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Glossary

Aluminum gallium nitride (Al,Ga;_N) A wide-
band-gap semiconductor material with very nearly
the same lattice constant as GaN but a larger band
gap. The lattice constant (or lattice parameter)
refers to the constant distance between unit cells in
a crystal lattice. Lattices in three dimensions,
generally, have three lattice constants, referred to
as a, b, and c. The x in the formula is a number
between 0 and 1. This indicates an arbitrary alloy
between GaN and aluminum arsenide, AlAs, which
is a semiconductor material with almost the same
lattice constant as gallium arsenide and aluminum
gallium arsenide and wider band gap than GaAs....
AIN The band gap varies between 3.4 (GaN) and
6.2 eV (AIN). AlGaN should be considered as an
abbreviated form of the above, rather than any
particular ratio. AlGaN is used to manufacture light-
emitting diodes operating in blue to deep ultraviolet
(DUV) region, where wavelengths down to 210nm
have been achieved. It is also used in blue and UV
semiconductor lasers, detectors of UV radiation,
and in AlGaN/GaN high-electron-mability
transistors.

Aluminum nitride (AIN) A nitride of aluminum. lts
wurtzite structural phase is an extremely wide-
band-gap (6.2 eV) semiconductor material which
has major application in DUV optoelectronics.

Deep ultraviolet (DUV) This refers to UV-B
(290-320 nm) and UV-C (200-290 nm) regions of
electromagnetic spectrum.

Gallium nitride (GaN) The most prominent group-
Il-nitride semiconductor with a direct band gap of
3.4 eV, It crystallizes in hexagonal wurtzite and
cubic zinchlende structural phases. It is
predominantly used in optoelectronic, high-power,
and high-frequency devices.
Hydride-vapor-phase epitaxy (HVPE) An epitaxy
process that is used for depositing compound
semiconductors. As an epitaxy technique that
works near the thermodynamic equilibrium, it is of
particular interest for applications such as selective
area growth, planar growth. and overgrowth of
buried structures. This process offers the
opportunity to efficiently manufacture extremely
thick and pure compound semiconductor
structures, such as substrates or templates of GaN,
and AIN.

Indium gallium nitride (In,Ga;_xN) A type of
semiconductor material used in manufacturing
blue LEDs and other electronic devices. The x in
the formula is a number between 0 and 1. This
indicates an arbitrary alloy between InN and
aluminum arsenide, AlAs, which is a
semiconductor material with almost the same
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lattice constant as gallium arsenide and aluminum
gallium arsenide and wider band gap than
GaAs... GaN. The band gap varies between
0.6eV (GaN) and 3.4 eV (AIN). Active regions in
most of the Ill-nitride-based green and blue LEDs
and LDs are composed of InGaN.

LD (LD) A semiconductor device that emits
coherent light when forward biased.
Light-emitting diode (LED) A semiconductor LED
is a solid-state device that emits incoherent light in
a narrow spectral range when forward biased. An
LED consists of a p-n junction with a multiple
quantum-well (MQW) active region and carrier
confining layers. The p-region contains positive
electrical charges, while the n-region contains
negative electrical charges. When voltage is
applied and current begins to flow, the electrons
move across the n-region into the p-region. The
process of an electron moving through the p—n
junction releases energy. The dispersion of this
energy produces photons with visible, infrared, and
UV wavelengths depending on the energy gap (Eg)
of the material used in the active region of the LED.
The performance of an LED is characterized by its
wall-plug efficiency, which is the optical power
output of the LED divided by the electrical power
supplied to the device. This is a function of internal
quantum efficiency (number of photons generated
in the active region per electrons injected into the
LED) and extraction efficiency (number of photons
that are emitted from the LED chip per photons
generated in the active region). External quantum
efficiency (EQE) is the product of the internal
quantum efficiency and extraction efficiency.
Migration-enhanced metal-organic chemical-
vapor deposition (MEMOCVD) In MEMOCVD,
the duration of group Il and group V pre-cursor
pulses is further optimized in a pattern that allows a
beneficial surface migration of reacting species on
the growing film. This allows to change the V/III
ratio from almost zero to several thousands, which
greatly increases the probability that the Al and Ga
adatoms migrate to their appropriate sites in the
lattice. High quality AIN and AIN/AIGaN
superlattices are reported to be grown by this
method. AlGaN device structures deposited over
MEMOCVD grown AIN and AIN/AIGaN
superlattices are also determined to be of superior
quality, in terms of structure and minority carrier
lifetime. These MEMOCVD buffers are used for the
fabrication of high-power deep-UV LEDs.

Metal-organic chemical-vapor deposition
(MOCVD) A method to deposit semiconductor
materials by allowing gaseous sources to react on
the surface of a semiconductor and form another
perfect crystal semiconductor on the surface. With
this compound semiconductor production method,
the raw material metallo-organic compounds are
transformed into gases and, then, bound to a
carrier gas, are fed into the reactor. This
transformation also occurs under reduced
pressure, around one-tenth of normal atmospheric
pressure. MOCVD equipment allows the
processing of quite large surface areas and is
therefore first choice for the production of
compound semiconductors.

MOHVPE A combination of MOCVD and HVPE
epitaxy techniques carried out using a single
chamber often to deposit thick semiconductor
templates followed by device structures.

n-Type semiconductor A semiconductor that is
doped with an electron donor is called ‘n-type
material’. In the case of lll-nitride semiconductors,
silicon (Si) is predominantly used as the n-type
dopant. l
Optical pumping The excitation of the lasing
medium by the application of light rather than
electrical discharge.

Optically pumped lasers A type of laser that
derives energy from another light source, such as a
xenon or krypton flash lamp or other laser source.
Quantum efficiency (QE) In an optical source or
detector, the ratio of the number of generated
photons per second to the number of electrons
flowing per second.

Pulsed atomic layer epitaxy (PALE) A special
moadification of the MOCVD technique for depositing
llI-nitride thin films and related device structures. The
unigue feature of PALE is the self-limiting film growth
mechanism which gives it a number of attractive
properties, such as accurate and simple film thickness
control, sharp interfaces, uniformity over large areas,
good reproducibility, multilayer processing capability,
and high film qualities at relatively low temperatures.
By employing this technique, a drastic reduction of
parasitic reactions between group lll and nitrogen
species can be achieved.

p-Type semiconductor A semiconductor that is
doped with an electron acceptor is called the
p-type semiconductor. In the case of lll-nitride
semiconductor devices, magnesium (Mg) is
predominantly used as the p-type dopant.
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Quantum-confined Stark effect (QSCE) This
describes the effect of an external electric field
upon the light absorption spectrum of a quantum-
well (QW). In the absence of an external electric
field, electrons and holes within the QW may only
occupy states within a discrete set of energy
subbands. As a consequence, only a discrete set of
frequencies of light may be absorbed by the
system. When an external electric field is applied,
the electron states shift to lower energies, while the
hole states shift to higher energies. This reduces
the permitted light-absorption frequencies. In
addition, the external electric field shifts electrons
and holes to opposite sides of the well, reducing
the absorption coefficient of the system. The spatial
separation between the electrons and holes is
limited by the presence of the potential barriers
around the QW, indicating that excitons are able to
exist in the system even under the influence of an
electric field. QSCE is commonly observed in
wurtzite lll-nitride device structures.
Semiconductor laser In a semiconductor laser or
laser diode, the active medium is a semiconductor

6.01.1 Introduction
Group-IlT-nitride-based short-wavelength ultravio-
let (UV) light sources, such as laser diodes (LDs)
and light-emitting diodes (LEDs), with active region
comprising AllnGaN material system that can emit
light at a wavelength shorter than 400 nm, are of
extreme interest because of their current applications
and future prospects of newer and improved applica-
tions. Currently, the market size of UV business is
more than US$500 million (Micronews, 2009) with
rradicional UV lamp technology, such as mercury
vapor lamps. Owing to its compactness, lower cost,
and environmenrtal friendly composition, UV LEDs
are expected to replace traditional lamps and also
will pave the way for opening up many new applica-
tions, especially portable ones.

The Il-nitride semiconductor devices were first
commercialized only in 1992, much later than other
convendonal semiconductors, such as silicon and
GaAs. The main causes for the delay in their develop-
ment were the lack of suitably lattice-matched
substrates and the difficulty of incorporating nitrogen
into the TT-nitride semiconductors. In addition to that,

similar to that found in an LED. The most common
and practical type of laser diode is formed from a
p-n junction and powered by injected electric
current. These devices are sometimes referred to
as ‘injection laser diodes’.

Thermal management of UV LEDs The methods
adopted to lower the junction temperature in a UV
LED in order to achieve optimum performance. If
thermal management is not considered, the

LED will fail or its lifetime will be significantly
decreased.

UV radiation The electromagnetic radiation with
wavelengths between soft X-rays and visible violet
light, often broken down into UV-A (320-400nm),
UV-B (290-320 nm), UV-C (200-290 nm), and
vacuum UV (10-200 nm). UV radiation of
wavelengths less than 180 nm is transmitted very
poorly through air.

Visible radiation Often referred to as light, this is
the electromagnetic radiation which can be
detected by the human eye. It is commonly used to
describe wavelengths which lie in the range
between 380 and 780 nm.

the electrical conductivity of Ill-nitride materials was
uncontrollable due to their poor crystal quality and this
effectively prevented the researchers from fabricating
high-performance devices that can lead to commercia-
lization for a long period of dme. In the mid-1980s,
experimental procedures were developed that enabled
the growth of high-quality single-crystal marterials of
binary and ternary I1[-nitride semiconductors, such as
GaN, InGaN, and AlGaN, by using low-temperature
(LT) nucleation layers of either AIN (Amano et al,
1986) or GaN (Nakamura, 1991). Another extremely
significant development that followed was the realiza-
tion of p-type GaN using low-energy electron-beam
irradiation (LEEBI) (Amano e al, 1989) and subse-
quently by thermal annealing (Nakamura er al, 1992).
These major breakthroughs paved the way for the
development of commercial Ill-nitride-based visible
and long-wavelength UV oprtical devices. However,
since the first commercialization of [ll-nitride devices,
their subsequent development has been phenomenal
as evidenced by the fact that the market size
for GaN-based devices (mainly high-brightess LEDs)
alone was US$4.6 billion in 2008 (Strategies Unlimited’s
Report — PennWell Corporation, 2009).
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With the visible- light-emission device technology
sans green reaching its maturity, the major focus has
been shifted toward achieving better- performance
shorter-wavelength UV and green devices. The inter-
est in short-wavelength UV devices is ignited by the
potential applications for the UV LEDs in air and
water purification, germicidal and biomedical instru-
mentation systems, and for the UV LDs in medical
surgery and other uses (Khan ez @/, 2005). The quan-
tum efficiency of the near-UV LED received a huge
boost with advanced growth, metallization, and packa-
ging techniques. The emission wavelengths of LEDs
now cover the majority of the UV spectrum ranging
from 400 to 210 nm (Khan er al, 2008). UV laser diode
emission has shifted toward shorter wavelengths with
viable operation demonstrated down to 342 nm. The
UV part of the electromagnetic spectrum lies in the
wavelength range 10-400nm. The UV spectrum is
classified into four distinct regions: UV-A or long-
wave UV (320400nm), UV-B or mid-wave UV
(290320 nm), UV-C or short-wave UV (200-290 nm),
and vacuum UV (10-200 nm). [[I-nitride-based LEDs
have the theoretical capability to emit at all wave-
lengths in the UV-A, -B, and -C, with 210-400 nm
LEDs already demonstrated. The emission wavelength
is dictated by the fundamental band gap of the material
used in the active region of the device, with AIN having
a band gap of 62¢V at room temperature (RT)
corresponding to an emission wavelength of approxi-
mately 210 nm; GaN to a wavelength of 365 nm; and
low indium composicion InGaN having a band gap
corresponding to an emission wavelength of approxi-
mately 400nm. The UV-B and UV-C wavelength
regions are commonly referred to as the deep UV
(DUV) regime.

DUV light-emitting devices offer a variety of
options, primarily due to the interaction between
UV radiation in this wavelength regime and biologi-
cal species, including high-density optical storage,
efficient white LEDs, water and food sterilization,
portable biological and chemical agent detection sys-
tems, non-line-of-sight communication (NLOS),
industrial spot curing, hardening or curing resins as
partof the assembly process of plastic lenses in digital
cameras and optical pickups in digital video disks
(DVDs) and compact disks (CDs), counterfeic cur-
rency detection, credit card checking, and security
inks. [t must be also mentioned that the absorption of
radiation by the atmospheric ozone is very strong for
UV wavelengths shorter than ~280 nm, resulting in
very little solar radiation in this wavelength regime
being present near the earth’s surface. Hence,

biological organisms on earth have never developed
a tolerance for this radiation. Therefore, man-made
UV-C light source has become a vital tool in the
treatment and destruction of bacteria, veast, viruses,
and fungi, Mercury, xenon, and deuterium lamps
with emission spectra ranging from 254 to about
290nm have been used extensively for purification
of microbiological contaminants in air and warter.
However, their high operating voltages and larger
size, together with the environmental hazards of
using mercury, preclude their use in techniques for
disinfection, air and water purification, and in bio-
medicine. In addition to that, these sources have
relatively shorter lifetimes when compared with
I1-nitride-based UV emitters, lack of wavelength
choices or tuneability, power modulation difficulty,
environmental pollution, and a few other dis-
advantages make them worthless to persist with.
Replacement of these conventional sources with
III-N semiconductor detectors will solve most of
these problems and offer several additional advan-
tages, including miniaturization, reliability, reduced
costs, low power consumption, and, ultimately, a
choice of wavelength of operation between 365 and
200 nm. Figure 1 presents some applications requir-
ing UV radiation, such as industrial spot curing (a),
treatment of psoriasis by UV phototherapy (b), and
air and water purification (c).

This chapter discusses the current status and
the evolution of Ill-nitride-based short-wavelength
UV light emitters under two broad sections: long-
wavelength UV LEDs (covering UV-A LEDs) and
DUV LEDs (covering both UV-B and UV-C LEDs).
Since device operation in the DUV region primarily
requires AlGaN-based active layers with very high
Al molar fraction in the alloy, some pertinent mate-
rial issues and challenges in the material growth are
discussed. The problems of strain, cracking, and
defects in AlGaN layers heteroepitaxially grown
over sapphire substrates are included. Problems of
doping of AlGaN are also covered along with the
discussion of the AlGaN band-gap bowing. In the
final section of the chapter, the development of UV
LD is discussed.

6.01.2 Long-Wavelength UV LEDs

The technology for the long-wavelength or UV-A
light emitters with emission at wavelengths longer
than 365 nm is fairly well established as it was devel-
oped simultaneously with the visible blue—green
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Figure 1 Applications requiring short-wavelength ultraviolet (UV) and deep-(D)UV radiations. (a) Industrial spot curing,
(b) treatment of psoriasis by UV phototheraphy by a 308-nm lamp, (c) air and water purification, (d) currency counterfeit
detection, and () credit card detection. (g) From Lingyunxin Group Co., Ltd.

light emitters. Due to the similarity in recombination
mechanisms and device design with visible light
emitters, the UV-A devices were relatively easier to
manufacrure when compared with the DUV devices.
The 365-400-nm emission LEDs are now widely
available, with most of the
available devices utilizing InGaN quantum-wells
(QWs). UV-A devices on GaN substrates exhibit
increased efficiency compared with the devices

commercially

grown on sapphire. This is a result of the reduction
threading dislocadon  density  (TDD)
because of using the low dislocation density

in the

native bulk or quasi-bulk substrate material. In
addition to the TDDs, as the emission wavelength
approaches 365 nm, GaN and, particularly, p-type
GaN, becomes absorbing which can greatly affect
the extraction of light from the semiconductor chip.
Morita et al. (2002) have developed 365-nm LEDs
with a GaN-free device structure that is achieved
through laser-assisted liftoft/separation of the GaN
from the sapphire substrate, followed by removal the
of the exposed GaN. This resulted in 365-nm LEDs
with external quantum efficiencies (EQEs) in excess
of 5%, despite being grown initially using a conven-
tional meral-organic chemical-vapor deposition
(MOCVD) GaN on sapphire growth approach.
Subsequently, it has been demonstrated that utilizing
the same approach (substrate and GaN removal), but
on GaN substrates, resulted in increased efficiency
and device lifetime compared to devices grown on
several microns of GaN on sapphire due to the lower
TDD from the starting bulk GaN marterial. These
devices are now commercially available and large

power chips (~1mm x 1 mm) offer 250 mW of
continuous wave (CW) outpur power at 365 nm
with an injection current of 500 mA, corresponding
to EQE of 14.7%. Smaller conventional-size LED
chips are available in wavelengths ranging from 365
to 395nm with typical output power at 20 mA
ranging from 2 to 10 mW.

The UV-A LEDs with emission wavelengths less
than 365 nm require AlGaN active regions and, to
date, these have not achieved the same efficiency as
the GaN/InGaN LEDs. Various methods were
adopted to achieve LEDs with emission wavelengths
below 365nm (the band edge of GaN). The first
GaN-AlGaN muldple QW (MQW) with emission
at 330-365 nm was demonstrated by Khan e a4l
(1990). The UV-A emission was achieved by chan-
ging the rtransition energy through quantum
confinement in the GaN QWs. This is similar to
the approach used to fabricate 365-nm LEDs with
Ing o1 GapgeN QWs, Subsequently, Han er al. (1998)
Alp-GaggN/GaN  MQW  structure  to
achieve the emission at 353 nm. An output power of

used an

13 uW at 20 mA was achieved, and the corresponding
EQE was much less than 1%. T'o shift the emission
wavelength below 350 nm, several groups employed
Al Ga, N/ALGa;_,N  MQWs (Nishida and
Kobayashi (1999); Kinoshita e «f, 2000) or a double
heterostructure (DH) active layer (Otsuka e al,
2000). Another approach used to achieve shorter-
wavelength emission was the utilization of quatern-
ary AllnGaN employed by Khan ez a/. (2000). As the
presence of indium in the active regions of visible
LEDs leads to greatly improved efficiencies, attempts
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have been made to include small amounts of indium
in UV LEDs as well. Subsequently, 340nm and
shorter-wavelength UV-A LEDs were achieved by
using the AllnGaN quaternary epilayers. Several
other groups had demonstrated chat the introduction
of In into ternary AlGaN alloys could improve the
optical quality of the AlGaN layers and thus the
optical and electrical properties of the LEDs
(Mclntosh er al, 1996; Hirayama et a/, 2001; Han
er al, 2000; Hiravama er al, 2002). The quaternary
AllnGaN MQW active region was grown using
pulsed atomic-layer epitaxy (PALL), which has
been shown to result in better quality of the material
in the quaternary layers because the PALE method
gives better control of the composition and surface
morphology (Zhang et al, 2001a, 2001b). Kinoshita
et al. (2000) reported an LED on SiC with emis-
sion at 333nm by incorporating a Mg-doped
Aly>sGag 75N /GaN superlattice (SL) similar to that
of Nishida er o/ (2000). The SL was claimed to
improve the hole injection into the acuve region.
For all these developments on UV-A LEDs, the
emission intensity was considerably lower than that
of the Ill-nitride visible LEDs with InGaN—-GaN
QWs in the active region.

6.01.2.1 Reasons for Poor Efficiency
of UV Light Emitters

The low efficiency of the UV light emitters, especially
DUV devices, is believed to be caused by some
prominent factors, namely, quantum-confined Stark
effect (QCSE), poor alloy clustering, low carrier
confinement, and absorbing p-GaN contact layers.

The QCSE is caused by the strong spontaneous
and piezoelectric fields in the QWs composed of
IlI-nitride materials (Lefebvre er af, 1999, Waltereit
er al, 2000). For the 11I-N materials, these fields
become stronger with increasing aluminum alloy
compositions that are needed for the UV emission
devices. These electric fields lead to reduced radia-
tive recombination efficiency. The QCSE bends
the semiconductor valence and conduction bands,
leading to a physical separation of the electron and
hole pairs. This reduces their recombination prob-
ability in the QWs, which, in turn, leads to reduced
emission efficiencies (Bernardini ez af, 1997).

Poor alloy clustering was believed to be the reason
for the unusually high emission efficiency for visible
emitters, given the relatively large TDD (>10° cm’“’)
in the active region. Formation of indium-rich clusters
physically confined the carriers in the InGaN—GaN

QWs and separated them from the threading disloca-
tions (TDs). Absence of this alloy clustering in GaN
and AlGaN QWs of the UV emission devices is
believed to reduce their radiative recombination effi-
ciency. However, the hypothesis of In clustering was
disputed more recently by Smeeton er al (2006)
through their transmission electron  microscopy
(TEM) analysis results (Smeeton er af, 2006). The
TEM measurements performed on samples under
various incident electron beam (e-beam) dosages
showed a correlation between their measurement con-
ditions and the observed alloy clustering. Based on this
new finding, continued exploration of recomhination
physics for both InGaN/GaN QWs and their
AlGaN/AlGaN UV counterparts 18 necessary to
determine whether there are any fundamental differ-
ences in the active regions of visible and UV LEDs
and their respective recombination mechanisms.

Low carrier confinement in the active region of
the UV and DUV light emitters is one of the major
causes why their efficiencies are considerably infer-
ior when compared with their visible counterparts.
Early reports of UV LEDs commonly showed mulu-
ple emission peaks at long wavelengths, indicating
loss of carriers to regions other than the active region
and, hence, unintended radiative transitions. At
that time, it was unclear whether this resulted from
deep-level transitions in the QWs, or from recombi-
nation occurring outside of the active region. It was,
however, observed that the addition of p-type
AlGaN above the QWs reduced the intensity of the
deep-level peaks, indicating that the deep level
resulted from electrons passing through the acuve
region and recombining with holes in the p-type
material (Otsuka er 4/, 2000). Confinement of the
electrons using a higher aluminum composition
AlGaN electron-blocking layer between the QWs
and p-type contact layer was determined to be
more critical than efforts to confine holes using a
similar hole blocking layer between the QWs and
the n-AlGaN contact layer, due to the low mobility
and injection efficiency of the holes compared to
electrons. Similar electron-blocking  layers are
commonly used for blue InGaN/GaN LEDs and
laser diodes to avoid long-wavelength emission.

Absorbing p-GaN contact layers used in the UV
emitters with emission wavelengths less than 365 nm
considerably reduces their efficiency. This problem
is more severe for the DUV devices. In addition, UV
emission from the active region is absorbed by
the thin metal contacts used in the devices.
UV-absorbing substrates, such as GaN and SiC,
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when used, also cause absorption problems for the
devices. Although substrate absorption limited the
extraction efficiency of the early devices, several
groups were able to demonstrate that defects in the
marerial also greatly decrease the efficiency of these
devices and obrain reasonable output power even for
devices grown on absorbing substrates. A 352-nm
LED with EQE of 1% was measured for a device
grown on a free-standing GalN substrate, with typical
dislocation density of ~1 x 10° em 2 (Motoki er al,
2001). Edmond e al (2004) also demonstrated
340-nm LEDs with an EQLE of 4% grown on absorb-
ing SiC by implementing a broad-area defect
reduction (BADR) growth technique by which
silicon nitride defect masks are deposited on the sur-
face in a random orientation to block crystalline
defects from propagating into the active region of
the LED (Edmond er af, 2004). This work demon-
strated the potential for much higher-power UV
emitters due to current limitations both with internal
and extraction efficiency of the devices. Despite the
still relatively low quantum efficiency, compared
with visible LEDs, UV-A LEDs are starting to
find applications in fluorescence spectroscopy, and
industrial curing (Jeys er al, 2003; Jeon e al, 2004).
Enhancing light extraction from an LED is an
important factor to improve the device performance,
The low light extraction from a nitride-based LED is
caused by the large difference in refractive indices
between the GaN (refractive index is 2.5) and the air
space (refractive index is 1). Due to this, a major
portion of the light generated in the active layer of
the LED is reflected back in to the device. Various
methods have been employed to reduce the problem
of light trapping in the DUV LEDs. Oder er a/. (2003,
2004) achieved an increase of 340-nm LED ourput
power using photonic crystals. The optical power
was reported to increase from 445 to 86.6 uW.
Khizar e al (2005) reported on the fabrication of
280-nm  AlGaN-based DUV LEDs on sapphire
substrates  with an integrated microlens array.
Microlenses with a diameter of 12 im were fabricated
on the sapphire substrate by resist thermal reflow and
plasma dry etching. LEDs were flip-chip bonded on
high thermal conductive AIN ceramic submounts to
improve the thermal dissipation, the emitted UV light
was extracted through the sapphire substrates, and
55% increase of output at 20 mA direct current
(DC) driving was reported. Khan (2006) reported the
development of UV transparent planar Fresnel micro-
lenses over sapphire substrates. These lenses were
formed on sapphire using a SiO,-based coating

marerial patterned by direct e-beam writing. Vertical
step-like profile of each ring was achieved through
multiple exposures so that each ring had a maximum
thickness of 360nm graded in four steps to zero
thickness. Lens design was optimized for 280-nm
wavelength with 47 maximum phase shift and it was
found to work well for a visible LED providing 27
maximum phase shift.

6.01.3 DUV Light-Emitting Devices

As described in the initial part of this chapter, there
are strong reasons for desiring the development
of solid-state devices emitting in the DUV region.
The key events related to the development of DUV
light-emitting devices are presented in Table 1

The primary difference between UV-B/C devices
and the previously discussed UV-A devices is that it
was no longer possible to use a GaN-based layer, as was
commonly used for the UV-A devices, due to the much
larger tensile strain that results for AIGaN grown on
GaN. This leads to cracking of the AlGaN films and
catastrophic failure for LED devices. Increasing the
aluminum composition (needed for the DUV devices)
also leads to difficulties in the growth of high structural
quality material, typically resulting in an even higher
dislocation density for AlGaN alloys compared to

GaN. Tr also leads to difficulties in doping the material
to impart it n-type and p-type conductivity.

6.01.3.1 Growth of Al,Ga;_.N

In order to fabricate DUV light emitters, low-
defect-densicy  AIN and  AlGaN  marerials  are
needed. The growth of Al,Ga,_ N has proved to
be significantly more difficulc when compared with
that of GaN. This problem is partially due to the
fact that Al-adacoms have a much larger sucking
coefficient than Ga-adatoms. It is well known that
layer-by-laver growth of films with atrachment of
adatoms at steps or kinks gives the smoothest surface
features, as opposed to three-dimensional island
growth. As Al-adatoms have a low mobility on the
surface, they are less likely to be able to move from
their point of impact from the vapor and, rather than
incorporating at the most energetically favorable lat-
tice sites such as at a step, they tend to cause islands
to nucleate which disturb the epitaxial growth. As a
result, higher densities of extended defects, such as
dislocations and grain  boundaries, are much
easier to generate as these growth islands from
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Table 1 Summary of the major developments that took place during the development of [lI-nitride-based UV emitters

Significant developments

Researchers (year)

First single-crystal GaN on sapphire
First GaN-based MIS LED
Low-temperature AIN buffer layer
First p-n junction GaN blue LED
AlgaN-GaN-AlGaN MQW

p-Type GaN by low-energy electron-beam irradiation (LEEBI)

Low-temperature GaN buffer layer
AlGaN/GaN MQW LED

Smooth AIN with low V/III ratio

352-nm LED on bulk GaN

340-nm UV LED

315-nm LED

305-nm UV-LED

AIN/AIGaN SL for thick and crack-free n-AlGaN
UV-LED 285nm

GaN-free UV LED (365 nm)

280-nm LED

365-nm-laser diode (cw)
359.7-361.6-laser diode (pulsed)
354.7-nm-laser diode (pulsed)
350.9-nm-lased diode (cw)
348-nm-laser diode (cw)

343-nm-laser diode (pulsed)
342-nm-laser diode (pulsed)
336-nm-laser diode (pulsed)

269-nm LED

254-nm LED

250-nm LED

210-nm AIN LED

Stimulated emission from AIN at 214 nm
High-temperature AIN growth (1500 °C)
MOHVPE AIN growth

Vertically conducting deep-UV LED

Maruska and Tietjen (1969)
Pankove et al. (1971)
Amano et al. (1989)
Amano et al. (1989)
Khan et al. (1990)
Amano et al. (1990)
Nakamura et al. (1991)
Han et al. (1998)

Ohba et al. (1996 and 2001)
Nishida et al. (2001)
Adivarahan et al. (2001)
Khan et al. (2001)

Khan et al. (2001)
Zhang et al. (2001)
Adivarahan et al. (2002)
Morita et al. (2002)
Yasan et al. (2002)
Masui et al. (2003)
Kneissl et al. (2003)
Masui et al. (2003)

lida et al. et al. (2004)
Edmond et al. (2004)
Edmond et al. (2004)
Yoshida et al. (2008a)
Yoshida et al. (2008b)
Adivarahan et al. (2004)
Wu et al. (2004)
Adivarahan et al. (2004)
Taniyasu et al. (2006)
Shatalov et al. (2006)
Balakrishnan et al. (2006)
Fareed et al. (2006)
Adivarahan et al. (2009)

different nucleation sites coalesce. Moreover, in
the MOCVD growth of Al Ga,_ N layers, the
commonly  used  Al-meralorganic  precursors
(trimechylaluminum (TMA) and triethylaluminum
(TMG)) are known to be more reactive than cheir
Ga-based counterparts. Hence, gas-phase reactions
and related adduct formacions tend to interfere
with the growth process. Figure 2 presents an
experimental plot for Al incorporation in the solid
film as a function of the Al fraction in the gas phase
(Khan er af, 2006). Under such growth conditions,
the Al incorporation is very efficient when the gas-
phase fraction is smaller than 50% (molar fraction:
TMA/(TMA+TMG)). Above 50%, a reduced level
of incorporation has been observed due to the gas-
phase reaction between TMA and NH;. This reac-
tion could interrupt the normal epitaxial growth
process by gencrating nano- or micro- particles
which fall onto the growing surfaces. As a result,

for high-Al-content AlGaN, t avoid surface rough-
ening, pits and particles, and associated structural
defects, a lower growth rate must be employed.
Other critical problems affecting epitaxial growth of
high-quality AlGaN films include film cracking and
poor electrical conductivity. These factors present
great challenges for device-development efforts, and
require a full exploration of the materials deposition
domain for AlGaN, including the introduction of
extensive innovative approaches. Some of the major
approaches attempted to resolve these problems are
now presented.

Recently, there have been major developments in
the production of native substrates, including GaN,
AIN, and their alloys, as free-standing wafers using a
variety of growth techniques (Bockowski er af, 2004;
Zhang and Mevyer 2003; Rojo ez al, 2001; Kim ¢ al,
1998). However, the stage has not reached where
these substrates of consistently high quality and size
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AlGaN growth using TMA and TMG
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Figure 2 Al composition in the AlGaN layers as a function
of Al fraction in the gas phase. Under the used growth
conditions, Al incorporation is efficient when the Algas
fraction is less than 50%. Above 50%, a reduced Al
composition in solids compared to gas phase indicates a
pronounced gas-phase reaction has occurred. High gas
velocity (including lower growth pressure and high push
gas) could increase Al incorporation.

required for the commercial device production are
available. Due to this reason, nitride thin films tend ro
be grown on foreign substrates, a process known as
hetero-epitaxy. Commonly used substrates include
sapphire (AL,O;), SiC, Si, and GaAs. For each
foreign substrate, there are differences in the latrice
parameters and the thermal expansion coefficients
compared with the nitride materials. In addition to
the formation of TDs, the nitride films tend to be
bowed and even cracked. The usefulness of LT
buffer layers for improving the quality of hetero-
epitaxial GaN films has been recognized since 1986
(Amano et l, 1986). As the problems with AlGaN
films are even more severe, researchers have devel-
oped novel approaches based on the idea of
compliant-layer insertion. Kamiyama e al (2001)
and Han et 4/ (2001) individually adapted LT AIN
and AlGaN insertions to avoid cracking of AlGaN
grown on GaN. The periodic insertion of L'T-grown
AlGaN layers was shown to effectively reduce the
biaxial tensile strain in the AlGaN films, thus redu-
cing the cracking (Han er 4/, 2001). The L'T-grown
films tend to exhibit poorer structural quality and,
hence, to possess less stiffness. The LT films are more
elastic, making them more compliant and able to
accommodate more strain. However, this method
could  sull after  each

introduce  dislocations

. T-layer insertion. Besides, there are too many ther-
mal cyclings during one growth, which also makes
the technique less attractive.

An alloy composition with a low V/III rato
(about 1:4) and high growth temperatures in
the order of 1200°C were used to achieve a two-
dimensional growth mode for AIN on sapphire sub-
strates. The cracking of AlGaN films grown on basal
plane sapphire substrates is surprising because from
the lattice and thermal mismatch point of view,
AlGaN grown on sapphire should experience biaxial
compressive strain, which could not cause cracking
at all, The strain responsible for this kind of cracking
is rooted in a different mechanism and is called
‘intrinsic tensile strain’, often observed in imperfect
materials (polverystalline) growth. It arises from the
coalescence of islands where the film consists of
discrete mosaic blocks. During growth when two
islands (mosaic blocks) begin to approach each
other at a certain distance, they will begin to coalesce
through atomic rearrangement to allow a minimized
system free energy by reducing two surface bound-
aries to one, This process, however, will generate
tensile strain in the vicinity of the zipped area, and
the strain 1s inversely proportional to the square root
of the island dimension (Gao and Nix, 1999). The
energy from the tensile strain will therefore build up
with film thickness, to a point where it will be
released either by dislocation generation or by crack-
ing. Cracking is likely to happen in a marterial system
where dislocations have no slip system, as in AlGaN
films. AlGaN films grown on sapphire consist of
many fine mosaic blocks and the coalescence of
these mosaic blocks will generate intrinsic tensile
strain; therefore, eventually the film must crack.
This kind of cracking can be avoided by improving
the material quality, that is, by decreasing the
material mosaicity (increasing the mosaic block
dimensions). It has been suggested by Khan e ol
(1992a, 1992, 1993) that the PALL approach could
be used to grow high-quality AIN and AlGaN films.
In the PALE approach, the flow rates of group [T and
group V precursors are sequentially modulated,
enhancing surface migration of Al- and Ga-adatoms,
which results in better crystalline quality and surface
morphology of epitaxial layers. Another approach
was suggested by Bykhovsky er al (1997) who
theoretically predicted elastic strain relaxation in
GaN/AIN and GaN/AlGaN SLs. Zhang e al
(2002a, 2002¢) has reported on using AIN/AlGaN
SLs for alleviating the crack problem of thick AlIGaN
films over sapphire substrates, and Wang e /. (2002)
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noted that detailed X-ray measurements indicated
that these SLs were efficient in enhancing AlGaN
mosaic block dimensions. Later, a modified PALE
approach, known as the migraton-enhanced meral-
organic chemical-vapor deposition (MEMOCVD)
technique, was employed to further enlarge the
AlGaN mosaic block dimensions (Zhang er s,
2002b). In the MEMOVD method, the duration of
the group Il and group V precursor pulses is further
optimized in a pattern that allows beneficial surface
migration of the reacting species on the growing film.
This allows changing the V/III ratio from vanishingly

small to several thousands, which greatly increases
the probability that the Al- and Ga-adatoms migrate
to their appropriate sites in the lattice. Very-high-
quality AIN and AIN/AlGaN SLs were grown by
this method.

AlGaN device structures grown over these
MEMOCVD AIN and AIN/AlGaN SLs were also
measured t be of superior quality, in terms of
structural  qualitcy and  minority  carrier  lifeume
(Mickevicius er af, 2003). Figure 3(a) presents the scan-
ning electron microscope (SEM) image of a cracked
AlGaN layer grown on a sapphire substrate with an
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Figure 3 (a) Scanning electron microscope (SEM) image of a cracked AlGaN layer grown on a sapphire substrate with an
AIN buffer layer. (b) Cross-sectional transmission electron microscope (TEM) image of a pulsed atomic-layer epitaxy (PALE)-
grown AIN on sapphire with the Al,Ga,_,N/Al,Ga,.,N strain-relief superlattice that enables the growth of thick n-type AlGaN.
(c) Experimental and (d) simulated (0002) X-ray diffraction (XRD) 20w spectra for AIN/Aly ssGag 15N supperlattice layers.

(e) Atomic force microscope (AFM) image of PALE grown AIN layer on sapphire substrate with Al,Ga,_,N/Al,Ga; N
strain-relief superlattice. (c, d) Reproduced from Zhang JP, Khan MA, Sun WH, et al. (2002) Pulsed atomic-layer epitaxy of
ultrahigh-quality Al,Ga;_N structures for deep ultraviolet emissions below 230 nm. Applied Physics Letters 81: 4392-4394,

with permission from American Institute of Physics.
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AIN buffer layer. Figure 3(b) shows a cross-sectional
transmission electron microscope (‘TEM) image of a
PALE-grown AIN on sapphire with the Al Ga, N/
Al Ga,_N strain-relief SL that enables the growth of
thick n-type AlGaN. Figures 3(c) and 3(d) show the
experimental and simulated (0002) X-ray diffraction
(XRD) 20— spectra for AIN/AlygsGayisN SL layers,
respectively. Figure 3(e) presents an atomic force
microscopy image of PALE-grown AIN layer on
sapphire substrate with Al,Ga,_ N/ALGa, N strain-
relief SL. Development of the AlGaN/AIN SL
buffer layers enabled growth of highly doped
n-AlGaN to a thickness of greater than 2.0 lm,
enabling the developmentof UV-B and UV-C devices
with submilliwate- and, later, milliware-level outpurt
powers (Sun er 2l, 2004; Zhang, 2004).

There are also several other approaches that
have been explored to improve AlGaN quality.
Kamiyama ez /. (2002) used grooved GaN templates
for AlGaN growth with the aim of bending the TDs
away from the growth direction. A similar method,
which uses GaN templates and air-bridged lateral
growth of AlGaN, had also been demonstrated
(Kawaguchi er al, 2003). One limitation to those
approaches is that they are only efficient in low
Al-content  AlGaN  growth. These methods
encounter difficulties in high-Al-content marterials
because of the very small lateral growth rate.
Pioneering work on epitaxial growth and charac-
terization of AIN and AlGaN layers over bulk
AIN substrates was reported by several groups
(Gaska, er al, 2002; Rojo et al, 2002; Hu et al,
2003; Nishida er al, 2004; Silveira er al, 2004).
Numerous advantages of bulk AIN  substrartes,
such as possibility of homoepitaxial growth, poten-
tial transparency in the UV region, high thermal
conductivity, have been addressed. Widespread
commercial availability of these bulk substrates of
uniform quality can be expected to provide the
ultimate solution for growth of crack-free high-
quality AlGaN films.

More recently, high-temperature growth by the
MOCVD method has been employed successfully to
agrow AIN layers with better structural quality. By the
conventional MOCVD growth, the maximum growth
temperature employed is around 1200 °C. In the high-
temperature methods, temperatures in the range of
1200-1600°C are used. The high-temperature condi-
tion is expected to promote two-dimensional growth
in the case of lll-nitride semiconductors, especially
AIN, as it causes increase of the diffusion length
of cation species. Balakrishnan er #l (2007) have

investigated the AIN growth on SiC under high-
temperature conditons up to 1500°C and reported
that their resultant layers contained a dislocation den-
sity as low as 10® cm™* (Chen e af, 2006). Similarly,
the high-temperature growth technique has been suc-
cessfully employed to grow AIN and AlGaN lavers on
other substrates as well, and, in many cases, crack-free
layers with high structural quality of thickness more
than 6 um have been reported (Imura er af, 2006a,
2006b; Okada, er i, 2006; Imura er al, 2007; Okada
et al, 2007; Kato er al, 2007).

This was followed by another novel approach
used to grow AIN films in order to combine
MOCVD and hvdride vapor-phase epitaxy (HVPE)
in a single growth chamber (Fareed et 4/, 2007). This
has been found to be effective to deposit 20-pm-thick,
crack-free single-crystal AIN films over grooved basal
plane sapphire substrates with lateral growth rates in
excess of 2mm h™". This approach, where MOCVD
and HVPE growths can be carried out in the same
reactor either sequentally or simultancously in
any arbitrary order, is referred to as ‘metal-organic
hydride-vapor-phase epitaxy’ (MOHVPE). The com-
bination of MOCVD and HVPE in the same reactor
affords the flexibility to grow buffer and device layers
at growth rates ranging from 0.1 to 10 mm h~" without
removing the substrate. Tt is therefore ideal for
the deposition of thick AIN buffers and DUV light-
emission devices over substrates such as sapphire
with excellent optical properties but a low thermal
conductivity. In addicon, the viability of the
MOHVPE process for fast lateral epitaxy of AIN and
a subsequent growth of high-quality UVC LED
epilavers was demonstrated for the first time.

6.01.3.2 Energy Gap Bowing in Al,Ga,_N
materials

It is important to know the fundamental band gap
of AlGaN over a large range of Al mole fractions
in the design of UV light-emitting devices. The
results of absorption measurements performed at
atmospheric  pressure  vielded the variation of
the band-gap energy which was found tw be
E(x) =343+ 144x+ 1.335 eV for the ALGa, N
system (Shan er a/, 1999). There 1s a large nonlinear
variation with concentration for the fundamental
band gap. When the experimental bowing parameter
of 1.0 is used, the relationship obtained 1is
Ef(x)=62x+343 (1 — x) — x (1 — x), and this has
been generally adopted (Malikova et al, 1997).
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6.01.3.2.1 Doping of Al,Ga,;_,N materials
6.01.3.2.1() n-Type doping The doping of
AlGaN materials is still not established to the extent
of the doping in GaN and InGaN. There is a rapid
decrease in the conductvity for both doping types
with increasing Al compositions. As the aluminum
composition is increased, the band gap of the
Al Ga,_ N semiconductor increases and the ioniza-
tion energies for silicon (most commonly used n-type
dopant) and magnesium (most commonly used
p-tvpe dopant) increase, resulting in a lower ioniza-
tion efficiency. In addition, the material quality 1s
degraded with the increase of dopants and this causes
poor mobility of carriers in the lattice. Al Ga, N
materials with low resistivity are specifically desired
because most DUV light emitters are prepared on
transparent sapphire, with a few initial demonstra-
tions using bulk and pseudo-bulk AIN substrates.
Both sapphire and AIN are electrically insulating
and thus necessitate the fabrication of laterally
conducting light-emitting devices with both contacts
on the same side of the wafer. Higher resistivity of
the n-contact AlGaN layer results in nonuniform
current injection in the light-emitting device active
area, known as ‘current crowding’, which leads to
increased injection currents along the perimeter of
the LED mesa (Guo and Schubert, 2001).

As mentioned above, the MEMOCVD growth
method has been shown to produce high-quality
AIN and AIN/AIGaN SLs for defect reduction in
AlGaN and such defect reduction can greatly
improve the doping efficiency by reducing com-
pensating and scattering centers. As a result, RT
electron Hall mobilities exceeding 85 cm”™ V' s
for n-AlGaN with Al molar fraction of 50% have
been obrained (Zhang er af, 2003). Using molecular
beam epitaxy (MBE) Si doping in high-Al-mole
fraction AlGaN alloys has been achieved with very
high n-type carrier concentrations ~10"cm *,
but with poor mobility (Hwang er af, 2002). No sig-
nificant degradation of materials properties was
reported. S1 6-doping, where basically an atomic
plane of Si atoms was introduced as the electron
source, has been introduced for a 340-nm UV LED
structure  whereby improved performance with
output power of 130 uW at a DC driving current of
100 mA has been achieved (Kim e a/, 2003).

6.01.3.2.1(ii) p-Type doping p-Type doping of
high Al-content AlGaN is even more challenging as
the R'T activation energy for the most commonly used
acceptor Mg in p-type GaN is already a relatively high

250 meV. Irincreases for AlGaN such thacitis difficule
to achieve conduction in p-type AlGaN with alumi-
num composition greater than ~15-20%. In addition
to increasing the device resistance, which results in

Joule heating, it 15 very difficult to make an ohmic

contact to p-AlGaN films. Therefore, most researchers
deposit a p-GaN film to the top surface to serve as a
contact layer, with this film absorbing some of the UV
emission. Even if one can inject holes effectively from
the metal into the p-GaN material, such holes are then
faced with a potential barrier before they can be trans-
ported across subsequent AlGaN barrier layers down
to the QW. Holes that are trapped at the first interface
set up an electric field which can attract electrons to
bypass the QWs and hence recombine nonradiatively
in the p-GaN layer, having a major impact on quantum
efficiency. Several approaches have been suggested to
enhance the Meg-doped AlGaN p-type conductivity.
One method is to use either a short-period or a large-
period superlattice (SPSL or LPSL) composed of Mg-
doped AlGaN/GaN layers to replace conventional
p-AlGaN (Saxler er al, 1999; Kozodoy er af, 1999
Wang er al, 2002). For the SPSL the period 1s very
small, typically below 4nm, hence minibands are
formed, and verrtical conduction of the p-SPSL should
not be degraded. In the large period case, the period is
typically larger than 15 nm, but the valence band dis-
continuity as well as the polarization fields can enhance
the ionization of the acceprors in the AlIGaN barriers
and transfer holes into GaN wells. However, since the
period is large, wave-function coupling between neigh-
boring wells is forbidden, which greatly reduces the
vertical conductivity. As a resulg, this LPSL approach
can only obtain good horizontal p-conductivity.
Several groups have used Mg-doped AlGaN/GaN
SPSL in 340-350-nm UV LED growth (Kozodoy
et al, 1999; Nishida e al, 2001, Peng et al, 2004).

The second approach was proposed by Shur er al,
namely, using a p-GaN/p-AlGaN single heterostruc-
ture to achieve hole accumulation at the interface
(Goepfert et al, 2000, Shur ez al, 2000). The mechanism
of this approach 1s similar to the LPSL approach.
However, since in the p-GaN/p-AlGaN single
heterostructure only one barrier exists for hole
transport, the vertical conductivity can be greatly
enhanced due to the high-density hole accumulation
at the interface and the field assisted tunneling as well
as thermionic emission. Most of the reported DUV
LEDs used this approach for hole injection into the
active layers and obtain reasonably good power (Zhang
et al, 2002, 2003; Chitnis ef af, 2003; Yasan er af, 2003;
Sun, 2004 Adivarahan e al, 2004c; Fischer er al, 2004).
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The third approach, 6-doping, has been investi-
gated by Nakarmi er a/. (2003). It was demonstrated
that Mg d-doping improves not only p-type conduc-
tion, but also the overall quality of p-type GaN and
AlGaN. It was observed that the Mg 6é-doping
enhances the hole concentration while inducing no
changes in the hole mobility.

6.01.4 Deep-UV (UV-B and UV-C)
LEDs

Khan er al reported the first UV-B LED with
emission wavelength at 305 nm (Khan e al, 2001).
As before, the quaternary AllnGaN MQW active
region was grown by PALE. Limitations in material
quality, doping problems, and insufficient thickness
of the bottom n-AlGaN layers put severe limits
on performance due to the high sheet resistance of
the n-AlGaN, which immediately created a pro-
blem of poor current spreading in mesa gecometry
devices on sapphire. To overcome the current
spreading problem, a stripe geometry configuration
was suggested.

The growth of thick (up to 2.5 um) highly doped
n-AlGaN was enabled after the development of novel
AlGaN/AIN SL buffer layers (Zhang er al, 2002a),
which resulted in a rapid development of improved
UV-B LED devices. The submilliwatt operation for
an LED with emission at 315 nm and the milliwatr
operation for an LED with emission at 325 nm were
next reported by Chitnis ez al. (2002¢, 2003a, 2003b).
This improvement was achieved by implementing
the innovative SL buffer layer approach for growth
of low-sheet-resistance n-AlGaN, by opamizing
the device geometry for better current spreading,
and by introducing flip-chip packaging for improve-
ments in thermal management and light extraction.
The problem of lateral current crowding with
sapphire-based DUV LEDs has been analyzed and
the optimization of the device geometry through
the use of an interdigitated multfinger geometry
was suggested by Shatalov er al (2002a, 2002b).
Optimizacion of the growth approaches and optmiza-
tion of the LED structural design along with
advanced packaging techniques resulted in milliwatr
DC operation of LEDs with the emission at 325 nm
as reported by Chitnis er /. (2002, 2003a; 2003b).
The initial submilliwatt operation of a nitride-based
LED emitting in the UV-C band was demonstrated in
2002 by the Adivarahan er o/ (2002) device, which
operated at 285nm with a CW output power of

10 pW at 60-mA drive current. This device vielded
0.15 mW with 400 mA applied under pulsed condi-
tions. With advancement of contact processing
technology, they were able to achieve output power
as high as 0.25 mW at 650 mA under pulse-pumping
conditions with the next generation of devices.
The output power was shown to be thermally
quenched by at least 10 times as the operating tem-
perature was raised from 100K to RT under pulsed
conditions. These data indicated that nonradiatve
recombination at defects rather than a lack of hole
transport to the QW is the key contribution to the
low quantum efficiency of 285-nm devices. Further
optimization of the AIN buffer layer quality by means
of PALE has been reported by Zhang er a/. (2002b,
2003), which enabled improvements in the material
quality of the lower n-AlGaN bottom cladding
layer as well as the MQW layers, and these advances
resulted in a rapid increase of the LED output power
up to milliwate levels (Zhang er al, 2002). By optimi-
zation of the quality of the AlGaN layers grown over
sapphire substrates, several groups have now reported
improved LED devices with emission around 280 nm
(Yasan et al, 2002; Zhu er af, 2002, 2003; Hanlon ez al,
2003). While the majority of the reports described
the optmization of AlGaN growth by MOCVD,
others have presented the use of MBE with an
ammonia source as an alternative approach, along
with innovatve short-period SL cladding layers
(Kipshidze e al, 2001, 2003; Kuryatkov er al, 2003;
Nikishin er a/, 2003).

Despite the advancements made in this field, the
quantum efficiency of these UV-C LEDs remained
much below 1% and worse yet, the emission spec-
trum consisted of several peaks: a near-band-edge
emission from the QW and longer-wavelength
peaks associated with deep-level transitions in
barrier layers (Zhang er al, 2003; Shatalov e al
2003). This stumulated a second round of device
structure and growth optimizations, and many
groups reported a significant improvement of device
output power and spectral purity (Sun ef al, 2004;
Mayes ef al, 2004; Allerman er al, 2004; Kim et al,
2004). Fischer er a/. (2004) reported DC power levels
as high as 1.34mW at 300 mA for large-area 290-nm
devices, while achieving EQE as high as 0.18% for
devices with smaller areas. Later, Sun ez a/. (2004) and
Zhang et al. (2004) demonstrated high-power UV-C
LEDs with emission around 280 nm with DC ourput
power around 1 mW at 20 mA and corresponding
EQW of ~1.1%.
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UV-C LEDs with emission wavelength in the
range of 265-270nm have also been reported by
several groups. Remarkable device performance was
achieved by Yasan ez 4/ (2003) who reported submil-
liwatt DC and as high as 4.5-mW pulsed output
power at 267 nm corresponding to a quantum effi-
ciency of ~0.1%. These power levels have been
further increased by Adivarahan et #/ (2004) and
Bilenko er 4l (2005), who reported quantum efficien-
cies of 04% and 02% at 269 and 265nm,
respectively.  Submilliwatt  pulsed operation of
DUV-C LEDs with emission wavelength as short as
250nm was reported in 2004 by Adivarahan e 4l
(2004). Subsequently, Allerman e s/ obtained an
electroluminescence peak from a UV-C LED
structure at the wavelength as short as 237 nm,
demonstrating the possibility for further reduction
of emission wavelength toward 200 nm.

The DC operation of LEDs with wavelength
shorter than 260 nm becomes severely limited by
the lack of conductivity of the bottom Sidoped
AlGaN cladding layer since the Al molar fraction
required for transparency increases above 70%. To
improve the current spreading in LEDs with high Al
molar fractions in the AlGaN cladding layers, an
interconnected micro-pixel design has been adapred
(Adivarahan et al, 2004; Wu ez al, 2004). This use of
micro-pixels was first introduced for Ill-nitrides by
Mair e al (1997) to improve the light extraction
from a AlGaN/GaN slab via the formation of micro-
cavities, and the approach was then used in blue
(Jin et al, 2000) and UV-A LEDs (Kim et al, 2003).
The micro-pixel LED design was further extended to
the formation of photonic crystals (Boroditsky er al,
1999) by the reduction of the size and the period of
the array elements (Oder er l, 2003, 2004). An LED
design with interconnected micro-pixels separated
by the n-AlGaN contact metal was also shown to be
very efficient in achieving the desired uniform
current pumping for DUV-C LEDs. Devices with
emission at 255 nm with 1-mW DC and 34-mW
pulse power and corresponding maximum quantum
efficiencies of 0.14% and 0.3% (in DC and pulse
pumping, respectively) were recently demonstrated
by Khan et al (2004). Normalized electrolumines-
cence spectra of DUV LEDs are shown in Figure 4.
All devices exhibit a strong peak corresponding to
near-band-edge emission from the MQW active
region with full widch at the half maximum of about
10nm. Hence, by proper choice of the AlGaN MQW
active region composition, the emission wavelength
can be effectively tuned from 255 to 280nm. The
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Figure 4 Electroluminescence spectra of deep ultraviolet
light-emitting devices (UV LEDs) under 20-mA DC pump
current. Reproduced from Khan MA, Shatalov M, Maruska
HP, Wang HM, and Kuokstis E (2005) lll-nitride UV devices.
Japanese Journal of Applied Physics 44: 7191-7206, with
permission from Japan Society of Applied Physics.

intensity of the main emission peak is stronger
than that of long-wavelength emission peaks
(at 360-500 nm) by at least 300 times (not shown).
Output power versus pump current characteristics
for these DUV LEDs are plotted in Figure 5.
As can be seen in the Figure 5, the power (and
quantum efficiency) strongly reduces with emission

35 T ¥ T x T % T x T x T ¥ T ¥ T ¥ T ¥
dc

280 nm

255nm
265nm

0 1 1 I 1 1 1 i 1 i 1 TR 1 1 1
0 20 40 60 80 100 120 140160 180 200
Current (mA)

0.

Figure 5 Output power vs. DC pump current
characteristics of packaged deep ultraviolet light-emitting
device (UV LEDs). Data for 100 pum = 100 pm square device
for 280 nm (black) and 265 nm (red) emission LEDs and

10 x 10 micro-pixel array LED for 255 nm (blue) emission
LED are shown.
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wavelength. This is a consequence of lower doping
efficiency and reduced material quality of AlGaN
lavers with very high Al content. Increasing opera-
tlon voltage also leads to early power saturation in
DC pumping for square geometry devices. Thus, as
described above, interconnected micro-pixel array
geometry was shown to be an effective solution for
devices with shorter emission (i.e., 255 nm). Recently,
Deng et al. (2007) reported 247-nm DUV LED by
employing an MEMOCVD grown structure. The
turn-on voltages were lower than 8V at 20-mA
current. Power levels of 0.3 mW were achieved for
the packaged devices driven at 90-mA DC current.
Recent efforts on the fabrication of DUV LEDs on
pulsed lateral epitaxial overgrowth (PLOG)-grown
thick (>15um) low-defect AIN buffer layers and
by the MOHVPE technique have yielded devices
with significant improvement in performance. The
excellent thermal conductivity of AIN prevented the
devices from premature power saturation. The lower
defects and the thick AIN templates resulted in a
much superior thermal management, which translated
to 280-nm LED lifetimes increasing to well above
2000 h. Figure 6 presents a typical power density
versus current density, measured under DC bias, for
a 285-nm LED fabricated by the MOHVPE method.
It is very significant that small-periphery MOHVPE
LEDs, such as a 50-pm-diameter device, are able to
sustain extremely high current densities, up to 4000 A
em *, without power saturation. This is an indication
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of the improved thermal dissipation for the LEDs
grown on the MOHVPE AIN templates compared
to the conventional MOCVD-grown devices. The
arrow on Figure 6 shows the current density for
power saturation for a flip-chipped and fully packaged
conventional first-generation MOCVD-grown UV
LED on a sapphire substrate. The conventional LED
output power saturated at approximately 0.5 kA cm ™~
(delivering an output power density of 3-5 W ¢m™)
under CW bias conditon. It should be noted that for
conventional UV LEDs the saturated input current
density 1s increased by about 80% when the devices
were flip-chipped to a heat sink and placed on a TO
header. The MOHVPE LEDs are expected to handle
current densities substantially more than 4.0 kA cm ~
after packaging.

control of both n-type and p-type doping in AIN and
this allowed them to develop an AIN PIN (p-type/
intrinsic/n-type) homojunction LED with an emis-
sion wavelength of 210 nm, which is the shortest
reported to date for any kind of LED. Their LED
structure was fabricated on a SiC substrate.

6.01.4.1 Critical Issues Related with
DUV LEDs

Most DUV LEDs are prepared on transparent
sapphire substrates, which are rtorally insulating.
The current applied to the DUV LED must be
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Figure 6 (a). Lifetime reliability of metal-organic hydride-vapor-phase epitaxy (MOHVPE) 280-nm light-emitting device
(LED) in comparison with a standard LED and a micro-pixel LED. (b) Comparative continuous-wave (CW) output power
density plot of a standard deep-ultraviolet (UV) LED and the LED formed by MOHVPE AIN. Reproduced from Adivarahan V,
Fareed Q, Srivastava S, Katona T, Gaevski M, and Khan A (2007) Robust 285 nm deep UV light emitting diodes over metal
organic hydride vapor phase epitaxially grown AlN/sapphire templates. Japanese Journal of Applied Physics 46(23): 537-539,

with permission from Japan Society of Applied Physics.
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spread laterally through an n-type AlGaN layer near
the substrate, and a high resisuvity in such a film
limits the extent of current spreading, leading to
crowding along the perimeter (Guo and Schubert,
2001). Passage of the current through high-resistance
films generates heat. There are even worse problems
with p-type AlGaN. The problems associated with
p-doping in UV structures are discussed in detail
in Section 6.01.3.2.1. Hence, in terms of device per-
formance, these issues create major challenges:
uniformity of current spreading, carrier injection,
light extraction, and thermal management. These
issues are discussed in separate sections subsequently.

6.01.4.1.1 Uniformity of lateral current
spreading

In the case of DUV LEDs formed on the electrically
insulating sapphire substrates, achieving uniform
lateral current spreading 1s a major issue, This problem
has been analyzed and an interdigitated multfinger
geometry was demonstrated by Chitnis er al. (2003).
Using this electrode geometry, the lateral distance
between adjacent n-contact metallization is reduced,
leading to more spadally uniform current injection
throughout the active region of the device. This allows
for larger active areas than those permitted by square
or circular geometry LEDs. In order to improve the
current spreading in LEDs with high Al molar frac-
tions in the AlGaN cladding layers, an interconnected
micro-pixel design was adopted. In addition, it was
found that an LED design with interconnected
micro-pixels separated by the n-AlGaN contact
metal was very efficient in achieving the desired uni-
form current pumping for DUV-C LEDs, and devices
with emission at 255 nm with 1-mW DC and 3 4-mW
pulse power and corresponding maximum quantum
efficiencies measured were 0.14% (under dc) and
0.3% (under pulse pumping). Figure 7 shows images
obtained from a charge-coupled device (CCD)
camera with conventional geometry and micro-pixel-
designed UV LEDs during CW operation. Changes in
color indicate nonuniform emission due to spatial
variations in current injection.

6.01.4.1.2 Effective thermal management
of LEDs

One of the major drawbacks of emploving sapphire as
the substrate is that the DUV LEDs fabricated on it
suffer from excessive self-heating under CW operation.
This 1s caused by a combinaton of factors, such as poor
thermal conductivity of sapphire, higher aoperating vol-
tages resulting in eddy current losses, and low emission

Figure 7 A charge-coupled-device (CCD) image of a
micro-pixel ultraviolet light-emitting device (UV LED; total
active of the junction is 220 pm?) under continuous-wave
bias condition showing the reduction of lateral current
crowding and thereby reducing Joule heating.

efficiencies. Under typical CW operation, most of the
sapphire-based DUV LEDs suffer from excessive self-
heating due to the relatively higher operating voltages
(which result in eddy current losses), low emission
efficiencies, and poor thermal conducuvity of the sap-
phire (0.35 W em ™' K™'). In an attempt to mitigate the
device self-heating problem, Chitnis ez a/. (2002, 2003)
employed flip-chip packaging. In this method, the
diced LED chip is mounted in a flip-chip configuration
on a high thermal conductivity 175 W mK ™" insulating
AIN carrier with thermo-compression gold bonding.
The AIN carrier with flip-chip UV LED is then
mounted on a gold-coated header (Figure 8(a)).
Figure 8(b) presents the DC optical power as a
function of pump current for the standard and the
flip-chip packaged LEDs. As can be seen from the
graph, the performance of the device is improved by
the flip-chip packaging technique. The saturation
current (which 1s indicative of device self-hearing)
increased for flip-chip package, thereby enabling
higher output power with higher input drive currents.
Moreover, the slope of the curve improved due to
better light extraction after flip-chip packaging.
Several groups have also started research efforts
aimed at developing DUV LEDs with vertical conduc-
tion (Kawasaki ef «f, 2006; Zhou et al,, 2006). For the
reported works, the DUV LEDs are grown over sap-
phire substrates with a GaN buffer layer. This buffer
layer allows the lift-off of the sapphire substrates and a
backside n-contact, resulting in a vertical conduction
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Figure 8 (a) Schematic of a flip-chip packaged deep ultraviolet light-emitting device (UV LED). (b) DC output power of
standard and flip-chip mounted UV LEDs vs. pump current. (a) From Asif Khan M (2008) Vertical conduction strategy cranks
up UV LED output power. Compound Semiconductors Magazine April 1.

geometry. However, the use of GaN buffer layer
degrades the overall quality of the LED epilayers,
leading to performance levels well below those for
lateral geometry devices. The first successtul fabrica-
tion of a large-area vertical-conduction 280-nm DUV
LED over sapphire with AIN buffer layers has been
fabricated by Adivarahan er o/ (2009). For this vertcal
geometry DUV LED, laser lift-off was used to remove
the sapphire substrate and form a backside n-contact to

Similar to their visible counterparts, the vertical-
geometry devices provide an excellent vehicle o pro-
duce large-area DUV LED lamps. They are expected
to have much higher output powers due to the ability
of sustaining much higher pump currents (as high as
1 A) and a substantial increase in the light extraction
efficiency. It is reported that at a CW pump current of
200mA, a high output power of 5.2mW is achieved.
"This is the highest value of stable CW power reported

achieve vertical conduction (Figures 9(a) and 9(b)). for a single-chip 280-nm emission DUV LED.
Scanning UV
& laser

I | I . ===
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Figure 9 (a) Schematic of the formation process of vertically conducting deep ultraviolet light-emitting device (UV LED) by
removing sapphire substrate by laser-assisted lift-off. (b) Electroluminescence spectrum of a vertical-conducting 280-nm
LED (inset) n-AlGaN surface of the LED structure after the removal of sapphire by laser lift-off and AIN and superlattice layers
by lapping and polishing. (a) From Asif Khan M (2008) Vertical conduction strategy cranks up UV LED output power.
Compound Semiconductors Magazine April 1.
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Figure 10 Summarized plot of maximum external
quantum efficiency reported for continuous-wave (CW)
(open) and pulse (closed) operations of ultraviolet light-
emitting devices (UV LEDs).

Despite the material and device challenges asso-
ciated with growth of very-wide-band-gap Ill-nitride
AllnGaN materials, UV LEDs have advanced from
less than 0.1% EQE to 1-10%, depending on emission
wavelength, over the past 10 years. While the produc-
tion of these devices is expected to ramp up, there are
great challenges lying ahead. As seen from Figure 10,
the efficiency of DUV LEDs is still not comparable to
that of UV-A devices. An increase of the EQE up o
~10% must be achieved via further device optimiza-
tion. The reduction of defects and improvements in
doping in AlGaN layers with high Al molar fraction
are of great importance for improving the efficiency of
DUV-C emitters. Native single-crystal AIN substrates
as well as innovatve doping solutions must be
considered. Another challenge is the light extraction,
where novel encapsulaton materials transparent
down to ~200 nm should be explored.

6.01.5 UV Laser Diodes

In the early 1990s when the Ill-nitride-based blue
LEDs were commercialized, researchers realized
that blue and violet LDs were well within the reach.
The lack of compact solid-state light sources in
blue—violet UV region of the spectrum stimulated
the development of growth techniques and prompted
research on fabrication procedures for nirride-based
materials. LDs occupy a specific and important place

in this area, and violet (4035 nm)-emitting nitride-
based L.Ds have undergone tremendous progress in
the past onc-and-a-half decades with lifetimes
exceeding 10000h, thus becoming commercially
acceptable (Nakamura, 1998). Currently, most
nitride lasers are made with emission at 405 nm for
use in Blu-ray optical disk players (Hecht, 2008).

New shorter-wavelength LDs might find immedi-
ate applications in frontier technologies, such as
super high-density optical storage systems, since
recording densities in the compact disk are propor-
tional to approximately the reciprocal of the
wavelength squared. Other important applications
include high-resolution laser printers, chemical
sensing equipment, projection full-color displays,
position location systems, bioagent detection and
control, biotechnology applications, fine photolitho-
graphy, and many more. The semiconductor laser
has a number of unique advantages when compared
against other coherent light sources: high efficiency,
robustness, high speed, higher reliability, and poten-
dally lower cost. A semiconductor UV LD would be a
welcome replacement for the notoriously unreliable
He—Cd gas laser. However, design and manufactur-
ing of LDs itself is a much more complex problem in
comparison with LEDs and requires even higher
quality of materials to achieve the needed electrical
and oprical confinements in combination with low
optical loss and high opdcal gain. Additional
challenges present themselves in the device design,
namely, the tiny laser cavities require low-loss wave-
guides with cladding layers featuring abrupe
interfaces for optical confinement, as well as struc-
tures for channeling the electron and hole currents
into the recombination zone. The realization of
facet mirrors, which are smooth enough to define
the laser cavity with very low losses, needs a special
approach as well.

The first nitride-based injection laser, a device
utilizing an InGaN active layer yielding an emission
line at 405 nm, was demonstrated by Akasaki er al
(1993). Nakamura e ol also demonstrated nitride-
based LDs later in 1996. In 1997, RT-operating
2-mW violet 1.Ds, with lifetime longer than 10 000 h,
were fabricated using epitaxial lateral overgrowth
(ELOG)-grown GaN. Basically, over the next few
years, rapid and impressive improvements in the
performance of those nitride-based lasers were
achieved predominanty by Nakamura and his
co-workers at Nichia Chemical Industries. Those
carly efforts on nitride-based LDs usually covered
the blue-to-near-UV (380—450 nm) spectral range.
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Following these developments, LDs, which
operate n the near-UV down to 360 nm, have been
demonstrated (Nagahama e af, 2001a, 2001b, 2002;
Kneissl e af, 2003, 2003a, 2003b, 2003¢; Saitoh er al.,
2003). There are now nitride LDs with various dif-
ferent improvements, such as LDs with distribured
Bragg reflectors (Cho er al, 2000; Marinelli et al,
2001; Saitoh er al, 2003; Wang er al, 2002), high-
power output (Asano e al, 2002; Nagahama et al,
2000; Skierbiszewski ef al, 2005), and even different
microcavity design (Kneissl er al, 2004; Asano ef al,,
2002). LDs reported by different groups have usually
operated at RT under both pulsed and CW current-
injection regimes and the designs are typically
based on combinations of the InGaN/GaN/AlGaN
heteroscructure system. The lasing threshold has
been as low as a few kA cm ™, whereas output powers
can typically reach up to several tens of milliwatrs,
although there are several cases where even
hundreds of milliwatts have been emitted. All these
LDs were based on optical transitions below the GaN
bandgap and the active regions always included at
least a small percentage of In. The aluminum content
in alloys of AllnGaN or AlGaN was extremely low.

The attention was later focused on the results on
LDs, where the light emission range has been
expanded beyond the GaN band gap, that 1s, with
the wavelength shorter than ~ 360 nm. As mentioned
carlier in this chapter, the shift of the wavelength
toward deeper UV regions has been a challenging
task basically due to the problems related with the
incorporation of higher amount of Al into the nitride
alloys. In this regard, the main problems in LD
fabrication are:

materials quality;
mirror facerts;

—d P —

optical confinement; and
4. operation lifetime.

AlGaN materials of high quality (crack-free, low
T'DDs) with relatively high concentrations of Al are
necessary, since we need to confine sufficient carriers
in the QW in order to invert the population. In order
to do so, very high injection levels are required in
comparison with LEDs, and any nonradiative recom-
bination paths will cause serious heating of the
material. Such nonradiative losses would result n
an increase of the lasing threshold or even the van-
ishing of the population inversion. High-quality
mirror facets are necessary in order to obtain reason-
able feedback in the cavity. Cleaving of nitrides on
substrates, which are a different material, especially

sapphire, is challenging. The cladding layers should
contain a sufficiently high content of Al in order to
provide a significant decrease in refractive index and
thus effectively confine the coherent light within the
active layer. Again, this causes strain and often crack-
ing of the layers. Finally, the reported hfetimes of the
UV LDs are quite short, too short from the commer-
cial viewpoint. Hence, no wonder that only a small
number of research efforts have been undertaken on
UV LDs, and, consequently, only a limited number of
reports have been published so far (Edmond e al,
2004, Iida er al, 2004a, 2004b; Kneissl ez al, 2003a,
2003b; Masui er al, 2003; Yoshida er al, 2007, 2008a,
2008b). The reported wavelength region of laser
emission spans only 336-360 nm. Obviously, there
has not been an breakthrough in the UV-LD tech-
nology, since these optical transitions sull are very
close to the GaN band gap. The shift of the lasing
line toward the UV region has basically been
achieved either due to rather small Al incorporation
into alloys or just because of sufficient quantum con-
finement in very narrow QWs.

The basic structure of these near-UV LDs is simi-
lar to the ones operating in longer-wavelength
regions. Figure 11 shows a typical schematic diagram
of the LD sctructure along with the possible energy-
band configuration. In all the cases, the MOCVD
growth technique has been employed. Notably,
sapphire was used as substrate (Masui er al, 2003;
Kneissl e al, 2003a, 2003b; lida er af, 2004a, 2004b;
Yoshida ef 4/, 2007, 2008a, 2008b), and only Edmond
et al. (2004) have successively applied 51C substrates.
However, in all the cases, special measures were
undertaken in order to reduce dislocation and other
defect densities in the layers. Two very effectve
approaches for greatly reducing the defects, such as
TDs, are the use of ELOG (Nam er al, 1997) and
facet-controlled epitaxial overgrowth (FACELO)
(lida er al, 2004b; Yoshida er al, 2008a, 2008b)".
With the ELOG approach, a thin film of GaN is
deposited over a sapphire substrate, and this film is
then coated with an insulator such as SiO,. Stripes
are then etched in the oxide back to the GaN, and
then a second nitride growth sequence is undertaken,
where the new nitride material only grows up
through the stripes. The new GaN film also grows
laterally over the SiO, surface, and this lateral mare-
rial can be nearly free of defects, allowing the
fabrication of excellent laser structures over it
(Mukai er al, 1998). In the process of fabricating
such devices, a few authors successively applied LT
deposition for buffer layer or additional interlayer for




20 lll-Nitride-Based Short-Wavelength Ultraviolet Light Sources

p - Electrode

e

p-Contact layer

p-Cladding layer

a p-or i-Waveguiding layer | Blocking layer

MQWs

n-or i-waveguiding layer | n-Electrode

n-Cladding layer

A

Energy

n-Contact layer

Buffer layer

SiC or sapphire substrate

Figure 11 Typical schematic of the ultraviolet light-emitting device (UV LD) and possible energy-band diagram.

suppressing crack generation before attempting to
deposit the actual LD structure (Kneissl e al,
2003by; Tidaer al, 2004a, 2004b).

Most often, the active LD region consisted of
several QWs (Edmond e af, 20045 lida er al, 20044,
2004b; Kneissl e 224, 2003a, 2003b) or even a single
QW (Masui eral, 2003) formed either with GaN (lida
et al, 2004a, 2004b; Yoshida er af, 2007), AllnGaN
(Masui er al, 2003; Kneissl er o/, 2003a; Edmond,
2004), or AlGaN (Kneiss] ef al, 2003b; Yoshida er a/,
2008a, 2008b), serving as the well material. Typical
widths of LD ridges are from 2 to 20 pm, whereas
cavity lengths vary from 400 to 1500 pm. As an
example, a specific LD structure, reported by
lida and co-workers (lida er al, 2004b), 1s analyzed.
The active region of the LD was aligned on the
ELOG region to provide material with low TDD.
The n-contact layer consisted of a 4-pm-thick
AlyGaggoN layer, as well as an additional n-cladding
layer. Then, an unintentionally doped AlypsGageoN
waveguiding layer (120nm), three pairs of GaN
(3nm)/AlppsGage:N (8 nm) MQW to form the active
layer, an unintentionally doped AlyosGagg:IN wave-
guiding layer (120 nm), a p-type Aly25Gag7sIN (20 nm)
electron-blocking layer, a p- Aly15GaggN (700 nm)
cladding layer, and p"-GaN (20 nm) contact layer were
successively stacked. The laser cavity mirrors were
formed by cleaving. Similar LD structures have also
been successtully applied by other authors. The dopants
of Si and Mg are typically used for n- and p-doping,
respectively. [n 2008, Yoshida er af. reported an AlGaN-
based UV LD with an emission wavelength of 342.3 by
current injection. In this case, a low-dislocation-density

AlGaN layer with an AIN mole fraction of 0.3 was
grown on sapphire substrate wusing a hetero-
FACELO method to fabricate the laser. An
AlGaN MQW structure was then grown on the
high-quality AlGaN layer. When excited with
10-ns pulses at a 5-kHz repetition rate, 342.3-nm
lasing was observed. The threshold current density
reported for this laser is 8.7 kA cm 7. The peak
output power is 16 mW and the estmarted differ-
ential EQE (DEQL) is 8.2%. Subsequently, the
same authors (Yoshida er af, 2008b) demonstrated
a LD with the lowest emission wavelength (336 nm)
reported so far. The device operated under RT pulsed
current mode. The laser structure included a 2.8-pm-
thick Si-doped Aly;Gag ;N contacting layer, a 600-nm
Al:GagyN cladding layer, a 90-nm-thick Al Gag gaN,
and a 20-nm-thick p-AlGaN layer. MQW strucrure
comprised the layers of AlypaGageN  (well) and
Aly16GaggaN (barrier).

Spectral properties of the LD obtained by Masui
et afl. (2003), namely, electroluminescence spectra
at current densidies below threshold (Figure 12(a))
and above threshold (Figures 12(b) and 12(c)) are
presented in Figure 12. Figure 13 shows typical
voltage versus current characteristics and light
output versus current characteristics of the LD under
pulsed condition, which operated at the wavelength
of 3509 nm (lida er al, 2004).

The precursor of future practical device designs
for injection lasers operating in deeper regions of the
UV spectrum must be as a first step of the realization
of efficient photoluminescence and even sumulated
emission in this range using optical pumping.
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Figure 12 Emission spectra of ultraviolet light-emitting
devices (UV LDs), composed of AlggsGap.g1N waveguiding
layers and Alp 14Gag gsN/Alp.0gGapg1N cladding layers at
different current densities. From Masui N, Matsuyama Y,
Yanamoto T, Kozaki T, Nagahama S, and Mukai T (2003) 365
nm ultraviolet laser diodes composed of quaternary AllnGaN
alloy. Japanese Journal of Applied Physics 42: L.1318-1.1320.
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Figure 13 Voltage vs. current characteristic and light
output vs. current characteristic of ultraviolet-laser diode
(UV-LD) under pulsed condition at room temperature. lida K,
Kawashima T, Miyazaki A, et al. (2004) Laser diode of 350.9
nm wavelength grown on sapphire substrate by MOVPE.
Journal of Crystal Growth 272: 270-273.

Currently, there are some new materials and
improved structures with better quality, and a num-
ber of recent results seem to be promising in this
regard. There are several reports on lasing in this
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Figure 14 Lasing spectra of 354.5-nm AlGaN multiple
quantum-well (MQW) laser under optical pumping.
Reproduced from Takano T, Ohtaki Y, Narita Y, and
Kawanishi H (2004) Improvement of crystal quality of AlGaN
multi quantum well structure by combination of flow-rate
modulation epitaxy and AIN/GaN multi-buffer layer and
resultant lasing at deep ultra-violet region. Japanese
Journal of Applied Physics 43: L1258-11260, with
permission from Japan Society of Applied Physics.

deeper UV region under photoexcitation in nitride-
based MQWs. A sumulated emission line at 258 nm
was observed in AlysGagsN/AIN MQWs grown on a
bulk single-crystalline AIN template under strong
selective photoexcitation of the QWs. Improvement
of crystal quality of AlGaN MQW structure by
combination of flow-rate modulation epitaxy and a
new AIN/GaN muld-buffer layer allowed the
authors to achieve lasing at 241 nm at R'T. Even
shorter-wavelength lasing (231.8 nm) was reported
in AlGaN MQWs grown on a SiC substrate under
photoexcitation at 20 K. Figure 14 illustrates typical
lasing spectra of a preliminary AlGaN MQW laser
under optical pumping with different Al concentra-
tions in the QW and the quantum barrier obtained by
Takano er al. More recently, Shatalov e 4l (2006)
reported the first ever R'T" sumulated emission at
214nm under pulsed condition using high-quality
AIN layers that were grown over patterned sapphire
substrates by a PLOG process. Figure 15 shows the
stimulated edge-emission spectra from the PLOG
AIN film for the £ | ¢ and the £ L ¢ polarizations.
As seen from Figure 14, the sumulated emission

signal was strongly polarized with £ |
magnetic (TM) mode).
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Figure 15 Stimulated edge-emission spectra of AIN

(214 nm) and GaN for transverse electric (TE) and transverse
magnetic (TM) polarizations. Reproduced from Shatalov M,
Gaevski M, Adivarahan V, and Khan A (2006) Room-
temperature stimulated emission from AIN at 214 nm.
Japanese Journal of Applied Physics 45: L1286-1.1288, with
permission from Japan Society of Applied Physics.

These observations are in agreement with pre-
vious reports that suggest the stimulated emission
from Al Ga,_ N (x > 0:65) and AIN to be strongly
polarized with £l ¢ due to the dominance of the
TM optcal gain (Chow and Kneissl, 2005;
Kawanishi er al, 2006a, 2006b). This is in contrast to
GaN, where the stimulated edge-emission signal is
transverse electric (TE) polarized (£ L ¢) due to the
dominance of TE oprical gain as well as the higher
facet reflectvity (lower threshold) for the TE mode.
For comparison, we also measured the edge stimu-

lated emission spectrum for a GaN layer grown
by MOCVD on sapphire. These data, presented
in Figure 14, confirm the expected polarization
differences. Similar difference in polarization proper-
ties was also found for Al .Ga,_ N multple QW
structures with different Al content.

LEDs have been stretched deep into UV region
(down to 210 nm) because their operating conditions
are much less demanding when compared with the
LDs. On the other hand, electrically driven diode
lasers remain stuck in the near-UV region and the
shortest reported wavelength has decreased by just
about 1 nm in the last 5 years. However, there are
some very promising new approaches and we are
entitled to expect in the near future a further shift
of the nitride-based UV LD emission toward shorter
wavelengths. A fully functonal DUV nicride-based
injection laser lies just over the horizon, especially

because of the increasing availability of bulk nitride
substrates and improvement in growth techniques.

6.01.6 Summary

Driven by the need for efficient, compact, and robust
solid-state UV optical sources, massive research
efforts have been undertaken in the past two decades
to develop Ill-nitride-based UV and DUV emitters.
Despite several fundamental problems, such as
control of heteroepitaxy and doping, high efficiency
near UV LEDs, extremely short wavelength UV
LED, and CW operation of UV LD have been
achieved and several of them have been already
commercialized. There are sull many great chal-
lenges left to be solved and need research
focus. Development of alternative precursors for
MOCVD growth of AlGaN may improve control
of heteroepitaxy and minimize impurity incorpora-
tion. Improvements in growth techniques and the
availability of nitrides bulk substrates should trigger
massive improvement of device performance in the
near future. Problem of p-type doping of AlGaN
with high Al concentration will likely be the major
obstacle for achieving DUV LEDs with efficiencies as
high as 5-10%. Large difference in Al molar fraction
berween waveguide and clad layers required for effi-
cient waveguiding in UV LD structures also poses a
significant challenge in the growth and strain control
of these AlGaN-based layers. Alternative concepts
for LED and LD device design, involving approaches
of nano-electronics and nano-photonics, should be
considered and these may overcome some of the
above-mentioned fundamental problems.
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