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ITI-Nitride wide bandgap semiconductors: a survey of the current status
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During the past decade, group IlI-Nitride wide bandgap semiconductors have become the focus of extremely intensive
reearch 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 develop-
ment of the fabrication technology and demonstration of commercial devices. The purpose of this paper is to review the phys-
ical properties of III-Nitrides, their areas of application, the current status of the material technology (AIN, AlGaN, GaN,
GalnN) including synthesis and processing. The state-of-the-art of IlI-Nitride material quality, as well as the devices which
have been demonstrated, including electronic devices, Al,Ga; N ultraviolet photoconductors, ultraviolet photodiodes,

visible light emitting diodes (LEDs) and ultraviolet-blue laser diodes, will also be presented.
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1. Introduction

Aluminium nitride (AIN), gallium nitride (GaN), indium
nitride (InN) and their alloys are commonly known as
“II-Nitride materials” or “IlI-Nitrides”. These materials
have exceptional physical properties, chiefly their wide en-
ergy bandgap, which make them the ideal building blocks
for numerous optical and electronic devices to be used in
many applications. The III-Nitrides have existed for many
years: AIN was synthesised by 1907 [1], InN by 1910 [2],
and GaN by 1932 [3]. However, because the material was
polycrystalline, it was not useful for semiconductor de-
vices. Only limited research had been conducted on
III-Nitrides until the 1980-1990’s when two major break-
throughs led to renewed interest in III-Nitrides: the devel-
opment 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 become a field of its own, whereas it used
to be part of the “wide bandgap semiconductor” ficld, and
commercial devices have become availble.

This paper will first review the physical properties of
III-Nitride materials, followed by a non-exhaustive de-
scription of the areas of applications. Technological details
will then be discussed, including the material growth and
the substrates used. The current state-of-the-art in III-Nitride
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thin films and heterostructures will be presented. The tech-
nology 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 pre-
sented, including electronic devices, ultraviolet photode-
tectors, visible light emitting diodes (LEDs) and ultravio-
let-blue laser diodes.

2. Physical properties of ITI-Nitride materials

Unlike more conventional semiconductors, such as silicon
(Si) or gallium arsenide (GaAs) which have a diamond or
zinc-blende structure with a cubic symmetry, III-Nitride
crystals are wurtzite in their stable form with a hexagonal
symmetry, belonging to the point group 6mm. III-Nitrides
are thus polar crystals because they do not have a centre of
symmetry [4]. They thus possess many other potentially
useful properties such as piezoelectricity, pyroelectricity
[5] and second harmonic generation [6,7]. The large differ-
ence in electronegativity between the group III and group
V elements (Al = 1.18, Ga = 1.13, In = 0.99, N = 3.0) re-
sults in very strong chemical bonds in the III-Nitride mate-
rial system, which are at the origin of most of the interest-
ing ITI-Nitride physical properties.

A direct result of this is the wide bandgap. ITI-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
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atmosphere transmits, as shown in Fig. 1. The bandgap is 7 T T s000C | !
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and high temperature electronics. Another consequence
of the strong chemical bonding is the physical (high
melting points, mechanical strength) and chemical
stability of these materials. These also enjoy high
thermal conductivity. Their effective masses are higher
than conventional semiconductors, thus leading to lower
carrier mobilities, but this is made up for by the high sat-
urated electron drift velocities predicted for this material
system. The refractive indices of III-Nitrides are lower
compared to narrower gap semiconductors, which results
in a lower reflectivity at the interface. This is an advan-
tage for photodetector efficiency, but a disadvantage
when trying to achieve lasers with low threshold
currents,

Hexagonal lattice constant (nm)

Fig. 1. Energy gap versus hexagonal lattice constant for ITI-Nitride
and selected substrate materials.

All these properties yields III-Nitrides a very high poten-
tial 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 frequency, high
power and high temperature electronics. Details of the phys-
ical properties of III-Nitrides are summarised in Table 1.

Although III-Nitride based devices are being rapidly
demonstrated and commercialised, there are many barri-
ers that must be overcome before the full potential of
these materials can be realised as reliable devices. First,

Table 1. Physical properties of I-Nitrides (from Refs. 8, 9, except® from Ref. 10).

GaN AIN InN
Room temperature energy gap (eV) 334 6.2 1.9
Lattice constant, a (A) 3.189 3.112 3.545 1
Lattice constant, ¢ (A) 5.186° 4.982 5.703 |
Thermal expansion coefficient, o, (1076 K1) 4.3(17-477°C)? 5.27(20-800°C) 5.6(280°C)
Thermal expansion coefficient, o (10~% K1) 4.0(17-477°C)? 4.15(20-800°C) 3.8(280°C)
Electron effective mass, m, (mg) 0.2 0.11
Hole effective mass, my, (mgp) 0.8 0.5 (myy,, calculated)
. ' 0.17 (my,, calculated)
Refractive index, n 2.35 (1.0 pm) 2.2 (0.60 pm) 2.56 (1.0 ym)
2.60 (0.38 pm) 2.5 (0.23 pm) 3.12 (0.66 pm)
£0(0) 10.4(Ellc), 9.5(ELc) 9.14
£..(0) |5.8(EIlc), 5.4(ELc) 484 93
Thermal conductivity, ¥ (W/cmK) 1.3 2.0
Bulk modules (GPa) 2072
TO (meV) 69.3 (TOL) 82.6 59.3
66.1(TOIl)
LO (meV) _ 92.5 (TOL) 112.8 86.1
Melting point (°C) >1700 3000 1100
Nitrogen partial pressure at melting point (atm) 3000 100 >10° |
AG? (keal/mol) -33.0 —68.2 -23 |
Heat capacity, C,, (cal/molK) 9.7 7.6 10.0

202

Opto-Electr., 8, no. 3, 2000

© 2000 COSiW SEP, Warsaw



the high melting point of III-Nitrides and the extremely
high nitrogen partial pressures near the melting point
make their bulk growth very difficult. Therefore, high
quality ITI-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 dissimilarity 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 compo-
sitions are also lattice mismatched, which leads to dislo-
cations in ITI-Nitride heterostructures. Finally, high free
electron and hole concentrations are often difficult to
achieve because most dopant elements form deep levels in
wide bandgap, nitride semiconductors. The addition of
more dopant source during the growth process frequently
results in degradation of the structural and optical proper-
ties [8-10].

3. Areas of application

The driving force behind the exceptional interest in
IlI-Nitride materials has been their potential for numerous
significant device applications, both civilian and military.
The majority of such devices can be divided into two cate-
gories: 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 demand by the
automotive, aerospace, and power industries. Power elec-
tronics have potential applications in the power industry
and in any equipment which uses significant power, such
as all electric vehicles, ships and aircraft, High temperature
electronics would allow control directly in harsh environ-
ments, such as in engines, making them important in the
automotive and aerospace industries. Because III-Nitride
devices are expected to better 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) insensitive
to longer wavelength radiation. Such devices have applica-
tions where there is a need to detect or control the source of
UV radiation in an existing background of visible or infra-
red radiation [11]. Examples of such applications include
flame detection, furnace and engine monitoring for the au-
tomotive, aerospace and petroleum industry, undersea com-
munications, UV astronomy [12], space-to-space commu-
nications secure from Earth, early missile threat warning
and airborne UV countermeasures, and portable battlefield
reagent/chemical analysis systems. Thanks to their wide
energy gap, I1I-Nitrides have been successfully used in UV
photodetectors with very promising characteristics. Be-
cause of their theoretical intrinsic solar blindness and low
dark currents, III-Nitride based devices are expected to
work without optical filters and complex electronics, thus
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significantly reducing the launch weight for space and air-
borne applications.

Thanks to their ideally suited bandgap energy range,
MI-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 colours (red, green,
blue) for large, high brightness, outdoor full-colour dis-
plays. Traffic lights are starting to use green LEDs because
of their superior efficiency and reliability in comparison 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 also replace the inefficient
and hot “black™ lights that are used in fun houses, tanning
salons, and in more mundane applications such as killing
bacteria in water,

The main thrust in recent III-Nitride research has been
the fabrication of a reliable, short-wavelength (ultraviolet 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 A2, thus quadrupling the
storage density of optical media by reducing the laser wave-
length 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 continuous wave (CW) at 60°C, with an
output power of 30-40 mW, and an operating voltage of 3 V
at 100 mA. The requirements for a DVD-ROM system
would only be a 4-5 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, optical
communications and chemical analysis because the wave-
length 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 2 6.6 W, 1.8 W and 1.2 W red, green
and blue lasers. Finally, laser printing is also an important
application for short wavelength laser diodes. These would
need to emit at a wavelength higher than 430 nm to avoid
the 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 densities were
calculated using the formula

2
2 (04
Jy, =edBn, :edB(no + “’*) ,

I

where the parameters are defined in Table 2, and assuming
no non-radiative recombination (1; = 1). The threshold for
GaN based lasers was found to be 2000 A/cm?,
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Table 2. Comparison of the GaN and GaAs-based laser properties.

Material GaN (InGaN/GaN MQW) GaAs (InGaN/GaN MQW) o
Transparency carrier density ng 1017 cm—3 2x10'8 ¢m3

_(5pt.ical confinement factor I' 5% 5%

Differential gain B 5%10716 cm? 1%10715 cm?

Typical total active layer thickness d 300 A 100 A

.oti 50 em! 2 cm!

Radiative recombination coeff. B 3x1071! emd/s 6x10711 cm/s

T 2000 Afem? 40 Afem?

4, Substrates and growth techniques for
ITI-Nitrides

Because of their extreme physical properties, bulk
I1I-Nitride single crystals are barely available and their
quality is not good enough to be used as 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 Tables 3 and 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 “compati-
ble” with III-Nitrides, i.e., has a crystal structure (bulk and
surface arrangement of atoms) which lends to the proper
initial nucleation of oriented II[-Nitride crystals during
growth. The substrate lattice constant and the resulting lat-
tice mismatch with the epilayer are important quantitative
measures of this “compatibility” between substrate and
epilayer, are useful in predicting the amount of stress for
the epilayer. The data is tabulated in Table 3. The thermal
expansion coefficient of the substrate is also an important
parameter because a mismatch in these coefficients with
other materials will result in mechanical stresses and cracks
from cooling from the growth temperature and from cy-
cling during processing and operation of the device. An es-
timate of the mismatch between the epilayer and the sub-
strate 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, maxi-
mum wafer size available and price are also given. All
these properties will affect the choice of substrate for
II-Nitride epitaxy depending on the application sought for.

To date, three substrates stand out as the most promis-
ing for III-Nitride growth: silicon, silicon carbide (SiC) and
sapphire (Al,O3). Silicon is the most widely available sub-
strate in the semiconductor industry and can come in sizes
up to 10-inch diameter. It is also the cheapest one and the
highest quality. However, it suffers from a poor “compati-
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bility” with II[-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 of-
fers the closest match with ITI-Nitrides, in terms of crystal
symmetry, lattice and thermal mismatch 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 be-
ing developed for applications in high power electronics
and other demanding applications. Its drawback is its lim-
ited availability, small available size, its quality is still not
as good as other Si or Al,O; substrates, and its prohibi-
tively high price [14]. Sapphire offers a compromise be-
tween the Si and SiC, and has become the most often used
substrate for ITI-Nitride epitaxial growth. The appealing
features include the high thermal and chemical stability, the
large high quality wafers available, and the reasonable cost.
However, there are large lattice and thermal mismatches.
The thermal expansion coefficient is much larger than that
of the II-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, resulting in the
alignment of the directions [00.1]1I[00.1] and [10-0JII[11-0].
This results in a compressive strain on the ITI-Nitride layer
since the effective lattice constant of the substrate given be-
low is smaller than that of III-Nitride

a ALO,

NG

The comparison of Si, SiC and Al,O; as potential sub-
strate for ITI-Nitride epitaxy is summarised in Table 5. GaN
has been included in the table to reflect the properties 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 sub-
strate 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 un-
derstand the atomic arrangements at the epilayer/substrate
interface [16-20]. The comparison of different natures and
orientations of substrates has been conducted [21].

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

Formula Name Symetry Point Space Stacking Lattice Plane with | Effective Aafa
group group sequence | constant (A) nearest a lattice with GaN
(Wyckoff) match to constant
(0001) GaN A)
GaN Gallium Hexagonal 6 mm |P6ymc(186) |AB (HH) |a=3.1891 (0001) 3.1891 0%
nitride c=5.1855
AIN Aluminium | Hexagonal 6 mm |P6ymc AB (HH) a=3.112 (0001) 3112 2.47%
| nitride (186) c=4.982
InN Indium Hexagonal 6 mm | P6ymc AB (HH) |a=3.5446 (0001) 3.5446 -10.03%
nitride (186) c=5.7034
4H-SiC |4H silicon |Hexagonal 6 mm |P63mc ABCB a=3.073 (0001) 3.073 3.77%
| carbide (186) (CHCH) c=10.053 ]
6H-SiC | 6H silicon |Hexagonal 6 mm |P6ymc ABCACB |a=3.081 (0001) 3.081 3.51%
carbide (186) (CCHCCH) |c=15.117 ]
15R-SiC | 15R silicon | Trigonal 3m R3m (160) |(CCHCH)3
carbide
AlyO4 Sapphire, Trigonal 3Im R3C (167) a=4.758 (0001) 2,747 16.09%
corundum c=12.991 rotated 30°
LiGaO, |LGO, Orthorhombic |mm2 | Pna2; (33) a=5.402 (001) 3.119 2.25%
lithium b=6.372 3.186 0.10%
gallate ¢=5.007
LiAlO, |LAO, Tetragonal 422 P42;2 (90) a=5.1715 (100) 2.986 6.81%
lithium c=6.2840 3.142 1.50%
aluminate
NdGaO; | NGO, Orthorhombic |mmm | Pbnm (62) a=5.431 (101) 3.175 0.45%
neodymium b=5.499 3.144 1.45%
gallate c=7.710
a=5.431 (011) 3.136 1.71%
b=5.499 3.157 1.03%
c=7.710
Zn0 Zinc oxide | Hexagonal 6 mm |P63ymc AB (HH) |a=3.253 (0001) 3.253 -1.97%
(186) c=5.213
MgO Magnesium | Cubic m3m |Fm3m a=4.216 (111) 2,981 4.93%
oxide (225)
Si Silicon Cubic m3m | Fd3m (227) a=5.4310202 [(111) 13.8403112 | -16.96 |
GaAs Gallium Cubic 43m F4 3m ABC a=5.65325 (111 3.99745 —20.22%
arsenide (216) (CCC) ]

Although the growth of II-Nitrides has been conducted
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 materials
has been alleviated through the successful development of
the growth technology, and more precisely the use of
buffer layers [22].

One of the reasons 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 vapour deposition techniques.

Table 6 summarises the strengths and weaknesses of
the currently most common growth techniques used to
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grow IMI-Nitride crystals, including metalorganic chemical
vapour deposition (MOCVD), molecular beam epitaxy
(MBE), vapour 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 ITI-Nitrides films for
mass production and particularly for devices. However,
recently, VPE growth of III-Nitrides has gained attention
for the growth of very thick GaN films for use as
substrates after original substrate lift-off [23]. High-
pressure growth remains limited to a few research groups
in Poland for the direct growth of bulk GaN crystals.
Finally, SSM has gained recently interest for the growth
of bulk single crystal AIN. The III-Nitride material prop-
erties grown using these techniques will be presented in
the next section.
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Table 4. Other physical properties of ITI-Nitride and potential substrate materials.

Formula | 0,(10°K~1)| Mismatch with GaN by | Thermal | Melting |Energy gap |Transparent| Doping? |Maximum| Low end
name |0 to 1000°C cooling 1000°C conducti- |temperature (eV) in visible? diameter | price (to 1
(TECgan-TEC )% vity °(C) (cm) significant
(-1000K) (W/cmK) figure
B ($/cm?)
GaN 5.6 0% 1.3 >1700 3.44 Yes n, p - -
(0 to 600°C)
AIN =L 0.01% 2.0 3000 6.2° Yes Extremely |- -
| difficult
InN 5.7(300°C) |0.01% 1100 19 No n - -
4H-SiC (446 —0.11% 4.9 3.20 Impurity |n, p 3.5 100
absorption
6H-SiC |4.44 -0.12% 4.9 2.86 Impurity  |n, p 3.5 100
; absorption
15R-SiC 49 Impurity |n,p - -
absorption
Al,O; |86 0.30% 0.3 2015 >8.5 Yes Insulator |10 6
LiGaO; |~7 0.14% ~1600 Yes 5 20
LiAlO, ~1700 Yes 2 60
NdGaO; |6.6 0.10% ~1600
(101) 7.8 0.22%
NdGaO; (11.9 0.63% ~1600
(011) 6.1 0.05%
ZnO 7.8 0.22% ~2000 3.44(1.6K) [Yes  [No? 300
MgO 13.85 0.83% 0.36 2800 7.9 Yes Insulator |5 20
Si 3.90 —0.17% 1.3 1412 1.1242 No n,p 30
GaAs |6.7 0.11% 0.5 1240 1.424 No o, p 5 4

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 de-
pending on the growth technique used. A non-exhaustive
list is tabulated in Table 7. It is worth noting that all group
IIT element precursors are commonly 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 (nitrogen) sources are much more
common than AsH; or PH; which makes them much safer
to use, more available and much cheaper. However, there is
still intense research to develop a better group V source, in
terms of ease of cracking, purity and efficiency [25].

5. State-of-the-art of III-Nitride thin films

5.1. Aluminium nitride (AIN)

Aluminium nitride thin films have been synthesised for
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 synthesised. Bulk
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AIN single crystals are being investigated using the subli-
mation sandwich method. Bulk AIN represents a future di-
rection for the research on this material. However, AIN thin
films are generally grown on basal plane Al,O5 or SiC sub-
strates, without a buffer layer. This is due to the fact sap-
phire and AIN share a common element; aluminium, which
makes the bonding at the interface much easier. Epitaxial

AIN/(00.1)A1,04 00.6 Al,Og

| X-ray rocking curve
00.2 AIN

-

- 90 arcsegs
—

00.2 AIN

X-ray intensity (a.u.)

X-ray intensity (a.u.)

=006 -0.04~0.02 0.00 0.02 0.04 0.06
© (deg)

34 36 38 40 | 42
2 ©/Q (deg)

Fig. 2. Symmetric X-ray diffraction spectra of an AIN film on basal
plane sapphire (after Ref. 27).

© 2000 COSiW SEP, Warsaw



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

Substrate issues for III-Nitride growth GaN Si 6H-SiC | Al,O4

Crystal symmetry ++ = + +
Compatibility of process ++ - + +

Lattice mismatch + —— = -

Thermal mismatch + s == — .
High quality + e - + |
Availability - 4+ : - 0 |
Size (large area) ot 4+ — +

Cheap ($)? | n/a + _ .

films are rarely thicker than 1-1.5 pm. High crystalline
quality films have been achieved on Al,O3 and SiC sub-
strates with open detector symmetric X-ray rocking curve
linewidths as low as 90 and 60 arcsecs respectively, as
shown in Fig. 2 [26,27].

As grown AIN films are almost always insulating. The
origins of this behaviour are still controversial and much
research work is needed to understand the insulating be-
haviour 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 in-
vestigated for a number of years for Surface Acoustic
Wave (SAW) applications [30]. The optical properties of
AIN are assessed through optical absorption (Fig. 3) and
cathodoluminescence. )

The nonlinear optical properties of AIN are an interest-
ing field for future research which has been little touched,
although second harmonic generation from AIN films were
conducted and yielded the non linear coefficients
(2) —10pm/V and x'2) = 0.5pm/V

2ZZ

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

Growth Strengths Weaknesses Frontier for 21st
technology Century
Metal-organic » Well developed technology » Lack of precise in-situ characterization Mass production
chemical * Atomically sharp interfaces + Large quantities of NH; are needed of high quality
zzgg;lirtjon » In-situ thickness monitoring i“[l[;anm(cilc thin
! ilms an
MOCVD Htgh BromiLLates (=4 i) 5 devices
MOVPE = Easily scaleable for mass production
« Short run cycles (heat+growth+cool)
+ Possibility to use plasma or laser assisted
growth
Molecular beam | Well developed technology « Need for ultra-high vacuum (cryogenics) Growth in 4!
epitaxy « Atomically sharp interfaces + Long run cycles (heat+growth+cool) hydrogen-free
MBE, GSMBE, |« precise in-situ characterization » Growth temperature is limited on the high end SEvIronmens
MOMBE « High purity growth environment « Efficiency of nitrogen source or cracker
» Hydrogen free environment (ECR, RF) is limited
+ Scalable for mass production * Low growth rates [<1-1.5 pm/hr]
» Not as high throughput as MOCVD
Vapor phase = Simple growth technique « No sharp interfaces Thick GaN films
epitaxy « Very high growth rate (<100 pm/hr) » Long run cycles (heat+growth+cool) for substrates
VPE, HVPE » Reasonably good quality films + Small area growth
» Better films are obtained for lower growth
rates |
High pressure = Bulk GaN single crystals » Only for GaN single crystals Bulk GaN single
growth « Small size crystals (few mm? area) crystals for
« Extreme temperature and pressure conditions substrate use
Sublimation = Very simple growth technique « Poor qualty of films Bulk AIN single
San(iilwingSM » Extremely high growth rate (<300 pm/hr) « Need a GaN powder source cr}l;stais for
metho substrate use
* Small area growth |
Opto-Electr. Rev., 8, no. 3, 2000 P. Kung 207
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Table 7. Most common chemical precursors for the growth and doping of III-Nitride.

Element Chemical Chemical Chemical Physica Growth Toxicity
group formula name family state at technique
20°C
m (CH3)5, (CyH;)5-Al | Trimethy, triethyl-alumimum Organometallic Liquid |MOCVD, MBE Pyrophoric
(TMATI, TEAI)
AIH;N(CHz), Alane trimethylamine Organometallic Solid  |[MOCVD, MBE, VPE
(CHz)5~ (CoHs)3"Ga | Trimethy-, triethyl-gallium Organometallic Liquid |MOCVD, MBE Pyrophoric
(TMGa, TEGa)
Gacl; Gallium chloride Metal chloride Solid | VpE ‘
(CHs);In Trimethy-indium (TMIn} Organometallic Solid MOCVD, MBE Pyrophor fc
(CHs)ydn Triethyl-indium (TEIn) Organometallic Liquid  |MOCVD, MBE Pyrophoric
InCly Todium chloride Metal chloride Solid  |vpE
Al, G, In Aluminum, gallium, indium | Metal Solid  |MBE, VPE No
N, Nitrogen Inorganic gas Gas MOCVD, MBE No
NH,4 Ammonia Nitrogen hydride Gas MOCVD, MBE, VPE, sublimation |Corrosive
N,Hy Hydrazine Nitrogen hydride Gas MOCVD
(CH;);,CNH, Tertiarybutylamine Organometallic Liquid |MOCVD
CgHsNHNH, Phenylhydrazine Organometallic ~Liquid |MOCVD
m-v AIN Aluminum nitride Powder Solid Sublimation No
GaN Gallium nitride Powder Solid Sublimation No
Cp,Mg Biscyclopentadienyl-magnesium  |Organometallic Solid MOCVD, MBE, VPE Pyrophoric
(p-type |Mg Magnesium Metal Solid MBE No
dopant) |DEZn Diethyl-zinc Organometallic Liquid |MOCVD, MBE, VPE Pyrophoric
DMZn Dimethyl-zinc Organometallic Liquid |MOCVD, MBE, VPE Pyrophoric
Zn Zinc Metal Solid MBE No
VI SiHy Silane Hydride Gas MOCVD Pyrophoric
(n-type |SiHg Disilane Hydride Gas MOCVD
dopant) |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
5.2. Gallium nitride (GaN)
GaN is by far the most studied III-Nitride material, A thin T D — =
AIN, GaN or AlGaN buffer layer is generally used for the R6-14
growth. Basal plane Al,O; and SiC substrates are most
commonly used. Films as thick as 100 pm have been re- _ 80
L] - g o
ported, depending on the growth technique utilised. In face &
of the growing interest in fhese materials, F.here.has been an _g 60 - T=300K 2
effort to grow bulk GaN single crystals using high-pressure @
growth or hydride VPE followed by substrate lift-off. This 5 (00.1) AIN 0.3 pm
. .. . | = g -
is undoubtedly a promising topic for future research. @ 40 1
High crystalline quality GaN thin films have been w (00.1) Sapphire
achieved, with open detector X-ray rocking curve o0 b |
linewidths as low as 30 arcsecs (Fig. 4) and asymmetric
X-ray rocking curve linewidths as low as 400 arcsecs [27]. J

The thermal stability of GaN has been reported [31].
Undoped GaN films are usually either highly resistive
or exhibiting n-type conduction with a residual carrier con-
centration ~ 10'® cm=3 at room temperature and an electron
mobility as high as 900 cm?/Vs. Theoretical calculations
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Fig. 3. Room temperature optical absorption of AIN film on basal
plane sapphire (after Ref. 27).
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Fig. 4. Symmetric X-ray diffraction spectrum of an GaN film on
basal plane sapphire (after Ref. 27).

showed that the maximum 300 K electron mobility in GaN
was 2350 cm?/Vs. The pyroelectricity properties of GaN
have been measured and yielded a pyroelectric voltage co-
efficient of ~ 10* V/mK.

The optical properties of GaN are usually assessed
through optical transmission and photoluminescence (PL),
as shown in Fig. 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 temperature PL
linewidths are typically as low as ~ 30 meV, as shown in
Fig. 5. Residual acceptor and donor related luminescence
transitions are often observed as well. A broad “yellow™ lu-
minescence is sometimes observed and has been attributed
to defects in GaN (see Section 7). Transition metals (e.g.,
Fe, V) have been observed by infrared spectroscopy. Sec-
ond harmonic generation from GaN films have yielded the
non linear coefficients; %(2) = xf,_,i) which was 11 times
the ;(5.%3 of quartz, and ngjx which was —22 times the X.(ch)
of quartz [6].

D o]
o (=]

o
o

Transmission (%)
PL intensity (a.u.)

400

600

500
Wavelength (nm)

700

Fig. 5. Room temperature optical transmission and photo-
luminescence from an GaN film on Al,O5 substrate (after Ref. 27).
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5.3. 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 AlGaN buffers.
Here again, basal plane Al;O; and SiC are the preferred
substrates. The films are typically thinner than 1-1.5 pm.
High crystallinity AlGaN films have been achieved on sap-
phire substrates, with open detector symmetric X-ray rock-
ing curve linewidths as low as 100 arcsecs [32].

The resistivity of Al,Ga, N was found to increase ex-
ponentially with Al concentration (x) [32]. This behaviour
still needs to be understood and is an important area of fu-
ture research. Low Al concentration 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 x > 0.75 and have been used in cold
cathode applications [29].

The optical properties of Al,Ga; (N have been assessed
using cathodoluminescence and optical absorption, in par-
ticular to determine the bandgap energy as shown in Fig. 6.
A bandgap bowing parameter has been measured to be be-
tween —1.0 and 1.0 eV, as shown in Fig. 7 [33]. Calcula-
tions (for zinc blende Al,Ga;N) have predicted this pa-
rameter to be 0.53 eV. There is some uncertainty on the ex-

Al,Ga,_N
T=3800K

Al%

100%
77.4%

67.7% -
62.7%

52.8%
42.7%
33.5%
25.7%
19.1%
15.4%
11.3%
7.1%
g, /
D% =

Optical transmission (a.u.)

| L 1 L 1 L | L 1 i
100 200 300 400 500
Wavelength

600

Fig. 6. Room temperature optical transmission of Al,Ga; N for
0 < x <1 (after Ref. 32).
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Fig. 7. Room temperature energy gap of Al,Ga; (N determined by
optical absorption as a function alloy composition as determined by
X-ray diffraction (after Ref. 33).

act alloy composition due to the presence of strain in the
thin films. Ellipsometry and photoreflectance measure-
ments have been conducted and yielded the refractive in-
dex of a few Al,Ga,_,N alloys (e.g., 0.1 lower than GaN for
x =0.1).

5.4, AlGaN/GaN heterostructures

One of the main advantages of the III-Nitrides over other
wide bandgap materials such as SiC is the potential to fab-
ricate 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 demon-
strated at the AlGaN/GaN interface. Room temperature elec-
tron mobilities as high as 2000 cm?/Vs have been measured
for a sheet carrier density of 10'3 cm2. At 20 K, the elec-
tron mobilities were as high as 5700 cm?/Vs and
7500 cm?/Vs for structures on sapphire and SiC substrates
for a sheet carrier of 51012 cm2 [34]. Theoretical model-
lings showed that piezoelectric scattering, as well as polar
optical and ionised impurity scattering, played an important
role in the mobility of 2DEG in GaN [35].

Calculations of the strain induced piezoeffect at lattice
mismatched TTI-Nitrides have been carried out. The piezo-
electrically induced charge in GaN/AlGaN has been mea-
sured in the field effect transistor structures [36].

Band alignments in the II-Nitride material system have
been investigated and remain a controversial issue. Theoreti-
cal calculations estimated that the valence band offsets of
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Fig. 8. Room temperature optical transmission of Al,Gaj xN/
AlyGa; yN multilayer Bragg reflectors (after Ref. 32).

(wurtzite) AIN, GaN and InN to be; AIN/GaN = 0.7-0.81 eV
and GaN/InN = 0.3-0.48 ¢V. 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; N multi-
layers have been demonstrated. The peak reflectivity could
be tuned by varying the periods of the multilayer struc-
tures, as shown by the sudden decrease in the optical trans-
mission spectrum in Fig. 8 [32].

+1
3
S
=
3
2o (00.2)
£ 3 AIN buffer
E 1
<

+4

17.5

18.0

17.0
Q/20

16.0 16.5

Fig. 9. Open detector x-ray diffraction spectrum of a 13 period
(500A Alg,GaggN/SOA GaN) superlattice (after Ref. 32).
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X-ray diffraction from AlGaN/GaN superlattices have
revealed clear satellite peaks, as shown in Fig. 9. This con-
firms that high structural quality interfaces can be achieved
in this material system.

5.5. Ternary Ga, In N

Ternary Ga,_JIn,N have been grown in the entire composi-
tion range. However, the material quality significantly de-
teriorates as the In concentration increases. It was shown
that the Ga;_In,N alloy composition and material quality
very strong depended on the growth conditions, in particu-
lar 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, increase the V/III ratio and
growth rate [38].

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

As grown Ga,,In,N films generally show n-type con-
duction (n > 10'7 em=3 at 300 K). Room temperature photo-
luminescence measurements showed that Ga,_In,N can
have a linewidth as low as 70 meV (for 14% In). The
bandgap bowing parameter has been measured to be be-

T B e e T e e 2 L T e e e

r Eg = ng(lnN) + (1—X}EQ[G8N} — bx(T—X)

Photoluminescence peak energy (eV)
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In% by Xray diffraction

Fig. 10. Room temperature energy gap of Ga,_In,N determined by

photoluminescence as a function alloy composition as determined

by X-ray diffraction (after Ref. 33). Data points labeled “Nichia”

are taken from reference (after Ref. 40). Data points labeled
“CQD"” are taken from reference (after Ref. 33).
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tween 1.0 and 3.2 eV, as shown in Fig. 10 [33]. Theoretical
calculations (for zinc-blende Ga;_In,N) predicted a value
of 1.02 eV. Ellipsometry has yielded the refractive index of
Ga;In,N to be ~ 0.05 higher (for x = 0.06) than that of
GaN.

Improving the quality of Gay,In;N compounds for
x > 0.5, as well as enhancing the uniformity of the growth
over large areas remain a challenge for the future.

5.6. GaInN/GaN heterostructures

GalnN/GaN heterostructures and quantum wells have been
reported, although they have been more often characterised
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 GalnN 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 indium 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 multiquan-
tum wells due to piezoelectric effects has been recently re-
ported to influence the optical properties of these structures
[45]. This effect can be minimised by adequately doping
the structures with Si.

6. Doping of ITI-Nitrides

In order to fabricate devices, it is necessary to control 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 III-Nitrides, whereas C
seems to act as an acceptor. This is due to the fact that Si
and Ge have an electronegativity closer to Al, Ga, and In
than N, and thus would be more likely to replace Al, Ga,
and In than N. The electronegativity of C is closer to N
than to the group III elements, and thus would more likely
to replace N in the III-Nitride lattice.

6.1. n-type doping

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

The n-type doping of GaN films has been much more
investigated using Si, Ge [46], Se, sulfur [47] and oxygen.
The most successful dopants have been Si and Ge. Doping
control has been achieved up to a carrier concentration of
1020 ¢cm~3. The Si level in the bandgap was estimated to be
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~ 22 44 meV below the bottom of the conduction band
[48]. Impurity band conduction is usually observed at low
temperatures,

The n-type doping of Al,Ga, 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
x < 0.6. Future research will be oriented towards enhancing
the n-type conductivity for alloys with x > 0.6. The n-type
doping of Ga;,In,N alloys using Si has also been con-
ducted, although this has not been done to enhance the
electrical properties of the films but rather the optical prop-
erties. It was shown that Si doping of Ga,InN signifi-
cantly increased the photoluminescence intensity [50].

6.2. 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 at all not easy, as it is very
sensitive to dopant flow rate. As doped films are generally
insulating (except a few reports of as grown p-type GaN by
MBE) and require post-growth treatment such as thermal
annealing (> 600°C under nitrogen or vacuum) or low en-
ergy eclectron beam irradiation (LEEBI) to activate the
p-type dopant [52,53]. The mechanism by which this hap-
pens has been identified as the breaking of Mg-H bond
[54]. The concentration of Mg atoms in the lattice is typi-
cally 10! cm, but the room temperature free hole concen-
trations are generally 5x10'® cm for a mobility
20 ¢cm?Vs. The activation energy of Mg has been esti-
mated 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
x < 0.3 [32]. Ga,_In,N alloys have also been p-type doped
using Mg for x < 0.09 [35].

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

7. Defects in III-Nitrides

7.1, Investigation of defects in ITI-Nitrides

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

The GaN films grown on sapphire exhibit a limited co-
herence length which is at the origin of the GaN X-ray dif-
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fraction peak broadening, as determined through reciprocal
space maps of GaN films on Al,O;. This was consistent
with transmission electron microscopy (TEM) measure-
ments [57].

Threading dislocations and stacking faults are one of
the most common defects in ITI-Nitrides and are visualised
using TEM. AIN films on sapphire gencrally exhibit
threading dislocation densities ~ 10'° cm™ with Burgers
vectors of the type 1/3 <11-20> [58]. Threading disloca-
tions densities in GaN are generally higher than 10% cm2,
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 visualised 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™ could be deter-
mined. 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 de-
fect-free III-Nitride films. Unless high quality bulk
IMI-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 ITI-Nitride
materials, Al,O5 or SiC substrates are likely to limit the ap-
plicability of this technique for III-Nitrides. Lateral epitaxial
overgrowth, followed by substrate lift-off as well, is a prom-
ising technique to achieve nearly dislocation free films. This
requires the capability to apply a dielectric pattern onto
a template layer, followed by single or multiple-step
regrowth [64]. Because of its fast increasing importance, the
lateral epitaxial overgrowth of GaN will be discussed in
more details in the following subsection. Finally, multilayer
techniques can also be used to minimise the propagation of
threading screw dislocations to a density below 107 cm2
[65].

7.2. Lateral epitaxial overgrowth of GaN

Lateral epitaxial overgrowth (LEO) is a promising growth
method to achieve quasi defect free GaN-based materials,
a goal of which has thus far eluded the research commu-
nity, on potentially any type of substrate [64]. To the date,
basal plane sapphire substrates, (00.1) AlO3, have been
mostly used for the LEO of GaN because high quality GaN
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films can already be grown by conventional epitaxial
growth techniques. LEO was successfully used to reduce
dislocations in GaN-based laser diodes on (00.1) Al,O5 and
enhance the lifetime of these devices [66]. Because LEO
can be applied to any substrate, it is also important to in-
vestigate the potential of GaN LEO on silicon (Si) sub-
strates because of their current commercial and technologi-
cal significance.

In the following paragraphs, the LEO growth and char-
acterisation of Si doped GaN on (00.1) Al,O; and (111) Si
substrates by MOCVD will therefore be discussed [67].
The LEO growth on Si substrates was made possible only
after achieving high quality GaN “template” films on (111)
Si (i.e., GaN on plain Si) which will also be described here.

The substrates were chemically cleaned prior to loading
into the MOCVD reactor. The GaN template layers on sap-
phire were 1-2 pm thick, whereas those on silicon were
only 0.2-1 pm thick. Next, a 2000A thick SiO, film was
deposited. Standard photolithography and etching were
used to define a 15-um period pattern consisting of
3 pm-wide stripe openings. The crystallographic orienta-
tion of the stripes will be discussed later in the paper. The
samples were then loaded back into the reactor for
regrowth of Si doped GaN.

The characteristics of the GaN template layers on
sapphire substrates has already been in subsection 5.2.
Several parameters need to be optimised in order to
achieve high quality LEO GaN. First, is the orientation
of the stripes with respect to the crystallographic direc-
tions of the underlying GaN template. In earlier work on
the LEO of GaN, it was shown that for stripes parallel to
<10.0> of GaN a rectangular cross section is obtained,
whereas for stripes parallel to <11.0> of GaN a truncated
or complete pyramidal shape is obtained [68]. In the for-
mer case, a higher lateral-to-vertical (L/V) growth rate
ratio than in the later case is observed. The origin of this
behaviour is attributed to the slow growth rate of the
{11.1} planes of GaN [69]. In the literature, there has
been some confusion on the labelling of crystallographic
directions for hexagonal symmetry crystals such as GaN
and Al,O4 [64,69]. Here, it is chosen to use a four-digit
notation for crystallographic directions. The conversion
between a three digit, i.e. <uvw>, and a four digit nota-
tion, i.e. <UVTW> or <UV.W>, is not a one-to-one di-
rect identification of digits but is given by the set of
equations [17]
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Because it is easier to align the stripes with respect to
the sapphire substrate than to the epilayer, knowledge of
the crystallographic relationships between a GaN film and
a basal plane Al,O; substrate is necessary and is summa-
rised in Table 8 [17].

In the early stages of GaN regrowth, it is necessary to
avoid nucleation on the masked areas in order to confine
the growth in the open windows. Secondly, it is desired to
achieve as high a L/V growth rate as possible (thus with the
stripes parallel to <10.0>g,y) in order to minimise the
amount of time needed to cover the wafer surface. In both
cases, this means one needs to enhance the surface diffu-
sion of adatoms. One method to do so is by decreasing the
growth rate, however it must not be so low that growth du-
rations become impractical. Another method is to increase
the growth temperature. However, it was found that at very
high temperatures, the SiO, mask deteriorates as their
edges start “eroding”, the underlying GaN starts decompos-
ing, and a non uniform mushroom shape cross section for
the LEO grown GaN resulted instead of the desired rectan-
gular shape.

Under optimised growth conditions, Fig. 11(a) shows
an SEM micrograph of the LEO grown GaN, showing
a rectangular cross section. The duration of the growth was
only 10 minutes. The GaN grew ~ 2600 nm laterally and
~ 475 nm vertically above the SiO, mask, which corre-
sponds to a L/V growth rate ratio close to 5.5. By pursuing
the growth, the LEO film coalesced as show in the SEM
cross section and surface micrographs in Figs. 11(b) and
(c). Small void areas can be observed in the cross section at
the junction between two lateral growth fronts, and
seamlines can be seen on the surface at that location. Fig-
ures 12(a) and (b) show the X-ray diffraction and 300 K
photoluminescence spectra from these coalesced films. The
X-ray and PL peak linewidths were 7 arcmins and
~ 95 meV, respectively. The X-ray linewidth is on the same

Table 8. Crystallographic relationships between GaN grown on sapphire and silicon substrates.

Epilayer/substrate Four digit notation

Three digit notation

(00.1) GaN/(00.1) AlLO5

(1 2.01gax I [T 1.0]a1203

[210]gan Il [110]Ar203

[010)gax I T 10]a03

(00.1) GaN/(111) Si [10.0]gan | [11 2]g;

(1 2.0]gan I [110]g;

[210]Gan I 11 2]s;

[010]G,x ! [1 T 0]Si
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LEO GaN;Si

LEOQ GaN:Si

(00:1) sapphire

, ()
Fig. 11. SEM micrograph of the cross section of a non-coalesced
LEO grown GaN:Si on (00.1) Al,O5 substrate (a), of the cross

section (b) and surface (c) of a coalesced LEO grown GaN:Si film on
(00.1) Al,O5 substrate (after Ref. 67).

order as the template layer used in these experiments. The
PL peak is broader than for a same thickness GaN grown
under similar conditions on plain sapphire and doped with
the same amount of Si, which usually has a linewidth of
~ 60 meV. This suggests that there is additional impurities
incorporated during LEO growth which enhance and
broaden the PL. The most probable candidates for such im-
purities are silicon and oxygen from the SiO, mask which
may be slightly decomposing at such high temperatures.
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These LEO results were then applied to the LEO of
GaN on silicon substrates. However, prior to carrying the
LEO of GaN on silicon, it was necessary to achieve as high
crystalline quality GaN template films on silicon as possi-
ble. ~ 1.2 um thick undoped GaN films were grown -and
characterised on (111) silicon substrates. A typical X-ray
diffraction and 300 K PL spectra is shown in Fig. 13. The
linewidths of the X-ray and PL peaks were ~ 10.5 arcmins
and 30 meV, respectively for a GaN grown on nearly
on-axis Si substrate. These show that the GaN thus grown
on Si have a high structural and optical quality, close to
some of the early GaN epilayers on sapphire [70]. It was
observed that the characteristics of these GaN layers de-
pended on the quality of the (111) Si substrates used. The
1.2-pm thick films were heavily cracked as a result of the
difference in thermal expansion coefficients between (00.1)
GaN and (111) Si [26,68]. Crack free GaN template layers
used for LEO were thus chosen with a thickness of
~ 0.2 ym. In order to define a stripe pattern on these tem-
plates with stripes parallel to <10.0>g,y, it was necessary
to know the relationship between the crystallographic di-
rections of (00.1) GaN and (111) Si. Following crystallo-
graphic models and asymmetric X-ray diffraction measure-
ments, these relationships are summarised in Table 8 [14].

Under optimised growth conditions, a quasi rectangular
cross section is obtained for LEO grown GaN on (111) Si,
as shown in Fig. 14. The duration of the growth was 25
minutes. The GaN grew ~ 4900 nm laterally and ~ 950 nm
vertically above the SiO, mask, which corresponds to
a L/V growth rate ratio close to 5.2, which is nearly as high
as for the LEO on Al,O; substrates. Figure 14 also shows
an AFM image of the surface of the regrown GaN on Si
substrates in relation with the SEM cross section. The side
of the AFM image corresponds to 10 pm and the vertical
scale is 74.4 nm. It can be clearly seen that the GaN grown
in the open window has a significant number of pinholes
and dislocations. However none of these are seen in the
LEO grown regions above the SiO, mask, which suggests
that these regions are less defective, showing that LEO can
be successfully used to reduce defects in GaN on silicon
substrates. By further conducting the growth, the LEO film
coalesced as shown in the SEM cross section and surface
micrographs in Figures 15(a) and (b). Inverted “V” shaped
voids can be observed in the cross section at the junction
between two adjacent lateral growth fronts and seamlines
can be seen on the surface at that location. Figures 16(a)
and (b) show the X-ray diffraction from these coalesced
films measured with the X-ray beam perpendicular and
parallel to the stripes, respectively. In the “perpendicular
beam” or (a) case, two distinct peaks for the GaN are ob-
served. The linewidths of these peaks were on the order of
14 arcmins. By contrast, in the “parallel beam” or (b) case,
there is only one peak for GaN but both this peak and the Si
substrate peak are significantly broader, which is likely due
to residual strain in the epilayer/substrate system in the di-
rection parallel to the stripes. The presence of two distinct
GaN peaks in the (a) case suggests that the GaN is likely to
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Fig. 12. X-ray diffraction (a) and 300 K PL spectra (b) of a coalesced
LEO grown GaN:Si film on (00.1) Al,O5 substrate (after Ref. 33).

be relaxed in the direction perpendicular to the stripes.
Figure 16(c) shows the 300 K photoluminescence spectrum
from these films with a linewidth of 90 meV.

8. Processing technologies

The methods of fabrication for III-Nitride devices have al-
ways 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.

8.1. Etching

Because most devices are grown on sapphire which is insu-
lating, it is not possible to make back electrical contact
through the substrate. Etching is therefore a critical and
necessary step for the fabrication of most optical and elec-
tronic 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 technigues have been found to be successful, but
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thick GaN template film on (111) Si substrate (after Ref. 67).

ion-induced damage to the etched surface, such as gate re-
cessing for FETs, is unacceptable. Some study has been
done using a photoenhanced wet etching technique, which
achieved etch rates of 50 nm/min and a surface roughness
of 1.5 nm [71]. 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 material
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 utilised in these high density
plasma systems, which provide varying levels of etch rate
matching between binary compounds. A few popular
chemistries, along with their attributes are listed in Table 9
[72-74].
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’

(111) Si

Fig. 14. AFM image of the surface (top) and corresponding SEM
micrograph (bottom) of a LEO grown GaN:Si on (111) Si substrate
(after Ref. 33).

Beside etching the [II-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 ITI-Nitrides and sapphire substrate, the
cleaving planes of the epilayers and substrates do not coin-
cide. Mechanical polishing has been a popular method to
achieve mirrors in ITI-Nitrides, but it is a time-consuming,
cumbersome task that rarely achieves the smoothness de-
sired and is not a viable option for mass production.

Dry-etching still is the most popular technique for mir-
rors in ITI-Nitrides, because it is easy and fast; although, the

“cleaving of sapphire after substantial substrate thinning is re-
cently making a growing case. Using dry etching, 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 structure, thus ensuring that there
will be no undercutting, protrusions or other significant
flaws in the etched vertical plane. Furthermore, with the ad-
vances in high density plasma control and directional ion
bombardment systems 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
investigations have placed the reflection coefficient at about
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LEQ GaN:Si

(111) Si

(b)
Fig. 15. SEM micrographs of the cross section (a) and surface (b) of

a coalesced LEO grown GaN:Si film on (111) Si substrate (after
Ref. 67).

15% [75]. 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.

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 dissimilar
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,

8.2, Metal contacts

When a metal is applied to a semiconductor, the junction
can be ohmic or rectifying, leading to an ohmic or
a Schottky contact.

High quality, low-resistance ohmic contacts are a nec-
essary component in the fabrication of nitride based de-
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vices in order to electrically connect the semiconductor de-
vice structure. For example, a high metal-GaN contact re-
sistance would result in a voltage drop and thus hinder the
performance of these devices. This is even more important
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 III-Nitrides.

Opto-Electr. Rev., 8, no. 3, 2000
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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 ochmic con-
tact to it provided that there are no surface states.

However, this is not always the case because of con-
tamination and oxide which can exist on GaN surfaces.
These problems can be solved by utilising some surface
preparation techniques, which, when performed before the
formation of the contact metal, can improve the contact
performance greatly. The simplest method of preparing
a surface for metal evaporation to prevent either an oxide
film or debris on the surface to affect the electrical proper-
ties of the junction involves cleaning, including standard
degreasing techniques, dipping the wafer into a dilute HCI
solution or dry etching. The latter may actually 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 semi-
conductor surface share the common characteristic of low
work function. Bilayers and compound metal structures are
carefully designed to utilise the electrical and mechanical
properties of the alloys that are formed during their heat-
ing, 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 tem-
perature post-evaporation annealing. For example at low
temperatures, between 400 to 600°C, Ti acts as an oxygen
getter, thus reducing the native oxide on the surface, and an
Ti-Al intermetallic phase can form and come into contact
with the GaN [76]. 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 [77]. This semi-metal, coupled with
the nitrogen vacancies near the interface, forms a very low
resistance ohmic contact. -

Some common cortact schemes used in attaining ohmic
contacts to n-GaN are such as RIE damage and post-eva-
poration annealing (rapid thermal annealing or RTA) are
indicated in Table 10 [76-80].

While much work has been done to achieve the realisa-
tion of a low resistance, ohmic contact to n-GaN, the inves-
tigation into the p-GaN metal contact has been limited 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 ad-
here 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
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Table 9. Plasma etch chemistries, their etch rates for various Nitride-based binary compounds and advantages.

Chemistry Material Typical etch rate” | Comments

SiCly/Ar GaN 2850 A/min This chemistry does not allow for the incorporation of hydrogen.
AIN 1245 A/min At high temp, 170°C, InN and GaN are both ~ 2350 A/min
InN 3840 A/min

Cly/H5/Ar GaN 4800 A/min If H, is used the etch rates will be slightly higher, but the
AIN 1150 A/min different compounds will have more unequal rates of etching.
InN 5850 A/min
InGaN 3200 A/min

CHy/Hy/Ar GaN 1450 A/min CH, provides polymer sidewall protection for additional
AIN 1150 A/min anisotropy, but coats the chamber walls and requires extensive
InN 3300 A/min conditioning of chamber.
InGAN 3500 A/min

Cly/BCl5/Ar GaN 6000 A/min Does not introduce hydrogen. Very fast etch rates for all three
AIN 5000 A/min binary compounds.
InN 6500 A/min

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

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 cor-
relation between resistivity and work function was demon-
strated [81]. 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.
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 11 [82,83].

Low resistance ohmic metal contacts to n-type GaN are
well developed and do not need much work in the near fu-
ture. 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.

9. Devices
9.1. Electronic devices
Not only are III-Nitrides suitable for optical devices, they

are also promising for electronic devices. Unlike optical

Table 10. A list of ohmic metal contact schemes for use with

devices which make use of Ga;InN alloys to span the
visible optical spectrum, electronic devices use Al,Ga;xN
compounds to make use of the large breakdown voltage,
high saturation velocity and thermal conductivity 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 [84].

Four figures of merit are generally used to characterise ma-

terials for electronic devices.

¢ The Johnson figure of merit (JFM) is related to the elec-
tronic properties of materials. It characterises the fre-
quency-power trade-off, since high frequency usually
requires small device dimension while high power need
large device size. JAM is calculated as JFM = (E,V, /27)°,
where E,, is the breakdown voltage, V; is the saturation
velocity.

« The Keyes figure of merit (KFM) is related to the mate-
rial thermal properties. It characterizes the device size
and thermal resistance trade-off, and is calculated as
KFM = 8,(cV, /2ne,)"*, where 8 is the thermal
conductivity of the materials, ¢ is the speed of light, and
€ is the material dielectric constant.

« The Baliga figure of merit (BFM) addresses conduction
losses of low frequency power devices and is calculated

Table 11. A list of contact material, built in potential, barrier

n-GaN. height, and ideality factor for Schottky contacts to p-GaN.
Nitride | Contact Resistivity Nitride Contact Built in Barrier Ideality
material | material material material | potential height factor
-GaN |N 8x107° 2 (RTA ]
" Tfm]' gffog Q?cﬁén &L p-GaN cr 052V | 055ev | 105
Pd/Al 1.2x10°5 Q fem? (650°C anneal) {;‘I‘? }'?g y e o
Ti/Al 5%107% Q fem? (600°C anneal) : - e 2 :
060 jomd Ag 0.82 ¢V 1.01
ity e Sl Pb 0.73 eV 1.01
TY/AL/Ni/Au | 8.9x1078 Q fem? (RTA+RIE) HE8 :
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as BFM = epE§ , where L is the carrier mobility in the
material.

» The Baliga high-frequency figure of merit (BHFM) ad-
dresses switching losses of high-frequency power de-
vices, due to charging and discharging, and is calcu-
lated as BHFM = elE,.

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 normalised to Si.
The values for the JFM and KFM are listed in Tables 12
and 13, respectively. From these tables, it can be seen that
GaN, AIN are promising materials for high-performance
electronic devices.

mance and reliability of these devices and fulfil the expected
potential of ITI-Nitrides for high frequency, high power and
high temperature electronic devices. This will mostly rely on
improvement of the material quality and metal contact tech-
nology.

9.2. Ultraviolet photodetectors: a survey

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 applica-
tions. The advantages and disadvantages of each type of
photodetectors are summarised in Table 14 [11].

Table 12. Comparison of the Johnson figures of merit of different materials.

Material Ey \'A [(ExV/m]* Ratio to silicon
(V/em) (cm/s) (V2/s?)
Si 3x10° 1.0x107 9.1x10%3 1.0

GaAs 4x10% 2.0x107 64.8x10%3 7.1

GaN 50%103 2.7x107 18466x10% 2029
6H-SiC 40x10° 2.0x107 6485x1023 712
3C-SiC 40x10° 2.0x107 6485x10%3 712
Diamond 100x103 2.7x107 73863x103 8117

To date, ITI-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 demonstrated.
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 effects between AlGaN and GaN inter-
faces has been investigated to generate two-dimensional
electron gas at the interface without doping of the barrier.
HFETs 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
II-Nitride based electronic devices is still in its infancy.
Much research work will be necessary to enhance the perfor-

The development of photodetectors based on III-Nitride
material began with the most simple device design, the
photoconductor. This device required no p-GaN layer to
operate, and therefore simplified not only the growth de-
mands, but also the fabrication steps because etching steps
were not needed to define the device or contact two electri-
cally different types of GaN layers. Both single stripe de-
vices and interdigitated contact designs have been pio-
neered to explore the limits of current responsivity, noise
equivalent power (NEP), temporal response, and rejection
ratio. The current responsivity depends on two main fac-
tors: the quantum efficiency, 7, 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 generated for each incident photon.

Table 13. Comparison of the Keyes figures of merit of different materials.

Material or (300 K) \A £ op(Vye)' 2 Ratio to silicon

| (W/em) (cm/s) (W/em'2s12) PR

si 15 1.0x107 11.8 13.8x102 0|

GaAs 0.5 2.0x107 12.8 6.25x102 0.45 |
GaN 13 2.7x107 9 22.5%102 1.6

6H-SIC 5.0 2.0x107 9.7 71.8x102 52 |

| 3csic 5.0 2.0x107 9.7 71.8x102 52 ]
Diamond 20.0 2.7x107 55 4431102 32.1

P. Kung 219
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Table 14. Comparison of different types of UV photodetectors.

Photodetector Advantages Disadvantages Challenges
type o
Photoconductors | = Easy to fabricate « Low speed « Interdigitated patterns
o Internal photoelectric gain » Large dark current require enhanced resolution |
« Large Johnson noise .
p-n or p-i-n * Low or zero dark current
photodiodes « High-speed
« High impedance (good for FPA » Speed is limited by minority carrier | « Etching is necessary to
readout circuitry) diffusion time and storage time expose various layers
» Compatible with planar processing '
technology (for FPA)
« For p-i-n photodiodes, easy » Speed and quantum efficiency » Ohmic contacts necessary
optimization of quantum efficiency trade-off to both n- and p-type
and speed with i-layer material
Schottky « High efficiency = Require high absorption coefficient | = Schottky contact is needed
photodiodes * High speed » No-sharp cut-off (below bandgap res.)
= Easy to fabricate « Front side illumination needed |

Photoconductive gain is a concept that simplifies the idea
of a photoconductive phenomenon. The responsivity is sig-
nificantly higher for devices utilising the closely spaced
interdigitated contacts due to the photoconductive gain
mechanism exploited in the design. The noise equivalent
power (NEP) is also a parameter used to measure the per-
formance of a detector. It is the ratio of the current noise to
the responsivity 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
photoresponse of UV light to the photoresponse of visible
light. These parameters are outlined with their appropriate
values in Table 15 for several types of photodetectors re-
ported in the literature [85-94].

The characteristics of current photoconductor devices
include very fast response detectors [87], Al,Ga, N detec-
tors over the entire range (0 < x < 1) (see subsection 9.3)
[85], and demonstration of gain mechanism in an MSM de-
tector by uvsing interdigitated contact design with a gain
over 3000 A/W [88]. GaN detector arrays have also been
demonstrated. The kinetics of photoconductivity have also
been investigated in GaN photodetectors [95].

Schottky diodes are the most simple detectors to fabri-
cate and are capable of being extremely fast. Several
groups have combined efforts to develop Schottky
photodetectors with high responsivity and low NEP [89].
They have also fabricated the first GaN-based photo-
detector grown on a Si substrate rather than the popular
c-plane sapphire substrate [90]. Recently, high speed
Schottky based MSM photodetectors have been demon-
strated and their characteristics will be discussed in subsec-
tion 9.6 [96].

The last part of Table 15 highlights the reported results
for p-n and p-i-n photodiodes [97]. To date, all the p-n
junctions in the photodiodes were formed using GaN, lead-
ing to a cut-off wavelength of 365 nm corresponding to the
bandgap of GaN. The temporal response for these detector
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designs led to carrier lifetimes as low as 20 ns, with very
low NEP, good responsivities (0.10-0.14 A/W) and rejec-
tion 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 10° to
a much larger 105, as discussed in subsection 9.4 [94]. An-
other recent development in this field is the demonstration
of AlGaN p-i-n ultraviolet photodiodes for the first time,
which will be briefly discussed in subsection 9.5 [98].

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
continued increase in the quality of material. III-Nitride
based UV photodetectors remain a very promising field
for research and development for the future. In the follow-
ing few subsections, the characteristics of Al,Ga; N
photoconductors for the entire alloy compositional range
(0 £x £1), GaN p-i-n photodiodes with high rejection ra-
tio, Al,Ga; N p-i-n photodiodes and high speed GaN
Schottky based MSM photodetectors will be described in
more details.

9.3. Characterisation of Al,Ga; (N ultraviolet
photodetectors with 0 <x <1

The Al,Ga; N epitaxial layers on (00.1) sapphire sub-
strates used for the demonstration of UV photodetectors in
the entire alloy compositional range were grown on basal
plane sapphire by MOCVD (Fig. 6) [49]. The thickness of
the films was ~ 1 pm. All the samples were transparent,
smooth, free of cracks, and highly resistive. The geometry
of the photodetectors was very simple, consisting of
two-indium stripe contacts with a separation of 1 mm and a
length of 4 mm. The contacts were blocked from illumina-
tion so that the influence of any possible photoelectric ef-

© 2000 COSiW SEP, Warsaw



Table 15. Major accomplishments in Nitride based detectors: photoconductors (PC), MSM and Schottky diodes, and photovoltaic

detectors (PD).
Detector R (A/W) Gn NEP (W) |t Rejection | Research group
ratio
GaN PC 125 600 20 ns Boston University
AlGa N 18-300 64-150 <1078 1-2ms |10 APA Optics
AIN, GaN PC >10 <107 <3 ms 103 CQD-Northwestern University
Al,Ga; (N (0<x<1) PC |(single stripe)
| GaN MSM 0.3 >10? University of Texas-Austin ]
GaN MSM 3200 (interdigitated) 300 ps >102 NASA-Goddard Space Flight Center
n-GaN Schottky PD 0.18 0.65 51002 |120ns |10 APA Optics
Texas Tech. Univ.
n-GaN Schottky on Si  |0.10 4%1077 102 APA Optics,
(111) Texas Tech. Univ., NC State Univ.
GaN p-i-n PD 0.11 0.48 8.2 ps SVT Associates,
Univ of Minnesota
GaN p-n-n PD 0.10 4x1071' |18 ns 103 APA Optics, Texas Tech. Univ. |
AlGaN/GaN p-i-nPD  |0.14 0.5 8x10712 |12 ns 103 University of Illinois-Wright
Laboratory ]
GaN p-i-n PD 0.15 0.5 2.5 ps 106 CQD-Northwestern University |
fect would be minimised. Optical response measurements 109F T . T T —
were conducted using a synchronous detection scheme uti- x=0.75 x=0
lising a Xe lamp chopped at 14 Hz and focused into
a monochromator at the exit of which the photoconductors . |
were placed. The spectrum of the Xe lamp was measured 5 10
using a calibrated Si detector. The rest of the biasing circuit "E
was contained in an electrically isolated box to eliminate = £
any electromagnetic interference. The photoconductor was ‘9; 107F
in series with a load resistor, RL. Because of the large re- S i
sistance of the photoconductors, they were operated in the g
constant-voltage mode. a
ST i i i 108F
The responsivity linearly increases with bias voltage. It i
eventually saturates at high voltages due to the sweep out ef-
fect. The normalised spectral response from these Al,Ga; (N i
is shown in Fig. 17. i ' 108 x ' - g -
i in Fig. 17. It demonstrates for the first time that 500 TR 56 320 360 200

a continuously tunable cutoff wavelength can be achieved
from 200 to 365 nm by adjusting the alloy composition.
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Fig. 17. Normalised 300 K spectral response from AlGa; (N
photoconductors (after Ref. 68).
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Fig. 18. Detectivity of AlGa;xN (0 < x < 1) photodetectors at
a modulating frequency of 14 Hz (after Ref. 86).

Noise measurements were taken with a SR760 FFT
Spectrum Analyser (Stanford Research Systems) at room
temperature using the same setup and conditions as for
photoresponse measurements with the exception of the
placement of the sample. During the noise measurements,
the sample was kept inside the electrical isolation box with
the rest of the biasing circuit so that it would be shielded
from any light. The noise was found to decrease with in-
creasing frequency, while levelling off around 30 kHz and
remaining flat at high frequencies. For low Al-composition
Al,Ga,_,N photodetectors, the high-frequency noise is lim-
ited by Johnson noise. The noise of the AIN photodetectors
is higher than their Johnson noise. Based on the
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Table 16. The detectivity and majority carrier lifetime of Al,Ga;. N (0 < x < 1) photoconductors.

Detector active layer A (nm) D, (cmHZ!2/W) Tegr (MS)
pe
Aleal_xN B B
x=0 365 5.54x108 6
x =075 230 3.33x108 , 25
x=1 200 3.81x107 | 35

responsivity and noise measurements, the detectivities
were calculated using the following equation

) 1/2
ot _ Ri(A4f)

I.ﬁ

where R; is the responsivity, i, / \/A_f is the power spectral
density of the noise signal, and A is the area of the detector.
Figure 18 shows the detectivity of Al,Ga; . N (0 <x<1)
UV photodetectors at a modulating frequency of 14 Hz.
The peak detectivities are in the range of 3.81x107-5.5x
108 cmHz!2/W, as displayed in Table 16 with the corre-
sponding Al content and cutoff wavelength. Below the
bandgap wavelength, the detectivity linearly increases with
increasing wavelength, whereas near the bandgap, it exhib-
its a sharply decreasing responsivity. This indicates that the
detector has high quantum efficiency up to the cut-off
wavelength.

In an attempt to correlate the detectivity with the carrier
lifetime the kinetics of photoconductivity was done by
measuring the frequency-dependent photoresponse, as
done in Ref. 95. The responsivities for all Al,Ga; N photo-
detectors decrease dramatically with increasing frequency
at low frequencies and reach a constant at high frequencies.
Figure 19 shows a typical frequency-dependent photo-
response of an Al,Ga, N photodetector. Taking the chop-
per modulation into consideration, which can be approxi-
mated as a square modulation, the frequency-dependent re-
sponse can be described by the following equation

1.0
@
w
&
& Alg 75Gag 25N
Q 0'5 4
=]
8 tost = 25 ms
©
£
S
=
[ | ]
0.0+

50 100 150 200 250 300 350 400
Frequency (Hz)
Fig. 19. Frequency-dependent response of Aly75GagosN
photodetector (after Ref. 86).
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where 1) is the quantum efficiency, [L. is the electron mobil-
ity, A is the wavelength of the incident light, £ is the elec-
trode spacing, V), is the DC bias voltage across the photo-
conductor, f is the modulation frequency and T, is the ef-
fective majority carrier lifetime. The latter, obtained from
the frequency-dependent photoresponse, is between 6 ms
and 35 ms, as shown in Table 16. It increases with increas-
ing Al-composition in Al,Ga, N materials. This may be at-
tributed to the influence of deep-level traps in higher
Al-composition samples. One mechanism that has been
proposed to occur in high Al-content ternary materials in-
volves the appearance of a trapping layer as the Al concen-
tration is increased [99].

9.4. GaN p-i-n photodiodes with high
visible-to-ultraviolet rejection ratio

A typical GaN p-i-n ultraviolet photodiode characterised in
this subsection is shown in Fig. 20 and was grown by low
pressure MOCVD [94]. It consists of a 2000 A Mg-doped
GaN layer (p ~ 1017 cm~3), on a 1000 A undoped GaN layer
on a 1 pm n-type Si-doped GaN (n ~ 5x10'% cm™) on
(00.1) sapphire substrate. After post-growth annealing to
achieve low-resistivity p-type GaN:Mg, the surface of the
sample was partially removed using ECR-RF dry etching
until the n-type GaN was exposed to form 400x400 pm
square mesa structures. Ni/Au and Ti/Au metals were evap-
orated onto the p-type and n-type GaN, respectively. The
spectral responses of photodiodes were measured using a
Xe arc lamp, a monochromator, an optical chopper, and a
lock-in amplifier in a synchronous detection scheme. The
sample was uniformly illuminated from the front side. To
obtain the absolute spectral responsivity, the power of the
Xe lamp as a function of wavelength was factored out after
measuring its spectrum using a calibrated Si detector.

The absolute spectral responsivity of the GaN p-i-n
photodiode without bias is plotted in Fig. 21 (solid line). The
device area used in the calculations was the exposed surface
area of the mesa (400-150 pm?). A peak responsivity of 0.15
A/W at 363 nm was achieved. The theoretical current res-
ponsivity for a p-i-n photodiode is given by

A
R =2y
he
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Fig. 20. Schematic of a typical photodiode mesa structure
(after Ref. 94).

where A is the photon wavelength and 7 is the external
quantum efficiency [100]. This external quantum effi-
ciency includes the internal quantum efficiency and reflec-
tivity losses. Using the value obtained for the responsivity
at 363 nm, an external quantum efficiency of 1~ 0.51 is es-
timated for these p-i-n photodiodes.

Using the Xe lamp, it was not possible to detect any
photogenerated signal for wavelengths longer than about
390 nm. A high power argon laser (514 nm) was then used
to obtain a photoresponse in the visible spectral region and
the value of the responsivity is shown in Fig. 21 as a trian-
gle. By dividing the values of the responsivity at 363 nm
and at 514 nm, a value of 10% was obtained for the UV-to-
-visible rejection ratio, which is about three orders of mag-
nitude higher than other reports on III-Nitride based UV

1 U T T T ¥
GaN p—i—n

107 300 K

Responsivity (A/W)
239 %R

1077

-5 |
L 250

1 1 1

450 550
Wavelength (nm)

350 650
Fig. 21. Room temperature spectral response of a typical 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 (after Ref. 94).

Opto-Electr. Rev., 8, no. 3, 2000

P. Kung

10 g Ty AL SRS EC L R SR AL IR R By 10_5
F | A Responsivity (unbiased) E
1 [ | ¥ Responsivity (-5 V) ] 10-8
S *x X K 'E XX 3107 <
z | 1 B
= 8 1078 g
3102 e 400 Hz 3 3
g i ) A=325nm| 1 2
& 1 — | 300K Tino &
O a3l 410°% @
104 £ L] # Photocurrent (0 V) u 1010
e e Photocurrent (-5V) | ]
10-—5- el ool sl coil il ......:10—11
10-10 100 10® 107 10® 10° 107
Power (W)

Fig. 22. Responsivity and photocurrent measured with increasing
optical power (after Ref. 94).

photodetectors. Because GaN has a wide bandgap, crystal
defects or impurities in the material may easily create en-
ergy levels within the gap. These levels form recombina-
tion centres that harm the performance of UV photo-
detectors, in particular their visible blindness. The im-
provement of the visible blindness for our GaN based UV
detectors can be partly attributed to better control of the
material growth technology (reduction of impurity and de-
fect densities). Further improvements in rejection ratio may
be achieved by optimising the device geometry and
structure design.

The responsivity and photocurrent of the photodiode is
shown in Fig. 22 for optical power levels across many orders
of magnitude. The photocurrent increases linearly for in-
creasing power, thus yielding a constant responsivity. The
current-voltage curve of one of these diodes is shown in the
inset of Fig. 23. The current at reverse-bias is three orders of
magnitude less than the current for the same voltage at for-
ward bias. The resistance plotted with respect to bias volt-
age, as seen in Fig. 23, indicates the turn on voltage at ~ 3 V
with a dramatic decrease in resistance of seven orders of

1072
10"
1010
10°
108
107
108
105
104
% 8 5 4 =2 0 2 4
Bias (V)

dv/di (©)

Fig. 23. Room temperature resistance-and current-voltage curves
of a p-i-n photodiode (after Ref. 94).
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Fig. 24. The temporal response display of rise and fall times for
various voltage biases (after Ref. 94).

magnitude. This plot also shows the zero bias resistance of
101 Q.

The rise and fall times, which indicate at what speed a
device is able to operate, are examined for various bias
voltages. The square wave of period 250 ps is created by
the optical chopper spinning at a frequency of 4 kHz. One
limitation is in the current amplifier itself, which contrib-
utes a rise and fall time of 5 ps for a gain of 10°. As seen in
Fig. 24, as the negative bias is increased from 0 to -3 volts
the response of the diode is noticeably faster. Both the rise
and fall times respond to the higher negative bias and attain
the switched level more quickly than their lower biased

T T T T T L ! T T T
35} 1
30} R =33 kQ
A =337 nm
Bias=0V
25t
S
8
E, 20 r
5
o
2
215
o
1.0
0.5
PP W P ey A 1Y l e i | M |

0.0 - - -
5 4 3 21 0 1 2 3 4 5
Time (ps)

Fig. 25. The temporal response with a pulsed nitrogen laser as the
optical source (after Ref. 94).
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counterparts. A more accurate estimate of the rise and fall
times for this detector was taken with a pulsed nitrogen la-
ser as the optical source so that a chopper and current am-
plifier, which introduce additional response delays to the
measurement, would not be necessary. Figure 25 shows a
fall time speed of the photodiode of about 2.5 psec. This re-
sponse time, although not as limited as if using the previ-
ous setup, is believed to still be limited by the measurement
apparatus. The increase in response speed with an increase
in voltage bias, as seen in Fig. 24, suggests that the speed
of these GaN p-i-n photodiodes is limited by the RC time
constant of the detection circuit, where R is the total resis-
tance and C is mainly the capacitance of the depletion layer
in the diode. Indeed, the RC time constant can be reduced
by increasing the reverse bias, which extends the depletion
layer, and thus reduces the capacitance C. A rough estimate
of the RC time constant yields a value of T ~ 1.4 ps, as-
suming the following parameters for GaN; R ~ 1x10¢ Q , e
= 104 gy (E/fc); W = 0.1 pm and A = (400 pm)? for the
width and area of the depletion layer respectively. This
value of Tge is on the same order as our estimate of the re-
sponse speed from Fig. 25.

9.5. Al,Ga;_ N p-i—n ultraviolet photodiodes

Recently, Al,Ga,; N p-i-n ultraviolet photodiodes grown
by low pressure MOCVD have been demonstrated for the
first time [98]. They consist of a 2000 A Mg-doped
Al,Ga, N layer, on a 1000 A undoped Al,Ga, 4N layer on
a 1 pm n-type Si-doped Al,Ga;_N on (00.1) sapphire sub-
strate. After post-growth annealing to achieve low-resistiv-
ity p-type Al,Ga; N:Mg, the surface of the sample was
partially removed using ECR-RF dry etching until the
n-type Al,Ga;_ N was exposed to form 400x400 pm square
mesa structures. Ni/Au and Ti/Au metals were evaporated
onto the p-type and n-type Al,Ga; N respectively. The

T T T T T T T
0.10 | 1
Al,Ga,_N
0.08 — x=0.05 .
----- x=0.15
<0.06F il
=
o
3 0.04f -
0.02 .
0.00 | .
1 M 1 i 1 i 1 i 1 i I L 1
20 -15 -10 -5 0 5 10

Voltage (V)

Fig. 26. Room temperature current-voltage characteristics of
Al,Gay 4N p-i-n diodes with different Al concentrations.
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measurements were conducted using the same experimen-
tal setup as described previously for GaN p-i-n photo-
diodes.

The current-voltage characteristics of two chosen di-
odes, with ~ 5% and ~ 15% Al concentration, are shown in
Fig. 26. The room temperature spectral response yielded
peak responsivities at 350 and 335 nm for the two diodes

_tested, as shown in Fig. 27. These detectors were solar
blind with a visible-to-ultraviolet rejection of 10* was ob-
served. The photoresponse was linear for more than 4 de-
cades of incident optical power.

These preliminary results represent the first ever re-
ported Al,Ga, N p-i-n UV photodiodes and are most
promising for solar blind UV photodetectors. More re-
search work is being conducted in improving these devices.

9.6. High speed Schottky based metal-
-semiconductor-metal UV photodetectors

Recently, high speed, Schottky metal-semiconductor-metal
ultraviolet photodetectors exhibiting a sharp wavelength
cutoff have been demonstrated [96]. The devices consisted
of a high quality, undoped GaN films grown by low pres-
sure MOCVD on basal plane sapphire substrates [94]. High
quality Pt/Au Schottky contacts were deposited and
interdigitated finger patterns were fabricated using standard
photolithography techniques.

The current-voltage (I-V) curve for the MSM device is
shown in Fig. 28 for two different finger spacings. The
asymmetry of the curve is due to the different sizes of the
two metal contacts.

The spectral response of the detector was measured
using a Xe arc lamp as described in previous subsections
and is shown in Fig. 29. The peak responsivity occurs at
359 nm and a very abrupt cutoff is observed above this
wavelength, with the signal dropping by more than 3 or-
ders of magnitude until it was no longer measurable. The
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Fig. 27. Room temperature, zero bias spectral response of
Al,Ga;_,N p-i-n photodiodes with different Al concentrations.
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Fig. 28 Currsﬁt-‘voltage curve for a GaN Schottky MSM
photodetector for two different finger spacing,

response with respect to optical power was measured us-
ing a He-Cd laser (325 nm) and is shown in Fig. 30. It
demonstrates a slightly sub-linear dependence of the re-
sponse to incident optical power of about P09, This slight
diversion from the norm is most likely due to the heating
of the detector at higher power levels.

Most importantly, the most promising feature of this
device was its high speed. Initial tests confirmed that the
device lifetime was limited by the RC time constant of
the instruments and measurement techniques used, in
terms of load resistance and capacitance of the electrical
wires. The contribution from the load resistance can be
factored out as shown in Fig. 31. By extrapolating the
curve, it was possible to determine the response speed of
the detector to be less than 10 ns, the highest reported for
a GaN Schottky MSM photodiode. By factoring out the
capacitance of the measurement circuit, the response
speed of the device should be even lower.

Responsivity (a.u.)

240 260 280 300 320 340 360 880 400
Wavelength (nm)

Fig. 29. Room temperature spectral responsivity of the Schottky
MSM photodetector.
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Fig. 30. The responsivity vs. optical power curve.

9.7. Visible light emitting diodes

To generate visible light using III-Nitride materials, one
has to use Ga,In,N alloys in the active layer. The first
generation of blue and blue/green LEDs were fabricated
from GaInN/AlGaN double-heterostructures (DH) [101].
Although these provided high optical output, higher than 1
candela (cd), they had a broad spectrum with linewidths
typically ~ 70 nm, while the emission spectrum ranged
from the violet to the yellow-orange spectral range, making
the output appear “whitish-blue” to the human eye. Greatly
improved LED performance, in terms of both colour purity
and intensity, have been achieved using single quan-
tum-well (SQW) structures [102-104]. 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 an emission peak linewidth of 30 nm and lu-
minous 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% respectively (see Table 17). These
LEDs give better performance than those made from other
materials and join the mainstream of LED evolution as
shown in Table 18. White LED have also been demon-
strated by combining a blue nitride LED with a phospho-

Table 17. Nichia LED performances at forward current
Iy = 20 mA [102-104] (predicted lifetime ~ 60 000 hrs [105]).

Colour Apear | Peak FWHM Piat n
(nm) (nm) (mW) (%)
Violet 405 20 5.8 9.2
Blue 450 20 5 o1 |
Green 520 30 3 6.3
Yellow 590 90 0.5 12 |
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Fig. 31. Device time response versus load resistance plot.

rescent coating of the LED paf:kaging. All of these LEDs
are now commercially available.

In addition to these high brightness LEDs, devices with
longer emission peak wavelengths, up to 600 nm (orange),
have been achieved by increasing the indium composition
(Table 17) [105]. However, the performance of these devices
are not as satisfactory because the quality of GalnN tends to
deteriorate for higher indium compositions due to the disso-
ciation of GaInN at high temperatures, and because of the
higher lattice and thermal mismatch between the well and
the barrier layers [106].

Despite the successful commercialisation of II-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 V or forward cur-
rent higher than 100 mA. This is surprising because
[II-Nitrides are expected to have high breakdown voltages.
An improper doping profile or high background carrier
concentration in GaInN could be the cause of failure at
high reverse bias or large forward current.

Second, is their thermal handling capability. The recom-
mended operation temperature is 80°C to avoid early degra-
dation of the devices. Ideally, ITI-Nitrides based devices are
suitable for much higher temperature operation because of
their thermal properties. The unusual low operation tempera-
ture could be due to the high defect density in the materials
and the thermal instability of GalnN active layer.

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

9.8. Violet-blue laser diodes: a survey

The realisation of III-Nitride based laser diodes has eluded
the research community for many years. It is only after
thorough development of the material, processing and de-
vice fabrication technology that such lasers have been
made possible.
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Table 18. Comparison of visible III-Nitride LEDs and those fabricated from other semiconductor materials.
Color Material Peak Luminous Qutput External |
wavelength intensity power quantum
(nm) (med) (uW) efficiency
(%)
Green AllnGaP 570 1000 400 1.0
GaP 555 100 40 0.1
ZnTeSe” 512 400 1300 53
InGaN 520 12000 3000 6.3
Blue SiC 470 20 20 0.04
ZnCdSe” 489 700 327 1.3
InGaN 450 2500 5000 9.1

* At forward current Iy = 10 mA, all others Iy = 20 mA

There has been outstanding success in GaN-based blue Ja- ¢ Laser performances are enhanced when Si doping the

ser diodes in the past few years. To date, nine research groups

wells and barriers of the MQW.

worldwide have demonstrated GaInN/GaN multiple quantum  «  The general structure of the laser consists of a separate

well based violet-blue laser diodes and some of the device
characteristics are summarised in Table 19. Blue laser diodes
operating at room temperature and in continuous wave mode
with a projected lifetime of 20000 hours have been demon-

confinement heterostructure, using AlGaN as the clad-
ding layers, although there has been report of Al-free
ITI-Nitride lasers which will be discussed in the next
two subsections [42].

strated and are nearing commercialisation. Most of the recent « The p-type contact layer has a hole concentration in the
nitride lasers share the following characteristics.: )

* The active layer consists of a Ga,;In,N/Ga;In,N or
GaInN/GaN multi-quantum well (MQW) with an emis-

sion peak ranging from 400 to 430 nm.

e The MQW is not uniform, but has a quantum dot-like
structure. These quantum dots are formed most likely be-
cause of indium composition fluctuation and segregation.

range of 10'8 cm™3,

The dislocation density in early generation of
ITI-Nitride based lasers is measured to be higher than 107

cm2, which led to very short lifetime and low output

Table 19. Current GaN-based blue laser diode players.

power. It is only recently that much higher output power
and longer lifetime have been achieved by reducing the dis-
location density through lateral epitaxial overgrowth

Research Date Structure Operation mode |Threshold Ag (nm) |Output !Fabrication Lifetime
group AA (nm) |power
Nichia Nov, 1995 |GaInN MQW  |[Pulsed@RT 1.7A@34V 4.17 215 mW@ IRIE etching for [Not
on sapphire 4 kA/em? 1.6 2.3 A&34V lmirrors with HR |tested
icoating (>24 hrs)
|(60-70%)
Meijo Mar, 1996 |GaInN Pulsed@RT 16V 376 Not given 'RIE etching for |Not given
University SQW-SCH 2.9 kA/em? 0.15 /mirrors without
on sapphire | |coating
Toshiba Sept, 1996 |GalnN MQW  Pulsed@RT 5 A@20V 417.5 Not given Cleaved Not given
on sapphire 50 kA/cm? 0.15 along <1120>
on c-sapphire
Cree 1997 no details
Fujitsu July, 1997 |10 GalnN Pulsed@RT(%) [500 mA@22V  |405-425 |80 mW HR coated Not given
MQW on SiC | 12 kA/cm? |
UCSB Sept, 1997 |GalnN MQW  |Pulsed, RT 50V 420 Not given |RIE Not given
on sapphire 12.7 kAfem? ]
Xerox Oct, 1997 |10 GaInN [Pulsed@RT 25 kA/cm? 422-432 |Not given 1iDry etching Not given
MQW on 400 ns @1 kHz
sapphire
Sony 5 GaInN MQW |Pulsed, RT, 9.5 kAfem? 417.5 <0.2 nm !Cleaving Not given
on sapphire 1500 ns, 1 kHz )
Northwestern [Dec, 1997 [GaInN MQW  (Pulsed, CW, RT |1.4 kA/cm?@77K 405410 |2 mW/facets iMcchanica] 140
University (Pulsed) |polishing hrs@RT
Nichia QOct, 1997 |GalnN MQW  |CW@RT 16 mA 390420 |2 mW ZRIE mirror with {10000
1.5 kA/cm? 'HR coating hrs@RT
Opto-Electr. Rev., 8, no. 3, 2000 P. Kung 227
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(LEQ). 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 III-Nitride lasers. There are experi-
mental evidences that recombination in the MQW active
layer is enhanced in these laser diodes by self-formed
quantum-dot like structures, or by localisation of excitons
by potential fluctuation [107-111]. Theoretical work is
necessary to study how these structures are affecting mate-
rial and modal gain [112], recombination efficiency, emis-
sion wavelength (tunable by adjusting the dot or potential
feature sizes), and how lasing can be improved by inten-
tionally control the formation of such structures.

Secondly, the mechanism for the formation of the
‘afore-mentioned quantum-dot structure or local potentials
is also unknown. Is it due to the intrinsic nature of GalnN
ternary alloys since compositional modulation due to phase
separation would be energetically favoured in this material
system? [39]. Or is it due to compressive strain introduced
by lattice mismatch? The understanding of the mechanism
would inevitably lead to better devices.

The effect of doping in III-Nitride based lasers is not
entirely clear. Generally lasers have intrinsic active layers
in order to enhance carrier diffusion and reduce free carrier
absorption in the active layer. However, Si doping in
IMI-Nitride lasers enhances the laser diode performance
[109]. It is believed that the doping effectively screens the
piezoelectric field in the MQW active region [113].

The p-type doping needs to be increased in order to
minimise device resistance. Searching for other dopants
seems hopeless because of the deep-level nature of acceptor
dopants in ITI-Nitrides, which may be an intrinsic nature of
wide bandgap nitride materials, just like ZnSe-based materi-
als. However, new doping schemes such as piezoelectric ef-
fect, which can enhance the ionisation of impurities by
built-in electrical field, or tunneling-assisted carrier injection
should be studied.

Finally, the failure mechanisms in ITI-Nitride lasers
need to be determined and minimised. Potential causes of
failure include heat generation due to high series resistance,
dislocations and other threading defects, as well as optical
damage due to reabsorption of stimulated emission at de-
fects which are formed during growth [114]. Reduction of
defects is now rapidly being conducted through lateral epi-
_taxy overgrowth [115]. With the progress of bulk GaN

growth either by high-pressure technique or hydride VPE
or LEO grown, homoepitaxy of III-Nitride devices may be
soon available.

9.9. Low temperature operation of GaInN/GaN
multi-quantum well laser diodes

In this subsection and the following one, the characteristics
of Al-free GaInN/GaN multi-quantum well lasers at low
temperature and room temperature will be discussed.

The epitaxial layers were grown on (00.1) sapphire sub-
strates by low pressure MOCVD [24,42,94] Fig. 32(a)
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shows a schematic diagram of the laser structure grown,
which consisted of a 3 pm-thick Si-doped GaN (n ~ 2x10'3
cm3); followed by a 10 period 33 A Gaggolng;N/66 A
GaN multiple quantum wells; and a 0.25 pm-thick
Mg-doped GaN contact layer (p ~ 2x10'7 cm™3).

Figure 33 shows the room temperature photo-
luminescence and optical pumping from the MQW struc-
ture described above capped with only a thin GaN layer as
measured using a He-Cd laser and a pulsed nitrogen laser
respectively. Stimulated emission was collected from a bar
with mechanically polished edges and was observed for
pumping densities higher than a threshold estimated at 100
kW/cm?. The peak position was 401 nm and its width of ~
1 nm (resolution of the measurement equipment).

Light emitting devices were fabricated using ECR-RF
dry etching, as well as Ti/Au and Ni/Au metal contacts on
the n-type and p-type GaN, respectively, as shown in Fig.
32(b). Figure 34 shows the room temperature electrolumi-
nescence spectrum for increasing injected currents under
continuous wave operation with the light collected from the

0.25 pm p—GaN:Mg

10 x (33 A GalnN/

66 A GaN) MQW

3 uym n—-GaN:Si

(00.1) Al,O5

(@)

Ni/Au

10 x (33 A GalnN/
66 A GaN) MQW

3 ym n—GaN:Si

(00.1) Al,O4

(b)

Fig. 32. Schematic diagram of a 10 period 33 A Gag golng 11N/66 A

GaN MQW laser structure (a), and cross-section of a processed

broad-area 33 A Gaggolng; N/ 66 A GaN MQW laser with
100 pm-wide metal contacts (b).
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back of the sample. An intense clectroluminescence peak af
~ 416 nm could be observed.

The 79 K photoluminescence from the wells in the light
ermitter is shown as curve a in Fig. 35. In order to be able to
deteel pholelominescence from Lhe MOW, the top p-type
GaN:Mg layer was parlially removed by dey etching to al-
low penetration of the laser beam. The spectirum exhibited
a small peak at ~ 384 nm and an intense peak at 410 nm.
The full width at half maximuwmn of the peak at 410 nm is
~ |1 om. This width and the presence of lwo peaks in the
spectronn strongly sugeesis that there 8 some degree of
phase scparation in the MOW structore, leading 1o local-
ised regions — ez, quantum dots — which are In rich and
others regions which are In deficient, Curve b in Fig, 33
shows the 79 K electroluminescence spectrum of this laser
structure, cxhibiting a peak at ~ 403 om.

Broad-arca lasers with 100-um wide stripes were fab-
ricated. Mirror facets were machanically polished for var-
tons cavity lengths from P00 pm to 1800 pm. The rough-
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ness of the el surface was in the range of 30 nm. No an-
tireflection er high-teflection coatings were applied on the
mirror facets. The laser diodes were bonded with indium
to copper heatsinks, Light-current characteristics were re-
corded in pulse operation (pulse width 2-G us, repetition
rate 2000 Hz) wsing a silicon detector. From the current
versus voltage (I-V) curve, the series resistance of the [a-
ser (L ~ 1800 pm) was estimated to be 13 0 at 300 K
{turn-on vollage ~ 3.6 V) and 14 L2 (tum on voltage ~ &
VY oat 79 K, as shown in Fig, 36. When decreasing the
sample temperature from 300 o 79 K, the resistivity of
the p-type GalM:Mg is expected to increase drastically, by

0.5
MOW GalnMiGaM .10 | i .
1L=1.8 mm, W =100 pm Zooe A,= 130 Ta K]
0.4 Fulse: 5 L2000 Mz gu.un | R, =f40 ]
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E
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0.1
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Wavalangt ) _ .
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Current (&)

Fig. 36, Output power versus injection cument for 3 MOW

GalnN/GaM 405 am uncosted diade loser measured at 79 K {pulse

operation: 5 ps-200 Hz) with covity length of 1800 pmeand 104

pm-wide apertore. lnset: Current-vollage characteristies of Lhe

laser dinde with sevics resistance of 1382 at 300 K and 14 £ a1 79
K. Spectrum of the laser dinde slightly above threshold.
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Fig. 37. Threshold current density vs. inverse cavity length for 100
pm wide GaInN/GaN MQW lasers at 79 K.

at least two orders of magnitude, as a result of the rela-
tively high activation energy of Mg levels in GaN
[32,116]. The fact that the series resistance does not in-
crease significantly in these diodes may be directly due to
the small thickness of the GaN:Mg layer, to the absence
of AlGaN cladding layers or to higher p-type doping of
GaN:Mg which results in lower device resistances [32].

Figure 36 illustrates the light output power versus injec-
tion current of an uncoated 1800 pm-long laser at 79 K.
Stimulated emission was observed at currents of 2.5 A,
which corresponds to a threshold current density of 1.4
kA/cm?2, Because the laser stripes used in this study are 100
um wide, the lasing action may occur in filament and the
threshold current density may be locally higher than the
value measured above. The voltage of this laser at thresh-
old was 25 V. The peak wavelength of the measured lasers
was 405 nm at 3.4 A as shown in Fig. 36. At currents lower
than 4 A, no degradation was observed for these diodes un-
der pulse operation. The threshold current density for sev-
eral lasers of different cavity length was measured and the
results are plotted in Fig. 37.

Table 20 summarises the emission wavelengths from
the same laser wafer measured at low temperature (79 K)
by photoluminescence, electroluminescence and current in-

Table 20. Emission wavelengths from GaInN/GaN MQW and
lasers using different measurement techniques at low temperature
(79 K).

Measurement technique Emission wavelength

Photoluminescence 410 £ 2 nm
Electroluminescence 403 £ 2 nm
Current injection stimulated emission | 405 £2 nm
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jection stimulated emission. A good agreement between the
electroluminescence and current injection stimulated emis-
sion is observed.

9.10. Room temperature operation of GaInN/GaN
multi-quantum well lasers

MQW lasers comprising 10-15 periods of 33 A GaInN/66
A GaN superlattices were grown on (00.1) sapphire sub-
strates in the same manner described in the previous sec-
tion and characterised at room temperature. A 0.25-um
thick Mg-doped GaN was used as the p-type contact layer.
Mirror facets were mechanically polished for various cav-
ity lengths from 650 pm to 1800 pm. The roughness of the
mirror facet was estimated to be in the range of 50 nm from
SEM measurement. No mirror coating was applied to the
facet surfaces.

The P-I and I-V curves of a typical laser diode with 100
pm width and 1200 pm cavity length under pulse operation
(5 ps/200 Hz) are shown in Fig. 38(a). The P-I curve of the
laser diode at CW operation is shown in Fig. 38(b). The
I-V curve (dotted line) in a forward direction shows the se-
ries resistance as low as 6 Q and turn-on voltage of 6.2 V.
As shown in Fig. 38(a), the laser showed a sudden increase
in the slope of optical output power vs. injection current
curve by one or two orders of magnitude at around I ~ 300
mA, indicating the onset of a laser operation. The laser in
pulse-operation showed saturation of output power around
2 mW of output power [Fig. 38(a)]. The emission spectrum
above and below threshold measured by an interferometer
is shown in Fig. 39. For these measurements, the interfer-
ometer designed for this wavelength range (400-500 nm)
was not available and the one designed for longer wave-
lengths (> 0.8 pm) was thus used. Because the latter’s fibre
and other optical components are very lossy in the 400-500
nm wavelength range, an estimation of the collection effi-
ciency indicates that only less than 0.3% of light will actu-
ally be analysed. The actual stimulated emission sig-
nal-to-noise ratio should thus be 300 times higher than
what was measured. As shown in Fig. 39(d), there was a
significant background noise even at zero injection current
due to this low collection efficiency (low signal to noise ra-
tio). Nevertheless, Fabry-Perot-like peaks could be ob-
served above threshold, as shown in Figs. 39(a), (b), and
(c) which correspond to the spectra measured at I = 500,
900 and 1000 mA, respectively. In these measurements, the
actual Fabry-Perot longitudinal modes could not be re-
solved in the monochromator used because of its limited
resolution (~ 0.1 nm) at this wavelength (~ 410 nm) and
since the Fabry-Perot mode spacing was expected to be
only about 0.03 nm for GaN lasers with cavity length of
1000 pm (Fig. 40).

The presence of stimulated emission in these devices
was further confirmed by measurements of far-field pat-
terns and polarisation properties of the emitted beam, as
these properties have very distinctive features between

© 2000 COSiW SEP, Warsaw
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Fig. 40. The longitudinal mode spacing AL of GalnN lasers
(Ao =410 nm, ng = 2.5).

stimulated and spontaneous emission beams. Figure 41
shows far-field patterns with beam divergence of 13° and
20° for parallel and perpendicular directions to the epilayer
plane, respectively. The perpendicular direction far-field
pattern was calculated using a slab waveguide model [117],
assuming the refractive index difference between GaN and
Ing ;GaggN to be 0.025. The calculation showed that the
far-field full width at half maximum (FWHM) was about
15°, which is not far from the measured one (20°) consider-
ing the inaccuracy of refractive indices for each layer. This
comparison strongly indicates that the emission is domi-
nated by a few fundamental optical modes amplified by
stimulated emission. If spontaneous emission were the
dominant emission (i.e., all optical modes are equally ex-
cited), the far-field pattern would have been much broader,
ideally approaching FWHM of 180°. The multi-lobed
structure in the far-field for perpendicular direction as

Perpendicular direction

shown in Fig. 41 has also been observed elsewhere [118]
and could be attributed to either excitation of optical modes
other than the fundamental one or scattering of the laser
beam due to imperfect laser facets [117]. The FWHM of
the far-field in the parallel direction is much broader than
the diffraction-limit (~ 0.1°), indicating non-uniform injec-
tion of current into the diodes, or filamentation in laser di-
odes. The issue of non-uniform current injection will be
further discussed below.

The polarisation of the laser beam was measured as
a function of injection current as shown in Fig. 42. The la-
ser beam showed a strong anisotropy in polarisation, with
intensity of TE modes being over 70 times higher than that
of TM modes. Such a dominance of TE in stimulated emis-
sion is consistent with conventional QW laser gain theory
[119], which predicts much higher transition matrix and
gain for TE modes than TM counterparts [120]. Thus both
the narrow far-field and the polarisation anisotropy is con-
sistent with lasing operation of the lasers above threshold.

Figures 43 and 44 shown the dependence of threshold
current density J;, on cavity length and temperature. As ex-
pected from the conventional laser theory [121], the thresh-
old current density increases for short cavity lasers (Fig.
43). Transparency current density is estimated to be 150
Afcm? from the cavity length dependence of J,;,. As shown
in Fig. 44, T, is about 145 K. This result is consistent with
theoretical prediction [122] that T, is ~ 2/3 T for ideal bulk
lasers where thermal gain spectrum broadening is the pri-
mary reason for the increase in Jy, with temperature. This
also suggests that the temperature dependence of these la-
sers was primarily determined by thermal gain broadening
and not strongly affected by non-radiative recombination or
leakage current with increase in temperature.

Parallel direction

InGaN/GaN MQW InGaN/GaN MQW
Pulse: 5 ps/200 Hz Pulse: 5 ps/200 Hz
T=300K 6= 20° T=300K o, = 13°
3 -~
© 3
> s
£ >
g 2
E 2
- £
e r,|.1‘|.|.|1|r.
-80 -60 -40 -20 0 20 40 60 80 -80 -60 —40 20 0 20 40 60 80
© (deg) © (deg)

(a)

(b)

Fig. 41. Far-field in the perpendicular direction of a GalnN/GaN MQW laser diode at 300 K (a), far-field in the parallel direction of
a GaInN/GaN MQW laser diode at 300 K (b).
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injection current.

If it is assumed that the current is uniformly injected
into the diodes, the threshold current (~ 300 mA) of our
lasers with stripe area of 100x1200 nm [Fig. 38(b)] corre-
sponds to threshold current density of 250 A/cm?. This is
about one order of magnitude lower than previous both
experimental [118] and theoretical results [123,124]. The-
oretically predicted values for threshold current density
and threshold carrier density are around 1 ~ 2 kA/cm? and
1 ~ 2x10' cm™3, respectively [123,124], when using
free-electron recombination and Kane’s band model. Con-
sidering the high effective mass of conduction band elec-
trons (~ 0.2 free electron mass [123,124]), this estimated
apparent threshold current density is unlikely to be realis-
tic. All of the measurements of optical power and current
were performed in high-speed oscilloscope (400 MHz
bandwidth) and no pulsation was observed. This excludes
the possibility that the low threshold current may result
from the self-pulsation, such as observed in other material
systems [125]. It is believed that this low threshold cur-
rent density may result from the fact that injection current
could be non-uniformly distributed, and thus only a frac-
tion of the diode contributes to the lasing operation. In
this case, the threshold current density can be grossly
overestimated. The non-uniform current distribution
could be observed from near-field measurements per-
formed for both LED and laser structures fabricated from
the same GalnN/GaN MQW lasers. In these measure-
ments, the near-field patterns of lasers with different aper-
ture widths of 10 and 100 um were compared. The 10-pm
width lasers are expected to have less non-uniformity in
current distribution compared to 100-pm width lasers.
Figure 45 shows the characteristics of the 10-pm aperture
devices. The devices were fabricated in the same manner
as the 100-pm width devices except that the 10-um metal
stripes were deposited on the p-GaN cap layers while
other parts were covered with a SiO, layer, as indicated in
the upper right-hand corner of Fig. 45. The most notice-
able difference between the P-I curves is that the 10-um
lasers have about 5-10 times higher Jy,. This means that
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Fig. 43. Threshold current density vs. inverse cavity length of
GalInN/GaN laser diodes (W = 100 pm aperture) at 300 K.

the narrow-aperture lasers have a more uniform current
injection and consequently that a wider area of the device
contributes to lasing than in 100-pm width devices. This
observation was further supported by near-field imaging.
As shown in Fig. 46, 100-um width lasers showed strong
narrow peak in the mirror, indicating the existence of
filamentation resulting from laser instability. By contrast,
10-um width devices showed a much more uniform
near-field emission. For comparison, a LED showed a
rather structure-less near-field spectrum without filamen-
tation. Note that filamentation is-one of the important
characteristics of wide-aperture lasers, and is a good indi-
cation of the presence of stimulated emission.

The non-uniform distribution of injection current may
result from, for example, indium composition or thickness

400

"GalnN/GaN
1 L=1.2mm, W=100 pm
Pulse: 5 ps/200 Hz

Jin (A/cm?)

1004

U ¥ T L) T ¥ T t T
300 320 340 360 380 400
Temperature (K)
Fig. 44, Threshold current density vs. temperature of an GalnN/
GaN MQW laser diode with To ~ 145 K from 300-400 K.
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the schematic diagram of the fabricated laser structure

MWQ InGaN/GaN
Pulse: 5 ps/200 Hz
10 ym, T=300 K

10

(upper right corner). In the

T o T . U |

20 30 40
1/cavity length (cm™)

50 60

width GaInN/GaN MQW laser under pulse operation at 300 K (L = 1000 pm), and

bottom right corner, the dependence of Jy, on cavity

lengths for lasers from two wafers were shown.

fluctuations in the quantum wells, formation of quantum
dots. These have also been attributed to anomalous emis-
sion spectra in other reports [l 18]. One source of
non-uniformity can be explained from the near-field mea-
surements performed for lasers with different contact posi-

W =100 pm

234

n:Ti/Au

- W =100 ym
Fig. 46. Near-field patterns of LED, 100-um aperture laser, and 10-um aperture laser fabricated from a single wafer,
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4—p

tions. As shown in Fig, 47, lasers with n-metal contact on
left (right) corner yielded a near-field emission much stron-
ger on left (right) side. This indicates that the current does
not spread well in the entire area of the lasers, which may
be due to the relatively higher resistivity of the p-GaN.

W =10 pm
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W =100 um

Right contact

Fig. 47. Near-field patterns of 100-um aperture lasers with different contact positions (one at left side and the other at right side).

A number devices were randomly selected, and sub-
jected to lifetime testing in CW operation. Figure 48(a)
shows the lifetime test results of one of the lasers at room
temperature [the CW characteristics of the tested lasers are
shown in Fig. 48(b)]. As shown in Fig. 48(a), no significant
degradation of laser characteristics was observed for the
whole lifetime test (140 hours).

10. Conclusion

This review has showed that indeed much has already been
achieved in the III-Nitride material system over the past
two decades, in particular the realisation of commercial op-
tical devices. Much more fundamental work still needs to
be conducted in order to understand the very rich and unex-

Light-current characteristics of aging test
in continuous wave operation

Aging testin CW @ 300 K - -
(uncoated facets) E=GuiymW.=300 ph
0.5 )
| InGaN/GaN MQW 2.5
Y 4 L =650 pm, W =100 pm
04F T-300KCW
i 3 2.0
< nal 8
g o 5 CW - 300 K
@ H % 1.51
5 02"——! & & | 3
A2
o
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0.1F ly, = 0.08 A
0.0 1 1 L " 1 L 1 L 1 1
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Current (A)

Fig. 48. Lifetime testing result of GaInN/GaN MQW laser diode (L = 650 pm, W = 100 pm) in continuous wave operation at 300 K (a), P-I
curve of a tested laser at CW room temperature operation (b).
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plored physical properties of II-Nitrides. A better under-
standing of all the physical parameters would allow in turn
a better design of existing devices and the potential discov-
ery of novel devices. -

Note to the reader. There have been many developments in
the various research areas outlined in this paper since the
time of its submission. .
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