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Patricia Daukantas

Originally a byproduct 

of the race to build a 

semiconductor laser, the 

visible light-emitting diode 

(LED) emerged in the fall 

of 1962. Following the 

“alloy road,” scientists 

have devised ever-brighter 

LEDs—and poised them 

to displace a century-old 

lighting technology.
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Nobel laureates Zhores Alferov of the Russian 
Academy of Science and Anthony Leggett of the 
University of Illinois, as well as George Craford 
from Phillips-Lumileds; Nick Holonyak Jr. and 
Anthony Leggett of the University of Illinois; 
and Osamu Kumagai of Sony Corporation.

In this article, we take a stroll back in time 
to reflect on the LED’s humble beginnings, its 
steady growth through the present, and its 
future prospects.

Early discoveries
In the first decade of the 20th century, a British 
electrical engineer at Marconi Labs, Henry 
Joseph Round, played around with “cat’s whis-
ker” rectifiers made of impure silicon carbide. 
Radio was the hot new technology, and crystal 
detectors picked up the radio signals before 
vacuum tubes superseded them after 1920.

Round noticed that he could see a bright 
glow from the semiconductor region near a 
metal point contact, and it increased with the 
voltage across the crystal. In 1907, he submit-
ted a brief letter about his observations to the 
journal Electronics World. Round’s letter is the 
first mention of electroluminescence in the 
literature, but no one else picked up on the 
phenomenon, perhaps because it had nothing 
to do with radio waves.

In 1923, Russian-Soviet researcher Oleg 
Losev rediscovered electroluminescence 
and tried to understand the basis for the 
phenomenon. Losev, a technician in Leningrad 
(now St. Petersburg), studied forward- and 
reverse-biased silicon carbide crystals; he 
measured the spectrum of the emitted light 
and figured out its dependence on current. 
He even obtained a Soviet patent for a “light 
relay,” which would provide “fast telegraphic 
and telephone communication, transmission of 
images and other applications”—surely presag-
ing modern optical communications.

f lasers are the celebrities of the photonics 
industry, light-emitting diodes (LEDs) are the 
worker drones. They are behind the scenes in 
thousands of products and devices, ranging 
from children’s sneakers and blinking trinkets 
to traffic lights and automotive lamps that 
prevent fatalities. 

The ubiquitous diodes arose out of scien-
tists’ quest to develop a semiconductor diode 
laser. Fifty years ago, many participants in 
that race—including the winner, Robert N. 
Hall of General Electric—were working at 
infrared wavelengths. But one researcher, 
Nick Holonyak Jr., also of General Electric, was 
determined to build devices that gave off light 
that he could actually see. That drive resulted 
in a completely new type of lighting. 

In late October, the University of Illinois 
at Urbana-Champaign hosted an event to 
celebrate Holonyak’s invention and the work 
of his colleagues, former students and many 
others at the LED 50th Anniversary Symposium. 
It included historical and technical talks by 

In November 1962, Nick Holonyak Jr. (foreground) 
posed with his General Electric technical support 
team. Back row, from left: B. Hess, Sam Bevacqua 
(co-author of the famous Applied Physics Letters 
paper), F. Carranti, C. Bielan and S. Lubowski.

Courtesy of Nick Holonyak Jr., University of Illinois at Urbana-Champaign
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Losev wrote to Albert Einstein for help on 
the theory behind the light emission, but he 
never got a reply. He kept working as World War 
II raged around him. Sadly, however, he died 
of starvation during the siege of Leningrad in 
1942; he was 39 years old. 

Today, people debate whether Losev’s 
research was a work of genius or a technologi-
cal dead end because he used indirect-bandgap 
materials that emit light poorly. Later, research-
ers would get the task of developing the fully 
realized theory of solid-state quantum physics 
and then using the knowledge to exploit 
electroluminescence in new ways.

The push to understand  
solid-state physics
Even during the war, scientists were making 
important discoveries about semiconductors. 
Studying silicon crystals in 1940, Russell S. 
Ohl of Bell Laboratories’ Holmdel, N.J., U.S.A., 
facility made the first observation of a p-n 
junction. His employer patented several uses 
of this phenomenon, including a rectifier and 
a solar cell.

After the war, Bell Labs threw itself 
into the study of semiconductors for new 
telephone switches to replace bulky, power-
hungry vacuum tubes. In two years, two of its 
researchers, John Bardeen and Walter Brattain, 
demonstrated the first transistor, made out of a 
germanium crystal; a third, William Shockley, 
was working out the physical theory of p-n 
junctions. All three would win the 1956 Nobel 
Prize in Physics.

The invention of the transistor ignited 
immense interest in semiconductor physics, 
both from academia and industrial research 
laboratories. In the mid-1950s, Bardeen, now at 
the University of Illinois, did some of the earli-
est studies of the relationship between light 
emission and direct and indirect bandgaps. 
Around this time, scientists in West Germany 
and the Soviet Union joined Americans in 
branching out from studies of the Group IV 
semiconductors, silicon and germanium, into 
combinations of Groups III and V elements, 
which were known to act like semiconductors 
when compounded together.

1967 
Herbert Rupprecht and Jerry 

Woodall use liquid-phase epitaxy 
to make ternary alloy AlGaAs.

1962 
Robert N. Hall detects 

infrared lasing action from 
one of his diodes. 

Holonyak submits visible 
LED studies to Applied 

Physics Letters.

1956 
Bardeen, Walter Brattain and William 

Schockley win Nobel Prize in Physics “for 
their research on semiconductors and 
their discovery of the transistor effect.”

1954-55 
Moll’s team builds first 

p-n-p switch.

1954 
Holonyak goes to Bell Labs 
to work under John Moll.

1952 
Nick Holonyak Jr. takes John 
Bardeen’s graduate course 

on transistors at Univ Ill. 
Urbana-Champaign.

1940 
Russell S. Ohl observes a p-n 

junction in silicon crystals.

1923 
Oleg Losev tries to explain the 

electroluminescence phenomenon.

1907 
Henry Joseph Round observes 

electroluminescence from a diode.

Bardeen

Holonyak

Hall (center) and colleagues

Round

Losev 
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Once researchers learned that direct-band-
gap semiconductors gave off radiation much 
more effi ciently than indirect-bandgap semi-
conductors, interest in III-V binary compounds 
such as gallium arsenide, indium arsenide and 
gallium phosphide increased even more.

Holonyak and the first red LED 
Holonyak, the developer of the fi rst visible red 
LED, came from a strong background in semi-
conductor physics, not optics. In 1951, Bardeen 
had just arrived at the University of Illinois at 
Urbana-Champaign (UIUC) from Bell Labora-
tories, and in 1952 Holonyak took Bardeen’s 
graduate course on transistors—“probably the 
fi rst course of that type offered at any univer-
sity,” Holonyak now says. The course moved 
Holonyak to switch from the electrical engineer-
ing department’s microwave tube group and 
become Bardeen’s fi rst graduate student.

Upon fi nishing his doctorate in 1954, 
Holonyak went to Bell Labs to work under John 
Moll, another expert in the new fi eld of transis-
tors; their team built, among other things, the 
fi rst p-n-p switch. In 1956 and 1957, Holonyak 
fulfi lled his military obligation by serving in a 
small intelligence group with the Army Signal 
Corps in Yokohama, Japan. There he did some 
research that still remains classifi ed despite 
Holonyak’s requests to see his notebooks; he 
says, “I’d like to compare what I wrote down 
then with what I know now.”

After his discharge, Holonyak moved to 
General Electric’s laboratory in Syracuse, N.Y., 
U.S.A., where his new colleagues were exploit-
ing the p-n-p switch to make a controlled recti-
fi er (now the thyristor). He started investigating 
the properties of III-V materials—alloys of two 
elements, one each from Groups III and V in the 
periodic table. Once gallium arsenide (GaAs) 
was found to have a direct bandgap, he focused 
on that alloy.

The Solid State Device Research Conference, 
held in July 1962 in Durham, N.H., U.S.A., 
is almost as critical to the development of 
semiconductor light emitters as the quantum 
electronics conference of September 1959 was to 
the birth of the laser the following year. At the 
conference, researchers from M.I.T. Lincoln Lab-
oratories announced that they had fabricated a 

1993 
Nichia puts bright blue 

LED on market.

Holonyak (left) and Bardeen

1970 
M. George Craford invents 

the yellow LED.

Holonyak’s team creates first 
quaternary-alloy LED.

1970-80 
The first LEDs appear 
in consumer devices.

1980s 
Intense period of metal 
organic phase epitaxy 

development.

1973 
RCA Labs finds first 
clue to blue LEDs.

1990 
J.H. Burroughes et al. report 

a high efficiency light-emitting 
polymer-based device, the 

basis for organic LEDs.

2001 
Processes demonstrated for 
growing gallium nitride (GaN) 
LEDs on silicon, which would 

make possible high-power 
LEDs reported in 2012.

2007 
First all-LED-lit Christmas 
tree appears in Rockefeller 

Center, N.Y.

2008 
Warm-light emission 
was achieved by using 

nanocrystals.

2011 
Worldwide market for 
high-brightness LEDs 
grows to $12.5 billion.

1991 
Shuji Nakamura builds 

bright blue LED.
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simple GaAs p-n junction that could broadcast a 
near-infrared signal for 50 km.

Holonyak and Robert N. Hall, who were both 
colleagues and competitors within General 
Electric, returned to their labs in Syracuse and 
Schenectady (N.Y)., respectively, with new 
awareness that they were in a close race to 
build the first diode laser. Several weeks later, 
on 16 September 1962, Hall first detected infra-
red lasing action from one of his diodes. His 
competitors from IBM Corp. and Lincoln Labs 
soon followed with their own near-infrared 
semiconductor lasers.

Over in Syracuse, Holonyak pushed onward 
because he wanted to see emission from a 
diode, and he had a feeling that adding phos-
phorus to an alloy of GaAs might increase the 
material’s bandgap enough to push a diode’s 
emission into the visible region.

Sure enough, GaAsP, in the ratio of  
GaAs1-xPx, gave off a discernible red glow 
when a small current passed through it at 
room temperature. Stimulated emission, how-
ever, required a much higher current, as well as 
cooling to liquid-nitrogen temperatures (77 K). 
Indeed, Holonyak and his technicians had just 
built the first visible-wavelength semiconductor 
laser. The fact that the polished semiconductor 
gave off ordinary red light at room temperature 
was a nice side benefit, though. 

On 17 October 1962, Holonyak submitted his 
results to Applied Physics Letters, which pub-
lished his article in its 1 December issue. The 
terse two-page report emphasized the diode’s 
coherent stimulated emission at cryogenic 
temperatures. Although the authors—Holonyak 
and technician Severio “Sam” Bevacqua—
noted that the semiconductor material did not 
overheat at room temperature and generated 
“easily perceptible” red light, they did not 
suggest any applications for this effect.

Early technical advances
Following the success of GaAs in the infrared 
and GaAsP in the visible, researchers started 
traveling down what the late Hewlett-Packard 
researcher Egon Loebner once dubbed the 
“Alloy Road.” Researchers tried out many 
different alloys of III-V semiconductors and 

improved their 
manufacturing 
processes.

In 1967, 
Herbert Rup-
precht and Jerry 
Woodall of IBM 
used liquid-phase 
epitaxy to produce the ternary alloy aluminum 
gallium arsenide (GaAlAsP). It took some years 
to get rid of the tendency of this process to 
introduce oxygen impurities, but eventually 
this led to red LEDs with much higher bright-
ness than their predecessors.

Holonyak’s first graduate student at UIUC, 
M. George Craford, invented the yellow LED 
in 1970, while he was working for the Mon-
santo Co. Nitrogen doping of GaAsP on GaAs 
substrates paved the way for yellow, as well as 
orange and green, LEDs. 

Also in 1970, Holonyak’s team at UIUC 
created the first quaternary-alloy LED, a 
heterojunction of GaAlAsP and GaAsP, for 
better lattice matching and higher perfor-
mance. In the mid-1970s, scientists studied the 

direct-bandgap quaternary alloy InAlGaP, but 
companies that wanted to use the material for 
high-brightness red, orange and yellow LEDs 
had to develop a better manufacturing process, 
namely metal-organic chemical vapor deposi-
tion, or MOCVD.

In a now-familiar pattern, MOCVD was 
developed in the 1960s, but the process did 
not take off until one of Holonyak’s former 
graduate students, Russell D. Dupuis (now at 
Georgia Institute of Technology, U.S.A.), used 
it to make room-temperature GaAlAsP lasers 
at Rockwell International in the late 1970s. 
Around that time, Dupuis and Holonyak also 

The first red diode 
laser photographed 
in its own light. 
The yellow spot is 
overexposed.

Courtesy of Nick Holonyak Jr.
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collaborated on the first room-temperature 
quantum-well lasers.

“He was probably the hardest-working 
person I’d ever seen,” Donald Scifres, another 
of Holonyak’s past graduate students at Illinois, 
says of his thesis adviser. “I think his work was 
a complete vacation for him and he just wanted 
to advance the state of light emitters every day 
of his life.”

The 1980s saw an intense period of MOCVD 
development, to the point where the process 
is now the dominant method of large-scale 
production of all types of quaternary-alloy 
high-brightness LEDs. Some companies even 
sell turnkey MOCVD reactors.

In other research to boost the external quan-
tum efficiency and high-power performance 
of LEDs, scientists altered chip geometries to 
reduce total internal reflection of light within 
the chip and to increase the chances that the 
emitted light would escape. Scientists have also 
rearranged chip packaging to handle the higher 
input power required for greater output of light.

The spectral breakthrough
LEDs at the “warm” end of the visible 
spectrum found plenty of commercial uses. 
However, if LEDs were ever going to give off 
“white” light—containing all visible wave-
lengths—then researchers had to overcome 
the formidable hurdles to producing blue light 
from semiconductors.

The first clue came in 1973 when an RCA 
Labs group noted a faint violet glow in gallium 
nitride chips grown on a sapphire substrate via 
vapor-phase epitaxy. However, research into 
gallium nitride, which has a direct bandgap, 
stalled for many years because of the difficul-
ties in making quality crystals.

Finally, in 1991, Shuji Nakamura, then 
of Nichia Corp. in Japan, took the photonics 
world by storm by building a bright blue 
indium gallium nitride LED manufactured 
using the MOCVD technique. In 1993, Nichia 
put the bright blue LEDs on the market, which 
led to all sorts of new applications. By now, 
who hasn’t had at least one cellphone with a 
blue-backlit keypad? 

Lighting designers finally had bright, 
efficient LEDs that produced the full spectrum 
of color. They could blend the various wave-
lengths from multiple LEDs, or put a yellow 
phosphor in front of a blue LED to create 
“white” light (albeit somewhat red-deficient, 
according to the Color Rendering Index).

Thanks to intense competition between the 
various LED manufacturers, including Nichia, 
Cree Inc. and Philips Lumileds, white LED 
lighting technology has been making leaps 
and bounds over the past decade, to the point 
where solid-state lighting is practical to see by, 
if a tad costly. In fact, the luminous efficacy of 
high-end LEDs now exceeds even the brightest 
fluorescent lamps. At press time, Cree claimed a 
record of 254 lumens per watt for an LED with a 
color temperature of roughly 4,400 K; no doubt 
a new record will be set soon.

LEDs have found their way not just into 
light bulbs, but also into the backlighting of 
LCD televisions and computer monitors, in 
advertising billboards and in practically every 
flashlight now sold. They are rapidly displacing 
incandescent bulbs in holiday lights, museum 

OSA

Shuji Nakamura 
described important 

research toward making 
solid-state lighting more 

efficient in a plenary 
address at CLEO 2005.
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exhibits and the crystal ball that drops in New 
York’s Times Square on New Year’s Eve.

Red LEDs first entered the automotive indus-
try in the late 1980s, shortly after the United 
States began to require a center high-mount 
stop lamp (CHMSL), or “third brake light,” 
on new vehicles. Because CHMSLs are often 
mounted in small spaces and are intended to 
reduce rear-end collisions, the tiny size and fast 
rise time of red LEDs made them ideal for this 
application. More automobiles are sporting red 
LED taillights and even white LED headlights, 
although the semiconductors (which Audi 
advertises as being “1 mm2 in size”) are more 
likely to appear on luxury cars whose buyers 
are already prepared to pay a premium.

What’s next for LEDs
Every time a new technology makes its debut, 
pitfalls may lurk among the possibilities. 
Solid-state light emitters still cost more than 
incandescent or compact fluorescent bulbs and 
may not be backwards-compatible with existing 
light fixtures. Thus, low-income people who 
could benefit from lower electricity bills might 
find the upfront costs of new lighting too much 
to bear. In 2008, the LED equivalent of a 60-W 
incandescent lamp still cost roughly $100.

But the price of LED lamps will eventually 
go down due to two factors: 1) a decline in 
production costs, resulting from a move toward 
larger wafers; and 2) a flood of low-end LEDs, 
the type used in blinking toys and children’s 
sneakers, on the market.

Indeed, a quick online search found 
stores in the Washington, D.C., area selling 
40-W-equivalent white LED “bulbs” for as 
low as $10 each. The cost of an equivalent of a 
60-W incandescent bulb with a “daylight” color 
temperature of 5,000 K is now $26. A small 
warm-white LED luminaire that consumes 3 W 
of electricity goes for $15.

More insidiously, widespread conversion of 
outdoor lighting fixtures to LEDs could lead to 
more light pollution. In August, several German 
scientists expressed concern that widespread 
adoption of white or full-spectrum LEDs could 
increase urban skyglow. Historically, they 
noted, every time technological advancements 

have cut the cost per lumen of outdoor light-
ing, cities have increased the amount of light 
pouring out of fixtures. Although the scientists 
described methods for monitoring urban night-
sky luminance, they also urged the adoption of 
full-cutoff luminaires that direct light toward 
the ground, as well as dimming systems and 
“warm white” outdoor lights that are less blue.

Nevertheless, LEDs stand ready to improve 
the planet by substantially reducing the amount 
of energy that lighting consumes, which has 
been roughly one quarter of the planet’s elec-
tricity bill. The market research firm Strategies 
Unlimited noted that the worldwide market for 
high-brightness LEDs grew from $11.3 billion 
in 2010 to $12.5 billion in 2011—a jump of 9.8 
percent despite the economic blahs in other sec-
tors. Though predictions aren’t without risk, it’s 
pretty safe to say that the next 50 years of LEDs 
will look even brighter than the first. OPN 

Patricia Daukantas (patd@nasw.org) is a freelance 
writer specializing in optics and photonics.

The first commercial, visible-wavelength LEDs were found in 
high-end electronic equipment. For example, the original IBM 
System/360 mainframe computer, which debuted in 1964, had high-
voltage gas-discharge lamps on its exterior, but within a few years 
they were replaced by LEDs that indicated the data processing unit 
was working.

During the 1970s, many American consumers got their first 
glimpse of red LEDs in two products: wrist watches and calculators. 
In the early 1970s, the Hamilton Watch Co. introduced the Pulsar, a 
luxury-priced watch with a digital display of red GaInP LEDs. To find 
out the time, the wearer had to press a tiny button. Other companies 
came out with similar watches, though many suffered from poor 
battery life. Within a few years, always-on liquid-crystal displays 
(LCDs) pushed LEDs out of the watch market, thus 
giving consumers the digital readout they enjoyed 
without the inconvenient button-pushing.

In 1975 and 1976, Texas Instruments and Hewlett-
Packard Co. released handheld scientific calculators 
with GaAsP LED displays. A competing technol-
ogy was the vacuum fluorescent display (VFD), a 
cathode-anode system that provided bright blue 
symbols—and consumed even more power than 
LEDs. Around 1980, when manufacturers were 
convinced of the long-term reliability of monochrome 
LCDs, the liquid crystals took over the calculator 
market for good.
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