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Abstract The world at the end of the 20" Century has become “blue”. Indeed, this past decade has witnessed a “blue
rush” towards the development of violet-blue-green light emitting diodes (LEDs) and laser diodes (LDs) based on wide
bandgap III-Nitride semiconductors. And the hard work has culminated with, first, the demonstration of commercial high
brightness blue and green LEDs and of commercial violet LDs, at the very end of this decade. Thanks to their
extraordinary properties, these semiconductor materials have generated a plethora of activity in semiconductor science and
technology. Novel approaches are explored daily to improve the current optoelectronics state-of-the-art. Such improvements
will extend the usage and the efficiency of new light sources (e.g. white LEDs), support the rising information technology
age (e.g. high density optical data storage), and enhance the environmental awareness capabilities of humans (ultraviolet and
visible photon detectors and sensors). Such opportunities and many others will be reviewed in this presentation.
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1. Introduction

The nitrides of group III elements (or III-Nitrides),
such as AIN, GaN, InN and their alloys, have all the
desired physical properties for a number of tomorrow’s
optoelectronic devices. Indeed, they are wide bandgap
semiconductors, with a bandgap energy from 6.2 to 1.9
eV, which makes them ideal for optical devices operat-
ing in the visible-to-ultraviolet spectral region, such as
blue, green, ultraviolet lasers and photodetectors. Their
exceptional physical properties also bring device appli-
cations beyond imaging and data storage. These materi-
als are physically and chemically strong, making them
ideal for operation in harsh environments (radiation,
heat) such as those typical of space applications and
high temperature electronics. To date, III-Nitrides have
kept their promises. Ultraviolet photodetectors based on
II-Nitrides have shown promising results. Super bright
green and blue light emitting diodes made using III-
Nitrides are commercialized, as well as very recently
blue-violet laser diodes.

In the future, the challenges faced by the semiconduc-
tor community will be to develop a reliable III-Nitride
material technology to fulfill the full potential of this
material system for optoelectronic devices. The current
lack of a native I1I-Nitride substrate has made the use of
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foreign substrates inevitable. High quality, large area
native III-Nitride substrates will have to be developed
even though this may take a long time. In the mean-
time, novel approaches to avoid defects due to lattice
and thermal mismatch between III-Nitride films and for-
eign substrates will have to be developed. An example
of such growth technology is lateral epitaxial over-
growth (or LEO). Current device structures will have to
be optimized and novel structures developed for new
applications. Thanks to improvements in the substrate and
growth technology, III-Nitride physical properties are
expected to be better understood and device modeling
more accurate.

This paper will first aim at describing III-Nitride
materials and their use for optoelectronic devices. The
current state-of-the-art and future prospects for III-
Nitride thin films, heterostructures, and optical devices
will then be discussed.

2. Properties of Wide Bandgap III-Nitride Semi-
conductors

III-Nitride crystals are wurtzite in their stable form
with a hexagonal symmetry. They are also polar crys-
tals and thus possess many potentially useful properties
such as piezoelectricity, pyroelectricity [1] and second
harmonic generation [1, 2]. The large difference in elec-
tronegativity between the group III and group V ele-
ments results in very strong chemical bonds, which are
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Fig. 1. Energy gap versus lattice constant of III-Nitride semi-
conductors.

at the origin of most of the interesting III-Nitride physi-
cal properties. A direct result of the strong binding is
the wide bandgap, ranging from 6.2 to 1.9eV, corre-
sponding to a wavelength from 200 to 650 nm. This
spectral range covers the visible spectrum (blue, green,
yellow and red) as well as the near ultraviolet region in
which the atmosphere transmits, as shown in Fig. 1. The
bandgap is direct which is most appropriate for optical
devices. Because the in- trinsic carrier concentration is
an exponential function of the energy gap and the tem-
perature, a wider bandgap semiconductor has a much
lower intrinsic carrier concentrations over a large tem-
perature range, resulting in lower leakage and dark cur-
rents. Reduced leakage and dark currents are especially
important in photodetectors. Another consequence of the
strong chemical bonding is the physical (high melting
points, mechanical strength) and chemical stability of
these materials. These also enjoy high thermal conduc-
tivity. Their effective masses are higher than conven-
tional semiconductors, thus leading to lower carrier
mobilities, but this drawback is made up for by the high
saturated electron drift velocities predicted for this mate-
rial system. The refractive indices of III-Nitrides are
lower compared to narrower gap semiconductors, result-
ing in a lower reflectivity at the interface an advantage
for photodetector efficiency, but a disadvantage when
trying to achieve lasers with low threshold currents.
Although III-Nitride based devices are being rapidly
demonstrated and commercialized, there are many barri-
ers that must be overcome before the full potential of
these materials can be realized as reliable devices. First,
the high melting point of III-Nitrides and the extremely
high nitrogen partial pressures near the melting point
make their bulk growth very difficult. Therefore, high

quality III-Nitride substrates do not exist. The synthesis
of nitride crystals thus has to be carried out in the form
of thin films on a non-native substrate. The dissimilar-
ity between the substrate material aad the III-Nitrides
generally leads to poor structural quality as a result of
the lattice and thermal mismatch. Moreover, nitride alloys
with different compositions are also lattice-mismatched,
which leads to dislocations in II-Nitride heterostructures.
Finally, high free electron and hole concentrations are
often difficult to achieve because most dopant elements
form deep levels in wide bandgap nitride semiconduc-
tors. The addition of more dopant source during the
growth process frequently results in degradation of the
structural and optical properties [4, 5, 6].

3. Applications of Wide Bandgap III-Nitrides
for Optoelectronics

One of the driving force behind the exceptional inter-
est in HI-Nitride materials has been their potential for
optoelectronic device applications, both civilian and mil-
itary. Two types of devices are the focus of the research
work in this area: ultraviolet (UV) photodetectors and
violet-blue-green light emitters.

UV photodetectors using II-Nitride materials are sen-
sitive to UV radiation while being insensitive to longer
wavelength radiation. Such devices have applications
where there is a need to detect or control the source of
UV radiation in an existing background of visible or
infrared radiation [7]. Examples of such applications in-
clude flame detection, furnace and engine monitoring
for the automotive, aerospace and petroleum industry,
undersea communications, UV astronomy [8], space-to-
space communications secure from Earth, early missile
threat warning and airborne UV countermeasures, and
portable battlefield reagent/chemical analysis system. Be-
cause of their theoretical intrinsic solar blindness and
low dark currents, III-Nitride based devices are expected
to work without optical filters and complex electronics,
thus significantly reducing the launch weight for space
and airborne applications.

III-Nitrides have been successfully used in commer-
cial bright blue and green light emitting diodes (LEDs).
When used with the already available red AlGaAs based
LEDs, these new LEDs complete the primary colors (red,
green, blue) for large, high brightness, outdoor full-color
displays. Traffic lights are starting to use green LEDs
because of their superior efficiency anc reliability in com-
parison to incandescent light sources. Solid state white
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light sources using a combination of red, green, and blue
LEDs or using phosphors excited by blue or ultraviolet
(UV) LEDs may soon replace conventional light bulbs
with better efficiency and reliability. UV LEDs could also
replace the inefficient and hot “black” lights that are used
in fun houses, tanning salons, and in more mundane
applications such as killing bacteria in water.

The main thrust in recent III-Nitride research has been
the fabrication of a reliable, short-wavelength (ul- travio-
let to green spectral region) laser diode. The primary
advantage of shorter wavelengths is the ability to focus
the beam to smaller spot sizes which scale as 22, thus
quadrupling the storage density of optical media by
reducing the laser wavelength in half. The objective will
be to achieve a digital video disk (DVD) system capa-
ble of storing 15 gigabytes by the year 2000. A DVD-
RAM system would require a laser diode operating in
continuous wave (CW) at 60°C with an output power of
30~40 mW and an operating voltage of 3 V at 100 mA.
The requirements for a DVD-ROM system would only
be a 4~5mW CW laser. In both cases, the laser should
have a wavelength of 400~430 nm. It must not be too
short, in order to avoid transmission losses in air. Visi-
ble laser diodes are also expected to be used in projec-
tive displays, optical communications, and chemical
analysis because the wavelength could be tuned to cor-
respond to ab- sorption lines of specific airborne chemi-
cals to be de- tected. For example, a 55-inch display
needs a luminosity of 500 cd/m’, which requires at least
a 6.6 W red, 1.8 W green, and 1.2 W blue laser. Finally,
laser printing is also an important application for short
wavelength laser diodes. These would need to emit at a
wavelength higher than 430 nm to avoid the decomposi-
tion of the toner components, with a single mode CW
output power higher than 6 mW for fast printing.

4. III-Nitride Semiconductor Materials
4.1. Substrates for wide bandgap Ill-nitride thin films

Because of their extreme physical properties, bulk III-
Nitride single crystals are available with great difficulty.
This remains the major issue in the development of
wide bandgap III-Nitride semiconductors and optoelec-
tronic devices based on these materials. High-pressure
growth was once regarded as a promising technique to
achieve bulk GaN crystals but, to date, it remains lim-
ited to a few research groups and the crystal size
remains small compared to alternative techniques. By

using sublimation transport, the growth of bulk AIN
yielded up to 13 mm diameter boules, but so far the
material was polycrystalline. Bulk growth from solution
with a slight overpressure is a method which has gath-
ered interest for GaN over the past few years and
yielded GaN boule sizes of 20 mm in length. In spite of
intense research work in this area, the quality of these
bulk ITI-Nitrides is not good enough to be used as sub-
strates in the near future. In addition, techniques for the
polishing of the epi-ready surface is not yet developed.

Many non-native substrates have therefore been inves-
tigated over the years, and the use of thin film deposi-
tion techniques such as metalorganic chemical vapor
deposition (MOCVD) and molecular beam epitaxy
(MBE) has been widespread. To date, three substrates
stand out as the most promising: silicon, silicon carbide
(SiC) and sapphire (ALO;). Silicon is the most widely
available substrate in the semiconductor industry and
can come in sizes up to 10 inch diameter. It is also the
cheapest one and the highest quality. However, it suf-
fers from a poor chemical compatibility with III-Nitride
crystals, meaning a crystal structure (bulk and surface
arrangement of atoms) that does not lend itself to the
proper initial nucleation of oriented III-Nitride crystals.
Also, it has a very narrow bandgap in comparison to
nitrides, which makes it ill-suited for optical devices. At
the other extreme, SiC offers the closest match with HI-
Nitrides in terms of crystal symmetry, lattice and ther-
mal mismatch. It is a wide bandgap semiconductor
being developed for applications in high power electron-
ics. Its drawbacks are its limited availability, small wafer
size, quality still not as good as other Si or AL O; sub-
strates, and its prohibitively high price. Sapphire offers a
compromise between Si and SiC, and has become the
most often used substrate for III-Nitride epitaxial growth.
The appealing features include the high thermal and
chemical stability, the large high quality wafers avail-
able, and the reasonable cost. However, there are large
lattice and thermal mismatches. The dissimilarity be-
tween the substrate and nitride materials has been allevi-
ated through the successful development of the growth
technology, and more precisely the use of buffer layers
[9].

Recently, vapor phase epitaxy (VPE) has gained momen-
tum in achieving free standing III-Nitride films which
may serve as quasi-substrates. This is done by first using
the high quality films obtained in MOCVD growth on a
substrate such as sapphire, then conducting the VPE
growth of very thick (150 mm) GaN films, and subse-
quently removing or etching off the substrate [10].
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4.2. Wide bandgap 1ll-nitride materials

AIN thin films are generally grown on basal plane
ALO, or SiC substrates, without a buffer layer, due to
the fact sapphire and AIN share a common element: alu-
minum, which makes the bonding at the interface much
easier. Epitaxial films are rarely thicker than 1~1.5 pm.
High crystalline quality films have been achieved on
AlLO, and SiC substrates with open detector symmetric
x-ray rocking curve linewidths as low as 90 and 60 arc-
seconds respectively [11, 12]. As grown AIN films are
almost always insulating. The optical properties of AIN
are generally assessed through optical absorption and
cathodoluminescence.

GaN is by far the most studied III-Nitride material. A
thin AIN, GaN or AlGaN buffer layer is generally used
for the growth. Basal plane Al,O; and SiC substrates are
most commonly used. Films as thick as 100 um have
been reported, depending on the growth technique uti-
lized. High crystalline quality GaN thin films have been
achieved, with open detector x-ray rocking curve line-
widths as low as 30 arc-seconds and asymmetric x-ray
rocking curve linewidths as low as 400 arc-seconds [12].
Undoped GaN films are usually either highly resistive or
exhibiting n-type conduction with a residual carrier con-
centration ~10"®cm™ at room temperature and an elec-
tron mobility as high as 900 cm’/V s (theoretical
calculations show that the maximum 300K electron
mobility in GaN is 2350 cm’/V -s). The optical proper-
ties of GaN are usually assessed through optical trans-
mission and photoluminescence (PL). Free excitons A,
B and C have been observed with peak linewidths of
~1~3 meV at 2 K using photoluminescence. The room
temperature PL linewidths are typically as low as
~30 meV. Residual acceptor and donor related lumines-
cence transitions are often observed as well. A broad
‘yellow’ luminescence is sometimes observed and has
been attributed to defects in GaN [13].

Ternary AlGa,_,N has been grown over the entire
compositional range. The resistivity of Al,Ga,_,N was
found to increase exponentially with Al concentration
[14]. Low Al concentration alloys sometimes show lim-
ited n-type conduction due to residual donors as in the
case of GaN. The optical properties of Al Ga,_.N have
been assessed using cathodoluminescence and optical
absorption, in particular to determine the bandgap
energy. One of the main advantages of the III-Nitrides
over other wide bandgap materials such as SiC is the
potential to fabricate heterostructures and achieve band-
gap engineering within the same material system. High

quality AlGaN/GaN interfaces and heterostructures have
been successfully realized, as illustrated by the demon-
stration of quantum wells and two dimensional electron
gas [15].

Ternary Ga,_,In,N has been grown in the entire com-
position range. However, the material quality signifi-
cantly deteriorates as the In concentration increases. It
was shown that the Ga,_,InN alloy composition and
material quality very strongly depended on the growth
conditions, in particular the growth temperature, growth
pressure, V/III ratio, and growth rate. To grow alloys
with higher In concentration, it is generally necessary to
lower the growth temperature, raise the growth pres-
sure, increase the V/III ratio and growth rate [16].
Moreover, it has been reported that GaN and InN have a
miscibility gap [17]. Ga,_InN films are generally thin
(< 0.5 um) and are grown on thick GaN films (> 1 pum)
on basal plane Al,O; or SiC substrates. The x-ray rock-
ing curve linewidths can be as low as 480 arc-seconds
(for 14 % In) [18]. As grown Ga, _,In,N films generally
show n-type conduction (n> 10" cm™ at 300 K). Room
temperature photoluminescence measurements showed
that Ga, _,In,N can have a linewidth as low as 70 meV
(for 14 % In). Ellipsometry has yielded the refractive
index of Ga,_,InN to be ~0.05 higher (for x=0.06)
than that of GaN. GalnN/GaN heterostructures and quan-
tum wells have been reported, although they have been
more often characterized in actual devices [19, 20]. The
cathodoluminescence intensity was shown to increase by
several orders for GalnN/GaN multi-quantum wells com-
pared to bulk GaInN films [21]. There have been reports
of a “composition pulling effect” in thin GalnN films
grown on GaN [22]. It was shown that the lattice mis-
match between the growing GalnN layer and the under-
lying GaN prevented the incorporation of indium into
the lattice. This effect can be significant in the control
of the emission wavelength from GaInN/GaN quantum
wells. Finally, the quantum confined Stark effect in GaInN/
GaN multiquantum wells due to piezoelectric effects has
been recently reported to influence the optical proper-
ties of these structures [23]. This effect can be mini-
mized by adequately doping the structares with Si. The
strong impetus to fabricate and produce visible optical
devices has left much of the fundamental re- search in
Ga, ,In N/GaN heterostructures for the future. Although
such study is necessary, it will strongly depend on the
improvement of the Ga, _ In N material quality.

In spite of all the impressive progress accomplished in
synthesizing and understanding III-Nitride materials in
the past decade, the science and technology of this
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material system is still in its infancy. There exists a
great opportunity for research and development in this
area in the future. The major effort will be the im-
provement of the material quality through the reduction
of defects. A better understanding and control of the
structural, electrical and optical properties, especially for
ternary and quaternary III-Nitride alloys with various
compositions, will also be a challenge. In the next sub-
section, the doping of III-Nitrides will be discussed.

4.3. Doping of I-nitrides

The control of the doping of HI-Nitrides is also one of
the major issues in the development of optoelectronic
devices based on these materials. The n-type doping in
these materials has generally been much easier than the
p-type doping, mainly because III-Nitrides have the ten-
dency to exhibit n-type conductivity as grown. Like
other III-V semiconductors, the n-type doping can be
achieved using group VI elements, while the p-type
doping is achieved by incorporating group II elements.
Group IV elements, such as Si and Ge, act as donors in
III-Nitrides, whereas C seems to act as an acceptor. Si
and Ge have an electronegativity closer to Al, Ga and In
than N, and thus would be more likely to replace Al, Ga
and In than N. The electronegativity of C is closer to N
than to the group Il elements, and thus would more
likely to replace N in the III-Nitride lattice.

The n-type doping of GaN films has been investi-
gated using Si, Ge [24], Se, S [25] and O. The most
successful dopants have been Si and Ge. Doping con-
trol has been achieved up to a carrier concentration of
10° cm™. The Si level in the bandgap was estimated to
be ~22 +4meV below the bottom of the conduction
band [26]. Impurity band conduction is usually observed
at low temperatures. Future research work in the n-type
doping of III-Nitrides includes enhancing the conductiv-
ity of n-type Al,Ga,_,N for x> 0.6. This would allow
better optical and electrical confinement in heterostruc-
tures, as well as fulfill the potential of III-Nitrides for
ultraviolet optoelectronics. In order to achieve this, it
may prove necessary to understand the origin of the
high resistivity of Al,Ga,_,N for high Al concentrations.

The p-type doping of GaN, Al,Ga,_,N, and Ga,_,In N
films have been achieved using Mg. The doping control
is not easy at all as it is very sensitive to dopant flow
rate. As doped films are generally insulating (except a
few reports of as grown p-type GaN by MBE) and
require post-growth treatment such as thermal anneal-
ing (> 600°C under nitrogen or vacuum) or low energy

electron beam irradiation (LEEBI) to activate the p-type
dopant [27, 28]. The mechanism by which this happens
has been identified as the breaking of Mg-H bond [29].
The concentration of Mg atoms in the lattice is typi-
cally < 10" cm”, but the room temperature free hole
concentrations are generally < 5x10'® cm” for a mobil-
ity <20 cm’/Vs. The activation energy of Mg has been
estimated to be 150~200 meV. Impurity band conduc-
tion is also observed at low temperatures in p-type GaN
films. Much more research work on the p-type doping
of III-Nitrides is necessary in the future. In particular, a
significant increase in the p-type conductivity of GaN
and AlGa,_,N for x>0.3 is strongly desired. This
would allow also better optical and electrical confine-
ment in heterostructures, as well as fulfill the potential
of III-Nitrides for ultraviolet optoelectronics. Research
directions include new doping sources and new doping
schemes involving co-doping or short period superlat-
tices [30].

5. III-Nitride Based Optoelectronic Devices
5.1. Ultraviolet photodetectors

The development of photodetectors based on III-
Nitride material began with the most simple device
design, the photoconductor. This device required no p-
GaN layer to operate, and therefore simplified not only
the growth demands, but also the fabrication steps
because etching steps were not needed to define the
device or contact two electrically different types of GaN
layers. The characteristics of current photoconductor
devices include AlGa,_,N detectors over the entire
range (0<x<1) [31,32] and demonstration of gain
mechanism in a metal-semiconductor-metal detector by
using interdigitated contact design with a gain over
3000 A/W [33]. GaN detector arrays have also been
demonstrated. The kinetics of photoconductivity has
also been investigated in GaN photodetectors [34].

Schottky photodiodes are also simple detectors to fab-
ricate and are capable of being extremely fast. Several
groups have combined efforts to develop Schottky pho-
todetectors with high responsivity and low noise equiva-
lent power (NEP) [35]. Recently, low dark current, very
high speed and high visible blindness GaN Schottky
metal-semiconductor-metal photodiodes were demon-
strated [36, 37].

Most of the research on UV photodetectors has
recently been directed toward the demonstration of
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Fig. 2. Responsivity of ALGa,_N p-i-n photodiodes showing a
cut-off wavelength continuously tunable from 227 to 365 nm,
corresponding to an Al concentration in the range 0~70 %.

Al Ga,_,N based p-n and p-i-n junction photodiodes,
which present the capability of tailoring the cut-off
wavelength by controlling the alloy composition and
thus the bandgap energy of the active layer. A full range
of Al Ga,_,\N p-i-n photodiodes has been demonstrated
with a cut-off wavelength continuously tunable from
227 to 365 nm, corresponding to an Al concentration in
the range 0~70 % [38, 39, 40, 41]. This can be seen in
Fig. 2 where the current responsivity of these detectors
at room temperature is shown. Their internal quantum
efficiencies were up to 86 % when operated in photovol-
taic mode (i.e. 0 V bias) and they exhibited a UV-to-vis-
ible rejection ratio as high as six orders of magnitude. In
addition to these front-side illuminated devices, back-
side illuminated AlGaN UV photodiodes have also re-
cently been reported [42].

The progression to a higher wavelength flexibility,
faster response, higher rejection of visible light, lower
noise interference, and better response are all indicative
of not only improved designs, but also a continued in-
crease in the quality of material. III-Nitride based UV
photodetectors remain a very promising field for research
and development for the future.

5.2. Visible light emitting diodes

To generate visible light using III-Nitride materials,
one has to use Ga,_,In N alloys in the active layer. The
first generation of blue and blue/green LEDs were fabri-
cated from GaInN/AlGaN double-heterostructures (DH)
[43]. Although these provided high optical output, higher
than 1 candela (cd), they had a broad spectrum with lin-
ewidths typically ~70 nm, while the emission spectrum

ranged from the violet to the yellow-orange spectral
range, making the output appear “whitish-blue” to the
human eye. Greatly improved LED performance, in terms
of both color purity and intensity, have been achieved
using single quantum-well (SQW) structures. For exam-
ple, the emission peak linewidths for blue LEDs (450
nm) have reportedly been reduced to 20 nm with a
brightness as high as 2 cd, while green LEDs (520 nm)
exhibited a emission peak linewidth of 30 nm and tumi-
nous intensity of 12 cd {44, 45, 46]. The latest record
has been achieved by using strained single quantum welis
of Ga,_,InN. To date, violet (~405nm), blue (425~
450 nm), green (~520 nm), yellow and even amber LEDs
using II-Nitride materials have been demonstrated. Even
white LEDs have recently been demonstrated by com-
bining a blue nitride LED with a phosphorescent coat-
ing which provides the complementary color to the blue
color. They have already shown promise to become a
more efficient alternate lighting source to the conven-
tional incandescent bulb. Most of these LEDs are now
commercially available [47]. Their typical efficiencies are
in the range of 5~10 %, with a typical output power of
4~6mW and a luminous intensity of 3~10 cd under
normal operating conditions, yielding better performance
than those made from other materials.

Despite the successful demonstration and commercial-
ization of IIl-Nitride based LEDs, there remain some
important issues. First is the reliability of the devices.
These LEDs are still fragile and require careful han-
dling. They can be easily damaged by reverse bias
greater than 5 V or forward current higher than 100 mA.
This vulnerability is surprising because III-Nitrides are
expected to have high breakdown voltages. An improper
doping profile or high background carrier concentration
in GaInN could be the cause of failure at high reverse
bias or large forward current. The second issue is their
thermal handling capability. The recommended opera-
tion temperature is < 80°C to avoid early degradation of
the devices. Ideally, ITI-Nitride based devices are suit-
able for much higher temperature operation because of
their thermal properties. The unusually low operating
temperature could be due to the high defect density in
the materials and the thermal instability of the GalnN
active layer. The third issue is the price which is still too
high for large volume applications. Finally, the white
LEDs made from III-Nitrides do not currently emit a
pure white light, which makes it uncomfortable for the
human eye. In addition, the efficiency of these LEDs
needs to be improved to compete with fluorescent light
bulbs.
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5.3. Violet-blue laser diodes

The realization of III-Nitride based laser diodes eluded
the research community for many years. It has been
only after thorough research and development on the
material, processing and device fabrication technologies
that such lasers have been made possible. There has
been outstanding success in GaN-based blue laser
diodes in the past few years. Several research groups
worldwide have demonstrated GalnN based multiple
quantum well based violet and blue laser diodes. Violet
laser diodes operating at room temperature and in con-
tinuous wave mode with a projected lifetime of 20,000
hours have been demonstrated and their commercializa-
tion has recently been started by Nichia Corporation in
Japan [47]. The typical output power of this laser is
5mW (and a maximum of 10 mW), peaking at a wave-
length typically of 405 nm (range 395~415 nm) at room
temperature under continuous wave operation. Its price
is currently very high. More recently, an “engineering
sample” of a high power laser has been made available
and exhibited a maximum output power of 30 mW
under continuous wave and 100 mW under pulse opera-
tion, and with a peak emission wavelength in the range
395~420 nm, at room temperature.

Most of the current III-Nitride lasers share the fol-
lowing characteristics: the active layer consists of a
Ga,_,InN/Ga, _,InN or GaInN/GaN multi-quantum well
(MQW) with an emission peak ranging from 400 to
430 nm, the MQW is not uniform, but has a quantum
dot-like structure. These quantum dots are formed most
likely because of indium composition fluctuation and
segregation, laser performance is enhanced by Si dop-
ing of the wells and barriers of the MQW, the general
structure of the laser consists of a separate confinement
heterostructure, using AlGaN as the cladding layers, the
p-type contact layer has a hole concentration in the
range of 10" cm™, the dislocation density in the early
generation of III-Nitride based lasers was measured to
be higher than 10" cm™, which led to very short lifetime
and low output power. It has been demonstrated that
much higher output power and much longer lifetimes
can be achieved by reducing the dislocation density
through lateral epitaxial overgrowth (LEO) and even
subsequently removing the substrate to leave a thick free
standing GaN quasi-substrate. However, there still re-
main many fundamental issues that need to be addressed,
if only to explain to why Nichia Corporation has re-
mained so much ahead of worldwide competition.

First, there is currently no real understanding of the

lasing mechanism in III-Nitride lasers. There is experi-
mental evidence that recombination in the MQW active
layer is enhanced in these laser diodes by self-formed
quantum-dot like structures, or by localization of exci-
tons by potential fluctuation [48, 49, 50, 51, 52]. Theoreti-
cal work is necessary to study how these structures are
affecting material and modal gain [53], recombination effi-
ciency, emission wavelength (tunable by adjusting the dot
or potential feature sizes), and how lasing can be improved
by intentionally controlling the formation of such struc-
tures. Secondly, the mechanism for the formation of the
aforementioned quantum-dot structures or local potentials
is also unknown. Is it due to the intrinsic nature of
GalnN ternary alloys since compositional modulation due
to phase separation would be energetically favored in this
material system? [54] Or is it due to compressive strain
introduced by lattice mismatch? The understanding of
the mechanism would inevitably lead to better devices.

The effect of doping in III-Nitride based lasers is not
entirely clear. Generally lasers have intrinsic active lay-
ers in order to enhance carrier diffusion and reduce free
-carrier absorption in the active layer. However, Si dop-
ing in III-Nitride lasers enhances the laser diode perfor-
mance {55]. It is believed that the doping effectively
screens the piezoelectric field in the MQW active region
[56]. The p-type doping needs to be increased in order
to minimize device resistance. Searching for other do-
pants seems hopeless because of the deep-level nature of
acceptor dopants in III-Nitrides, which may be an intrin-
sic nature of wide bandgap nitride materials, just like
ZnSe-based materials. However, new doping schemes
such as the piezoelectric effect, which can enhance the
ionization of impurities by built-in electrical field, or
tunneling-assisted carrier injection should be studied.

Finally, the failure mechanisms in III-Nitride lasers
need to be determined and minimized. Potential causes
of failure include heat generation due to high series
resistance, dislocations and other threading de- fects, as
well as optical damage due to reabsorption of stimu-
lated emission at defects which are formed during growth
[57]. Reduction of defects is now rapidly being con-
ducted through lateral epitaxy overgrowth [58]. With the
progress of bulk GaN growth either by high-pressure
technique or hydride VPE or LEO grown, homoepitaxy
of III-Nitride devices may be someday be available.

6. Conclusion

In this paper, the technological achievements of the
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end of the past decade in the area of wide bandgap III-
Nitride semiconductors have been presented. The ex-
ceptional physical properties of these materials and their
use in numerous optoelectronics applications such as
ultraviolet photodetectors and violet-blue-green light emit-
ting devices have been reviewed. The current state of the
art and technological challenges of III-Nitride materials
have been discussed, including substrate and doping
issues. The latest developments in ultraviolet photode-
tectors, blue and green light emitting diodes, and violet-
blue laser diodes have been presented, along with some
of the remaining issues which need to be addressed in
the future in order to realize higher performance devices.
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