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Abstract

The correlation between polarity and material quality of un-doped AlygiGag 19N was
studied. The overall material quality is significantly influenced by the growth polarity. The
epilayers with aluminum-polarity have a much higher crystalline quality and better surface
morphology than those of nitrogen-polarity. Nitrogen-polar growth more readily incorporates
unintentional impurities.

A-plane AIN epilayers have been grown on r-plane sapphire substrates. The orientation
and high crystalline quality were confirmed by x-ray diffraction (XRD) 0-26 scan exhibiting a
reflection peak at 20 = 59.4° and rocking curve of the (110) reflection having a linewidth of 940
arcsec. Room temperature photoluminescence (PL) spectroscopy showed that the surface
emission intensity of a-plane AIN epilayers is comparable to that of c-plane AIN. PL spectra of
Mg-doped a- and c-plane AIN revealed that the Mg level in both a- and c-plane AIN is identical
and is about ~ 0.5 eV.

Identically designed a-plane and c-plane AIN/Alj¢5Gap3sN QWs have been grown on a-
and c-plane AIN/Al,O3 templates respectively, and their PL emission properties were studied.
Low temperature PL characteristics of a-plane QWs are primarily governed by the quantum size
effect, whereas those of c-plane QWs are significantly affected by the polarization fields.

The growth of AIN epilayers on SiC substrates was investigated. A smooth, crack free
AIN epilayer with high optical and crystalline quality was achieved. Because of its high quality,
AIN was used as active layer in a hybrid Schottky photodetector.

Highly conductive Si-doped Al 75Gag2sN alloys were grown on AIN/SiC templates. The
effects of using Indium as a surfactant during the growth of Si-doped Al 75Gag,sN epilayers at
relatively high temperature 1050 °C were studied. Indium significantly increases the doping
efficiency as shown by RT Hall measurements. RT PL measurements show a clear correlation
between emission intensity of the defect related transition and indium flow rate.

P-type conductivity has been obtained in beryllium doped GaN by MOCVD. The
activation energy of the beryllium acceptor was estimated to be 118 + 4 meV, which is about 40

meV less than the activation energy of the Mg acceptor in GaN.
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CHAPTER 1 - Introduction to Il1-nitrides

1.1 Introduction

Group Ill-nitrides (InN, GaN, AIN and their ternary and quaternary alloys) are direct
bandgap compound semiconductors, which crystallize in the wurtzite structure in the most stable
form. The bandgap ranges from 0.7 eV for InN to 3.4 eV for GaN to 6.1 eV for AIN (figure 1.1),
spanning a very wide spectral range from infrared (IR) to deep ultra violet (DUV). Being direct-
bandgap semiconductors, they can be used to fabricate light-emitting devices such as light-
emitting diodes (LED) and laser diodes (LDs) over this entire spectral range. Another reason that
makes the Ill-nitride semiconductors attractive for device applications is their high bond
strength. ZnSe-based II-VI semiconductors also have bandgaps suitable for short-wavelength
optoelectronic devices, but the bond strength in the II-VI wide-bandgap semiconductors is
relatively low. Due to the stronger bonds, nitride based devices have the ability to operate in
high-temperature environments and are compatible with high processing temperatures. In
addition, the Ill-nitrides have a high thermal conductivity, which allows for efficient heat
dissipation from devices operating in high-current conditions (e.g. lasers and power transistors).
They also have a high electron saturation velocity (Vs), which is a useful property for a number
of device applications such as p- i-n photodetectors, because high V; translates into higher device
speed [1-4].

To design high-performance optoelectronic devices, the use of heterostructures is
essential. Fabrication of a heterostructure, however, may be limited by alloy miscibility and
lattice constant considerations. Low miscibility leads to difficulty in growth of homogeneous
material and a high lattice mismatch leads to relaxation and material quality deterioration. The
AlGaN alloy system is fully miscible, and the lattice mismatch between GaN (c-lattice constant c
=5.185 A) and AIN (c = 4.98 A) is small. As a result, much flexibility is available in the design
of optoelectronic devices using AlGaN alloys. As noted before, the bandgap of AlGaN alloys
spans the spectral range from 365 nm to 200 nm. As a result, it is a very attractive material for

fabrication of UV light emitters and photodetectors.
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Figure 1.1 Bandgap energy of various semiconductors versus in plane lattice constant (after ref.

[5]). Recent work indicates that the bandgap of InN is around 0.7 eV [6].



1.2 General properties of I11-nitrides

The thermodynamically stable structure for AIN, GaN and InN is the wurtzite structure.
Though under special conditions they can also be grown in the zinc blende structure, the wurtzite
nitrides are grown and studied almost exclusively. In the wurtzite structure, there are two
interpenetrating hexagonal close-packed lattices, each displaced from the other ideally by (3/8) c.
Each atom is tetrahedrally bonded to four atoms of the other type as shown in figure 1.2, and the
primitive unit cell is simple hexagonal with a basis of four atoms, two of each species. There is
no inversion symmetry in this lattice along the [001] direction (same holds true for zinc blende
structure along [111] direction), resulting in all atoms on the same plane at each side of a bond

being the same. Hence, a GaN crystal has two distinct faces, the Ga-face and the N-face.

O Ga, In, Al
O N

Figure 1.2 Schematic diagram showing the hexagonal wurtzite structure of InN, GaN, and AIN.



The arrangement of atoms for the Ga-face and the N-face are shown in Fig. 1.3. Note that
for Ga-face the N-atom is stacked directly over the Ga-atom and vice-versa for the N-face. The
growth polarity of Ill-nitrides is important because it dictates the direction of the polarization
vector resulting from spontaneous and induced piezoelectric fields. Also, surfaces of differing
polarity can have profound effects on many physical characteristics such as impurity incorporati-

on.

[0001]
[0001]

substrate substrate

Figure 1.3 Atomic arrangement in Ga-face and N-face GaN crystals. The arrow pointing from N

to Ga atom shows the direction of the spontaneous polarization (after ref. [7]).



The wurtzite lattice is characterized by three parameters: the edge length of the basal
hexagon (a), the height of the hexagonal lattice cell (c), and the cation-anion bond length ratio
(u) along the [001] axis in units of c¢. In an ideal wurtzite crystal, the c/aratio is 1.6330 and u is
0.375. Because of the different metal cations, the bond lengths and the resultant c/a ratio of AIN,
GaN and InN are different. This fact is very important because the degree of non-ideality is a

determining factor in the strength of polarization in group-III nitrides.

1.3 Spontaneous and piezoelectric polarizations

Group-III nitrides are special among the III-V compound semiconductors because of the
fact that the group-V element involved is nitrogen, the smallest and the most electronegative
group-V element. This has a strong impact on the properties of the IIl-nitrides. Because of the
electronic configuration of the nitrogen atom, or rather the lack of electrons occupying outer
electron orbitals, the electrons involved in the metal-nitrogen covalent bond will be strongly
attracted by the coulomb potential of the nitrogen atomic nucleus. This means that the metal-
nitrogen covalent bond will have stronger ionicity compared to other III-V covalent bonds. This
ionicity (a localized polarization) will result in macroscopic polarization if there is a lack of
inversion symmetry in the crystal.

As mentioned before, there is no inversion symmetry in the wurtzitie III-nitrides along
the c-axis. Absence of this inversion symmetry, in addition to the strong ionicity of the metal-
nitrogen bond, results in a strong macroscopic polarization along the [001] direction in the III-
nitrides. Since this polarization effect occurs in the equilibrium lattice of the Ill-nitrides at zero
strain, it is called spontaneous polarization [8].

If stress is applied to the IIl-nitride lattice, the ideal lattice parameters ¢ and a of the
crystal structure will be changed to accommodate the stress. Thus the polarization strength will
be changed. This additional polarization in strained Ill-nitride crystals, in addition to the
spontaneous polarization already present, is called piezoelectric polarization [8]. For example, if
the nitride crystal is under biaxial compressive stress, the in-plane lattice constant a will decrease
and the vertical lattice constant ¢ will increase, making the c/a ratio increase towards the ideal
lattice value of 1.6330. This will decrease the polarization strength of the crystal, since the
piezoelectric polarization and the spontaneous polarization will act in opposite directions. On the

other hand, if the nitride crystal is under tensile stress, the in-plane lattice constant will increase



and the vertical lattice constant will decrease, lowering the c/a ratio further away from the ideal
value 1.6330. This will increase the overall polarization, since the piezoelectric and the

spontaneous polarizations now act in the same direction.

1.4 Polar and nonpolar wurtzite nitrides

The large electronic polarization fields (on the order of MV/cm) in the Ill-nitride
semiconductors [8] affect the electronic properties (band diagrams, charge distributions) of
layered structures in many ways. The polarization induced electric field is beneficial for the
formation of a two-dimensional (2D) electron gas in high-electron mobility transistors (HEMTs)
without the need of doping [7]. However, the built-in electric field created within quantum wells
of optoelectronic device leads to a spatial separation of electron and hole wavefunctions, and
results in a quantum-confined Stark effect. The consequences of this effect are a decreased
recombination efficiency, and a red-shift of emission, thus limiting the performance of the
optoelectronic devices. Thus the polarization of wurtzite nitrides has a deleterious effect on the
performance of optoelectronic devices.

A promising means of eliminating internal field effects in the nitrides is through the
growth of wurtzite device structures with nonpolar orientations, e.g. growth along the m- and a-

direction as shown in Fig. 1.4.
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Figure 1.4 Polar and nonpolar crystal planes and directions of interest in hexagonal III nitrides

(after ref.[9)).



With the c-axis lying within the plane of growing film, polarization discontinuities do not
exist at the heterointerfaces. Therefore, internal electric fields are absent in nonpolar quantum-
wells resulting in a flat-band condition as shown in Fig. 1.5. Therefore, optoelectronic devices
grown and fabricated along nonpolar direction promise to offer improved performance over their

conventional c-plane counterparts.
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Figure 1.5 A comparison of band diagram between (a) non-polar a-plane AIN/AlGaN SQW in
the absence of polarization electric field and (b) polar c-plane AIN/AlGaN SQW in the presence

of polarization electric field.



1.5 Choice of substrate

The aim of this work is to assess the individual steps needed for optimizing the growth of
[II-nitride optoelectronic devices such as light emitting diodes (LEDs) and photodetectors. The
first step is the choice of a suitable substrate. Table 1.1 displays the characteristics of some
substrates available for epitaxial growth of III nitride materials. To select the optimum substrate,
several issues have to be considered pertaining to growth related and device related ones.

For growth, it is generally accepted that lower lattice and thermal mismatches, smoother
and cleaner surfaces as well as higher chemical and thermal stabilities result in lower defect
densities. For device operation, a good choice will in general depend on the individual demand
of the device. In the case of high power applications, like LDs, the substrate acts as a heat sink.
Thus, the thermal conductivity should be as high as possible.

Until recently, native substrates for homoepitaxy of nitrides were not available at all. The
substrates recently made available commercially are of small size, low material quality and high
cost. Most of the epitaxial growth of Ill-nitrides is done on sapphire substrates because of its
wide availability in high-quality, hexagonal symmetry, adequate material quality, compatibility
with high temperature growth, ease of handling and pregrowth cleaning, and low cost. However,
due to the thermal and lattice mismatch between sapphire and the IlI-nitrides, growth has to be
started with a thin polycrystalline nucleation layer which incorporates a high threading
dislocation density into the material. A thick epilayer of 1 to 2 um thickness is therefore required
to be grown to reduce the threading dislocation density to acceptable levels before starting the
growth of the device layers. Another limitation of sapphire substrates is that due to the large
lattice mismatch, the nitride epilayers grown on them have a 30° rotation in the c-plane. This
causes a misalignment between the cleavage planes of the nitrides and the sapphire substrates.
As a result, when an epitaxial structure on sapphire is cleaved, the substrate cleaves while the
epilayer is broken along the sapphire cleavage plane (known as break and cleave). This
eliminates the possibility for formation of mirror facets by cleaving for edge emitting laser
fabrication. The facets on an epilayer grown on sapphire must be fabricated by dry etching,

which can be a challenging process.



In contrast to sapphire, hexagonal SiC has a better lattice and thermal expansion
coefficient match with the III- nitrides. SiC is also high-temperature compatible for use in the
high-temperature CVD growth environment, and in high-power device applications.
Additionally, SiC has a much higher thermal conductivity compared to sapphire, which makes
heat dissipation for high-power devices a much simpler issue. SiC wafers are also available in n-
type form, allowing for fabrication of backside contact directly to the substrate. It is also
available in a semi-insulating form (at a very prohibitive price) which is required for most
electronic device applications. Due to the smaller lattice mismatch, the cleaving problem in the
case of sapphire substrates is not present. One problem for the SiC substrates, however, is that
they are not UV-transparent, which makes light extraction or light introduction through the

substrate not possible for UV operation.

Table 1.1 Characteristics of some substrates available for epitaxial growth of III-nitrides.

Property sapphire SiC GaN AIN

Lattice-match to GaN poor moderate excellent moderate
Lattice-match to AIN poor excellent moderate excellent
Thermal conductivity poor excellent excellent excellent
Electrical resistivity excellent moderate poor excellent
UV transparency excellent poor moderate excellent
Cost excellent moderate poor poor




1.6 Doping of Il1-nitrides

The effective doping of GaN and its alloys with AIN and InN plays a crucial role in the
application of nitride semiconductors for electronic and optoelectronic devices. Therefore,
investigation of the doping of III nitrides is very important for both basic research and
applications. For n-type doping of nitrides, a number of elements (e.g., Si) can be successfully

. . . 2 -
used as dopants, and carrier concentrations exceeding 5x10* cm™

can routinely be achieved
[10]. The situation is less favorable for p-type doping. Magnesium is the acceptor of choice, as it
can be incorporated in concentrations up to about 10°° cm™. But, because of its large ionization
energy (160 meV) the resulting room-temperature hole concentration is only about 10" ¢cm™,
i.e., only about 1% of Mg atoms are ionized at room temperature. Increasing the Mg
concentration beyond 10%° ¢cm™ leads to a saturation and decrease in the hole concentration [11].
The Mg solubility limit is the main cause of this behavior [12]. The limited conductivity of p-
type doped layers constitutes an impediment for progress in device applications [13].

It would be desirable to identify an alternative acceptor that would exhibit higher solubil-
ity and/or lower ionization energy. Previous computational studies [14—16] have addressed a
variety of candidate acceptors, including Li, Na, K, Be, Zn, Ca, and Cd. Only Be has emerged as
a viable acceptor, exhibiting a higher solubility and a lower ionization energy than Mg.
However, self-compensation may occur due to incorporation of Be on interstitial sites, where it

acts as a donor [15].

1.7 Brief history of nitrides development

GaN was first synthesized in 1932 by passing ammonia through hot Ga [17]. Later, the
same technique was used to get GaN needles and platelets, which were used for studying the
optical and structural properties [18, 19]. However, the progress in research and development of
GaN before the 1970s was slowed down due to the lack of modern crystal growth techniques.
With the technological development of epitaxial growth of high-quality thin films on appropriate
substrate materials, the first GaN was epitaxially grown on sapphire in 1969 [20]. The films at
early time were unintentionally n-type, with electron concentrations ranging from 10" to 10%

cm . Such high n-type background concentrations made it difficult to achieve p-type doping.
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Most potential acceptor elements, such as Mg, Be, Zn and Cd, were incorporated into GaN,
either during growth [21-24] or by post-growth ion implantation [25], but no p-type conduction
was obtained. The first light emitting diode (LED) based on GaN was produced by a Zn-doped
metal-insulator-semiconductor structure but showed only a very low efficiency [26]. After this
initial progress made during the 1970s, the pace of research of GaN became slow, because of the
lack of high quality epilayers and the lack of success in making p-type GaN. Ultimately, the
origin of high background electron concentration was identified as oxygen, incorporated during
the growth [27], instead of N vacancies as was assumed before. It was not until the modern
growth techniques of molecular beam epitaxy (MBE) and metal-organic vapor phase epitaxy
(MOVPE, also called metal-organic chemical vapor deposition, i.e. MOCVD) were developed
that further development and progress took place. Many efforts were made to optimize growth
conditions and introduce more suitable buffer layers to reduce the n-type background doping
levels. Eventually background levels below 10'” cm ™ at room temperature were achieved, in the
late 1980s and the early 1990s. This remarkable progress was made by an insertion of either a
low-temperature AIN [28, 29] or a low-temperature GaN buffer layer [30, 31] before the GaN
growth.

With regards to p-type doping, although the group II element Mg had long been expected
to be a good acceptor dopant and significant amounts of Mg could be incorporated into GaN
during MOVPE growth, it was impossible to detect positive charge carriers at room temperature.
In fact, the films turned out to be highly resistive. An accidental discovery allowed Amano et al.
[32] to demonstrate that post-growth low-energy electron beam irradiation activates Mg-doped
GaN films and converts them from the as-grown highly resistive state to a p-type conductive
state. Previous observations in other III-V materials such as GaAs and InP had established that
hydrogen incorporation plays a crucial role in passivating p-type dopants. Based on this
knowledge, Nakamura et al. [33] improved the activation of the Mg acceptors in MOVPE-grown
GaN by utilizing thermal annealing in N, causing the resistivity to drop from ~10° to 2 Qcm.
These advances led to the first GaN based p-n junction LED in 1994 [34]. Present-day high-
brightness nitride-based LEDs are mostly comprised of (In, Ga)N or GaN quantum well (QW)
structures as active regions. This breakthrough has paved the way for further rapid research and

development of nitride-based devices.
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CHAPTER 2 - MOCVD and characterization tools

In this chapter, the experimental apparatus employed to grow and characterize the
synthesized materials are discussed. Details of the metalorganic chemical vapor deposition
(MOCVD) process, including the growth system are provided. Various characterization tools
utilized in this work are discussed, including photoluminescence (PL), X-ray diffraction (XRD),

Hall measurements, atomic force microscopy (AFM), and scanning electron microscopy (SEM).

2.1 Meta-lorganic Chemical Vapor Deposition (MOCVD)

The metalorganic chemical vapor deposition (MOCVD) is a vapor-phase process for
producing an epitaxial film of a semiconductor deposited on a single crystal substrate. MOCVD
is a proven technique for obtaining high-quality, high-purity epitaxial layers in a variety of
material systems. MOCVD utilizes metalorganics, such as trimethyl-aluminum (TMAI), as
sources for the group-III elements. The group-V element is usually a hydride such as ammonia
(NH3). Typically, the hydride reacts with the metalorganic source in hydrogen ambient under
appropriate temperature and pressure conditions producing molecules of the required
semiconductor material, which then adsorbs on the substrate, producing an epitaxial layer.
MOCVD can occur in one of two growth regimes: diffusion-controlled and kinetically
controlled. Kinetic control is achieved when the reaction rate is limited by the reaction at the
surface, rather than by the rate of arrival of precursors at the surface. This mode of growth is
usually not desired because this leads to high non-uniformity due to a small spatial variation of
temperature. The desired diffusion-controlled growth is obtained when the deposition rate is
controlled by the precursor arrival rate and the temperature is high enough to support a much
higher growth rate. More details on MOCVD growth mechanism can be found in reference [35].

Compared to the growth of conventional III-V materials, MOCVD growth of nitrides is
problematic because of the involvement of ammonia. Ammonia is a corrosive substance, thus
requiring careful selection of materials for fabrication of the reactor chamber. Also, ammonia is a
very stable compound, thus requiring a high temperature for dissociation. The high growth

temperature poses problems, such as the thermal strain because the substrate and epilayer are
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different materials with different thermal expansion coefficients. During cooling, thermal strain
will inevitably build in the layer in the amount proportional to the growth temperature. Alternate
nitrogen sources have been studied to eliminate the growth requirements imposed by ammonia.
However, a high-temperature is required to provide sufficient surface mobility to the adsorbed
molecules to create a high-quality crystal. Additionally, the highly volatile nature of nitrogen
requires that a high partial pressure of the nitrogen be maintained in the vapor, which leads to the
need for very high ammonia partial pressures. This results in a large V/III ratios (ratio of the flow
rates of group V element to that of group III element). This complicates the ability to obtain of
laminar flow. Due to the high partial pressure of ammonia, growth rate of the epilayer can be

precisely controlled by adjusting only group III element flows.

2.2 MOCVD system

The MOCVD growth system can be divided into four main components: the gas handling
system, the reaction chamber, the heating system, and the exhaust and low pressure pumping
system. In this work, the materials were grown by a home built MOCVD system. The system has
4 metal-organic (MO) sources, TMGa, TMAI, TMIn and Cp,Mg, H,, N,, NH3 and SiHj gas
lines. All the MO sources are temperature and pressure controlled to ensure constant vapor
pressure. All gas flows are computer controlled via mass flow controllers. All MO sources are
held in stainless steel bubblers mounted in temperature controlled chillers. The temperature of
MO sources, TMGa, TMAI, TMIn, and Cp, Mg are set at 0 for TMGa and 20 °C for other
sources. The resultant source vapor is carried by hydrogen gas via a mass flow controller to the
manifold of the MOCVD. Due to the reactivity of metalorganics with water vapor and oxygen,
some type of system must be incorporated for drying and purifying the bulk carrier gas. For our
system, the input hydrogen (H,) carrier gas is purified through a heated (~ 400 °C) Palladium
(Pd) cell membrane. The Pd cell operates on the principle of diffusion of hydrogen through a Pd
membrane. The Pd diffusion cell produces an ultra pure stream of hydrogen gas by utilizing a
unique property of the metal palladium. The hydrogen diffuses through the membrane by first
dissociating into hydrogen atoms at the upstream, or ‘feed’, surface of the membrane. Each
hydrogen atom loses its electron to the palladium surface and then diffuses through the metal
lattice as a proton. The protons finally recombine with electrons on the downstream or “pure”

side and form hydrogen molecules. Because of the process, impurities on the “pure” side of the
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membrane are extremely low and typically less than 1 part per billion (ppb). A separate line for
nitrogen gas is also used so that the growth can be carried out by either H,, N», or mixed gas. Due
to the reactivity between ammonia and the MO sources, ammonia is introduced to the reactor via
a separate line to minimize the pre-reactions. High purity Hy, N> (99,999%) and blue ammonia
(99,99994%) were used.

A high capacity mechanical pump (Pfeiffer DUO-350) with oil filter is used to pump
down the system to low pressure. A throttle valve (MKS-Type-653) is used to adjust the reactor
pressure in conjunction with the pressure controller (MKS-Type-651C) and the pressure sensor
(MKS-Type 722). A turbo pump is assembled to pump the system to high vacuum (1x107 Torr)
prior to growth.

The system has a horizontal quartz reactor. A 10 kW RF generator (TIG-10/100) is used
to raise the temperature of the susceptor. To hold the substrate, a BN coated graphite susceptor is
used. The temperature of the susceptor is measured by a type R thermal couple. Temperature is
controlled by the Eurotherm temperature (Model-904).

The growth temperature, pressure, and all valves, mass flow controllers (MFC) and
pressure controller (PC) set-points were controlled through a programmable logic controller
computer. The growth parameters and set-points were entered into a “recipe” file before growth
was initiated. In addition to reducing the possibility of operator error, automatic control allows
for very fast switching times between multiple source gases, further improving the interface
quality of any heterostructures grown in the system.

Since oxygen and moisture are usually very detrimental to the growth of common
semiconductors, care should be taken not to expose the growth chamber to atmosphere. To
accommodate this along with the requirement of loading and unloading substrates, some sort of
loading mechanism is required. In our MOCVD system the loading mechanism is based a

nitrogen purged glove-box. Fig. 2.1 shows the picture of the MOCVD system used in this work.
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Figure 2.1 Picture of MOCVD system used in this work.
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An interferometer (EpiEye-2000) is attached to the growth chamber as an in-situ
monitoring method for the growth. The interferometer consists of a laser of wavelength 670 nm
and detector assembled in a stage to produce the interference pattern. A computer interfaced
control unit receives the signal from the detector. The interference occurs from light reflected
from surfaces of substrate and growing epilayer. The detector then receives the interference
signal. From interference pattern, the growth rate and thickness of the epilayer can be calculated
directly. The qualitative nature of the surface can also be monitored from the relative intensity of
the interference pattern [37]. Fig. 2.2 shows a typical interference pattern of a Si-doped

Aly75Gag,sN epilayer grown on AIN/SiC template.
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Figure 2.2 Interference pattern of a Si doped Aly75Gag2sN layer grown on AIN/SiC template.
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2.3 Common characterization techniques

In order to effectively grow high quality crystals and heterostructures we must have some
means to evaluate both material quality and properties of the crystal. Therefore, characterization
of the sample must be performed in order to optimize any growth parameters. There are many
techniques available for characterization of semiconductor crystals, both non-destructive and
destructive, using optical, electrical, and mechanical measurement. We present below a brief

summary of each of the techniques used in our study.

2.3.1 Naked eye characterization

Typically the first characteristic noted when a thin film is unloaded from the growth
reactor is its appearance to the unaided human eyes. This is crystal grower’s most valuable tools.
In this work, most films are gown on one side polished sapphire substrates. To the unaided eyes,
these substrates are perfectly smooth and colorless. Once a proven recipe for growth has been
developed, films on sapphire should appear clean and smooth. Deviations from this are
indicative of some sort of change or instability in the growth equipment itself. Some of the
commonly encountered unintentional growth variations are susceptor lifetime, chamber
cleanliness, and vacuum integrity. That is not to say that these are the only factors which may
cause a good recipe to go bad, but the problems listed above may not be obvious from equipment
displays and readouts. The problems detectable in this manner are mainly associated with

equipment maintenance deficiencies.

2.3.2 Optical microscope

The optical microscope is one of the characterization tools that requires no sample
preparation and offers visual inspection of grown films. Optical microscopy is an indispensable
tool for optimization of IlI-nitride films growth. Surface morphologies of the as grown films are
often attributed to specific process parameters and experienced crystal growers are able to
address these problems when necessary. In this research as grown samples are inspected by a
Nikon eclipse ME 600 microscope. The surfaces of high-quality films should be smooth and

relatively featureless.
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2.3.3 X-ray diffraction (XRD)

X-raydiffraction (XRD) is an important characterization tool to study the crystallograp-
hic properties of the epitaxial layers. It provides structural information such as the layer
orientation, lattice constant of the epilayer, strain and dislocation density in the layer. XRD
allows for fast non-destructive measurements, and thus quick turn around for control and
optimization of various growth parameters. This technique is based on the detection of x-ray
scattering from various crystalline planes. The classic equation by Bragg is based on constructive

interference of x-rays from lattice planes:

nA=2d,, sind @.1)

where A is the x-ray wavelength, dyy is the lattice plane spacing and n is the order of the
reflection. The Bragg angle (0) can be calculated by solving Bragg’s equation in first order. The
lattice spacing for a hexagonal crystal system is given by:
1

4(h* +hk+k?*) I?
30 a2 e
2.2)

where hkl are the Miller indices, and a and c are the in-plane and out-of-plane lattice

dhkl =

constants, respectively [38].

The XRD system employed for this study is a Rigaku RINT2000V/PC series. The X-rays
are produced from a sealed-off Cu x-ray tube. The characteristic wavelengths are Cu Kg; =
0.154056 nm and Cu K, = 0.154439 nm. The peak from source Cu K, is eliminated via
software application. The XRD system has a RINT2000V/PC series vertical goniometer.

Two basic types of scan were done with this system, ® and ®-26. The o rocking curve is
collected by fixing the detector at twice the Bragg angle (i.e. 20) and scanning over ®. As the
detector angle is fixed, only one lattice plane spacing can be studied. Due to this, scans are
sensitive to localized strain (dislocations) and mosaic structure. In the w-20 scan, both angles are
set to the Bragg condition and the two angles are linked in a 1:2 ratio. In this case, various lattice

spacing can be interrogated. An example for both types of scans is shown in Figures 2.3 and 2.4.
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In Fig. 2.3 a ®-20 scan of p-type GaN grown on AIN/SiC template (p-GaN/AIN/SiC). In Fig. 2.4
a o rocking curve was measured on the symmetric (002) reflection for p-GaN film with a full

width at half maximum (FWHM) of 320 arcsec.
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Figure 2.3 ®-20 scan for c-plane p-GaN grown on AIN/SiC template.
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Figure 2.4 o rocking curve for p-GaN grown on AIN/SiC.
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The XRD analysis done in this work involves either symmetric or asymmetric Bragg
reflections. In symmetric rocking curves, the lattice plane under investigation is parallel to the
surface normal. Symmetric rocking curves have Miller index h=k=0 (e.g. [002], [004], etc.).
Asymmetric rocking curves have h, k#0. These planes are not parallel to the crystal surface
normal.

Dislocations play an important role in the electronic quality of the layer. As the rocking
curve width is sensitive to dislocations, XRD was used to determine the overall quality of the
grown layers. In addition, the type of dislocation information that can be extracted from
symmetric or asymmetric curves is different. Each type of rocking curve is sensitive to a
particular type of strain in the crystal. In the case of Ill-nitrides, the crystal structure is usually
assumed to be composed of many sub-grains in a mosaic structure [39]. The mosaic crystals can
have either tilt or twist with respect to each other. The tilt describes the rotation of the mosaic out
of the growth plane and the twist describes the in-plane rotation. The density of screw
dislocations is correlated to the tilt of the mosaic structures [40]. The tilt of these sub-grains and
thus the total screw-type dislocation density will be linearly dependent on the broadening of the
symmetric rocking curve. On the other hand, edge-type and mixed dislocation density is
correlated to the twist of the mosaic structure [40]. Twist manifests itself as broadening in

asymmetric reflections.

2.3.4 Photoluminescence (PL)

Photoluminescence (PL) spectroscopy has been established as the premiere technique for
optical spectroscopy due to its non-destructive nature and ability to yield information about
optical transitions in the semiconductors. PL is a very precise tool yielding information about
both fundamental optical bandedge transitions in the semiconductor and impurity or defect
related transition. The set up for our PL system is shown in Figure 2.5. The laser system for PL
measurements has two lasers has a solid state laser as an exciting laser for the Ti:sapphire laser
and couples with a frequency quadrupled to produce 3 mW average power at 197 nm with a

repetition rate of 76 MHz and pulse width of 100 femtosecond.
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Figure 2.5 Pico-second time-resolved photoluminescence set up.
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The detection system has two monochromators. One covers the range from 800 to 1700
nm and the other from 185 to 800 nm. Thus the system has the capability to scan from IR to deep
UV regions. The sample is mounted on a high temperature stage with a copper cold finger in a
closed-cycled helium refrigerator. The temperature range of this cryostat is between 10 and 800
K.

For PL decay lifetime measurement, either a single photon counting technique or a streak
camera is used. The overall time resolution of the single photon counting system is about 30 ps.
The analog video streak camera system (Hamamatsu C5680) installed in the PL system enables

us to measure sample decay lifetime down to 2 ps.

2.3.5 Hall-effect measurement

The Hall effect measurement is often used to characterize the electronic properties of a
crystal. This is due to the non-destructive nature of the test, the simplicity of the sample
preparation, and the sensitivity of mobility and carrier concentration to changes in crystal quality
due to variation of growth parameters. The turn around time for Hall effect measurement was
such that we could quickly relate growth parameters to mobility and carrier concentration trends.

This information is vital for the design of electronic devices because carrier conduction
and injection is an integral part of device operation. For epitaxially grown structures, the method
is mostly used to study a layered structure where only one layer of known thickness is doped. For
such purpose, the van-der Pauw confguration is the most commonly used configuration. In this
configuration, four ohmic contacts are made on the corners of a square shaped sample. Then, a
constant current is applied through two opposite corners of the sample while a strong magnetic
field is applied normal to the surface of the sample. The electrons or holes making up this current
experience a force field in the direction determined by the crossproduct of the carrier velocity (in
the direction of current) and the magnetic field. As a result, a steady-state electric field is
established in this direction, which can easily be determined by measuring the voltage drop at the
two remaining contact points. This voltage is known as the Hall voltage. Detailed analysis of this
method can be found in most text books on solid state physics [41]. The expression determining

the carrier concentration from the Hall voltage, current flow, and magnetic field strength is:
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n=—
qv (2.3)

where n is the electron concentration, I is the current flowing, B is the applied magnetic

flux density, and V is the Hall voltage measured. Since conductivity is given by:
O.= -qnp, (2.4)

where O¢ is the electron conductivity and Y, is the electron mobility. The usefulness of
the Hall- effect measurement extends further if the measurement is done at varying temperatures.
The temperature dependence of carrier concentration can yield information about the carrier
activation energy. The temperature dependence of mobility can be used to determine
predominant scattering mechanisms.

The Hall effect measurement set up is shown in Fig. 2.6. The resistivity and Hall voltage
measurements are performed by a Hall-effect switching card (Keithley Model 7065). This card
has selective input characteristics for high or low resistive measurements and a low
electromagnetic interference power supply to maximize the isolation and minimize the noise. A
current source (Keithley model 220) with a range from 0.1 pA to 101 mA and 10" Q output
resistance, is used to supply the current into the sample. A picoammeter (Keithley model 485)
with 0.1 pA resolution was used to measure the current flowing in the sample. The signal from
the sample was fed into the card through triaxial cables to minimize the effect of leakage
resistance and capacitance. A multimeter (Keithley model 196) was used to measure the Hall
voltage. The system has an electromagnet (Alpha Scientific, Inc.) controlled through a DIO-200
controller (ERBTEC Engineering, Inc.) with a magnetic field of 0.462 Tesla for variable
temperature measurement.

For temperature dependent measurement, the sample was attached to a copper holder
mounted to the cold finger of the cryostat head which is connected with a closed-cycle He
refrigerator (CTI-Cryogenics). The temperature can be varied from 10 K to 900 K. The sample
temperature was monitored and controlled by a semiconductor sensor and a temperature

controller (Lakeshore, Model 331).
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Figure 2.6 Schematic diagram of Hall-effect measurement set up.
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2.3.6 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) provides a means to measure the surface properties of
the grown material. The AFM allows us to image the surface at atomic scale resolution and to
calculate the surface roughness of the material. In the ideal case, the surface of the material will
be atomically smooth with little defects observed. In practice, surface roughness is manifested
due to imperfection in the substrate that propagates into the overlayer, threading defects that
terminate at the surface, and non-ideal growth modes, three dimensional growth leads to island
formation and high surface roughness while two dimensional growth gives a much smoother
surface. The AFM can be effectively used to relate non-ideal surface conditions to changes in
growth parameters.

A sharp tip mounted on a flexible cantilever is scanned over the sample surface area of a
few microns square by piezoelectric drive circuitry. Measurement can be done either in contact
mode or in tapping mode. In the tapping mode, the tip is vibrated at its resonant frequency and is
scanned over the surface. Interaction with surface morphology causes a modulation in the
vibration of the tip. The vertical motion of the tip flexes the cantilever, and the amount of
deflection is detected by the reflection of a laser beam focused on the back of the cantilever. As
the tip is deflected, the reflection angle of the laser is changed, which is measured by a position

sensitive photodetector system. Fig. 2.7 shows the picture of the AFM used in this study.

Figure 2.7 AFM system (Q-Scope 250 model from Quesant Co.).
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2.3.7 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is utilized to study morphological information on a
surface at extremely high magnifications. Our scanning electron microscope (SEM) is a LEO
440 model with accelerating voltage up to 40 kV. It is also coupled with Oxford INCA Energy
Dispersive X-ray Spectrometer (EDX). Fig. 2.8 shows a photograph of the SEM system.

Electrons are extracted from electron gun by strong electric field. The electrons in the
beam are then accelerated by high voltage. When electrons hit the sample, secondary electrons
are generated by knocking electrons out of atoms in the sample upon impact. The secondary
electrons are then collected by electron detector. The electron beam rasters within the area of
observation. From the data collected by the detector, a secondary electron image can be
displayed or captured. Fig. 2.9 shows SEM image of an AIN epilayer.

EDX is a standard procedure for identifying elemental composition of specimen within
area as small as a few cubic micrometers. When a material is bombarded by electrons in an
electron beam instrument, such as SEM, if the electron energy is high enough to knock out a core
electron from an atom in the specimen, another electron from the outer shell of the atom can
jump down to fill the empty states and release the extra energy by emitting an x-ray photon.
Characteristic x-ray spectra can be obtained from the specimen because the position and intensity

of the x-ray peaks are element dependent. So the composition of specimen can be determined.
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Figure 2.8 The SEM system.

Figure 2.9 SEM image of a representative AIN epilayer.
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CHAPTER 3 - Experimental results and discussions

3.1 Correlation between growth polarity and material quality of high Al-

content AlGaN alloys

AlGaN alloys have the capability of tuning the direct band gap in a large energy range,
from about 3.4 to 6.1 eV, which makes them very useful for ultraviolet (UV) and deep UV
(DUV) optoelectronic device applications. Although recent progress has led to the realization of
several operational DUV devices such as light emitting diodes (LEDs) operating at wavelengths
< 300 nm [42-49], high performance DUV optoelectronic devices including high power LEDs,
avalanche photodetectors, and laser diodes working at A < 280 nm have not been realized. Two
outstanding issues resulting in poor device grade material are a high dislocation density and a
low conductivity (or doping efficiency) in high Al-content AlGaN alloys. One of the major
difficulties in obtaining highly conductive n-type high Al-content AlGaN alloys is due to the
effect of compensation of electrons by cation vacancies (Vy;)’” and their complexes. Suppressing
such intrinsic defects could significantly improve the conductivity and material quality of high
Al-content AlGaN alloys [49-55]. The presence of high dislocation densities in III-nitrides
generally translates to a high density of native defects that act as self-compensating centers for
substitutional doping [52-56]. Therefore, further understanding the effects that influence the
structural, electrical and optical properties, and identifying growth methods for obtaining high
Al-content AlGaN alloys with improved material quality are essential to DUV optoelectronic
device applications based on these materials. An important growth parameter that affects the
properties of III-nitrides is the growth polarity. The importance of the growth polarity effects on
the material properties of InGaN and GaN films has been previously investigated [57-61].
However a systematic study pertaining the growth polarity effects on the material quality of high
Al-content AlGaN alloy has not been carried out.

In this chapter, high Al-content AlyGa; N (x~0.8) epilayers were grown on sapphire
substrates by metal organic chemical vapor deposition (MOCVD). Various characterization

techniques were employed to probe their structural, optical and impurity properties. Wet
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chemical etching with potassium hydroxide (KOH) was employed to confirm the polarity of the
samples. X-ray diffraction (XRD) to determine the Al contents and the crystalline quality, while
atomic force microscopy (AFM) to study the surface morphology. A variable temperature (up to
900 K) Hall effect measurement was utilized to assess the electrical properties and photolumin-
escence (PL) emission spectroscopy was employed to investigate the optical properties. The deep
UV PL spectroscopy system consists of a frequency quadrupled 100 femtosecond Ti: Sapphire
laser with an average power of 3 mW and repetition rate of 76 MHz at 196 nm and a 1.3 m
monochromator with a detection capability ranging from 185 — 800 nm [62]. Secondary ion mass
spectrometry (SIMS) was carried out by Evans Analytical Group to probe the influence of the
growth polarity on the incorporation of unintentional impurities.

Un-doped high Al-content AliGa; N epilayers were grown on c-plane sapphire
substrates by MOCVD. The growth temperature and pressure were 1150 °C and 80 Torr,
respectively. Trimethylgallium (TMGa) and Trimethylaluminum (TMAI) were used as the
metalorganic sources. The N-polarity was established by nitriding the sapphire substrate at 1160
OC for 70 seconds prior to the epi-growth, while Al-polarity was initiated by growing on clean
sapphire substrate without nitridation [59-61]. A 1pm un-doped AIN epilayer was first grown to
serve as a template, and followed by the growth of a 0.5 um un-doped AliGa;«N epilayer. The
polarities of AlyGa;«N epilayers were further confirmed by a KOH based etching process [63-
65]. The surface morphology of an AlyGa; N (x ~ 0.81) epilayer with Al-polarity was smooth
with a root mean square (RMS) of surface roughness of about 1 nm. In contrast, the surface
morphology of an AlyGa; N (x ~ 0.8) epilayer with N-polarity was rough with a RMS value of
about 9 nm, as shown in Fig.3.1. Although the results here are for high Al-content AlGaN alloys,
they follow similar trends determined for GaN epilayers [65, 66].
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Figure 3.1 Optical microscopy images of Al- and N-polar AlyGa; (N (x ~ 0.8) epilayers. The

surface morphology measured by AFM for the Al-polar sample is smooth (RMS = 1 nm) and for
the N-polar is grainy (RMS = 9 nm).
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XRD rocking curves of the symmetric (002) and asymmetric (102) reflection peaks in
AlkGa;xN (x ~ 0.8) epilayers are shown in Figures 3.2 and 3.3 respectively, for two
representative samples. A full width at half maximum (FWHM) as low as 147 arcsec was
obtained for the sample with Al-polarity in comparison with 475 arcsec for the sample with N-
polarity. Furthermore, FWHM of the XRD rocking curves of the asymmetric (102) reflection
peak of the Al-polar sample (1300 arcsec) is about 70% of that of the N-polar sample (1800
arcsec). The XRD results thus confirm that AlyGa; N (x ~ 0.8) epilayers with Al-polarity have a
smaller dislocation density and a higher crystalline quality than those with N-polarity.
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Figure 3.2 Rocking curves of the symmetric (002) reflection peaks in N-polar and Al-polar
AliGa; 4N (x ~ 0.8) epilayers. Full width at half maximum (FWHM) is 147 (475) arcsec for Al-
(N-) polar sample.
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Figure 3.3 Rocking curves of the asymmetric (102) reflection peaks in N-polar and Al-polar
AlGa; 4N (x ~ 0.8) epilayers. Full width at half maximum (FWHM) is 1300 (1800) arcsec for Al
(N)-polar sample.
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To probe the optical qualities, we performed PL measurements on these epilayers. Fig.
3.4 compares the low temperature (10 K) PL spectra of two AlGaN epilayers with Al- and N-
polarities. The dominant band edge emission peaks of these spectra are due to the localized
exciton recombination in the AlGaN epilayers [67, 68]. In addition to the band edge emission
peak, the emission spectrum of the N-polar AlyGa; <N (x ~ 0.8) epilayer also comprises a deep
level impurity transition, which has been identified previously, and is assigned to the recombina-
tion between shallow donors and cation vacancy complexes with one-negative charge, (V-
complex)l' (Fig. 3.5) [69]. Due to the presence of the (VHI—complex)l' related emission, the
intensity of the band edge emission in N-polar sample is about 5 times lower than that in Al-
polar sample. The binding energy of (Vi-complex)' in AlyGa;N (x ~ 0.8) deduced from the PL
spectral peak position is about 1 eV [69]. The presence of a higher concentration of the (Vyj-

complex) is partly related to the lower crystalline quality of the N-polar materials.
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Figure 3.4 The low temperature (10 K) PL spectra of N-polar and Al-polar AlyGa; N (x~ 0.8)
epilayers. A deep level impurity transition related with the presence of cation complexes with

one-negative charge, (Vy-complex)'™ is observable in the N-polar sample.
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Figure 3.5 The PL spectral peak position of the (Vi-complex)'"™ related impurity transition in

AlGa; 4N alloys as a function of x.
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Hall-effect measurements were attempted in oredr to probe the electrical properties of
AlyGa;xN (x ~ 0.8) epilayers. However, the resistivity of Al-polar samples was too high to be
measurable at values of T up to 900 K. Fig. 3.6 shows the Arrhenius plot of the resistivity (p) of
an AlpsGao,N epilayer with N-polarity. The resisitivity decreases with increasing temperature.

The solid line is the least squares fit of data according to the following equation:

p(T) = —Fier

_EA

I +ex (3.1

where p(T) is the resistivity at temperature T, and E, is the activation energy. The fitted
value of the activation energy (E4) is about 1.00 £ 0.01 eV, which is close to the binding energy
of (Vi-complex)'™ deduced from the PL spectral peak positions in Fig. 3.4.

Figure 3.7 shows the SIMS profiles of oxygen and carbon impurities in Al- and N-polar
samples. Comparing the results, oxygen and carbon impurities are incorporated at almost two
orders of magnitude higher into the N-polar sample. This could be another cause for the higher
concentration of Vy and/or Vy-complex in N-polar materials.

In summary, un-doped high Al-content AliGa;«N epilayers were grown on sapphire
substrates by MOCVD. The growth polarity strongly influences the surface morphology,
structural, optical, and electrical properties of high Al-content AIGaN epilayers. The Al-polar
AlxGa; 4N epilayers possess a better surface morphology and crystalline quality compared with
those of N-polar AlyGa;«N epilayers. Low temperature PL spectra of Al-polar AlyGa; N
epilayers exhibit only the band edge transition, while, the PL spectra of N-polar AlyGa; N
epilayers comprise an additional deep level impurity transition, which was assigned to the
recombination between a shallow donor and (Vm-complex)l'. The energy level of (V-
complex)'” was obtained to be around 1 eV from the temperature dependence of resistivity and is
close to the value deduced from the PL spectral peak positions. Unintentional impurities related
to C and O are more readily incorporated into N-polar AlGaN epilayers. Thus, like GaN, the
growth polarity is a key parameter to obtain smooth and low defect density high-Al-content

AlGaN epilayers.
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Figure 3.6 The Arrhenius plot of resistivity (p) obtained for the N-polar AlyGa; <N (x ~ 0.8)
epilayers. The solid line is the least-squares fit of data with Eq. (3.1). The fitted value of the
activation energy (Ea) is 1.00 £ 0.01 eV, which is believed to be the energy level of cation

vacancy complexes with one-negative charge in AlyGa; 4N (x ~ 0.8) epilayers.
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Figure 3.7 Secondary ion mass spectrometry (SIMS) profiles of oxygen and carbon impurities in

Al- and N-polar AlyGa; 4N (x ~ 0.8) epilayers.
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3.2 Growth and photoluminescence studies of c-plane Al-rich AIN/Al,Ga; 4N

guantum wells

Deep ultraviolet (UV) emitters and detectors operating in the 200 — 340 nm wavelength
range are important devices for many applications including water purification, bio-chemical
agent detection, medical research/health care, and high-density data storage [70]. Al-rich AlIGaN
alloys have the capability of emitting at short wavelengths down to 210 nm, which makes them
very useful for these applications. As demonstrated by light emitting diodes (LEDs), laser diodes
(LDs), and electronic devices, many IlI-nitride based devices must take advantages of quantum
well (QW) structures in order to achieve optimal device performance. To realize deep UV
emission (A < 280 nm) Al-rich AIGaN based QWs are required. Recently, several groups have
studied Al-rich AlGaN-based emitters to obtain UV emission of wavelengths below 300 nm [71-
77]. However, the quantum efficiency (QE) of these deep UV emitters is still very low.
Systematic studies of Al-rich AlyGa; 4N alloys and AIN/AlyGa; <N QWs are needed in order to
probe the underlying mechanisms and the layer structural designs required to provide improved
QE.

In this study, a set of AIN/Alj¢sGag3sN QWs with well width (Ly,) varying from 1 to 3
nm and a fixed barrier width of 10 nm have been grown by metalorganic chemical vapor
deposition (MOCVD). Low temperature (10 K) deep UV PL emission spectroscopy has been
employed to probe the L, dependence of the optical properties. Our results revealed that the
highest QE could be obtained in QWs with L, between 2 and 2.5 nm. The estimated value of the
polarization fields (piezoelectric and spontaneous fields) induced in the well regions was found
to be around 4 MV/cm, which agrees well with the calculations. A linear relationship between
the emission line width and L, has also been observed.

AIN/ALGa; 4N (x ~ 0.65) QW samples were grown on sapphire (001) substrates by
MOCVD. The growth temperature and pressure were 1150 °C and 100 Torr, respectively. For
each of the five samples, prior to the growth of AlyesGag3sN QW, a thin AIN buffer layer and a
I-um undoped AIN epilayer were grown on the sapphire substrate. It was then followed by the
growth of AlpesGag3sN QW and a 10 nm AIN barrier. The targeted L, of these samples were 1,
1.5, 2, 2.5, and 3 nm. The barrier and well widths were determined by the growth rates of the
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AIN and AlGa;«N epilayers. The samples were mounted on a low temperature (10 K) stage
with a cold finger in a closed—cycle helium refrigerator. The deep UV PL spectroscopy system
consists of a frequency quadrupled 100 femtosecond Ti: Sapphire laser with an average power of
3 mW and repetition rate of 76 MHz at 196 nm and a 1.3 m monochromator with a detection
capability ranging from 185 — 800 nm [62].

The continuous wave (cw) PL spectra of these five samples measured at 10 K are shown
in Fig. 3.8. The dominant PL emission lines are due to the localized exciton recombination in the
AlGaN QW regions [78]. With respect to the band edge transition at 4.969 eV in AljesGag3sN
epilayers, the PL peak energy is red-shifted for QWs with L,, = 2.5 and 3 nm and blue-shifted for
QWs with Ly, = 1, 1.5, and 2 nm. This indicates that the PL peak energy is defined by the
quantum confinement as well as by the induced fields (piezoelectric and spontaneous fields)
along the growth direction [79]. In order to find out the polarization fields in the QWs, we
calculate emission peak positions for QWs with different well widths. The calculation performed
by our collaborator, Dr. Chow Weng at Sandia National laboratories. The calculation begins with
the determination of quantum-well band structure properties by simultaneously diagonalizing the
k.p Hamiltonian and solving Poisson’s equation [80]. The input parameters are the bulk material
parameters, where for AlGaN, we use the weighted averages of the AIN and GaN values. Using
the quantum-well band structure information, we numerically solve the semiconductor Bloch
equations for the steady-state microscopic polarization [81]. The many-body effects appear as
carrier density dependences in the transition energy and Rabi frequency. Carrier-carrier
correlations, which lead to screening and dephasing, are treated at the level of quantum kinetic
theory in the Markovian limit. The steady state polarization at an input laser field and carrier
density (assuming quasi-equilibrium condition) gives the linear absorption spectrum. The
corresponding spontaneous emission spectrum is obtained using phenomenologi- cal relationship
that relates the spontaneous emission and absorption spectra [82]. The emission peak energies

are then extracted from the spectra.
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Figure 3.8 Low temperature (10 K) PL spectra of AIN/Aly¢sGagssN QW samples with well
width varying from 1 to 3 nm and a fixed barrier width of 10 nm. The vertical dashed line

represents the emission peak position of Aly¢sGag 35N epilayers.
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Fig. 3.9(a) plots the PL spectral peak position (E,) as a function of L,,. The curve in Fig.
3.9(b) is the theoretical curve of E, as a function of L,, from which we deduce the value of the
polarization fields to be around 4 MV/cm. The value of the polarization field (F) in the well

region can also be calculated using the equation:

F = Lb(Ptotb B Ptotw) (3-2)
e, (L&, + Lye,)]

b,w
where “0% s the relative dielectric constant of the barrier and the well materials, Pt is

the total polarization (piezoelectric plus spontaneous) in barrier and well, L, is the barrier width

[79]. The piezoelectric polarization can be calculated with the equation:

C.e
:_(2631 -2 lé 3 )gxx

3 (3.3)

P

piezo

where e;; where 1,) = {1,2,3}, are the piezoelectric constants, c;;, where 1,j = {1,2,3}, are

the elastic constants and © is the in plane strain [79]. To calculate the value of the polarization
fields in the AlyGa; N well, we used the parameters given in Ref. 83 assuming a linear
relationship between the GaN and AIN values to extract the values for AlyGa; 4N alloys. The
calculated value of the polarization fields from Eq. (3.2) ranges between 3.96 and 3.37 MV/cm

depending on the well width, which is in reasonable agreement with the deduced value.
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Figure 3.9 (a) PL emission energy peak position, E, vs well width, L, for AIN/AlesGag3sN
QWs measured at 10 K. (b) The calculated E,, as a function of L, performed by our collaborator,

Dr. Chow Weng at Sandia National laboratories.
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The integrated PL emission intensity versus L,, measured at 10 K for these QWs is
plotted in Fig. 3.10, which shows that the highest QE is achieved when Ly, is between 2 and 2.5
nm. The PL intensity depends strongly on L. The reason for the rapid reduction of the emission
intensity with the increase of Ly, can be attributed to the reduction of the radiative recombination
rate (or QE) due to the polarization fields in the well, which increases the spatial separation of
the electron and hole wave functions with increasing L, [84,85,86]. On the other hand, the
decreased emission intensity with L, (for small well width Ly, < 2 nm) is due to enhanced carrier
leakage into the barrier region [84]. From Fig. 3.8, the emission line widths of these AIN/AlGa;.
N QWs are fairly large. A similar trend was observed for GaN/InGaN QWs. The broad line
width of GaN/InGaN has been explained in terms of In compositional fluctuation [87, 88]. For
AIN/AlkGa; xN QWs in addition to compositional fluctuation, polarization fields have to be
taken into account to analyze the emission line width of the QWs. The effective transition energy

in QWs under the influence of polarization fields is given by:

E =E,+ Econ — ¢FLy, (3.4)

where E, is the bandgap of the well material, Econ is the confinement energy, and eFL,, is
a factor accounting for the polarization fields effect [89]. In the first order approximation, the
variation of the emitted photon energy (i.e. the line width), is given by the sum of the fluctuation-

s in the bandgap of the well material, the confinement energy, the polarization fields, and L,
OE = OE, + OE n + eLOF + eFOL,,. (3.5)
Neglecting the variation of the confinement energy OE.,, in cases where the QWs with
well widths larger than the Bohr radius of excitons (i.e. about 1.3 nm), Eq. (3.5) can be written in

terms of the dependence on Ly, as follows:

SE = (8E, + eFSLy ) + (edF)Ly,. (3.6)
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This equation reveals a linear relation between the line width and L,, with the assumption
that the well width fluctuation (8Ly) is fixed for all QWs and is about 1 monolayer (i.e. ~ 0.5
nm).

Fig. 3.11 shows the variation of the full width at half maximum (FWHM) of the emission
spectra of AIN/AljsGag3sN QWs with Ly, measured at 10 K. The FWHM increases linearly with
increasing Ly,. The solid line is a linear fit to the experimental data using Eq. (3.6). A localization
energy around 100 meV is extracted which is consistent with the previously reported values in
AliGa; N epilayers [90]. Assuming the well width fluctuation is 1-monolayer (i.e. ~ 0.5 nm),
another 35 meV is extracted. Thus the large emission line width of the AIN/Al,Ga; <N QWs can
be explained well by the effects of alloy fluctuation and polarization fields.
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To find which is more effective, varying the L, or varying the Al-content (x) of QW, we
grew a set of samples with varying x and a fixed well width of L,, = 1.5 nm. Figure 3.12 shows
the low temperature (10 K) PL spectra for AIN/AliGa;xN QW (L,, = 1.5 nm) with x varying
from 0.70 to 0.85. The emission peak position increases with increasing x. The FWHM of the PL
emission decreases with increasing x, which is due to reduction of localization energy with

increasing x for x > 0.70 [90].
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Figure 3.12 Low temperature (10 K) PL spectra of AIN/AlyGa;xN QW samples with different Al
content. The well width (barrier) is 1.5 (10) nm, respectively, and x varies from x = 0.7 to x =

0.85.
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The findings of this chapter, and the previous one, were employed in the design and
growth of deep UV LED (A< 300 nm) structures. The active region of a LED structure is based
on altra-thin AIGaN/AlGaN MQWs. Since the devices were deposited onto c-plane sapphire
substrates, it was necessary to use thin wells to reduce the Quantum-confined Stark Effect. In
this way the reduction in the luminescence intensity and its red-shift can be minimized. The deep
UV LEDs were grown on AlN/sapphire templates by MOCVD. The output power and forward
voltage of the device show strong dependence on the thickness of the AIN template. Silicon
doped AliGa;«N is a key material in UV LED structures. It is not only the n-type contact layer
that supplies electrons to the active region, but it is also a template for the rest of the LED
structure and therefore must have high crystalline quality. However, lattice-mismatch iduced
strain between AIN template and the AlGaN causes cracks and dislocations. The strain depends
on the crystal orientation, the thickness, and the chemical composition of the epitaxial layers
[91,92]. Strain engineering can be accomplished by superlattice (SL) layers, low temperature
(LT) AIN interlayers, homoepitaxial substrates, and non-polar substrates [93-96]. Among these
approaches, AIN/AlysGao,N SLs are used in our deep UV LED structures. An additional
function of SL layers is to serve as a dislocation filter. The growth of the Si-doped Al 7Gao3sN
epilayer was followed by AlGaN/AlGaN MQW active region and followed by the Mg-doped
Aly7Gag 3N electron blocking layer. The structure was then completed with p-Aly ;GagoN and p-
GaN layers. A schematic diagram of the deep UV LED layer structure is shown in Fig. 3.13.
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Figure 3.13 Schematic of the layer structure of the deep UV LEDs.
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Figure 3.14 shows the electroluminescence (EL) spectrum of a 280 nm deep UV LED
with a 300 um diameter size under 40 mA DC current. The inset of Fig. 3.14 shows the [-V
characteristic of 280 nm deep UV LEDs. The forward voltage Vi = 6.7 V, is observed at 20 mA

current.
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Figure 3.14 EL spectrum of a circular (d = 300 um) deep UV LED with peak emission at 280 nm
under DC bias (I =40 mA). Inset is the [-V characteristic of the same 280 nm UV LED.
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Figure 3.15 shows the light-output power versus current (L-I) characteristic of the 280
nm deep UV LEDs (with a 300 um disk diameter). We have achieved an optical power output of
0.35 mW and a power density of 0.48 W/cm”at 20 mA.
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Figure 3.15 Light output power versus current (L-I) of a circular (d = 300 um) deep UV LED
(280 nm).
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In summary, a set of AIN/Alj¢sGag3sN QWs with Ly, varying from 1 to 3 nm has been
grown by MOCVD. A systematic dependence of the PL emission peak position on L,, was
observed, from which a value of about 4 MV/cm for the polarization fields in AIN/AljsGag3sN
QWs was deduced. The PL emission line width was found to increase linearly with L.
Furthermore, our results have shown that the highest QE was obtained in AIN/Alj65Gag3sN QWs
with well width between 2 and 2.5 nm, which serves as a guideline for designing optimal deep

UV light emitter structures.
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3.3 Growth and characterization of a-plane AIN epilayers grown on r-plane

sapphire substrate

AIN is emerging as an active material for deep ultraviolet (DUV) optotelectronic devices
because of its large direct bandgap ~ 6.1 eV [97, 98]. AIN has strong chemical bonds, which
makes AIN based devices very stable and highly resistant to degradation when operating under
harsh conditions [99-101]. AIN also plays an important role as a template for the subsequent
epitaxial growth of nitride optoelectronic device structures, in which the high quality AIN
epilayer serves as a dislocation filter [102-104].

Usually, nitride-based epitaxial structures are grown on (001) c-plane sapphire and SiC
substrates. Due to the non-symmetric nature of nitrides grown in the (001) direction, a large
built-in electrostatic field occurrs perpendicular to the AlGaN/InGaN heterointerfaces because of
spontaneous and piezoelectric polarization. Although, these induced fields along the (001)
direction have been utilized to design new structures and devices, such as dopant-free high
electron mobility transistors, the polarization induced electric fields significantly reduce the
electron-hole wavefunction overlap and hence the radiative recombination efficiency in III-
nitride quantum wells (QWs). Our previous studies on AIN/AlGaN QWSs grown on C-plane
sapphire substrates showed that the AIN/AIGaN QW structures possess a built-in polarization
field of ~4 MV/cm [105]. The growth on a nonpolar plane, such as a-plane nitrides, is a potential
solution to this problem [106]. For DUV emitters utilizing c-plane AlGaN alloys as active layers,
the dominant emission has a polarization of E//C, and this unique optical property significantly
reduces the surface emission intensity [107]. The growth of nonpolar nitrides on GaN templates
has been reported by several groups [108-110]. For optoelectronic devices operating at short
wavelengths (A < 300 nm), the growth on a-plane AIN template would provide reduced effects of
polarization fields as well as enhanced surface emission. However, very little work dealing with
epitaxial growth [111] of a-plane AIN have been previously reported. It has been reported that
the Mg energy level in a-plane GaN is smaller than that in c-plane GaN [112]. If this trend holds
true for AlyGa; N alloys and AIN, it will help to improve p-type conductivity in high Al-content
AlGaN alloys.
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In this chapter we summarize the growth by metalorganic chemical vapor deposition
(MOCVD) of a-plane AIN epilayers grown on r-plane sapphire substrates. We also investigate
the energy level of Mg acceptors in a-plane AIN. Various characterization techniques were
employed to probe their structural and optical properties. X-ray diffraction (XRD) was used to
determine the crystalline quality, while atomic force microscopy (AFM) was used to probe the
surface morphologies. Photoluminescence (PL) emission spectroscopy was employed to
investigate the optical properties.

AIN epilayers were grown on r-plane sapphire substrates by MOCVD with a growth
temperature and pressure of 1300 °C and 40 Torr, respectively. Trimethylaluminum (TMAL) and
Ammonia (NH3) were used as the Al and N sources, respectively. A thin AIN buffer layer was
first grown to serve as a nucleation layer followed by the growth of a 1um AIN epilayer as
shown in Fig. 3.16. A deep UV optical spectroscopy system, consisting of a frequency quadrupl-
ed 100 femtosecond Ti: Sapphire laser with an average power of 3 mW and a repetition rate of
76 MHz at 196 nm and a 1.3 m monochromator with a detection capability ranging from 185 -

800 nm, was utilized for PL studies [62].

Figure 3.16 Schematic layer structure of a-plane AIN epilayer grown on r-plane sapphire

substrate.
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The growth surface of the AIN epilayers was determined to be a-plane using XRD 6-26
scan, which detected sapphire (102), (204), and a-plane AIN (110) reflections, as illustrated in
Fig. 3.17. Only the a-plane reflection peak at 20 = 59.4° was observed. Since the AIN (002)

reflection at 20 = 36.02° was not detected, demonstrating that the films were uniformly a-plane-

oriented [113].
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Figure 3.17 XRD 0-26 scan of an a-plane AIN epilayer.

57



As shown in Fig. 3.18, the measured FWHM of the XRD rocking curve of the (110)
reflection peak is about 940 arcsec, which to our knowledge is the narrowest value reported. The
surface morphology of the a-plane AIN epilayer is still relatively rough with a root mean square
(RMS) of surface roughness of about 8 nm for a 10 pm x 10 pm area, in contrast to the smooth
surface of C-plane AIN with a typical RMS value of less than 1 nm [114]. Significant
improvements in surface morphology and XRD linewidth are expected since the development of

growth technology of a-plane AIN is in a very early stage.
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Figure 3.18 XRD rocking curve of (110) reflection peak of an a-plane AIN epilayer with a full
width at half maximum (FWHM) of 940 arcsec.
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Figure 3.19 compares the room temperature (300 K) PL spectra of c-plane and a-plane
AIN epilayers covering a broad spectral range from 2 to 6.2 eV. The peak position of the band-
edge transition in a-plane AIN epilayer is at 5.95 eV, which is about 30 meV below that in c-
plane AIN epilayer (5.98 eV). This redshift of the band-edge transition could be related to the
anisotropy of the in-plane strain in a-plane AIN epilayer, in which the strain induced band-gap
shift depends on all three strain components [115]. Although the growth technology of a-plane
AIN is much less mature than that for c-plane AIN, the intensity of the band-edge emission in a-
plane AIN is comparable to that in c-plane AIN. This is partly due to the unique polarization
property of the optical emission (E//C) in c-plane AIN, which tends to reduce the surface
emission intensity [107]. Thus, we expect that the band edge emission intensity from a-plane
AIN epilayers will be much higher than that from c-plane AIN of the same optical quality. The
PL emission spectrum of the a-plane AIN epilayer also comprises of a deep level impurity
transition, which could be due to the recombination between shallow donors and cation vacancy
complexes with two-negative charges [116, 117]. The emission intensity of this deep level
transition is relatively weak and can be suppressed with further improvement in the material

quality.
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Figure 3.19 Room temperature (300 K) PL spectra of (a) a-plane and (b) c-plane AIN epilayers.
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To determine the energy level of Mg dopants in a-plane AIN, a 1-um-thick Mg-doped a-
plane AIN epilayers were grown on a-plane AIN (1um)/r-plane sapphire templates. High quality,
undoped AIN epilayer template plays an important role in reducing dislocations in the
subsequent doped layer. As-grown Mg-doped layers were highly resistive. Moreover, subsequent
post-growth annealing of Mg-doped a-plane AIN in nitrogen gas ambient did not result in p-type
conduction. Fig. 3.20 shows the room temperature (300 K) PL spectra for Mg-doped (a) c-plane
and (b) a-plane AIN epilayers. The PL spectra presented in both Figs. 3.20(a) and (b) encompass
an emission peak at around 4.7 eV, in addition to the band-edge emission at 5.94 and 5.91 eV for
c-plane and a-plane Mg-doped AIN, respectively. The band-edge emission peaks for both a-
plane and c-plane AIN epilayers are due to the recombination of excitons bound to neutral Mg
acceptors (or neutral acceptor-bound excitons, ;). The binding energy, Eyx, of the acceptor-
bound excitons is the same for both c- and a-plane AIN epilayers, Epx = (5.98 — 5.94) eV for c-
plane AIN = (5.95 — 5.91) eV for a-plane AIN = 40 meV, which is consistent with our previous
measurement for c-plane AIN [118] and suggesting an identical energy level of Mg acceptors in
both c-plane and a-plane AIN based on the Haynes’ rule. The emission peak at 4.7 eV in Mg-
doped AIN was previously identified and is due to the donor-acceptor pair (DAP) recombination
involving electrons bound to nitrogen vacancies with three positive charges Vx°" (deep donors)
and neutral Mg acceptors (Mg") [114].

Based on the two observations shown in Fig. 3.20, the identical acceptor-bound exciton
binding energy (Eux) and the emission peak position of the Mg related impurity transition at 4.7
eV, we believe that the Mg acceptor energy level in c-plane and a-plane AIN is the same, which
is~0.5eV[114,118,119].

In summary, a-plane AIN epilayers were grown on r-plane sapphire by MOCVD. PL
studies showed that (1) the bandedge emission intensity of a-plane AIN is comparable to that of
c-plane AIN and (2) Mg energy levels in a- and c- plane AIN epilayers are the same and around
0.5 eV. Much improvement in the material quality of a-plane AIN can be achieved by further
optimizing the growth processes, which would provide significant enhancement in emission
efficiency. These results point out that a-plane AIN templates can be utilized to build UV
optoelectronic devices possessing minimized effects of polarization fields and enhanced surface

emission.
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Figure 3.20 Room temperature (300 K) PL spectra of Mg-doped (a) c-plane and (b) a-plane AIN
epilayers.
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3.4 Growth and photoluminescence studies of a-plane Al-rich AIN/Al,Ga;«N

guantum wells

Deep ultraviolet (UV) emitters and detectors operating in the 200-340 nm wavelength
range are important devices for many applications, including water purification, biological and
chemical agent detection, and medical research/health care [120]. Al-rich AlGaN alloys have a
tunable emission wavelength down to 200 nm, which makes them very useful for these
applications. As demonstrated by light emitting diodes, laser diodes, and electronic devices,
many [II-nitride based devices must take advantages of quantum well (QW) structures in order to
achieve optimal device performance. To realize deep UV emission (A< 280 nm), Al-rich AlGaN
based QWs are required. Recently, several groups have been studying Al-rich AIGaN based
emitters to obtain UV emission wavelength below 300 nm [121-126]. The growth of the QW
structures on the basal plane of either sapphire or SiC resulted in the deposition of wurtzite
material with (001)-plane (c-plane) orientation [127]. Interfacial polarization discontinuities
within heterostructures are associated with fixed sheet charges which produce strong internal
electric fields. These ‘built-in’’ polarization-induced electric fields significantly reduce the
electron-hole wavefunction overlap and radiative efficiency and hence limit the performance of
optoelectronic devices that employ nitride QWs as active region. Our previous studies on
AIN/AlGaN QWs grown on c-plane sapphire substrate showed that these AIN/AIGaN QW
structures possess a built-in polarization field of ~4 MV/cm [105].

Nitride crystal growth along nonpolar directions provides an effective mean for
producing nitride-based quantum structures that exhibit reduced effects by the strong
polarization-induced electric fields since the polar axis lies within the growth plane of the film.
The growth of a-plane GaN/AlGaN QW structures on r-plane sapphire substrates have been
previously demonstrated [128,129]. Optical characterization of these structures has shown that
the effects due to the polarization-induced electric fields are greatly reduced in nonpolar QWs.

In this chapter the growth and PL properties of a-plane AIN/Alg¢5Gag3sN QWs grown on
r-plane sapphire substrates by metalorganic chemical vapor deposition (MOCVD) are studied.
We also investigated a range of well widths for a-plane and c-plane QWs, which allowed us to

reveal the emission characteristics that are unique to QWs with nonpolar orientation. Deep UV

63



PL emission spectroscopy was employed to probe the Ly, dependence of the optical properties.
Our results showed that in a-plane QWs, high emission efficiency can be attained at L, > 2 nm.
In contrast, there exists an optimal choice of L,, ( = 2 nm) for obtaining high emission efficiency
in C-plane QWs. The PL decay time of a-plane QWs exhibits only a slight increase with
increasing L, while that of c-plane QWs has a strong dependence on L.

AIN/ALGa;xN (X ~ 0.65) QWs were grown on r-plane and Cc-plane sapphire substrates by
MOCVD. The growth temperature and pressure were 1120 °C and 50 Torr, respectively. Prior
to the growth of AIN/AlyesGagssN QW, a thin AIN buffer layer and a 1 pm undoped AIN
epilayer were first grown on sapphire. This was then followed by the growth of Aly¢sGag3sN
QW and a 10 nm AIN barrier. The barrier and well widths were determined by the growth rates
of the AIN and AlyGa; «N epilayers. The samples were mounted on a low temperature (10 K)
stage with a cold finger in a closed-cycle helium refrigerator. The deep UV PL spectroscopy
system consists of a frequency quadrupled 100 fs Ti:sapphire laser with an average power of 3
mW and a repetition rate of 76 MHz at 196 nm, a 1.3 m monochromator with a detection
capability ranging from 185 to 800 nm, and a streak camera detector with 2 ps time resolution
[62].

The (10 K) PL spectra of the c- and a-plane AIN/Alj65GagssN QWs are shown in Figs.
3.21(a) and 3.21(b), respectively. Independent of the crystal orientation, the QW PL emission
peak shifts to lower energies with increasing Ly, due to the weakening of the quantum
confinement effect. In particular, the emission peak energies of the a-plane QWs steadily
approach but do not redshift beyond the band edge transition of the Alj¢sGag3sN epilayer with
increasing Ly,. Conversely, the c-plane QW emission peak energy redshifts with L,, and becomes
even lower than the band edge transition peak of the AlyssGagssN epilayer at Ly, > 2 nm. This
strong dependence of the PL emission energy on L, in C-plane QWs is due to the strong
spontaneous and strain-induced piezoelectric fields ~ 4MV/cm [105], in addition to the quantum

size effect. These polarization fields are much weaker in a-plane QWs [130].
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Figure 3.21 Low temperature (10 K) PL spectra of (a) c-plane AIN/Alp¢sGag3sN QWs with well
width, Ly, varying from 1 to 3 nm and (b) a-plane AIN/AljsGag3sN QWs with well width, Ly,
varying from 1.5 to 3 nm. All samples have a fixed barrier width of 10 nm. The vertical dashed

lines represent the emission peak position of Aly¢sGag 3sN epilayers.

65



The normalized PL emission intensity of the a- and c-plane QWs as a function of Ly, is
plotted in Fig. 3.22 (each orientation’s intensity was normalized separately). We observed that
high emission intensity can be obtained in a-plane QWs with Ly, > 2 nm and in c-plane QWs
with Ly, = 2 nm. In c-plane QWs, the balance between the reduced radiative recombination
efficiency in thick wells due to the polarization fields and in thin wells due to enhanced carrier
leakage to the barrier region [131] results in an optimal choice of L, for obtaining high emission
efficiency. In contrast, since the polarization fields are much weaker in nonpolar QWs, high emi-
ssion efficiency is obtained in QWs with L, > 2 nm. This suggests that the a-plane AIN/AlGaN
QW system potentially provides a much greater flexibility for the device structural design than

its c-plane counterparts.

1.2
—&—c-QW
1—24—a-QW

1.0 .\ /A
2 0.8+ AN
)
[
S
=
.|
= 0.6-
o
()
N
=
£ 044 b
|-
o
< A

0.2 5

°®
00 T T T T T

— .
0.5 1.0 15 2.0 2.5 3.0 35
L, (nm)

Figure 3.22 Normalized low temperature PL intensity plotted as a function of well width, L,,, for

both a- and c-plane AIN/AljsGag3sN QWs.
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To further investigate the differences between polar and nonpolar QWs, the PL decay
characteristics of a- and c-plane QWs for two representative well widths (Ly, = 1.5 and 3 nm)
were measured and the results are shown in Fig. 3.23. The PL decay transients show
nonexponential decay with a slower component at longer decay times. For c-plane QWs the PL
decay time strongly depends on Ly. This can be explained by the presence of the strong
polarization fields (~ 4 MV/cm) in the polar QWs. The electrostatic fields spatially separate the
electron and hole wave functions, thereby reducing the oscillator strength for their radiative
recombination. At low temperatures, the measured decay time corresponds mainly to the
radiative lifetime, which is inversely proportional to the oscillator strength [120]. Conversely, for

a-plane QWs the PL decay time exhibits only a weak dependence on L.
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Figure 3.23 Low temperature (10 K) PL decay transients of two representative AIN/Alj ¢sGag3sN
(a) a-plane and (b) c-plane QWs with Ly, = 1.5 and 3 nm.
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Figure 3.24 shows the Arrhenius plots of the PL intensity for (a) a-plane and (b) c-plane
QWs with Ly, = 1.5 nm. The solid lines in both plots are the least squares fit of the measured data

to the following equation

Loy (T) = 1 [1+ Ce 5/ T 3.7)

where L. (T) and Iy are, respectively, the PL intensities at finite temperature T and 0 K,
while Ej is the activation energy. At T > 140 K, the PL intensity is thermally activated with
activation energy of about 125 meV for a-plane QW and 110 meV for c-plane QW. Since the
observed activation energies are much smaller than the band offsets of the bandgap difference
between the wells and barriers, the thermal quenching in these samples is not due to the thermal
activation of electrons from QWs to barriers. The quenching of the luminescence with temperat-
ure can be explained by thermal emission of the carriers out of a confining potential (exciton
localization potential) allowing their scattering with dislocations. An activation energy around
120 meV has been previously measured for the PL intensity in Aly70GagsN epilayers grown on
c-plane sapphire [132], which is close to the activation energies obtained in AlysGags3sN QWs
of the present study. The higher activation energy in a-plane QWs (125 meV) than in c-plane
QWs (110 meV) may be attributed to an increased interface or alloy fluctuation, which is also re-
flected in a slight increase in the PL emission linewidth in a-plane QW (Fig. 3.21). Furthermore,
as pointed out previously [133], "lateral" polarization fields may still present in a-plane QWs
because the c-axis lies in the a-plane so that the well width fluctuations could induce polarization
fields in the a-plane, resulting in an inhomogeneous spectral broadening and an apparent
enhanced localization energy. The slow decay component displayed by a-plane QWs shown in
Fig. 3.23(a) may also suggest the existence of “lateral" polarization fields. The larger drop in PL
intensity in a-plane QWs than in c-plane QWs in the temperature region of 10-300 K may be
related to the growth anisotropy along nonpolar directions so that a-plane QWs possess more

dislocations than c-plane QWs, as suggested by XRD and AFM measurements.
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Figure 3.24 The Arrhenius plots of the PL intensity of (a) a-plane and (b) c-plane QWs with L, =
1.5 nm. The solid lines in both plots are the least square fits of the measured data to Eq.(3.7).
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In summary, a- and c-plane AIN/Aly¢sGag3sN QWs were grown by MOCVD and their
PL emission characteristics were measured and compared. It was found that the low temperature
PL characteristics of a-plane QWs are primarily governed by the quantum size effect as in
traditional III-V semiconductor QWs. In contrast, the emission characteristics of c-plane QWs
are affected by strong polarization fields in addition to the quantum confinement effect. The PL
decay time was found to be weakly dependent on the well width, L, for a-plane QWs. However,
a strong dependence of the PL decay time on Ly, was observed for c-plane QWs, which is caused
by the variation of the polarization fields in QWs due to varying L. The thermal quenching of
PL emission in both a- and c-plane QWs is attributed to the activation of excitons from localized
states. It was shown that to obtain highest quantum efficiency, a- and c-plane AIN/AlGaN QWs
with high Al contents should be designed to have Ly, > 2 nm and L,, ® 2 nm, respectively. The
results thus suggested that the a-plane AIN/AlGaN QW system potentially provides a much

greater flexibility for the device structural design than its c-plane counterparts.
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3.5 Growth of high quality AIN epilayers on silicon carbide (SiC) substarte by
MOCVD

As the demand for nitride optoelectronic devices at shorter wavelengths continues to
increase, the growth of high quality AIN and Al-rich AIGaN has been the subject of great focus.
AIN has been used for years as a nucleation layer for GaN grown on sapphire [134] and SiC
[135]. Recently much research has been directed towards producing high-quality epilayers on
sapphire [136—138] and SiC [139, 140]. We used SiC substrates, for the following three primary
advantages: (1) as a conducting substrate, SiC presents the opportunity for vertically conducting
optoelectronic devices, (2) it has a lattice mismatch (0.9%) with regards to AIN that is
significantly less than that with sapphire (13%), (3) the thermal coefficient of expansion of SiC is
also very close to those of the nitrides, and the substrate provides good heat-sinking for many
device applications.

However, despite the apparent benefits of SiC substrates, III-nitride films deposited on
SiC substrates have yet to demonstrate less defective microstructures than films of comparable
thickness on sapphire. One reason proposed for this is the damaged surface of as-received SiC
wafers as a result of slicing from the boule and polishing. The AFM image of Fig. 3.25 shows
the surfaces of on-axis 4H-SiC (001) substrates feature numerous randomly oriented scratches
due to mechanical polishing, with widths from 100-300 nm and depths to 5 nm. These scratches
are commonly observed on as-received SiC wafers since the mechanical hardness and chemical
inertness of this material makes polishing difficult [141]. The polishing process results in dama-
ge extending to a micron beneath the surface [142], and even with a highly optimized polishing
process, sub-surface damage extends up to 8 nm in the regions of the scratches [143].

A dramatic improvement in surface quality is attained after annealing the wafers to high
temperatures in flowing H, gas. Under high temperatures, H is cracked such that very reactive H

atoms etch the surface of the SiC substrate [144].
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Figure 3.25 A 10 ym x 10 ym AFM image of as-received Si-face SiC (001) wafer showing

polishing scratches present on the surface.
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Preparation of the Al,O; substrates consisted of a chemical cleaning in acetone,
methanol, and then deionized water. These steps are utilized to remove organic, ionic, and
metallic impurities on the surface. For the preparation of SiC substrates, one pertinent issue, in
addition to removing organics or grease, is the removal of oxide from the surface. So the SiC
substrates were dipped in a 10% HF solution to remove the surface oxide.

Fig. 3.26 shows the layer structure for 1 um thick AIN epilayers grown on Si-face SiC
(001) substrates. TMAI and NH; were used as Al and N sources, respectively. The typical
AIN/SiC growth procedure can be summarized as follows, after the substrate was cleaned and
loaded onto the susceptor, the reactor was evacuated and purged with hydrogen gas to remove
any traces of air. The total H, flow rate was 3 liters/minute (I/min) and it took around 5 minutes.
The susceptor temperature was then ramped to 1250 °C in the H, ambient established in the
previous step. This temperature was maintained for 50 minutes aiming to eliminate the scratches
from the surface of the substrate. The pressure of the reaction chamber was about 40 Torr. After
this step the susceptor temperature was lowered down to 950 °C and the hydrogen flow rate was
lowered to 2 1I/min. After the temperature and pressure were stabilized, and all the appropriate
flows were set up in the vent mode, the growth of AIN buffer layer was initiated by switching the
H,/TMAI and NH; flow into the reaction chamber. The growth lasted for around 30 sec with
total thickness around 12 nm. The growth was terminated by diverting the Hy/TMAI flow into
the vent line. This layer was used as the buffer for the AIN epilayer. The temperature was
ramped up to 1325 °C under the established H, and NH; ambient. The epitaxial growth AIN was
started at 1325 °C by switching all the necessary gas flows into the reactor. At the end of the
growth period, the organometallic flows were diverted back to the bypass line, and turned off.
The sample was cooled under the established H, + NH3 ambient until 600 0C, and then NH; was
turned off. The sample was removed from the reactor when the susceptor temperature was below
100 °C. The above growth procedure was a typical one, but the actual process could be varied to
get the intended results. In Fig. 3.27 the susceptor temperature sequence in a typical AIN growth

1s shown.
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Figure 3.26 Schematic layer structure for the growth of AIN epilayers.
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Figure 3.27 Growth temperature sequence of the AIN epilayer growth on SiC substrate.
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Growth conditions for AIN on SiC are very different with that on sapphire substrate. AIN
layers grown on SiC with the same growth conditions of sapphire substrate peeled off and were
cracked, the PL spectra exhibit impurity transition, and the XRD rocking curves of (002) and
(105) peaks were broad.

Lattice mismatch usually causes tensile or compressive stress degrading crystalline and
structural quality of epilayers. Stresses in thin films consist of intrinsic and thermal components.
The intrinsic component is complex and can originate from one or more factors occurring during
growth, such as incorporation of impurities and lattice mismatch between film and substrate. The
thermal component is easily modeled as the difference in thermal expansion between the film
and substrate. During cooling from the growth temperature, the film is tensioned if the film
contracts more than the substrate will allow. Conversely, the film is compressed if the substrate
contracts more than the film will allow.

The resulting strain due to lattice mismatch is compressive for AIN grown on sapphire
[145]. This strain is relieved after several nanometers of growth according to the critical
thickness theory [146]. The primary relief mechanism is the formation of dislocations in the
film/substrate interface during film growth. Upon cooling, the difference in thermal expansion
coefficients (Osapphire > CAIN > OGan) Tesults in additional compressive stresses assumed to be
responsible for the compression.

Studies of AIN (001) grown on SiC (001) found strains due to lattice mismatch at the
AIN/SiC interface to be compressive (i.e. agan > aaN > asic). The mismatch is believed to be
partially relieved by the formation of misfit dislocations. However, there is tensile strain along
the a-axis in the AIN layers grown on SiC, which tends to crack the surface of the nitride layers
[147]. This problem has limited the layer structures of devices. Thus crack elimination from
nitride layers is a crucial issue in realizing device applications.

Growth of AIN on SiC requires careful optimization of the buffer conditions to achieve a
balance between the compressive lattice mismatch and the tensile thermal mismatch. The high
density crack in the AIN was not totally eliminated with any of the growth conditions for both
the AIN buffer layer and the AIN epilayer. With such a high crack density the technique of Ga
flux as substrate treatment before the initiation of the growth was employed. The AIN crystalline
quality and surface morphology declined with increasing TMGa flow. Meanwhile, the density of
cracks was reduced and totally eliminated at high TMGa flow (10 sccm). Fig. 3.28(a) indicates
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FWHM (arcsec)

the results of XRD measurements for different TMGa flow rates. FWHM of the (002) and (105)
XRD rocking curve increases with increasing TMGa flow rate. In (b) the surface roughness

measured by root-mean square (RMS) increased with increasing TMGa flow rate.
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Figure 3.28 (a) FWHM of (002) and (105) rocking curve and (b) RMS of surface roughness of
AIN epilayers as functions of TMGa flow rate.
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Another approach to eliminate the crack problem was to use gallium as a surfactant.
Various TMGa flow rates ranging from 0.1 to 1 sccm have been used. The crystalline quality of
the AIN epilayer declined with increasing TMGa flow rate. A 0.4 sccm TMGa was enough to
totally eliminate the cracks (Fig. 3.29) with a reasonable crystalline quality. The FWHM of (002)

and (105) rocking curve are 350 and 626 arcsec respectively.

Figure 3.29 Optical microscope image of a crack free AIN epliayer grown on SiC.
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The growth conditions of the AIN buffer layer on SiC were investigated. The growth
pressure was varied from 40 to 90 Torr, the buffer pressure in the investigated range showed
almost no effect on the crystalline quality and surface morphology of AIN epilayer. As the layer
temperature and thickness have a significant effect on the crystalline quality of AIN grown on
sapphire [37], the buffer temperature was varied for 1 ym AIN epilayers grown on SiC from 900
to 960 °C. As shown in Fig. 3.30, FWHM of (105) rocking curve increases with increasing
temperature. (002) rocking curve has lowest linewidth at 930 °C. In this temperature range the

surface roughness was not significantly impacted.
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Figure 3.30 Full width at half maximum (FWHM) of (002) and (105) rocking curves of AIN

epilayer as functions of AIN buffer temperature.
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The buffer thickness was varied from 6 to 21 nm and Fig. 3.31 shows the FWHM of
(105) and (002) rocking curve as functions of buffer thickness. The optimum buffer thickness

was 12 nm.
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Figure 3.31 Full width at half maximum (FWHM) of (002) and (105) rocking curves of AIN
epilayer as functions of AIN buffer thickness.
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After the AIN buffer optimization, a systematic study was also done to optimize high
temperature AIN epilayer growth. For example, AIN growth rate was investigated by varying
TMALI flow rate. The NH; flow was held constant thus the V/III ratio varied. Fig. 3.32 shows the
effect of the V/III ratio on the surface morphology of AIN epilayers. At the highest V/III ratio
investigated, the growth switched completely from two dimensional into an island growth mode.

Obviously, the increased concentration of N-species in growth chamber decreases the surface

mobility of adsorbed Al-species.

(b)

Figure 3.32 AFM images of a Ium AIN epilayers with different V/III ratios (a) 5000 and (b)
6850. Smooth surface with RMS = 0.5 nm is observed in (a). Three dimensional growth is
evident in (b).
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After the optimization of the growth conditions for high temperature AIN epilayer, a 1
um thick AIN epilayer is grown with V/III ratio of 5000 and growth temperature 1325 °C for the
high temperature AIN epilayers. The surface quality assessed by AFM is shown in Fig. 3.32 (a),
with a surface roughness of RMS = 0.5 nm, indicating an atomically smooth surface. To further
assess the surface quality, an etch pit density study is performed. The AIN epilayer is etched for
10 min in a 60 % KOH solution heated to 80 °C. The etched surface is measured by AFM and

the result is shown in Fig. 3.33. An average etch pit density of 9x10” cm™ was obtained.

Figure 3.33 AFM images of KOH-etched AIN epilayer. (a) 5 x 5 um2 image and (b) 2 x 2 um2

image.
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Figure 3.34 shows the low temperature (10 K) PL spectra of AIN epilayers grown on (a)
SiC and (b) bulk AIN substrates measured in the energy range from 2.4 to 6.2 eV. Each PL
spectrum exhibits a strong band edge emission line. Compared to the spectral peak position of
the band edge emission line in the AIN grown on AIN bulk crystal (AIN/AIN), the band edge
emission peak of AIN epilayer grown on SiC (AIN/SiC) is red-shifted due to tensile strain.

To reveal detailed features, the low temperature (10 K) band edge emission spectra are
re-plotted in a small spectral range from 5.8 to 6.2 eV. In this energy range, AIN/SiC and
AIN/AIN (Fig. 3.35 (a) and (b) respectively) show two emission lines. The higher energy
emission line at 5.974 eV in AIN/SiC (Fig. 3.35(a)) and at 6.029 eV (Fig. 3.35(b)) in AIN/AIN
can be assigned to the free exciton (FX) recombination. Based on the known value of about 16
meV for the binding energy of the bound-excitons in AIN epilayers grown on sapphire [148], we
assign the emission line at about 17 meV below the FX transition (5.957 eV in AIN/SiC and
6.012 eV in AIN/AIN) to donor-bound exciton (I,) transition. The strong I, transition in both
AIN spectra indicates the presence of high unintentional donor impurity concentrations. The
impurities could be oxygen and silicon in AIN/AIN and AIN/SiC, respectively. The presence of
these impurities may be due to the diffusion of oxygen and silicon atoms from AIN and SiC sub-

strates to the top AIN epilayer during the epitaxial growth.
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Figure 3.34 10 K PL spectra of (a) AIN/SiC and (b) AIN/AIN, measured in a broad spectral
range from 2.4 t0 6.2 eV.
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Figure 3.35 10 K PL spectra of (a) AIN/SiC and (b) AIN/AIN, measured in a small spectral range
from 5.8 to 6.2 eV.
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The structures of AIN epilayers grown on n-type 4H-SiC were used to fabricate AIN/SiC
Schottky photodetectors with excellent performance [149].

In summary, the growth of AIN epilayers on n-type 4H-SiC substrates was investigated.
A smooth crack free AIN epilayers with high optical and crystalline structural quality were
achieved. Because of its high quality, AIN was used as the active layer in the hybrid Schottky
photodetector. Also, AIN was used as a template for the growth of highly conductive silicon dop-
ed Aly75GagasN epilayers as will be shown in the next chapter. Further effort is required to

improve the material quality.
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3.6 Highly conductive n-type Aly75Gag2sN alloys grown on SiC substrates

AlGaN alloys are recognized as promising materials for applications in optoelectronic
devices in deep ultraviolet (UV) spectral range. Highly conductive (p- and n-type) AlGaN alloys
are essential for many device applications. Although n-type AIN by Si doping with a Si energy
level ranging from 86 to 250 meV has been reported [150 -153], further improvements in the
material quality and conductivity are still needed for many device applications. One of the major
difficulties in obtaining highly conductive n-type Al-rich AlGaN alloys is the effect of trapping
of electrons by cation vacancies (Vi)*~ and their complexes. Suppressing such intrinsic defects
could significantly improve the conductivity and material quality of Al-rich AlGaN alloys [150-
159].

Dislocations may also introduce acceptor-like centers through dangling bonds along the
dislocation line [160]. Deepening of the Si impurity level as a function of Al composition is
another reason as to why the electrical conductivity of n-type AlGaN layers decreases when the
Al concentration increases [161]. Indium-silicon co-doping of high Al-content AlGaN layers at
relatively low temperatures ~ (920-950) °C has been reported to result in high electron
concentrations and low resistivities [162, 163]. There are a number of hypotheses as to why
indium improves the electrical conductivity of Si-doped AlGaN layers. Indium incorporation
results in a reduction of threading dislocation (TD) density and causes the annihilation of the
defects in the epilayers [164]. This improvement in the crystalline quality can result in higher
conductivity through suppression of the dislocation-induced compensation sites. Indium may
counteract the incorporation of defects responsible for self-compensation of high Al-content
AlGaN layers, such as DX centers and cation vacancies [165].

In this chapter, we studied the effects of using indium as a surfactant during the MOCVD
growth of Si-doped Aly75Gag2sN epilayers at relatively high temperature ~ 1050 C. In addition
to significantly increasing the doping efficiency, as shown by room temperature (RT) Hall
measurements, the flow of In during the growth also allows for the direct deposition of a crack-
free 800 nm thick Si-doped Aly75GagosN epilayer over a 1um thick AIN template layer on c-
plane SiC substrates. Atomic Force Microscopy (AFM) images show clearly that In as a

surfactant plays a role in eliminating the defects by reducing the surface pits density. RT
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photoluminescence (PL) measurements show a clear correlation between emission intensity of
the defect related transition and TMIn flow rate. X-ray diffraction (XRD) shows correlation
between TMIn flow rate and screw dislocation density through the reduction of the full width at
half maximum (FWHM) of (002) rocking curves.

Figure 3.36 shows the general layer structure for Si-doped Aly75Gag2sN epilayers of
about 0.8 um in thickness grown on AIN/SiC templates by MOCVD. Undoped AIN epilayers of
thickness ~ 1 um were first grown on the c-plane (001) of SiC substrates as templates followed
by the growth of 0.8 um Si-doped Alp75GagasN epilayers. Trimethylaluminum (TMALI),
trimethylgallium (TMGa), trimethylindium (TMIn), and blue ammonia were used as sources for
aluminum, gallium, indium, and nitrogen, respectively. For the silicon dopant, silane (SiH4) was
transported into the reactor. The growth temperature and pressure for the Si-doped Aly75Gag2sN
epilayers were about 1050 °C and 70 Torr, respectively. Fig. 3.37 shows the entire temperature
profile of complete growth. High quality, undoped AIN epilayer template plays an important role
to reduce dislocations in subsequent Si doped AlGaN layer [166]. During the growth of Si-doped
Alp75GagosN layer, TMIn was introduced into the gas stream. TMIn flow was intentionally
varied as 0, 18, 24, 30 ml/min, which corresponds to (0, 1.55, 2.06, 2.58) umol/min while
keeping other growth conditions the same. RT Hall effect (standard Van der Pauw) measurement
was employed to study the electrical properties of these epilayers: electron concentration,
mobility, and resistivity. AFM was used to study the morphology of the layers surfaces. RT-PL
measurements were performed to investigate the optical properties of these samples. XRD was

used to determine the Al contents and the crystalline quality.
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Figure 3.36 Schematic layer structure for the growth of Si-doped Aly75Gag2sN epilayer.
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Figure 3.37 The growth temperature profile of Si-doped Al 75Gag2sN epilayers.
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Figure 3.38 compares the AFM images of the surfaces of these epilayers, with TMIn flow
rates of (a) 0, (b) 18, (¢) 24, and (d) 30 ml/min. The measured RMS roughness over the 10 x 10
um? scans ranges between 1.2 to 1.5 nm. The surface of the epilayer without TMIn flow in (a) is
characterized by high density of nanometer-scale surface pits (dark spots). These surface pits are
associated with the surface termination of threading dislocations [167, 168]. As seen in the AFM
images from (a) to (d), increasing TMIn flow rate reduces the density of surface pits. This could

be a result of enhancing the adatom mobility of group III atoms.

Figure 3.38 AFM images of 0.8 um thick Si-Alj75Gag2sN showing change in density of surface
pits with TMIn flow rate (a) 0, (b) 18, (¢) 24, (d) 30 ml/min.
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Fig. 3.39 compares the room temperature PL spectra corresponding to the series of
epilayers shown in Fig. 3.38. All samples were scanned from 2 to 6 eV to probe impurity
transitions as well as band-edge transition. The dominant band edge emission peaks at 5.20 eV of
these spectra are due to the localized exciton recombination in the AlGaN epilayers [169, 170].
In addition to the band edge emission peak, the emission spectra of all these samples comprise a
deep level impurity transition at 3.2 eV, which has been previously identified and is assigned to
the recombination between shallow donors and cation vacancy complexes with two-negative
charge, (VIH—compleX)z' [171]. There is clear correlation between the intensity of the (V-
complex)z' related impurity emission and the TMIn flow rate. Increasing TMIn flow rate
decreases the intensity of the deep level impurity transition.

Room temperature Hall effect measurements reveal that the conductivity and electron
concentration of the Si-doped Al 75Gag2sN alloys increase with increasing TMIn flow rate. The
mobility decreases slightly by increasing the TMIn flow rate. The increase of electron
concentration is directly related with reduced cation vacancy complexes. As shown in Fig. 3.39
the intensity of deep level impurity transition is decreased with increasing TMIn flow rate, which
indicates that indium as a surfactant counteracts the incorporation of defects responsible for the
self compensation of high-Al mole fraction AlGaN layers. The slight reduction of the mobility
could be due to the increased of the electron-electron scattering, due to the enhanced free
electron concentration, which has been confirmed both for GaN epilayers and AlGaN alloys. The

Hall effect measurements results are summarized in Table 2.
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Figure 3.39 Room temperature PL spectra of 0.8 um thick Si-Aly75Gag2sN showing change in

intensity of deep level impurity transition at 3.2 eV with TMIn flow rate.
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Table 3.1 Resistivity p, electron concentration n, and mobility p as functions of TMIn flow rate.

TMIn (ml/min) p (Q.cm) n (cm™) W (cm™/Vs)
0 0.044 5.6x10" 26.0
18 0.038 7.3x10"™ 24.0
24 0.032 8.1x10" 233
30 0.027 9.5x10" 21.1

The XRD rocking curve of the (002) peak is measured and shown in Fig. 3.40. The full
width at half maximum (FWHM) of the (002) peak is reduced with increasing TMIn flow rate,
which indicates that the presence of TMIn improves the crystalline quality of Si-doped
Aly75Gag,sN. From the FWHM of the symmetric scan the screw dislocation density can be
evaluated [172]. The screw dislocation density reduced from 2.18 x 10® cm™ to 1.12 x 10® cm™

for TMIn flow rate increases from 0 to 30 ml/min.
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To see the correlation between the intensity of deep level impurity transition and the
screw dislocation density, in Fig. 3.41, we plotted the intensity of the deep level impurity as a
function of the screw dislocation density. As can be seen, there is a clear correlation between the

intensity of the deep level impurity and the density of screw dislocations.
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Figure 3.41 Intensity of the deep level impurity transition at 3.2 eV as a function of the screw

dislocation density.
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Figure 3.42 summarizes the effect of TMIn flow on optical, electrical, and crystalline
quality of Si-Aly75Gag2sN epilayers. Improvement in the over all quality of the material is

evident.

LI 14 ] ;
£ 124Si-Al Ga,N/AIN/SIC (a)
% 104 T =300 K .
= 87 . .
c 64 =m
T ©
5 3
< 2 E =32eV -
_-g 14 n
| ]
0
g 264 = (©)
Ng 24 u -
< 22 i
20 @
— | ]
§ 0.04- .
S
o 0.034 u
|
3 0.02
8 360 - (e)
S 3204 =
= 280 n
S 2404 . .
L 200 I I I I I I I
0 5 10 15 20 25 30

TMIn flow rate (ml/min)

Figure 3.42 Variations of the (a) electron concentration, n, (b) intensity of deep level
impurity transition at 3.2 eV, Ly, (¢) mobility, Y, (d) resistivity, p, and (e) full width at half
maximum (FWHM) of (002) rocking curve with TMIn flow rate during the growth of Si-doped
Alp75Gag,sN alloys.
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In summary, using indium as a surfactant during the growth of Si-doped Aly75GagasN
epilayers, improves the electrical quality of the epilayers. Indium as surfactant counteracts the
incorporation of defects responsible for self-compensation of high Al-content AlGaN layers,

such as cation vacancies as shown from PL spectra of these epilayers.
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3.7 MOCVD growth of p-type Beryllium doped GaN

[I-nitride semiconductors are currently being used in a wide variety of electronic and
optoelectronic devices. Controllable doping is essential for all of these devices. For n-type
doping of nitrides, Silicon can be successfully used as dopant, and carrier concentrations
exceeding (5x10*°) cm™ can be achieved [10]. The situation is less favorable for p-type doping.
Magnesium is the acceptor of choice; it can be incorporated in concentrations up to about 10>
cm™ but because of its large ionization energy ~160 meV, the resulting room-temperature hole

3, i.e., only about 1% of Mg atoms are ionized at room

concentration is only about 10" cm
temperature. Increasing the Mg concentration beyond 10*° cm™ leads to a saturation and decrease
in the hole concentration [11]. It was proposed that the Mg solubility limit is the main cause of
this behavior [12]. The limited conductivity of p-type doped layers constitutes an impediment for
progress in device applications. It would be desirable to identify an alternative acceptor that
would exhibit higher solubility and/or lower ionization energy. Previous computational studies
[14—-16] have addressed a variety of candidate acceptors, including Li, Na, K, Be, Zn, Ca, and
Cd. Only Be emerged as a viable acceptor, exhibiting higher solubility and lower ionization
energy than Mg. However, it also emerged that self-compensation may occur due to
incorporation of Be on interstitial sites, where it acts as a donor [15]. The conclusions of the
theoretical work seem promising enough.

Experimentally, Be doping of GaN in molecular beam epitaxy has been reported by
various groups [173,174]. Another technique for Be incorporation that has been attempted is ion
implantation [175,176]. No electrical conductivity results were reported; characterization was
mostly by optical spectroscopy measurement. A PL peak just below the band edge of GaN was
found and attributed to Be. Assuming that this PL line results from a Be substitutional acceptor,
an acceptor ionization energy can be extracted but this has resulted in a wide range of values,
ranging from 90 to 250 meV, depending on the assumptions made in the analysis [13]. To the
best of our knowledge, there have not been any reports on the growth of Be doped GaN using
MOCVD.

The objective of this work is to experimentally investigate if Be can be an alternative

acceptor in GaN using MOCVD growth technique.
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Figure 3.43 shows the general layer structure for Be-doped GaN epilayers of 1um in
thickness grown on GaN/Al,O; templates by MOCVD. Insulating undoped GaN epilayers of
thickness ~ 2 um were first grown on the c-plane (001) of Al,O; substrates as templates followed
by the growth of 1 um Be-doped GaN epilayers. TMGa, and blue ammonia were used as sources
for gallium and nitrogen, respectively. For the beryllium dopant, Be was transported into the
reactor. The starting growth temperature and pressure for the Be-doped GaN epilayers were the
same as that for Mg-doped GaN, i.e. about 1040 °C and 350 Torr, respectively.

Due to the low vapor pressure of the Be source, the temperature of the Be source was
increased to 70 °C. A systematic study on Be flow was done by varying Be flow rate from 125-
750 ml/min. Annealing conditions same as that for Mg-doped GaN were used to anneal Be-
doped GaN samples. RT Hall effect (Standard Van der Pauw) measurement was employed to
study the electrical properties of this set of epilayers. All the samples were highly resistive. In
this Be flow rate range there was no big change in the surface morphology (RMS ~ 3 nm) and

the crystalline quality of the material ((002) rocking curve with FWHM ~ 450 arcsec).

Figure 3.43 Schematic layer structure for the growth of Be-doped GaN epilayer.
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Fig. 3.44 shows the Be concentration profile as measured by SIMS for the sample with
Be source flow rate of 75 ml/min. The result indicates a Be dopant concentration of about 2.5 x
10'® cm™ in the epilayer. The Be concentration for other samples was calibrated assuming a

linear relationship between the measured Be concentration and Be source gas flow rate.
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Figure 3.44 Beryllium dopant concentration profile in GaN epilayer with Be source flow rate of

75 ml/min, as probed by SIMS (performed by Charles Evans & Associate).
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The optimization of growth conditions was done to improve the conductivity of the
material. The effects of the growth temperature, pressure, flow rate of H, carrier gas, NHs, and
the TMGa were investigated. The results showed that the growth conditions of Be doped GaN
are totally different from that of the Mg doped GaN, the main differences are in the growth
temperature and pressure. By using a growth temperature of around 1100 °C and a pressure of
40 Torr, p-type conduction has been achieved, as confirmed by RT Hall measurement.

As grown Be doped epilayers were highly resistive and post growth rapid thermal
annealing was done to activate Be acceptors. The annealing condition was taken to be same as
that for Mg acceptor activation. Ni/Au was used to make contacts in the standard Van der Pauw
configuration for Hall-effect measruments. The resistivity obtained at RT is about 3.7 Q.cm.
Variable temperature Hall-effect measurements were attempted to probe the electrical properties
of Be doped GaN epilayers. Fig. 3.45 shows the Arrhenius plot of the resistivity (p) of Be doped
GaN epilayer. The resisitivity decreases with increasing temperature. The solid line is the least
squares fit of data with Eq. (3.1). The fitted value of the activation energy (E,) is about 118 + 4
meV, which is around 40 meV smaller than the E5 of Mg.

The measured values of hole concentration and mobility were fluctuating randomly, so
we were not able to use the hole concentration to evaluate the activation energy. This fluctuation
could be related to the unoptimized annealing conditions of the material and the contacts. So

more studies are needed to optimize these annealing conditions.
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Figure 3.45 The Arrhenius plot of resistivity (p) obtained for the Be doped GaN epilayers. The
solid line is the least-square fit of data with Eq. (3.1). The fitted value of the activation energy
(Ea)is 118 £4 meV.
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Increasing the growth temperature of the Be doped GaN epilayers from 1040 to 1100 °C
has critical effect in obtaining p-type conductivity but at the same time it has detrimental effect
on the surface morphology. Fig. 3.46 shows the effect of growth temperature on the surface
morphology of Be doped GaN epilayers. At growth temperature 1040 °C the surface of Be doped
epilayer is relatively smooth with RMS ~ 3 nm and the material is highly resistive. At growth

temperature 1100 °C the surface is rough with RMS ~ 8 nm and the material is conductive.

(a) (b)

Figure 3.46 AFM images of Be doped GaN epilayers with different growth temperatures (a)
1100 °C and (b) 1040 °C. Rough surface with RMS = 8 nm is observed in (a). Relatively smooth

surface with RMS = 3 nm is observed in (b).
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In summary, p-type conductivity has been obtained in Be doped GaN by MOCVD. The
activation energy of Be acceptor was estimated to be 118 = 4 meV, which is about 40 meV less
than the activation energy of Mg acceptor in GaN. More growth is needed to optimize the
surface morphology of the p-type epilayers. Also more studies are needed to optimize the anneal-
ing conditions of the Be doped GaN epilayers and the contacts, which is expected to significantly

improve the electrical properties.
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CHAPTER 4 - General Conclusions

Al-rich AIN/AlGaN epilayers and quantum wells were grown by metaorganic chemical
vapor deposition (MOCVD). The materials were characterized by deep UV photoluminescence
(PL), X-ray diffraction (XRD), atomic force microscope (AFM), scanning electron microscope
(SEM), optical microscope, and Hall-effect measurements. A comprehensive study has been
done on the effect of the polarity on the growth materials. The polarity of the material is
determined in the early stages of the growth, which shows how critical it is to control the timing
of introducing gases and sources to the MOCVD chamber, especially when we are using high
temperature buffer layers. The growth polarity strongly influences the surface morphology,
structural, optical, and electrical properties of high Al-content AlGaN epilayers. The Al-polar
AliGa; 4N epilayers possess a better surface morphology and crystalline quality compared with
those of N-polar AlyGa; 4N epilayers. Low temperature PL spectra of Al-polar AlyGa; N alloys
exhibit only the band edge transition. In contrast, the PL spectra of N-polar AlyGa;«N epilayers
comprise an additional deep level impurity transition, which was assigned to the recombination
between a shallow donor and (VHI-complex)l'. Unintentional impurities related to C and O are
more readily incorporated into N-polar AIGaN epilayers.

A set of polar AIN/AlssGagssN QWs with Ly, varying from 1 to 3 nm was grown on c-
plane sapphire substarte. A systematic dependence of the PL emission peak position on Ly, was
observed, from which a value of ~ 4 MV/cm for the polarization fields in AIN/Aly¢sGag3sN
QWs was deduced. The PL emission line width was found to increase linearly with L.
Furthermore, our results have shown that highest quantum efficiency (QE) was obtained in
AIN/Alp 65Gag 35N QWs with well width between 2 and 2.5 nm, which served as a guideline for
designing optimal deep UV light emitter structures.

A- and c-plane AIN/AlpesGag3sN QWs have been grown and their PL emission
characteristics were measured and compared. The low temperature PL characteristics of a-plane
QWs are primarily governed by the quantum size effect. In contrast, the emission characteristics
of c-plane QWs are affected by strong polarization fields in addition to the quantum confinement
effect. The PL decay time was weakly dependent on the well width, Ly, for a-plane QWs.

However, a strong dependence of the PL decay time on L, was observed for c-plane QWs,
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which is caused by the variation of the polarization fields in QWs due to varying L,,. The thermal
quenching of PL emission in both a- and c-plane QWs is attributed to the activation of excitons
from localized states. In order to obtain highest QE, a- and c-plane AIN/AIGaN QWs with high
Al contents should be designed to have Ly, > 2 nm and Ly, ® 2 nm, respectively. The results thus
suggested that the a-plane AIN/AIGaN QW system potentially provides a much greater
flexibility for the device structural design than its c-plane counterparts.

A-plane AIN epilayers have been grown on r-plane sapphire substrates by MOCVD. It
was observed that (1) the bandedge emission intensity of a-plane AIN is comparable to that of c-
plane AIN and (2) Mg energy levels in a- and c- plane AIN epilayers are the same and around 0.5
eV. We believe that much improvement in material quality of a-plane AIN can be achieved by
further optimizing the growth processes, which would provide significant enhancement in
emission efficiency. These results point out that a-plane AIN template can be utilized to build
UV optoelectronic devices possessing minimal effects of polarization fields and enhanced
surface emission.

The growth of c-plane AIN epilayers on 4H-SiC substrates was investigated in detail. A
smooth crack free AIN with high optical and crystalline structural quality was achieved. Because
of its high quality, AIN was used as active layer in hybrid Schottky photodetector, which showed
excellent performance; also AIN/4H-SiC was used as template for the growth of highly
conductive Si-Aly75GagosN epilayers. Further improvement in material quality is required to
have better device performance.

We investigated the effects of using indium as a surfactant during the MOCVD growth of
Si-doped Alp75GagasN epilayers at relatively high temperature ~ 1050 °C. In addition to
significantly increasing the doping efficiency as shown by room temperature (RT) Hall-effect
measurements, the flow of In during the growth also allowed for the direct deposition of a crack-
free 800 nm thick Si-doped Aly75GagosN epilayer over a 1um thick AIN template layer on c-
plane SiC substrates. AFM images showed clearly that indium as a surfactant plays a role in
eliminating the defects by reducing the surface pits density. RT PL measurements showed a clear
correlation between emission intensity of the defect related transition and TMIn flow rate. XRD
showed correlation between TMIn flow rate and screw dislocation density through the reduction

of the full width at half maximum of (002) rocking curves.
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A p-type conductivity was achieved in beryllium (Be) doped GaN by MOCVD. The
activation energy of Be acceptor was estimated to be 118 = 4 meV, which is about 40 meV less
than the activation energy of Mg acceptor in GaN. More growth is needed to optimize the
surface morphology of the p-type epilayers. Also more studies are needed to optimize the
annealing conditions of the Be doped GaN epilayers and the contacts, which is expected to

significantly improve the electrical properties.
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