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Figure 4 Cross-section transmission electron microscopy view of a high-
efficiency Nichia blue LED. The distocation density of 10" cm 7 is remarkably
high for such an efficient and durable device. Indicated in the figure are the top
surface of the film {a), the active region (b), the main GaN film (c), the buffer layer
(d), and the sapphire substrate {e).

tungsten-filament lamps.

The 1=V nitrides

There are two fundamental reasons to choose nitrides for blue-light
sources. Foremost is the large bandgap associated with the Al-Ga—
In-N system, which encompasses the entire visible spectrum
(Fig. 2). The Ga/n, - N ternary alloys, represented in the figure
by the lower segment of the nitride triangle, have bandgaps ranging
from 1.9 eV (red) for InN to 3.4 eV (ultraviolet) for GaN. The other
main advantage of the nitrides over other high-bandgap semi-
conductors is the strong chemical bond which makes the material
very stable and resistant to degradation under conditions of high
electric currents and intense light illumination (as encountered in
the active regions of the device). The strong chemical bonds account
also for the difficulty in introducing dislocations once the material is
grown, thus removing one of the main mechanisms of degradation
observed in other I11-V compounds.

Among the obvious disadvantages of the nitrides is the apparent
absence of suitable substrates for film growth; the high growth
temperatures made necessary by the strong chemical bonding in
these materials limit the choice of substrates to those that are stable
at such elevated temperatures. The two most commonly used are
sapphire («-Al,O;) and silicon carbide (6H-SiC). The large dif-
ferences in lattice parameter and in linear thermal expansion rates
that occur both within the AlGaInN system itself and relative to
these substrates meant that poor-quality epitaxial films were
expected. The microstructure of films grown on sapphire, however,
appears to have special properties that overcome these obstacles, as
discussed later.

The ITI-V nitrides are not really new materials. AIN was reported
in 1907 (ref. 14), and it is believed to be one of the first [II-V
compound semiconductors ever synthesized. The crystalline struc-
ture of GaN was described in 1937 (ref. 15) and growth of GaN
crystalline films was reported in 1969 (ref. 16). Three important
milestones were achieved in 1971. First, Pankove'” reported metal—

Table 1 Development of group Il nitrides

Year Event Autnors Reference
1969 GaN by hydride vapour phase epitaxy Maruska and Tietjen 16
1971 Metal-insulator-semiconductor LEDs Pankove ef a/. 17
GaN by MOCVD Manasevitet al. 18
Ultraviolet stimulated emigsion at 2K Dingle et al. 19
1974 GaN by sublimation Matsumoto and Aoki 51
GaN by MBE Akasaki and Hayashi 52
1975 AN by reactive evaporation Yoshida et af. 53
1982 Synthesis (high pressure) Karpinskiet al. 54
1983 AIN intermediate layer (MBE) Yoshida et al. 20
1986 __Specular films using AIN buffer layers Amano et al 23
1989 p-type doping with Mg and LEEBI Amano et al. 26
GaN p-n junction LED Amano and Akasaki 26
inGaN epitaxy (XRRC = 100arcminj Nagamotc et al. 56
1991 GeN buffer layer by MOCVD o Nakamura 37
1992 Mg activation by thermal annealing Nakamura et &/. 27
High-brightness AlGaN ultraviolet/blue LED (1.6%) Akasaki and Amano 28
InGaN epitaxy (XRRC = §arcmin) Nakamura et a/. 56
..... High-brightness AlGaN ultraviolet LEDs Akasakiet al. 28
1993 inGaN MQW structure Nakamura et al. 29
InGaN/AlGaN DH blue LEDs (1¢d) Nakamura el &/. 30
1994 InGaN/AIGaN DH blue-green LEDs (2 cd) Nakamura et a/. 31
1995 InGaN QW blue, green and yellow LEDs Nakamura et a/. 33
InGaN SQW green LEDs {10 cd) Nakamura et af. 34
Blue laser diode, pul‘sed operation Nakamura et a/. "
1996 Ultraviolet laser ciode Akasakiet al. 49
Blue laser diode, pulsed operation ltaya et a/. 50
Blue laser diode, c.w. operation Nakamura et a/. 12

ray rocking curves (XRRC), multiple quantum wells {MQW), quantum well {QW), single guantum well (SQW), double heterostructure {DH), continuous wave (C.w.)
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insulator-semiconductor LEDs made of GaN thin films.
Manasevit'® succeeded in growing GaN by the technique of metal-
organic chemical vapour deposition (MOCVD) for the first time,
using a method that is still used today. Finally, GaN needles were
grown by Dingle'’, who also reported stimulated light emission
from this material at a temperature of 2 K, establishing the prospect
of ultraviolet semiconductor injection lasers. The key developments
during the following years are summarized in Table 1. The main
obstacles to be overcome in making practical nitride-based devices
involved difficulties in growing smooth films, in controlling n-type
conductivity, in producing p-type materials and in growing
AlGaN and InGaN alloys. Initial films were typically rough and
fractured, features attributed to three-dimensional nucleation (a
two-dimensional growth mode is required to produced smooth
films) and the choice of substrates. These obstacles appeared
insurmountable for many years, so the nitrides were largely ignored
in favour of other large-bandgap materials.

Mastering epitaxy on foreign substrates is considered necessary to
control the chemical purity of a semiconductor such as GaN, thus
avoiding unwanted impurities which influence the optical and
electronic character of the material. Similarly, during epitaxial
growth it is desirable to minimize structural imperfections in the
lattice such as dislocations and stacking faults, which are known to
have adverse effects on optoelectronic properties of semiconducting
materials (such as the quantum efficiency associated with light
emission). In the search for improved properties, Yoshida™ showed
that an AIN intermediate layer between a sapphire substrate and an
epitaxial GaN film increases the efficiency of cathodoluminescence
(luminescence excited by a high-energy electron beam) of the films.
Parallel developments, in particular in GaAs epitaxy on silicon®"*,
demonstrated that smooth epitaxial thin films on substrates with a
large (> 4%) lattice mismatch could be achieved by the initial
deposition of low-temperature nucleation (or buffer) layers.
Although amorphous and therefore not of as high quality as the
desired film, the buffer layers allowed for continuous coverage of the
substrate and overcame the wetting obstacles related to surface and
interface energetics. Using AIN low-temperature buffer layers on
sapphire substrates, Akasaki and Amano™ grew the first smooth
surfaces of GaN films in 1986, demonstrating that two-dimensional
nucleation in nitride epitaxy could be achieved and thereby bringing
about a significant improvement in the electrical and luminescent
properties of the films. Akasaki ef al.” also demonstrated that silane
(SiH,) could be used for effective and controllable n-type doping.

Making p-type GaN films took a few more years. Magnesium was
expected to be a good acceptor (p-type dopant); but although it was
possible to incorporate significant concentrations of Mg in GaN, it
did not effectively introduce hole charge carriers—the films were
highly resistive. Similar observations in other materials such as
GaAs and InP had established that unintentional hydrogen con-
tamination played a strong role in passivating p-type dopants**. In
1989, Amano and Akasaki demonstrated that low-energy electron-
beam irradiation (LEEBI) activated magnesium-doped GaN films®,
converting them from a highly resistive state to one having a high
(~10"®ecm™?) concentration of holes. This p-type carrier density
was sufficient to produce the first p—n junction blue LEDs™. In
1992, Nakamura showed that superior hole concentrations could be
achieved by thermal annealing after growth”. These developments
set the stage for brighter LEDs by Akasaki, Amano and others in
1992 (ref. 28). The development of extremely thin {quantum-well)
layers of indium-rich nitrides by Nakamura brought increasingly
superior performance’*’, culminating with the announcement by
Nichia Chemical Industries in November 1993 of the development
of a bright blue LED and plans for mass production.

Blue and green LEDs
The first blue LEDs based on the III-V nitrides were made
commercially available by Nichia in early 1994. They consisted of
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an InGaN/AlGaN double heterostructure, fabricated by codoping
Zn and Si into the InGaN active layer”. The output power was
3mW at a forward current of 20 mA, with an external quantum
efficiency (ratio of photons produced to the number of injected

electrons) of 5.4% and a peak wavelength of 450 nm. Shortly |

thereafter, blue—green LEDs were fabricated by increasing the
indium concentration in the InGaN active layer, yielding a bright-
ness of 2 cd (ref. 31).

Most surprising was that, compared with LEDs fabricated using
other semiconductors, the light-emitting efficiencies of these GaN-
based LEDs were remarkably insensitive to extended lattice defects
such as dislocations in the films. Transmission electron microscopy
(TEM) studies® indicated that the material contained 10" disloca-
tions per square centimetre, more than six orders of magnitude
above any other material used for LED fabrication. Figure 4 shows
such a TEM cross-section image of a bright blue Nichia LED.
Dislocations run in the growth direction (vertical), their density
does not vary with distance from the sapphire interface, and they
traverse the active region of the device. The fact that efficient GaN-
based LEDs can be made despite such high densities of structural

defects indicates a critical difference between the group III nitrides

and other semiconductors.

Devices with longer peak emission wavelengths have been fabri- |
cated using extremely thin InGaN layers (quantum wells) contain-
ing high concentrations of indium; these materials access the green |

and yellow range of the visible spectrum™. In addition to producing
longer wavelengths, quantum wells also narrow the spectral width of

the emitted light, compared with the impurity-related transitions of .

the earlier DH LEDs, improving the monochromaticity. Bright
green InGaN single-quantum-well (SQW) LEDs have now been
produced with an output power of 3mW at a forward current of
20 mA, with a luminous intensity of 10cd, an external quantum
efficiency of 6.3%, and a peak wavelength of 520 nm (ref. 34). The
green colour of the emitted light is much ‘deeper’ (more mono-
chromatic) than that available from conventional GaP and AlInGaP,
and the intensity is about 100 times higher.

Data on the reliability and lifetime of these devices are still
limited. Long lifetimes have been reported, most in excess of
50,000 hours (lifetimes of ~10" hours > 100 years have been esti-
mated S. Nakamura, personal communication), and there is no
record of observed degradation mechanisms in the nitrides. Some
reports even indicate that the material itself becomes more efficient
with time, and that lamp failure is due to breakdown of the contacts
or of the encapsulant but not of the semiconductor itself.

Growth and characteristics of the llI-V nitrides

Several techniques, such as hydride vapour-phase epitaxy and |

molecular-beam epitaxy, have been successful in producing high-
quality III-V nitride thin films. But as with other III-V com-
pounds, MOCVD is the method of choice for commercial applica-
tions. The design of the growth reactor varies from vertical to
horizontal flow configurations, and various gas sources have been
used. The most commonly used gas-source precursors are trimethyl
gallium (Ga(CHj3);) and ammonia (NH;). Likewise, InGaN and
AlGaN can be grown by the addition of trimethyl indium and
trimethyl aluminum, respectively. Typical growth techniques today
involve growth on [0001] sapphire substrates, with a low-tempera-
ture AIN or GaN buffer layer of thickness 10-40 nm deposited at
about 550 °C. This is followed by GaN epitaxy at 700-1,100°C. The
initial buffer layer is amorphous and undergoes solid-phase crystal-

lization during the heating step prior to epitaxy. TEM images of the

substrate/buffer layer region (Fig. 5a) indicate an abrupt crystalline
transition between the two lattices™. The lack of coherence (con-

tinuity) between the sapphire and the nitride is also apparent; high-

quality epitaxy is evidently achieved without such one-to-one

correspondence between the crystalline lattices. Slight variations '

in the orientation of the epitaxial GaN layer are accommodated by
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requiring green lasers. The first of these, optical data storage, is a
dominant motivation for blue-laser development. This can be
understood by noting that in the diffraction limit, the minimum
spot size for a given optical system is proportional to wavelength \;
thus the optical recording areal densities scale as 1/\’. Furthermore,
as the data are more tightly stored on such a disk, the data retrieval
rate is also increased. Current optical disks are based on infrared
light (N = 780nm) and are in the process of upgrading to red light
(A = 650 nm). With the recent demonstrations of blue laser diodes
(X = 450 nm), it seems that the commercial prospects are promis-
ing, particularly for digital video disk technology. The figure of
merit of data-storage technologies is the areal density; currently,
commercial devices offer 500 Mbitin ~ % With the advent of blue
lasers, this figure will be increased by a factor of four as a result of the
shorter wavelength. Similar considerations also apply to high-
resolution printers, where a small focused spot translates into
greater resolution. Other applications on the horizon include full-
colour film printers, projection television and biomedical uses.

Challenges

Perhaps the main challenge in the field of the nitrides is to increase
the lifetime of diode lasers operating at room temperature. The
short lifetimes are caused by heating during operation, a conse-
quence of the high threshold current along with the relatively high
electrical resistance of nitride lasers. The heating problem may
therefore be ameliorated either by reducing the threshold current

| or by lessening the diode’s electrical resistance. Although theories

indicate that the threshold cugrents are relatively high for the
nitrides (higher than for red or infrared lasers), it is difficult to
assess how this depends on the highly dislocated crystal structure.
For example, defects may be responsible for other recombination
pathways, or they may scatter light out of the optical cavity. Better
lattice-matched substrates might lower thresholds by eliminating
crystal defects; but on the other hand, the fact that nitride LEDs
already show high quantum cfficiencies despite their high disloca-
tion densities may indicate that dislocations are not seriously
detrimental (although scattering is not a problem in LEDs, it is a
serious issue in lasers). In fact, dislocations can under certain
conditions actually be favourable, as they may provide mechanisms
by which thermal strain is relieved.

Reducing the electrical resistance of nitride laser diodes would

| similarly bring closer the goal of reliable, continuous, room-
| temperature operation. At present, the nitride diodes are relatively

resistive, leading to severe heating at the high current densities
required of lasing. Of the many component layers making up the
diode, the metal contact to the p-type layers is especially resistive,
usually dominating the total series resistance of the diode. This is so
because of the limited p-type doping possible in the nitrides, and the

| high Schottky energy barrier associated with the interface between a

metal and a high-bandgap semiconductor. Energy conservation
requires that in order to support injection, the diode voltage
should be at least equal to the photon energy divided by the
electronic charge, corresponding to about 3V for a 420 nm violet
photon. In red and infrared laser diodes, the diode voltage at
threshold is typically a few tenths of a volt above this. In contrast,
the diode voltage of the first nitride laser was about 35 V. This
included the drop of ~3V across the p—n junction, and the
remaining ~30V across the metal-semiconductor contact. Redu-
cing the p-contact resistance, either by higher doping or alternative
contact materials, is therefore critical to overcoming the heating
problem sufficiently to obtain long-lived continuous operation of
nitride lasers at room temperature.

Spanning a broader range of wavelengths is also an aim of nitride
laser development, driven by numerous potential applications. For
example, communication through sea water is performed optimally
at green wavelengths (~505nm), whereas optical data storage
demands as short a wavelength as possible while remaining con-
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sistent with the spectral range over which inexpensive optical
systems maintain their transparency.

Expanding nitride laser operation from the ultraviolet or violet to
longer wavelengths is made challenging primarily by the growth of
high-indium-content InGaN alloys for the active region. In principle,
the composition of an InGaN alloy active region can be adjusted to
give emission throughout the entire visible spectrum. For instance,
a thin (20-50 A) Ingy3Gag ;N layer provides blue emission, whereas
increasing the indium content from 30 to 50% shifts the wavelength
to green. However, because the lattice parameter of InGaN alloys is
larger than for GaN, only thin layers can be grown before structural
defects such as-dislocations or alloy segregation (where the strain
within a uniform InGaN alloy film causes it to dissociate into
regions of highly disparate compositions) arise. These limitations of
InGaN growth are still being investigated.

With the advent of the nitride-based semiconductors, the long
search for bright solid-state sources covering the full range of the
visible spectrum seems to be over. Green and blue nitride light-
emitting diodes are now available commercially with surprisingly
high efficiencies and long lifetimes. Blue and ultraviolet diode lasers
have been demonstrated under pulsed conditions, and continuous
operation of nitride lasers for tens of hours is already possible. These
exciting recent developments have been made possible only by
decades of persistent research, and by the unique characteristics
of the nitride-based semiconductors. They promise a bright future
for photonic technology. ]
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