detectors ('plasma diodes’ or GDDs-
Glow Discharge Detectors) up to about 100 GHz or so
and in such service were said to exhibit comparable sen-
sitivity (of the order of a few 10s to perhaps 100 mi-
crovolts) to the familiar 1N23-type catwhisker-contacted
silicon diodes once ubiquitous in microwave equipment.
More recently it has been found that these lamps work
well as detectors even at submillimeter ('terahertz') fre-
quencies and they have been successfully used as pixels in
several experimental imaging arrays at these wavelengths.
In these applications the lamps are operated either in
'starvation' mode (to reduce lamp-current noise) or in
normal glow discharge mode; some literature references
their use as detectors of radiation up into the optical
regime when operated in abnormal glow mode. Coupling
of microwaves into the plasma may be in free space, in
waveguide, by means of a parabolic concentrator (e.g.,
Winston cone), or via capacitive means via a loop or
dipole antenna mounted directly to the lamp.
In 1930s radio sets, neon lamps were used as tuning indi-
cators, called “tuneons” and would give a brighter glow as
the station was tuned in correctly. Because of their com-
paratively fast response time, in the early development
of television neon lamps were used as the light source in
many mechanical-scan TV displays.
Although most of these applications use ordinary off-the-
shelf dual-electrode lamps, in one case it was found that
special 3 (or more) electrode lamps, with the extra elec-
trode acting as the coupling antenna, provided even better

results (lower noise and higher sensitivity). This discov-
ery received an application patent (Kopeika et al.)
Neon lamps with several shaped electrodes were used as
alphanumerical displays known as Nixie tubes. These
have since been replaced by other display devices such
as light emitting diodes, vacuum fluorescent displays, and
liquid crystal displays. Novelty glow lamps with shaped
electrodes (such as flowers and leaves), often coated with
phosphors, have been made for artistic purposes. In some
of these, the glow that surrounds an electrode is part of
the design.

Unlit and lit neon lamps (NE-2 type) and their light spectrum.

16.3.1 Colour

Neon indicator lamps are normally orange, and are fre-
quently used with a coloured filter over them to improve
contrast and change their colour to red or a redder orange,
or less often green.

Phosphor-coloured neon lamps

They can also be filled with argon, krypton, or xenon
rather than neon, or mixed with it. While the electrical
operating characteristics remain similar, the lamps light
with a bluish glow (including some ultraviolet) rather than
neon’s characteristic reddish-orange glow. Ultraviolet ra-
diation then can be used to excite a phosphor coating in-
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side of the bulb and provide a wide range of various col-
ors, including white.[19] A mixture of neon and krypton
can be used for green glow, but nevertheless “green neon”
lamps are more commonly phosphor-based.

16.3.2 Latching

Since at least the 1940s, argon, neon, and phosphored
glow thyratron latching indicators (which would light up
upon an impulse on their starter electrode and extinguish
only after their anode voltage was cut) were available for
example as self-displaying shift registers in large-format,
crawling-text dot-matrix displays,[20] or, combined in a
4x4, four-color phosphored-thyratron matrix, as a stack-
able 625-color RGBA pixel for large video graphics
arrays.[21] Multiple-cathode and/or anode glow thyratrons
called Dekatrons could count forwards and backwards
while their count state was visible as a glow on one
of the numbered cathodes.[22] These were used as self-
displaying divide-by-n counter/timer/prescalers in count-
ing instruments, or as adder/subtracters in calculators.

16.4 See also
• Timeline of lighting technology

• List of light sources

• Pearson-Anson effect

• Magic eye tube

• Neon sign

• Light art
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Chapter 17

Mercury-vapor lamp

“Mercury Lamp” redirects here. For the character in
the Rozen Maiden anime and manga, see Characters of
Rozen Maiden.
A mercury-vapor lamp is a gas discharge lamp that

A 175-watt mercury-vapor yard light approximately 15 seconds
after starting

uses an electric arc through vaporizedmercury to produce
light. The arc discharge is generally confined to a small
fused quartz arc tube mounted within a larger borosilicate
glass bulb. The outer bulb may be clear or coated with a
phosphor; in either case, the outer bulb provides thermal
insulation, protection from the ultraviolet radiation the
light produces, and a convenient mounting for the fused
quartz arc tube.
Mercury vapor lamps are more energy efficient than
incandescent and most fluorescent lights, with luminous
efficacies of 35 to 65 lumens/watt.[1] Their other advan-
tages are a long bulb lifetime in the range of 24,000 hours
and a high intensity, clear white light output.[1] For these
reasons, they are used for large area overhead lighting,
such as in factories, warehouses, and sports arenas as well
as for streetlights. Clear mercury lamps produce white
light with a bluish-green tint due to mercury’s combina-
tion of spectral lines.[1] This is not flattering to human
skin color, so such lamps are typically not used in retail
stores.[1] “Color corrected” mercury bulbs overcome this
problem with a phosphor on the inside of the outer bulb

A closeup of a 175-W mercury vapor lamp. The small diagonal
cylinder at the bottom of the arc tube is a resistor which supplies
current to the starter electrode.

that emits white light. They offer better color rendition
than the more efficient high or low-pressure sodium vapor
lamps.
They operate at an internal pressure of around one atmo-
sphere and require special fixtures, as well as an electrical
ballast. They also require a warm-up period of 4 – 7 min-
utes to reach full light output. Mercury vapor lamps are
becoming obsolete due to the higher efficiency and better
color balance of metal halide lamps.[2]
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17.1 Origins

Cooper Hewitt lamp, 1903

Charles Wheatstone observed the spectrum of an electric
discharge in mercury vapor in 1835, and noted the ultra-
violet lines in that spectrum. In 1860, John Thomas Way
used arc lamps operated in a mixture of air and mercury
vapor at atmospheric pressure for lighting.[3] TheGerman
physicist Leo Arons (1860–1919) studied mercury dis-
charges in 1892 and developed a lamp based on a mer-
cury arc.[4]

The first mercury vapor lamp was invented in 1901 by
American engineer Peter Cooper Hewitt.[5] Hewitt was
issued U.S. Patent 682,692 on September 17, 1901.[6] In
1903, Hewitt created an improved version that possessed
higher color qualities which eventually found widespread
industrial use.[5] The ultraviolet light from mercury va-
por lamps was applied to water treatment by 1910. The
Hewitt lamps used a large amount of mercury. In the
1930s, improved lamps of the modern form, developed
by the Osram-GEC company, General Electric company
and others led to widespread use of mercury vapor lamps
for general lighting.

17.2 Principle of operation

The mercury in the tube is a liquid at normal tempera-
tures. It needs to be vaporized and ionized before the
tube will conduct electricity and the arc can start. So, like
fluorescent tubes, mercury vapor lamps require a starter,
which is usually contained within the mercury vapor lamp
itself. A third electrode is mounted near one of the main
electrodes and connected through a resistor to the other
main electrode. In addition to the mercury, the tube is
filled with argon gas at low pressure. When power is ap-
plied, there is sufficient voltage to ionize the argon and
strike a small arc between the starting electrode and the
adjacent main electrode. This starting arc discharge heats
the mercury and eventually provides enough ionized mer-
cury to strike an arc between the main electrodes. This
process takes from 4 to 7 minutes, so mercury lamps are
slow starting. Some bulbs include a thermal switch which
shorts the starting electrode to the adjacent main elec-
trode, extinguishing the starting arc once the main arc
strikes.
The mercury vapor lamp is a negative resistance device.
This means its resistance decreases as the current through
the tube increases. So if the lamp is connected directly to
a constant-voltage source like the power lines, the current
through it will increase until it destroys itself. Therefore
it requires a ballast to limit the current through it. Mer-
cury vapor lamp ballasts are similar to the ballasts used
with fluorescent lamps. In fact, the first British fluores-
cent lamps were designed to operate from 80-watt mer-
cury vapor ballasts.

Mercury vapor street light

17.2.1 Metal halide

A very closely related lamp design called the metal halide
lamp uses various compounds in an amalgam with the
mercury. Sodium iodide and scandium iodide are com-
monly in use. These lamps can produce much better
quality light without resorting to phosphors. If they use
a starting electrode, there is always a thermal shorting
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Closeup after dark

switch to eliminate any electrical potential between the
main electrode and the starting electrode once the lamp is
lit. (This electrical potential in the presence of the halides
can cause the failure of the glass/metal seal). More mod-
ern metal halide systems do not use a separate starting
electrode; instead, the lamp is started using high voltage
pulses as with high-pressure sodium vapor lamps.

17.2.2 Self-ballasted (SB) lamps

There are mercury vapor lamps with a filament inside
connected in series with the arc tube that functions as an
electrical ballast. This is the only kind of mercury vapor
lamp that should be connected directly to the mains with-
out an external ballast. These lamps have only the same
or slightly higher efficiency than incandescent lamps of
similar size, but have a longer life. They give light im-
mediately on startup, but usually needs a few minutes
to restrike if power has been interrupted. Because of
the light emitted by the filament, they have slightly bet-
ter color rendering properties than mercury vapor lamps.
The color temperature is higher than incandescent lamps.

17.3 Operation

When a mercury vapor lamp is first turned on, it will pro-
duce a dark blue glow because only a small amount of
the mercury is ionized and the gas pressure in the arc
tube is very low, so much of the light is produced in the
ultraviolet mercury bands. As the main arc strikes and
the gas heats up and increases in pressure, the light shifts
into the visible range and the high gas pressure causes the
mercury emission bands to broaden somewhat, produc-
ing a light that appears more nearly white to the human
eye, although it is still not a continuous spectrum. Even
at full intensity, the light from a mercury vapor lamp with
no phosphors is distinctly bluish in color. The pressure in
the quartz arc-tube rises to approximately one atmosphere
once the bulb has reached its working temperature. If the

Warm-up of a color corrected 80Whigh-pressure mercury vapor
lamp to half brightness

discharge should be interrupted (e.g. by interruption of
the electric supply), it is not possible for the lamp to re-
strike until the bulb cools enough for the pressure to fall
considerably. The reason for a prolonged period of time
before the lamp restrikes is because mercury vapor bal-
lasts along with other HID lamp ballasts send relatively
low voltage to the lamp upon start up, but as pressure in-
creases inside the arc-tube, higher voltage is required to
keep the lamp lit so the ballast sends higher voltage to the
lamp. Once the ballast is shut off and turned on again, it
starts over at a low voltage but if the lamp is still hot, then
high pressure inside the arc-tube prevents the lamp from
striking an arc and turning on.

17.3.1 Color considerations

Example of a phosphor-coated 125 W lamp

To correct the bluish tinge, many mercury vapor lamps
are coated on the inside of the outer bulb with a phosphor
that converts some portion of the ultraviolet emissions
into red light. This helps to fill in the otherwise very-
deficient red end of the electromagnetic spectrum. These
lamps are generally called “color corrected” lamps. Most
modern mercury vapor lamps have this coating. One
of the original complaints against mercury lights was
they tended to make people look like “bloodless corpses”
because of the lack of light from the red end of the
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spectrum.[7] A common method of correcting this prob-
lem before phosphors were used was to operate the mer-
cury lamp in conjunction with an incandescent lamp.
There is also an increase in red color (e.g., due to the con-
tinuous radiation) in ultra-high-pressure mercury vapor
lamps (usually greater than 200 atm.), which has found
application in modern compact projection devices. When
outside, coated or color corrected lamps can usually be
identified by a blue “halo” around the light being given
off.

17.3.2 Emission line spectrum

The strongest peaks of the emission line spectrum are[8][9]

Line spectrum of mercury vapor. The blue-green tint of mercury
vapor lamps is caused by the strong violet and green lines.

In low-pressure mercury-vapor lamps only the lines at
184 nm and 253 nm are present. Only the light at 253
nm is usable. Synthetic quartz can be used in the manu-
facturing to keep the 184 nm light from being absorbed.
In medium-pressure mercury-vapor lamps, the lines from
200–600 nm are present. The lamps can be constructed
to emit primarily in the UV-A (around 400 nm) or UV-
C (around 250 nm). High-pressure mercury-vapor lamps
are those lamp commonly used for general lighting pur-
poses. They emit primarily in the blue and green.

17.4 Usage of low-pressure lamps
for surface cleaning

Low-pressure Hg lamps can be rather small, but efficient sources
of deep UV light.

Low-pressure mercury-vapor lamps[10] usually have a
quartz bulb in order to allow the transmission of short
wavelength light. If synthetic quartz is used, then the
transparency of the quartz is increased further and an
emission line at 185 nm is observed also. Such a lamp
can then be used for the cleaning or modification of
surfaces.[11] The line 185 nm will create ozone in an oxy-
gen containing atmosphere, which helps in the cleaning
process, but is also a health hazard.

17.5 Light pollution considerations

For placements where light pollution is of prime impor-
tance (for example, an observatory parking lot), low-
pressure sodium is preferred. As it emits narrow spec-
tral lines at two very close wavelengths, it is the easiest
to filter out. Mercury vapor lamps without any phosphor
are second best; they produce only a few distinct mercury
lines that need to be filtered out.

17.6 Bans

The use ofmercury vapor lamps for lighting purposes will
be banned in the EU in 2015. As this ban is designed to
phase out less efficient lamps it does not affect the use of
mercury in compact fluorescent lamp nor the use of mer-
cury lamps for purposes other than lighting.[12] In the US,
ballasts and fixtures were banned in 2008.[13] Because of
this, several manufacturers have begun selling replace-
ment compact fluorescent lamps for mercury vapor fix-
tures, which do not require modifications to the existing
fixture.

17.7 Ultraviolet hazards

All mercury vapor lamps (including metal halide lamps)
must contain a feature (or be installed in a fixture that
contains a feature) that prevents ultraviolet radiation from
escaping. Usually, the borosilicate glass outer bulb of
the lamp performs this function but special care must be
taken if the lamp is installed in a situation where this outer
envelope can become damaged.[14] There have been doc-
umented cases of lamps being damaged in gymnasiums
by balls striking the lamps, resulting in sun burns and
eye inflammation from shortwave ultraviolet radiation.[15]
When used in locations like gyms, the fixture should con-
tain a strong outer guard or an outer lens to protect the
lamp’s outer bulb. Also, special “safety” lamps are made
that will deliberately burn out if the outer glass is bro-
ken. This is usually achieved by using a thin carbon strip,
which will burn up in the presence of air, to connect one
of the electrodes.
Even with these methods, some UV radiation can still
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pass through the outer bulb of the lamp. This causes the
aging process of some plastics used in the construction of
luminaires to be accelerated, leaving them significantly
discolored after only a few years’ service. Polycarbonate
suffers particularly from this problem, and it is not un-
common to see fairly new polycarbonate surfaces posi-
tioned near the lamp to have turned a dull, 'ear-wax'-like
color after only a short time. Certain polishes, such as
Brasso, can be used to remove some of the yellowing,
but usually only with limited success.

17.8 End of life

Mercury vapor lamps do burn out eventually as the burner
electrodes wear, increasing the arc gap. As the lamp nears
the end of life, lumen depreciation becomes noticeable
and the light given off has a greenish tinge to it. This
comes about because the emitter is deposited as a film
darkening the arctube wall and reducing light output. The
lamps also consume more than twice as much power.

17.9 Uses

17.9.1 Photoresist exposure

Ultra-high-pressure mercury vapor lamps are used in the
area of photolithography to expose various photoresists.
The unique spectral emission characteristics of mercury
vapor lamps are ideal for photoresists, the most common
of which are generally photosensitive between 350 and
500 nm wavelengths.

17.9.2 Area and street lighting

Although other types of HIDs are becoming more com-
mon, mercury vapor lamps are still commonly used for
area lighting and street lighting in the United States.

17.9.3 Molecular spectroscopy

High-pressure mercury vapor (and some specially-
designed metal-halide) lamps find application in molecu-
lar spectroscopy due to providing useful broadband con-
tinuum ('noise') energy at millimeter and terahertz wave-
lengths, owing to the high electron temperature of the arc
plasma; the main UV emission line of ionized mercury
(254 nm) correlates to a blackbody of T= 11,500 K. This
property makes them among the very few simple, inex-
pensive sources available for generating such frequencies.
For example, a standard 250-watt general-lighting mer-
cury lamp produces significant output from 120 GHz-6
THz. In addition, shorter wavelengths in the mid-infrared
are emitted from the hot quartz arc-tube envelope. As

with the ultraviolet output, the glass outer bulb is largely
opaque at these frequencies and thus for this purpose
needs to be removed (or omitted in purpose-made lamps).

17.10 See also
• Ultra High Performance lamp

• History of street lighting in the United States

• List of light sources
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Chapter 18

Sodium-vapor lamp

An unlit high pressure sodium lamp, Philips Master SDW-T
100W

A low-pressure sodium streetlamp at full power

A sodium-vapor lamp is a gas-discharge lamp that uses
sodium in an excited state to produce light. There are two
varieties of such lamps: low pressure and high pressure.
Low-pressure sodium lamps are highly efficient electrical
light sources, but their yellow light restricts applications
to outdoor lighting such as street lamps.[1] High-pressure
sodium lamps have a broader spectrum of light than the
low-pressure lamps, but still poorer color rendering than
other types of lamps.[2] Low-pressure sodium lamps only
give monochromatic yellow light and so inhibit color vi-
sion at night.
Because sodium-vapor lamps cause less light pollution
than mercury-vapor lamps, many cities that have large as-
tronomical observatories employ them.[3]

A sodium vapor lamp

18.1 Low-pressure sodium

An unlit 35W LPS/SOX lamp

A running 35W LPS/SOX lamp

Low-pressure sodium (LPS) lamps have a borosilicate
glass gas discharge tube (arc tube) containing solid
sodium, a small amount of neon, and argon gas in a
Penning mixture to start the gas discharge. The discharge
tube may be linear (SLI lamp) [4] or U-shaped. When the
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Spectrum of a low-pressure sodium lamp. The intense yellow
band is the atomic sodium D-line emission, comprising about
90% of the visible light emission for this lamp type.

lamp is turned on it emits a dim red/pink light to warm
the sodium metal and within a few minutes it turns into
the common bright yellow as the sodiummetal vaporizes.
These lamps produce a virtually monochromatic light av-
eraging a 589.3 nm wavelength (actually two dominant
spectral lines very close together at 589.0 and 589.6 nm).
As a result, the colors of illuminated objects are not eas-
ily distinguished because they are seen almost entirely by
their reflection of this narrow bandwidth yellow light.
LPS lamps have an outer glass vacuum envelope around
the inner discharge tube for thermal insulation, which im-
proves their efficiency. Earlier types of LPS lamps had
a detachable dewar jacket (SO lamps).[5] Lamps with a
permanent vacuum envelope (SOI lamps) were devel-
oped to improve thermal insulation.[6] Further improve-
ment was attained by coating the glass envelope with an
infrared reflecting layer of indium tin oxide, resulting in
SOX lamps.[7]

LPS lamps are some of the most efficient electrically
powered light sources when measured in photopic light-
ing conditions—producing up to 200 lm/W,[8] partly be-
cause the light is at a wavelength near the peak sensitivity
of the human eye. They aremainly used for outdoor light-
ing such as street lights and security lighting where faith-
ful color rendition is considered unimportant. Recently
it has been found that under typical nighttime mesopic
driving conditions, whiter light can provide better results
at a lower level.[9]

LPS lamps are similar to fluorescent lamps because they
are a low–intensity light source with a linear lamp shape.
They do not exhibit a bright arc as do High-intensity dis-
charge (HID) lamps; they emit a softer luminous glow,
resulting in less glare. Unlike HID lamps, during a volt-
age dip low-pressure sodium lamps return to full bright-
ness rapidly. LPS lamps are available with power ratings
from 10W up to 180W; longer bulb lengths can however
create design and engineering problems.
Another property of LPS lamps is they do not decline in
lumen output with age. For example, mercury vapor HID

lamps become dimmer towards the end of their lives, to
the point of being ineffective, while continuing to con-
sume their rated electrical power. LPS lamps do increase
their energy use slightly (by about 10%) towards the end
of their life, which is generally about 18,000 hours for
modern lamps.

18.1.1 Light pollution considerations

For placements where light pollution is of prime im-
portance, such as near astronomical observatories or sea
turtle nesting beaches, low-pressure sodium is preferred
(such as in San Jose and Flagstaff, Arizona).[10][11] Such
lamps emit light on just two dominant spectral lines (with
other far weaker lines), and therefore have the least spec-
tral interference with astronomical observation.[12] The
yellow color of low-pressure sodium lamps also leads to
the least visual sky glow, due primarily to the Purkinje
shift of dark-adapted human vision, causing the eye to be
relatively insensitive to the yellow light scattered at low
luminance levels in the clear atmosphere.[13] [14] One con-
sequence of widespread public lighting is that on cloudy
nights, cities with enough lighting are illuminated by light
reflected off the clouds. As sodium vapor lights are often
the source of urban illumination, this turns the sky a tinge
of orange.

18.1.2 Film special effects

Sodium vapor process (occasionally referred to as yel-
lowscreen) is a film technique that relies on narrowband
characteristics of LPS lamp. A yellow light of a LPS
lamp falls into region that typical color negative is not sen-
sitive to, but can be captured on special black-and-white
film. A special camera can prepare two spools simultane-
ously: one with actors (or other foreground objects) and
another which becomes a mask to combine them into dif-
ferent background. This technique originally yielded su-
perior results compared to competing blue-screen, how-
ever advancements in blue- and green-screen techniques
and computer imagery closed that gap, leaving SVP un-
competitive cost-wise. SVP was used in years 1956-
1990, mostly by Disney. Notable example of films us-
ing this technique include Alfred Hitchcock's The Birds,
Mary Poppins, and Bedknobs and Broomsticks.

18.2 High-pressure sodium

High-pressure sodium (HPS) lamps are smaller and con-
tain elements such as mercury, produce a dark pink glow
when first struck, and an intense pinkish orange light
when warmed. Some bulbs also briefly produce a pure to
bluish white light if the mercury achieves a high-pressure
arc discharge before the sodium is completely warmed.
The sodium D-line is the main source of light from the
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High-pressure sodium lamp Philips SON-T Master 600 W

Same lamp in operation

Spectrum of high-pressure sodium lamp. The yellow-red band on
the left is the atomic sodium D-line emission; the turquoise line is
a sodium line that is otherwise quite weak in a low pressure dis-
charge, but becomes intense in a high-pressure discharge. Most
of the other green, blue and violet lines arise from mercury.

Diagram showing the spectral output of a typical high-pressure
sodium (HPS) lamp.

Office building illuminated by high-pressure sodium lamps. Note
the lamps shining upward, of which much light goes into the sky
and neighboring apartment blocks, causing light pollution.

HPS lamp, and it is pressure broadened by the high
pressure in the lamp. Because of this broadening plus
the emissions from mercury, more colors can be distin-
guished compared to a low-pressure sodium lamp. This
leads them to be used in areas where improved color
rendering is important or desired. Thus, its new model
name SON is the variant for “sun” (a name used primar-
ily in Europe and the UK). HPS lamps are favored by in-
door gardeners for general growing because of the wider
color-temperature spectrum produced and the relatively
low cost of operating them.
High-pressure sodium lamps are quite efficient—about
100 lm/W—when measured for photopic lighting condi-
tions. The higher power versions of 600 W have an effi-
ciency of 150 lm/W. They have been widely used for out-
door area lighting such as streetlights and security. Un-
derstanding the change in human color vision sensitiv-
ity from photopic to mesopic and scotopic is essential for
proper planning when designing lighting for roads.[9]

Because of the extremely high chemical activity of the
high-pressure sodium arc, the arc tube is typically made
of translucent aluminum oxide. This construction led
General Electric to use the tradename “Lucalox” for their
line of high-pressure sodium lamps.
Xenon at a low pressure is used as a “starter gas” in the
HPS lamp. It has the lowest thermal conductivity and
lowest ionization potential of all the non-radioactive noble
gases. As a noble gas, it does not interfere with the
chemical reactions occurring in the operating lamp. The
low thermal conductivity minimizes thermal losses in the
lamp while in the operating state, and the low ionization
potential causes the breakdown voltage of the gas to be
relatively low in the cold state, which allows the lamp to
be easily started.
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18.2.1 “White” SON

A variation of the high-pressure sodium, theWhite SON,
introduced in 1986, has a higher pressure than the typ-
ical HPS/SON lamp, producing a color temperature of
around 2700 K, with a CRI of 85, greatly resembling the
color of an incandescent light.[15] These are often used
indoors in cafes and restaurants to create a particular at-
mosphere. However, these lamps suffer from higher pur-
chase cost, shorter life, and lower light efficiency.

18.2.2 Theory of operation

Alumina arc tube

Sodium-mercury amalgam

Arc

Electrode

A.C. voltage Ballast

Diagram of a high-pressure sodium lamp.

An amalgam of metallic sodium and mercury lies at the
coolest part of the lamp and provides the sodium andmer-
cury vapor that is needed to draw an arc. The temperature
of the amalgam is determined to a great extent by lamp
power. The higher the lamp power, the higher will be the
amalgam temperature. The higher the temperature of the
amalgam, the higher will be the mercury and sodium va-
por pressures in the lamp and the higher will be the termi-
nal voltage. As the temperature rises, the constant current
and increasing voltage result in increased power until the
nominal power is reached. For a given voltage, there are
generally three modes of operation:

1. The lamp is extinguished and no current flows.

2. The lamp is operating with liquid amalgam in the
tube.

3. The lamp is operating with all amalgam evaporated.

The first and last states are stable, because the lamp re-
sistance is weakly related to the voltage, but the second
state is unstable. Any anomalous increase in current will
cause an increase in power, causing an increase in amal-
gam temperature, which will cause a decrease in resis-
tance, which will cause a further increase in current. This
will create a runaway effect, and the lamp will jump to
the high-current state (#3). Because actual lamps are not
designed to handle this much power, this would result in

catastrophic failure. Similarly, an anomalous drop in cur-
rent will drive the lamp to extinction. It is the second state
that is the desired operating state of the lamp, because a
slow loss of the amalgam over time from a reservoir will
have less effect on the characteristics of the lamp than a
fully evaporated amalgam. The result is an average lamp
life in excess of 20,000 hours.
In practical use, the lamp is powered by an AC voltage
source in series with an inductive "ballast" in order to
supply a nearly constant current to the lamp, rather than a
constant voltage, thus assuring stable operation. The bal-
last is usually inductive rather than simply being resistive
to minimize resistive losses. Because the lamp effectively
extinguishes at each zero-current point in the AC cycle,
the inductive ballast assists in the reignition by providing
a voltage spike at the zero-current point.
The light from the lamp consists of atomic emission lines
of mercury and sodium, but is dominated by the sodium
D-line emission. This line is extremely pressure (reso-
nance) broadened and is also self-reversed because of
absorption in the cooler outer layers of the arc, giving
the lamp its improved color rendering characteristics. In
addition, the red wing of the D-line emission is further
pressure broadened by the Van der Waals forces from the
mercury atoms in the arc.

18.3 End of life

Sodium vapor street light

At the end of life, high-pressure sodium lamps exhibit
a phenomenon known as cycling, which is caused by a
loss of sodium in the arc. Sodium is a highly reactive
element and is easily lost by reacting with the arc tube,
made of aluminum oxide. The products are sodium oxide
and aluminum:

6 Na + Al2O3 → 3 Na2O + 2 Al

As a result, these lamps can be started at a relatively low
voltage, but, as they heat up during operation, the internal
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Closeup after dark

gas pressure within the arc tube rises, and more and more
voltage is required to maintain the arc discharge. As a
lamp gets older, the maintaining voltage for the arc even-
tually rises to exceed the maximum voltage output by the
electrical ballast. As the lamp heats to this point, the arc
fails, and the lamp goes out. Eventually, with the arc ex-
tinguished, the lamp cools down again, the gas pressure
in the arc tube is reduced, and the ballast can once again
cause the arc to strike. The effect of this is that the lamp
glows for a while and then goes out, typically starting at a
pure or bluish white then moving to a red-orange before
going out.
More sophisticated ballast designs detect cycling and give
up attempting to start the lamp after a few cycles, as the
repeated high-voltage ignitions needed to restart the arc
reduce the lifetime of the ballast. If power is removed
and reapplied, the ballast will make a new series of startup
attempts.
LPS lamp failure does not result in cycling; rather, the
lamp will simply not strike or will maintain its dull red
glow exhibited during the start-up phase. In another fail-
ure mode, a tiny puncture of the arc tube leaks some
of the sodium vapor into the outer vacuum bulb. The
sodium condenses and creates a mirror on the outer glass,
partially obscuring the arc tube. The lamp often contin-
ues operating normally. Much of the light generated is
obscured by the sodium coating and no longer leaves the
lamp.

18.4 ANSI HPS ballast codes

18.5 See also
• Arc lamp

• High-intensity discharge lamp (HID)

• History of street lighting in the United States

• List of light sources

• Metal-halide lamp

• Mercury-vapor lamp

• Neon lamp

• Street light

• Sulfur lamp

• Light pollution
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Chapter 19

Sulfur lamp

The sulfur lamp (also sulphur lamp) is a highly efficient
full-spectrum electrodeless lighting system whose light
is generated by sulfur plasma that has been excited by
microwave radiation. They are a particular type of
plasma lamp, one of the most modern. The technology
was developed in the early 1990s, but, although it ap-
peared initially to be very promising, sulfur lighting was a
commercial failure by the late 1990s. Since 2005, lamps
are again being manufactured for commercial use.

Sulfur lamp

19.1 Mechanism

The sulfur lamp consists of a golf ball-sized (30 mm)
fused-quartz bulb containing several milligrams of sulfur
powder and argon gas at the end of a thin glass spin-
dle. The bulb is enclosed in a microwave-resonant wire-
mesh cage. A magnetron, much like the ones in home
microwave ovens, bombards the bulb, via a waveguide,
with 2.45 GHz microwaves. The microwave energy ex-
cites the gas to five atmospheres pressure, which in turn
heats the sulfur to an extreme degree forming a brightly
glowing plasma capable of illuminating a large area. Be-
cause the bulb heats considerably, it is necessary to pro-
vide forced air cooling to prevent it from melting. The

bulb is usually placed at the focus of a parabolic reflector
to direct all the light in one direction.
It would be impossible to excite the sulfur using tradi-
tional electrodes since the sulfur would quickly react with
and destroy any metallic electrode. A patent pending to
employ coated electrodes is discussed in Future prospects
below. The absence of electrodes allows for a much
greater variety of light-generating substances to be used
than those used in traditional lamps.
The design life of the bulb is approximately 60,000 hours.
The design life of the magnetron has been improved by
the Germany/England based Plasma International so it
can also last for that same period.
The warm-up time of the sulfur lamp is notably shorter
than for other gas discharge lamps, with the exception of
fluorescent lamps, even at low ambient temperatures. It
reaches 80% of its final luminous flux within 20 seconds,
and the lamp can be restarted approximately five minutes
after a power cut.
The first prototype lamps were 5.9 kW units, with a
system efficiency of 80 lumens per watt.[1] The first pro-
duction models were 96.4 lumens per watt. Later models
were able to eliminate the cooling fan and improve lumi-
nous efficacy to 100 lumens per watt.[2]

19.2 Quality of emitted light

The sulfur plasma consists mainly of dimer molecules
(S2), which generate the light through molecular emis-
sion. Unlike atomic emission, the emission spectrum is
continuous throughout the visible spectrum. As much as
73% of the emitted radiation is in the visible spectrum,
with a small amount in infrared energy and less than 1%
in ultraviolet light.
The spectral output peaks at 510 nanometres, giving the
light a greenish hue. The correlated color temperature is
about 6,000 kelvins with a CRI of 79. The lamp can be
dimmed to 15% without affecting the light quality.
A magenta filter can be used to give the light a warmer
feel. Such a filter was used on the lamps at the National
Air and Space Museum in Washington, D.C.[3]
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The addition of other chemicals in the bulb might im-
prove color rendition. Sulfur lamp bulbs with calcium
bromide (CaBr2) added produce a similar spectrum plus
a spike in red wavelengths at 625 nm.[4] Other additives
such as lithium iodide (LiI) and sodium iodide (NaI) can
be used to modify the output spectra.[5][6][7]

19.3 History

The technology was conceived by engineer Michael Ury,
physicist Charles Wood and their colleagues in 1990.
With support from the United States Department of En-
ergy, it was further developed in 1994 by Fusion Light-
ing of Rockville, Maryland, a spinoff of the Fusion UV
division of Fusion Systems Corporation. Its origins are
in microwave discharge light sources used for ultraviolet
curing in the semiconductor and printing industries. The
Fusion UV division was later sold to Spectris plc, and the
rest of Fusion Systems was later acquired by the Eaton
Corporation.
Only two production models were developed, both with
similar specifications: the Solar 1000 in 1994 and the
Light Drive 1000 in 1997, which was a refinement of the
previous model.
Production of these lamps ended in 1998.[8] Fusion Light-
ing closed its Rockville, MD location in February 2003,
after consuming approximately $90 million in venture
capital. Their patents were licensed to the LG Group.
The Internet Archive has a copy of Fusion Lighting’s de-
funct website. Their lamps were installed in more than
one hundred facilities worldwide, but many of them have
already been removed.
In 2001, Ningbo Youhe New Lighting Source Co., Ltd,
in Ningbo, China, produced its own sulfur lamp version.
The company’s website is no longer online andmay be out
of business, but information on these lamps is available
from its archived copy at the Internet Archive.
In 2006, LG Electronics began production of its sulfur
lamps, called Plasma Lighting System (PLS).

19.4 Electromagnetic interference

The magnetrons in these lamps may cause
electromagnetic interference in the 2.4 GHz wire-
less spectrum, which is used by Wi-Fi, cordless phones
and satellite radio in North America. Fearing interfer-
ence with their broadcasts, Sirius and XM satellite radio
petitioned the United States Federal Communications
Commission (FCC) to force Fusion Lighting to reduce
the electromagnetic emissions of their lamps by 99.9%.
In 2001, Fusion Lighting agreed to install metal shielding
around their lamps to reduce electromagnetic emissions
by 95%.

In May 2003, the FCC terminated the proceeding that
would have defined out-of-band emission limits for radio-
frequency lights operating at 2.45 GHz, saying the record
of the proceeding had become outdated and Fusion Light-
ing had stopped working on such lamps.[9] The order con-
cluded:

We therefore decline to provide the re-
quested relief from the Satellite Radio Li-
censees to prohibit operation of all RF lights
in the 2.45 GHz band, as we find that the re-
quested prohibition is overarching and is not
warranted based on the circumstances. If there
is evidence that any entity will seek to oper-
ate RF lights in the 2.45 GHz band and cause
harmful interference to satellite radio receivers
as a consequence, and our existing limits prove
inadequate, we will at that time take appropri-
ate action.

19.5 Environmental issues

Unlike fluorescent and high-intensity discharge lamps,
sulfur lamps contain no mercury. Therefore, sulfur lamps
do not pose a threat to the environment nor require special
disposal. In addition, use of sulfur lamps has the potential
to reduce the total amount of energy required for lighting.

19.6 Light distribution systems

Because the amount of light produced from one bulb is so
great, it is usually necessary to distribute the light to areas
far removed from the lamp. The most common method
used is light pipes.

19.6.1 Light pipes

Main article: Light tube
The 3M light pipe is a long, transparent, hollow cylinder
with a prismatic surface developed by 3M that distributes
the light uniformly over its length.[10] Light pipes can be
as long as 40 metres (130 ft) and are assembled on site
from shorter, modular units. The light pipe is attached
to the parabolic reflector of the sulfur lamp. For shorter
pipes, there will be amirror at the opposite end; for longer
ones, there will be a lamp at each end. The overall appear-
ance of a light pipe has been compared to that of a giant-
sized fluorescent tube. One sulfur lamp with a light pipe
can replace dozens of HID lamps. In the National Air and
SpaceMuseum, three lamps, each with a 27-metre (89 ft)
pipe, replaced 94 HID lamps while greatly increasing the
amount of light delivered.[3]

The greatly reduced number of lampsmay simplify main-
tenance and reduce installation costs but may also require
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Sulfur lamps with light pipes on the ceiling of the U.S. Air and
Space Museum in Washington, D.C.

a backup system for areas where lighting is critical. The
light pipes allow the lamp to be placed in an easily acces-
sible area for maintenance and away from places where
the heat of the lamp may be a problem.

19.6.2 Secondary reflectors

A secondary reflector is a structure with a mirrored sur-
face placed directly into the path of the beam of light as
it exits the parabolic primary reflector of the lamp. A
secondary reflector can have a complex geometry which
allows it to break up the light and direct it to where it is
desired. It can spotlight an object or spread out the light
for general illumination.
At Sundsvall-Härnösand Airport near Sundsvall, Sweden,
airfield lighting is provided by sulfur lamps mounted on
towers 30 metres tall. The lamps are directed upward
and shine their light onto wing-shaped secondary reflec-
tors that spread the light out and direct it downward. In
this way, one lamp can illuminate an area 30 by 80 metres
(100 by 260 ft).
At the headquarters of DONG Energy, an energy com-
pany in Denmark, a single sulfur lamp directs its light
onto numerous specular reflectors and diffusers to illumi-
nate the entrance hall as well as several sculptures outside
of the building.
At the entrance to University Hospital in Lund, Sweden,
secondary reflectors on the ceiling are clad with highly re-
flective films, but shaped so as to avoid any glare. More-
over, since these films have a microprismatic surface
structure that splits up the beams, the risk of glare prob-
lems is further reduced. The fact that the reflectors move
the light source far away from the eye of anyone who
would happen to look into them helps to further elimi-
nate glare problems.[11]

19.6.3 Indirect lighting

Indirect fixtures direct most of their luminous flux upward
toward a ceiling. A highly reflective ceiling can then serve
as a secondary source of diffusive, low luminance, high
visual quality lighting for interior spaces. The primary ad-
vantages of indirect lighting are the opportunity to signif-
icantly reduce indirect glare potential and to completely
eliminate direct source viewing.[12]

At the Sacramento Municipal Utility District (SMUD)
headquarters building, two sulfur lamps were installed in
the tops of free-standing kiosks. The 4.2-metre (13 ft 9
in) high ceiling was retrofit with high reflectance (90%),
white acoustic ceiling tile. The lamps direct their light
upward, and it is reflected off the ceiling providing indi-
rect light. Narrow, medium, or wide beam patterns can
be created by choosing various reflector elements.[13]

19.6.4 Direct lighting

Hill AFB downlights

Light pipes would not be necessary in applications such
as stadium lighting, where a plain fixture can be mounted
high enough so that the light can spread over a large area.
The installation at Hill Air Force Base contains lamps
with light pipes as well as downlight fixturesmounted high
in an aircraft hangar.

19.6.5 Optical fibers

Optical fibers have been studied as a distribution system
for sulfur lamps, but no practical system has ever been
marketed.[14]

19.7 Other uses

Sulfur lamps can be used as light sources in scientific in-
struments.
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19.8 Future prospects

The development of an affordable, efficient, and long-
lived microwave source is a technological hurdle to cost
reduction and commercial success. The lamp proto-
types were only available in high wattages (1000+ W),
which impeded adoption in applications where light out-
put demands were not great. The sulfur lamp has
problems with the life of the magnetron and the mo-
tor that rotates the bulb and noise from the cooling
fan. Because most sulfur lamps have moving parts,
reliability remains a critical issue, and system mainte-
nance may impede market adoption, however newer-
design lamps which no longer require active cooling
are commercially available.[2] Researchers have had
some success at eliminating the need to rotate the bulb
by using circularly polarized microwaves to spin the
plasma discharge instead.[15][16] Other experiments have
used sodium iodide, scandium iodide, indium monobro-
mide (InBr),[17][18] or tellurium[19] as the light-generating
medium.
A patent #20070075617 is pending since 2006 for a sul-
fur lamp with electrodes — in fact, a more traditional
gas–discharge lamp where a magnetron is not required.
Various electrode coatings are suggested to combat high
chemical activity of sulfur. As usual with patents, though,
only commercial applications will reveal whether this de-
sign is viable.

19.9 Prominent installations

Main article: List of sulfur lamp installations
Many of the installations of the lamps were for testing

Air and Space Museum

purposes only, but there remain a few sites where the
lamps are in use as the primary lighting source. Perhaps
the most visible of these would be the glass atria in the
National Air and Space Museum.

19.10 See also
• Electrodeless lamp

• Plasma lamp

• List of light sources

• Timeline of lighting technology
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Chapter 20

Electrodeless lamp

A round Induction lamp

The internal electrodeless lamp or induction light is a
gas discharge lamp in which the power required to gen-
erate light is transferred from outside the lamp envelope
to the gas inside via an electric or magnetic field, in con-
trast with a typical gas discharge lamp that uses internal
electrodes connected to the power supply by conductors
that pass through the lamp envelope. There are three ad-
vantages to elimination of the internal electrodes:

• Extended lamp life, because the internal electrodes
are usually the limiting factor in lamp life.

• The ability to use light-generating substances of
higher efficiency that would react with internal metal
electrodes in normal lamps.

• Improved collection efficiency because the source
can be made very small without shortening life, a
problem in internal electroded lamps.

Two systems are described below – plasma lamps, which
use electrostatic induction to energize a bulb filled with
sulfur vapor or metal halides, and fluorescent induction
lamps, based upon a conventional fluorescent lamp bulb
in which current is induced by an external coil of wire via
electrodynamic induction.

20.1 History

Generator built by Francis Hauksbee, from Physico-Mechanical
Experiments, 2nd Ed., London 1719

In 1705, the scientist Francis Hauksbee demonstrated
that in a rotating glass globe with internal vacuum like
in a barometer, filled with mercury, and statical charged
by holding a hand against the rotating globe, a light phe-
nomenon occurred, so bright that one could read a paper.
Nikola Tesla demonstrated wireless transfer of power to
electrodeless lamps in his lectures and articles in the
1890s, and subsequently patented a system of light and
power distribution on those principles.[1]

In 1967 and 1968, John Anderson of General Elec-
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Example of a round 150 W magnetic induction lamp

tric[2][3] applied for patents for electrodeless lamps. In
1971, Fusion UV Systems installed a 300-watt elec-
trodeless microwave plasma UV lamp on a Coors can
production line.[4] Philips introduced their QL induction
lighting systems, operating at 2.65 MHz, in 1990 in Eu-
rope and in 1992 in theUS.Matsushita had induction light
systems available in 1992. Intersource Technologies also
announced one in 1992, called the E-lamp. Operating at
13.6 MHz, it was to be available on the US market in
1993.
In 1990, Michael Ury, Charles Wood and colleagues for-
mulated the concept of the sulphur lamp. With support
from the United States Department of Energy, it was fur-
ther developed in 1994 by Fusion Lighting of Rockville,
Maryland, a spinoff of the Fusion UV division of Fu-
sion Systems Corporation. Its origins are in microwave
discharge light sources used for ultraviolet curing in the
semiconductor and printing industries.
Since 1994, General Electric has produced its induction
lamp Genura with an integrated ballast, operating at 2.65
MHz. In 1996, Osram started selling their Endura induc-
tion light system, operating at 250 kHz. It is available
in the US as the Sylvania Icetron. In 1997, PQL Light-
ing introduced in the US the Superior Life Brand induc-
tion lighting systems. Most induction lighting systems are
rated for 100,000 hours of use before requiring absolute
component replacements.
In 2005, Amko Solara in Taiwan introduced induction
lamps that can dim and use IP (Internet Protocol) based
controls. Their lamps have a range from 12 to 400 watts
and operate at 250 kHz.
From 1995, the former distributors of Fusion, Jenton /
Jenact, expanded on the fact that energised UV-emitting
plasmas act as lossy conductors to create a number of
patents regarding electrodeless UV lamps for sterilising
and germicidal uses.
Around 2000, a system was developed that concentrated
radio frequency waves into a solid dielectric waveguide
made of ceramic which energized a light-emitting plasma

in a bulb positioned inside. This system, for the first
time, permitted an extremely bright and compact elec-
trodeless lamp. The invention has been a matter of dis-
pute. Claimed by Frederick Espiau (then of Luxim, now
of Topanga Technologies), Chandrashekhar Joshi and
Yian Chang, these claims were disputed by Ceravision
Limited.[5] A number of the core patents were assigned
to Ceravision.[6][7]

In 2006, Luxim introduced a projector lamp product
trade-named LIFI. The company further extended the
technology with light source products in instrument, en-
tertainment, street, area and architectural lighting appli-
cations among others throughout 2007 and 2008.
In 2009, Ceravision Limited introduced the first High
Efficiency Plasma (HEP) lamp under the trade name
Alvara. This lamp replaces the opaque ceramic waveg-
uide used in earlier lamps with an optically clear quartz
waveguide giving greatly increased efficiency. In previ-
ous lamps, though the burner, or bulb, was very efficient,
the opaque ceramic waveguide severely obstructed the
collection of light. A quartz waveguide allows all of the
light from the plasma to be collected.
In 2012, Topanga Technologies introduced a line of ad-
vanced plasma lamps (APL), driven by a solid state radio
frequency (RF) driver,[8] thereby circumventing the lim-
ited life of magnetron-based drivers, with system power
of 127 and 230 watts and system efficacies of 96 and 87
lumen/watt, with a CRI of about 70.

20.2 Plasma lamps

Main article: Plasma lamp

Plasma lamps are a family of light sources that gener-
ate light by exciting a plasma inside a closed transpar-
ent burner or bulb using radio frequency (RF) power.
Typically, such lamps use a noble gas or a mixture of
these gases and additional materials such as metal halides,
sodium, mercury or sulfur. A waveguide is used to con-
strain and focus the electrical field into the plasma. In op-
eration the gas is ionized and free electrons, accelerated
by the electrical field, collide with gas and metal atoms.
Some electrons circling around the gas and metal atoms
are excited by these collisions, bringing them to a higher
energy state. When the electron falls back to its origi-
nal state, it emits a photon, resulting in visible light or
ultraviolet radiation depending on the fill materials.
The first plasma lamp was an ultraviolet curing lamp with
a bulb filled with argon and mercury vapor developed by
Fusion UV. That lamp led Fusion Systems to the develop-
ment of the sulfur lamp, a bulb filled with argon and sulfur
which is bombarded with microwaves through a hollow
waveguide.
In the past, the reliability of the technology was limited
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by the magnetron used to generate the microwaves. Solid
state RF generation can be used and gives long life. How-
ever, using solid state chips to generate RF is approxi-
mately fifty times more expensive currently than using a
magnetron and so only appropriate for high value lighting
niches. It has recently been shown by Dipolar of Sweden
to be possible to greatly extend the life of magnetrons to
over 40,000 hours[9] making low cost plasma lamps pos-
sible. Plasma lamps are currently produced by Ceravision
and Luxim and in development by Topanga Technologies.
Ceravision has introduced a combined lamp and lumi-
naire under the trade name Alvara for use in high bay
and street lighting applications. It uses an optically clear
quartz waveguide with an integral burner allowing all the
light from the plasma to be collected. The small source
also allows the luminaire to utilize more than 90% of the
available light compared with 55% for typical HID fit-
tings. Ceravision claims the highest Luminaire Efficacy
Rating (LER)[10] of any light fitting on the market and
to have created the first High Efficiency Plasma (HEP)
lamp. Ceravision uses a magnetron to generate the re-
quired RF power and claim a life of 20,000 hours.
Luxim's Li-Fi lamp, claims 120 lumens per RF watt (i.e.
before taking into account electrical losses).[11] The lamp
has been used in Robe lighting's ROBIN 300 Plasma Spot
moving headlight.[12] It was also used in a line of, now
discontinued, Panasonic rear projection TVs.[13]

20.3 Magnetic induction lamps

External, Closed-Core Induction Lamp

Two Turn Primary

Ferrite Core

Magnetic Field

Discharge TubeElectric Field

Victor Roberts
April 6, 2015

External Closed Core Induction Lamp with Two Turn Primary

Aside from the method of coupling energy into the
mercury vapor, these lamps are very similar to con-
ventional fluorescent lamps. Mercury vapor in the dis-
charge vessel is electrically excited to produce short-wave
ultraviolet light, which then excites internal phosphors to
produce visible light. While still relatively unknown to
the public, these lamps have been available since 1990.
Unlike an incandescent lamp or conventional fluorescent
lamps, there is no electrical connection going inside the
glass bulb; the energy is transferred through the glass en-
velope solely by electromagnetic induction.
There are two main types of magnetic induction lamps:

B

C

A

A Philips QL induction lighting system, where (A)Discharge ves-
sel, (B) Tube with power coupler and (C) Electronic ballast.

Visible light

Internal Inductor-type Lamp

UV light

Glass envelope/bulb

Phosphor coating
inside envelope/bulb

Inert gas fill

Induction coil

Magnetic field

Mercury
amalgam

Base/heat sink

Wires to
connect ballast

Inductor assembly

Re-entrant glass tube

Cross section through internal inductor lamp

external core lamps and internal core lamps. The first
commercially-available and still widely used form of in-
duction lamp is the internal core type. The external core
type, which was commercialized later, has a wider range
of applications and is available in round, rectangular and
“olive” shaped form factors.
External core lamps are basically fluorescent lamps with
magnetic cores wrapped around a part of the discharge
tube. The core is usually made of ferrite, a ceramic ma-
terial containing iron oxide and other metals. In external
core lamps, high frequency energy from a special power
supply called an electronic ballast is sent through wires
that are wrapped in a coil around a toroidal ferrite core
placed around the outside of a portion of the glass tube,
creating a high frequency magnetic field within the fer-
rite core. Since the magnetic permeability of the ferrite
is hundreds or thousands of times higher than that of the
surrounding air or glass, and the ferrite core provides a
closed path for the magnetic field, virtually all of the mag-
netic field is contained inside the ferrite core. As shown
in Faraday’s law of induction, the time varying magnetic
field in the core will generate a time varying electric volt-
age in any closed path that encloses the time varying mag-
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netic field. The discharge tube forms one such closed path
around the ferrite core, and in that manner the time vary-
ing magnetic field in the core generates a time varying
electric field in the discharge tube, There is no need for
the magnetic field to penetrate the discharge tube. The
electric field generated by the time varying magnetic field
drives the mercury-rare gas discharge in the same way
the discharge is driven by the electric field in a conven-
tional fluorescent lamp. The primary winding on the fer-
rite core, the core, and the discharge form a transformer,
with the discharge being a one-turn secondary on that
transformer.
The discharge tube contains a low pressure of a rare gas
such as argon and mercury vapor. The mercury atoms are
provided by a drop of liquid mercury or by a semi-solid
amalgam of mercury and other metals such as bismuth,
lead or tin. Some of the liquid mercury or the mercury
in the amalgam vaporizes to provide the mercury vapor.
The electric field ionizes some of the mercury atoms to
produce free electrons, and then accelerates those free
electrons. When the free electrons collide with mercury
atoms, some of those atoms absorb energy from the elec-
trons and are “excited” to higher energy levels. After a
short delay, the excited mercury atoms spontaneously re-
lax to their original lower energy state and emit a UV
photon with the excess energy. As in a conventional
fluorescent tube, the UV photon diffuses through the gas
to the inside of the outer bulb, and is absorbed by the
phosphor coating that surface, transferring its energy to
the phosphor. When the phosphor then relaxes to its orig-
inal, lower energy state, it emits visible light. In this way
the UV photon is is down-converted to visible light by
the phosphor coating on the inside of the tube. The glass
walls of the lamp prevent the emission of the UV photons
because ordinary glass blocks UV radiation at the 253.7
nm and shorter wavelengths.
In the internal core form (see diagram), a glass tube (B)
protrudes bulb-wards from the bottom of the discharge
vessel (A), forming a re-entrant cavity. This tube contains
an antenna called a power coupler, which consists of a coil
wound over a cylindrical ferrite core. The coil and ferrite
forms the inductor which couples the energy into the lamp
interior
The antenna coils receive electric power from the elec-
tronic ballast (C) that generates a high frequency. The
exact frequency varies with lamp design, but popular ex-
amples include 13.6 MHz, 2.65 MHz and 250 kHz. A
special resonant circuit in the ballast produces an initial
high voltage on the coil to start a gas discharge; thereafter
the voltage is reduced to normal running level.
The system can be seen as a type of transformer, with the
power coupler (inductor) forming the primary coil and
the gas discharge arc in the bulb forming the one-turn sec-
ondary coil and the load of the transformer. The ballast is
connected to mains electricity, and is generally designed
to operate on voltages between 100 and 277 VAC at a fre-

quency of 50 or 60 Hz, or on a voltage between 100 and
400 VDC for battery fed emergency light systems. Many
ballasts are available in low voltage models so can also be
connected to DC voltage sources like batteries for emer-
gency lighting purposes or for use with renewable energy
(solar & wind) powered systems.
In other conventional gas discharge lamps, the electrodes
are the part with the shortest life, limiting the lamp lifes-
pan severely. Since an induction lamp has no electrodes,
it can have a very long service life. For induction lamp
systems with a separate ballast, the service life can be as
long as 100,000 hours, which is 11.4 years continuous
operation. For induction lamps with integrated ballast,
the lifespan is in the 15,000 to 50,000 hours range. Ex-
tremely high-quality electronic circuits are needed for the
ballast to attain such a long service life. Such lamps are
typically used in commercial or industrial applications.
Typically operations and maintenance costs are signifi-
cantly lower with induction lighting systems due to their
industry average 100,000 hour life cycle and five to ten
year warranty.

20.3.1 Advantages

The London landmark Big Ben. The clock face is lit by Elec-
trodeless lamps.
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• Long lifespan due to the lack of electrodes – Strictly
speaking almost indefinite on the lamp itself but be-
tween 25,000 and 100,000 hours depending on lamp
model and quality of electronics used;

• Very high energy conversion efficiency of between
62 and 90 Lumens/Watt [higher power lamps are
more energy efficient];

• High power factor due to the low loss of the high
frequency electronic ballasts which are typically be-
tween 95% and 98% efficient;

• Minimal Lumen depreciation (declining light output
with age) compared to other lamp types as filament
evaporation and depletion is absent;

• “Instant-on” and hot re-strike, unlike most HID
lamps used in commercial-industrial lighting appli-
cations (such as mercury-vapor lamp, sodium-vapor
lamp and metal halide lamp);

• Environmentally friendly as induction lamps use less
energy, and use less mercury per hour of operation
than conventional lighting due to their long lifespan.
The mercury is in a solid form and can be easily re-
covered if the lamp is broken, or for recycling at
end-of-life.

These benefits offer considerable cost savings of between
35% and 55% in energy and maintenance costs for induc-
tion lamps compared to other types of commercial and
industrial lamps which they replace.

20.3.2 Disadvantages

• Some models of internal inductor lamps that use
high frequency ballasts can produce radio frequency
interference (RFI) which interferes with radio com-
munications in the area. Newer, external inductor
type lamps use low frequency ballasts that usually
have FCC or other certification, thus complying with
RFI regulations.

• External inductor lamps tend to be quite large, espe-
cially in higher wattage models, thus they are not al-
ways suitable for applications where a compact light
source is required.

• Some types of inductor lamps contain mercury,
which is highly toxic if released to the environment.

20.4 See also

• List of light sources

• Induction cooker
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Electric light

Colored lights illuminating the Monks’ cellarium, Fountains
Abbey

For other uses, see Electric light (disambiguation).

An electric light is a device that produces visible light
by the flow of electric current. It is the most common
form of artificial lighting and is essential to modern soci-
ety, providing interior lighting for buildings and exterior
light for evening and nighttime activities. Before electric
lighting became common in the early 20th century, peo-
ple used candles, gas lights, oil lamps, and fires. Most
electric lighting is powered by centrally generated elec-
tric power, but lighting may also be powered by mobile
or standby electric generators or battery systems. Battery-
powered lights, usually called "flashlights" or “torches”,
are used for portability and as backups when the main
lights fail.
The two main categories of electric lights are
incandescent lamps, which produce light by a filament
heated white-hot by electric current, and gas-discharge
lamps, which produce light by means of an electric arc
through a gas. The energy efficiency of electric lighting
has increased radically since the first demonstration
of arc lamps and the incandescent light bulb of the
19th century. Modern electric light sources come in
a profusion of types and sizes adapted to a myriad of
applications. The word “lamp” can refer either to a light
source or an or the appliance that holds the source.

21.1 Types

Types of electric lighting include:

• incandescent light bulbs

• arc lamps

• gas-discharge lamps, e.g., fluorescent lights and
compact fluorescent lamps, neon lamps, flood
lamps, modern photographic flashes

• lasers

• light-emitting diodes, including OLEDs

• sulfur lamps

Different types of lights have vastly differing efficiencies
and color of light.
*Color temperature is defined as the temperature of a black
body emitting a similar spectrum; these spectra are quite dif-
ferent from those of black bodies.

The most efficient source of electric light is the low-
pressure sodium lamp. It produces, for all practical
purposes, a monochromatic orange/yellow light, which
gives a similarly monochromatic perceprtion of any illu-
minated scene. For this reason, it is generally reserved
for outdoor public lighting usages. Low-pressure sodium
lights are favoured for public lighting by astronomers,
since the light pollution that they generate can be easily
filtered, contrary to broadband or continuous spectra.

21.1.1 Incandescent light bulb

Main article: Incandescent light bulb

The modern incandescent lightbulb, with a coiled fila-
ment of tungsten, was commercialized in the 1920s de-
veloped from the carbon filament lamp introduced in
about 1880. As well as bulbs for normal illumination,
there is a very wide range, including low voltage, low-
power types often used as components in equipment, but
now largely displaced by LEDs
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There is currently interest in banning some types of fila-
ment lamp in some countries, such as Australia planning
to ban standard incandescent light bulbs by 2010, because
they are inefficient at converting electricity to light. Sri
Lanka has already banned importing filament bulbs be-
cause of high use of electricity and less light. Less than
3% of the input energy is converted into usable light.
Nearly all of the input energy ends up as heat that, in
warm climates, must then be removed from the building
by ventilation or air conditioning, often resulting in more
energy consumption. In colder climates where heating
and lighting is required during the cold and dark winter
months, the heat byproduct has at least some value.

Halogen lamp

Main article: Halogen lamp

Halogen lamps are usually much smaller than standard
incandescents, because for successful operation a bulb
temperature over 200 °C is generally necessary. For
this reason, most have a bulb of fused silica (quartz),
but sometimes aluminosilicate glass. This is often sealed
inside an additional layer of glass. The outer glass is
a safety precaution, reducing UV emission and because
halogen bulbs can occasionally explode during operation.
One reason is if the quartz bulb has oily residue from
fingerprints. The risk of burns or fire is also greater with
bare bulbs, leading to their prohibition in some places un-
less enclosed by the luminaire.
Those designed for 12 V or 24 V operation have com-
pact filaments, useful for good optical control, also they
have higher efficiencies (lumens per watt) and better lives
than non halogen types. The light output remains almost
constant throughout life.

21.1.2 Fluorescent lamp

Main article: Fluorescent lamp

Fluorescent lamps consist of a glass tube that contains
mercury vapour or argon under low pressure. Electricity
flowing through the tube causes the gases to give off ul-
traviolet energy. The inside of the tubes are coated with
phosphors that give off visible light when struck by ul-
traviolet energy.[1] have much higher efficiency than In-
candescent lamps. For the same amount of light gener-
ated, they typically use around one-quarter to one-third
the power of an incandescent.

21.1.3 LED lamp

Main article: Solid-state lighting

Solid state LEDs have been popular as indicator lights
since the 1970s. In recent years, efficacy and output have
risen to the point where LEDs are now being used in niche
lighting applications.
Indicator LEDs are known for their extremely long life,
up to 100,000 hours, but lighting LEDs are operated
much less conservatively (due to high LED cost per watt),
and consequently have much shorter lives.
Due to the relatively high cost per watt, LED lighting is
most useful at very low powers, typically for lamp as-
semblies of under 10 W. LEDs are currently most use-
ful and cost-effective in low power applications, such as
nightlights and flashlights. Colored LEDs can also be
used for accent lighting, such as for glass objects, and
even in fake ice cubes for drinks at parties. They are also
being increasingly used as holiday lighting.
LED efficiencies vary over a very wide range. Some have
lower efficiency than filament lamps, and some signifi-
cantly higher. LED performance in this respect is prone
to being misinterpreted, as the inherent directionality of
LEDs gives them a much higher light intensity in one di-
rection per given total light output.
Single color LEDs are well developed technology, but
white LEDs at time of writing still have some unresolved
issues.

1. CRI is not particularly good, resulting in less than
accurate color rendition.

2. The light distribution from the phosphor does not
fully match the distribution of light from the LED
die, so color temperature varies at differing angles.

3. Phosphor performance degrades over time, resulting
in change of color temperature and falling output.
With some LEDs degradation can be quite fast.

4. Limited heat tolerance means that the amount of
power packable into a lamp assembly is a fraction
of the power usable in a similarly sized incandescent
lamp.

LED technology is useful for lighting designers because
of its low power consumption, low heat generation, in-
stantaneous on/off control, and in the case of single color
LEDs, continuity of color throughout the life of the diode
and relatively low cost of manufacture.
In the last few years, software has been developed to
merge lighting and video by enabling lighting designers
to stream video content to their LED fixtures, creating
low resolution video walls.
For general domestic lighting, total cost of ownership of
LED lighting is still much higher than for other well es-
tablished lighting types.
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21.1.4 Carbon arc lamp

Main article: Arc lamp

Carbon arc lamps consist of two carbon rod electrodes
in open air, supplied by a current-limiting ballast. The
electric arc is struck by touching the rods then separating
them. The ensuing arc heats the carbon tips to white heat.
These lamps have higher efficiency than filament lamps,
but the carbon rods are short lived and require constant
adjustment in use. The lamps produce significant ultra-
violet output, they require ventilation when used indoors,
and due to their intensity they need protecting from direct
sight.
Invented by Humphry Davy around 1805, the carbon arc
was the first practical electric light. They were used com-
mercially beginning in the 1870s for large building and
street lighting until they were superseded in the early 20th
century by the incandescent light. Carbon arc lamps op-
erate at high powers and produce high intensity white
light. They also are a point source of light. They re-
mained in use in limited applications that required these
properties, such as movie projectors, stage lighting, and
searchlights, until after World War 2.

21.1.5 Discharge lamp

A discharge lamp has a glass or silica envelope contain-
ing two metal electrodes separated by a gas. Gases used
include, neon, argon, xenon, sodium, metal halide, and
mercury.
The core operating principle is much the same as the car-
bon arc lamp, but the term 'arc lamp' is normally used to
refer to carbon arc lamps, with more modern types of gas
discharge lamp normally called discharge lamps.
With some discharge lamps, very high voltage is used to
strike the arc. This requires an electrical circuit called
an igniter, which is part of the ballast circuitry. After
the arc is struck, the internal resistance of the lamp drops
to a low level, and the ballast limits the current to the
operating current. Without a ballast, excess current would
flow, causing rapid destruction of the lamp.
Some lamp types contain a little neon, which permits
striking at normal running voltage, with no external ig-
nition circuitry. Low pressure sodium lamps operate this
way.
The simplest ballasts are just an inductor, and are cho-
sen where cost is the deciding factor, such as street light-
ing. More advanced electronic ballasts may be designed
to maintain constant light output over the life of the lamp,
may drive the lamp with a square wave to maintain com-
pletely flicker-free output, and shut down in the event of
certain faults.

21.2 Lamp life expectancy

Life expectancy is defined as the number of hours of op-
eration for a lamp until 50% of them fail. This means
that it is possible for some lamps to fail after a short
amount of time and for some to last significantly longer
than the rated lamp life. This is an average (median) life
expectancy. Production tolerances as low as 1% can cre-
ate a variance of 25% in lamp life. For LEDs, lamp life
is when 50% of lamps have lumen output drop to 70% or
less.
Lamps are also sensitive to switching cycles. The rapid
heating of a lamp filament or electrodes when a lamp is
turned on is the most stressful event on the lamp. Most
test cycles have the lamps on for 3 hours and then off for
20 minutes. (Some standard had to be used since it is
unknown how the lamp will be used by consumers.) This
switching cycle repeats until the lamps fail and the data
is recorded. If switching is increased to only 1 hour on,
the lamp life is usually reduced because the number of
times the lamp has been turned on has increased. Rooms
with frequent switching (bathroom, bedrooms, etc.) can
expect much shorter lamp life than what is printed on the
box.

21.3 Public lighting

The total amount of artificial light (especially from street
light) is sufficient for cities to be easily visible at night
from the air, and from space. This light is the source of
light pollution that burdens astronomers and others.

Human-made lights highlight particularly developed or
populated areas of the Earth’s surface, including the seaboards
of Europe, the eastern United States, Japan and South Korea.
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OLED

Prototype OLED lighting panels

Demonstration of a flexible OLED device

An organic light-emitting diode (OLED) is a
light-emitting diode (LED) in which the emissive
electroluminescent layer is a film of organic compound
which emits light in response to an electric current. This
layer of organic semiconductor is situated between two
electrodes; typically, at least one of these electrodes is
transparent. OLEDs are used to create digital displays in
devices such as television screens, computer monitors,
portable systems such as mobile phones, handheld
game consoles and PDAs. A major area of research
is the development of white OLED devices for use in
solid-state lighting applications.[1][2][3]

There are two main families of OLED: those based on
small molecules and those employing polymers. Adding

OLED TV

mobile ions to an OLED creates a light-emitting electro-
chemical cell (LEC) which has a slightly different mode
of operation. OLED displays can use either passive-
matrix (PMOLED) or active-matrix addressing schemes.
Active-matrix OLEDs (AMOLED) require a thin-film
transistor backplane to switch each individual pixel on
or off, but allow for higher resolution and larger display
sizes.
An OLED display works without a backlight; thus, it can
display deep black levels and can be thinner and lighter
than a liquid crystal display (LCD). In low ambient light
conditions (such as a dark room), an OLED screen can
achieve a higher contrast ratio than an LCD, regardless
of whether the LCD uses cold cathode fluorescent lamps
or an LED backlight.

22.1 History

The first observations of electroluminescence in organic
materials were in the early 1950s by André Bernanose
and co-workers at the Nancy-Université in France. They
applied high alternating voltages in air to materials such
as acridine orange, either deposited on or dissolved in cel-
lulose or cellophane thin films. The proposed mechanism
was either direct excitation of the dye molecules or exci-
tation of electrons.[4][5][6][7]

In 1960, Martin Pope and some of his co-workers at New
York University developed ohmic dark-injecting elec-
trode contacts to organic crystals.[8][9][10] They further
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described the necessary energetic requirements (work
functions) for hole and electron injecting electrode con-
tacts. These contacts are the basis of charge injection
in all modern OLED devices. Pope’s group also first
observed direct current (DC) electroluminescence under
vacuum on a single pure crystal of anthracene and on an-
thracene crystals doped with tetracene in 1963[11] using a
small area silver electrode at 400 volts. The proposed
mechanism was field-accelerated electron excitation of
molecular fluorescence.
Pope’s group reported in 1965[12] that in the absence of
an external electric field, the electroluminescence in an-
thracene crystals is caused by the recombination of a
thermalized electron and hole, and that the conducting
level of anthracene is higher in energy than the exciton
energy level. Also in 1965, W. Helfrich and W. G.
Schneider of the National Research Council in Canada
produced double injection recombination electrolumi-
nescence for the first time in an anthracene single crys-
tal using hole and electron injecting electrodes,[13] the
forerunner of modern double injection devices. In the
same year, Dow Chemical researchers patented a method
of preparing electroluminescent cells using high voltage
(500–1500 V) AC-driven (100–3000 Hz) electrically in-
sulated one millimetre thin layers of a melted phosphor
consisting of ground anthracene powder, tetracene, and
graphite powder.[14] Their proposed mechanism involved
electronic excitation at the contacts between the graphite
particles and the anthracene molecules.
Electroluminescence from polymer films was first ob-
served by Roger Partridge at the National Physical Lab-
oratory in the United Kingdom. The device consisted of
a film of poly(N-vinylcarbazole) up to 2.2 micrometres
thick located between two charge injecting electrodes.
The results of the project were patented in 1975[15] and
published in 1983.[16][17][18][19]

The first diode device was reported at Eastman Kodak by
Ching W. Tang and Steven Van Slyke in 1987.[20] This
device used a novel two-layer structure with separate hole
transporting and electron transporting layers such that re-
combination and light emission occurred in the middle
of the organic layer; this resulted in a reduction in oper-
ating voltage and improvements in efficiency that led to
the current era of OLED research and device production.
Research into polymer electroluminescence culminated
in 1990 with J. H. Burroughes et al. at the Cavendish Lab-
oratory in Cambridge reporting a high efficiency green
light-emitting polymer based device using 100 nm thick
films of poly(p-phenylene vinylene).[21]

Universal Display Corporation holds the majority of
patents concerning the commercialization of OLEDs.

+ + + +
+

++
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Schematic of a bilayer OLED: 1. Cathode (−), 2. Emissive
Layer, 3. Emission of radiation, 4. Conductive Layer, 5. An-
ode (+)

22.2 Working principle

A typical OLED is composed of a layer of organic
materials situated between two electrodes, the anode
and cathode, all deposited on a substrate. The or-
ganic molecules are electrically conductive as a result of
delocalization of pi electrons caused by conjugation over
part or all of the molecule. These materials have conduc-
tivity levels ranging from insulators to conductors, and
are therefore considered organic semiconductors. The
highest occupied and lowest unoccupied molecular or-
bitals (HOMO and LUMO) of organic semiconductors
are analogous to the valence and conduction bands of in-
organic semiconductors.
Originally, the most basic polymer OLEDs consisted of
a single organic layer. One example was the first light-
emitting device synthesised by J. H. Burroughes et al.,
which involved a single layer of poly(p-phenylene viny-
lene). However multilayer OLEDs can be fabricated with
two or more layers in order to improve device efficiency.
As well as conductive properties, different materials may
be chosen to aid charge injection at electrodes by pro-
viding a more gradual electronic profile,[22] or block a
charge from reaching the opposite electrode and being
wasted.[23] Many modern OLEDs incorporate a simple
bilayer structure, consisting of a conductive layer and
an emissive layer. More recent developments in OLED
architecture improves quantum efficiency (up to 19%)
by using a graded heterojunction.[24] In the graded het-
erojunction architecture, the composition of hole and
electron-transport materials varies continuously within
the emissive layer with a dopant emitter. The graded
heterojunction architecture combines the benefits of both
conventional architectures by improving charge injection
while simultaneously balancing charge transport within
the emissive region.[25]

During operation, a voltage is applied across the OLED
such that the anode is positive with respect to the cath-
ode. Anodes are picked based upon the quality of their
optical transparency, electrical conductivity, and chemi-
cal stability.[26] A current of electrons flows through the
device from cathode to anode, as electrons are injected
into the LUMO of the organic layer at the cathode and
withdrawn from the HOMO at the anode. This latter pro-
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cess may also be described as the injection of electron
holes into the HOMO. Electrostatic forces bring the elec-
trons and the holes towards each other and they recom-
bine forming an exciton, a bound state of the electron and
hole. This happens closer to the emissive layer, because in
organic semiconductors holes are generally more mobile
than electrons. The decay of this excited state results in
a relaxation of the energy levels of the electron, accom-
panied by emission of radiation whose frequency is in the
visible region. The frequency of this radiation depends on
the band gap of the material, in this case the difference
in energy between the HOMO and LUMO.
As electrons and holes are fermions with half integer spin,
an exciton may either be in a singlet state or a triplet state
depending on how the spins of the electron and hole have
been combined. Statistically three triplet excitons will
be formed for each singlet exciton. Decay from triplet
states (phosphorescence) is spin forbidden, increasing
the timescale of the transition and limiting the internal
efficiency of fluorescent devices. Phosphorescent or-
ganic light-emitting diodes make use of spin–orbit in-
teractions to facilitate intersystem crossing between sin-
glet and triplet states, thus obtaining emission from both
singlet and triplet states and improving the internal effi-
ciency.
Indium tin oxide (ITO) is commonly used as the anode
material. It is transparent to visible light and has a high
work function which promotes injection of holes into the
HOMO level of the organic layer. A typical conduc-
tive layer may consist of PEDOT:PSS[27] as the HOMO
level of this material generally lies between the work-
function of ITO and the HOMO of other commonly used
polymers, reducing the energy barriers for hole injection.
Metals such as barium and calcium are often used for
the cathode as they have low work functions which pro-
mote injection of electrons into the LUMO of the organic
layer.[28] Such metals are reactive, so they require a cap-
ping layer of aluminium to avoid degradation.
Experimental research has proven that the properties of
the anode, specifically the anode/hole transport layer
(HTL) interface topography plays a major role in the ef-
ficiency, performance, and lifetime of organic light emit-
ting diodes. Imperfections in the surface of the anode
decrease anode-organic film interface adhesion, increase
electrical resistance, and allow for more frequent forma-
tion of non-emissive dark spots in the OLEDmaterial ad-
versely affecting lifetime. Mechanisms to decrease anode
roughness for ITO/glass substrates include the use of thin
films and self-assembled monolayers. Also, alternative
substrates and anode materials are being considered to in-
crease OLED performance and lifetime. Possible exam-
ples include single crystal sapphire substrates treated with
gold (Au) film anodes yielding lower work functions, op-
erating voltages, electrical resistance values, and increas-
ing lifetime of OLEDs.[29]

Single carrier devices are typically used to study the

kinetics and charge transport mechanisms of an organic
material and can be useful when trying to study energy
transfer processes. As current through the device is com-
posed of only one type of charge carrier, either electrons
or holes, recombination does not occur and no light is
emitted. For example, electron only devices can be ob-
tained by replacing ITO with a lower work function metal
which increases the energy barrier of hole injection. Sim-
ilarly, hole only devices can be made by using a cathode
made solely of aluminium, resulting in an energy barrier
too large for efficient electron injection.[30][31][32]

22.3 Material technologies

22.3.1 Small molecules

Alq3,[20] commonly used in small molecule OLEDs

Efficient OLEDs using small molecules were first devel-
oped by Dr. Ching W. Tang et al.[20] at Eastman Kodak.
The term OLED traditionally refers specifically to this
type of device, though the term SM-OLED is also in use.
Molecules commonly used in OLEDs include
organometallic chelates (for example Alq3, used in
the organic light-emitting device reported by Tang et
al.), fluorescent and phosphorescent dyes and conjugated
dendrimers. A number of materials are used for their
charge transport properties, for example triphenylamine
and derivatives are commonly used as materials for
hole transport layers.[33] Fluorescent dyes can be chosen
to obtain light emission at different wavelengths, and
compounds such as perylene, rubrene and quinacridone
derivatives are often used.[34] Alq3 has been used as a
green emitter, electron transport material and as a host
for yellow and red emitting dyes.
The production of small molecule devices and displays
usually involves thermal evaporation in a vacuum. This
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makes the production process more expensive and of lim-
ited use for large-area devices than other processing tech-
niques. However, contrary to polymer-based devices, the
vacuum deposition process enables the formation of well
controlled, homogeneous films, and the construction of
very complex multi-layer structures. This high flexibil-
ity in layer design, enabling distinct charge transport and
charge blocking layers to be formed, is the main reason
for the high efficiencies of the small molecule OLEDs.
Coherent emission from a laser dye-doped tandem SM-
OLED device, excited in the pulsed regime, has been
demonstrated.[35] The emission is nearly diffraction lim-
ited with a spectral width similar to that of broadband dye
lasers.[36]

Researchers report luminescence from a single poly-
mer molecule, representing the smallest possible organic
light-emitting diode (OLED) device.[37] Scientists will be
able to optimize substances to produce more powerful
light emissions. Finally, this work is a first step towards
making molecule-sized components that combine elec-
tronic and optical properties. Similar components could
form the basis of a molecular computer.[38]

22.3.2 Polymer light-emitting diodes

poly(p-phenylene vinylene), used in the first PLED[21]

Polymer light-emitting diodes (PLED), also light-
emitting polymers (LEP), involve an electroluminescent
conductive polymer that emits light when connected to
an external voltage. They are used as a thin film for full-
spectrum colour displays. Polymer OLEDs are quite ef-
ficient and require a relatively small amount of power for
the amount of light produced.
Vacuum deposition is not a suitable method for forming
thin films of polymers. However, polymers can be pro-
cessed in solution, and spin coating is a common method
of depositing thin polymer films. This method is more
suited to forming large-area films than thermal evapora-
tion. No vacuum is required, and the emissive materials
can also be applied on the substrate by a technique de-
rived from commercial inkjet printing.[39][40] However,
as the application of subsequent layers tends to dissolve
those already present, formation of multilayer structures
is difficult with these methods. The metal cathode may
still need to be deposited by thermal evaporation in vac-
uum. An alternative method to vacuum deposition is to

deposit a Langmuir-Blodgett film.
Typical polymers used in PLED displays include deriva-
tives of poly(p-phenylene vinylene) and polyfluorene.
Substitution of side chains onto the polymer backbone
may determine the colour of emitted light[41] or the sta-
bility and solubility of the polymer for performance and
ease of processing.[42]

While unsubstituted poly(p-phenylene vinylene) (PPV)
is typically insoluble, a number of PPVs and related
poly(naphthalene vinylene)s (PNVs) that are soluble in
organic solvents or water have been prepared via ring
opening metathesis polymerization.[43][44][45]

22.3.3 Phosphorescent materials

Ir(mppy)3, a phosphorescent dopant which emits green light.[46]

Main article: Phosphorescent organic light-emitting
diode

Phosphorescent organic light emitting diodes use the
principle of electrophosphorescence to convert electri-
cal energy in an OLED into light in a highly efficient
manner,[47][48] with the internal quantum efficiencies of
such devices approaching 100%.[49]

Typically, a polymer such as poly(N-vinylcarbazole) is
used as a host material to which an organometallic
complex is added as a dopant. Iridium complexes[48] such
as Ir(mppy)3[46] are currently the focus of research, al-
though complexes based on other heavy metals such as
platinum[47] have also been used.
The heavy metal atom at the centre of these com-
plexes exhibits strong spin-orbit coupling, facilitating
intersystem crossing between singlet and triplet states. By
using these phosphorescent materials, both singlet and
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triplet excitons will be able to decay radiatively, hence
improving the internal quantum efficiency of the device
compared to a standard PLED where only the singlet
states will contribute to emission of light.
Applications of OLEDs in solid state lighting require the
achievement of high brightness with good CIE coordi-
nates (for white emission). The use of macromolec-
ular species like polyhedral oligomeric silsesquioxanes
(POSS) in conjunction with the use of phosphorescent
species such as Ir for printed OLEDs have exhibited
brightnesses as high as 10,000 cd/m2.[50]

22.4 Device architectures

22.4.1 Structure
Bottom or top emission Bottom or top distinction

refers not to orientation of the OLED display,
but to the direction that emitted light exits the
device. OLED devices are classified as bottom
emission devices if light emitted passes through the
transparent or semi-transparent bottom electrode
and substrate on which the panel was manufactured.
Top emission devices are classified based on
whether or not the light emitted from the OLED
device exits through the lid that is added following
fabrication of the device. Top-emitting OLEDs are
better suited for active-matrix applications as they
can be more easily integrated with a non-transparent
transistor backplane. The TFT array attached to the
bottom substrate on which AMOLEDs are man-
ufactured are typically non-transparent, resulting
in considerable blockage of transmitted light if the
device followed a bottom emitting scheme.[51]

Transparent OLEDs Transparent OLEDs use trans-
parent or semi-transparent contacts on both sides
of the device to create displays that can be made
to be both top and bottom emitting (transparent).
TOLEDs can greatly improve contrast, making it
much easier to view displays in bright sunlight.[52]
This technology can be used in Head-up displays,
smart windows or augmented reality applications.

Graded Heterojunction Graded heterojunction
OLEDs gradually decrease the ratio of electron
holes to electron transporting chemicals.[24] This
results in almost double the quantum efficiency of
existing OLEDs.

Stacked OLEDs Stacked OLEDs use a pixel architec-
ture that stacks the red, green, and blue subpixels
on top of one another instead of next to one an-
other, leading to substantial increase in gamut and
color depth, and greatly reducing pixel gap. Cur-
rently, other display technologies have the RGB (and
RGBW) pixels mapped next to each other decreas-
ing potential resolution.

Inverted OLED In contrast to a conventional OLED, in
which the anode is placed on the substrate, an In-
verted OLED uses a bottom cathode that can be
connected to the drain end of an n-channel TFT
especially for the low cost amorphous silicon TFT
backplane useful in themanufacturing of AMOLED
displays.[53]

22.4.2 Patterning technologies

Patternable organic light-emitting devices use a light or
heat activated electroactive layer. A latent material
(PEDOT-TMA) is included in this layer that, upon acti-
vation, becomes highly efficient as a hole injection layer.
Using this process, light-emitting devices with arbitrary
patterns can be prepared.[54]

Colour patterning can be accomplished bymeans of laser,
such as radiation-induced sublimation transfer (RIST).[55]

Organic vapour jet printing (OVJP) uses an inert carrier
gas, such as argon or nitrogen, to transport evaporated or-
ganic molecules (as in organic vapour phase deposition).
The gas is expelled through a micrometre-sized nozzle or
nozzle array close to the substrate as it is being translated.
This allows printing arbitrary multilayer patterns without
the use of solvents.
Conventional OLED displays are formed by vapor ther-
mal evaporation (VTE) and are patterned by shadow-
mask. A mechanical mask has openings allowing the va-
por to pass only on the desired location.
Like ink jet material depositioning, inkjet etching (IJE)
deposits precise amounts of solvent onto a substrate de-
signed to selectively dissolve the substrate material and
induce a structure or pattern. Inkjet etching of polymer
layers in OLED’s can be used to increase the overall out-
coupling efficiency. In OLEDs, light produced from the
emissive layers of the OLED is partially transmitted out
of the device and partially trapped inside the device by
total internal reflection (TIR). This trapped light is wave-
guided along the interior of the device until it reaches an
edge where it is dissipated by either absorption and/or
emission. Inkjet etching can be used to selectively al-
ter the polymeric layers of OLED structures to decrease
overall TIR and increase out-coupling efficiency of the
OLED. Compared to a non-etched polymer layer, the
structured polymer layer in the OLED structure from the
IJE process helps to decrease the TIR of the OLED de-
vice. IJE solvents are commonly organic instead of water
based due to their non-acidic nature and ability to effec-
tively dissolve materials at temperatures under the boiling
point of water.[56]

22.4.3 Backplane technologies

For a high resolution display like a TV, a TFT back-
plane is necessary to drive the pixels correctly. Currently,
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low temperature polycrystalline silicon (LTPS) – thin-
film transistor (TFT) is used for commercial AMOLED
displays. LTPS-TFT has variation of the performance
in a display, so various compensation circuits have been
reported.[57] Due to the size limitation of the excimer
laser used for LTPS, the AMOLED size was limited. To
cope with the hurdle related to the panel size, amorphous-
silicon/microcrystalline-silicon backplanes have been re-
ported with large display prototype demonstrations.[58]

22.4.4 Fabrication

Transfer-printing is an emerging technology with the ca-
pability to assemble large numbers of parallel OLED and
AMOLED devices under efficient conditions. Transfer-
printing takes advantage of standard metal deposition,
photolithography, and etching to create alignment marks
on device substrates, commonly glass. Thin polymer ad-
hesive layers are applied to enhance resistance to par-
ticles and surface defects. Microscale ICs are transfer-
printed onto the adhesive surface and then baked to fully
cure adhesive layers. An additional photosensitive poly-
mer layer is then applied to the substrate to account for
the topography caused by the printed ICs, reintroduc-
ing a flat surface. Photolithography and etching are per-
formed to remove some polymer layers to uncover con-
ductive pads on the ICs. Following this step, the an-
ode layer is applied to the device backplane to form bot-
tom electrode. OLED layers are then applied to the an-
ode layer using conventional vapor deposition processes,
and covered with a conductive metal electrode layer.
Transfer-printing is currently capable of printing onto tar-
get substrates up to 500mm X 400mm. Expansion on
this size limit is needed in order for transfer-printing to
become a common process for the fabrication of large
OLED/AMOLED displays.[59]

22.5 Advantages

Further information: Comparison of CRT, LCD, Plasma,
and OLED
The different manufacturing process of OLEDs lends it-

Demonstration of a 4.1” prototype flexible display from Sony

self to several advantages over flat panel displays made
with LCD technology.

Lower cost in the future OLEDs can be printed onto
any suitable substrate by an inkjet printer or even

by screen printing,[60] theoretically making them
cheaper to produce than LCD or plasma displays.
However, fabrication of the OLED substrate is more
costly than that of a TFT LCD, until mass produc-
tion methods lower cost through scalability. Roll-to-
roll vapour-deposition methods for organic devices
do allow mass production of thousands of devices
per minute for minimal cost, although this technique
also induces problems in that devices with multi-
ple layers can be challenging to make because of
registration, lining up the different printed layers to
the required degree of accuracy.

Lightweight and flexible plastic substrates OLED
displays can be fabricated on flexible plastic sub-
strates leading to the possible fabrication of flexible
organic light-emitting diodes for other new applica-
tions, such as roll-up displays embedded in fabrics
or clothing. As the substrate used can be flexible
such as polyethylene terephthalate (PET),[61] the
displays may be produced inexpensively. Further,
plastic substrates are shatter resistant, unlike glass
displays used in LCD devices.

Wider viewing angles and improved brightness
OLEDs can enable a greater artificial contrast
ratio (both dynamic range and static, measured in
purely dark conditions) and a wider viewing angle
compared to LCDs because OLED pixels emit light
directly. OLED pixel colors appear correct and
unshifted, even as the viewing angle approaches 90°
from normal.

Better power efficiency and thickness LCDs filter the
light emitted from a backlight, allowing a small frac-
tion of light through. So, they cannot show true
black. However, an inactive OLED element does
not produce light or consume power, thus allow-
ing true blacks.[62] Dismissing the backlight also
makes OLEDs lighter because some substrates are
not needed. This allows electronics potentially to be
manufactured more cheaply, but, first, a larger pro-
duction scale is needed, because OLEDs still some-
what are niche products.[63] When looking at top-
emitting OLEDs, thickness also plays a role when
talking about index match layers (IMLs). Emission
intensity is enhancedwhen the IML thickness is 1.3–
2.5 nm. The refractive value and thematching of the
optical IMLs property, including the device struc-
ture parameters, also enhance the emission intensity
at these thicknesses.[64]

Response time OLEDs also have amuch faster response
time than an LCD. Using response time compen-
sation technologies, the fastest modern LCDs can
reach as low as 1ms response times for their fastest
color transition and are capable of refresh frequen-
cies as high as 144 Hz. OLED response times are
up to 1,000 times faster than LCD according to
LG,[65] putting conservative estimates at under 10μs
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(0.01ms), which in theory could accommodate re-
fresh frequencies approaching 100 kHz (100,000
Hz). Due to their extremely fast response time,
OLED displays can also be easily designed to in-
terpolate black frames, creating an effect similar to
CRT flicker in order to avoid the sample-and-hold
behavior used on both LCDs and some OLED dis-
plays that creates the perception of motion blur.[66]

22.6 Disadvantages

LEP (light emitting polymer) display showing partial failure

An old OLED display showing wear

Lifespan The biggest technical problem for OLEDs was
the limited lifetime of the organic materials. One
2008 technical report on an OLED TV panel found
that “After 1,000 hours the blue luminance de-
graded by 12%, the red by 7% and the green by
8%.”[67] In particular, blue OLEDs historically have
had a lifetime of around 14,000 hours to half orig-
inal brightness (five years at 8 hours a day) when
used for flat-panel displays. This is lower than the
typical lifetime of LCD, LED or PDP technology.
Each currently is rated for about 25,000–40,000

hours to half brightness, depending on manufac-
turer and model.[68][69] Degradation occurs because
of the accumulation of nonradiative recombination
centers and luminescence quenchers in the emissive
zone. It is said that the chemical breakdown in the
semiconductors occurs in four steps: 1) recombi-
nation of charge carriers through the absorption of
UV light, 2) homolytic dissociation, 3) subsequent
radical addition reactions that form π radicals, and
4) disproportionation between two radicals result-
ing in hydrogen-atom transfer reactions.[70] How-
ever, some manufacturers’ displays aim to increase
the lifespan of OLED displays, pushing their ex-
pected life past that of LCD displays by improving
light outcoupling, thus achieving the same bright-
ness at a lower drive current.[71][72] In 2007, ex-
perimental OLEDs were created which can sustain
400 cd/m2 of luminance for over 198,000 hours for
green OLEDs and 62,000 hours for blue OLEDs.[73]

Color balance Additionally, as the OLEDmaterial used
to produce blue light degrades significantly more
rapidly than the materials that produce other colors,
blue light output will decrease relative to the other
colors of light. This variation in the differential
color output will change the color balance of the dis-
play and is much more noticeable than a decrease in
overall luminance.[74] This can be avoided partially
by adjusting color balance, but this may require ad-
vanced control circuits and interaction with the user,
which is unacceptable for some users. More com-
monly, though, manufacturers optimize the size of
the R, G and B subpixels to reduce the current den-
sity through the subpixel in order to equalize lifetime
at full luminance. For example, a blue subpixel may
be 100% larger than the green subpixel. The red
subpixel may be 10% smaller than the green.

Efficiency of blue OLEDs Improvements to the effi-
ciency and lifetime of blue OLEDs is vital to the
success of OLEDs as replacements for LCD tech-
nology. Considerable research has been invested in
developing blue OLEDs with high external quantum
efficiency as well as a deeper blue color.[75][76] Ex-
ternal quantum efficiency values of 20% and 19%
have been reported for red (625 nm) and green
(530 nm) diodes, respectively.[77][78] However, blue
diodes (430 nm) have only been able to achievemax-
imum external quantum efficiencies in the range of
4% to 6%.[79]

Water damage Water can instantly damage the organic
materials of the displays. Therefore, improved seal-
ing processes are important for practical manufac-
turing. Water damage especially may limit the
longevity of more flexible displays.[80]

Outdoor performance As an emissive display technol-
ogy, OLEDs rely completely upon converting elec-
tricity to light, unlike most LCDs which are to some
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extent reflective. e-paper leads the way in efficiency
with ~ 33% ambient light reflectivity, enabling the
display to be used without any internal light source.
The metallic cathode in an OLED acts as a mir-
ror, with reflectance approaching 80%, leading to
poor readability in bright ambient light such as out-
doors. However, with the proper application of a
circular polarizer and antireflective coatings, the dif-
fuse reflectance can be reduced to less than 0.1%.
With 10,000 fc incident illumination (typical test
condition for simulating outdoor illumination), that
yields an approximate photopic contrast of 5:1. Re-
cent advances in OLED technologies, however, en-
able OLEDs to become actually better than LCDs in
bright sunlight. The Super AMOLED display in the
Galaxy S5, for example, was found to outperform all
LCD displays on the market in terms of brightness
and reflectance.[81]

Power consumption While an OLED will consume
around 40% of the power of an LCD displaying an
image that is primarily black, for the majority of
images it will consume 60–80% of the power of
an LCD. However, an OLED can use more than
three times as much power to display an image with
a white background, such as a document or web
site.[82] This can lead to reduced battery life in mo-
bile devices, when white backgrounds are used.

22.7 Manufacturers and commer-
cial uses

Magnified image of the AMOLED screen on the Google Nexus
One smartphone using the RGBG system of the PenTile Matrix
Family.

OLED technology is used in commercial applications
such as displays for mobile phones and portable digital
media players, car radios and digital cameras among oth-
ers. Such portable applications favor the high light out-
put of OLEDs for readability in sunlight and their low
power drain. Portable displays are also used intermit-

A 3.8 cm (1.5 in) OLED display from a Creative ZEN V media
player

tently, so the lower lifespan of organic displays is less of
an issue. Prototypes have been made of flexible and rol-
lable displays which use OLEDs’ unique characteristics.
Applications in flexible signs and lighting are also being
developed.[83] Philips Lighting have made OLED light-
ing samples under the brand name “Lumiblade” available
online[84] and Novaled AG based in Dresden, Germany,
introduced a line of OLED desk lamps called “Victory”
in September, 2011.[85]

Universal Display Corporation (UDC) is a leader in re-
searching, developing and delivering OLED technolo-
gies. Founded in 1994, the company currently owns
or has exclusive, co-exclusive or sole license rights with
respect to more than 3,000 issued and pending patents
worldwide for the commercialization of phosphorescent
based OLEDs and also flexible, transparent and stacked
OLEDs – for both display and lighting applications. Uni-
versal Display works and partners with a network of orga-
nizations, including Princeton University, the University
of Southern California, the University of Michigan, and
PPG Industries, Inc. Its phosphorescent OLED technolo-
gies and materials are licensed and supplied to compa-
nies such as Samsung, LG, AU Optronics CMEL, Pio-
neer, Panasonic Idemitsu OLED lighting and Konica Mi-
nolta. UDC is working with many other companies, in-
cluding Sony, DuPont and Novaled. Back in 2009 UDC
claimed that “virtually all AMOLEDs on the market use
our technology”.[86]

OLEDs have been used in most Motorola and Samsung
color cell phones, as well as some HTC, LG and Sony Er-
icsson models.[87] Nokia has also introduced someOLED
products including the N85 and the N86 8MP, both of
which feature an AMOLED display. OLED technology
can also be found in digital media players such as the Cre-
ative ZEN V, the iriver clix, the Zune HD and the Sony
Walkman X Series.
The Google and HTC Nexus One smartphone includes
an AMOLED screen, as does HTC’s own Desire and
Legend phones. However due to supply shortages of the
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Samsung-produced displays, certain HTCmodels will use
Sony’s SLCD displays in the future,[88] while the Google
and Samsung Nexus S smartphone will use “Super Clear
LCD” instead in some countries.[89]

OLED displays were used in watches made by Fossil (JR-
9465) and Diesel (DZ-7086).
Other manufacturers of OLED panels include Anwell
Technologies Limited (Hong Kong),[90] AU Optronics
(Taiwan),[91] Chimei Innolux Corporation (Taiwan),[92]
LG (Korea),[93] and others.[94]

In 2009, Shearwater Research introduced the Predator
as the first color OLED diving computer available with a
user replaceable battery.[95][96]

DuPont stated in a press release inMay 2010 that they can
produce a 50-inch OLED TV in two minutes with a new
printing technology. If this can be scaled up in terms of
manufacturing, then the total cost of OLED TVs would
be greatly reduced. DuPont also states that OLED TVs
made with this less expensive technology can last up to
15 years if left on for a normal eight-hour day.[97][98]

The use of OLEDs may be subject to patents held by
Universal Display Corporation, Eastman Kodak, DuPont,
General Electric, Royal Philips Electronics, numerous
universities and others.[99] There are by now thousands
of patents associated with OLEDs, both from larger cor-
porations and smaller technology companies.
RIM, the maker of BlackBerry smartphones, use OLED
displays in their BlackBerry 10 devices.
A technical writer at the Sydney Herald thinks foldable
OLED smartphones could be as much as a decade away
because of the cost of producing them. There is a rela-
tively high failure rate when producing these screens. As
little as a speck of dust can ruin a screen during pro-
duction. Creating a battery that can be folded is an-
other hurdle.[100] However, Samsung have accelerated
their plans to release a foldable display by the end of
2015[101]

22.7.1 Fashion

Textiles incorporating OLEDs are an innovation in the
fashion world and pose for a way to integrate lighting to
bring inert objects to a whole new level of fashion. The
hope is to combine the comfort and low cost properties
of textile with the OLEDs properties of illumination and
low energy consumption. Although this scenario of illu-
minated clothing is highly plausible, challenges are still
a road block. Some issues include: the lifetime of the
OLED, rigidness of flexible foil substrates, and the lack of
research in making more fabric like photonic textiles.[102]

22.7.2 Samsung applications

By 2004 Samsung, South Korea's largest conglomerate,
was the world’s largest OLED manufacturer, producing
40% of the OLED displays made in the world,[103] and
as of 2010 has a 98% share of the global AMOLED
market.[104] The company is leading the world of OLED
industry, generating $100.2 million out of the total $475
million revenues in the global OLEDmarket in 2006.[105]
As of 2006, it held more than 600 American patents
and more than 2800 international patents, making it the
largest owner of AMOLED technology patents.[105]

Samsung SDI announced in 2005 the world’s largest
OLED TV at the time, at 21 inches (53 cm).[106] This
OLED featured the highest resolution at the time, of 6.22
million pixels. In addition, the company adopted active
matrix based technology for its low power consumption
and high-resolution qualities. This was exceeded in Jan-
uary 2008, when Samsung showcased the world’s largest
and thinnest OLED TV at the time, at 31 inches (78 cm)
and 4.3 mm.[107]

In May 2008, Samsung unveiled an ultra-thin 12.1 inch
(30 cm) laptop OLED display concept, with a 1,280×768
resolution with infinite contrast ratio.[108] According to
Woo Jong Lee, Vice President of the Mobile Display
Marketing Team at Samsung SDI, the company expected
OLED displays to be used in notebook PCs as soon as
2010.[109]

In October 2008, Samsung showcased the world’s
thinnest OLED display, also the first to be “flappable” and
bendable.[110] It measures just 0.05 mm (thinner than pa-
per), yet a Samsung staff member said that it is “techni-
cally possible to make the panel thinner”.[110] To achieve
this thickness, Samsung etched an OLED panel that uses
a normal glass substrate. The drive circuit was formed by
low-temperature polysilicon TFTs. Also, low-molecular
organic EL materials were employed. The pixel count of
the display is 480 × 272. The contrast ratio is 100,000:1,
and the luminance is 200 cd/m2. The colour reproduction
range is 100% of the NTSC standard.
In the same month, Samsung unveiled what was then the
world’s largest OLED Television at 40-inch with a Full
HD resolution of 1920 × 1080 pixels.[111] In the FPD In-
ternational, Samsung stated that its 40-inch OLED Panel
is the largest size currently possible. The panel has a
contrast ratio of 1,000,000:1, a colour gamut of 107%
NTSC, and a luminance of 200 cd/m2 (peak luminance
of 600 cd/m2).
At the Consumer Electronics Show (CES) in January
2010, Samsung demonstrated a laptop computer with a
large, transparent OLED display featuring up to 40%
transparency[112] and an animated OLED display in a
photo ID card.[113]

Samsung’s latest AMOLED smartphones use their Super
AMOLED trademark, with the Samsung Wave S8500
and Samsung i9000 Galaxy S being launched in June
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2010. In January 2011 Samsung announced their Super
AMOLED Plus displays, which offer several advances
over the older Super AMOLED displays: real stripe ma-
trix (50% more sub pixels), thinner form factor, brighter
image and an 18% reduction in energy consumption.[114]

At CES 2012, Samsung introduced the first 55”
TV screen that uses Super OLED technology.<ref
name=:"CES-2012-review">Clark, Shaylin (2012-01-
12). CES 2012: Samsung’s OLED TV Rakes In Awards.
WebProNews. Retrieved 2012-12-03.</ref>
On January 8, 2013, at CES Samsung unveiled a
unique curved 4K Ultra S9 OLED television, which
they state provides an “IMAX-like experience” for view-
ers.<ref name=:"Samsung’s curved OLED TV provides
an 'IMAX-like' experience">Rougeau, Michael (2013-
01-08). . Techradar. Retrieved 2013-01-08.</ref>
On August 13, 2013, Samsung announced availability of
a 55-inch curved OLEDTV (model KN55S9C) in the US
at a price point of $8999.99.[115]

On September 6, 2013, Samsung launched its 55-inch
curved OLEDTV (model KE55S9C) in the United King-
dom with John Lewis.[116]

Samsung introduced theGalaxy Round smartphone in the
Korean market in October 2013. The device features a
1080p screen, measuring 5.7 inches (14 cm), that curves
on the vertical axis in a rounded case. The corporation
has promoted the following advantages: A new feature
called “Round Interaction” that allows users to look at in-
formation by tilting the handset on a flat surface with the
screen off, and the feel of one continuous transition when
the user switches between home screens.[117]

22.7.3 Sony applications

Sony XEL-1, the world’s first OLED TV.[118] (front)

The Sony CLIÉ PEG-VZ90 was released in 2004, being
the first PDA to feature an OLED screen.[119] Other Sony
products to feature OLED screens include the MZ-RH1
portable minidisc recorder, released in 2006[120] and the
Walkman X Series.[121]

At the 2007 Las Vegas Consumer Electronics Show
(CES), Sony showcased 11-inch (28 cm, resolution
960×540) and 27-inch (68.5 cm), full HD resolution
at 1920 × 1080 OLED TV models.[122] Both claimed
1,000,000:1 contrast ratios and total thicknesses (in-
cluding bezels) of 5 mm. In April 2007, Sony an-
nounced it would manufacture 1000 11-inch (28 cm)
OLED TVs per month for market testing purposes.[123]
On October 1, 2007, Sony announced that the 11-inch
(28 cm) model, now called the XEL-1, would be released
commercially;[118] the XEL-1 was first released in Japan
in December 2007.[124]

In May 2007, Sony publicly unveiled a video of a 2.5-
inch flexible OLED screen which is only 0.3 millimeters
thick.[125] At the Display 2008 exhibition, Sony demon-
strated a 0.2 mm thick 3.5 inch (9 cm) display with a res-
olution of 320×200 pixels and a 0.3 mm thick 11 inch (28
cm) display with 960×540 pixels resolution, one-tenth the
thickness of the XEL-1.[126][127]

In July 2008, a Japanese government body said it would
fund a joint project of leading firms, which is to develop
a key technology to produce large, energy-saving organic
displays. The project involves one laboratory and 10 com-
panies including Sony Corp. NEDO said the project was
aimed at developing a core technology to mass-produce
40 inch or larger OLED displays in the late 2010s.[128]

In October 2008, Sony published results of research it
carried out with the Max Planck Institute over the possi-
bility of mass-market bending displays, which could re-
place rigid LCDs and plasma screens. Eventually, bend-
able, see-through displays could be stacked to produce
3D images with much greater contrast ratios and viewing
angles than existing products.[129]

Sony exhibited a 24.5” (62 cm) prototype OLED 3D tele-
vision during the Consumer Electronics Show in January
2010.[130]

In January 2011, Sony announced the PlayStation Vita
handheld game console (the successor to the PSP) will
feature a 5-inch OLED screen.[131]

On February 17, 2011, Sony announced its 25” (63.5 cm)
OLED Professional Reference Monitor aimed at the Cin-
ema and high end Drama Post Production market.[132]

On June 25, 2012, Sony and Panasonic announced a joint
venture for creating low cost mass production OLED tele-
visions by 2013.[133]

22.7.4 LG applications

As of 2010, LG Electronics produced one model of
OLED television, the 15 inch 15EL9500[134] and had
announced a 31” (78 cm) OLED 3D television for
March 2011.[135] On December 26, 2011, LG offi-
cially announced the “world’s largest 55” OLED panel”
and featured it at CES 2012.[136] In late 2012, LG an-
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nounces the launch of the 55EM9600 OLED television
in Australia.[137]

CNET reviewed the LG 55EC9300 OLED Television in
September 2014 and called it the “Best. Picture. Ever.”
offering better picture quality than LED TV and Plasma
TV and without their disadvantages.[138]

In January 2015, LG Display signed a long term agree-
ment with Universal Display Corporation for the supply
of OLED materials and the right to use their patented
OLED emitters.[139]

22.7.5 Mitsubishi applications

Lumiotec is the first company in the world developing and
selling, since January 2011, mass-produced OLED light-
ing panels with such brightness and long lifetime. Lu-
miotec is a joint venture of Mitsubishi Heavy Industries,
ROHM, Toppan Printing, and Mitsui & Co. On June 1,
2011, Mitsubishi installed a 6-meter OLED 'sphere' in
Tokyo’s Science Museum.[140]

22.7.6 Recom Group/video name tag ap-
plications

On January 6, 2011, Los Angeles based technology com-
pany Recom Group introduced the first small screen con-
sumer application of the OLED at the Consumer Elec-
tronics Show in Las Vegas. This was a 2.8” (7 cm) OLED
display being used as a wearable video name tag.[141] At
the Consumer Electronics Show in 2012, Recom Group
introduced the world’s first video mic flag incorporating
three 2.8” (7 cm)OLEDdisplays on a standard broadcast-
ers mic flag. The video mic flag allowed video content
and advertising to be shown on a broadcasters standard
mic flag.[142]

22.7.7 BMW

BMW plans to use OLEDs in tail lights and interior
lights in their future cars; however, OLEDs are cur-
rently too dim to be used for brake lights, headlights and
indicators.[143]

22.8 Research

In 2014, Mitsubishi Chemical Corporation (MCC), a
subsidiary of the Mitsubishi Chemical Holdings devel-
oped an organic light-emitting diode (OLED) panel with
a life of 30,000 hours, twice that of conventional OLED
panels.[144]

The search for efficient OLED materials has been exten-
sively supported by simulation methods. By now it is pos-
sible to calculate important properties completely com-

putationally, independent of experimental input. [145][146]
This allows cost-efficient pre-screening ofmaterials, prior
to expensive synthesis and experimental characterisation.

22.9 See also

• Comparison of display technology

• Field emission display

• Flexible electronics

• List of emerging technologies

• Molecular electronics

• Organic Light Emitting Transistor

• Printed electronics

• Rollable display

• Quantum dot display

• Roll-to-roll

• Surface-conduction electron-emitter display

22.10 References
[1] Kamtekar, K. T.; Monkman, A. P.; Bryce, M. R. (2010).

“Recent Advances in White Organic Light-Emitting Ma-
terials and Devices (WOLEDs)". Advanced Materials 22
(5): 572. doi:10.1002/adma.200902148.

[2] D'Andrade, B. W.; Forrest, S. R. (2004). “White
Organic Light-Emitting Devices for Solid-State
Lighting”. Advanced Materials 16 (18): 1585.
doi:10.1002/adma.200400684.

[3] Chang, Yi-Lu; Lu, Zheng-Hong (2013). “White
Organic Light-Emitting Diodes for Solid-State
Lighting”. Journal of Display Technology
PP (99): 1. Bibcode:2013JDisT...9..459C.
doi:10.1109/JDT.2013.2248698.

[4] Bernanose, A.; Comte, M.; Vouaux, P. (1953). “A new
method of light emission by certain organic compounds”.
J. Chim. Phys. 50: 64.

[5] Bernanose, A.; Vouaux, P. (1953). “Organic electrolumi-
nescence type of emission”. J. Chim. Phys. 50: 261.

[6] Bernanose, A. (1955). “The mechanism of organic elec-
troluminescence”. J. Chim. Phys. 52: 396.

[7] Bernanose, A. and Vouaux, P. (1955). J. Chim. Phys. 52:
509. Missing or empty |title= (help)

[8] Kallmann, H.; Pope, M. (1960). “Positive Hole In-
jection into Organic Crystals”. The Journal of Chem-
ical Physics 32: 300. Bibcode:1960JChPh..32..300K.
doi:10.1063/1.1700925.

https://en.wikipedia.org/wiki/CNET
https://en.wikipedia.org/wiki/LG
https://en.wikipedia.org/wiki/Mitsubishi
https://en.wikipedia.org/wiki/Mitsubishi_Chemical_Corporation
https://en.wikipedia.org/wiki/Mitsubishi_Chemical_Holdings
https://en.wikipedia.org/wiki/Organic_light-emitting_diode
https://en.wikipedia.org/wiki/Comparison_of_display_technology
https://en.wikipedia.org/wiki/Field_emission_display
https://en.wikipedia.org/wiki/Flexible_electronics
https://en.wikipedia.org/wiki/List_of_emerging_technologies
https://en.wikipedia.org/wiki/Molecular_electronics
https://en.wikipedia.org/wiki/Organic_Light_Emitting_Transistor
https://en.wikipedia.org/wiki/Printed_electronics
https://en.wikipedia.org/wiki/Rollable_display
https://en.wikipedia.org/wiki/Quantum_dot_display
https://en.wikipedia.org/wiki/Roll-to-roll
https://en.wikipedia.org/wiki/Surface-conduction_electron-emitter_display
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1002%252Fadma.200902148
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1002%252Fadma.200400684
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2013JDisT...9..459C
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1109%252FJDT.2013.2248698
https://en.wikipedia.org/wiki/Help:CS1_errors#citation_missing_title
https://en.wikipedia.org/wiki/Martin_Pope
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1960JChPh..32..300K
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.1700925


22.10. REFERENCES 175

[9] Kallmann, H.; Pope, M. (1960). “Bulk Conductiv-
ity in Organic Crystals”. Nature 186 (4718): 31.
Bibcode:1960Natur.186...31K. doi:10.1038/186031a0.

[10] Mark, Peter; Helfrich, Wolfgang (1962). “Space-Charge-
Limited Currents in Organic Crystals”. Journal of Ap-
plied Physics 33: 205. Bibcode:1962JAP....33..205M.
doi:10.1063/1.1728487.

[11] Pope, M.; Kallmann, H. P.; Magnante, P.
(1963). “Electroluminescence in Organic Crys-
tals”. The Journal of Chemical Physics 38
(8): 2042. Bibcode:1963JChPh..38.2042P.
doi:10.1063/1.1733929.

[12] Sano, Mizuka; Pope, Martin; Kallmann, Hartmut
(1965). “Electroluminescence and Band Gap in An-
thracene”. The Journal of Chemical Physics 43 (8): 2920.
Bibcode:1965JChPh..43.2920S. doi:10.1063/1.1697243.

[13] Helfrich, W.; Schneider, W. (1965). “Recombination
Radiation in Anthracene Crystals”. Physical Review
Letters 14 (7): 229. Bibcode:1965PhRvL..14..229H.
doi:10.1103/PhysRevLett.14.229.

[14] Gurnee, E. and Fernandez, R. “Organic electrolumi-
nescent phosphors”, U.S. Patent 3,172,862, Issue date:
March 9, 1965

[15] Partridge, Roger Hugh, “Radiation sources” U.S. Patent
3,995,299, Issue date: November 30, 1976

[16] Partridge, R (1983). “Electroluminescence from
polyvinylcarbazole films: 1. Carbazole cations”. Polymer
24 (6): 733. doi:10.1016/0032-3861(83)90012-5.

[17] Partridge, R (1983). “Electroluminescence from
polyvinylcarbazole films: 2. Polyvinylcarbazole films
containing antimony pentachloride”. Polymer 24 (6):
739. doi:10.1016/0032-3861(83)90013-7.

[18] Partridge, R (1983). “Electroluminescence from
polyvinylcarbazole films: 3. Electroluminescent
devices”. Polymer 24 (6): 748. doi:10.1016/0032-
3861(83)90014-9.

[19] Partridge, R (1983). “Electroluminescence from
polyvinylcarbazole films: 4. Electroluminescence using
higher work function cathodes”. Polymer 24 (6): 755.
doi:10.1016/0032-3861(83)90015-0.

[20] Tang, C. W.; Vanslyke, S. A. (1987). “Organic electrolu-
minescent diodes”. Applied Physics Letters 51 (12): 913.
Bibcode:1987ApPhL..51..913T. doi:10.1063/1.98799.

[21] Burroughes, J. H.; Bradley, D. D. C.; Brown, A. R.;
Marks, R. N.; MacKay, K.; Friend, R. H.; Burns, P.
L.; Holmes, A. B. (1990). “Light-emitting diodes based
on conjugated polymers”. Nature 347 (6293): 539.
Bibcode:1990Natur.347..539B. doi:10.1038/347539a0.

[22] Piromreun, Pongpun; Oh, Hwansool; Shen, Yulong;
Malliaras, George G.; Scott, J. Campbell; Brock,
Phil J. (2000). “Role of CsF on electron injec-
tion into a conjugated polymer”. Applied Physics Let-
ters 77 (15): 2403. Bibcode:2000ApPhL..77.2403P.
doi:10.1063/1.1317547.

[23] D. Ammermann, A. Böhler, W. Kowalsky,Multilayer Or-
ganic Light Emitting Diodes for Flat Panel Displays, Insti-
tut für Hochfrequenztechnik, TU Braunschweig, 1995.

[24] “Organic Light-Emitting Diodes Based on Graded Het-
erojunction Architecture Has Greater Quantum Effi-
ciency”. University of Minnesota. Retrieved 31 May
2011.

[25] Holmes, Russell; Erickson, N.; LüSsem, Björn; Leo,
Karl (27 August 2010). “Highly efficient, single-
layer organic light-emitting devices based on a graded-
composition emissive layer”. Applied Physics Let-
ters 97: 083308. Bibcode:2010ApPhL..97a3308S.
doi:10.1063/1.3460285.

[26] Lin Ke, Peng; Ramadas, K.; Burden, A.; Soo-Jin, C. (June
2006). “INdium-Tin-Oxide-Free Organic Light-Emitting
Devices”. Transactions on Electron Devices 53 (6): 1483.
JSTOR 0018-9383.

[27] Carter, S. A.; Angelopoulos, M.; Karg, S.; Brock, P. J.;
Scott, J. C. (1997). “Polymeric anodes for improved poly-
mer light-emitting diode performance”. Applied Physics
Letters 70 (16): 2067. Bibcode:1997ApPhL..70.2067C.
doi:10.1063/1.118953.

[28] Friend, R. H.; Gymer, R. W.; Holmes, A. B.; Burroughes,
J. H.; Marks, R. N.; Taliani, C.; Bradley, D. D. C.; Santos,
D. A. Dos; Brdas, J. L.; Lgdlund, M.; Salaneck, W. R.
(1999). “Electroluminescence in conjugated polymers”.
Nature 397 (6715): 121. Bibcode:1999Natur.397..121F.
doi:10.1038/16393.

[29] “Spintronic OLEDs could be brighter and more efficient”.
Engineer (Online Edition): 1. 16 July 2012.

[30] Davids, P. S.; Kogan, Sh. M.; Parker, I. D.; Smith,
D. L. (1996). “Charge injection in organic light-
emitting diodes: Tunneling into low mobility ma-
terials”. Applied Physics Letters 69 (15): 2270.
Bibcode:1996ApPhL..69.2270D. doi:10.1063/1.117530.

[31] Crone, B. K.; Campbell, I. H.; Davids, P. S.; Smith,
D. L. (1998). “Charge injection and transport in single-
layer organic light-emitting diodes”. Applied Physics Let-
ters 73 (21): 3162. Bibcode:1998ApPhL..73.3162C.
doi:10.1063/1.122706.

[32] Crone, B. K.; Campbell, I. H.; Davids, P. S.;
Smith, D. L.; Neef, C. J.; Ferraris, J. P. (1999).
“Device physics of single layer organic light-emitting
diodes”. Journal of Applied Physics 86 (10): 5767.
Bibcode:1999JAP....86.5767C. doi:10.1063/1.371591.

[33] Bellmann, E.; Shaheen, S. E.; Thayumanavan, S.; Barlow,
S.; Grubbs, R. H.; Marder, S. R.; Kippelen, B.; Peygham-
barian, N. (1998). “New Triarylamine-Containing Poly-
mers as Hole Transport Materials in Organic Light-
Emitting Diodes: Effect of Polymer Structure and Cross-
Linking on Device Characteristics”. Chemistry of Materi-
als 10 (6): 1668. doi:10.1021/cm980030p.

[34] Sato, Y.; Ichinosawa, S.; Kanai, H. (1998). “Opera-
tion Characteristics and Degradation of Organic Electro-
luminescent Devices”. IEEE Journal of Selected Topics in
Quantum Electronics 4: 40. doi:10.1109/2944.669464.

https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1960Natur.186...31K
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1038%252F186031a0
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1962JAP....33..205M
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.1728487
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1963JChPh..38.2042P
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.1733929
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1965JChPh..43.2920S
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.1697243
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1965PhRvL..14..229H
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1103%252FPhysRevLett.14.229
https://www.google.com/patents/US3172862
https://www.google.com/patents/US3995299
https://www.google.com/patents/US3995299
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1016%252F0032-3861%252883%252990012-5
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1016%252F0032-3861%252883%252990013-7
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1016%252F0032-3861%252883%252990014-9
https://dx.doi.org/10.1016%252F0032-3861%252883%252990014-9
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1016%252F0032-3861%252883%252990015-0
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1987ApPhL..51..913T
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.98799
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1990Natur.347..539B
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1038%252F347539a0
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2000ApPhL..77.2403P
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.1317547
http://www.tu-braunschweig.de/Medien-DB/ihf/p048-058.pdf
http://www.tu-braunschweig.de/Medien-DB/ihf/p048-058.pdf
http://www.license.umn.edu/Products/Organic-Light-Emitting-Diodes-Based-on-Graded-Heterojunction-Architecture-Has-Greater-Quantum-Efficiency__20100200.aspx
http://www.license.umn.edu/Products/Organic-Light-Emitting-Diodes-Based-on-Graded-Heterojunction-Architecture-Has-Greater-Quantum-Efficiency__20100200.aspx
http://www.license.umn.edu/Products/Organic-Light-Emitting-Diodes-Based-on-Graded-Heterojunction-Architecture-Has-Greater-Quantum-Efficiency__20100200.aspx
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2010ApPhL..97a3308S
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.3460285
https://en.wikipedia.org/wiki/JSTOR
https://www.jstor.org/stable/0018-9383
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1997ApPhL..70.2067C
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.118953
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1999Natur.397..121F
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1038%252F16393
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1996ApPhL..69.2270D
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.117530
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1998ApPhL..73.3162C
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.122706
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1999JAP....86.5767C
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.371591
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1021%252Fcm980030p
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1109%252F2944.669464


176 CHAPTER 22. OLED

[35] Duarte, FJ; Liao, LS; Vaeth, KM (2005). “Co-
herence characteristics of electrically excited tan-
dem organic light-emitting diodes”. Optics letters
30 (22): 3072–4. Bibcode:2005OptL...30.3072D.
doi:10.1364/OL.30.003072. PMID 16315725.

[36] Duarte, FJ (2007). “Coherent electrically excited
organic semiconductors: visibility of interfer-
ograms and emission linewidth”. Optics letters
32 (4): 412–4. Bibcode:2007OptL...32..412D.
doi:10.1364/OL.32.000412. PMID 17356670.

[37] Synopsis: A Single-Molecule Light-Emitting Diode,
Physics, 28 January 2014

[38] Researchers Develop First Single-Molecule LED, Pho-
tonics Online, 31 January 2014

[39] Hebner, T. R.; Wu, C. C.; Marcy, D.; Lu, M. H.;
Sturm, J. C. (1998). “Ink-jet printing of doped poly-
mers for organic light emitting devices”. Applied Physics
Letters 72 (5): 519. Bibcode:1998ApPhL..72..519H.
doi:10.1063/1.120807.

[40] Bharathan, Jayesh; Yang, Yang (1998). “Polymer
electroluminescent devices processed by inkjet printing:
I. Polymer light-emitting logo”. Applied Physics Let-
ters 72 (21): 2660. Bibcode:1998ApPhL..72.2660B.
doi:10.1063/1.121090.

[41] A. J. Heeger, in W. R. Salaneck, I. Lundstrom, B. Ranby,
Conjugated Polymers and Related Materials, Oxford 1993,
27–62. ISBN 0-19-855729-9

[42] R. Kiebooms, R. Menon, K. Lee, in H. S. Nalwa, Hand-
book of Advanced Electronic and Photonic Materials and
Devices Volume 8, Academic Press 2001, 1–86.

[43] Wagaman, Michael; Grubbs, Robert H. (1997). “Syn-
thesis of PNV Homo- and Copolymers by a ROMP Pre-
cursor Route”. Synthetic Metals 84 (1–3): 327–328.
doi:10.1016/S0379-6779(97)80767-9.

[44] Wagaman, Michael; Grubbs, Robert H. (1997).
“Synthesis of Organic and Water Soluble Poly(1,4-
phenylenevinylenes) Containing Carboxyl Groups:
Living Ring-Opening Metathesis Polymerization
(ROMP) of 2,3-Dicarboxybarrelenes”. Macromolecules
30 (14): 3978–3985. Bibcode:1997MaMol..30.3978W.
doi:10.1021/ma9701595.

[45] Pu, Lin; Wagaman, Michael; Grubbs, Robert H. (1996).
“Synthesis of Poly(1,4-naphthylenevinylenes): Metathe-
sis Polymerization of Benzobarrelenes”. Macromolecules
29 (4): 1138–1143. Bibcode:1996MaMol..29.1138P.
doi:10.1021/ma9500143.

[46] Yang, Xiaohui; Neher, Dieter; Hertel, Dirk; Daubler,
Thomas (2004). “Highly Efficient Single-Layer Polymer
Electrophosphorescent Devices”. Advanced Materials 16
(2): 161. doi:10.1002/adma.200305621.

[47] Baldo, M. A.; O'Brien, D. F.; You, Y.; Shoustikov,
A.; Sibley, S.; Thompson, M. E.; Forrest, S.R. (1998).
“Highly Efficient phosphorescent emission from organic
electroluminescent devices”. Nature 395 (6698): 151.
Bibcode:1998Natur.395..151B. doi:10.1038/25954.

[48] Baldo, M. A.; Lamansky, S.; Burrows, P. E.; Thomp-
son, M. E.; Forrest, S. R. (1999). “Very high-
efficiency green organic light-emitting devices based on
electrophosphorescence”. Applied Physics Letters 75: 4.
Bibcode:1999ApPhL..75....4B. doi:10.1063/1.124258.

[49] Adachi, C.; Baldo, M. A.; Thompson, M. E.; For-
rest, S. R. (2001). “Nearly 100% internal phos-
phorescence efficiency in an organic light-emitting de-
vice”. Journal of Applied Physics 90 (10): 5048.
Bibcode:2001JAP....90.5048A. doi:10.1063/1.1409582.

[50] Singh, Madhusudan; Chae, Hyun Sik; Froehlich, Jesse
D.; Kondou, Takashi; Li, Sheng; Mochizuki, Amane;
Jabbour, Ghassan E. (2009). “Electroluminescence from
printed stellate polyhedral oligomeric silsesquioxanes”.
Soft Matter 5 (16): 3002. Bibcode:2009SMat....5.3002S.
doi:10.1039/b903531a.

[51] Bardsley, J. N. (2004). “International OLED Technology
Roadmap”. IEEE Journal of Selected Topics in Quantum
Electronics 10: 3–4. doi:10.1109/JSTQE.2004.824077.

[52] US 5986401, Mark E. Thompson, Stephen R. Forrest,
Paul Burrows, “High contrast transparent organic light
emitting device display”, published 1999-11-16

[53] Chu, Ta-Ya; Chen, Jenn-Fang; Chen, Szu-Yi; Chen,
Chao-Jung; Chen, Chin H. (2006). “Highly effi-
cient and stable inverted bottom-emission organic
light emitting devices”. Applied Physics Letters 89
(5): 053503. Bibcode:2006ApPhL..89e3503C.
doi:10.1063/1.2268923.

[54] Liu, Jie; Lewis, Larry N.; Duggal, Anil R. (2007).
“Photoactivated and patternable charge trans-
port materials and their use in organic light-
emitting devices”. Applied Physics Letters 90
(23): 233503. Bibcode:2007ApPhL..90w3503L.
doi:10.1063/1.2746404.

[55] Boroson, Michael; Tutt, Lee; Nguyen, Kelvin; Preuss,
Don; Culver, Myron; Phelan, Giana (2005). “16.5L:
Late-News-Paper: Non-Contact OLED Color Pattern-
ing by Radiation-Induced Sublimation Transfer (RIST)".
SID Symposium Digest of Technical Papers 36: 972.
doi:10.1889/1.2036612.

[56] Grimaldi, I. A.; De Girolamo Del Mauro, A.; Nenna,
G.; Loffredo, F.; Minarini, C.; Villani, F.; d’Amore, A.;
Acierno, D.; Grassia, L. (2010). “Inkjet Etching of Poly-
mer Surfaces to Manufacture Microstructures for OLED
Applications”. AIP Conference Proceedings. p. 104.
doi:10.1063/1.3455544.

[57] Sasaoka, Tatsuya; Sekiya, Mitsunobu; Yumoto, Akira;
Yamada, Jiro; Hirano, Takashi; Iwase, Yuichi; Yamada,
Takao; Ishibashi, Tadashi; Mori, Takao; Asano, Mit-
suru; Tamura, Shinichiro; Urabe, Tetsuo (2001). “24.4L:
Late-News Paper: A 13.0-inch AM-OLED Display with
Top Emitting Structure and Adaptive Current Mode Pro-
grammed Pixel Circuit (TAC)". SID Symposium Digest of
Technical Papers 32: 384. doi:10.1889/1.1831876.

[58] Tsujimura, T.; Kobayashi, Y.; Murayama, K.; Tanaka, A.;
Morooka, M.; Fukumoto, E.; Fujimoto, H.; Sekine, J.;

https://en.wikipedia.org/wiki/F._J._Duarte
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2005OptL...30.3072D
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1364%252FOL.30.003072
https://en.wikipedia.org/wiki/PubMed_Identifier
https://www.ncbi.nlm.nih.gov/pubmed/16315725
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2007OptL...32..412D
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1364%252FOL.32.000412
https://en.wikipedia.org/wiki/PubMed_Identifier
https://www.ncbi.nlm.nih.gov/pubmed/17356670
http://physics.aps.org/synopsis-for/10.1103/PhysRevLett.112.047403
http://www.photonicsonline.com/doc/researchers-develop-first-single-molecule-led-0001
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1998ApPhL..72..519H
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.120807
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1998ApPhL..72.2660B
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.121090
https://en.wikipedia.org/wiki/Special:BookSources/0198557299
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1016%252FS0379-6779%252897%252980767-9
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1997MaMol..30.3978W
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1021%252Fma9701595
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1996MaMol..29.1138P
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1021%252Fma9500143
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1002%252Fadma.200305621
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1998Natur.395..151B
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1038%252F25954
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1999ApPhL..75....4B
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.124258
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2001JAP....90.5048A
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.1409582
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2009SMat....5.3002S
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1039%252Fb903531a
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1109%252FJSTQE.2004.824077
http://worldwide.espacenet.com/textdoc?DB=EPODOC&IDX=US5986401
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2006ApPhL..89e3503C
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.2268923
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2007ApPhL..90w3503L
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.2746404
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1889%252F1.2036612
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.3455544
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1889%252F1.1831876


22.10. REFERENCES 177

Kanoh, K.; Takeda, K.; Miwa, K.; Asano, M.; Ikeda, N.;
Kohara, S.; Ono, S.; Chung, C. T.; Chen, R. M.; Chung,
J. W.; Huang, C. W.; Guo, H. R.; Yang, C. C.; Hsu, C.
C.; Huang, H. J.; Riess, W.; Riel, H.; Karg, S.; Beierlein,
T.; Gundlach, D.; Alvarado, S. et al. (2003). “4.1: A 20-
inch OLED Display Driven by Super-Amorphous-Silicon
Technology”. SID Symposium Digest of Technical Papers
34: 6. doi:10.1889/1.1832193.

[59] Bower, C. A.; Menard, E.; Bonafede, S.; Hamer,
J. W.; Cok, R. S. (2011). “Transfer-Printed Mi-
croscale Integrated Circuits for High Performance Dis-
play Backplanes”. IEEE Transactions on Components,
Packaging and Manufacturing Technology 1 (12): 1916.
doi:10.1109/TCPMT.2011.2128324.

[60] Pardo, Dino A.; Jabbour, G. E.; Peyghambar-
ian, N. (2000). “Application of Screen Print-
ing in the Fabrication of Organic Light-Emitting
Devices”. Advanced Materials 12 (17): 1249.
doi:10.1002/1521-4095(200009)12:17<1249::AID-
ADMA1249>3.0.CO;2-Y.

[61] Gustafsson, G.; Cao, Y.; Treacy, G. M.; Klavetter, F.;
Colaneri, N.; Heeger, A. J. (1992). “Flexible light-
emitting diodes made from soluble conducting polymers”.
Nature 357 (6378): 477. Bibcode:1992Natur.357..477G.
doi:10.1038/357477a0.

[62] “Comparison of OLED and LCD”. Fraunhofer IAP:
OLED Research. 2008-11-18. Retrieved 2010-01-25.

[63] Wong, William (16 December 2004). “Firefox: A
Browser For Embedded Applications”. Electronic Design
52 (28): 25.

[64] Zhang, Mingxiao; Chen, Z.; Xiao, L.; Qu, B.;
Gong, Q. (18 March 2013). “Optical design for
improving optical properties of top-emitting organic
light emitting diodes”. Journal of Applied Physics
113 (11): 113105. Bibcode:2013JAP...113k3105Z.
doi:10.1063/1.4795584.

[65] “LG 55EM9700”. 2013-01-02. Retrieved 2015-01-14.

[66] “Why Do Some OLEDs Have Motion Blur?". Blur
Busters Blog (based on Microsoft Research work). 2013-
04-15. Retrieved 2013-04-18.

[67] “OLED TV estimated lifespan shorter then expected”.
HDTV Info Europe. Hdtvinfo.eu (2008-05-08).

[68] HP Monitor manual. CCFL-Backlit LCD. Page 32. We-
bcitation.org. Retrieved 2011-10-04.

[69] Viewsonic Monitor manual. LED-Backlit LCD. Webci-
tation.org. Retrieved 2011-10-04.

[70] Kondakov, D; Lenhart, W.; Nochols, W. (2007).
“Operational degradation of organic light-emitting
diodes: Mechanism and identification of chem-
ical products”. Journal of Applied Physics
101 (2): 1. Bibcode:2007JAP...101b4512K.
doi:10.1063/1.2430922.

[71] “OLED lifespan doubled?" HDTV Info Europe. Hdtv-
info.eu (2008-01-25).

[72] Toshiba and Panasonic double lifespan of OLED, Jan-
uary 25, 2008, Toshiba and Panasonic double lifespan of
OLED

[73] Cambridge Display Technology, Cambridge Display
Technology and Sumation Announce Strong Lifetime Im-
provements to P-OLED (Polymer OLED) Material; Blue
P-OLED Materials Hit 10,000 Hour Lifetime Milestone
at 1,000 cd/sq.m, March 26, 2007. Retrieved January 11,
2011.

[74] “Ageless OLED”. Retrieved 2009-11-16.

[75] Shen, Jiun Yi; Lee, Chung Ying; Huang, Tai-Hsiang; Lin,
Jiann T.; Tao, Yu-Tai; Chien, Chin-Hsiung; Tsai, Chi-
itang (2005). “High Tg blue emitting materials for elec-
troluminescent devices”. Journal of Materials Chemistry
(FREE TEXT) 15 (25): 2455. doi:10.1039/b501819f.

[76] Kim, Seul Ong; Lee, Kum Hee; Kim, Gu Young;
Seo, Ji Hoon; Kim, Young Kwan; Yoon, Seung Soo
(2010). “A highly efficient deep blue fluorescent OLED
based on diphenylaminofluorenylstyrene-containing emit-
ting materials”. Synthetic Metals 160 (11–12): 1259.
doi:10.1016/j.synthmet.2010.03.020.

[77] Jabbour, G. E.; Kawabe, Y.; Shaheen, S. E.; Wang, J. F.;
Morrell, M. M.; Kippelen, B.; Peyghambarian, N. (1997).
“Highly efficient and bright organic electroluminescent
devices with an aluminum cathode”. Applied Physics
Letters 71 (13): 1762. Bibcode:1997ApPhL..71.1762J.
doi:10.1063/1.119392.

[78] Mikami, Akiyoshi; Koshiyama, Tatsuya; Tsubokawa,
Tetsuro (2005). “High-Efficiency Color and White
Organic Light-Emitting Devices Prepared on Flexi-
ble Plastic Substrates”. Japanese Journal of Ap-
plied Physics 44: 608. Bibcode:2005JaJAP..44..608M.
doi:10.1143/JJAP.44.608.

[79] Mikami, Akiyoshi; Nishita, Yusuke; Iida, Yoichi (2006).
“35-3: High Efficiency Phosphorescent Organic Light-
Emitting Devices Coupled with Lateral Color-Conversion
Layer”. SID Symposium Digest of Technical Papers 37:
1376. doi:10.1889/1.2433239.

[80] “OLED Sealing Process Reduces Water Intrusion and In-
creases Lifetime”. Georgia Tech Research News. 2008-
04-23.

[81] http://www.oled-info.com/
displaymate-gs5-display-best-mobile-display-ever-outperforming-all-previous-oled-and-lcd-panels

[82] Stokes, Jon. (2009-08-11) This September, OLED no
longer “three to five years away”. Arstechnica.com. Re-
trieved 2011-10-04.

[83] Michael Kanellos, “Start-up creates flexible sheets of
light”, CNet News.com, December 6, 2007. Retrieved
20 July 2008.

[84] “Philips Lumiblades”. Lumiblade.com. 2009-08-09. Re-
trieved 2009-08-17.

[85] Session Border Controller. Tmcnet.com (2011-09-13).
Retrieved 2012-11-12.

[86] http://www.oled-info.com/universal_display_udc

https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1889%252F1.1832193
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1109%252FTCPMT.2011.2128324
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1002%252F1521-4095%2528200009%252912%253A17%253C1249%253A%253AAID-ADMA1249%253E3.0.CO%253B2-Y
https://dx.doi.org/10.1002%252F1521-4095%2528200009%252912%253A17%253C1249%253A%253AAID-ADMA1249%253E3.0.CO%253B2-Y
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1992Natur.357..477G
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1038%252F357477a0
http://www.oled-research.com/oleds/oleds-lcd.html
http://electronicdesign.com/embedded/firefox-browser-embedded-applications
http://electronicdesign.com/embedded/firefox-browser-embedded-applications
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2013JAP...113k3105Z
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.4795584
http://www.oled-info.com/lg-55em9700
http://www.blurbusters.com/faq/oled-motion-blur/
http://www.webcitation.org/5vzeAMFjZ
http://www.webcitation.org/5xo6yCsg1
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2007JAP...101b4512K
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.2430922
http://danstechnstuff.com/2008/01/25/toshiba-and-panasonic-double-lifespan-of-oled/
http://danstechnstuff.com/2008/01/25/toshiba-and-panasonic-double-lifespan-of-oled/
http://www.cdtltd.co.uk/technology/status/
http://www.cdtltd.co.uk/technology/status/
http://www.cdtltd.co.uk/technology/status/
http://www.cdtltd.co.uk/technology/status/
http://www.cdtltd.co.uk/technology/status/
http://digidelve.com/tech/ageless-oled/
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1039%252Fb501819f
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1016%252Fj.synthmet.2010.03.020
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/1997ApPhL..71.1762J
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1063%252F1.119392
https://en.wikipedia.org/wiki/Bibcode
http://adsabs.harvard.edu/abs/2005JaJAP..44..608M
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1143%252FJJAP.44.608
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1889%252F1.2433239
http://www.gtresearchnews.gatech.edu/newsrelease/oled-encapsulation.htm
http://www.gtresearchnews.gatech.edu/newsrelease/oled-encapsulation.htm
http://www.oled-info.com/displaymate-gs5-display-best-mobile-display-ever-outperforming-all-previous-oled-and-lcd-panels
http://www.oled-info.com/displaymate-gs5-display-best-mobile-display-ever-outperforming-all-previous-oled-and-lcd-panels
http://arstechnica.com/gadgets/news/2009/08/this-september-oled-no-longer-three-to-five-years-away.ars
http://arstechnica.com/gadgets/news/2009/08/this-september-oled-no-longer-three-to-five-years-away.ars
http://www.news.com/Start-up-creates-flexible-sheets-of-light/2100-11398_3-6221720.html?part=rss&tag=2547-1_3-0-5&subj=news
http://www.news.com/Start-up-creates-flexible-sheets-of-light/2100-11398_3-6221720.html?part=rss&tag=2547-1_3-0-5&subj=news
http://www.lumiblade.com/
http://www.tmcnet.com/usubmit/2011/09/13/5772879.htm
http://www.oled-info.com/universal_display_udc


178 CHAPTER 22. OLED

[87] Electronic News, OLEDs Replacing LCDs in Mobile
Phones, April 7, 2005. Retrieved July 28, 2007.

[88] “HTC ditches Samsung AMOLED display for Sony’s Su-
per LCDs”. International Business Times. 2010-07-26.
Retrieved 2010-07-30.

[89] “Google Nexus S to feature Super Clear LCD in Russia
(and likely in other countries, too)". UnwiredView.com.
2010-12-07. Retrieved 2010-12-08.

[90] “ANWELL: Higher profit, higher margins going for-
ward”. nextinsight.com. 2007-08-15.

[91] “AUO”. OLED-Info.com. 2012-02-21.

[92] “Chi Mei EL (CMEL)". OLED-Info.com.

[93] “LG OLEDs”. OLED-Info.com.

[94] “OLED companies”. OLED-info.com.

[95] Rawlings, John (2010-08-07). “OLED Shearwater Preda-
tor Dive Computer Review”. AtlasOmega Media. Re-
trieved 2013-04-10.

[96] Tourish, Jeff. “Shearwater Predator CCR Computer”.
Advanced Diver Magazine. Retrieved 2013-04-10.

[97] “DuPont Creates 50” OLED in Under 2 Minutes”. toms-
guide.com. Retrieved 2010-06-10.

[98] “DuPont Delivers OLED Technology Scalable for Televi-
sion”. www2.dupont.com. 2010-05-12. Retrieved 2010-
05-12.

[99] OLED-Info.com, Kodak Signs OLED Cross-License
Agreement. Retrieved March 14, 2008.

[100] Bendable smartphones aren't coming anytime soon, The
Sydney Morning Herald, Ian King, 16 December 2013

[101] http://www.oled-info.com/
samsung-accelerate-flexible-oled-development

[102] Cherenack, Kunigunde; Van Os, K.; Pieterson, L. (April
2012). “Smart photonic textiles begin to weave their
magic”. Laser Focus World 48 (4): 63.

[103] “Samsung SDI – The world’s largest OLED display
maker”. Oled-info.com. Retrieved 2009-08-17.

[104] “Samsung, LG in legal fight over brain drain”. The Korea
Times. 2010-07-17. Retrieved 2010-07-30.

[105] “Frost & Sullivan Recognizes Samsung SDI for Market
Leadership in the OLEDDisplayMarket | Find Articles at
BNET”. Findarticles.com. 2008-07-17. Retrieved 2009-
08-17.

[106] “World’s Largest 21-inch OLED for TVs from Samsung”.
Physorg.com. 2005-01-04. Retrieved 2009-08-17.

[107] Robischon, Noah (2008-01-09). “Samsung’s 31-Inch
OLED Is Biggest, Thinnest Yet – AM-OLED”. Gizmodo.
Retrieved 2009-08-17.

[108] Ricker, Thomas (2008-05-16). “Samsung’s 12.1-inch
OLED laptop concept makes us swoon”. Engadget. Re-
trieved 2009-08-17.

[109] “Samsung: OLED Notebooks In 2010”. Laptop News.
TrustedReviews. Retrieved 2009-08-17.

[110] Takuya Otani, Nikkei Electronics (2008-10-29). "[FPDI]
SamsungUnveils 0.05mm 'Flapping' OLEDPanel – Tech-
On!". Techon.nikkeibp.co.jp. Retrieved 2009-08-17.

[111] “40-inch OLED panel from Samsung”. Hdtvinfo.eu
(2008-10-30)

[112] “Samsung presents world’s first and largest transparent
OLED laptop at CES”. 2010-01-07.

[113] “CES: Samsung shows OLED display in a photo card”.
2010-01-07.

[114] “Samsung Super AMOLED Plus display announced”.
Retrieved 2011-01-06.

[115] Boylan, Chris (2013-08-13). “Bring Out Your OLED:
Samsung KN55S9C OLED TV Available Now for
$8999.99”. Big Picture Big Sound. Retrieved 2013-08-
13.

[116] Alex Lane (6 September 2013). “John Lewis TV Gallery
video: 4K and OLED from Samsung, Sony, LG and Pana-
sonic”. Recombu. Retrieved 26 September 2013.

[117] SamByford (8 October 2013). “Samsung’s Galaxy Round
is the first phone with a curved display”. The Verge. Vox
Media, Inc. Retrieved 10 November 2013.

[118] Sony XEL-1:The world’s first OLED TV, OLED-
Info.com (2008-11-17).

[119] “Sony’s Clie PEG-VZ90—the world’s most expensive
Palm?". Engadget. 2004-09-14. Retrieved 2010-07-30.

[120] “MD Community Page: Sony MZ-RH1”. Minidisc.org.
2007-02-24. Retrieved 2009-08-17.

[121] “Sony NWZ-X1000-series OLED Walkman specs re-
leased”. Slashgear. 2009-03-09. Retrieved 2011-01-01.

[122] “Sony announces a 27-inch OLED TV”. HDTV Info Eu-
rope (2008-05-29)

[123] CNET News, Sony to sell 11-inch OLED TV this year,
April 12, 2007. Retrieved July 28, 2007.

[124] The Sony Drive XEL-1 OLED TV: 1,000,000:1 contrast
starting December 1st, Engadget (2007-10-01).

[125] “Sony claims development of world’s first flexible, full-
color OLED display”. Gizmo Watch. 2007-05-25. Re-
trieved 2010-07-30.

[126] Sony’s 3.5- and 11-inchOLEDs are just 0.008- and 0.012-
inches thin. Engadget (2008-04-16). Retrieved 2011-10-
04.

[127] (Display 2008)�������0.3mm��EL�����−150�����������3D����.
impress.co.jp (2008-04-16)

[128] Japanese firms team up on energy-saving OLED panels,
AFP (2008-07-10).

[129] Athowon, Desire (2008). “Sony Working on Bendable,
Folding OLED Screens”. ITProPortal.com.

http://www.edn.com/index.asp?layout=article&articleid=CA516009&partner=enews
http://www.edn.com/index.asp?layout=article&articleid=CA516009&partner=enews
http://www.ibtimes.com/articles/38429/20100726/htc-ditches-samsung-amoled-display-for-sony-s-super-lcds.htm
http://www.ibtimes.com/articles/38429/20100726/htc-ditches-samsung-amoled-display-for-sony-s-super-lcds.htm
http://www.unwiredview.com/2010/12/07/google-nexus-s-to-feature-super-clear-lcd-in-russia-and-likely-in-other-countries-too/
http://www.unwiredview.com/2010/12/07/google-nexus-s-to-feature-super-clear-lcd-in-russia-and-likely-in-other-countries-too/
http://www.nextinsight.com.sg/index.php/story-archive-mainmenu-60/30-2007/57-anwell-higher-profit-higher-margins-going-forward
http://www.nextinsight.com.sg/index.php/story-archive-mainmenu-60/30-2007/57-anwell-higher-profit-higher-margins-going-forward
http://auo.com/?sn=193&lang=en-US
http://www.oled-info.com/oled_panel_makers/chi_mei_el_cmel
http://www.oled-info.com/lg-oled
http://www.oled-info.com/companies
http://www.atlasomega.com/2010/08/shearwater-predator-dive-computer/
http://www.atlasomega.com/2010/08/shearwater-predator-dive-computer/
http://www.advanceddivermagazine.com/shearwaterpredator.html
http://www.tomsguide.com/us/OLED-Printing-Display-dupont-HDTV,news-6818.html
http://www2.dupont.com/Displays/en_US/news_events/article20100512.html
http://www2.dupont.com/Displays/en_US/news_events/article20100512.html
http://www.oled-info.com/tags/companies/kodak
http://www.oled-info.com/tags/companies/kodak
http://www.smh.com.au/digital-life/mobiles/bendable-smartphones-arent-coming-anytime-soon-20131213-2zbtq.html
http://www.oled-info.com/samsung-accelerate-flexible-oled-development
http://www.oled-info.com/samsung-accelerate-flexible-oled-development
http://www.oled-info.com/market_reports/samsung_sdi_the_worlds_largest_oled_display_maker
http://www.oled-info.com/market_reports/samsung_sdi_the_worlds_largest_oled_display_maker
http://www.koreatimes.co.kr/www/news/biz/2010/07/123_69626.html
http://findarticles.com/p/articles/mi_m0EIN/is_2008_July_17/ai_n27929051
http://findarticles.com/p/articles/mi_m0EIN/is_2008_July_17/ai_n27929051
http://findarticles.com/p/articles/mi_m0EIN/is_2008_July_17/ai_n27929051
http://www.physorg.com/news2547.html
http://gizmodo.com/342912/samsungs-31+inch-oled-is-biggest-thinnest-yet
http://gizmodo.com/342912/samsungs-31+inch-oled-is-biggest-thinnest-yet
http://www.engadget.com/2008/05/16/samsungs-12-1-inch-oled-laptop-makes-us-swoon/
http://www.engadget.com/2008/05/16/samsungs-12-1-inch-oled-laptop-makes-us-swoon/
http://www.trustedreviews.com/notebooks/news/2008/12/03/Samsung--OLED-Notebooks-In-2010/p1
http://techon.nikkeibp.co.jp/english/NEWS_EN/20081029/160349/
http://techon.nikkeibp.co.jp/english/NEWS_EN/20081029/160349/
http://techon.nikkeibp.co.jp/english/NEWS_EN/20081029/160349/
http://www.thedesignblog.org/entry/samsung-presents-worlds-first-and-largest-transparent-oled-laptop-at-ces/
http://www.thedesignblog.org/entry/samsung-presents-worlds-first-and-largest-transparent-oled-laptop-at-ces/
http://ces.cnet.com/8301-31045_1-10429565-269.html
http://www.oled-info.com/samsung-announces-super-amoled-plus-displays
http://www.bigpicturebigsound.com/Bring-Out-Your-OLED-Samsung-KN55S9C-OLED-TV-Available-Now-for-8999-99.shtml
http://www.bigpicturebigsound.com/Bring-Out-Your-OLED-Samsung-KN55S9C-OLED-TV-Available-Now-for-8999-99.shtml
http://www.bigpicturebigsound.com/Bring-Out-Your-OLED-Samsung-KN55S9C-OLED-TV-Available-Now-for-8999-99.shtml
http://recombu.com/digital/news/john-lewis-tv-gallery-video-4k-and-oled-from-samsung-sony-lg-and-panasonic_M12106.html
http://recombu.com/digital/news/john-lewis-tv-gallery-video-4k-and-oled-from-samsung-sony-lg-and-panasonic_M12106.html
http://recombu.com/digital/news/john-lewis-tv-gallery-video-4k-and-oled-from-samsung-sony-lg-and-panasonic_M12106.html
http://www.theverge.com/2013/10/8/4818572/samsung-galaxy-round-curved-oled-smartphone-official
http://www.theverge.com/2013/10/8/4818572/samsung-galaxy-round-curved-oled-smartphone-official
http://www.oled-info.com/sony-xel-1
http://www.engadget.com/2004/09/14/sonys-clie-peg-vz90-the-worlds-most-expensive-palm/
http://www.engadget.com/2004/09/14/sonys-clie-peg-vz90-the-worlds-most-expensive-palm/
http://www.minidisc.org/part_Sony_MZ-RH1.html
http://www.slashgear.com/sony-nwz-x1000-series-oled-walkman-specs-released-0936896/
http://www.slashgear.com/sony-nwz-x1000-series-oled-walkman-specs-released-0936896/
http://news.cnet.co.uk/televisions/0,39029698,49289103,00.htm
http://www.engadget.com/2007/10/01/the-sonydrive-xel-1-oled-tv-1-000-000-1-contrast-starting-decem/
http://www.engadget.com/2007/10/01/the-sonydrive-xel-1-oled-tv-1-000-000-1-contrast-starting-decem/
http://www.gizmowatch.com/entry/sony-claims-development-of-worlds-first-flexible-full-color-oled-display/
http://www.gizmowatch.com/entry/sony-claims-development-of-worlds-first-flexible-full-color-oled-display/
http://www.engadget.com/2008/04/16/sonys-3-5-inch-oled-is-just-0-0079-inches-thin/
http://www.engadget.com/2008/04/16/sonys-3-5-inch-oled-is-just-0-0079-inches-thin/
http://www.watch.impress.co.jp/av/docs/20080416/display1.htm
http://afp.google.com/article/ALeqM5g2t17vPrJMIIq_w8_30RypVmyP_g
http://www.itproportal.com/articles/2008/10/04/sony-working-bendable-folding-oled-screens/
http://www.itproportal.com/articles/2008/10/04/sony-working-bendable-folding-oled-screens/


22.12. EXTERNAL LINKS 179

[130] “Sony OLED 3D TV eyes-on”. Engadget. Retrieved
2010-01-11.

[131] Snider, Mike (2011-01-28). “Sony unveils NGP, its new
portable gaming device”. USA Today. Retrieved 2011-
01-27.

[132] “Sony Professional Reference Monitor”. Sony. Retrieved
2011-02-17.

[133] “Sony, Panasonic tying up in advanced TV displays”. June
25, 2012.

[134] LG 15EL9500 OLED Television. Lg.com. Retrieved
2011-10-04.

[135] LG announces 31” OLED 3DTV. Electricpig.co.uk
(2010-09-03). Retrieved 2011-10-04.

[136] LG’s 55-inch 'world’s largest' OLED HDTV panel is offi-
cial, coming to CES 2012. Engadget (2011-12-25). Re-
trieved 2012-11-12.

[137] . OLED TV LG (2010-09-03). Retrieved 2012-12-21.

[138] “OLEDTV: Best. Picture. Ever.”. CNET. September 16,
2014. Retrieved 2014-11-11.

[139] http://biz.yahoo.com/e/150126/oled8-k.html

[140] MITSUBISHI ELECTRIC News Releases Installs 6-
Meter OLED Globe at Science Museum. Mitsubishielec-
tric.com (2011-06-01). Retrieved 2012-11-12.

[141] Coxworth, Ben (2011-03-31). Video Name Tags turn
salespeople into walking TV commercials. Gizmag.com.
Retrieved 2012-11-12.

[142] Three Minutes of Video Every Broadcaster and Adver-
tiser MUST SEE.avi – CBS Videos : Firstpost Topic –
Page 1. Firstpost.com (2012-08-10). Retrieved 2012-11-
12.

[143] BMW wants to put super-efficient OLED tail lights on
your next car, Engadget, 10 April 2014, Jon Fingas

[144] Japanese company doubles diode panel’s life span, Global
Post, 13 October 2014

[145] From Molecules to Organic Light Emitting Diodes, Max
Planck Institute for Polymer Research, 7 April 2015.

[146] Kordt, Pascal et al. (2015). “Modeling of Organic
Light Emitting Diodes: From Molecular to Device Prop-
erties”. Advanced Functional Materials 25 (13): 1955.
doi:10.1002/adfm.201403004.

22.11 Further reading
• P. Chamorro-Posada, J. Martín-Gil, P. Martín-
Ramos, L.M. Navas-Gracia, Fundamentos de
la Tecnología OLED (Fundamentals of OLED
Technology). University of Valladolid, Spain
(2008). ISBN 978-84-936644-0-4. Available
online, with permission from the authors, at the
webpage: http://www.scribd.com/doc/13325893/
Fundamentos-de-la-Tecnologia-OLED

• Pascal Kordt et al.,Modeling of Organic Light Emit-
ting Diodes: From Molecular to Device Proper-
ties. Advanced Functional Materials 25, Issue 13,
pages 1955-1971. http://dx.doi.org/10.1002/adfm.
201403004

• Shinar, Joseph (Ed.), Organic Light-Emitting De-
vices: A Survey. NY: Springer-Verlag (2004). ISBN
0-387-95343-4.

• Hari Singh Nalwa (Ed.), Handbook of Lumines-
cence, Display Materials and Devices, Volume 1–
3. American Scientific Publishers, Los Angeles
(2003). ISBN 1-58883-010-1. Volume 1: Organic
Light-Emitting Diodes

• Hari Singh Nalwa (Ed.), Handbook of Organic Elec-
tronics and Photonics, Volume 1–3. American Sci-
entific Publishers, Los Angeles (2008). ISBN 1-
58883-095-0.

• Müllen, Klaus (Ed.), Organic Light Emitting Devices:
Synthesis, Properties and Applications. Wiley-VCH
(2006). ISBN 3-527-31218-8

• Yersin, Hartmut (Ed.), Highly Efficient OLEDs
with Phosphorescent Materials. Wiley-VCH (2007).
ISBN 3-527-40594-1

22.12 External links
• Structure and working principle of OLEDs and elec-
troluminescent displays

• Tutorial on the working principle of OLEDs at
Ghent University

• MIT introduction to OLED technology (video)

• Historical list of OLED products from 1996 to
present

http://www.engadget.com/2010/01/07/sony-oled-3d-tv-eyes-on/
http://www.usatoday.com/tech/products/2011-01-28-sonyportable28_ST_N.htm
http://www.usatoday.com/tech/products/2011-01-28-sonyportable28_ST_N.htm
http://www.sony.co.uk/biz/content/id/1237480397754/section/broadcast-news/
http://www.mail.com/scitech/news/1385290-sony-panasonic-tying-up-advanced-tv-displays.html#.7518-stage-set2-4
http://www.lg.com/uk/tv-audio-video/televisions/LG-oled-tv-15EL9500.jsp
http://www.electricpig.co.uk/2010/09/03/lg-31-inch-oled-tv-on-sale-march-for-6000/
http://www.engadget.com/2011/12/25/lgs-55-inch-worlds-largest-oled-hdtv-panel-is-official-comi/
http://www.engadget.com/2011/12/25/lgs-55-inch-worlds-largest-oled-hdtv-panel-is-official-comi/
http://www.cnet.com/products/lg-55ec9300/
https://en.wikipedia.org/wiki/CNET
http://biz.yahoo.com/e/150126/oled8-k.html
http://www.mitsubishielectric.com/news/2011/0601.html
http://www.mitsubishielectric.com/news/2011/0601.html
http://www.gizmag.com/video-name-tag-wearable-oled-screen/18291/
http://www.gizmag.com/video-name-tag-wearable-oled-screen/18291/
http://firstpost.com/topic/organization/cbs-three-minutes-of-video-every-broadcaster-and-advertiser-must-video-wygkuztf7L8-31428-1.html
http://firstpost.com/topic/organization/cbs-three-minutes-of-video-every-broadcaster-and-advertiser-must-video-wygkuztf7L8-31428-1.html
http://firstpost.com/topic/organization/cbs-three-minutes-of-video-every-broadcaster-and-advertiser-must-video-wygkuztf7L8-31428-1.html
http://www.engadget.com/2014/04/10/bmw-organic-light/
http://www.engadget.com/2014/04/10/bmw-organic-light/
http://www.globalpost.com/dispatch/news/xinhua-news-agency/141013/japanese-company-doubles-diode-panels-life-span
http://www.mpip-mainz.mpg.de/molecules_to_OLED
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1002%252Fadfm.201403004
https://en.wikipedia.org/wiki/Special:BookSources/9788493664404
http://www.scribd.com/doc/13325893/Fundamentos-de-la-Tecnologia-OLED
http://www.scribd.com/doc/13325893/Fundamentos-de-la-Tecnologia-OLED
http://dx.doi.org/10.1002/adfm.201403004
http://dx.doi.org/10.1002/adfm.201403004
https://en.wikipedia.org/wiki/Special:BookSources/0387953434
https://en.wikipedia.org/wiki/Special:BookSources/0387953434
https://en.wikipedia.org/wiki/Special:BookSources/1588830101
https://en.wikipedia.org/wiki/Special:BookSources/1588830950
https://en.wikipedia.org/wiki/Special:BookSources/1588830950
https://en.wikipedia.org/wiki/Special:BookSources/3527312188
https://en.wikipedia.org/wiki/Special:BookSources/3527405941
http://www.ewh.ieee.org/soc/cpmt/presentations/cpmt0401a.pdf
http://www.ewh.ieee.org/soc/cpmt/presentations/cpmt0401a.pdf
http://www.elis.ugent.be/ELISgroups/lcd/tutorials/tut_oled.php
http://www.elis.ugent.be/ELISgroups/lcd/tutorials/tut_oled.php
http://techtv.mit.edu/videos/3175
http://www.oled-info.com/history
http://www.oled-info.com/history


Chapter 23

Solid-state lighting

LED lamp with E27 Edison screw.

Solid-state lighting (SSL) refers to a type of lighting
that uses semiconductor light-emitting diodes (LEDs),
organic light-emitting diodes (OLED), or polymer light-
emitting diodes (PLED) as sources of illumination rather
than electrical filaments, plasma (used in arc lamps such
as fluorescent lamps), or gas.
The term "solid state" refers commonly to light emitted by
solid-state electroluminescence, as opposed to incandes-
cent bulbs (which use thermal radiation) or fluorescent
tubes. Compared to incandescent lighting, SSL creates
visible light with reduced heat generation or parasitic en-
ergy dissipation. Most common “white” LEDs convert
blue light from a solid-state device to an (approximate)
white light spectrum using photoluminescence, the same
principle used in conventional fluorescent tubes.
The typically small mass of a solid-state electronic light-
ing device provides for greater resistance to shock and
vibration compared to brittle glass tubes/bulbs and long,
thin filament wires. They also eliminate filament evapo-
ration, potentially increasing the life span of the illumi-
nation device.
Solid-state lighting is often used in traffic lights and is
also used frequently in modern vehicle lights, street and
parking lot lights, train marker lights, building exteriors,
remote controls etc.[1]

23.1 Industry-wide Effects of
Solid-state Lighting

Solid-state lighting has introduced a strong foothold
across most of the lighting industries, and the advance-
ments of those industries allows for the growth and
technological advancement of solid-state lighting overall.
One specific area where solid-state lighting has advanced
rapidly is the Entertainment Lighting industry, where the
standard incandescent Tungsten-Halogen (TH) lamp is
being replaced by lighting fixtures with a solid-state light
source as opposed to incandescent or discharge sources.
Solid state lighting fixtures for the Entertainment Light-
ing industry have created major industry awareness about
power consumption, power and data distribution, gener-
ated heat and its effect on a venue, among others. Compa-
nies in the subset of Entertainment Lighting have adapted
to meet customer demand for solid-state products; these
companies have quickly adapted their product lines to of-
fer a conglomerated mix of solid-state, incandescent, and
discharge products accordingly.
Entertainment Lighting companies that have adapted
their lines to the Solid-state lighting models include but
are not limited to:

• Philips (Vari*Lite, Strand, Selecon)

• Martin Lighting

• High End Systems/BARCO

• Altman Lighting

• Chauvet Professional

• Electronic Theatre Controls (ETC)

• Clay Paky

• Elation Professional

• Ayrton Light (France)

23.2 See also
• LED lamp
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AMOLED

AMOLED used in Samsung Galaxy Note

Magnified image of the AMOLED screen on the Nexus One
smartphone using the RGBG system of the PenTile matrix family

AMOLED (active-matrix organic light-emitting
diode) is a display technology for use in mobile devices
and television. OLED describes a specific type of thin-
film-display technology in which organic compounds
form the electroluminescent material, and active matrix
refers to the technology behind the addressing of pixels.
As of 2008, AMOLED technology is used in mobile
phones, media players and digital cameras,[1] and con-
tinues to make progress toward low-power, low-cost and
large-size (for example, 40-inch) applications.[2][3][4]

24.1 Design

Substrate

TFT array

Organic Active
Layers

Cathode
Layer

Schematic of an active-matrix OLED display

An AMOLED display consists of an active matrix of
OLED pixels that generate light (luminescence) upon
electrical activation that have been deposited or inte-
grated onto a thin-film-transistor (TFT) array, which
functions as a series of switches to control the current
flowing to each individual pixel.[5]

Typically, this continuous current flow is controlled by at
least two TFTs at each pixel (to trigger the luminescence),
with one TFT to start and stop the charging of a storage
capacitor and the second to provide a voltage source at
the level needed to create a constant current to the pixel,
thereby eliminating the need for the very high currents
required for passive-matrix OLED operation.[6]

TFT backplane technology is crucial in the fabrication
of AMOLED displays. The two primary TFT backplane
technologies, namely polycrystalline silicon (poly-Si) and
amorphous silicon (a-Si), are used today in AMOLEDs.
These technologies offer the potential for fabricating the
active-matrix backplanes at low temperatures (below 150
°C) directly onto flexible plastic substrates for producing
flexible AMOLED displays.[7]

24.2 Future development

Manufacturers have developed in-cell touch panels, in-
tegrating the production of capacitive sensor arrays in
the AMOLED module fabrication process. In-cell sen-
sor AMOLED fabricators include AU Optronics and
Samsung. Samsung has marketed their version of
this technology as “Super AMOLED”. Researchers at
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DuPont used computational fluid dynamics (CFD) soft-
ware to optimize coating processes for a new solution-
coated AMOLED display technology that is cost and per-
formance competitive with existing chemical vapor depo-
sition (CVD) technology. Using custom modeling and
analytical approaches, they developed short- and long-
range film-thickness control and uniformity that is com-
mercially viable at large glass sizes.[8]

24.3 Comparison to other tech-
nologies

AMOLED displays provide higher refresh rates than their
passive-matrix OLED counterparts, improving response
time often to under a millisecond, and they consume
significantly less power.[9] This advantage makes active-
matrix OLEDs well suited for portable electronics, where
power consumption is critical to battery life.
The amount of power the display consumes varies sig-
nificantly depending on the colour and brightness shown.
As an example, one commercial QVGA OLED display
consumes 0.3 watts while showing white text on a black
background, but more than 0.7 watts showing black text
on a white background, while an LCDmay consume only
a constant 0.35 watts regardless of what is being shown
on screen.[10] Because the black pixels actually turn off,
AMOLED also has contrast ratios that are significantly
better than LCD.
AMOLED displays may be difficult to view in direct sun-
light compared with LCDs because of their reducedmax-
imum brightness.[11] Samsung’s Super AMOLED technol-
ogy addresses this issue by reducing the size of gaps be-
tween layers of the screen.[12][13] Additionally, PenTile
technology is often used to allow for a higher resolution
display while requiring fewer subpixels than would other-
wise be needed, often resulting in a display less sharp and
more grainy compared with a non-pentile display with the
same resolution.
The organic materials used in AMOLED displays are
very prone to degradation over a relatively short period
of time, resulting in color shifts as one color fades faster
than another, image persistence, or burn-in.[14][15]

Current demand for AMOLED screens is high, and, due
to supply shortages of the Samsung-produced displays,
certain models of HTC smartphones have been changed
to use next-generation LCD displays from the Samsung
and Sony joint-venture SLCD in the future.[16]

Flagship smartphones sold as of 2011–12 use either
Super AMOLED or IPS panel premium LCD. Super
AMOLED displays, such as the one on the Galaxy Nexus
and Samsung Galaxy S III have often been compared
to IPS panel premium LCDs, found in the iPhone 4S,
HTC One X, and Nexus 4.[17][18][19] For example, ac-
cording to ABI Research the AMOLED display found

in the Motorola Moto X draws just 92mA during bright
conditions and 68mA while dim.[20] On the other hand,
compare with the IPS, the yield rate of Amoled is low,
the cost is also higher.

24.4 Marketing terms

24.4.1 Super AMOLED

Super AMOLED is Samsung’s term for an AMOLED
display with an integrated digitizer, meaning that the layer
that detects touch is integrated into the screen, rather
than overlaid on top of it. According to Samsung, Super
AMOLED reflects one-fifth as much sunlight compared
to the first generation AMOLED.[21][22] The display tech-
nology itself is not changed. Super AMOLED is part of
the Pentile matrix family. It is sometimes abbreviated
SAMOLED.
For the Samsung Galaxy S III, which reverted to Su-
per AMOLED instead of the pixelation-free conventional
RGB (non-PenTile) Super AMOLED Plus of its prede-
cessor Samsung Galaxy S II, the S III’s larger screen size
encourages users to hold the phone further from their face
to obscure the PenTile effect.[23]

24.4.2 Super AMOLED Advanced

Super AMOLED advanced is a term marketed by
Motorola to describe a brighter display than Super
AMOLED screens, but also a higher resolution – qHD or
960 × 540 for Super AMOLED Advanced compared to
WVGA or 800 × 480 for Super AMOLED. It also is 25%
more energy efficient. Super AMOLED Advanced fea-
tures PenTile, which sharpens subpixels in between pix-
els to make a higher resolution display, but by doing this,
some picture quality is lost.[24] This display equips the
Motorola Droid RAZR & HTC One S.[25]

24.4.3 Super AMOLED Plus

Super AMOLED Plus, first introduced with the Samsung
Galaxy S II and Samsung Droid Charge smartphones, is a
branding from Samsung where the PenTile RGBG pixel
matrix (2 subpixels) used in Super AMOLED displays
has been replaced with a traditional RGB RGB (3 subpix-
els) arrangement typically used in LC displays. This vari-
ant of AMOLED is brighter and therefore more energy
efficient than Super AMOLED displays[26] and produces
a sharper, less grainy image because of the increased
number of subpixels. In comparison to AMOLED and
Super AMOLED displays, the Super AMOLEDPlus dis-
plays are even more energy efficient and brighter. How-
ever, Samsung cited screen life and costs by not using
Plus on the Galaxy S II’s successor, the Samsung Galaxy
S III.[18]
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The Samsung Galaxy S II, with a Super AMOLED Plus screen

24.4.4 HD Super AMOLED

Galaxy Note II subpixels representation, based on 400X image of
the Note II display[27]

HD Super AMOLED is a branding from Samsung for an
HD-resolution (>1280×720) Super AMOLED display.
The first device to use it was the Samsung Galaxy Note.
The Galaxy Nexus and the Galaxy S III both implement
the HD Super AMOLED with a PenTile RGBG-matrix
(2 subpixels/pixel), while the Galaxy Note II uses an RBG
matrix (3 subpixels/pixel) but not in the standard 3 stripe
arrangement.[27]

24.4.5 HD Super AMOLED Plus

A variant of the Samsung Galaxy S3 using TizenOS 1 was
benchmarked using a non-pentile HD Super AMOLED

The Galaxy Nexus, with an HD Super AMOLED screen[28]

Plus screen in 2012.[29]

24.4.6 Full HD Super AMOLED

As featured on the Samsung Galaxy S4[30] and Samsung
Galaxy Note 3. It has the broadest color gamut of any
mobile display of up to 97% of the Adobe RGB color
space, hence making it a wide-gamut display.[31][32]

24.4.7 Quad HD Super AMOLED

QuadHDSuper AMOLED technology was first used by a
company named AU Optronics[33] in April 2014.[34] Af-
ter AU Optronics[33] released their phone which used a
Quad HD Super AMOLED screen, other companies such
as Samsung[35] released phones utilizing the technology
such as the Samsung Galaxy S5 LTE-A.[36]

24.4.8 Future

Future displays exhibited from 2011 to 2013 by Sam-
sung have shown flexible, 3D, unbreakable, transparent
Super AMOLED Plus displays using very high resolu-
tions and in varying sizes for phones. These unreleased
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prototypes use a polymer as a substrate removing the need
for glass cover, a metal backing, and touch matrix, com-
bining them into one integrated layer.[37]

So far, Samsung plans on branding the newer displays as
Youm.[38]

Also planned for the future are 3D stereoscopic displays
that use eye tracking (via stereoscopic front-facing cam-
eras) to provide full resolution 3D visuals.

24.4.9 Comparison

Below is a mapping table of marketing terms versus res-
olutions and sub-pixel types. Note how the pixel density
relates to choices of sub-pixel type.

24.5 Uses

Commercial devices using AMOLED include:

Phones

• Alcatel One Touch Idol Ultra (HD Super
AMOLED)

• BlackBerry Q10

• BlackBerry Z30 (HD Super AMOLED)

• Cherry Mobile Cosmos X (HD Super AMOLED)

• Micromax a90s

• Micromax a90

• Micromax a315

• Micromax Canvas Hue

• BenQ-Siemens S88

• Dell Venue Pro

• Dell Venue 8 7000

• Gionee GN858 (Super AMOLED PLUS)

• Gionee GN868 (Super AMOLED plus)

• GIONEE GN878 (HD Super AMOLED)

• Gionee Elife E5 (HD Super AMOLED)

• GIONEE ELIFE S5.1 (HD Super AMOLED)

• GIONEE ELIFE S5.5 (Full HD Super AMOLED)

• HTC Desire (early models)

• HTC Droid Incredible

• HTC Legend

• HTC One S (Super AMOLED Advanced)

• HTC J (Super AMOLED Advanced)

• Lenovo S90 Sisley (HD Super AMOLED)

• LG Franklin Phone

• LG E-730

• LG G Flex (HD Plastic-OLED)

• LG G Flex 2 (Full HD Plastic-OLED)

• Micromax Superfone Pixel A90

• Motorola Moto X (HD Super AMOLED)

• Motorola Droid Ultra (HD Super AMOLED)

• Motorola Droid Maxx (HD Super AMOLED)

• Motorola Droid RAZR HD and RAZR Maxx HD

• Motorola Droid RAZR (Super AMOLED Ad-
vanced)

• Motorola Droid RAZR Maxx (Super AMOLED
Advanced)

• MotorolaDroid Turbo (QuadHDSuperAMOLED)

• MotoX (2ndGeneration) (1080p Super AMOLED)

• Motorola Moto X Pro (QHD Super AMOLED)

• Google Nexus One (Early models)

• Google Nexus S (Super AMOLED)

• Google Galaxy Nexus (HD Super AMOLED)

• Google Nexus 6 (Quad HD Super AMOLED)

• MP-809T (Full HD Super Amoled)

• Nokia 700 (CBD)

• Nokia 808 Pureview (CBD)

• Nokia C7-00

• Nokia C6-01 (CBD)

• Nokia E7-00 (CBD)

• Nokia Lumia 800 (CBD)

• Nokia Lumia 810 (CBD)

• Nokia Lumia 820 (CBD)

• Nokia Lumia 822 (CBD)

• Nokia Lumia 900 (CBD)

• Nokia Lumia 925 (CBD)

• Nokia Lumia 928 (CBD)
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• Nokia Lumia 930

• Nokia Lumia 1020 (CBD)

• Nokia N8

• Nokia N85

• Nokia N86 8MP

• Nokia N9 (CBD)

• Nokia X7

• Pantech Burst

• QMobile Noir Z3

• Samsung ATIV S (HD Super AMOLED)

• Samsung ATIV SE (Full HD Super AMOLED®)

• Samsung AMOLED Beam SPH-W9600

• Samsung i7500 Galaxy

• Samsung Haptic Beam SPH-W7900

• Samsung SPH-m900 Moment

• Samsung i8910

• Samsung Jet

• Samsung Omnia 2

• Samsung Impression

• Samsung Rogue

• Samsung Transform

• Samsung Galaxy Note (HD Super AMOLED)

• Samsung Galaxy Note II (HD Super AMOLED)

• SamsungGalaxyNote 3 (Full HDSuperAMOLED)

• Samsung Galaxy Round (Full HD Flexible Super
AMOLED)

• Samsung Galaxy Note 3 Neo (HD Super
AMOLED)

• Samsung Galaxy Note 4 (Quad HD Super
AMOLED)

• Samsung Galaxy Note Edge (Edge Super
AMOLED)

• Samsung Galaxy S (Super AMOLED)

• Samsung Galaxy S Advance (Super AMOLED)

• Samsung Galaxy Express (Super AMOLED Plus)

• Samsung Galaxy S II (Super AMOLED Plus)

• Samsung Galaxy S II Plus (Super AMOLED Plus)

• Samsung Galaxy S III (HD Super AMOLED)

• Samsung Galaxy S III neo (HD Super AMOLED)

• Samsung Galaxy S III Mini (Super AMOLED)

• Samsung Galaxy S4 (Full HD Super AMOLED)

• Samsung Galaxy S4 Mini (qHD Super AMOLED)

• Samsung Galaxy S4 zoom (qHD Super AMOLED)

• Samsung Galaxy S Plus (Super AMOLED)

• Samsung Galaxy S Blaze 4G (Super AMOLED)

• Samsung Galaxy S5 (Full HD Super AMOLED)

• Samsung Galaxy K Zoom (HD Super AMOLED)

• Samsung Galaxy Ace Style LTE (Super AMOLED)

• Samsung Galaxy Alpha (HD Super AMOLED)

• Samsung Galaxy A3 (qHD Super AMOLED)

• Samsung Galaxy A5 (HD Super AMOLED)

• Samsung Galaxy A7 (FULL HD Super AMOLED)

• Samsung Galaxy E5 (HD Super AMOLED)

• Samsung Galaxy E7 (HD Super AMOLED)

• Samsung Galaxy Nexus (HD Super AMOLED)

• Samsung Galaxy Gear (Super AMOLED)

• Samsung Gear 2 (Super AMOLED)

• Samsung Gear 2 Neo (Super AMOLED)

• Samsung Gear Fit (Curved Super AMOLED)

• Samsung Gear S (Curved Super AMOLED)

• Samsung Gear Live (Curved Super AMOLED)

• Samsung Droid Charge (Super AMOLED Plus)

• Samsung Wave S8500 (Super AMOLED)

• Samsung S8600 Wave III (Super AMOLED)

• Samsung Focus (Super AMOLED)

• Samsung Focus S (Super AMOLED Plus)

• Samsung Focus 2 (Super AMOLED)

• Samsung Omnia 7 (Super AMOLED)

• Samsung Omnia W (Super AMOLED)

• Samsung Omnia M (Super AMOLED)

• Samsung Infuse 4G (SGH-i997) (Super AMOLED
Plus)

• Samsung Z (HD Super AMOLED)
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• YotaPhone 2 (Full HD Super AMOLED)

• ZTE Blade (Initial Models)

Tablets

• docomo ARROWS Tab F-03G

• Samsung Galaxy Tab 7.7 (HD Super AMOLED
Plus)

• Toshiba Excite 7.7 (HD Super AMOLED Plus)

• TOSHIBA REGZA AT570 7.7 (HD Super
AMOLED Plus)

• Samsung Galaxy Tab S 8.4

• Samsung Galaxy Tab S 10.5

Portable music players

• Sony Walkman NWZ-X1000

• Sony Walkman NW-A855,A856,A857

• Cowon Z2

• Cowon S9

• Cowon J3

• Iriver Clix

• Iriver Spinn

• Samsung YP-M1

• Zune HD

Games consoles

• GP2X Wiz

• PlayStation Vita

Music production hardware

• Dave Smith Instruments “Tempest”

• Teenage Engineering OP-1

Digital cameras

• Olympus XZ-1

• Samsung EX1

• Samsung EX2F

• Samsung NX10

• Samsung NX11

• Samsung NX20

• Samsung NX100

• Samsung NX200

• Samsung NX210

• Samsung NX300

• Samsung NX1000

• Samsung NX1100

• Samsung NX2000

• Samsung WB2000

• Samsung WB650
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Light-emitting electrochemical cell

A light-emitting electrochemical cell (LEC or LEEC)
is a solid-state device that generates light from an electric
current (electroluminescence). LEC’s are usually com-
posed of two metal electrodes connected by (e.g. sand-
wiching) an organic semiconductor containing mobile
ions. Aside from the mobile ions, their structure is very
similar to that of an organic light-emitting diode (OLED).
LECs have most of the advantages of OLEDs, as well as
additional ones:

• The device does not depend on the difference in
work function of the electrodes. Consequently, the
electrodes can be made of the same material (e.g.,
gold). Similarly, the device can still be operated at
low voltages.[1][2]

• Recently developed materials such as
graphene[3] or a blend of carbon nanotubes
and polymers[4] have been used as electrodes,
eliminating the need for using indium tin
oxide for a transparent electrode.

• The thickness of the active electroluminescent layer
is not critical for the device to operate. This means
that:

• LECs can be printed[5] with relatively inex-
pensive printing processes (where control over
film thicknesses can be difficult).

• Internal device operation can be observed
directly.[6]

25.1 History

While electroluminescence had been seen previously in
similar devices, the invention of the polymer LEC is at-
tributed to Pei et al.[7] Since then, numerous research
groups and a few companies have worked on improving
and commercializing the devices.
In 2012 the first inherently stretchable LEEC using an
elastomeric emissive material (at room temperature) was
reported. Dispersing an ionic transition metal complex
into an elastomeric matrix enables the fabrication of in-
trinsically stretchable light-emitting devices that possess

large emission areas (∼175 mm2) and tolerate linear
strains up to 27% and repetitive cycles of 15% strain.
This work demonstrates the suitability of this approach
to new applications in conformable lighting that require
uniform, diffuse light emission over large areas.[8]

In 2012 fabrication of organic light-emitting electro-
chemical cells (LECs) using a roll-to-roll compatible pro-
cess under ambient conditions was reported.[9]

25.2 See also

• Electrochemical cell

• Electrochemiluminescence

• Light-emitting diode

• Organic light-emitting diode

• Photoelectrolysis
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Electroluminescent wire

Close up of El-Wire of a variety of colors

El-Wire Project

Electroluminescent wire (often abbreviated as EL
wire) is a thin copper wire coated in a phosphor which
glows when an alternating current is applied to it. It can
be used in a wide variety of applications—vehicle and/or
structure decoration, safety and emergency lighting, toys,
clothing etc.—much as rope light or Christmas lights are
often used. Unlike these types of strand lights, EL wire
is not a series of points, but produces a 360 degree un-
broken line of visible light. Its thin diameter makes it
flexible and ideal for use in a variety of applications such
as clothing or costumes.[1]

26.1 Structure

ELwire’s construction consists of five major components.
First is a solid-copper wire core, coated with phosphor. A
very fine wire or pair of wires is spiral-wound around the
phosphor-coated copper core and then the outer ITO con-
ductive coating is evaporated on. This fine wire is elec-
trically isolated from the copper core. Surrounding this
“sandwich” of copper core, phosphor, and fine copper
wire is a clear PVC sleeve. Finally, surrounding this thin,
clear PVC sleeve is another clear, colored translucent, or
fluorescent PVC sleeve.

High Voltage
High Frequency
Power supply

Copper
Core

Phosphor
Coating

Clear Protective
Sleeve

Colored PVC
Sleeve

Very Fine
Copper Wire

Diagram of El-Wire

An alternating current electric potential of approximately
90 to 120 volts at about 1000 Hz is applied between the
copper core wire and the fine wire that surrounds the cop-
per core. The wire can be modeled as a coaxial capacitor
with about 1 nF of capacitance per foot, and the rapid
charging and discharging of this capacitor excites the
phosphor to emit light. The colors of light that can be
produced efficiently by phosphors are limited, so many
types of wire use an additional fluorescent organic dye in
the clear PVC sleeve to produce the final result. These
organic dyes produce colors like red and purple when ex-
cited by the blue-green light of the core.
A resonant oscillator is typically used to generate the high
voltage drive signal. Because of the capacitance load
of the EL wire, using an inductive (coiled) transformer
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makes the driver a tuned LC oscillator, and therefore very
efficient. The efficiency of EL wire is very high, and thus
a few hundred feet of EL wire can be driven by AA bat-
teries for several hours.
In recent years, the LC circuit has been replaced for some
applications with a single chip switched capacitor inverter
IC such as the Supertex HV850, this can run 1 foot of an-
gel hair wire at high efficiency suitable for solar lanterns
and other safety applications. The other advantage of
these chips is that the control signals can be derived from
a microcontroller so brightness and colour can vary de-
pending on battery state or ambient temperature.
EL wire in common with other types of EL device does
have limitations; at high frequency it dissipates a lot of
heat, and that can lead to breakdown and loss of bright-
ness over time. There is also a voltage limit, the typi-
cal wire breaks down at around 180V p-p so if using an
unregulated transformer back to back zeners and series
current limiting resistor is essential.
In addition EL sheet and wire can sometimes be used as
a touch sensor as compressing the capacitor will change
its value,[2]

26.2 Sequencers

EL wire sequencers can flash electroluminescent wire,
or ELwire, in sequential patterns. ELwire requires a low-
power, high-frequency driver to cause the wire to illumi-
nate. Most EL wire drivers simply light up one strand of
EL wire in a constant-on mode, and some drivers may ad-
ditionally have a blink or strobe mode. A sound-activated
driver will light EL wire in synchronization to music,
speech, or other ambient sound, but an ELwire sequencer
will allow multiple lengths of EL wire to be flashed in a
desired sequence. The lengths of EL wire can all be the
same color, or a variety of colors.
The images above show a sign that displays a telephone
number, where the numbers were formed using differ-
ent colors of EL wire. There are ten numbers, each of
which is connected to a different channel of the EL wire
sequencer.[3]

The sequencer pictured is the Cat-09 2 to 10 channel se-
quencer developed by Cool Neon, a distributor of EL
wire.
Like EL wire drivers, sequencers are rated to drive (or
power) a range or specific length of EL wire. For exam-
ple, using a sequencer rated for 1.5 to 14 meters (5 to 45
feet), if less than 1.5m is used, there is a risk of burning
out the sequencer, and if more than 14m is used, the EL
wire will not light as brightly as intended.
There are commercially available EL wire sequencers ca-
pable of lighting three, four, five, or ten lengths of EL
wire. There are professional and experimental sequencers
with many more than ten channels, but for most applica-

tions, ten channels is enough. Sequencers usually have
options for changing the speed, reversing, changing the
order of the sequence, and sometimes, to change whether
the first wires remain lit or go off as the rest of the wires
in the sequence are lit. EL wire sequencers tend to be
smaller than a pack of cigarettes and most are powered
by batteries. This versatility lends to the sequencers’ use
at nighttime events where mains electricity is not avail-
able.

26.2.1 Applications

By arranging each strand of EL wire into a shape slightly
different from the previous one, it is possible to create an-
imations using EL wire sequencers. EL wire sequencers
are also used for costumes and have been used to cre-
ate animations on various items such as kimonos, purses,
neckties, and motorcycle tanks. They are increasingly
popular among artists, dancers,[4]maker culture, and sim-
ilar creative communities, such as exhibited in the annual
Burning Man alt-culture festival.
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Field-induced polymer electroluminescent
technology

Field-induced polymer electroluminescent (FIPEL)
technology is a low power electroluminescent light
source. Three layers of moldable light-emitting polymer
blended with a small amount of carbon nanotubes glow
when an alternating current is passed through them. The
technology can produce white light similar to that of the
Sun, or other tints if desired.[1] It is also more efficient
than compact fluorescent lamps in terms of the energy
required to produce light.[1][2][3] As cited from the Car-
roll Research Group at Wake Forest University, “To date
our brightest device - without output couplers - exceeds
18,000 cd/m2.” This confirms that FIPEL technology is
a viable solution for area lighting.[4]

FIPEL lights are different from LED lighting, in that
there is no junction. Instead, the light emitting compo-
nent is a layer of polymer containing an iridium com-
pound which is doped with multi-wall carbon nanotubes.
This planar light emitting structure is energized by an AC
field from insulated electrodes.[5] The lights can be shaped
into many different forms, from mimicking conventional
light bulbs to unusual forms such as 2-foot-by-4-foot flat
sheets and straight or bent tubes.[6] The technology was
developed by a team headed by Dr. David Carroll of
Wake Forest University in Winston-Salem, North Car-
olina.[7]
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• Conductive polymer#Electroluminescence
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