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ABSTRACT

This dissertation covers my doctoral research on the cathodoluminescence (CL)
study of the optical properties of Ill-niride semiconductors.

The first part of this thesis focuses on the optical properties of Mg-doped gallium
nitride (GaN:Mg) epitaxial films. GaN is an emerging material for power electronics,
especially for high power and high frequency applications. Compared to traditional Si-
based devices, GaN-based devices offer superior breakdown properties, faster switching
speed, and reduced system size. Some of the current device designs involve lateral p-n
junctions which require selective-area doping. Dopant distribution in the selectively-doped
regions is a critical issue that can impact the device performance. While most studies on
Mg doping in GaN have been reported for epitaxial grown on flat c-plane substrates,
questions arise regarding the Mg doping efficiency and uniformity in selectively-doped
regions, where growth on surfaces etched away from the exact c-plane orientation is
involved. Characterization of doping concentration distribution in lateral structures using
secondary ion mass spectroscopy lacks the required spatial resolution. In this work,
visualization of acceptor distribution in GaN:Mg epilayers grown by metalorganic
chemical vapor deposition (MOCVD) was achieved at sub-micron scale using CL imaging.
This was enabled by establishing a correlation among the luminescence characteristics,
acceptor concentration, and electrical conductivity of GaN:Mg epilayers. Non-uniformity
in acceptor distribution has been observed in epilayers grown on mesa structures and on
miscut substrates. It is shown that non-basal-plane surfaces, such as mesa sidewalls and

surface step clusters, promotes lateral growth along the GaN basal planes with a reduced



Mg doping efficiency. The influence of surface morphology on the Mg doping efficiency
in GaN has been studied.

The second part of this thesis focuses on the optical properties of InGaN for
photovoltaic applications. The effects of thermal annealing and low energy electron beam
irradiation (LEEBI) on the optical properties of MOCVD-grown Ino.14GaossN films were
studied. A multi-fold increase in luminescence intensity was observed after 800 °C thermal
annealing or LEEBI treatment. The mechanism leading to the luminescence intensity
increase has been discussed. This study shows procedures that significantly improve the
luminescence efficiency of InGaN, which is important for InGaN-based optoelectronic

devices.
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CHAPTER 1

INTRODUCTION TO IHI-NITRIDE SEMICONDUCTORS

1.1 Background

I1l-nitride semiconductors have gained much attention in the recent decades. The
successful development and commercialization of light emitting diodes (LED) utilizing
wurtzite GaN has revolutionized the lighting technology by replacing the traditional
incandescent lamps with more efficient and reliable solid-state lighting systems. This
advancement has been recognized by the science community. The 2014 Nobel Prize in
physics was awarded jointly to Shuji Nakamura, Hiroshi Amano, and Isamu Akasaki for
their contribution in the invention of efficient blue light-emitting diodes, which has enabled

bright and energy-saving white light sources.*

Since then, research on I11-nitride materials have branched out into other applications,
including photovoltaics®® and more recently, power electronics.* The unique properties of
I1I-nitride materials make them promising candidates in these areas of applications.
However, many challenges still exist before I11-nitride materials can be used to replace the

existing technologies.



1.2 Physical properties of I11-nitride materials

The IlI-nitride system consists of three binary compounds InN (Eg = 0.7 V), GaN (Egq

= 3.4 eV), and AIN (Eg = 6.2 eV) and their alloys. Their bandgap energies range from

infrared to ultraviolet as shown in Fig. 1.1. In addition, they are all direct bandgap materials,

which means that the radiative recombination and light absorption efficiency in these

materials are much higher than indirect band gap materials, such as silicon. These

properties make Il1-nitride materials a natural candidate for optoelectronic applications.
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Figure 1.1. Bandgap versus lattice parameter for some semiconductor materials. *

I11-nitride crystals exist in cubic zincblende and hexagonal wurtzite forms, with the

wurtzite structure being more thermodynamically stable. The schematic diagram of a

wurtzite lattice is shown in Fig. 1.2. Some basic physical properties of the IllI-nitride

semiconductors are summarized in Table 1.1.



Ga3* N3~

Figure 1.2. Schematic diagram of a GaN wurtzite lattice structure. (From Wikipedia)

Table 1.1. Basic physical properties of I11-nitride semiconductors.>®

Physical properties AIN GaN InN
Lattice Constants (300K)

a(A) 3.111 3.189 3.538
c(A) 4.979 5.185 5.703
c/a ratio 1.606 1.634 1.618
E (eV)(300K) 6.2 3.39 0.7
Thermal Expansion Coefficient (300K)

ax 10°K™) 4.2 5.59 5.7
c(x10°K™) 5.3 3.17 3.7
Bond Length (A) 1.89 1.94 2.15
Cohesive Energy per Bond (eV) 2.88 2.24 1.93
Melting Point ( C) >3000 >2500 >1100
Bulk Modulus (Gpa) (300 K) 210 21010 140




1.3 Introduction to Mg-doped GaN

For most solid-state device operations, two types of semiconductors are required: n-
type and p-type. In n-type semiconductors, the material is doped with an element that has
an extra valance electron. This leads to an abundance of mobile electrons that can conduct
electricity. In silicon, this is typically done by substitutional incorporation of phosphorous.
In p-type semiconductor, material is doped with an element that has a missing valance
electron. This leads to a deficiency of electrons and unfilled bonds. The site where an
electron is absent is positively charged and is called a hole. Holes can migrate in the lattice
under an electric field. In silicon, this is accomplished by substitutional incorporation of

boron.

In GaN, controlled n-type doing was achieved by substitutional incorporation of Si on
Ga sites.” This results in shallow donors with an activation energy of 12-17 meV.2 Since
thermal energy at room temperature is 25 meV, the low activation energy of Si donors
gives a near completion ionization of donors at room temperature, leading to very good n-

type conductivity of Si-doped GaN.

P-type doping in GaN has proved to be more challenging. Several elements such as
Zn, Be, Mg, and Cd were explored as acceptor candidates since the early 70s.%° But the
compensation of acceptors by unintentionally incorporated donors is very severe. In
addition, acceptor level produced by most of these elements are deep within the band gap,
leading to a high activation energy.*'2 It was not until 1989, when Amano et al. first
achieved p-type conductivity in GaN, by using low-energy electron-beam irradiation
(LEEBI) on MOCVD grown Mg-doped GaN (GaN:Mg) thin films.™® Later in 1992,

Nakamura et al. discovered that p-type conductivity in GaN:Mg films can also be achieved
4



by thermal annealing the films in a nitrogen or vacuum environment at temperature higher
than 500 °C. They observed six orders of magnitude drop in the resistivity of GaN:Mg

films after annealing at 700 °C for 20 minutes in nitrogen (Fig. 1.3).2*
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Figure 1.3. Resistivity of GaN:Mg as a function of annealing temperature. (Adapted from

Ref. 14)

The mechanism leading to the resistivity drop in GaN:Mg after LEEBI or thermal
annealing was not clear at that time. It was later discovered that Mg acceptors in the as-
grown GaN:Mg films were passivated by H impurities, which form Mg-H complex that
lowers the acceptor concentration.’®*8 Since H exists in most of the MOCVD precursors
(e.g. NH3z, TMGa), there is a high degree of H incorporation into the GaN:Mg films during

MOCVD growth. A H atom may bond with a Mg atom, donating its electron to make the

5



Mg atom isoelectric to a group Il element. The Mg-H complex is stable at room
temperature but can be dissociated under electron beam irradiation or thermal annealing,
producing active Mg acceptors. Since thermal annealing is more economically feasible
compared to LEEBI from a mass production point of view, post-growth thermal annealing
has been adopted as a standard procedure to achieve p-type conductivity in GaN:Mg by the

LED industry.

Despite the progress made, achieving high carrier concentration, high mobility
GaN:Mg films is still challenging. One of the reasons is the activation energy of Mg
acceptor in GaN:Mg is high. The Mg acceptor energy level in GaN:Mg films was measured
to be around 170 meV above the valance band edge.*® This leads to a low percentage of
acceptor ionization at room temperature. A GaN:Mg film with a Mg concentration in the
range of 10'° cm will typically result in a hole concentration in the range of 10" cm™,
Further limitation on hole concentration in GaN:Mg is imposed by the solubility limit of
Mg in GaN. It was reported that when Mg doping concentration exceeds the solubility limit
of 1x10%° cm3, Mg forms precipitates that drastically reduce the p-type conductivity.?%2
In addition, it was reported that self-compensation in GaN:Mg becomes significant when
Mg concentration exceeds 2x10%° cm3.2? It was speculated that increasing Mg doping
concentration beyond this level will increase the concentration of nitrogen vacancies (Vn),
which behaves as donors that compensate the Mg acceptor, leading to reduced hole

concentration.?



1.4 GaN-based power electronics

In recent years, GaN has attracted a lot of attention for its applications in power
electronics. Wide band gap semiconductor materials such as SiC and GaN offer many
advantages in power electronic applications due to their unique material properties. For
example, the critical electric field of GaN (3.3 MV/cm) is 10 times larger than that of Si.
This means the drift layer thickness of GaN power devices can be made 10 times thinner
that Si-based devices. This will reduce device size, decrease power consumption, and lower
heat generation significantly. In addition, the intrinsic carrier concentration of GaN is much
lower than Si due to its wide band gap. This makes GaN-based devices suitable for high
temperature operations. Some of the physical properties for Si, 4H-SiC, and GaN are
compared in Tablel.2. Figure 1.4 shows the theoretical limit for specific on-resistance
versus the breakdown voltage of these three materials when used in power electronics.
Wide bandgap materials offer a smaller specific on-resistance (Ron) While maintaining a

larger breakdown voltage.
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Figure 1.4. Ron vs. the breakdown voltage for Si, SiC, and GaN. (Ref 23)
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Table 1.2. Physical properties comparison of Si, 4H-SiC, and GaN. (Adapted from Ref 24)

Materials Property Si SiC-4H | GaN
Band Gap (eV) 1.12 3.26 34
Critical Field 10° V/cm 0.3 3.0 33
Electron Mobility (cm? /V-s) 1350 700 1200
Electron Saturation Velocity (10 cm/s) 10 22 25
Thermal Conductivity (Watts/cm? K) 1.5 5 1.3

For many advanced power electronic device structures, such as junction barrier
Schottky diode, floating field rings, filed effect transistors, and bipolar junction transistors,
as shown in Fig. 1.5,2° selective area doping is required, which means selectively doping
regions into n-type or p-type. In the current Si and SiC industry, this is achieved using ion
implantation and diffusion of dopants. However, doping of GaN using ion implantation
and diffusion have been challenging. It was found that ion beam will cause considerable
disordering in GaN, thus adversely affects its electronic properties.?® Diffusion method is
also problematic for GaN because the high dislocation density in GaN makes the control
of dopants diffusion difficult. In addition, surface decomposition becomes significant

during high temperature annealing required for the dopant diffusion.?’

Currently, doping during epitaxial growth is still the most common method to get well-
controlled doping in GaN. Therefore, an etch-and-epitaxial-regrowth process is a
promising way to achieve selective-area doping in GaN. However, while most studies of
Mg doping in GaN have been reported for films grown on flat c-plane substrates, questions
arise when adding lateral structures requiring growth on surfaces etched away from the
exact c-plane orientation. In advanced power devices, dopant distribution in doped regions

is a critical issue that can impact the device performance. It is of high importance to
8



understand the nature of Mg doping in GaN on patterned and etched surfaces. It is in this

historical context that the CL analysis of GaN:Mg will be done in this thesis.
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Figure 1.5. Schematics of possible applications of selective area doping of Mg in GaN for
(@) junction barrier Schottky diode, (b) floating field rings, (c) field effect transistors, and

(d) bipolar junction transistors. (Adapted from Ref. 27)



CHAPTER 2

EXPERIMENTAL METHODS

This chapter offers a brief description of the experimental techniques used in this thesis
to investigate the material properties of semiconductors. The luminescence characteristics
were studied using cathodoluminescence (CL) spectroscopy. The electrical properties such
as charge carrier concentration and mobility, were measured using Hall effect measurement
with the Van der Pauw method. Elemental analysis for the doping concentration and
background impurity concentration, were done using the secondary ion mass spectroscopy

(SIMS).
2.1 Cathodoluminescence

2.1.1 Introduction to cathodoluminescence

Cathodoluminescence spectroscopy is a powerful tool to study the luminescence
properties of materials. A CL spectrometer is typically attached to a scanning electron
microscope (SEM).28 As the primary electron beam generated from the SEM cathode enters
the sample, interaction of electrons with the solid can produce various signals as shown in
Fig. 2.1.%° Elastic scattering interaction with the specimen atoms produces back scattered
electrons, which provide atomic number contrast. Inelastic scattering interaction produces
secondary electrons, which give information of sample surface topography. High energy
absorption of incident electrons leads to X-ray and Auger electron emission. Absorption
also leads to generation of electron-hole (e/h™) pairs. The recombination of e/h* pairs
produces light. Cathodoluminescence refers to the generation of light as the results of

electron beam interaction with a specimen.
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Figure 2.1. Schematic diagram showing different types of electron beam-specimen
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Figure 2.2. Electronic transitions during cathodoluminescence. (A) Primary electron, (B)
e /h* pair generation, (C) thermalization. (D) free exciton, (E) bound exciton, (F) free-to

bound transition, (G) donor-acceptor pair, (H) non-radiative recombination through traps.
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After the generation of an e/h* pair, several electronic transitions can occur in a
semiconductor material as shown in Fig. 2.2. The absorption of high energy primary
electron promotes an electron from the valance band into the conduction band (process B).
The electron and hole will quickly thermalize to the conduction band minimum and valance
band maximum respectively (process C). They will then form an exciton, which is similar
to a hydrogen atom, where two carriers of opposite charges are bound together by their
Coulomb interactions (process D). Light emission due to recombination of excitons will
have a photon energy of Env = Eg — Ex, where Egq is the bandgap and Ex is the binding energy
of an exciton. If there are impurities in the semiconductor material, excitons can be
bounded to an impurity site and become a donor-bound or acceptor-bound exciton (process
E). Photon energy due to recombination of a bound exciton will be given by En = Eg — Ex
— Eb, where Ey is the binding energy of the exciton to the impurity site. Process F represents
recombination between a free electron to a hole localized on an acceptor site. Process G
represents donor-acceptor pair recombination where an electron localized on a donor site
recombines with a hole localized on an acceptor site. Process F represents non-radiative
recombination. This occurs when electron recombines through trap states within the
bandgap without generating light, and energy is lost in this process by the generation of

phonons.

Cathodoluminescence in a SEM is the combination of a spectroscopic and microscopic
tool. It can be used to acquiring a CL spectrum, which is a plot of light emission intensity
versus wavelength (or energy). In this case, it is similar to a photoluminescence (PL)
spectroscopy. An average spectrum of the specimen can be obtained by scanning the

electron beam over an area while recording the spectrum. The advantage of CL over PL
12



come from its high spatial resolution. For example, a spectrum can be obtained by changing
the raster size of the electron beam, or even fixing the electron beam at a specific location
when recording the spectrum. Since the electron beam probe size is very small (~ 5 nm),
this can be used to investigate spatial variation of optical properties of a material. Moreover,
user can fix the monochromator to a specific wavelength (energy) and record the spatial
variation of light emission intensity over an area. This will give a virtual mapping of optical
properties of the specimen. Sometimes when paired with SE image, correlation between

structural and optical properties can be established.

2.1.2 Penetration depth of electron beam

The interaction volume of electron beam with the specimen is important for CL
analysis. Although the primary electron beam probe size can be focused down to a few
nanometers in an SEM, the spatial resolution of CL mapping is determined by the
interaction volume of electron beam with the sample, which depends on the acceleration
voltage of primary beam. The size of the interaction volume is measured from top of the
surface to the depth where the electrons losses all energy and is usually characterized by
what is called the electron beam penetration range. An illustration of the interaction volume

is shown in Fig. 2.3.
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Figure 2.3. Interaction volume generated by electron bombardment. The approximate

range of the secondary and backscattered electrons signals are indicated. (From Wikipedia)

An empirical expression for the electron beam penetration in solids was suggested by

Kanaya and Okayama,*°

e

0.0276A
— 1.67
(pZ0'889 )Eb (.um)

where A is the atomic weight in g/mol, p is in g/cm?®, Z is the atomic number, and Ep is

primary beam voltage in keV.

A plot of maximum electron penetration depth versus electron beam acceleration

voltage, calculated based on the Kanaya and Okayama model, is shown in Fig. 2.4 for GaN.
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Figure 2.4. Penetration depth for GaN calculated based on the Kanaya and Okayama model.

2.1.3 Time-resolved cathodoluminescence

The carrier recombination dynamics in a semiconductor can be studied using the time-
resolved CL (TRCL). In a TRCL measurement, a pulsed electron beam that resembles a
square wave is incident on semiconductor material to create luminescence. The electron
beam pulses are produced by a beam blanker, which is essentially a capacitor of two
parallel metal plates that can deflect the electron beam when applied with a voltage. The
temporal behavior of the sample excitation and luminescence decay is measured. By setting
the monochromator to a certain wavelength, one can measure the carrier lifetime associated

to optical transitions of that specific energy.
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Figure 2.5. A room temperature time-resolved CL response recorded on the luminescence

of a GaN:Mg epilayer, at wavelength of 430 nm.

Fig. 2.5 shows a room temperature time-resolved CL response for a GaN:Mg epilayer
with Mg concentration of 6.3 x 10'° cm at wavelength of 430 nm. The black dashed lines
represent the electron beam square wave signal. After beam on at around ~50 ns, an
increase of luminescence intensity is observed due to the increased generation and
recombination of electron-hole-pairs. The luminescence intensity will reach a maximum
when the generation and recombination rate of e/h* pairs is equal. After beam off, the
luminescence intensity will decay. The decay can typically be fitted by the sum of one or

more exponential decay functions to derive the carrier lifetimes:

t t
I(t) = Aje 1+ Ae T2+ -
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Where A, and A, are the initial intensity values, and 71 and z, are the carrier lifetimes.

2.1.4 Setup of a cathodoluminescence system

The CL system used in this thesis is shown in Fig. 2.6. It consists of a JEOL 6300
scanning electron microscope equipped with a LABe thermionic electron gun, connected
to an Oxford monoCL monochromator and a GaAs photomultiplier tube (PMT). The light
emitted from the samples is collected by a movable parabolic mirror on top of the sample
stage. The sample surface is adjusted to the focal point of the mirror for maximum light
collection. The mirror contains a pinhole in the center, which allows the electron beam
probe to pass through, scan, and excite the sample. The reflected light transmitting through

a monochromator and will then be detected by a photomultiplier tube.

E amplifier

_Sam ple cham be i

Figure 2.6. A photograph of the CL system used in this thesis.
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2.2 Hall effect measurement

Hall effect measurement is a common and powerful method to measure the
conductivity of a material. It can give the polarity, density, and the mobility of mobile
charge carriers inside a sample. The underlying physical principle of Hall effect is the
Lorenz force, which is the combination of electrical and magnetic force a mobile charge

experiences when moving in the presence of a electromagnetic field. The force is given by:
F=q(E+vXB)

An illustration of Hall effect is shown in Fig. 2.7. A current is pass through a bar-
shaped sample that has mobile electrons as charge carriers. When a magnetic field B is
applied as shown in the figure, the electron trajectory will bend towards the left, causing
an accumulation of negative charges on the left side and positive charges on the right side
of the sample. This causes a potential difference across the two sides of the sample. This
potential is called the Hall voltage (Vn). If the mobile charge carriers inside the sample are
holes instead of electrons, the direction of the resulting field will be opposite. Therefore,
by measuring the direction of electric field created by the accumulated charges, one can

determine the polarity of mobile carriers.

The accumulated charges will create an electric potential E that exerts electrical force
on the moving electrons to prevent further charging. An equilibrium is reached when the

magnetic force equals to the electrical force produced by the accumulated charges:

q(E+vxB)=0
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Figure 2.7. lllustration of Hall effect in a bar-shaped sample.
The current | in the material is given by:
I = nqudw

where n is the bulk carrier concentration, q is the carrier charge, v is the carrier velocity, d

is the sample thickness, and w is the sample width. Therefore:

I
v_nqdw

The electric field E resulted from the accumulating charges is given by:

E=—"2
w

Substituting E and v into the equilibrium condition equation, we obtain:

Vul _ IB

w o nqdw

and the above equation can be rearranged to give the bulk carrier concentration as:

_ IB
n= Vyqd
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Therefore, at a given current I, by measuring the Hall voltage V+ and sample thickness

d, one can calculate the carrier concentration of the material.

In order to obtain the charge carrier mobility 1, a series of resistivity measurement and
Hall measurement is needed. The most common and convenient technique to measure a
uniform sample is the Van der Pauw method.3"? Fig. 2.8 shows an example of Van der
Pauw configuration. A square sample is used, although any arbitrary shape is allowed.
Electrical contacts are made at the four corners of the sample. It should be noted that the
fundamental assumption of the Van der Pauw method is that the sample is uniform in
thickness, with no voids or islands across the whole film, and the sample lateral dimension

is much larger than the size of the contacts and the sample thickness.

Figure 2.8. Example of the VVan der Pauw configuration used in this thesis.

To measure the carrier concentration, a current is applied from contact 3 to contact 1
(113). The Hall voltage across contacts 4 and 2 is measured (V24). Using the equation above,
we can calculate the carrier concentration. One can also apply current through contacts 2
and 4, and measure voltage across 3 and 1, then flip the direction of the magnetic field and
repeat the measurements. An average of the above measurements will provide a more

accurate result of the final carrier concentration.
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To obtain the carrier mobility p of the sample, first we need to determine the sheet
resistivity Rs. The sheet resistivity Rs is related to characteristic resistivity Ra and Rs by the

Van der Pauw formula:

_TRp _TRp
e Bs +e Rs =1

Ra and Rg are calculated by the following expressions, measured under no magnetic field:

V, V.
RA =£ and RB =£
112 123

Generally, a reiterative method is used to solve the Van der Pauw formula numerically for
Rs. A special scenario is when Ra = Rg = R. In this case, R; = %, and the quotient% is

known as the Van der Pauw constant and has a value of ~4.5326. The carrier mobility L is

related to the sheet resistivity by the following equation:

2.3 Secondary ion mass spectroscopy

Secondary ion mass spectroscopy (SIMS) is a powerful tool to measure impurity
concentrations in a solid. It uses an energetic ion beam to bombard the sample to release
secondary ions or charged molecules, which are passed through a mass analyzer for mass
separation. The selected ions with the specific mass to charge ratio are then projected onto
a detector for quantitative analysis. The detection limit of SIMS is in the range of 10%2 —
10%° cm? for thin film semiconductors. This makes it an ideal tool to measure the
background impurity and doping concentration.®® An illustration of a typical SIMS setup
is shown in Fig. 2.9.
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In this thesis, SIMS is used for impurity depth profiling. This is done by monitoring
the intensity of the secondary ions as a function of sputtering time, which is converted into
depth. For GaN, the most abundant background impurity elements are C, O, and H. Si and
Mg are also common impurities since they are the dopant for n-type and p-type GaN,
respectively. To monitor these elements, Cs* and O ions are used. O and C concentrations
are measured using the Cs™ primary ion beam, which is efficient at generating negatively
charged ions and molecules such as O or CN". Ga, N, Mg, and Si concentrations are
measured using the O2* primary ion beam, which is efficient at generating positively

charged ions and molecules such as Ga*, N*, Mg*, and Si*.34%°

Figure 2.9. Illlustration of a typical SIMS configuration, showing: (1) and (2) two different
primary beam sources, (3) electrostatic lens to focus primary beam, (4) ionization and
sputtering of sample surface, (5) electrostatic sector, (6) magnetic sector, (7) electron
multiplier (top)/Faraday cup (bottom), and (8) CCD ion imaging detector. (Adapted from

Wikipedia)
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CHAPTER 3

OPTICAL PROPERTIES OF MG-DOPED GAN EPILAYERS STUDIED BY

CATHODOLUMINESCENCE SPECTROSCOPY

The objective of this thesis is to study the optical properties of selectively doped
GaN:Mg epilayers for power electronic applications. However, before studying the optical
properties of GaN:Mg grown on mesa structures that involves growth on non-basal planes,
it is important to have a solid understanding of GaN:Mg grown on a planar basal plane
surface. The optical properties of GaN:Mg epilayers depend on a wide range of variables,
including the Mg doping concentration, the acceptor activation level, and the background
donor impurity concentration. When the optical properties are measured using
cathodoluminescence spectroscopy, additional factors need to be taken into consideration,
including the electron beam current and exposure time. In this chapter, the effects of these

variables on the CL characteristics of GaN:Mg will be discussed.

3.1 Effect of low-energy electron-beam irradiation on the luminescence characteristic
of GaN:Mg

The first p-type GaN was obtained by Amano and coworkers using low-energy
electron-beam irradiation (LEEBI) treatment on MOCVD-grown GaN:Mg thin films. They
found that e-beam irradiation induces changes in GaN:Mg films and lower its resistivity.'?
Since then, studies have shown that LEEBI will induce changes to the luminescence
characteristics of both activated and un-activated GaN:Mg films.2¢3" In this thesis,
cathodoluminescence (CL) spectroscopy was used as a tool to study the optical properties

of GaN:Mg. CL utilizes an electron beam to excite the specimen causing it to luminesce.
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The electron beam can be set to an acceleration voltage ranging from 1 to 30 kV, and a
beam current ranging from 107° to 103 A. The highly energetic electrons may cause
permanent changes to the luminescence properties of the specimen. Therefore, it is
important to investigate how the specimen is affected by the electron beam, and whether a

change in luminescence characteristics occurs during the CL measurement.

To study the effect of electron beam irradiation on the optical properties of GaN:Mg
epilayers, three samples with the structure of GaN:Mg (1um)/n-GaN (2 um)/sapphire
substrate have been grown using MOCVD. The Ga and N sources were trimethylgallium
(TMGa) and ammonia (NHs), respectively. The precursor for Si donors in the n-GaN layer
was silane (SiHs), and the precursor for Mg acceptors in the GaN:Mg layer is
bis(cyclopentadienyl)magnesium (Cp2Mg). The GaN:Mg layer was grown with a TMGa
flow rate of 25 sccm, at a temperature of 950 °C. The Cp.Mg flow rate during the GaN:Mg
growth was changed to be 50, 100, and 200 sccm in Samples A, B, and C, respectively.
This resulted in Mg concentrations of 1.3x10%°, 3.1x10%°, and 6.3x10% cm™, as determined
by SIMS. Post-growth thermal annealing was performed using rapid thermal annealing
(RTA) at 800 °C for 10 minutes in a nitrogen environment in order to activate the Mg

acceptors.

Photoluminescence (PL) spectra of the GaN:Mg layers in Samples A, B, and C were
measured using a 325-nm HeCd laser with an excitation power of 6 mW at room
temperature. Plan-view cathodoluminescence spectra of the same samples were measured
at room temperature under an electron beam acceleration voltage of 7 kV, which
corresponds to a maximum penetration depth of ~400 nm. The beam current was varied to

0.1, 1, and 8.5 nA to investigate the effect of electron beam current on the luminescence
24



characteristics of GaN:Mg. CL spectra were recorded in raster scan mode over a 50x50
um? square region. The electron beam makes a rectangular raster that consist of 256
horizontal lines per frame and 60 frames per second. Three spectral scans were performed
consecutively over the same region. The scan covers a wavelength ranging from 350 to
650 nm (1.9 - 3.54 eV) and takes 450 s to complete. When multiple spectral scans were
recorded over the same area, the electron exposure time is added. The electron dose per
scan is given by:

Iyt

°=7

where Iy is the beam current, t is the exposure time, and A is the scanning area. For beam
currents of 0.1, 1, and 8.5 nA, the electron doses per spectral scan are 1.8, 18, and 153
mC/cm?, respectively. Taking into consideration the electron beam interaction volume in
the material, the diffusion of carriers, and drift in the precise location of the horizontal line
scans for each frame, the irradiation over the raster area can be considered uniform, at least
to a first approximation.

PL spectra of GaN:Mg epilayers in Samples A, B, and C with different Mg
concentrations are shown in Fig. 3.1(a), the high frequency modulation in the spectra is
caused by the Fabry-Pérot interference. CL spectra for the Samples A, B, and C, measured
under beam current of 0.1 nA, are shown in Fig. 3.1(b). Three consecutive scans were
performed over a same area on the sample to monitor if changes to luminescence
characteristics occur under continuous electron beam irradiation. The first, second, and
third scans are represented by the solid, dashed, and dotted lines, respectively. The total
electron doses & is added with each scan. The electron dose after the first scan is 0.18

mC/cm?. After the second and third scan, the total electron dose is 0.36 and 0.54 mC/cm?,
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respectively. It can be seen that the CL and PL spectra look very similar. Three peaks
located at 3.4, 3.25, and 2.85 eV were observed. These three peaks are commonly observed
in GaN:Mg and have been reported in previous literatures.>®3 The 3.4 eV peak is attributed
to GaN band edge transition. The 3.25 eV peak is attributed to shallow donor to Mg
acceptor transitions. The 2.85 eV peak is attributed to deep donor to Mg acceptor
transitions. The deep donors have been speculated to be complexes formed by nitrogen

vacancies with nearest neighboring Mg atom (Vn-Mg).4043
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Figure 3.1. Optical characteristics of GaN:Mg epilayers in Samples A, B, and C, measured
at room temperature. (a) PL spectra measured with a 6 mW 325 nm HeCd laser, and CL
spectra measured using electron beam acceleration voltage of 7 kV and different beam

currents of (b) 0.1, (c) 1.0, and (d) 8.5 nA, respectively.
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The relative intensity of these emission peaks changes with Mg doping concentration.
With increasing Mg concentration, the luminescence intensity for the 2.85 eV peak will
increase, and that of the 3.4 and 3.25 eV peak will decrease.*®*! The dependence of relative
peak intensities with Mg concentration will be discussed in detail in section 3.3 as well as

in chapter 4 of this thesis.

The similarity between the PL and CL spectra in Fig. 3.1(a) and (b) indicates that the
CL spectra measured at 0.1 nA beam current represents the intrinsic luminescence
characteristics of GaN:Mg, and is not affected by electron beam irradiation. In addition,
under 0.1 nA, CL spectra for the GaN:Mg films remain unchanged after three consecutive
scans. This means that under such electron dosage, the electron beam will not cause any

change in the luminescence characteristics in the GaN:Mg films during the measurement.

In Fig. 3.1(c), we observed changes in spectral shape under e-beam irradiation when
the electron beam current is increased to 1.0 nA. The intensity of the 2.85 eV peak
decreases, and the intensity of 3.25 eV peak increases with each scan. For spectra recorded
under electron beam current of 8.5 nA shown in Fig 3.1(d), it was observed that the
intensity of the 3.25 eV peak has already increased significantly after the 1% scan.
Subsequent 2" and 3™ scans further increase the intensity of 3.25 eV peak. In addition, the
position of the 2.85 eV peak is blue shifted under high beam currents. Therefore, CL spectra
obtained under a beam current between 1.0 and 8.6 nA are affected by the electron beam

irradiation, and do not represents the intrinsic luminescence properties of the material.

The quenching of 2.85 eV peak under electron beam irradiation may be due to

saturation of deep donor states associated with the 2.85 eV transition. The blue shift of the
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peak position under high beam current of 1.0 and 8.5 nA as seen in Figs. 3.1(c) and (d) also
indicates saturation of states. The carrier lifetime for the 3.4, 3.25, and 2.85 eV transitions
are measured and will be discussed in more details in section 3.2 of this chapter. It was
found that the carrier lifetime for the 2.85 eV transition is much longer (~200-300 ns) than
that of the 3.25 and 3.4 eV transitions (0.8 ns). This suggests that the 2.85 eV transition

can be saturated under high excitation currents.

With the saturation of the deep donor states associated with the 2.85 eV transition
under high excitation power, the excited electrons will thermalize to the shallow donor
state and recombine with the Mg acceptors, producing the 3.25 eV emission. This leads to
an increase of the 3.25 eV intensity. The carrier lifetime of the 3.25 eV transition is very
short (0.8 ns), similar to the carrier lifetime of band edge transitions. So, it is less likely to

be saturated.

In conclusion, PL and CL spectra of GaN:Mg films with different Mg concentrations
were measured. It was found that when using an electron beam current of 0.1 nA in CL
measurement, similar spectral signals were obtained with CL and PL. Electron dose under
this condition is sufficiently low that it will not affect the luminescence properties of
GaN:Mg. When the beam current is higher than 1.0 nA, we observed a quenching and blue
shift of the 2.85 eV emission, and an intensity increase of the 3.25 eV peak under
continuous electron beam irradiation. It is speculated that this change is due to the
saturation of deep donor states associated with the 2.85 eV emission under high beam
current.

Considering these results, all the remaining CL spectra on GaN:Mg thin films in this

thesis were measured using an electron beam current of 0.1 nA.
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3.2 Carrier lifetime studied by time-resolved cathodoluminescence
Carrier lifetime of GaN:Mg epilayers is studied using time-resolved CL at room
temperature. The three samples studied are Samples A, B, and C, described in 3.1, with

different [Mg] of 1.3x10%, 3.1x10%°, and 6.3x10* cm™, respectively.

The GaN:Mg epilayers were excited using pulsed electron beam, produced by a beam
blanker. The electron beam pulses resemble square waves, with a pulse duration of 100 ns
and a frequency of 1 MHz. The beam current is 0.1 nA and the acceleration voltage is 7
kV. Several transients were recorded at 3.4, 3.25 and 2.85 eV, to compare the carrier

dynamics of optical transitions at these energies. The transients are plotted in Fig 3.2.

T=298 K Sample A 3.4 eV
—— Sample A 3.25 eV
—— Sample B 3.4 eV
Sample B 3.25 eV
—— Sample B 2.85 eV
Sample C 2.85 eV

rM '\ i |ﬂ W |
i

Normalized CL intensity (arb. unit)

Uiyt

I BT IR

0 T T 200 400 800
Beam Beam .
on off Time (ns)

Figure 3.2. TRCL measurements of transients for Samples A, B, and C, measured for
transitions at 3.4, 3.25 and 2.85 eV.
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The decay of CL intensity after beam off is fitted with an exponential decay function:

t
I(t) ES Ioe_?

where lg is the CL intensity at beam off, which is normalized to 1, and 7 is the carrier
lifetime.

Fig. 3.3 shows the carrier lifetimes for the 3.4 (band edge) and 3.25 eV (shallow donor
to acceptor) transitions for Sample A. It was found that both transitions have a short lifetime

of 0.8 ns. The transient for the 2.85 eV transition was not measured due to the low emission

intensity.
(a) ] Sample A (b) Intensity decay at 3.4 eV
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Figure 3.3. (a) CL spectra of Sample A. Normalized CL transients of the (b) 3.4 eV and (c)

3.25 eV transitions.
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Fig. 3.4 shows the carrier lifetime for the 3.4 eV (band edge), 3.25 eV (shallow donor
to acceptor), and 2.85 eV (deep donor to acceptor) transitions for Sample B. The 3.4 and
3.25 eV transitions have the same lifetime (~ 0.8 ns), same as those observed in Sample A.
However, the lifetime for the 2.85 eV transition is much longer. The transient of the 2.85
eV decay cannot be fitted with a single exponential decay function. A double exponential
decay function was used instead:

t t
I(t) =Ae 1+ Aye &2

This indicates there are two recombination processes associated with the 2.85 eV
donor-acceptor-pair (DAP) transition. This has been observed in DAP transitions, where
lifetime depends on the separation between donors and acceptors, which gets larger in
time.** A1 and A; are the recombination strength or probability of each recombination, t1
and 12 are the carrier lifetime associated with each recombination. The lifetime of 11 and 12
are 336.9 and 21.5 ns, respectively. This result is similar to a previous report, which shows
the carrier lifetime of the 2.85 eV emission in GaN:Mg is around 300 ns at room

temperature.®
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Figure 3.4. (a) CL spectra of Sample B. Normalized CL transients of the (b) 3.4 eV, (c)

3.25eV, and (d) 2.85 eV transitions.

Recombination kinetics in Sample C is shown in Fig. 3.5. Since the luminescence
intensities of the 3.4 and 3.25 eV peaks are very weak, only the transient of the 2.85 eV
line can be reliably measured, which is shown in Fig. 3.5(b). The lifetime of 11 and 12 are
227.9 and 15.7 ns, respectively, both shorter than the 11 and 12 in Sample B. This is expected,
since Sample C has a higher Mg acceptor concentration than Sample B. This leads to a
higher recombination probability between deep donors and Mg acceptors, leading to a

decrease in carrier lifetime.

32



QU
~—

Sample C (b) Intensity decay at 2.85 eV
1[Mg] = 6.3x10" cm® i

T, = 15.7 ns

T, = 2279 ns

0.1

CL intensity (arb. unit)
1
Normalized TRCL

0.01 4

T T T T T T T T T T T
18 20 22 24 26 28 30 32 34 386 0 100 200 300

Energy (eV) Time (ns)

T
400

Figure 3.5. (a) CL spectra of Sample C. Normalized CL transient of the (b) 2.85 eV

transition.

In conclusion, the recombination kinetics for the 3.4, 3.25, and 2.85 eV lines were
measured at room temperature using time-resolved CL for GaN:Mg epilayers with different
Mg concentrations. It was found that the 3.4 and 3.25 eV transitions both have a short
carrier lifetime of ~0.8 ns, independent of Mg concentration. The 2.85 eV transition has a
much longer carrier lifetime, which decreases with increasing Mg concentration in the

GaN:Mg film.

3.3 Effect of Mg doping concentration and thermal activation on luminescence
characteristic of GaN:Mg

In section 3.1, we observed that the luminescence properties of GaN:Mg depends on
Mg doping concentration. A slight change of Mg concentration within an order of
magnitude (from 1x10'° cm= to 6x10'° cm?) can have a significant impact on the
luminescence characteristics of GaN:Mg epilayers (Fig. 3.1(a) and (b)). The spectra

typically consist of three emission peaks at 3.4, 3.25, and 2.85 eV. As Mg doping
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concentration increases, the intensities of the higher energy peaks will decrease, and the

intensity of the lower energy peaks will increase.

It should be noted that the GaN:Mg spectra reported in 3.1 have been thermally
annealed at 800°C for 10 minutes to activate Mg acceptors. During the experimental
process of optimizing thermal activation temperature, we observed that the luminescence
characteristics of GaN:Mg also depend on the thermal annealing temperature. GaN:Mg
thin films with different Mg concentrations of 1.3x10%°, 3.1x10%, and 1.6x10%° /cm3, as
described in section 3.1, have been subjected to RTA at 700, 750, and 800 °C for 10
minutes in a nitrogen atmosphere. CL spectra were recorded for each sample after thermal
annealing to investigate the effect of annealing temperature on the luminescence
characteristics of GaN:Mg films. The spectra were recorded using raster scan mode over a

50x50 um? area, with an acceleration voltage of 7 kV and a beam current of 0.1 nA.

Figure 3.6(a) and (b) show the spectra of the as-grown and thermal annealed GaN:Mg
films with [Mg] = 1.3x10%° cm?®. The luminescence from the as-grown sample is
dominated by the 3.4 eV emission, with a shoulder peak at 3.25 eV. After thermal
activation, the relative intensity of the 3.25 eV emission intensity increases. However, the
spectrum is still dominated by the band edge transition at 3.4 eV. The spectra shape of

samples annealed at 700, 750, and 800 °C are similar.
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Figure 3.6. (a) not normalized, (b) normalized CL spectra of GaM:Mg films with [Mg] =
1.3x10* cm?3, as-grown and annealed at 700, 750, and 800°C for 10 minutes. (c)

[llustration to explain changes in luminescence after thermal activation.

Here we propose a theoretical picture to explain the change in luminescence
characteristics associated with Mg concentration and thermal activation. Figure 3.6(c)
shows the band diagram of the GaN:Mg. Within the band gap are the shallow donor, deep
donor, and Mg acceptor states. The donor states have extra electrons (illustrated as grey
circles) that can be donated to Mg acceptor states or be thermally excited to the conduction

band. When this happens, the donor states become ionized, and can participate in optical
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transitions. Before activation, most of the Mg atoms do not behave as acceptors due to the
Mg-H complex, leading to a very low acceptor concentration. Donor electrons cannot
easily find acceptors to compensate. Therefore, most of the shallow donor states and all the
deep donor states are neutral (occupied by electrons), as shown in Fig 3.6(c). An optical
transition in this case will primarily come from the band edge transition at 3.4 eV, and a
limited shallow donor to acceptor transition at 3.25 eV. After thermal activation, more
acceptor states are produced due to the dissociation of Mg-H complexes. Therefore, an
increased number of donors are ionized by the acceptors, leading to an increase of the
shallow donor to acceptor transition at 3.25 eV. However, since the Mg doping
concentration is low, most of the deep donor states are still neutral, and the spectrum is still

dominated by the 3.4 eV emission.

Next, we study the CL characteristics of GaN:Mg layer with [Mg] = 3.1x10%° cm,
The as-grown sample has a dominant 3.4 eV peak, and a 3.25 eV shoulder peak, as shown
in Figure 3.7(a) and (b). The intensity of the 3.25 eV peak in the as-grown sample is slightly
increased compared to the previous sample with [Mg] = 1.3x10%° cm™. This is expected
due to the higher Mg doping concentration. After thermal annealing, a significant increase
in the 2.85 eV (deep donor to acceptor) emission intensity is observed, accompanied by a
decrease of the 3.4 and 3.25 eV peak intensities. This is due to the increased number of
ionized deep donors, as illustrated in Figure 3.7(c). Since the Mg doping concentration in
Sample B is higher than that in Sample A, after thermal activation, the acceptors
concentration is high enough to ionize all the shallow donor states and some of the deep
donor states. This enables the transition between deep donor and acceptor states, producing

the 2.85 eV emission.
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Figure 3.7. (a) not normalized, (b) normalized CL spectra of GaM:Mg film with [Mg] =

3.1x10'° cm, as-grown and annealed at 700, 750, and 800 °C. (c) Illustration to explain

changes in luminescence after thermal activation.

Finally, we study the CL characteristics of GaN:Mg layer with [Mg] = 6.3x10%° cm3,

as shown in Fig. 3.8. It is observed that the luminescence spectrum from the as-grown

sample is dominated by the 2.85 eV (deep donor to acceptor) transition. After thermal

annealing, the intensity of the 2.85 eV peak increases. This agrees with our understanding

that increasing the acceptor concentration will lead to an increase in the luminescence

intensity of deep donor to acceptor transition. It is noted that the 2.85 eV emission intensity
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reaches its maximum after annealing between 700 to 750 °C for 10 minutes. Annealing at

higher temperature of 800 °C resulted in slightly lower intensity.
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Figure 3.8. (a) not normalized, (b) normalized CL spectra of GaM:Mg film with [Mg] =

6.3x10'° cm™, as-grown and annealed at 700, 750, and 800 °C. (c) Illustration to explain

changes in luminescence after thermal activation.

These results coincide with a report published by S. Nakamura et al.,'* in which they

performed thermal annealing on GaN:Mg at various temperatures in nitrogen environment

and monitored the change in photoluminescence spectra and electrical resistivity of the

film. It was found that a drop of GaN:Mg film resistivity is accompanied by the increase

of 2.85 eV emission intensity. After annealing at 700°C for 20 minutes, the film resistivity
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reached a minimum and the luminescence intensity of the 2.85 eV peak reached a
maximum. Annealing at a higher temperature of 800°C will not further reduce the film
resistivity, but the luminescence intensity of the 2.85 eV peak starts to decrease. It was not
clear why the 2.85 eV intensity drops at higher annealing temperatures, but it was
speculated that it is related to degradation of crystalline qualities or dissociation of GaN at

high temperature annealing.'*

In addition to the changes in band edge and donor-acceptor-pair transitions, we
observed a significant drop in yellow (~ 2.2 eV) and deep level (< 1.8 eV) luminescence
intensities resulted from thermal annealing for all samples. S. Nakamura et al. also reported
a decrease in deep level transition intensities when GaN:Mg is annealed in temperature
higher than or equal to 700°C. They observed that when the deep level luminescence

intensity is very weak or not observed, the resistivity of GaN:Mg film becomes low.

Room temperature Hall effect measurements were performed on samples with

different [Mg] annealed at different temperatures. Results are shown in Table 3.1.

Table 3.1. Hole concentration and hole mobility for GaN:Mg thin films with different Mg
concentrations, annealed at different temperatures, measure by Hall effect using Van de

Pauw method at room temperature.

700°C 10min 750°C 10min 800°C 10min

[Mg]=1.3x10" cm3 - - -

[h]=1.3x10'" cm™3

- 19 ~m-3 - -
[Mg]=3.1x10%% cm n=9.5 cm?/(V-s)

[h]=6.9x10®cm3  [h]=2.0x10Y cm-3

- 19 ~p-3
[Mg]=6.3x10"" cm u=7.4 cm?/(V-s) K=6.0 cm2/(V-s)
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For GaN:Mg film with 1.3x10% cm3, no reliable Hall effect reading is available even
when the film has been thermally annealed at up to 800°C for 10 minutes. This means the
film conductivity is low. It is possible that the Mg doping concentration is too low, and are
fully compensated by donor impurities, leaving no available acceptor states to produce
holes in the valance band. This coincides with our CL measurement, which shows very

weak 2.85 eV emission intensity for this sample, even after annealing at 800°C (Fig. 3.6).

For GaN:Mg film with 3.1x10%° cm, no reliable Hall effect reading is available after
annealing at 700 and 750 °C. P-type conductivity was observed when annealed at 800 °C
for 10 minutes. Hole concentration was measured to be 1.3x10*" cm®, with a mobility of
9.5 cm?/(V-s). The hole to Mg ratio is 0.42%, meaning an average of 0.48 hole is produced

by every 100 Mg atoms.

For GaN:Mg film with 6.3x10'° cm, p-type conductivity was observed after
annealing at 750°C for 10 minutes. Hole concentration was measured to be 6.9x10% cm3,
with a mobility of 7.4 cm?/(V-s). When annealing temperature was increased to 800 °C,
hole concentration was increased to 2.0x10'7 cm, with a mobility of 6.0 cm?/(V-s). The
hole to Mg ratio is 0.30%, lower than that in Sample B. The decrease of doping efficiency
can be explained by an increased degree of self-compensation. Kaufmann et.al observed
that when Mg concentration exceeds 2 x10%° cm, doping efficiency in GaN:Mg starts to
drop. They proposed that nitrogen vacancy related donors in highly Mg-doped GaN

compensate the Mg acceptors, limiting the hole concentration.*®

In conclusion, the luminescence characteristics of GaN:Mg epilayers with different

Mg doping concentration and thermal activation history have been studied. It was found
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that GaN:Mg epilayers typically have three emission peaks at 3.4, 3.25, and 2.85 eV. The
relative intensities of these peaks are related to the doping concentration and thermal
annealing history. With increasing doping concentration and annealing temperature, a shift
of luminescence from high energy peaks towards low energy peaks was observed. A
qualitative model is proposed to correlate the acceptor concentration with luminescence

characteristics.

3.4 Effect of hydrogen plasma treatment on luminescence characteristics of GaN:Mg

During thermal annealing process, the Mg-H complexes are broken up to activate the
Mg acceptors, leading to an increase in acceptor concentration. A reverse process of
thermal activation, namely, the passivation of Mg acceptors, can be achieved by subjecting
activated GaN:Mg films to H. plasma. The H atoms from the H, plasma will form Mg-H
bond with Mg acceptors and render the p-type GaN:Mg layer insulating. This technique
has been demonstrated as an etching-free process to form edge terminations in GaN p-n
diode.*’* In this section, the effect of H. plasma treatment on the luminescence

characteristics of activated GaN:Mg will be studied.

The sample structure studied was p*-GaN:Mg (20 nm)/p-GaN:Mg(0.5 pum)/u-GaN(2

pum)/GaN substrate, as shown in Fig. 3.9(a). The Mg concentrations in the p™-GaN and p-

GaN are 2x10%° cm™ and 2x10*° cm3, respectively. The sample was annealed at 800 °C
for 10 minutes using RTA to activate the Mg acceptors. Metal contact was deposited on
some regions of the sample surface to protect the underlying GaN:Mg layer from H2 plasma.
The sample was then treated with Hz plasma generated by an inductively coupled plasma

(ICP) system, with an ICP power of 300 W, an RF power of 10 W for 30 seconds. Finally,
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the sample was thermally annealed using RTA at 400 °C to facilitate the formation of Mg-

H complexes.*"48

A cross-section SE image of the sample is shown in Fig. 3.9(b). The GaN:Mg layer
exhibit a bright contrast in the SE image, and the underlying u-GaN layer has a darker
contrast. The right-hand portion of the GaN:Mg, which was covered by a metal contact that
protect the layer from Hz plasma, shows a uniform bright contrast. The left-hand of the
GaN:Mg, which was exposed to H> plasma treatment, shows a reduction of SE contrast in

the upper portion of the film.

H, plasma

o ”

Metal contact
o

 GaN:Mig

500 nm

GaN:Mg surface : Metal contact

u-GaN

substrate

Figure 3.9. (a) schematic drawing of the sample structure treated with Hz plasma. (b) Cross-
section SE image of the sample after H> plasma treatment. The upper portion of the exposed
GaN:Mg layer shows a reduced SE contrast, and the region protected by a metal contact

shows a uniformly bright contrast.
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Figure 3.10. Influence of H> plasma treatment on the luminescence characteristics of
GaN:Mg films. (a) CL spectra of untreated (activated) and H> plasma treated GaN:Mg
films, measured under different electron beam acceleration voltages. (b) Cross-section SE
image showing a H> plasma affected region, and the electron penetration depth for various

acceleration voltages used in the CL measurements.

Fig. 3.10(a) shows the CL spectra of untreated (activated) and H> plasma treated
GaN:Mg films. The spectrum of the untreated (activated) GaN:Mg layer shows a visible
deep donor to Mg acceptor emission peak at 2.9 eV, suggesting good p-type conductivity.

Three spectra of the H> plasma treated GaN:Mg have been measured at different electron
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acceleration voltages of 3, 5, and 7 kV, corresponding to electron penetration depths of 93,
218, and 383 nm, respectively, as shown in Fig. 3.10(b).2° The electron penetration depth
under 3 and 5 kV are both within the H> plasma affected GaN:Mg region, which extends
280 nm deep under the surface, as determined by the SE contrast in Fig 3.10(b). The
intensity of the 2.9 eV peak is decreased after Hz plasma treatment. Spectra measured under
3 and 5 kV acceleration voltages show the most significant decrease in the 2.9 eV emission
intensity, and the two spectra overlap. The spectra shape closely resembles the that of the
GaN:Mg film in Fig. 3.6, which has been measured to be semi-insulating by Hall effect.
This means H> plasma treatment has passivated the GaN:Mg. When electron acceleration
voltage is increased to 7 kV, the penetration depth exceeds the Hz plasma affected region.
The reduction of the 2.9 eV emission intensity is less compared to that measured under 3
and 5 kV. This is because a portion of unaffected GaN:Mg is also measurement at the

voltage of 7 kV.

These results further indicate that the deep donor to Mg acceptor transition located
around 2.9 eV is closely related to the acceptor concentration in the GaN:Mg. The peak
intensity increases with increasing acceptor concentration after thermal annealing and

decreases with decreasing acceptor concentration after Hz plasma treatment.
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3.5 Effect of background impurity concentration on the luminescence characteristics
of GaN:Mg

In the previous sections, we showed that the optical properties of GaN:Mg depend on
the acceptor concentration in the film, which are affected by the Mg doping concentration,
thermal annealing history, and H. plasma treatment. Another important factor that can
affect the acceptor concentration in GaN:Mg films is the background impurity
concentration. This is because some background impurities such as C and O can act as
donors and compensate the Mg acceptors.®® In this section, | report on the effect of

background carbon concentration on the optical characteristics of GaN:Mg layers.

CL characteristics of GaN:Mg epilayers grown in two different MOCVD reactors were
compared. Samples A and B, described in section 3.1, with Mg concentrations of 1.3x10*°
cm2and 3.1x10'° cm3, respectively, were grown using MOCVD reactor |. Sample G, with
the structure of GaN:Mg(0.12 um)/u-GaN(2 pm)/GaN substrate, was grown in MOCVD
reactor 1. The GaN:Mg layer in Sample G has a Mg concentration of 1.2x10%° cm3, similar

to Sample A. All samples have been thermally annealed to activate the Mg acceptors.

Plan view CL spectra of the GaN:Mg films in Samples A, B, and G are shown in Fig.
3.11. Mg concentrations in the GaN:Mg layers are measured by SIMS. For Sample A with
a [Mg] of 1.3x10'° cm™ grown by reactor |, the spectrum is dominated by the 3.4 eV
emission. And the 2.85 eV emission intensity is very weak. When [Mg] is increased to
3.1x10% cm in Sample B, the 2.85 eV peak starts to emerge. For Sample G with a [Mg]
of 1.2x10° cm™3 grown by reactor 11, the spectrum is dominated by the 2.85 eV emission

peak.
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In the previous sections, we have shown that for Samples A, B, and C grown in Reactor I,
the 2.85 eV peak intensity increases with [Mg] and become dominant at [Mg] ~ 6.1x10%°
cm (Sample C in Fig. 3.1). We have also shown that the intensity of the 2.85 eV peak is
proportional to the acceptor concentration in GaN:Mg. However, for Sample G grown in
Reactor 11, with only a [Mg] concentration of 1.2x10° cm=, a dominant 2.85 eV peak is
observed. This suggests a lower [Mg] is needed to achieve good p-type conductivity for

GaN:Mg films grown in Reactor II.

Sample G (Reactor Il)
[Mg] = 1.2x10° cm™3

Sample B (Reactor I)
[Mg] = 3.1x10*° cm"3

Sample A (Reactor |)
[Mg] = 1.3x10%° cm?3

\

CL intensity (arb. unit)

18 20 22 24 26 28 30 32 34 36
Energy (eV)

Figure 3.11. Plan-view CL spectra of GaN:Mg films grown in two different MOCVD

reactors. CL characteristics varies significantly between Sample A and G, which have

similar [Mg], but were grown in different reactors.

SIMS depth profiles were measured on GaN:Mg thin films grown using Reactor | and
Il as shown in Fig. 3.12. It was observed that the concentrations of background impurities

such as O and Si are similarly low in the GaN:Mg layers grown in reactor | and I, ranging
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from 5x10% to 1x10'® cm. However, the GaN:Mg layer grown in reactor | contains a
significant higher amount of carbon compared to that grown in reactor Il. The C

concentration in the GaN:Mg layer grown in reactor | is 2x10*" cm3, about 30 times higher

than that grown in reactor I1, which is 6x10* cm.
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Figure 3.12. SIMS depth profile for samples grown in (a) reactor I, and (b) reactor II.
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Carbon has been reported to act as deep donors in GaN and may compensate Mg-
related acceptors.*® Having a high C concentration in GaN:Mg layer means a higher
amount of Mg is required to achieve p-type conductivity. However, increasing the Mg
concentration will reduce the hole mobility due to impurity scattering. Putting too much
Mg may also cause precipitation, which is detrimental to the film conductivity. Therefore,
it is important to lower the C concentration in GaN:Mg films. It should be noticed that the
C concentration is similar in the underlying n-GaN and u-GaN layers for samples grown
in reactor | and Il. Therefore, the high C concentration in the GaN:Mg layer grown in
reactor | is not due to chamber contamination, but rather, should be related to the growth

conditions of the GaN:Mg epilayer or contamination in the Mg source precursors.

In conclusion, the effect of C concentration on the optical properties of GaN:Mg is
characterized. It is found that C impurity may compensate Mg acceptors, leading to a need

of higher Mg doping concentration to achieve the target acceptor level.

3.6 Conclusion

In conclusion, Chapter 3 offers a broad overview of the room temperature CL
characteristics of GaN:Mg. The electron beam current used for the CL measurement has
been limited to 0.1 nA to avoid LEEBI affecting the optical properties of GaN:Mg. The
effect of LEEBI, Mg doping concentration, thermal annealing, H2 plasma treatment, and
background impurity concentration on the optical properties of GaN:Mg has been studied.
The findings in this chapter serves as a foundation for the further studies on optical
properties of GaN:Mg epilayers grown on mesa structures and miscut substrates, reported

in Chapter 4 and 5.
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CHAPTER 4

NON-UNIFORM ACCEPTOR DISTRIBUTION IN GAN EPILAYERS GROWN
ON MESA STRUCTURES FOR APPLICATIONS IN GAN POWER

ELECTRONICS™

4.1 Introduction

Gallium nitride (GaN) based power electronics has attracted much attention in recent
years due to its advantages over traditional Si-based power devices in terms of energy
conversion efficiency, switching frequency, operation temperature, and system volume.
2330 ertical architectures are usually preferred for high-voltage and high-power
applications,?4°1525% due to high voltage and current handling capability, good thermal
management, and compact design. In the fabrication of advanced vertical power devices,
such as normally-off vertical junction field effect transistors (VJFETS), junction barrier
Schottky diodes, and superjunction diodes, it is important to produce laterally patterned p-

n junctions and/or p-uid (unintentionally doped) junctions.

* Part of this chapter has been published as: H. Liu, H. Fu, K. Fu, S. R. Alugubelli, P.-Y. Su, Y. Zhao, and F.
A. Ponce, Non-uniform Mg distribution in GaN epilayers grown on mesa structures for applications in GaN
power electronics, Appl. Phys. Lett. 114, 082102 (2019).

T Part of this chapter has been submitted to Appl. Phys. Lett. as: P.-Y. Su*, H. Liu*, C. Yang, K. Fu, H. Fu,
Y. Zhao, and F. A. Ponce, Lateral and vertical growth of Mg-doped GaN on trench-patterned GaN films.
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Figure 4.1. Growth sequence to produce a selective-area doped geometry in GaN, using

the etch-and-regrowth procedure used in this work.

Selective-area doping using etch-and-regrowth procedures is one of the most effective
ways to get controlled lateral junctions. Fig. 4.1 shows the growth steps to produce the
selective-area doped geometry used in this work. In this case, a film of uid-GaN or n-type
GaN will be grown on a GaN substrate, then etched in certain areas to create a patterned
mesa structure. A Mg-doped p-type GaN layer will then be grown over the patterned mesa
structures. Finally, the GaN:Mg on the upper mesa will be etched away to produce an

alternating p-uid or p-n geometry.

During GaN:Mg regrowth, it is speculated that there could be two growth fronts, one
being on the basal plane in the upper and lower mesa flat regions, and the other being on
inclined crystal planes at the mesa sidewall. This difference in growth orientation may
result in varied Mg doping efficiency.*°>°%5" The Mg doping efficiency in these regions

is a critical issue that can impact the performance of vertical power devices. For example,
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in VJFETS, the Mg doping level in GaN:Mg needs to be uniform and high enough to pinch
off the channel without any bias, leading to a normally-off operation.>® However, such
variation in Mg concentration cannot be characterized by secondary ion mass spectroscopy
(SIMS), due to its limited lateral spatial resolution. In this work, cathodoluminescence (CL)
spectroscopy was used to investigate optical properties of GaN:Mg in a mesa structure. A
correlation among Mg concentration, optical properties, and electronic properties of
GaN:Mg has been established. This correlation has been used to extrapolate Mg

distribution in regrown GaN:Mg over a mesa structure at sub-micron scale.

4.2 Experimental

The epitaxial structures were grown by metal-organic chemical vapor depositions
(MOCVD) on free-standing c-plane GaN substrates, with hydrogen as the carrier gas, at a
growth temperature of 1050 °C. The Ga and N sources were trimethylgallium (TMGa) and
ammonia (NHs), respectively. The precursor for Si donors was silane (SiH4), and the
precursor for Mg acceptors is bis(cyclopentadienyl)magnesium (Cp2Mg). More details on
the MOCVD growth can be found elsewhere.>*5° We report on the properties of four thin
film structures, labeled A to D. The initial layer of sample A consists of 4 um of uid-GaN
grown on c-plane GaN substrate. The uid-GaN layer was then selectively etched to produce
periodic mesa structures. The etching was done by photolithography and chlorine-based
inductively coupled plasma (ICP) dry etching (ICP/RF power of 400/70W, Cl2/BCls/Ar
flow rate of 30/8/5 sccm, pressure of 0.67 Pa). Following the etching, 0.3 um of uid-GaN
and 1.65 um of GaN:Mg film were grown over the mesa structures. The GaN:Mg was
grown with a TMGa flow rate of 25 sccm, and a Cp.Mg flow rate of 100 sccm, at a

temperature of 950 °C. The schematics drawing of one of the mesa structures is shown in
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Fig. 4.2(a). Another series of samples (sample B, C, and D) were grown to investigate the
effect of Cp2Mg flow rate on the GaN:Mg optical and electronic properties. Their structure
consists of 1 um GaN:Mg on 2 um n-GaN grown on sapphire substrates. The growth
conditions of these 3 samples were identical, except three different Cp.Mg flow rates of
50, 100 or 200 sccm were used during the growth of the GaN:Mg film to achieve different
Mg doping concentrations. Post-growth thermal activation of GaN:Mg was performed on
all samples using rapid thermal annealing at 800 °C for 10 mins in a nitrogen atmosphere.
The Mg concentrations in the GaN:Mg layer of samples B, C, and D were determined by
secondary ion mass spectroscopy (SIMS). Hole concentrations and hole mobility were
measured at room temperature with Hall effect using the Van de Pauw method. Optical
properties of all samples were studied using cathodoluminescence (CL) spectroscopy. The
CL system consists of a JEOL 6300 scanning electron microscope (SEM) connected to an
Oxford CL2 monochromator and a photomultiplier tube. Spot mode CL spectra were
obtained by fixing the electron beam at a specific location on the sample and scanning the
spectrum across the desired wavelength range. CL mappings were obtained by setting the
monochromator to a certain wavelength and recording the spatial variation of luminescence
intensity over an area. The electron beam current used in our CL studies was 0.1 nA, with

an acceleration voltage of 7 kV.
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Figure 4.2. Cross-sectional view of the GaN:Mg/uid-GaN mesa structure in sample A. (a)
Schematic drawing of the thin film structure, with the sidewall along a-directions ((1120)).
(b) SE image using 7 kV primary beam. Monochromatic CL images at (c) 3.25 eV and (d)

2.9 eV. The dashed lines follow the differently-doped homojunctions as determined from

(©)-
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4.3 Results

4.3.1 CL mapping and spot-mode CL on GaN:Mg grown on mesa structure

The optical properties of sample A, with the mesa structure, was studied in cross-
section by CL imaging and spectroscopy. The cross-section samples were prepared by
mechanical polishing. Fig. 4.2(a) shows a schematic diagram of the cross-sectional view
of one of the mesa steps. Fig. 4.2(b) is a secondary electron (SE) image, (c) and (d) are CL
mappings at 3.25 and 2.9 eV, respectively. A mesa step with 1.1 pum in height, resulting
from the ICP etching, is observed in the SE image. The mesa has a hexagonal shape with
the sides along a-directions ({(1120))), as indicated in Fig. 4.2(a). The sidewall initially
makes approximately a 28° angle with respect to the basal plane, which corresponds to a
{1102} plane, and then approaches the basal plane. A GaN:Mg layer with a thickness of
1.65 um was grown above the mesa structure. The CL mapping at 3.25 eV in Fig. 4.2(c)
shows that the GaN:Mg layer exhibits a uniform emission at that energy. However, the CL
mapping at 2.9 eV in Fig. 4.2(d) shows a lower emission in the vicinity of the sidewall. Fig.
4.3(a) isalso a CL mapping at 2.9 eV, but at a lower magnification compared to Fig. 4.2(d).
It is observed that the lower mesa, adjacent to the sidewall, also exhibits weak emission
intensity at 2.9 eV. However, the area of low intensity portion in the lower mesa gradually
recedes as the distance from the sidewall increases. When sufficiently far away (>10 pum)
from the sidewall, the lower mesa has a uniform and strong emission at 2.9 eV, similar to
that in the upper mesa. It should be noted that such non-uniform luminescence pattern is

repeatedly observed near all the mesa steps.
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Figure 4.3. Cross-sectional optical properties of the GaN:Mg/uid-GaN mesa structure in
sample A (a) Monochromatic CL mapping at 2.9 eV. (b) Spot-mode CL spectra at different

regions in the GaN:Mg layer as indicated by arrows in (a).

Spot mode CL spectra were taken at five different locations within the GaN:Mg layer,
as indicated in Fig. 4.3(a): upper mesa, sidewall, top of lower mesa, bottom of lower mesa,
and center of lower mesa away from the sidewall. The interaction volume of the electron
beam is estimated to be around 400 nm in diameter, which is smaller than the GaN:Mg
layer thickness of 1.65 um. Therefore, the CL signal should only originate from the

GaN:Mg layer. The spot mode CL spectra are plotted in Fig. 4.3(b). Three common peaks
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at 3.4, 3.25, and 2.9 eV are observed at all locations. The spectral shape is similar for upper
mesa, bottom of lower mesa, and center of lower mesa away from sidewall, where emission
is dominated by the 2.9 eV peak. The emission at the sidewall and the top of the lower
mesa is dominated by the 3.4 and 3.25 eV peaks, while the 2.9 eV peak is very weak, as

has been visualized in the CL mapping in Fig. 4.3(a).

4.3.2 CL characteristics of GaN:Mg films with different Mg concentrations

In order to establish a correlation between doping concentration and the optical and
electronic properties of GaN:Mg films, we have studied samples B, C, and D, which have
an epilayer structure of 1-um GaN:Mg on 2-um n-GaN on sapphire, a schematic diagram

of which is shown in the inset of Fig. 4.4.

|T =208 K 29eV ' 34eV
- GaN:Mg 1pm : :
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325fv§
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CL intensity (a.u.)
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Figure 4.4. CL spectra of GaN:Mg layers with different Mg concentrations (sample B, C,
and D). A schematic drawing of the sample structure of samples B, C, and D is shown in

the inset.
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The Cp2Mg flow rates used for the GaN:Mg growth were 50, 100, and 200 sccm, for
samples B, C, and D, corresponding to Mg concentrations of 1.3x10%°, 3.1x10%°, and
6.3x10'° cm3, as determined by SIMS. The CL spectra in Fig. 4.4 show three peaks at 3.4,
3.25, and 2.9 eV. The relative intensity of 2.9 eV peak as compared to 3.25eV peak

increases with Mg concentration in the film.

Hole concentrations and mobilities of the GaN:Mg layer in samples B, C, and D are
summarized in Table 4.1. Sample B is resistive with no reliable Hall effect reading
available. Sample C with [Mg] = 3.1x10* cm™ presents a hole concentration of 1.3x10%’
cm and a mobility of 9.5 cm?/(V-s). Sample D with [Mg] = 6.3x10® cm™ has a hole

concentration of 2x10'" cm™ and a mobility of 6.0 cm?/(V:s).

Table 4.1. Summary of Mg concentration ([Mg]), hole concentration ([h*]), and hole

mobility of GaN:Mg layers with different Mg concentrations (sample B, C, and D).

[Md] [h*] Hole mobility
Sample B 1.3x10%* cm® Too resistive Too resistive
Sample C 3.1x10¥ cm® 1.3x10'7 cm 9.5 cm?/(V-s)
Sample D 6.3x10%° cm® 2.0x10 cm® 6.0 cm?/(V-s)

4.4 Discussion

The transitions observed in the CL spectra have been previously reported for Mg-
doped GaN.%¥* The 3.4 eV peak has been attributed to near-band-edge excitonic
transitions at room temperature, the 3.25 eV peak to shallow-donor to Mg-acceptor

transitions, and the 2.9 eV peak to deep-donor to Mg-acceptor transitions. The origin of
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deep donor states is of much debate, but the commonly accepted view is that they are
complexes formed by nitrogen vacancies with nearest neighbor Mg atoms (Vn-Mgga).**3
The relative intensities of these peaks change with [Mg], as shown in Fig. 4.4. When [Mg]
is increased, the intensities of the high-energy peaks (3.4 eV and 3.25 eV) decrease and the

intensity of low energy peak (2.9 eV) increases.4!

To explain the change in light emission characteristics of GaN:Mg with increasing Mg

concentrations, we propose a model, depicted in Fig. 4.5.

(a) Low [Mg]

@ @ ® —°— — — — — Shallow donors
ionized (active)

O O O P O O 000 Deep donors
neutral (inactive)

Self-compensate

— OO OO0 PO — Acceptors
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(b) High [Mg]

_________ Shallow donors
ionized (active)

— — — f— — =r — — — Deep donors
f’ ionized (active)

3
o Self-compensate
o \) \>
----- -0-00-0-0@0-0@-®0- Acceptors
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Figure 4.5. Illustration to explain the different luminescence characteristics of GaN:Mg

with (a) low, and (b) high Mg concentrations.
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The shallow and deep donor states are initially neutral (occupied by electrons). They
are ionized by transferring electrons to the acceptors (compensation) or thermally exciting
electrons to the conduction band. When the shallow or deep donors are ionized, their states
are available for radiative recombination, and can contribute to light emission at 3.25 or
2.9 eV respectively. For GaN:Mg with low [Mg] in Fig. 4.5(a), there are not enough
acceptors to accept the electrons from both shallow and deep donors. In this case, only part
of the shallow donors is ionized, and the deep donors are neutral. Therefore, light emission
will originate from band edge transitions (3.4 eV) and shallow donor to acceptor transitions
(3.25 eV), as observed in Fig. 4.4 for sample B with [Mg] = 1.3x10%° cm. For GaN:Mg
with high [Mg] in Fig. 4.5(b), there are sufficient acceptor states to accept electrons from
both shallow and deep donors, leading to complete ionization (unoccupied electron states).
An electron excited to the conduction band in this sample will relax to the lowest energy
state (deep donor state) and then via a radiative transition to the acceptor states causing
luminescence at 2.9 eV, as observed in Fig. 4.4 for sample D with [Mg] = 6.3x10*° cm™,
At medium [Mg], deep donor states are partially ionized, and optical transition happens at
2.9 eV. Depending on the excitation power, some electrons will also recombine from
shallow-donor states or from the conduction band edge, producing 3.25 eV, and 3.4 eV

emissions, as in Fig. 4.4 for sample C with [Mg] = 3.1x10° cm™,

We use spot mode CL to probe local variations of acceptor concentration in the
GaN:Mg films with sub-micron resolution. By comparing the CL spectra taken at various
location of the mesa structure (Fig 4.3(b)) to the CL spectra of GaN:Mg with different [Mg]
(Fig. 4.4), we can see some similarities. The spectra from upper mesa, bottom of lower

mesa, and center of lower mesa away from sidewall in Fig. 4.3(b) closely resembles the
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spectrum of sample C with [Mg] = 3.1x10% cm™ in Fig. 4.4. This is expected, because the
GaN:Mg layer growth condition in these two samples (sample A and C) are identical with
the same Cp2Mg flow rate of 100 sccm. On the other hand, the spectra from the sidewall
and the top of lower mesa closely resembles the spectrum of sample B with [Mg] =
1.3x10* cm in Fig. 4.4. This implies the acceptor concentration in the sidewall and top

of lower mesa are lower.

We attribute the non-uniform acceptor concentration in the mesa structure to Mg
doping efficiency during growth on different crystal planes. The bright and dark regions in
GaN:Mg in Fig. 4.3(a) represent higher and lower acceptor concentrations, respectively.
This is due to vertical growth (perpendicular to the basal plane) at the flat surfaces in the
upper and lower sections of the mesa and growth on inclined crystal planes near the
sidewall. This finding suggests that CL spectroscopy can also be utilized as a tool to

visualize the vertical vs. lateral growth regions of Mg-doped GaN on uneven structures.

The doping nonuniformity in the GaN:Mg layer on mesa structures can cause
unintended and detrimental effects on device performance, since it alters the electric
potential profile of the device from the original design. Therefore, visualizing the doping

nonuniformity is important.

The doping uniformity of the GaN:Mg layer on mesa structures with different trench
width, height, and sidewall orientations has been investigated using CL spectroscopy. Fig.
4.6 (a) and (b) shows GaN:Mg grown on etched u-GaN with different trench widths of 5
and 9 um, respectively. In the SE images, the regrown GaN:Mg layer appears in bright

contrast, compared to the underlying u-GaN layer, which appears in a darker contrast. For
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the 5 um case (Fig. 4.6(a)), monochromatic CL mapping at 2.9 eV shows GaN:Mg grown
near the sidewalls have low emission intensity, indicating low acceptor concentration due
to lateral growth. Regions near the bottom of the trench show brighter emission intensity
at 2.9 eV, indicating higher acceptor concentration from vertical growth on the basal plane.
The red dashed lines mark the boundary between the lateral and vertical growth regions
and makes a 32° angle with the basal plane. In Fig. 4.6(b), the width of the trench is
increased to 9 um. Since the sidewalls are further apart, more regions can adopt vertical
growth from the bottom basal plane of the trench, leading to increased portion of GaN:Mg
with bright 2.9 eV emission. The boundary between the lateral and vertical growth region
makes 32° with the basal plane, same as the 5 um case, indicating that the lateral vs. vertical

growth rate is not affected by the width of the trench.
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(a) Trench Width: 5 um (b) Trench Width: 9 um
SE 5 um

Figure 4.6. Cross-sectional SE and monochromatic CL mapping at 3.4, 3.25, and 2.9 eV
for selective-area regrowth on mesa structures with different trench widths of (a) 5 um and

(b) 9 um. The sample in (b) is slightly tilted such that part of the top surface is also in view.

Fig. 4.7 shows a comparison of GaN:Mg regrown on mesa structures with different
heights. For mesa with a sidewall height of 0.3 um, the lateral growth from the sidewall is
minimum. As the mesa height increases, the area of the sidewall also increases, allowing
an increased portion of the epilayer to adopt lateral growth, as observed in the 2.9 eV CL
monochromatic mappings. The red dashed lines, marking the lateral vs. vertical growth
regions boundaries, make a 32° angle with the basal plane for samples with different mesa

heights. This indicate the lateral growth rate is not affected by the height of the mesa.
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Figure 4.7. Cross-sectional SE and monochromatic CL mapping at 3.4, 3.25, and 2.9 eV
for GaN:Mg grown on mesa with different heights of 0.3, 1.4, and 2.5 um. Red dashed

lines mark the boundary between the lateral and vertical growth regions.

Finally, the effect of mesa sidewall orientation on the acceptor distribution in regrown
GaN:Mg has been studied. Fig. 4.8 (a) and (b) shows GaN:Mg grown on mesa sidewall
aligned parallel to the [1100] and [1120] direction, respectively. The sidewalls were
produced by ICP dry-etching followed by Tetramethylammonium hydroxide (TMAH)
wet-etching processes. It is observed in the SE images that the sidewall angle is affected
by the crystalline orientation. When the sidewall is along [1100] direction in Fig 4.8(a),
the sidewall makes 76° with the basal plane. When the sidewall is along [1120] direction
in Fig. 4.8(b), the angle is 83.4°. This is due to the difference etching characteristics of
GaN on different crystal planes. In the 2.9 eV CL mappings, the boundary between the

lateral vs. vertical growth regions still makes a 32° angle with the basal plane. This suggests

63



the lateral growth rate is not affected by the sidewall angle and the crystalline orientation

of sidewall.

Figure 4.8. Cross-sectional SE and monochromatic CL mapping at 2.9 eV for GaN:Mg
grown in mesa with different sidewall orientations. Mesa sidewalls are aligned paralleled
to the [1100] direction in (a) and paralleled to the [1120] direction in (b). Red dashed lines

mark the boundary between lateral and vertical growth regions.

The lateral growth rate in GaN has been reported to depend on parameters such as
growth temperature, pressure, and I11/V ratio.®? In addition, Mg doping is also reported to
enhance the lateral growth rate of GaN.%2 Therefore, these parameters need to be optimized

carefully in order to control the lateral growth of GaN:Mg on mesa structures.

4.5 Conclusion

In conclusion, selective area doping of Mg in GaN has been achieved by etch-and-
regrowth processes. Spot mode CL spectroscopy and CL mapping have been used to reveal
that the sidewall of Mg-doped GaN grown over a mesa structure is acceptor deficient. The
lower acceptor concentration at sidewall is attributed to inefficient Mg doping at non-basal
crystal planes. CL mapping was used to illustrate the growth mechanism in mesa structures

where vertical growth and tilted growth take place simultaneously in close vicinity.
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CHAPTER 5

INFLUENCE OF SUBSTRATE MISORIENTATION ON THE OPTICAL

PROPERTIES OF MG-DOPED GAN®

5.1. Introduction

Development of high-performance Mg-doped p-type GaN thin films is important for
many applications, in particular for light emitting devices in optoelectronics and for
junction gate field-effect transistors in power electronics.>*23°8 While silicon in GaN is an
effective n-type dopant, Mg-doped GaN (GaN:Mg) is characterized by low carrier
concentrations and poor hole mobility. This is due to a relatively high activation energy of
about 170 meV for Mg acceptors in GaN,**% which results in a low fraction of ionized
acceptors at room temperature. Another important limitation is the solubility limit of Mg
in GaN (~ 1x10%° cm3) beyond which Mg forms precipitates that drastically reduce p-type
conductivity.?®?* Additionally, self-compensation with intrinsic donor defects has been
observed in heavily doped films, further limiting the hole density.*>%¢ While most reports
of GaN:Mg have been for films grown on c-plane, questions arise when adding lateral
structures requiring growth on surfaces etched away from the exact c-plane orientation. In
such cases, basal plane steps play an important role, particularly due to the effect of Mg
doping towards high lateral growth rates over basal planes in GaN.®?

Numerous efforts have been made to improve p-type conductivity. Epitaxy of GaN:Mg
on GaN substrates, with miscut angles between 0.2° and 1.7° away from the c-plane,

reportedly result in a significant increase in hole concentration.545¢ This is attributed to

* Part of this chapter has been published as: H. Liu, P.-Y. Su, Z. Wu, R. Liu, and F. A. Ponce, “Influence of
substrate miscut angle on the optical properties of Mg-doped GaN,” J. Appl. Phys. 127, 195701 (2020).
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a decrease in the unintentional donor density with miscut angle with no change in the Mg
incorporation.®4®> However, it is not clear how substrate miscut affects p-type doping in
GaN at a microscopic scale. We report here on a study on the optical properties of GaN:Mg
epitaxial layers grown on GaN substrates with miscut angles of 0.3° and 4° performed
using high-spatial-resolution cathodoluminescence (CL). A correlation has been
established between nanoscale optical properties, growth surface morphology, and Mg

composition variations.

5.2 Experimental
Epitaxial films were grown by metal-organic chemical vapor deposition (MOCVD),
on c-plane GaN substrates with nominal miscut angles of 0.3° and 4° towards the [1100]

direction, as illustrated in Fig. 5.1.

0.3° or4°

[0001] [~/ Surface
/ normal

Vicinal (0001) GaN

Figure 5.1. Schematic diagrams showing vicinal GaN substrates with miscut angle of 0.3°
or 4° towards [1100]. Periodic straight step edges on basal plane are related to the miscut

angle.

A 2-pm thick unintentionally-doped GaN (u-GaN) was grown on the GaN substrates,

which acted as a buffer between the substrate and the following layers, in order to eliminate
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substrate surface preparation involving mechanical and chemical polishing. A GaN:Mg
layer was grown next. For 0.3° miscut substrates, two different films were grown with
thickness of 0.12 um and of 1.0 um. For 4° miscut substrates, we studied films with 1.0
pum thickness. The Ga and N sources were trimethylgallium (TMGa) and ammonia (NH3).
The carrier gas was hydrogen, and the precursor for Mg was
bis(cyclopentadienyl)magnesium (Cp2Mg). The GaN:Mg layers were grown with a TMGa
flow rate of 90 sccm, and a CpMg flow rate of 1430 sccm, at a temperature of 920 °C.
Post-growth thermal activation of GaN:Mg was performed using rapid thermal annealing
at 700 °C for 20 mins in a nitrogen atmosphere. Cross-section samples were produced by
mechanical polishing using diamond lapping films. The optical properties were studied
using cathodoluminescence (CL) spectroscopy, with an electron beam current of 100 pA
in a JEOL 6300 scanning electron microscope equipped with an Oxford CL2
monochromator and a photomultiplier tube. The electron beam acceleration voltage was 7
kV for cross-section measurements and ranged between 3 to 14 kV for plan-view
measurements. The surface morphology of the GaN:Mg layers was studied using a Bruker
MultiMode atomic force microscope (AFM) operating in tapping mode. Transmission
electron microscopy (TEM) was performed in a Philips CM 200 instrument to search for

structural defects such as dislocations and Mg-induced precipitates.

5.3. Growth on 0.3° miscut GaN substrates

Plan-view CL spectra of the 1.0 um GaN:Mg layer on 0.3° miscut substrate is shown
in Fig. 5.2. The electron beam acceleration voltage was varied from 3 to 14 kV for a depth
probe of the film’s optical properties. The maximum penetration depth (where injected

electrons come to a rest) is given by the following equation:2%2%30
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0.0276A4

where A is the atomic weight in g/mol, Z is the atomic number, p is the material density in
g/cm3, and Ey is the electron acceleration voltage in KeV. The acceleration voltages were
3, 7, 10, and 14 kV, corresponding to maximum penetration depths of about 0.09, 0.38,
0.70, and 1.22 um, respectively. A schematic drawing illustrating the electron penetration
depths under different acceleration voltages is in the inset of Fig. 5.2. The luminescence
signal is generated within a tear-shaped interaction volume above the maximum
penetration depth, with maximum photon generation happening at ~1/3 of the maximum

penetration depth.
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Figure 5.2. Plan-view CL spectra of the 0.3° miscut, 1.0 um thick GaN:Mg sample,
measured under different electron beam acceleration voltages. The intensity of 2.85 eV
peak increases with the acceleration voltage. Inset: schematic drawing illustrating the

probing depth of electron beam for various acceleration voltages.
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The CL emission peaks at 3.4, 3.25, and 2.85 eV correspond to near band-edge,
shallow donor to acceptor, and deep donor to acceptor transitions, respectively.343 The
acceptors have been assigned to Mg substituting for Ga, and the shallow donors responsible
for the 3.25 eV emission could be Si, O, or C. Regarding the deep donor responsible for
the 2.85 eV peak, a widely accepted theory is that it is a complex formed by nitrogen
vacancies with nearest neighboring Mg atoms (Vn-Mgca).*%*® It is observed in Fig. 5.2
that the relative peak intensity varies with probing depth. The intensity of the 2.85 eV peak
is very weak near the surface (at Vacc = 3 kV), and gradually increases with the probing
depth, and becomes dominant (at Vacc = 14 kV).

Further information about the variation of luminescence with depth is obtained in
cross-section in Fig. 5.3. GaN:Mg is brighter than u-GaN in the secondary electron (SE)
image,®” with the yellow dashed lines marking the boundaries between the layers. It is
noted that both the u-GaN and GaN:Mg thin films exhibit a uniform flat surface
morphology. The 3.25 eV emission (shallow donor to acceptor) in Fig. 5.3(b) is spatially
uniform inside the GaN:Mg layer. On the other hand, the 2.85 eV emission (deep donor to
acceptor) in Fig. 5.3(c) is laterally uniform, but the intensity is stronger in the lower portion
of the GaN:Mg film and gradually decreases towards the top surface.

CL spectra on spot mode from two locations, marked as Area 1 and Area 2 in Fig.
5.3(c), near the bottom and top of the GaN:Mg layer, respectively, are plotted in Fig. 5.3(d).
The characteristics of the 3.4 and 3.25 eV peaks remain the same. But the intensity of the

2.85 eV peak decreases significantly in the growth direction (from Area 1 to Area 2).
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Figure 5.3. Cross-section characteristics of the 1.0 um thick GaN:Mg film on 0.3° miscut
substrate, showing flat u-GaN and GaN:Mg films. (a) Secondary electron image.
Monochromatic CL images at (b) 3.25 eV showing spatially uniform 3.25 eV emission,
and (c) 2.85 eV showing a decrease of the 2.85 eV emission intensity from the bottom
(Area 1) to the top portion (Area 2) of the GaN:Mg film. (d) Spot mode CL spectra of

Areas 1 and 2.
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Figure 5.4. (a) Line scan profile of the luminescence intensity at 3.4, 3.25, and 2.85 eV

across the GaN:Mg film for the 0.3° miscut, 1.0 um thick GaN:Mg sample (b) SIMS depth

profiles showing uniform concentrations of Mg, Si, O, and C across the GaN:Mg layer.
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Line-scan CL profiles in Fig. 5.4(a), obtained by scanning the electron beam across
the GaN:Mg film, show the intensity variation of the 3.4, 3.25, and 2.85 eV emissions. The
3.25 and 3.4 eV emission profiles remain relatively constant in the bulk of the GaN:Mg
film. The slopes of the intensity in the vicinity of the GaN:Mg/u-GaN interface and of the
top surface are quite similar and result from the minority carrier diffusion and the
interaction volume produced by the electron beam inside the sample. On the other hand,
the 2.85 eV emission profile exhibit a gradual decrease along the growth direction.

It has been reported that the relative intensities of the 3.4, 3.25, and 2.85 eV peaks are
related to the acceptor concentration in GaN:Mg epilayers. When the Mg doping level
increases, the luminescence intensity of the 2.85 eV peak increases.*®*! Results from
Chapter 3 and 4 in this thesis indicate a correlation between luminescence properties and
p-type conductivity in GaN:Mg, with the presence of 2.85 eV emission at room temperature
as a signature of p-type conductivity in GaN.®® Therefore, the variation of the 2.85 eV
luminescence intensity in the GaN:Mg film in Fig. 5.3 represents a reduction of acceptor
concentration with increasing film thickness.

We used secondary ion mass spectroscopy (SIMS) and TEM™ to determine whether
the observed variations are associated with changes in Mg concentration or with the
presence of crystal defects. The SIMS data in Fig. 5.4(b) shows depth profiles of Mg, Si,
C, and O, indicating no noticeable variations in their concentrations, and a constant Mg
concentration of 2.2x10%*° cm3. TEM images, shown in Fig. 5.5, indicate that the GaN:Mg

layers are free of precipitates and dislocations. We conclude that the depth variation of the

* TEM measurements were performed by Dr. Po-Yi Su from Arizona State University, Tempe AZ, USA
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2.85 eV emission is not associated with doping concentrations, nor with the presence of

crystal defects.

Figure 5.5. Cross-sectional two-beam bright field TEM images taken with Philips CM-200
instrument operated at 200 keV, with g = ¢ (left) and g = m (right) conditions, for the 1-
pum GaN:Mg layer grown on u-GaN/0.3° miscut GaN substrate. No dislocations and

precipitates have been observed within the GaN:Mg layer.

A possible explanation was found by observation of the characteristics of thin and
thick GaN:Mg films. Plan-view CL spectra of thin (0.12 um) and thick (1.0 um) films are
shown in Fig. 5.6. The electron beam acceleration voltage was 3 kV, which corresponds to
a maximum penetration depth of around 0.1 um. Thus, the spectra represent the properties
of the top (< 0.1 um) of each layer. The large drop in the 2.85 eV emission in the thick
sample is clearly observed. Plan-view secondary electron (SE) and monochromatic CL
images taken at 3.4, 3.25, and 2.85 eV, shown in the Figure 5.7, indicate smooth surfaces

and spatially uniform luminescence for 1.0 um GaN:Mg on 0.3° miscut substrate.
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Figure 5.6. Film thickness effect on the optical properties at the top surface of GaN:Mg
epilayers on 0.3° miscut GaN substrates. Plan-view CL spectra of 0.12 and 1.0 pum thick
films, taken under the same conditions with a 50 pm x 50 pm? electron beam raster, and
with an electron beam acceleration voltage of 3 kV that corresponds to a penetration depth

of ~0.1 pum.
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Figure 5.7. Plan-view SE and monochromatic CL images at 3.4, 3.25, and 2.85 eV, taken
at an acceleration voltage of 7 kV, and a beam current of 0.1 nA, for the 1-um GaN:Mg
grown on 0.3° miscut substrate. The surface has a smooth appearance in the SE image. No

lateral variations in the luminescence distribution is observed in plan-view CL images.

A correlation is found between the optical properties and the surface morphology of
films with different thickness, observed using AFM (see Fig. 5.8). In our GaN:Mg films,
periodic surface steps are observed aligned along the [1120] direction, perpendicular to
substrate tilt towards [1100]. In the case of the 0.12-um-thick film in Fig. 5.8(a), the step
period is ~ 121 nm, and the step height is ~ 0.5 nm. For the 1.0-pum-thick film in Fig. 5.8(b),
the steps have a period of ~ 354 nm, and a height of ~ 1 nm. The AFM surface roughness
froma 10 um x 10 um area was 0.69 and 1.18 nm for the thin and thick films, respectively,

indicating that the surface becomes rougher with increasing film thickness.
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Figure 5.8. Effect of film thickness on surface morphology in GaN:Mg epilayers grown on
0.3° miscut GaN substrates. AFM image and line scan of the surface steps for (a) 0.12 um
thick, and (b) 1.0 um thick GaN:Mg films. A step height evolution is observed from 1 c

into 2 c.

We attribute the variation of 2.85 eV luminescence to an increase of surface roughness
with film thickness. From the AFM images in Fig. 5.8, we observe that as the layer grows
thicker, single steps coalesce to form macrosteps, with an increase in surface roughness.
We speculate that the presence of macrosteps may change the incorporation mechanism of
impurities, causing Mg atoms to accumulate at the steps and form Mg atomic clusters. For
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Mg atoms to act as acceptors, they need to be incorporated as a single Mg atom substituting
for a Ga atom in the GaN lattice. When Mg atoms incorporate as clusters (with Mg bonded
to Mg), their ability to act as acceptors is reduced. Such atomic clusters cannot be detected
using TEM or CL, because TEM is a projection imaging technique without single atom
resolution, and CL is limited by the interaction volume of electrons and the diffusion of
carriers, which is in the order of 10 to 100 nm under most favorable conditions. Step
bunching gradually increases with thickness, causing more Mg atoms to incorporate as
atomic clusters. Therefore, even though the overall Mg concentration is unchanged, the
effective acceptor concentration decreases, leading to a decrease of the 2.85 eV emission
intensity. Another less likely possibility, following the contrast observed in Fig. 5.3(b), is
that a decrease in nitrogen vacancy concentration with increasing thickness would reduce

the concentration of deep donors associated to Vn-Mg complexes.*®

5.4. Growth on 4° miscut GaN substrates

It has been reported that the epilayer surface grown on miscut substrates has a tendency
to form macrosteps.®® In the preceding discussion, we observed in the 0.3° miscut case that
the optical properties of GaN:Mg films are affected by the presence of macrosteps. We
now extend our discussion to the 4°miscut case, in order to explore the effect of macrosteps
at a higher misorientation on the optical properties of GaN:Mg.

A 1.0 um GaN:Mg layer was grown on 4°miscut GaN substrates, using the same
growth parameters as for the samples previously discussed. Cross-section SE and CL

images are shown in Fig. 5.9.
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Figure 5.9. Surface morphology and luminescence for the 1.0 um thick GaN:Mg epilayer
on 4° miscut GaN substrate. (a) Cross-section SE image shows variation in the surface
orientation of 2° and 8° that follows the underlying u-GaN layer, with a lateral

displacement of about 2 um. Monochromatic CL images at (b) 3.25 eV and (c) 2.85 eV.
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(d) Relative orientation of surface regions, including the c-plane, the 4° nominal miscut,
and the 2° (blue) and 8° (red) tilted regions. (e) Spot mode CL spectra taken from Areas 3,

4,and 5in (c).

The GaN:Mg layer boundaries are marked by dashed lines. We observed surface
regions with two main orientations: one with a 2° tilt from the basal plane (blue dashed
line) followed by a region with a high tilt of 8° (red dashed line), which alternate to produce
the 4° average miscut. As observed in Fig. 5.9(a), the wavy morphology already existed in
the original u-GaN surface and is preserved during the GaN:Mg growth, with a lateral
displacement to the right by ~2 um. We attribute the lateral displacement of the surface
morphology to a lateral/normal growth rate ratio of about 2. The 3.25 eV emission in Fig.
5.9(b) is relatively uniform inside the layer. However, strong variation in the 2.85 eV
luminescence intensity following the wavy morphology is observed in Fig 5.9(c). Bright
bands with strong 2.85 eV luminescence intensity are observed originating from 2° tilted
regions (blue dash lines), marked as Area 3. However, near the top portion of the film, the
2° tilted region shows reduced 2.85 eV intensity. This suggests that step bunching occurs
in a similar fashion as in the 0.3° miscut case (Fig. 5.3(c)). Darker bands are observed
originating from the 8¢ tilted regions (red), marked as Area 4. The darkest 2.85 eV emission
region is marked as Area 5. The dashed lines in Fig. 5.9(d) serve as guidelines for the
various surface orientations. The black dashed line follows the average sample surface of
4° from the c-plane (green dashed line). Spot mode CL spectra from Area 3, 4, and 5 are
plotted in Fig. 5.9(e). It is observed that the intensity of the 2.85 eV peak is highest in area
3 and decreases in areas 4 and 5. The intensities of the 3.25 eV and 3.4 eV peaks are

relatively unchanged.
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Figure 5.10. Surface morphology and luminescence for the 1.0 um thick GaN:Mg epilayer
on 4° miscut GaN substrate. (a) Plan-view SE image, and monochromatic CL images at (b)
3.4 eV, (c) 3.25 eV, and (d) 2.85 eV. Wavy features on film surface indicate severe step

bunching.

A correlation between surface morphology and luminescence is shown in Fig. 5.10.
The SE image in Fig. 5.10(a) shows the wavy features of the surface, highlighted by the
position of the detector, which is located to the right side. The crest of some of the waves
are marked with yellow dashed lines, which represent ridgelines closely perpendicular to

the [1100] direction. Bright crest lines separated by about 4 pm can be observed, similar
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to Fig. 5.9. Nonuniform luminescence can be observed in the CL mappings in Fig. 5.10(b-
d). For the 3.4 eV emission, regions to the right of the ridgelines (yellow dashed lines) are
brighter, while regions to the left are darker. For the 2.85 eV emission, the reverse is true,
where stronger luminescence intensities are observed to the left of the ridgelines. This
agrees with the cross-sectional CL image in Fig. 5.9(c), which shows the bright 2.85 eV
bands stretch towards the surface and terminate to the left of ridgelines, with period of
about 4 pm.

The nonuniform emission intensity at 2.85 eV is clearly associated with the presence
of the high tilt regions. This is very similar to the nonuniformity in luminescence properties
in GaN:Mg reported in Chapter 4, where GaN:Mg grown laterally from a mesa sidewall
showed low 2.85 eV luminescence intensity compared to GaN:Mg grown vertically on the
c-plane surface.% It has also been observed in Chapter 4 that a slight drop in the Mg
concentration can have a severe effect on the 2.85 eV emission.®® This agrees with our
observation that the surface on the left side crest (Area 3) is a near-c-plane surface with a
low density of surface steps. On the other hand, the surface on the right side of the crest
(Area 4) contains a high density of macrosteps, similar to a mesa sidewall. The high density
of surface steps may affect the incorporation of Mg and reduce the 2.85 eV luminescence

intensity, as described in section 5.3, for the 0.3° miscut growth.

5.5. Conclusions

Non-uniform luminescence distribution in GaN:Mg films grown on miscut GaN
substrates has been shown to be associated with the presence of atomic step clusters
introduced by substrate miscut. In the case of GaN substrates with a miscut angle of 0.3°,

the GaN:Mg films are flat with uniform luminescence in the lateral directions. For a
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GaN:Mg film thickness of 0.12 um, the film exhibits strong 2.85 eV emission, indicating
good p-type conductivity. However, the intensity of the 2.85 eV peak gradually decreases
with thickness, indicating a decrease in hole concentration. SIMS and TEM measurements
show the decrease in 2.85 eV emission intensity is not related to change in dopant or
impurity concentrations, nor to the presence of dislocations or precipitates. Coalescence of
single steps into macrosteps was observed for the 0.3° miscut case as the film thickness
increases from 0.12 to 1.0 um, resulting in an increase in surface roughness. We proposed
that the decrease of 2.85 eV peak intensity is due in some degree to Mg clustering at surface
steps. Mg incorporated as atomic clusters would decrease the acceptor density, leading to
a reduction of acceptor concentration, and a reduced 2.85 eV emission intensity. For
GaN:Mg film grown on a 4° miscut GaN substrate, wavy features due to step bunching
were observed on the film surface. Lower 2.85 eV peak intensity has been observed in
regions grown on highly tilted surfaces, where the density of macrosteps is high. The low
acceptor concentration regions should introduce a gap in the lateral p-type conductivity in
the GaN:Mg film.

The variation in the properties of the thick GaN:Mg films reported here have also been
observed by us in other similar epilayers grown by other labs. It seemsto us it is an intrinsic

property of GaN:Mg, independent of the reactor and growth conditions.
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CHAPTER 6

EFFECT OF THERMAL ANNEALING AND LOW-ENERGY ELECTRON-

BEAM IRRADIATION ON OPTICAL PROPERTIES OF INGAN

6.1 Introduction

In the past two decades, considerable progress has been made in the research of InGaN
alloys, which has enabled the development and commercialization of blue-green light-
emitting diodes (LEDs) and laser diodes (LDs).! Since the bandgap of this ternary alloy
ranges over most of the solar spectrum, this material is also of much interest for
applications in photovoltaic solar cells.”>’* Due to the robustness of nitride bonds, a
potential application for these materials is in concentrated solar cells, where operating
temperature above 600 °C is desirable.”? The stability of InGaN at high temperature thus
becomes an important issue, leading to significant amount of research on this topic. A
previous study has shown that the crystalline quality of an Ino.16GaN multi-quantum-well
(MQW)-based solar cell does not degrade under thermal stress of 500 °C for 5 hours in a
nitrogen atmosphere. The decreased performance of the solar cell after thermal stress has
been attributed to degradation of metal contacts.” Instability of InGaN at higher annealing
temperatures has been demonstrated. For example, a decrease in luminescence intensity
has been reported for 200nm Ino.14GaN films annealed at temperatures above 600 °C in
nitrogen for 15 minutes, with formation of indium metal droplets when the annealing
temperature was increased to 1000 °C.”* Phase separation was reported in Ing2;GaN
MQWs after annealing at 950 °C for 40 hours.” On the other hand, significant increases

in luminescence intensity has been reported following thermal annealing of InGaN MQW
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at 900 °C in nitrogen for 10-15 minutes,’®’” and of InGaN single-quantum-well at 990 °C
for 20 s.”® It has also been reported that low-energy electron-beam irradiation (LEEBI)
improves luminescence intensity of InGaN multiple quantum wells (MQWSs).”9808182 |
this work, we have studied the effect of thermal annealing and LEEBI on the optical
properties of InGaN, with the objective to understand the thermal stability for application

in solar cells operating under solar concentration conditions.

6.2 Experimental

The samples consisted of 60-nm-thick Ino.14Gao.ssN epitaxial layers grown on a 3-um
thick unintentionally-doped GaN on a (0001) sapphire substrate. The InGaN films were
grown nominally at 735 °C by metalorganic chemical vapor deposition (MOCVD).
Samples were cut into 1.5 mmx1.5 mm square pieces from a single wafer for annealing at
various temperatures. Sample pieces were picked near the center of the wafer to ensure
they were of similar optical quality. Thermal annealing was carried out in a quartz tube
furnace under a N2 gas flow environment. The optical properties were measured using
cathodoluminescence (CL) spectroscopy at room temperature, in a scanning electron
microscope equipped with a spectrometer with a 1200 lines/mm grating and a GaAs
photomultiplier tube. An acceleration voltage of 3 kV was used, corresponding to a
maximum electron beam penetration depth of ~100 nm, and a maximum energy dissipation
at a depth of ~33 nm. The beam current was 500 pA. Average spectra were obtained using
a raster scan at 60 Hz over a square region with dimensions of 14 pum per side.
Monochromatic CL images were obtained by setting the monochromator to a specific

wavelength and recording the spatial variations of the light emission intensity. The effect
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of prolonged electron beam exposure was studied over a square area of 14 um per side,

with an acceleration voltage of 3 kV and with beam currents of either 500 pA or 2.0 nA.

6.3 Effect of thermal annealing on luminescence of InGaN films

Samples were annealed at temperatures ranging from 400 to 700 °C for 1 hour. Little
or no variations in the CL spectra were observed as shown in Fig. 6.1. The average
spectrum for five as-grown samples is plotted and the variations from sample to sample are
represented by error bars. It can be seen the intensity variation is small (~10%) for the as-
grown samples. After annealing at temperature between 400 to 700 °C for 1 hour, the
spectra of the annealed samples lay within the range of the as-grown sample. There is no
change in the CL intensity and spectrum line shape and FWHM (95 meV) after annealing.
Secondary-electron (SE) images and monochromatic CL images at peak wavelength (431
nm) (not shown here) taken before and after annealing show no change in the spatial
distribution of luminescence. Thus, it is concluded that Ing14GaogsN is thermally stable up

to 700 °C for thermal anneals of one hour.
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Figure 6.1. CL spectra of Ino.14GaN thin films as-grown and after annealing at 400, 500,

600, and 700 °C for 1 hour.

When the annealing temperature is raised to 800 °C, it was observed that the CL
intensity increased by ~ 3 times after annealing for 5 minutes as shown in Fig. 6.2(a). The
spectrum line shape does not change, implying no noticeable change in the band structure
of the material resulting from annealing. No significant changes are observed in surface
morphology and light emission distribution after annealing. Therefore, the luminescence
intensity improvement after annealing at 800 °C for 5 minutes is not due to change in
surface morphology. Longer annealing times of 10 and 20 minutes also result in CL
intensity increase as shown in Fig 6.2(b) and (c). But the amount of increase is smaller

compared to the 5 minutes annealed sample. The spectrum line shape does not change after
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annealed in 800 °C for up to 20 minutes. 40 minutes annealing causes a slight decrease in

CL intensity and a 3nm red shift, shown in Fig 6.2(d).
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Figure 6.2. CL spectra of Ino.14GaN thin films as-grown and after annealing at 800 °C for

(a) 5 minutes, (b) 10 minutes, (c) 20 minutes, and (d) 40 minutes. Three spectra were taken

at different locations across the sample for each case to show homogeneity in the emission.

The increase in CL intensity after annealing at 800 °C for 5 minutes is stable. As observed

in Figure 6.3, further anneal at 600 °C for 1 hour is not detrimental to the improved CL

intensity.



_» 800°C 5 mi
\ min

800°C 5 min
SN +600°C 1 hr

CL intensity (a.u.)

T T T T
460

T
440 450

4éo
Wavelength (nm)

T
420

Figure 6.3. CL spectra of Ing.14GaN thin films as-grown, after annealing at 800 °C for 5
minutes; and after annealing at 800 °C for 5 minutes followed by annealing at 600 °C for

1-hour. Annealing at 800 °C for 5 minutes increases the luminescence by 3 times. Improved

luminescence is retained after annealing at 600 °C for 1-hour.

Annealing at higher temperatures of 900 °C and 1000 °C leads to surface degradation

and a decrease in CL intensity as shown in Figure 6.4. After annealing at 900 °C for 6

hours, the intensity of the 431 nm InGaN emission is decreased and red-shifted. Also, a
broad peak ranging from 350 nm to 500 nm appears. After annealing at 1000 °C for 1 hour,
the intensity of the 431 nm InGaN emission further decreases. Intensity of the broad peak
increases, with a maximum appearing at 380 nm. We speculate that at such elevated
temperatures, indium will evaporate from the film. This will accelerate the oxidation of
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GaN by providing larger surface area and more volume for gallium oxide growth.
Oxidation of GaN by thermal annealing in oxygen at temperatures above 800 °C has been
previously reported.® The bandgap of GaON ternary alloy was reported to range from 4.8
eV to 2.05 eV, depending on the crystal structure and oxygen composition.8 This is similar

to the spectra we observe in our annealed samples.
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Figure 6.4. CL spectra of Ino.14GaN thin films as-grown and after annealing at 900 °C for

6 hours, and after annealing at 1000 °C for 1hour.

Fig. 6.5 and Fig. 6.6 show the SE and CL images of samples before and after 900 °C
6-hours and 1000 °C 1lhour annealing processes, respectively. Grains were observed to
form on the surface of the InGaN film. CL images at 380 nm, 431 nm and 445 nm show

that these grains have a broad emission range. They are responsible for the broad emission
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observed in the spectrum. We suspect they are GaON crystals with a continuous variation

in N and O composition.

Energy dispersive spectroscopy (EDS) measurements were performed on as-grown,
900C 6-hour annealed and 1000 °C 1-hour annealed samples as shown in Fig. 6.7. The
insets are SE images taken at location of EDS measurement. It can be seen the as-grown
sample has a smooth surface, EDS spectrum shows a noticeable indium La peak and a very
weak oxygen Ka peak. After annealing at 900 °C for 6 hours, grains were observed to have
formed on the surface. EDS spectrum shows a decrease in the intensity of indium La peak
and an increase in the oxygen Ka peak. After annealed at 1000 °C for 1 hour, the surface
looks very grainy and many voids were formed. EDS spectrum shows a strong oxygen Ka
peak and no detectable indium La peak. It is speculated that the grains are gallium oxides

or GaON alloy. The voids are caused by the indium loss of the InGaN film.
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Figure 6.5. SE images and CL mappings of InGaN films as-grown and after annealing at

900 °C for 6 hours.
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Figure 6.6. SE images and CL mappings of InGaN films as-grown and after annealing at

1000 °C for 1 hour.
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Figure 6.7. EDS spectra of InGaN films (a) as-gown, after annealing at (b) 900 °C for 6
hours, (c) 1000 °C for 1 hour. Insets are SE images taken at an acceleration voltage of 10

kV.
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6.4 Effect of low-energy electron-beam irradiation on luminescence properties of

InGaN films

5.0
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Figure 6.8. Normalized CL peak intensity at 431 nm versus e-beam exposure time when
the InGaN film is irradiated with 3 kV and at beam currents of 0.5 or 2.0 nA. A four-fold
improvement in the luminescence is observed for both beam currents. The rate of

improvement is related to the dose of electrons from the e-beam.

We found that low-energy electron-beam irradiation also increases the CL intensity of
Ino.14Gao.geN films grown by MOCVD. The CL intensity increases by a factor of ~ 4 after
exposure to the electron beam, and eventually saturates. The rate of intensity increase
depends on the e-beam current used during irradiation. Fig. 6.8 shows the peak intensity at
431 nm versus e-beam irradiation time under beam currents of 500 pA or 2.0 nA. The

higher current leads to more rapid increase and earlier saturation of the CL intensity. Fig.
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6.9 shows spectra (a) before and (b) after e-beam irradiation. A slight 1-nm red shift
happens after e-beam exposure. But the overall spectrum line shape remains the same. Fig.
6.10(b) and (b’) shows the SE image and monochromatic CL mappings at 431 nm after e-
beam irradiation, respectively. It can be seen that the emission intensity at the e-beam

irradiated area are uniform and significantly higher than the surrounding area.

(d) e-beam
+600°C 1 hr
+ e-beam

(a) As-grown

CL intensity (a.u.)

(c) e-beam
+600°C 1 hr

et

T T T T T T T T & o =
400 410 420 430 440 450 460 470
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Figure 6.9. CL spectra for InGaN films following e-beam irradiation, and further thermal
annealing at 600°C for 1-hour plus a second e-beam irradiation. The luminescence intensity
increased 4-fold after e-beam irradiation, but the effect is reversed after annealing at 600°C

for 1 hour. Further e-beam irradiation still improves luminescence.
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SE image CL image at 430 nm
Figure 6.10. SE images (b), (c), (d), and CL mapping at 430 nm (b’), (¢’), (d”) of InGaN
films after subsequent treatments of e-beam irradiation, e-beam irradiation + 600°C 1 hour

annealing, and e-beam irradiation + 600°C 1 hour annealing + e-beam irradiation.

The stability of the LEEBI effect on luminescence intensity is discussed next. We
found that the LEEBI effect can be reversed after annealing the sample at nitrogen at 600 °C
for 1 hour. As observed in Fig 6.9(c), the CL intensity drops back to the as-grown level
after such annealing step. The 1-nm red-shift caused by the LEEBI is also recovered. CL
image in Figure 10(c”) also show that the intensity of the e-beam irradiated area falls back
to as-grown level. An additional subsequent LEEBI step increases the CL intensity and

causes a red-shift again, as shown in Fig. 6.9(d) and Fig. 6.10(d’). This shows that while
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the LEEBI effect can be reversed when the sample is heated to higher temperatures, it can

be restored again by a second irradiation step.
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Figure 6.11. Comparison of (a) GaN grown by MOCVD and (b) InGaN film grown by
MBE before and after LEEBI. Insets: Peak CL intensity versus e-beam irradiation time.

No change is observed in CL characteristics under LEEBI for both samples.
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We also studied the e-beam irradiation effect on an GaN film grown by MOCVD and
on an InGaN thin film grown by molecular beam epitaxy (MBE). The CL spectra in Fig.
6.11(a) corresponds to MOCVD-grown GaN before and after e-beam irradiation, with no
significant change observed. The inset shows the CL peak intensity vs exposure time of
GaN under 5 nA electron beam exposure for 10 minutes. CL spectra in Fig. 6.11(b)
corresponds to MBE-grown Ing26GaN thin film before and after the same e-beam
irradiation process. It was found that CL intensity does not change under electron beam

irradiation for MBE-grown InGaN.

6.5 Discussion

Our interpretation for the improved CL intensity after thermal annealing at 800 °C for
5 minutes is that high temperature promotes dissociation of the un-reacted NH3 present in
the film due to the MOCVD low growth temperature. Full dissociation of NH3 has been
reported to occur at temperatures around 1050 °C.88 For that reason, growth of GaN by
MOCVD is performed at that or higher temperatures (1050 °C and above) for significant
dissociation of the nitrogen source.”8 At such high temperatures, indium has difficulty in
incorporating into the growth surface. Epitaxy with high indium content requires
significantly lower growth temperatures. For our films with 14% indium content, the
growth temperature was lowered to around 735 °C. There should be NHj3 that fails to
dissociate into nitrogen and hydrogen. The unreacted NHs will become unstable when
sample is heated up to temperature exceeding the growth temperature. This explains why
the optical property remains unchanged when annealing up to 700 °C, but changes start to
occur when annealing at 800 °C and higher temperatures. It is speculated that the un-

reacted NHj3 serves as non-radiative recombination centers, which reduce the luminescence
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intensity of InGaN. After annealing at temperatures higher than growth temperature (i.e.
735°C), they dissociate into hydrogen and nitrogen. With the assistance of thermal energy,
hydrogen atoms may diffuse out of the film. This is similar to the dissociation of Mg-H
bonds in GaN:Mg, where high temperature annealing removes the H atoms prevalent in
MOCVD growth and activate the Mg acceptors. With the dissociation and removal of H
atoms in InGaN films, the InGaN crystal quality is improved after annealing at
temperatures above the growth temperature. However, annealing at 800 °C or higher
temperatures for extended amount of time will cause surface deterioration of InGaN film,

leading to a decrease in CL intensity.

It is possible that during the LEEBI treatment, the electrons break the existing N-H
bonds in un-reacted NHz, thus deactivating the corresponding non-radiative recombination
centers. An electron beam with higher current density offers more electrons to break the
N-H bonds faster, leading to the observed more rapid increase in intensity. However, the

hydrogen atoms released in the process will remain in the vicinity.

When annealing at 600 °C after e-beam irradiation, the thermal energy causes the N-
H bond to form again, re-activating the non-radiative recombination centers and causing
the CL intensity to drop back to as-grown level. Any subsequent annealing at 600 °C is not
sufficient to effectively dissociate the NHs, and no improvement in the luminescence is
observed (Figure 6.9(c)). Further e-beam exposure on the 600 °C 1-hour annealed sample
again caused the CL intensity to increase (Figure 6.9(d)), suggesting the N-H bonds are

still present and are once again passivated by the electrons.
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To obtain corroboration that the CL intensity increase is related to dissociation of un-
reacted NHs, we studied the LEEBI effect on an GaN film grown by MOCVD and on an
InGaN thin film grown by molecular beam epitaxy (MBE). GaN growth by MOCVD is at
a temperature of ~ 1050°C, at which we expect NHs to be fully dissociated with no N-H
related non-radiative recombination centers. Therefore, LEEBI has no effect on CL
intensity of GaN as shown in Fig. 6.11(a). For the second case, Ino.26GaN grown by MBE
uses indium, gallium and nitrogen gas as source. This method does not involve use of NH3
and trimethyl-metal precursor that contains H atoms. Therefore, it should not introduce N-
H groups in the InGaN film. It was found that CL intensity does not change under LEEBI

for MBE-grown InGaN as shown in Fig. 6.11(b).

Finally, we studied the effect of LEEBI on a MOCVD-grown InGaN film which has
already been thermally annealed at 800°C for 5 minutes. Fig. 6.12 shows the CL intensity
versus e-beam irradiation time. For an as-grown film, the luminescence intensity is
increased under the e-beam irradiation. However, for the 800°C 5 minutes annealed sample,
with improved luminescence intensity compared to as-grown sample, does not show
further improvements in luminescence intensity under LEEBI. This agrees with our
speculation that 800 °C 5 minutes annealing helps breakup the NH3 left in the sample and
assist with the out-diffusion of hydrogen atoms. Therefore, further e-beam irradiation will

not improve the luminescence intensity.
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Figure 6.12. Peak CL intensity versus irradiation time of as-grown and 800 °C 5 minutes

annealed InGaN films under e-beam irradiation.

6.6 Conclusion

The effects of thermal annealing and electron beam irradiation on the optical properties
of Inp14GaggsN films grown by MOCVD have been studied. No changes to
cathodoluminescence (CL) intensity and spectrum line shape have been observed for
annealing at temperatures up to 700 °C for 1 hour in nitrogen atmosphere. A 3-fold increase
in CL intensity was observed for annealing at 800 °C for 5 minutes. The improved
luminescence intensity was found to be stable even after subsequent annealing at lower
temperature of 600 °C for 1 hour. We attribute the improvement to the dissociation of N-
H bond and out diffusion of H atoms. We also observed a 4-fold increase in CL intensity
of InGaN under low energy electron beam irradiation. The improvement in CL intensity
by LEEBI is reversed back to the as-grown level after subsequent annealing at 600 °C for
1 hour. MOCVD-grown GaN and MBE-grown InGaN do not show changes under LEEBI.

100



Sample with increased CL intensity after 800 °C thermal annealing does not show further
intensity improvement under e-beam irradiation, suggesting non-recombination centers

related to N-H sites are eliminated during 800 °C thermal annealing.
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CHAPTER 7

SUMMARY AND FUTURE WORK

7.1 Luminescence properties of Mg-doped GaN epilayers

The luminescence properties of GaN:Mg epilayers have been studied comprehensively
using cathodoluminescence spectroscopy. CL is a powerful tool to study the luminescence
characteristics of GaN:Mg, by providing spectral measurements with sub-micron spatial
resolution. However, the electron dose incident on the specimen during the CL
measurements need to be carefully controlled to prevent changes in luminescence

characteristics induced by electron beam irradiation.

In Chapter 3, the relationship among luminescence characteristics and acceptor
concentration and p-type conductivity in GaN:Mg epilayers has been studied. It was found
the that the intensity of the 2.85 eV emission peak, produced by deep donor to Mg acceptor
transitions, is positively proportional to the acceptor concentration in the GaN:Mg film.
The acceptor concentration is determined by a convolution of factors including the Mg
doping concentration, direction of growth front, thermal annealing history, and background
impurity concentration. The effects of these parameters on the luminescence characteristic
of GaN:Mg have been shown. The use of CL to probe local acceptor concentration
variation at sub-micron scale enabled the correlation between luminescence properties and
acceptor concentration. This capability has served as a basis for the studies in Chapters 4

and 5.

Chapter 4 is a report on the optical properties of GaN:Mg epilayers grown on mesa

structures. It was found that the luminescence in GaN:Mg grown on a mesa structure is not
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spatially uniform. The correlation between luminescence characteristics and acceptor
concentration was used to reveal that lateral growth of GaN:Mg from the mesa sidewall
results in a lower acceptor concentration when compared with the vertical growth from the
basal plane surface. CL mapping was used to visualize the lateral vs. vertical growth in

GaN:Mg films on mesa structures.

In many power electronic device designs, selective area p-type doping involves growth
of thick (> 1um) GaN:Mg epilayers on mesa structures. The reduction of acceptor
concentration near the sidewall by lateral growth will likely affect device performance. It
will be important to establish the correlation between device performance and the non-
uniformity in acceptor distribution. Growth parameters such as growth temperature,
pressure, I11/V ratio, and doping concentration have been reported to affect the lateral
growth rate in GaN. A possible future study would be to change these growth parameters
to tune the lateral growth in GaN:Mg on mesa structures and correlate them with device

performances.

Chapter 5 investigated the influence of GaN substrate miscut angle on the
luminescence properties of GaN:Mg. For optimum misorientations of 0.3°, Mg-doping
gradually introduces roughness that decreases the doping efficiency, eventually rendering
the film semi-insulating. This explains the difficulty in producing thick (> 1um) Mg-doped
GaN reported by many organizations. For a high misorientation of 4°, step bunching leads
to faceting, and inhomogeneous doping profiles, like what we reported from mesa
sidewalls. It is speculated that with increasing surface roughness, Mg atoms are

incorporated in forms of atomic clusters or defect complexes that no longer act as acceptors.
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A future work would be to measure the drop in Mgca acceptors using C-V, deep level

transient spectroscopy (DLTS) or electron paramagnetic resonance (EPR).

The Mg doping efficiency was observed to decrease with increasing surface roughness.
However, only the 0.12 um and 1.0 um thick films have been studied. It would be
interesting to study a few intermediate thicknesses, to better understand the mechanism of
surface roughening as film thickness increases. The depth profile will provide an idea about
a critical thickness for roughening. This may enable a deeper understanding of the Mg atom

incorporation mechanism on atomic step edges.

7.2 Effect of thermal annealing and electron beam irradiation on the optical
properties of InGaN

The effects of thermal annealing and electron beam irradiation on the optical properties
of Ino.14GaogsN films grown by MOCVD have been studied. No change in the
luminescence characteristics were observed after annealing up to 700 °C for one hour. This
is reasonable since the film was grown at 735 °C. A multi-fold increase in luminescence
intensity was observed after annealing at 800 °C for 5 minutes. The improved luminescence
intensity was found to be stable even after subsequent annealing at a lower temperature of
600 °C for 1 hour. It was found that low-energy electron beam irradiation at room
temperature resulted in a similar increase in luminescence intensity. The improved CL
intensity by electron radiation is reversed back to the as-grown level after subsequent
annealing at 600 °C for 1 hour. The improvement in luminescence intensity has been
attributed to the dissociation of N-H bonds from un-reacted ammonia that results from the
low temperature growth. It is speculated that un-reacted ammonia act as non-radiative

recombination centers, which are dissociated and removed when annealed at a temperature
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greater than 800°C, or are locally dissociated by electron irradiation. This study shows
mechanism that can significantly improve the luminescence efficiency of InGaN, which is

important for InGaN-based optoelectronic devices.

As a future study, it is important to experimentally prove the dissociation of N-H bond
and removal of H atoms after thermal annealing or after electron irradiation. However,
hydrogen is prevalent in MOCVD-grown GaN, and its concentration is difficult to measure
with SIMS. A possible experiment is to use Forward Rutherford Scattering to measure the
H content, or to use Raman spectroscopy to measure the N-H bond characteristics before

and after thermal annealing.
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