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BlF. BALE (GaN)
The Nobel Prize in Physics 2014

The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Physics for 2014 to

Isamu Akasaki Hiroshi Amano Shuji Nakamura
Meijo University, Nagoya, Japan Nagoya University, Japan University of California,
and Nagoya University, Japan Santa Barbara, CA, USA

“for the invention of efficient@[ight—emittmg diodes which has enabled
bright and energy-saving white light sources”

2014 2014 2014
Isamu Akasaki Hiroshi Amano Shuji Nakamura

(¥1929) (*1960) (*1954)
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What is LED?
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Fig. 1. Principle for light emission in a p-n junction. In a p-n junction biased with a forward voltage,
electrons are injected from the n- to the p-side, and holes are injected in the opposite direction.
Electrons recombine with holes and light is emitted (spontaneous emission). For efficient diodes it is
important that the semi-conductors have direct bandgaps. LEDs with indirect bandgaps require

FERMI LEVEL

BAND GAP
(FORBIDDEN BAND)

VALENCE BAND

phonon-assisted recombination, which limits the efficiency. The quantum efficiency of a LED is the
ratio of the number of emitted photons to the number of electrons passing through the contact in a

given time.

hole

electron

The heart of the LED. A light-emitting diode
consists of several layers of semiconducting
materials. Electrical voltage drives electrons
from the n-layer and holes from the p-layer to
the active layer, where they recombine and
light is emitted. The light's wavelength
depends entirely on the semiconducting
material used. The LED is no larger than a
grain of sand.



Blue LED lamp. The light-emitting diode
\!E \IE )
E +% % in this lamp consists of several different

layers of gallium nitride (GaN). By mixing

in indium (In) and aluminium (AL}, the

Laureates succeeded in increasing the

lamp’s efficiency. wire bond

anode cathode
(p-electrode)  [n-electrode) post /J\
A% anvil
Zinc-doped InGaN - . v
n-AlGaN

GaN Buffer Layer
Sapphire Substrate

cathode
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Materials Selection for blue LED

Early work on blue LEDs

The step to the emission of blue light proved to be considerably more difficult. Early
attempts with ZnSe and SiC, with high indirect bandgaps, did not lead to efficient light
emission. The material that enabled the development of blue LEDs was GaN (Gallium
Nitride).

Gallium Nitride

GaN is a semiconductor of the III-V class, with Wurtzite crystal structure. It can be
grown on a substrate of sapphire (Al203) or SiC, despite the difference in lattice
constants. GaN can be doped, e.g. with silicon to n-type and with magnesium to p-
type. Unfortunately, doping interferes with the growth process so that the GaN
becomes fragile. In general, defects in GaN crystals lead to good electron
conductivity, i.e. the material is naturally of n-type. GaN has a direct bandgap of
3.4 eV, corresponding to a wavelength in the ultraviolet.




Brief Story of GaN Doping

» GaN crystals were more efficiently produced at the end of
the 1960s by growing GaN on a substrate using the HVPE
technique (Hydride Vapour Phase Epitaxy) .

» A number of laboratories in the United States, in Japan and
In Europe studied the growth techniques and doping of
GaN with the goal of developing blue LEDs, but material
problems still seemed insurmountable.

» The surface roughness was not controlled, the HVPE-grown
material was contaminated with transition metal impurities
and p-doping was passivated due to the presence of
hydrogen, forming complexes with acceptor dopants.



»In the 1970s, new crystal growth techniques, MBE
(Molecular Beam Epitaxy) and MOVPE (Metalorganic
Vapour Phase Epitaxy) were developed.

OHigh-quality GaN by MOCVD

Isamu Akasaki: A thin layer (30 nm) of polycrystalline AIN
was first nucleated on a substrate of sapphire at low
temperature (500 °C) and then heated up to the growth
temperature of GaN (1000 °C) .

Nakamura developed a similar method where AIN was
replaced with a thin layer of GaN grown at low temperature
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Fig. 2. b) Resistivity of Mg doped GaN as a

a) Growth of GaN on sapphire using an AN layer [27]. function of annealing temperature [32]




O Breakthrogh of GaN Doping

A major problem for manufacturing p-n junctions was the difficulty to p-dope GaN in a
controlled manner. At the end of the 1980s, Amano, Akasaki and co-workers made an
important observation; they noted that when Zn-doped GaN was studied with a
scanning electron microscope, it emitted more light [29], thus indicating better p-
doping. In a similar way, when Mg-doped GaN was irradiated with low energy electrons,

it resulted in better p-doping properties [30]. This was an important breakthrough and
opened the way to p-n junctions in GaN.

The effect of electron irradiation was explained a few years later, in an article by
Nakamura and co-workers [31]. Acceptors such as Mg or Zn form complexes with

hydrogen and thus become passive. Electron beams dissociate these complexes and
activate the acceptors. Nakamura showed that even a simple thermal treatment

(annealing) leads to efficient activation of Mg acceptors.



OSemiconductor Alloy: AlGaN / InGaN

A crucial step in developing efficient blue LEDs was the growth and p-doping of alloys
(AlGaN, InGaN), which are necessary in order to produce heterojunctions. Such

heterojunctions were realized in the early 90s in both Akasaki’s and Nakamura's
research groups [34, 35].

p-Electrode

n-Electrode

p-GaN

p-AlGaN
Zn-doped InGaN
n-AlGaN

n-GaN
GaN Buffer Layer

Sapphire Substrate

Fig. 3. Structure of a blue LED with a double heterojunction InGaN/AlGaN. From [39]
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