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Preface

The 9™ Seoul International Symposium on the Physics of Semiconductors and Applications
(Seoul ISPSA-98) was held at Korea University, Seoul, Korea, on November 6-7, 1998.

This Symposium was organized by the Korean Physical Society in collaboration with the Korea-U.S.
Science Cooperation Center and the Office of Naval Research. The purpose of this Symposium is to
provide scientists, engineers, and researchers with chances to exchange technical information and to gain
insight into the state of the art and the future R & D directions in the rapidly advancing semiconductor
science and technologies. In light of the exciting developments currently being made in the wide
bandgap semiconductors including Ill-nitrides, silicon carbide, and carbon-related materials, the ISPSA-
98 put special emphasis on the wide bandgap materials and their applications, both in optoelectronics and
electronic devices. 20 leading scientists and researchers were invited from all over the world to give the
overview of the state of the art and recent achievements. And 151 contributed papers were presented.
In the supplement of Journal of the Korean Physical Society, 81 papers selected by the Program
Committee are included.

I wish to express my sincere thanks to the invited speakers for their cooperation and to attendees,
especially the Committee members and the Advisory members who helped to make this
Symposium successful. Finally, I would like to express my sincere appreciation to Dr. Yoon-
Soo Park at the Office of Naval Research for his kind help.

TR R
Suk-Ki Min
Chairman, Organizing Committee
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Journal of the Korean Physical Society, Vol. 34, June 1999, pp. S199~8219

Current Status of Group llI-Nitride Semiconductors and
Future Prospects

Yoon-Soo PARK
Office of Naval Research, 800 N. Quincy Street, Arlington, VA 22217-5660, U.S.A.

During the past decade, group I1I-Nitride wide bandgap semiconductors have become the focus of
extremely intensive research because of their exceptional physical properties and their high potential
for use in countless numbers of applications. Nearly all aspects have been investigated, from the
fundamental physical understanding of these materials to the development of the fabrication tech-
nology and demonstration of commercial devices. This purpose of this paper is to review the physical
properties of ITI-Nitrides, their areas of application, the current status of the material technology
including synthesis and processing. The state-of-the-art of III-Nitride material quality, as well as
the devices which have been demonstrated, including electronic devices, ultraviolet photodetectors,
visible light emitting diodes (LEDs) and ultraviolet-blue laser diodes, will also be presented.

I. INTRODUCTION

Aluminum nitride (AIN), gallium nitride (GaN), indi-
um nitride (InN) and their alloys are commonly known
as ‘III-Nitride materials’ or ‘III-Nitrides’. These mate-
rials have exceptional physical properties, chiefly their
wide energy bandgap, which make them the ideal build-
ing blocks for numerous optical and electronic devices
to be used in many applications. The III-Nitrides have
existed for many years: AIN was synthesized by 1907
[1], InN by 1910 [2], and GaN by 1932 [3]. Howev-
er, because the material was polycrystalline, it was not
useful for semiconductor devices. Only limited research
had been conducted on III-Nitrides until the 1980~1990’s
when two major breakthroughs led to renewed interest in
III-Nitrides: the development of a buffer layer technique
to obtain smooth and non-polycrystalline films and the
demonstration of p-type doping. This opened the door
to the control of the material structural, electrical and
optical quality. Now, research in III-Nitrides has be-
come a field of its own, whereas it used to be part of
the ‘wide bandgap semiconductor’ field, and commercial
devices have become available.

This paper will first review the physical properties of
ITI-Nitride materials, followed by a non-exhaustive de-
scription of the areas of applications. Technological de-
tails will then be discussed, including the material growth
and the substrates used. The current state-of-the-art in
I1I-Nitride thin films and heterostructures will be pre-
sented. The technology for the material processing will
also be reviewed, including etching and metal contacts.
Finally, the state-of-the-art for III-Nitride based devices
will be presented, including electronic devices, ultraviolet
photodetectors, visible light emitting diodes (LEDs) and
ultraviolet-blue laser diodes.

I1. PHYSICAL PROPERTIES OF
III-NITRIDE MATERIALS

Unlike more conventional semiconductors, such as sil-
icon (Si) or gallium arsenide (GaAs) which have a dia-
mond or zinc-blende structure with a cubic symmetry,
ITI-Nitride crystals are wurtzite in their stable form with
a hexagonal symmetry, belonging to the point group 6
mm. I1I-Nitrides are thus polar crystals because they do
not have a center of symmetry [4]. They thus possess
many other potentially useful properties such as piezo-
electricity, pyroelectricity [5] and second harmonic gen-
eration [6,7). The large difference in electronegativity
between the group III and group V elements (Al=1.18,
Ga=1.13, In=0.99, N=3.0) results in very strong chemi-
cal bonds in the III-Nitride material system, which are at
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Fig. 1. Energy gap versus hexagonal lattice constant for
III-Nitride and selected substrate materials.
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Table 1. Physical properties of III-Nitrides (from references [8,9], except a from [10]).

GaN AIN InN
Room temperature energy gap (eV) 3.44 6.2 1.9
Lattice constant, a (A) 3.189* 3.112 3.545

Thermal expansion coefficient, a, (10™° K™7)

4.2 (17-477 C)°

5.27 (20-800 C) 5.6 (280 C)

Thermal expansion coefficient, a. (10~° K1)

4.0 (17-477 C)*

4.15 (20-800 C) 3.8 (280 C)

Electron effective mass, m. (mo)

0.2 0.11

0.5 (mun calculated)

Hole effective mass, mn (mo) 0.8 0.17 (man calculated)
. 2.35 (1.0 pm 2.2 (0.60 pm 2.56 (1.0 »
Refractive index, n 2.60 ((0.38I:;m)) 2.5 Eo.z3 ,,m% 3.12 ((0.66 u))
€ (0) 10.4 (E]|c), 9.5 (E L ¢) 9.14
€ (00) 5.8 (Ellc), 5.4 (F L¢) 4.84 9.3
Thermal conductivity, x (W/cm K) 1.3 2.0
Bulk modulus (GPa) 207*
TO (meV) 69.3 (TOL), 66.1 (TOJ|) 82.6 59.3
LO (meV) 925 (LOL) 112.8 86.1
Melting point (C) >1700 3000 1100
Nitrogen partial pressure at meltin point (atmospheres) 3000 100 >10°
AG" (kcal/mol) ~33.0 —68.2 ~23.0
Heat capacity, C; (cal mol~! K~T) 9.7 7.6 10.0

the origin of most of the interesting III-Nitride physical
properties.

A direct result of this is the wide bandgap. III-Nitrides
have a bandgap energy ranging from 6.2 to 1.9 eV, corre-
sponding to a wavelength from 200 to 650 nm. This spec-
tral 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 Figure 1. The
bandgap is direct which is most appropriate for optical
devices. Because the intrinsic carrier concentration is an
exponential function of the energy gap and the temper-
ature, a wider bandgap semiconductor has a much lower
intrinsic carrier concentrations over a large temperature
range:

3/4
ni(cm=%) = 4.9 x 1015 <.’.”dm_2"’“"‘) T3/2—Eq/2kT
(1]

where all the parameters have conventional meaning.
This results in lower leakage and dark currents in de-
vices, which is especially important in photodetectors
and high temperature electronics. Another consequence
of the strong chemical bonding is the physical (high melt-
ing points, mechanical strength) and chemical stability of
these materials. These also enjoy high thermal conduc-
tivity. Their effective masses are higher than convention-
al semiconductors, thus leading to lower carrier mobili-
ties, but this is made up for by the high saturated elec-
tron drift velocities predicted for this material system.
The refractive indices of III-Nitrides are lower compared
to narrower gap semiconductors, which results in a low-
er reflectivity at the interface. This is an advantage for
photodetector efficiency, but a disadvantage when trying
to achieve lasers with low threshold currents.

All these properties yields III-Nitrides a very high po-
tential for operation in the visible-to-ultraviolet spectral
region as well as in harsh environments (radiation, heat)
such as those typical of space applications, high frequen-

. cy, high power and high temperature electronics. Details

of the physical properties of III-Nitrides are summarized
in Table 1. Although III-Nitride based devices are be-
ing rapidly demonstrated and commercialized, there are
many barriers that must be overcome before the full po-
tential of these materials can be realized as reliable de-
vices. First, the high melting point of I1I-Nitrides and the
extremely high nitrogen partial pressures near the melt-
ing point make their bulk growth very difficult. There-
fore, high quality III-Nitride substrates do not exist. The
synthesis of nitride crystals has thus to be carried in the
form of thin films on a non-native substrate. The dissim-
ilarity between the substrate material and III-Nitrides
generally lead to poor structural quality as a result of
the lattice and thermal mismatch. Moreover, nitride
alloys with different compositions are also lattice mis-
matched, which leads to dislocations in III-Nitride het-
erostructures. Finally, high free electron and hole concen-
trations are often difficult to achieve because most dopant
elements form deep lévels in wide bandgap nitride semi-
conductors. The addition of more dopant source during
the growth process frequently results in degradation of
the structural and optical properties {8-10].

III. AREAS OF APPLICATION

The driving force behind the exceptional interest in ITI-
Nitride materials has been their potential for numerous
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significant device applications, both civilian and military.
The majority of such devices can be divided into two
categories: electronic and optoelectronic (photodetectors
and light emitters) devices.

Electronic devices using III-Nitrides are needed for
both high power and high temperature applications.
High power and high temperature devices are in de-
mand by the automotive, aerospace, and power indus-
tries. Power electronics have potential applications in
the power industry and in any equipment which uses sig-
nificant power, such as all electric vehicles, ships and air-
craft. High temperature electronics would allow control
directly in harsh environments, such as in engines, mak-
ing them important in the automotive and aerospace in-
dustries. Because ITI-Nitride devices are expected to bet-
ter withstand high temperatures while at the same time
operate adequately, these electronics could be operated
uncooled, thus reducing the cost and weight of systems.

Solar-blind UV photodetectors are devices which are
sensitive to UV radiation while being (ideally) insensi-
tive 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 [11]. Examples of such
applications include flame detection, furnace and engine
monitoring for the automotive, aerospace and petroleum
industry, undersea communications, UV astronomy [12],
space-to-space communications secure from Earth, ear-
ly missile threat warning and airborne UV countermea-
sures, and portable battlefield reagent/chemical analysis
system. Thanks to their wide energy gap, III-Nitrides
have been successfully used in UV photodetectors with
very promising characteristics. Because of their theo-
retical intrinsic solar blindness and low dark currents,
[1I-Nitride based devices are expected to work without
optical filters and complex electronics, thus significantly
reducing the launch weight for space and airborne appli-
cations.

Thanks to their ideally suited bandgap energy range,
I1I-Nitrides have been successfully used in commercial
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 and reliability in com-
parison to incandescent light sources. Solid state white
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 al-
so 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 (ultravio-
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Table 2. Comparison of the GaN and GaAs-based laser
properties.

GaN GaAs
Material (InGaN/GaN (InGaAs/GaAs
MQW) MQW)
Transparency 10" cm™ 2x10 cm =
carier density no
Optical confinement 5% ‘ 5%
factor T'

5%x10~ 1% cm?® 1x10~ " cm?

300 A 100 A

Differential gain g
Typical total active
layer thickness d
o; 50 cm
Radiative recombin-
ation coeff. B

Jen 2000 A/cm®

=1 2cm™t

3x107! cm®/sec  6x107'! cm®/sec

40 A/cm*

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 A~2, thus
quadrupling the storage density of optical media by re-
ducing the laser wavelength in half. The objective will
be to achieve a digital video disk (DVD) system capable
of storing 15 gigabytes by the year 2000. A DVD-RAM
system would require a laser diode operating in continu-
ous 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
4~5 mW CW laser. In both cases, the laser should have
a wavelength of 400~430 nm. It must not be too short
to avoid transmission losses in air. Visible laser diodes
are also expected to be used in projective displays, op-
tical communications and chemical analysis because the
wavelength could be tuned to correspond to absorption
lines of specific airborne chemicals to be detected. For
example, a 55 inch large display needs a luminosity of
500 cd/m?, which requires at least a 6.6 W, 1.8 W and
1.2 W red, green and blue lasers. Finally, laser printing
is also an important applications for short wavelength
laser diodes. These would need to emit at a wavelength
higher than 430 nm to avoid the decomposition of the
toner components, with a single mode CW output power
higher than 6 mW for fast printing.

Theoretical calculations have been conducted to com-
pare the lasing threshold characteristics of GaN and
GaAs based semiconductor lasers and the results are
shown in Table 2. The theoretical threshold current den-
sities were calculated using the formula:

2
o
Jin = edanh =edB (no + —I‘t—;l)

where the parameters are defined in Table 2, and assum-
ing no non-radiative recombination (7;=1). The thresh-
old for GaN based lasers was found to be
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IV. SUBSTRATES AND GROWTH
TECHNIQUES FOR III-NITRIDES

Because of their extreme physical properties, bulk III-
Nitride single crystals are barely available and their qual-
ity is not good enough to be used as a substrates. Many
non-native substrates have been ‘investigated over the
years for the epitaxy or growth of III-Nitride thin films. A
non exhaustive list of potential substrates and their phys-
ical properties is given in Table 3 and Table 4. Reported
values typically vary widely, so these numbers should be
treated with caution.

A substrate must satisfy several properties in order to
be suitable for epitaxial growth. First, it must be “com-
patible” with III-Nitrides, i.e. have a crystal structure
(bulk and surface arrangement of atoms) which lends to
the proper initial nucleation of oriented III-Nitride crys-
tals during growth. The substrate lattice constant and
the resulting lattice mismatch with the epilayer are im-
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portant quantitative measures of this “compatibility” be-
tween substrate and epilayer, are useful in predicting the
amount of stress for the epilayer. The data is tabulat-
ed in Table 3. The thermal expansion coefficient of the
substrate is also an important parameter because a mis-
match in these coefficients with other materials will result
in mechanical stresses and cracks from cooling from the
growth temperature and from cycling during processing
and operation of the device. An estimate of the mis-
match between the epilayer and the substrate caused by
cooling 1000 °C is given assuming the layer is relaxed
at the growth temperature. The substrate must also
be stable under the growth conditions typically used for
III-Nitrides [13]. This is best quantified by the melting
point of the substrate. Other substrate properties, such
as thermal conductivity, energy gap and optical trans-
parency in the visible spectrum, possibility to dope, max-
imum wafer size available and price are also given. All
these properties will affect the choice of substrate for III-

Table 3. Structural properties of III-Nitride and potential substrate materials.

Stacking  Lattice Plane with Effective a da/a
Formula Name Symmetry  Point Space group sequence constants nearest match lattice con- with
group (Wyckoff) (A) to (0001)GaN  stant (A) GaN
Gallium AB a=3.1891
GaN nitride Hexagonal 6 mm P6;mc (186) (HH) c—5.1855 (oo01) 3.1891 0 %
Aluminum AB a=3.112
AIN nitride Hexagonal 6 mm P63;mc (186) (HH) c=4.982 (0001) 3112 247 %
Indium AB a=3.5446
.5446 —10.0
InN nitride Hexagonal 6 mm P63mc (186) (HH) c=5.7034 (0001) 3.54 3%
. 4H silicon ABCB- a=3.073
- . 7
4H-SiC carbide Hexagonal 6 mm P6smc (186) (CHCH) c=10.053 (0001) 3.073 3.7%
. 6H silicon : ABCACB a=3.081
- . 3.
6H-SiC carbide Hexagonal 6 mm P6smc (186) (CCHCCH) c=14.117 (0001) 3.081 51 %
15R-SiC 15R silicon Trigonal 3 mm R3m (160) (CCHCH),
carbide
Sapphire, . = = a==4.758 (0001)
Al O3 corandum Trigonal dm  R3c (167) c=12.991 rotated 30° 2.747 16.09 %
LGO, a=5.402
LiGaO, lithium Orthorhombic mm? Pna2; (33) b=6.372 (001) 3119 225 %
3.186 0.10 %
gallate c=5.007
- LAO
LiAl, v a=5.1715 2.986 6.81 %
hthm‘m Tetragonal 422 P42, (90) c—6.2840 (100) 3.142 150 %
aluminate
: ' a=5.431
NdGaO; NGO, Orthorhombic mmm Pbmm (62) b=5.499 (101) 3.175 0.45 %
neodymium c=T7.710 3.144 1.45 %
galate a=5.431
b=5.499 (011) 3.136 1.71 %
c=7.710 3.1857 0.03 %
ZnO  Zinc oxide  Hexagonal =6 mm P6ymc (185) AB ~ 2=3.253 (0001) 3.253 —1.97 %
(HH) = ¢=5.213
MgO Magnesium Cubic m3m Fm3m (225) a=4.216 (111) 2981 493 %
oxide )
Si Silicon Cubic m3m Fd3m (227) a=>5.4310202 (111) 3.8403112 —16.96 %
Gallium . - . ABC
GaAs arsenide Cubic 43m  F43m (216) (Cca) a_5.65?25 (111) 3.99745 —20.22 %
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Table 4. Other physical properties of III-Nitride and potential substrate materials.

@a Mismatch with GaN Thermal Melting Maximum Low end
Formula (107® K™!) by colling 1000 °C conduc- temper-  Energy Transparent Doving? diameter price (to 1
name 0 to (TECqan-TEC:ub)x  tivity ature gap (eV) in visible? Plug: (cm) significant
1000 °C (=1000 K) (W/em K)  (°C) fig.) ($/cm?)
5.6 (0 to
GaN 600 °C) 0% 1.3 >1700 3.44 Yes n, p
Extremely
AIN 5.7 0.01 % 2.0 3000 6.2 Yes difficult -
InN 5.7 (300 °C) 0.01 % 1.9 No n — -
AH-SIC 446 —011% 49 100 599 [mpurity " 3.5 100
absorption
6H-SiC 4.44 —0.12% 4.9 2.86 Impurity n, p 3.5 100
absorption
. Impurity
15R-8iC 4.9 absorption n, p
Al; O3 8.6 0.30 % 0.3 2015 >8.5 Yes Insulator 10°¢ [
LiGaO, ~T 0.14 % ~1600 Yes 5 20
LiAlO; ~1700 Yes 2 60
NdGaOs; 6.6 0.10 %
~160
(101) 7.8 0.22 % 1600 5
NdGaOs; 11.9 0.63 %
(011) 6.1 0.05 % 1600
ZnO 7.8 022 % ~2000 3.44 (1.6 K) _ Yes N7 2 300
MgO 13.85 083 %  0.36 2800 7.9 Yes Insulator 5 20
Si 3.90 —017% 1.3 1412 1.1242 No P 30
GaAs 6.7 011 % 0.5 1240 1.424 No n, p 5 4

Nitride epitaxy depending on the application sought for.

To date, three substrates stand out as the most promis-
ing for I1I-Nitride growth: silicon, silicon carbide (SiC)
and sapphire (AlO3). Silicon is the most widely avail-
able substrate in the semiconductor industry and can
come in sizes up to 10 inch diameter. It is also the cheap-
est one and the highest quality. However, it suffers from
a poor “compatibility” with 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 III-Nitrides,
in terms of crystal symmetry, lattice and thermal mis-
match with the nitrides. The lattice constant is smaller,
resulting in compressive strain of the epilayer. On the
other hand, the low thermal expansion coefficient of SiC
results in tensile strain in the film upon cooling. It is
a wide bandgap semiconductor being developed for ap-
plications in high power electronics and other demand-
ing applications. Its drawback is its limited availability,
small available size, its quality is still not as good as oth-
er Si or Al;O3 substrates [14], and its prohibitively high
price. Sapphire offers a compromise between the Si and
SiC, and has become the most often used substrate for
[1I-Nitride epitaxial growth. The appealing features in-
clude the high thermal and chemical stability, the large
high quality wafers available, and the reasonable cost.
However, there are large lattice and thermal mismatch-
es. The thermal expansion coefficient is much larger than

Table 5. Comparison of the most promising substrates for
ITI-Nitride growth.

Substrate issues for . .

I11-Nitride growth GaN  Si  6H-SIC  ALOs
Crystal symmetry ++ - + +
Compatibility of process  ++ - + +v
Lattice of process + -- - --
Thermal mismatch + - - -
High quality + ++ ++
Availability -- + +

Size (large area) - 4+ +v
Cheap (8)? n/a + +

that of the ITI-Nitrides, resulting in a compressive strain
in the epilayer upon cooling. The III-Nitrides generally
grow on (0001) sapphire substrates with a 30° rotation
about the c-axis with respect to the sapphire lattice, re-
sulting in the alignment of the directions [00.1}||[00.1] and
[10-0]||[11-0]. This results in a compressive strain on the
III-Nitride layer since the effective lattice constant of the
substrate given below is smaller than that of ITI-Nitride:

Qe _ CQA1L05
ef fective — ’T
3

The comparison of Si, SiC and Al;O3 as potential sub-
strate for III-Nitride epitaxy is summarized in Table 5.
GaN has been included in the table to reflect the proper-
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ties of the bulk GaN single crystals which are currently
being grown at high pressure by a few research groups in
Poland [15]. At the present time, sapphire is the most
viable substrate material in terms of quality, availability
and cost.

Crystallographic models for the growth of III-Nitride
thin films on these substrates have been developed
to understand the atomic arrangements at the epilay-
er/substrate interface [16-20]. The comparison of dif-
ferent natures and orientations of substrates has been
conducted [21].
~ Although the growth of III-Nitrides has been conduct-
ed on non-native substrates, high quality films have been
achieved which led to the demonstration of high perfor-
mance devices, as will be discussed later in this paper.
The dissimilarity between the substrates and nitride ma-
terials has been alleviated through the successful devel-
opment of the growth technology, and more precisely the
use of buffer layers [22].

One of the reason why III-Nitrides have suffered from
a lack of interest until the 1980s is because of the lack of
suitable growth techniques. For example, because of their
higher melting points, these materials required higher
growth temperatures than conventional semiconductors,
which then resulted in significant buoyancy in the gas
flow pattern in chemical vapor deposition techniques.

Table 6 summarizes the strengths and weaknesses of
the currently most common growth techniques used to
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grow III-Nitride crystals, including metalorganic chem-
ical vapor deposition (MOCVD), molecular beam epi-
taxy (MBE), vapor phase epitaxy (VPE), high pressure
growth and sublimation sandwich method (SSM).

Currently, MOCVD and MBE are the most widely
used techniques. MOCVD is undoubtedly the method of
choice for the growth of high quality III-Nitrides films for
mass production and particularly for devices. However,
recently, VPE growth of III-Nitrides has gained atten-
tion for the growth of very thick GaN films for use as
substrates after original substrate lift-off [23]. High pres-
sure growth remains limited to a few research groups in
Poland for the direct growth of bulk GaN crystals. Fi-
nally, SSM has gained recently interest for the growth of
bulk single crystal AIN. The III-Nitride material proper-
ties grown using these techniques will be presented in the
next section. '

All these growth techniques make use of precursors
which are the source materials for each element (Al, Ga,
In, N). These can come in the form of solid, liquid or
gas depending on the growth technique used. A non-
exhaustive list is tabulated in Table 7. It is worth to
note that all group IIT element precursors are common-
ly used for the growth of other more conventional III-V
semiconductors. Different group III sources have been
compared for the growth of GaN [24]. The group V (ni-
trogen) sources are much more common than AsHj or
PH3 which makes them much safer to use, more avail-

Table 6. Strengths and weaknesses of most common growth technologies for III-Nitride.

Growth technolog Strengths

Frontier for

Weaknesses
ess 21st century

o Well developed technology
Metal-Organic o Atomically sharp interfaces
Chemical Vapor o In-situ thickness monitoring

mass procuction

Deposition o High growth rater (<4 ni/hr) o Lack of precise in-situ characterization of high quality
o Easily scaleable for mass production o Large quantities of NH3 are needed I11-Nitride thin
MOCVD o Short run cycles (heat+growth+cool) films and devices
MOVPE o Possibility to use plasma or laser
assiste growth
o Well developed technology o Need for ultra-high vacuum (cryogenics)
Molecular o Atomically sharp interfaces o Long run cycle (heat+growth+cool)

o Precise in-situ characterization
o High purity growth enviromment
MBE, GSMBE, o Hydrogen free enviromment

Beam Epitaxy

o Growth temperature is limited on the high end Growth in
o Efficiency of nitrogen source or cracker (ECR,  Hydrogen-free
RF) is limited environment

MOMBE o Scalable for mass procuction o Low growth rates (<1~1.5 m/hr)
o Not as high throughput as MOCVD
Vapor Phase o Simple growth technique o No sharp interfaces -
Epitaxy o Very high growth rate (<100 m/hr) o Long run cycles (heat+growth+cool) Thick GaN films
o Reasonably good quality films o small area growth for substrates

VPE, HVPE

o Better films are obtained for lower growth

High pressure o Bulk GaN single crystals

o Only for GaN single crystals
o Small size crystals (few mm? area)

Bulk GaN single
crystals for

growth o Extreme temperature & pressure conditions substrate use
Sublimation o Very simple growth technique o Poor quality of films Bulk AIN single

sandwich o Extremely high growth rate o Need a GaN powder source crystals for

method SSM (<300 m/hr) o Small area growth substrate use
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Table 7. Most common chemical precursors for the growth and doping of III-Nitride.
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Element Chemical

Chemical

Physical

group formula Chemical name family state at 20 °C Growth technique Toxicity
(CHas)-, Trimethy, triethyl-aluminum  organometallic liquid MOCVD, MBE pyrophoric
(C2Hs)s-Al (TMAI, TEAI)
AlH3N(CHas)s Alane trimethylamine organometallic solid MOCVE, MBE, VPE
(CHs)s-, Trimethy, triethyl-gallium organometallic liquid MOCVD, MBE pyrophoric
(CzHs)s-Ga (TMGa, TEGa)
II1 GaCls Gallium chloride metal chloride solid VPE
(CH3)z-In Trimethy-indium (TMIn) organometalic solid MOCVD, MEB pyrophoric
(CHzHs)3-In  Trimethy-indium (TEIn) organometalic liquid MOCVD, MEB pyrophoric
InCls Indium chloride metal chloride solid VPE
Al, Ga,In  Aluminum, gallium, indium metal solid MBE, VPE no
N» Nitrogen inorganic gas gas MOCVD, MBE no
NH; Ammonia nitrogen hydride gas MOCVD, MBE, VPE, corrosive
v sublimation
N2H, Hydrazine nitrogen hydride gas
(CH3)sCNH; Tertiarybutylammine organometallic ~liquid
CHeHs Phenylhydrazine organometallic liquid
LV AIN Aluminum nitride powder solid sublimation no
GaN Gallium nitride powder solid sublimation no
Cp2Mg Biscyclopentadienyl- organometalic solid MOCVD, MBE, VPE pyrophoric
I magnesium
(P-type Mg Magnesium metal solid MBE no
dopant) DEZn Diethyl-zinc organometalic liquid MOCVD, MBE, VPE pyrophoric
DMZn Dimethyl-zinc organometalic liquid MOCVD, MBE, VPE pyrophoric
Zn Zinc metal solie MBE no
SiH,4 Silane hydride gas MOCVD pyrophoric
Si; He Disiland hydride gas MOCVD
Si Silicon metal solid MBE no
GeH, Germane hydride gas MOCVD toxic
H.S Hydrogen sulfide nonmetal hydride gas MOCVD toxic
H,Se Hydrogen selenide nonmetal hydride gas MOCVD
able and much cheaper. However, there is sFill intense AIN/(00.DALQ, W6ALQ,
research to develop a better group V. source, in terms of :
ease of cracking, purity and efficiency [25]. pe————
~~ I
V. STATE-OF-THE-ART OF III-NITRIDE é 3l
THIN FILMS g 02 g [
1. Aluminum Nitride (AIN) = E
Aluminum nitride thin films have been synthesized for g o5 25 ‘;g( d:;’e;;‘ o
many years for use as a ceramic for coating because of
their high physical strength. These films were all amor- —

phous and were generally grown using RF sputtering.

It is only after the growing interest in GaN that more
monocrystalline AIN films have been synthesized. Bulk
AIN single crystals are being investigated using the sub-
limation sandwich method. Bulk AIN represents a fu-
ture direction for the research on this material. How-
ever, AIN thin films are generally grown on basal plane
Al,03 or SiC substrates, without a buffer layer. This
is due to the fact sapphire and AIN share a common
element: aluminum, which makes the bonding at the in-

A K] B 40 7]

203 (degrees)

Fig. 2. Symmetric x-ray diffraction spectra of an AIN film
on basal plane sapphire [27].

terface much easier. Epitaxial films are rarely thicker
than 1~1.5 um. High crystalline quality films have been
achieved on Al,O3 and SiC substrates with open detec-
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Fig. 3. Room temperature optical absorption of AIN film
on basal plane sapphire [27].

tor symmetric x-ray rocking curve linewidths as low as 90
and 60 arcsecs respectively, as shown in Figure 2 [26,27).

As grown AIN films are almost always insulating. The
origins of this behavior are still controversial and much
research work is needed to understand the insulating be-
havior of AIN. Negative electron affinity (NEA) has also
been reported from AIN films [28]. This effect has been
used to demonstrate cold cathode structures using AIN
films [29]. The piezoelectric properties of AIN has been
investigated for a number of years for Surface Acoustic
Wave (SAW) applications [30]. The optical properties of
AIN are assessed through optical absorption (Figure 3)
and cathodoluminescence. The nonlinear optical prop-
erties of AIN are an interesting field for future research
which has been little touched, although second harmonic
generation from AIN films were conducted and yielded
the non linear coefficients:

D =10pm/V and x{2. =05 pm/V.

2. Gallium Nitride (GaN)

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;03 and SiC substrates are
most commonly used. Films as thick as 100 #m have been
reported, depending on the growth technique utilized. In
face of the growing interest in these materials, there has
been an effort to grow bulk GaN single crystals using high
pressure growth or hydride VPE followed by substrate
lift-off. This is undoubtedly a promising topic for future
research. )

High crystalline quality GaN thin films have been
achieved, with open detector x-ray rocking curve
linewidths as low as 30 arcsecs (Figure 4) and asymmetric
x-ray rocking curve linewidths as low as 400 arcsecs [27].
The thermal stability of GaN has been reported [31].
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Fig. 4. Symmetric x-ray diffraction spectrum of an GaN
film on basal plane sapphire [27].
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Fig. 5. Room temperature optical transmission and photo-
luminescence from a GaN film on Al,O3 substrate [27].
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Undoped GaN films are usually either highly resistive
or exhibiting n-type conduction with a residual carrier
concentration ~10'® cm~3 at room temperature and an
electron mobility as high as 900 cm?/Vs. Theoretical
calculations showed that the maximum 300 K electron
mobility in GaN was 2,350 cm?/Vs. The pyroelectrici-
ty properties of GaN have been measured and yielded a
pyroelectric voltage coefficient of ~10* V/mK.

The optical properties of GaN are usually assessed
through optical transmission and photoluminescence
(PL), as shown in Figure 5. Free excitons A, B and C
have been observed with peak linewidths of ~1-3 meV at
2 K using photoluminescence (PL). The room tempera-
ture PL linewidths are typically as low as ~30 meV, as
shown in Figure 5. Residual acceptor and donor relat-
ed luminescence transitions are often observed as well.
A broad ‘yellow’ luminescence is sometimes observed
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and has been attributed to defects in GaN (see Section
7). Transition metal (e.g. Fe, V) have been observed
by infrared spectroscopy. Second harmonic generation
from GaN films have yielded the non linear coeflicients:
X(zzz)x = xg),,- which was 11 times the x,(,z),; of quartz, and

X2, which was —22 times the Xz of quartz [6].

3. Ternary Al;Ga;_.N

Ternary Al,Ga;_ N has been grown over the entire
compositional range. Generally an AIN or GaN buffer
layer is used, although there are some reports of Al-
GaN buffers. Here again, basal plane Al;O3 and SiC are
the preferred substrates. The films are typically thin-
ner than 1~1.5 um. High crystallinity AlGaN films have
been achieved on sapphire substrates, with open detector
symmetric x-ray rocking curve linewidths as low as 100
arcsecs [32].

The resistivity of Al.Ga;_.N was found to increase ex-

ponentially with Al concentration (z) [32]. This behavior
still needs to be understood and is an important area of
future research. Low Al cohcentration alloys sometimes
show limited n-type conduction due to residual donors as
in the case of GaN. Al,Ga;_.N are reported to exhibit
negative electron affinity for z > 0.75 and have been used
in cold cathode applications [29].

The optical properties of Al;Ga;_;N have been as-
sessed using cathodoluminescence and optical absorp-
tion, in particular to determine the bandgap energy
as shown in Figure 6. A bandgap bowing parameter

ALGe, N
T=300K

Al%
100 %
T74%
61.7%
62.7%
52.8%
27%
33.5%

25.7%
19.1%
154%
11.3%
71%
3.5%
0%

Optical transmission (relative units)

T
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Wavelength (nm)

Fig. 6. Room temperature optical transmission  of
Al;Ga;—.N for 0 < z < 1 [32].
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Fig. 7. Room temperature energy gap of Al:Ga; N deter-

mined by optical absorption as a function alloy composition
as determined by x-ray diffraction [33].

has been measured to be between —1.0 and 1.0 eV, as
shown in Figure 7 [33]. Calculations (for zinc blende
Al;Ga;_;N) have predicted this parameter to be 0.53
eV. There is some uncertainty on the exact alloy com-
position due to the presence of strain in the thin films.
Ellipsometry and photoreflectance measurements have
been conducted and yielded the refractive index of a few
Al,Ga;_,N alloys (e.g. 0.1 lower than GaN for £=0.1).

4. AlGaN/GaN heterostructures

One of the main advantages of the III-Nitrides over
other wide bandgap materials such as SiC is the poten-
tial to fabricate heterostructures and achieve bandgap
engineering within the same material system. However,
AlGaN/GaN heterostructures are still in their infancy
and much remains to be done.

Two dimensional electron gas (2DEG) has been
demonstrated at the AlGaN/GaN interface. Room tem-
perature electron mobilities as high as 2,000 cm?/Vs have
been measured for a sheet carrier density of 103 cm™2.
At 20 K, the electron mobilities were as high as 5,700
¢cm?/Vs and 7,500 cm?/Vs for structures on sapphire
and SiC substrates for a sheet carrier of 5x10'? cm™2
[34]. Theoretical modelings showed that piezoelectric
scattering, as well as polar optical and ionized impuri-
ty scattering, played an important role in the mobility of
2DEG in GaN [35].

Calculations of the strain induced piezoeffect at lat-
tice mismatched III-Nitrides have been carried out. The
piezoelectrically induced charge in GaN/AlGaN has been
measured in field effect transistor structures [36].
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Fig. 8. Room temperature optical transmission of
Al;Ga;-zN/Al,Ga;—y N multilayer Bragg reflectors [32].
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Fig. 9. Open detector x-ray diffraction spectrum of a 13
period 500 A Aly2GaosN/50 A GaN superlattice.

Band alignments in the ITI-Nitride material system
have been investigated and remain a controversial is-
sue. Theoretical calculations estimated that the valence
band offsets of (wurtzite) AIN, GaN and InN to be
: AIN/GaN=0.7~0.81 eV and GaN/InN=0.3~0.48 eV.
Experimental measurements of the valence band offsets
yielded: AIN/GaN=0.70~1.36 eV, GaN/InN=1.05 eV
and AIN/InN=1.81 eV [37].

Bragg reflectors using Al;Ga;_-N/Al,Ga;_yN multi-
layers have been demonstrated. The peak reflectivity
could be tuned by varying the periods of the multilay-
er structures, as shown by the a sudden decrease in the
optical transmission spectrum in Figure 8 [32].

X-ray diffraction from AlGaN/GaN superlattices have
revealed clear satellite peaks, as shown in Figure 9. This
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confirms that high structural quality interfaces can be
achieved in this material system.

5. Ternary Ga;—.In,N

Ternary Gaj_zIn;N have been grown in the entire
composition range. However, the material quality sig-
nificantly deteriorates as the In concentration increas-
es. It was shown that the Ga;_,In.N alloy composition
and material quality very strong depended on the growth
conditions, in particular the growth temperature, growth
pressure, V/III ratio, growth rate. To grow alloys with
higher In concentration, it is generally necessary to lower
the growth temperature, raise the growth pressure, in-
crease the V/III ratio and growth rate [38].

Moreover, it has been reported that GaN and InN have
a miscibility gap [39]. Ga;_zIn,N films are generally thin
(<0.5 pm) and are grown on thick GaN films (>1 gm) on
basal plane Al;O3 or SiC substrates. The x-ray rocking
curve linewidths can be as low as 480 arcsecs (for 14 %
In) [40]. ‘

As grown Gaj_In;N films generally show n-type
conduction (n > 10!7 ¢cm™3 at 300 K). Room tem-
perature photoluminescence measurements showed that
Gaj_,In;N can have a linewidth as low as 70 meV (for
14 % In). The bandgap bowing parameter has been
measured to be between 1.0 and 3.2 eV, as shown in
Figure 10 [33]. Theoretical calculations (for zinc-blende
Gaj_;In;N) predicted a value of 1.02 eV. Ellipsome-
try has yielded the refractive index of Gaj_zIn;N to be
~0.05 higher (for £=0.06) than that of GaN.

Improving the quality of Ga;_ In;N compounds for
z > 0.5, as well as enhancing the uniformity of the growth
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Fig. 10. Room temperature energy gap of Ga;_;In,N de-
termined by photoluminescence as a function alloy compo-
sition as determined by x-ray diffraction [33]. Data points
labeled “Nichia” are taken from reference [40]. Data points
labeled “CQD” are taken from reference [33].
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over large areas remain a challenge for the future.

6. GaInN/GaN Heterostructures

GalInN/GaN heterostructures and quantum wells have
been reported, although they have been more often char-
acterized in actual devices [41,42].

The cathodoluminescence intensity was shown to in-
crease by several orders for GaInN/GaN multi-quantum
wells compared to bulk GalnN films [43]. There have
been reports of “composition pulling effect” in thin
GalInN films grown on GaN [44]. It was shown that the
lattice mismatch between the growing GalnN layer and
the underlying GaN prevented the incorporation of indi-
um into the lattice. This can have significant effect in
the control of the emission wavelength from GalnN/GaN
quantum wells. Finally, quantum confined Stark effect
in GalnN/GaN multiquantum wells due to piezoelectric
effects has been recently reported to influence the opti-
cal properties of these structures [45]. This effect can be
minimized by adequately doping the structures with Si.

VI. DOPING OF III-NITRIDES

In order to fabricate devices, it is necessary to con-
trol the doping of III-Nitrides. The n-type doping in
these materials has generally been much easier than the
p-type doping. this is mainly because III-Nitrides have
the tendency 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
I1I-Nitrides, whereas C seems to act as an acceptor. This
is due to the fact that Si and Ge have an electronegativ-
ity closer to Al, Ga and In than N, and thus would be
more likely to replace Al, Ga and In than N. The elec-
tronegativity of C is closer to N than to the group III
elements, and thus would more likely to replace N in the
ITI-Nitride lattice.

1. N-type Doping

There have been a few reports of Ge doped AIN films
which exhibited n-type conductivity, although not much
information is available.

The n-type doping of GaN films has been much more
investigated using Si, Ge [46], Se, sulfur [47] and oxy-
gen. The most successful dopants have been Si and Ge.
Doping control has been achieved up to a carrier con-
centration of 1020 cm~3. The Si level in the bandgap
was estimated to be ~22 +4 meV below the bottom of
the conduction band [48]. Impurity band conduction is
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usually observed at low temperatures.

The n-type doping of Al;Gaj_N compounds has been
successfully carried out using Si and Ge [49]. N-type con-
duction has been observed up to an Al concentration of
z < 0.6. Future research will be oriented towards enhanc-
ing the n-type conductivity for alloys with £ > 0.6. The
n-type doping of Ga;_.In;N alloys using Si has also been
conducted, although this has not been done to enhance
the electrical properties of the films but rather the optical
properties. It was shown that Si doping of Ga;_;In.N
significantly increased the photoluminescence intensity

[50].

2. P-type Doping

There have been only very few reports of doping of
AIN films by incorporating unusually high amounts of C
into the lattice [51].

The p-type doping of GaN films has been achieved us-
ing Mg. The doping control is not easy at all as it is very
sensitive to dopant flow rate. As doped films are gener-
ally insulating (except a few reports of as grown p-type
GaN by MBE) and require post-growth treatment such
as thermal annealing (>600 °C under nitrogen or vacu-
um) or low energy electron beam irradiation (LEEBI) to
activate the p-type dopant [52,53]. The mechanism by
which this happens has been identified as the breaking
of Mg-H bond [54]. The concentration of Mg atoms in
the lattice is typically <10'® cm~3, but the room tem-
perature free hole concentrations are generally <5x10'8
cm~3 for a mobility <20 cm?/Vs. The activation energy
of Mg has been estimated to be 150~200 meV. Impurity
band conduction is also observed at low temperatures in
p-type GaN films.

The p-type doping of Al;Ga;_.N has been carried out
using Mg and the alloys showed p-type conductivity up
to z < 0.3 [32]. Gaj—zIn;N alloys have also been p-type
doped using Mg for = < 0.09 [55].

Much more research work in the p-type doping of III-
Nitrides is necessary in the future, in particular for GaN
and for Al;Gai_zN for £ > 0.3. Research directions in-
clude new doping sources, new doping scheme involving
co-doping [56].

VII. DEFECTS STUDY IN III-NITRIDES

Because nearly all III-Nitride films used in devices are
grown on a foreign substrate, defects will necessarily form
at the epilayer/substrate interface. The high densities of
defects generally lead to much confusion and has made it
difficult to separate the effects due to one type of defect
from those due to another.

The GaN films grown on sapphire exhibit a limited
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coherence length which is at the origin of the GaN x-
ray diffraction peak broadening, as determined through
reciprocal space maps of GaN films on AlyO3. This was
consistent with transmission electron microscopy (TEM)
measurements [57).

Threading dislocations and stackmg faults are one of
the most common defects in III-Nitrides and are visual-
ized using TEM. AIN films on sapphire generally exhibit
threading dislocation densities ~10'° cm~2 with Burgers
vectors of the type 1/3<11-20> [568]. Threading dislo-
cations densities in GaN are generally higher than 108
cm~2, even for GaN on limited bulk GaN substrate. The
Burgers vectors are of the type 1/3<11-20> (pure edge)
and 1/3<11-23> (mixed screw-edge) [59].

Some of these defects can be visualized through etch
pit revelation after wet chemical etching. Etch pits have
been studied and compared in GaN grown using different
Ga precursors [24]. Different etch pit sizes and shapes
were observed. An etch pit density of ~10* cm~2 could
be determined. Atomic force microscopy and TEM have
also been used to reveal pits in GalnN [60].

Point defects are usually experimentally observed indi-
rectly using optical methods such as photoluminescence
or cathodoluminescence. For example, Ga vacancies have
been shown, both experimentally and theoretically, to
be one cause for the yellow photoluminescence in GaN
films [61]. Spatially resolved cathodoluminescence also
revealed that this yellow luminescence was stronger at
grain boundaries [62].

Obviously, the ultimate objective will be to achieve
defect-free III-Nitride films. Unless high quality bulk
ITI-Nitride substrates become available, other approaches
have to be developed to reach this goal.

The first will be to use of compliant substrates with
wafer bonding and substrate lift-off [63]. This has been
achieved for InSb on GaAs. However, several issues,
such as the stiffness of III-Nitride materials, Al;03 or
SiC substrates are likely to limit the applicability of this
technique for III-Nitrides. Lateral epitaxial overgrowth,
followed by substrate lift-off as well, is a promising tech-
nique to achieve nearly dislocation free films. This re-
quires the capability to apply a dielectric pattern onto
a template layer, followed by single or multiple-step re-
growth [64]. Finally, multilayer techniques can also be
used to minimize the propagation of threading screw dis-
locations to a density below 107 cm~2 [65].

VIII. PROCESSING TECHNOLOGIES

The methods of fabrication for III-Nitride devices have
always been challenging due to the wide bandgap of the
Nitrides which makes them physically and chemically sta-
ble and which limits the number of metals that can form
good ohmic contacts.
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1. Etching

Because most devices are grown on sapphire which is
insulating, it is not possible to make back electrical con-
tact through the substrate. Etching is therefore a critical
and necessary step for the fabrication of most optical and
electronic nitride-based devices, in particular to be able
to reach both electrical contacts.

Conventional wet chemical etchants have not been suc-
cessful for use in the fabrication of GaN-based devices
due to the low chemical reactivity of the nitrides. Many
dry etching techniques have been found to be successful,
but ion-induced damage to the etched surface, such as
gate recessing for FETs, is unacceptable. Some study
has been done using a photoenhanced wet etching tech-
nique, which achieved etch rates of 50 nm/min and a sur-
face roughness of 1.5 nm [66]. Unfortunately, this etching
method does not seem as efficient for p-type GaN due to
the nature of the surface oxidation reaction involved.

A more universal procedure for etching nitride materi-
al involves a low ion energy, high density plasma etching
technique such as inductively coupled plasma reactive ion
etching (RIE), electron cyclotron resonance (ECR), and
chemically assisted ion beam etching (CAIBE). These
methods offer low energy ion bombardment and smooth,
anisotropic etching at high rates. Important parameters
in such processes include the chamber pressure, electrode
temperature, ion energy, ion density, electromagnet cur-
rent, gas chemistry, and ion bombardment angle. Several
plasma chemistries have been utilized in these high den-
sity plasma systems, which provide varying levels of etch
rate matching between binary compounds. A few popu-
lar chemistries, along with their attributes are listed in
Table 8 [67-69].

Beside etching the I1I-Nitride device structure in order
to be able to achieve electrical contact, dry etching has
also been a promising method to fabricate mirror facets
in nitride based lasers.

Indeed, because of the 30 degree rotation between the
crystal lattices of III-Nitrides and sapphire substrate,
the cleaving planes of the epilayers and substrates do
not coincide. Mechanical polishing has been a popu-
lar method to achieve mirrors in III-Nitrides, but it is
a time-consuming, cumbersome task that rarely achieves

the smoothness desired and is not a viable option for

mass production.

Dry-etching still is the most popular technique for mir-
rors in III-Nitrides, because it is easy and fast; although,
the cleaving of sapphire after substantial substrate thin-
ning is recently making a growing case. Using dry etch-
ing, to attain a smooth vertical mirror, it is important
that the etch be non composition dependent in order to
attain similar etch rates for each layer in the laser struc-
ture, thus ensuring that there will be no undercutting,
protrusions or other significant flaws in the etched verti-
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Table 8. Plasma etch chemistries, their etch rates for various Nitride-based binary compounds and advantages.

Chemistry Material Typical etch rate* Comments
GaN 2850 A/min This chemistry does not allow for the
SiCly /Ar AIN’ 1245 A /min incorporation of hydrogen. At hight temp,
InN 3840 A /min 170 °C, inN and GaN are both ~2350 A/min.
GaN 4800 A /min If H> used the etch rates will be slightly
AIN 1150 A/min higher, but the different compounds will
CH./(H2)/Ar InN 5850 A /mi i , .
n A /min have more unequal)rates:of etching.
InGaN 3200 A/min \
GaN 1450 A/ min CH4 provides polymer sidewall
CH, /by /Ar AIN 1150 A/min protection for additional anisotropy, but
. InN 3300 AYmin coats the chamber walls and requires
InGaN 3500 Alfmin extensive conditioning of chamber.
GaN 6000 A/min .
Cl,/BCls /Ar AIN 5000 A/min Dt°;e not ‘?tm:lili; hyd;f’ge“' Vergy f"f;
InN 6500 A/min etch rates for ree binary compounds.

*Etch rates are dependent on recipe parameters. These numbers should only be viewed as a comparison index for within each

chemistry.

cal plane. Furthermore, with the advances in high densi-
ty plasma control and directional ion bombardment sys-
tems such as CAIBE, the ability to achieve an anisotropic
sidewall to the etch is developing rapidly. The standard
roughness for these mirrors is about 50 nm. Recent in-
vestigations have placed the reflection coefficient at about
15 % [70]. Although this value is what is expected for a
GaN-air interface, it is not sufficient for high-power, ‘_long—
lifetime lasers and high reflectivity coatings are usually
used in nitride lasers. A '

Although the dry etching technology of III-Nitride ma-
terials has been successfully developed, the results are
still not consistent, i.e. there are no standard etch recipes
that work universally. This may be due to the fact that
the etches are conducted on materials with very dissimi-
lar quality. The future in dry etching of III-Nitrides will

be to develop such a standard etch. Important qualities’

of this ideal etching recipe are high etch rate, minimum
structural and electrical damage, and reproducibility.

IX. METAL CONTACTS
L)

When a metal is appléigéd to a semiconductor, the junc-
tion can be ohmic or redtifying, leading to an ohmic or a
Schottky contact.

High quality, low-resistance ohmic contacts are a neces-
sary component in the fabrication of nitride based devices
in order to electrically connect the semiconductor device
structure. For example, a high metal-GaN contact resis-
tance would result in a voltage drop and thus hinder the
performance of these devices. This is even more impor-
tant in lasers where high contact resistance is a common
cause for the high threshold voltages and Joule heating
which leads to early device failure. Low-resistance metal
contacts on both p- and n-type III-Nitrides are therefore
much sought for, but because of their wide bandgap, not

many metals have the adequate work function to form a
ohmic contact to ITI-Nitrides.

Electrical contacts to n-GaN are well-studied, and sev-
eral different schemes have been found to be acceptable
for use. The ohmic/rectifying nature of the metal contact
is usually easily predicted because the barrier directly de-
pends on the work function difference between the metal
and the semiconductor. Any metal with a work function
less than that of n-GaN is expected to form an ohmic
contact to it provided that there are no surface states.

However, this is not always the case because of contam-
ination and oxide which can exist on GaN surfaces. These
problems can be solved by utilizing some surface prepa-
ration techniques, which, when performed before the for-
mation of the contact metal, can improve the contact
performance greatly. The simplest method of prepar-

" ing a surface for metal evaporation to prevent either an

oxide film or debris on the surface to affect the electri-
cal properties of the junction involves cleaning, including
standard degreasing techniques, dipping the wafer into a
dilute HCI solution or dry etching. The latter may actu-
ally serve a three-fold purpose: cleaning the surface of the
wafer by sputtering off any native oxide, increasing the
roughness of the surface and increasing the contact area,
increasing the number of point defects at the surface due
to damage and thus creating an effective n* layer near
the surface. ' '

All the metals which are in direct contact with the
semiconductor surface share the common characteristic
of low work function. Bilayers and compound metal
structures are carefully designed to utilize the electrical
and mechanical properties of the alloys that are formed
during their heating, as well as to provide a top contact
metal layer on the surface for wire bonding purposes.
Ohmic contacts can be fabricated very effectively using
either a low or high temperature post-evaporation an-
nealing. For example at low temperatures, between 400
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Table 9. A list of ohmic metal contact schemes for.use with
n-GaN.

Contact

Nitride T

material material Resistivity
Nd/Al 9.8x10~° Q/cm? (RTA)
Ti/Au 3x10~% Q/cm®

0.GaN Pd/Al 1.2x107° 2/cm? (650 °C anneal)
Ti/Al 5x10™° Q/cm? (600 °C anneal)

Al 8x107% Q/cm?
Ti/Al/Ni/Au 8.9x107% Q/cm® (RTA+RIE)

to 600 °C, Ti acts as an oxygen getter, thus reducing
the native oxide on the surface, and an Ti-Al intermetal-
lic phase can form and come into contact with the GaN
[71]. Aluminum alone, when heated, could also reduce
the native oxide, but is limited by the formation of an
AIN layer which accompanies excessive annealing. At
higher temperatures (>900 °C), if Ti is used as the first
contact material, it has been found that TiN will form
at the junction of Ti and GaN [72]. This semi-metal,
coupled with the nitrogen vacancies near the interface,
forms a very low resistance ohmic contact.

Some common contact schemes used in attaining ohmic
contacts to n-GaN are such as RIE damage and post-
evaporation annealing (rapid thermal annealing or RTA)
are indicated in Table 9 [71-75].

While much work has been done to achieve the realiza-
tion of a low resistance, ohmic contact to n-GaN, the in-
vestigation into the p-GaN metal contact has been limit-
ed and sparse. Ni/Au is the most popular bilayer contact
scheme used currently in many blue laser designs. It is
chosen due to the large work function of Ni, as well as its
ability to adhere well to the surface of the material, and
the thermal quality and wire bonding continuity that Au
offers. Some insight into the mechanisms behind p-GaN
interaction and Ni/Au is necessary to determine whether
this is indeed the best choice of material. Many different
metals with high work functions have been investigated,
and a definite correlation between resistivity and work

function was demonstrated [76]. Unfortunately, no work

has been published yet which illustrates achievement of
the low contact resistance required for blue lasers.
Also essential for many devices are Schottky contacts.

Table 10. A list of contact material, built in potential,
barrier height, and ideality factor for Schottky contacts to
p-GaN.

Nitride Contact Built in Barrier Ideality

material material potential height factor
Cr 0.52 V 0.55 eV 1.05
Au 1.00V 1.03 eV 1.15

n-GaN Ni 112V 1.13 eV 1.17
Ag 0.82 eV 1.01
Pb 0.73 eV 1.01
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. For example, Schottky barrier photodiodes and JFETSs

make use of a high-quality rectifying contact to the semi-
conductor material. Thermal stability is very important
for use in high temperature applications. A short list of
some tested materials is shown in Table 10 [77,78].

Low resistance ohmic metal contacts to n-type GaN
are well developed and do not need much work in the
near future. By contrast, ohmic metal contacts to p-type
GaN will receive the most attention. The development of
Schottky contacts is still immature. Although interest in
this area of research is growing, the contact quality must
be improved to support the evolution of current devices.

X. DEVICES
1. Electronic Devices

Not only are III-Nitrides suitable for optical devices,
they are also promising for electronic devices. Unlike
optical devices which make use of Ga;_.In.N alloys to
span the visible optical spectrum, electronic devices use
Al,Ga;_ N compounds to make use of the large break-
down voltage, high saturation velocity and thermal con-
ductivity of these materials, in order to fabricate devices
which could operate at high-frequency, high power and
high temperature. AIN is also a promising insulating
material as an alternative to oxides [79]. Four figures
of merit are generally used to characterize materials for
electronic devices.

1. The Johnson figure of merit (JFM) is related to the
electronic properties of materials. It characterizes the
frequency-power trade-off, since high frequency usually
requires small device dimension while high power need
large device size. JFM is calculated as:

EnVi\?
2T ’

JFM:(

where E,, is the breakdown voltage, V; is the saturation
velocity.

2. The Keyes figure of merit (KFM) is related to the
material thermal properties. It characterizes the device
size and thermal resistance trade-off, and is calculated
as:

RN,
%)12’

where X is the thermal conductivity of the materials, ¢
is the speed of light, and ¢ is the material dielectric con-
stant. ‘

3. The Baliga figure of merit (BFM) addresses con-
duction losses of low frequency power devices and is cal-
culated as:

BFM = euE3,

KFM:,\(

where p is the carrier mobility in the material.
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Table 11. Comparison of the Johnson figures of merit of
different materials.

. Ey Ve [(EsVs )/1r]2 Ratio to

Material (V/cm) (cm/s) (V3/s?) Silicon
Si 3x10°  1.0x107 9.1x10% 1.0
GaAs 4x10°  2.0x107 64.8x10% 7.1
GaN 50x10°  2.7x107  18466x10% 2029
6H-SiC 40x10°  2.0x107  6485x10%° 712

3C-SiC 40x10°  2.0x107 6485x10%° 71

Diamond  100x10°  2.7x107  73863x10% 8117

Table 12. Comparison of the Keyes figures of merit of dif-
ferent materials.

or (300K) V, or (Vs/e-)!/? Ratio to

Material

(W/cm)  (cm/s) (W/cm'/2s'/2)  Silicon

Si 1.5 1.0x107 11.8  13.8x10° 1.0
GaAs 0.5 2.0x107 12.8  6.25x102 0.45
GaN 1.3 2.7x107 9 22.5%102 1.6
6H-SiC 5.0 2.0x107 9.7  71.8x10? 5.2
3C-SiC 5.0 2.0x107 9.7 71.8x10° 5.2
Diamond 20.0 2.7x107 5.5  443.1x102 32.1

4. The Baliga high-frequency figure of merit (BHFM)
addresses switching losses of high- frequency power de-
vices, due to charging and discharging, and is calculated
as:

BHFM = epE2,

These figures of merit allow give some type of compar-
ison between III-Nitrides and other semiconductors for
high-frequency, high-power and high-temperature elec-
tronic devices. The values are generally normalized to Si.
The values for the JFM and KFM are listed in Table 11

Table 13. Comparison of different types of UV photodetectors.

-5213-

and respectively. From these tables, it can be seen that
GaN, AIN are promising materials for high-performance
electronic devices.

To date, III-Nitrides-based metal-insulator, metal-
semiconductor and heterojunction field effect transistors
(MISFET, MESFET, HFET), as well as GaN/SiC hybrid
heterojunction bipolar transistors have been demonstrat-
ed. More recently, AlGaN/GaN modulation doped field
effect transistors (MODFET) with cut-off frequency as
high as 50 GHz and maximum frequency of 92 GHz have
been achieved. These devices were able to operate up to
500 °C.

Piezoelectric effect between AlGaN and GaN interfaces
has been investigated to generate two-dimensional elec-
tron gas at the interface without doping of the barrier.
HFET based on this piezoelectric effect has been demon-
strated with cut-off frequency as high as 62 GHz and a
maximum frequency up to 140 GHz.

In spite of these successes, the development of III-
Nitride based electronic devices is still in its infancy.
Much research work will be necessary to enhance the
performance and reliability of these devices and fulfill the
expected potential of III-Nitrides for high frequency, high
power and high temperature electronic devices. This will
mostly rely on improvement of the material quality and
metal contact technology.

2. Ultraviolet Photodetectors

There are many types of types of photodetectors.
Photoconductors, metal-semiconductor-metal (MSM),
Schottky barrier, and photovoltaic diodes are the most
common. They are all considered useful for certain appli-
cations. The advantages and disadvantages of each type

P hototi(;::eecotor Advantages Disadvantages Challenges
. o Low speed . .
¢ d
Photoconductors Easy to fabricate o Large dark current o Interdigitated patterns

o Internal photoelectric gain

o Large Johnson noise

require enhanced resolution.

o Low or zero dark current

o High-speed

o High impedance (good for FPA
readout circuitry)

P-n or p-i-n o Compatible with planar processin

o Speed is limited by
minority carrier diffusion
time and storage time

o Etching in nessary to
expose various layers
o Ohmic contacts

photodiodes technology (for FPA) o Speed and quantum necessary to both n-
o For p-i-n photodiodes, easey effciency trade-off and p-type material
optimization of quantum efficiency
and speed with I layer
o Require high absorption
Schottky o H%gh efficiency coefficient .
photodiodes o High speed o No-sharp cut-off (below o Schottky contact is needed

o Easy to fabricate

bandgap res.)

o Front side illumination needed
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of photodetectors are summarized in Table 13 [11].

The development of photodetectors based on III-
Nitride material began with the most simple device de-
sign, the photoconductor. This device required no p-
GaN layer to operate, and therefore simplified not only
the growth demands, but also the fabrication steps be-
cause etching steps were not needed to define the device
or contact two electrically different types of GaN layers.
Both single stripe devices and interdigitated contact de-
signs have been pioneered to explore the limits of current
responsivity, noise equivalent power (NEP), temporal re-
sponse, and rejection ratio. The current responsivity de-
pends on two main factors: the quantum efficiency, 75,
and the photoconductive gain, G, which are assumed to
be constant over the volume of the device. The quantum
efficiency is a measure of how well the input radiation is
coupled to the electrical area of the photodetector. It is
usually defined as the number of electron-hole pairs gen-
erated for each incident photon. Photoconductive gain
is a concept that simplifies the idea of a photoconduc-
tive phenomenon. The responsivity is significantly high-
er for devices utilizing the closely spaced interdigitated
contacts due to the photoconductive gain mechanism ex-
ploited in the design. The noise equivalent power (NEP)
is also a parameter used to measure the performance of
a detector. It is the ratio of the current noise to the re-
sponsivity of the device. Another popular metric used
to quantify the performance of a UV detector is the UV-
to-visible rejection ratio, which is the ratio of the pho-
toresponse of UV light to the photoresponse of visible
light. These parameters are outlined with their appropri-
ate values in Table 14 for several types of photodetectors
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reported in the literature [80-89].

The characteristics of current photoconductor devices
include very fast response detectors [82], Al;Ga;_N de-
tectors over the entire range (0 < z < 1) [80], and demon-
stration of gain mechanism in an MSM detector by using
interdigitated contact design with a gain over 3000 A/W
[83]. GaN detector arrays have also been demonstrated.
The kinetics of photoconductivity has also been investi-
gated in GaN photodetectors [90].

Schottky diodes are the most 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 NEP [84].
They have also fabricated the first GaN-based photode-
tector grown on a Si substrate rather than the popular
c-plane sapphire substrate [85].

The last part of Table 14 highlights the reported results
for p-n and p-i-n photodiodes [91]. To date, all the p-
n junctions in the photodiodes were formed using GaN,
leading to a cut-off wavelength of 365 nm corresponding
to the bandgap of GaN. The temporal response for these
detector designs led to carrier lifetimes as low as 20 ns,
with very low NEP, good responsivities (0.10~0.14 A/W)
and rejection ratios of about three orders of magnitude.
The latest  advancement in this field was a GaN p-i-n
photodiode which not only has a high responsivity of
0.15 A/W, but made a jump from the typical rejection
ratio of 103 to a much larger 10%, as shown in Figure 11
[89].

The progression to faster response, higher rejection of
visible light, lower noise interference, and better response
are all indicative of not only improved designs, but also a

Table 14. Major accomplishments in Nitride based detectors: photoconductors MSM and Schottky diodes, and photovoltaic

detectors.
Detector R (A/W) G NEP (N) T Re}{ictli;ion Rescarch Group
GaN PC 125 600 20 ns - Boston University
Al,Ga; N 18~300 64~150 <1078 1~2 ms 10° APA Optics
ﬁ?égilePgC (0<z<1) (singl>e ;]ripe) <107 <3 ms 10° CQD{II:;?r};‘i’:;Stem
GaN MSA 0.3 > 10° ,IFJ:;?:E’; ti’j
GaN MSA (inter?ifgi(zated) 300ps > 10° NAS?l-iglﬁ;ddCZ:iefpace
. n-GaN Schottky PD 0.18 065  5x10=° 120 us 10 Tef:}re(zﬁtﬁiv.
n-GaN Schottky on Si (111) 0.10 4x10°° 102 T‘:CI;AU(zi‘:,t.i"’; g"s’;‘;‘ie
GaN pi-n PD 0.11 0.48 8.2 s Y o Associates,
GaN p-z-n PD 0.10 4x 10~ 18 ns 10° APA Optics, Texas Tech
AlGaN/GaN p-i-n PD 014 0.5  8x10™2  12ms 10° Uv’grz;;ftia‘{folrli‘ﬁ‘
GaN pi-n PD 0.15 0.5 2.5 us 10 CQD-Northwestern

University
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Fig. 11. Room temperature spectral response from a GaN
p-i-n photodiode. The responsivity at 514 nm was measured
using a high power argon laser, while the rest of the spectrum
was measured using a Xe lamp [89].

continued increase in the quality of material. III-Nitride
based UV photodetectors remain a very promising field
for research and development for the future.

3. Visible Light Emitting Diodes

To generate visible light using III-Nitride materials,
one has to use Gaj_zIn:N alloys in the active layer.

The first generation of blue and blue/green LEDs were
fabricated from GalnN/AlGaN double-heterostructures
(DH) [92]. Although these provided high optical out-
put, higher than 1 candela (cd), they had a broad spec-
trum with linewidths typically ~70 nm, while the emis-
sion 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
[93-95]. The emission peak linewidths for blue LEDs (450
nm) have been reduced to 20 nm, with brightness as high
as 2 cd. Green LEDs (520 nm) exhibited a emission peak
linewidth of 30 nm and luminous intensity of 12 cd. The
latest record has been achieved by using strained single
quantum wells of Ga; _,In;N. Violet (405 nm), blue (450
nm) and green (520 nm) LEDs has been demonstrated
with efficiencies of 9.2 %, 8.7 % and 6.3 % respective-
ly (see Table 15). These LEDs give better performance
than those made from other materials and join the main-
stream of LED evolution as shown in Table 16. White
LED have also been demonstrated by combining a blue
nitride LED with a phosphorescent coating of the LED
packaging. All these LEDs are now commercially avail-
able.

In addition to these high brightness LEDs, devices with
longer emission peak wavelengths, up to 600 nm (orange),
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Table 15. Nichia LED performances at forward current
I;=20 mA [93—95] (predicted lifetime ~60,000 hrs [96]).

Color Peak A (nm) Peak FWHM (rm) Pou: (mW) 7 (%)

Violet 405 20 5.8 9.2

Blue 450 20 5 9.1
Green 520 30 3 6.3
Yellow 590 90 0.5 1.2

Table 16. Comparison of visible I1I-Nitride LEDs and those
fabricated from other semiconductor materials.

External
quantum

Peak  Luminous Output

Color Material . .
wavelength intensity power

(nm) (mcd) (uW) efficiency (%)

AllnGaP 570 1000 400 1.0
Green GaP 555 100 40 0.1
ZnTeSe* 512 400 1300 5.3

InGaN 520 12000 3000 6.3

SiC 470 20 20 0.04

Blue ZnCdSe* 489 700 327 1.3
InGaN 450 2500 5000 9.1

*At forward curren Iy=10 mA, All others I;=20 mA.

have been achieved by increasing the indium composition
(Table 15) [96]. However, the performance of these de-
vices are not as satisfactory because the quality of GaInN
tends to deteriorate for higher indium compositions due
to the dissociation of GalnN at high temperatures, and
because of the higher lattice and thermal mismatch be-
tween the well and the barrier layers [97].

Despite the successful commercialization of III-Nitride
based LEDs, there remain some important issues.

First is the reliability of the:devices. These LEDs are
still fragile and require careful handling. They can be
easily damaged by reverse bias greater than 5 Volts or
forward current higher than 100 mA. This is surprising
because III-Nitrides are expected to have high-breakdown
voltages. An improper doping profile or high background
carrier concentration in GalnN could be the cause of fail-
ure at high reverse bias or large forward current.

Second is their thermal handling capability. The rec-
ommended operation temperature is <80 °C to avoid ear-
ly degradation of the devices. Ideally, ITI-Nitrides based
devices are suitable for much higher temperature oper-
ation because of their thermal properties. The unusual
low operation temperature could be due to the high de-
fect density in the materials and the thermal instability
of GaInN active layer. v

Third is the price. Commercial I1I-Nitride based LEDs
cost more than US$ 6 apiece, which is still too high for
large volume applications.

4. Violet-blue Laser Diodes

The realization of 1II-Nitride based laser diodes has
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Table 17. Current GaN-based blue laser diode playeré, -
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g:;)s::rch Date Structure I(I)lgsreatlon Threshold X),\(?::r)l) g;vt::t Fabrication Lifetime

Nichia Nov, GalnN MQW on pulsed 1.7 A@34V 417 215 mW@  RIE etchi'ng for not tested
1995 sapphire Q@RT 4 kA/cm? 1.6 2.3 A&34 V mirrors with HR (>24 hrs)

coating (60~70 %)

Meijo Mar, GaInN SQW-SCH Pulsed 16V 376 not given RIE etching for mirror not given

University 1996 on sapphire @RT 2.9 kA/cm?  0.15 & without coating &

Toshiba Sept, GaInN MQW on Pulsed@ 5 A@20 V 417.5 ot given cleaved along <1120> ot given
1996 sapphire RT 50 kA/cm?  0.15 & on c-sapphire &

Cree 1997 no details

Fujitsu i;sl)};’ (1’2 gaénN MQwW 2“{;,3‘1@1“‘ igokzlﬁ:(izg v 405~425 80 mW HR coated Not given

()

UCSB f;g;’ SC:;I;}EI;VIQW on Pulsed, RT ig;, KA /cm? 420 Not given RIE Not given

Xerox %c;% (1)2 iﬁ;ﬂIwa Z; (:S::@@I?I‘(Hz 25 kA /cm? 422~432 Not given Dry etching Not given

Sony ' gn(iz:l:gﬁl:gQW 5P(;1 (}Srelj’ IREI"IZ 9.5 kA/cm? 4175 <0.2 nm Cleaving Not give

Northwes- Dec, Pulsed, CW, 1.4 kA/cm® 2 mW /facets . . 140 hrs

tern Univ. 1997 GalnN MQW RT @7 K 405~410 (Pulsed) Mechanical polishing @RT

. Oct, 16 mA RIE mirror with HR 10,000
Nichia 1997 GalnN MQW CWQ@RT 1.5 kA/cm 390~420 2 mW coating hrs@RT

eluded the research community for many years. It is only
after thorough development of the material, processing
and device fabrication technology that such lasers have
been made possible.

There has been outstanding success in GaN-based blue
laser diodes in the past few years. To date, nine research
groups worldwide have demonstrated GaInN/GaN multi-
ple quantum well based violet-blue laser diodes and some
of the device characteristics are summarized in Table 17.
Blue laser diodes 6perating at room temperature and in
continuous wave mode with a projected lifetime of 20,000
hours have been demonstrated and are nearing commer-
cialization. Most of the recent nitride lasers share the
following characteristics.

o The active layer consists of a Ga;_;In;N/Ga;_yIn,N
or GalnN/GaN multi-quantum well (MQW) with an
emission peak ranging from 400 to 430 nm.

o 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 segrega-
tion.

¢ Laser performances are enhanced when Si doping the
wells and barriers of the MQW.

e The general structure of the laser consists of a sep-
arate confinement heterostructure, using AlGaN as the
cladding layers, although there has been report of Al-free
III-Nitride lasers [42].

e The p-type contact layer has a hole concentration in
the range of 108 cm~3.

The dislocation density in early generation of III-
Nitride based lasers is measured to be higher than 107
cm~2, which led to very short lifetime and low output

power. It is only recently that much higher output pow-
er and longer lifetime have been achieved by reducing the
dislocation density through lateral epitaxial overgrowth
(LEO).
From the above discussion, it can be seen that there are
still many fundamental issues that need to be addressed.
First, there is currently no real understanding of the

lasing mechanism in I1I-Nitride lasers. There are exper-

imental evidences that recomb