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ABSTRACT

This dissertation focuses on the structural and optical properties of III-V
semiconductor materials. Transmission electron microscopy and atomic force microscopy
are used to study at the nanometer scale, the structural properties of defects, interfaces, and
surfaces. A correlation with optical properties has been performed using
cathodoluminescence.

The dissertation consists of four parts. The first part focuses on InAs quantum dots
(QDs) embedded in a GalnP matrix for applications into intermediate band solar cells. The
CuPt ordering of the group-III elements in Gag.sIno.sP has been found to vary during growth
of InAs QDs capped with GaAs. The degree of ordering depends on the deposition time of
the QDs and on the thickness of the capping layer. The results indicate that disordered
GalnP occurs in the presence of excess indium at the growth front.

The second part focuses on the effects of low-angle off-axis GaN substrate orientation
and growth rates on the surface morphology of Mg-doped GaN epilayers. Mg doping
produces periodic steps and a tendency to cover pinholes associated with threading
dislocations. With increasing miscut angle, the steps are observed to increase in height
from single to double basal planes, with the coexistence of surfaces with different
inclinations. The structural properties are correlated with the electronic properties of GaN
epilayers, indicating step bunching reduces the p-type doping efficiency. It is also found
that the slower growth rates can enhance step-flow growth and suppress step bunching.

The third part focuses on the effects of inductively-coupled plasma etching on GaN
epilayers. The results show that ion energy rather than ion density plays the key role in the
etching process, in terms of structural and optical properties of the GaN films.
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Cathodoluminescence depth-profiling indicates that the band-edge emission of etched GaN
is significantly quenched.

The fourth part focuses on growth of Mg-doped GaN on trench patterns. Anisotropic
growth and nonuniform acceptor incorporation in p-GaN films have been observed. The
results indicate that growth along the sidewall has a faster growth rate and therefore a lower

acceptor incorporation efficiency, compared to the region grown on the basal plane.
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CHAPTER 1

INTRODUCTION TO III-V COMPOUND SEMICONDUCTORS

1.1 General Properties of I1I-V Compound Semiconductors

The III-V compound semiconductors obtained by combining group-III (Al, Ga, In, etc.)
with group-V elements (N, P, As, etc.) offer advantages in materials properties over silicon,
such as higher carrier mobility, and wider direct bandgap, making them favorable for power
electronic and optoelectronic applications. In addition, bandgap engineering of III-V alloys
consisting in varying the alloy composition tunes the bandgap of IlI-nitrides, for example,

from the infrared to the ultraviolet region of the electromagnetic spectrum, as shown in Fig.
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Figure 1.1. Bandgap of compound semiconductors versus the chemical bond length.
(Adapted from Ref. 1)



In addition, the absence of toxic elements, such as cadmium and lead, makes III-V
semiconductors more desirable to replace toxic II-VI materials in optoelectronic devices.
In general, the III-V alloys crystallize in zinc blende and wurtzite structures, which differ
from each other in the fourth interatomic bond direction along the (111) chain, shown in

Fig. 1.2.2

Waurtzite Zinc blende

Figure 1.2. The crystal structures of wurtzite and zinc blende are shown. (Adapted from
Ref. 2)

1.2 InAs, GaAs, and Their Applications

Indium arsenide (InAs) and gallium arsenide (GaAs) are direct bandgap
semiconductors crystallizing in the zinc blende structure, shown in Fig. 1.2.3 The structure
shows face-centered cubic (FCC) translational symmetry, containing two interpenetrating
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FCC lattices with a displacement of ¥4[111]a along the diagonal of the unit cell. InAs has
a relatively small bandgap (0.35 eV at 300 K), and an electron mobility x of 32000 cm?/V s
at 300 K.* The bandgap of GaAs is 1.424 eV, and with an electron mobility x of 9400
cm?/V-s at 300 K.>6 These direct bandgap characteristics and electrical transport properties
are quite useful for high frequency field effect transistors (FET) and optoelectronic

devices.”®

A
:[OIO]

Fig 1.3. Conventional unit cubic for zinc blende structure. (Adapted from Ref. 3)

Quantum dots (QDs) with zero dimensional electronic properties utilized in QD solar
cells have been extensively studied over the past decades. InAs QDs grown on GaAs
substrates is one of the highly-investigated materials systems.!%-!! The lattice mismatch is
7.1% between the two materials, leading to the formation of self-assembled QDs following
the strain-induced Stranski-Krastanov (S-K) growth mode. The confined states in QDs can

be used as an intermediate band, sandwiched between two n- and p-type semiconductors,



to develop intermediate band solar cells (IBSCs). The extra states in the bandgap create
two additional photons absorption paths, from the valence band to the intermediate band
and from the intermediate band to the conduction band, as shown in Fig. 1.4. The additional
photon absorption paths together with a conventional path through the valence band to the
conduction band, resulting in a calculated efficiency of QD-IBSCs is 63%, potentially

outperforming single junction cells.!?

(IBSC)
Conduction Band

Quantum dots Q)| 3)

-

Int.ermediate Band
e_ (1)

Valence Band

Fig 1.4. Energy band diagram of intermediate band solar cells. Photon absorption from the
valance band to the intermediate band (1), the intermediate band to the conduction
band (2), and the valence band to the conduction band (3). (Adapted from Ref. 12)

1.3 GaN and Its Applications

The most common thermodynamically stable structure of GaN is wurtzite, which has
a hexagonal unit cell with six atoms of each type (Ga and N atoms). In the hexagonal
structure, there are two lattice constants, @ and c¢, representing the basal and height
parameters, respectively. At a room temperature (T = 300 K), the edge length a is 3.189 A,
and the prism height c is 5.185 A. On the other hand, non-centrosymmetric crystal structure

of wurtzite GaN indicates the polar nature and its polarity is defined by the direction of I1I-
4



nitride bonding along the c-axis. This property makes the N- and Ga-polar GaN behave
very different from each other in terms of chemical reactivity. Besides, there are two
nonpolar {1100} m- and {1120} a-planes, perpendicular to the polar c-plane in the GaN
wurtzite structure, shown in Fig. 1.5(a). The angle between two adjacent directions normal
to a- and m-planes, for instance, [1120] and [1010], is 30°, shown in Fig. 1.5(b)."?

(0001} _
iio] 1901 (1510

[1010] \ I / [0110]

S o
[1120]4— - [1120]
[0110]/ / \\[1010]
A~ 1

, (1030} [1210] (1100] [2110]
() (b)

Figure 1.5. Schematic structure and crystal planes of wurtzite I1I-V nitride (a) Crystal plane
of wurtzite [II-nitride. (b) Top view of the (0001) c-plane. (Adapted from Ref.
13)

Usually, GaN is grown epitaxially on foreign substrates (sapphire or GaAs) by
metalorganic chemical vapor deposition (MOCVD). The lattice mismatch between GaN
layer and sapphire substrate results in a high dislocation density (>1x10° cm™2), which is
detrimental to the performance and reliability of GaN-based devices.'* To use sapphire as
a substrate addresses some drawbacks. For example, sapphire in the trigonal symmetry
group with a poor symmetry lacks cleavage planes, making device processing difficult. In

addition, sapphire is an insulator, requiring extra steps involving etching and wire bonding

in order to make electric contacts. The emerging development of GaN-based applications
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is due to the achievement in crystal growth and fabrication process to realize blue light-
emitting diodes (LED) since the early 1990s.!> Later, epitaxial laterally overgrown GaN
with lower threading dislocations density was utilized to realize the laser diodes with a
significantly extended lifetime.'® In addition to its optical applications, GaN shows
fundamental advantages over silicon in terms of a higher critical electric field, electron
transport property, a low on-state resistance, etc. Such superior properties make it well-
suited for the applications in high-power semiconductor devices.!”

This thesis consists of six chapters, presenting the results of structural and optical
properties analysis on III-V semiconductors used in the photovoltaics and power electronic
applications.

In the second chapter, the characterization techniques used in this study are discussed,
providing the working principles and frame works for the following chapters.

In the third chapter, the CuPt ordering of the group III elements in Gao.sIno.sP has been
observed to vary during growth of InAs quantum dots capped with GaAs in a GalnP matrix.
While ordering is not affected by the insertion of a GaAs layer, the growth of InAs quantum
dots capped with GaAs results in ordered, partially ordered, or fully disordered GalnP. The
results show that the degree of ordering depends on the deposition time of the InAs
quantum dots and on the thickness of the GaAs capping layer.

In the fourth chapter, the formation of atomic steps and their coalescence into clusters
at the surface of GaN epilayers grown on vicinal GaN substrates is reported. AFM studies
show that steps meander on undoped GaN surfaces; while Mg doping increases the line
tension of the steps producing well-defined periodic steps. For a low tilt, the steps involve
a single basal plane (height = ¢/2). At a higher tilt, the steps involve two basal planes, with

6



a tendency towards step coalescence, generating surface regions with different orientations.
It is also found that slower growth rates can enhance step-flow growth and suppress step
bunching.

In the fifth chapter, the effects of inductively coupled plasma etching processes on
GaN epilayers are reported. It shows that the etching damage on the films increases with
the ions energy. Higher ion energy enhances the bombardment effect, leading to a rougher
surface morphology, a decrease in the intensity of band-edge emission, and a higher yellow
luminescence of GaN films. The etching damage, assessed via luminescence depth
profiling on GaN films, suggests that the etching damage can be minimized by tuning the
etching conditions, in order to improve the device performance.

In the sixth chapter, the anisotropic growth and non-uniform luminescence of Mg-
doped GaN grown on trench patterns are described. The sidewall region with the lateral
growth shows a faster growth rate but a lower acceptor density, compared to the flat region
with the vertical growth. The regions with lateral and vertical growths of Mg-doped GaN
films grown on trench patterns can be visualized from cathodoluminescence images.

In the seventh chapter, further possible studies of intermediate band solar cells and

power electronic devices are discussed.



CHAPTER 2

EXPERIMENTAL METHODS

2.1 Transmission Electron Microscopy

The transmission electron microscope (TEM) is a powerful instrument for materials
characterization, and it is essential to study nanoscale materials and devices. It offers high
spatial and analytical characterization techniques through the conventional TEM imaging,
scanning TEM imaging (STEM), electron diffractions, and spectroscopy. In the TEM
instrument, electrons are controlled by the magnetic fields and interact with materials. As
they pass close to the positive nuclei or other electrons of atoms, the Coulomb interactions
scatter the electrons, creating TEM images, diffraction patterns, and other spectroscopic
data. Depending on the applications, different electron beams can be selected to form a
bright-field (BF) or a dark-field (DF) image in TEM, and different detectors are used to
collect electron beams for BF and annular dark field (ADF) imagings in STEM, shown in

Fig. 2.1.18



A TEM ®  TEM
Incident beam
Specimen
v A Objective AW
To TEM imaging diaphragm To TEM imaging
system (BF) system (DF)
(9) (D)
STEM STEM
Incident
beam
Specimen
STEM STEM
BF ADF
detector | | detector

To STEM imaging
system (BF)

9

To STEM imaging
system (ADF)

Figure 2.1. Comparison of the use of objective apertures and detectors in TEM and STEM.
(Adapted from Ref. 18)

The phenomena of electron scattering can be divided to elastic and inelastic scatterings,
in terms of scattered electrons with no loss of energy or with measurable loss of energy.
Elastically scattered electrons are the major source of contrast in TEM images and
diffraction. Inelastically scattered electrons are used for spectroscopic studies. On the other
hand, depending on the electron wave nature, the scattered electrons can be separated into
coherent and incoherent contributions, resulting in different angular distributions. In

general, inelastic scattering is incoherent and occurs at very low scattering angle (<1°).



Elastic scattering is at relatively low angles (1~10°), and it becomes incoherent (i.e.

Rutherford scattering) at higher scattered angles, shown in Fig. 2.2."°

Coherent
Incoherent incident beam
elastic
backscattered SEs from
electrons within
the specimen
Thin specimen
Coherent
elastic Incoherent
scattered inelastic
electrons scattered Incoherent
electrons elastic
Direct forward
beam scattered
electrons

Figure 2.2. Different kinds of electron scatterings from a thin TEM specimen. (Adapted
from Ref. 19)

As the electrons are elastically scattered by a periodic array of the atoms, a diffraction
pattern (DP) is formed at the back focal plane of the objective lens in TEM. Each diffraction
spot in the pattern corresponds to a set of planes in the real space, and the intensity of the
diffracted beams strongly depends on the magnitude of the excitation error s to the exact
Bragg condition. On the other hand, the Kikuchi lines produced by exact Bragg diffractions
of inelastic scattered electrons appear as maps, connecting various zone axes. They provide
more accurate crystallographic information and orient the specimen to the specific pole for

TEM imaging and structural analysis. A selected area diffraction (SAD) aperture located
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at the image plane can be inserted to the beam path, resulting in a SAD pattern
corresponding to a particular area of the specimen. This diffraction technique is useful to
study specific features and interfaces. As the SAD pattern shown in Fig. 2.3, two sets of
DP obtained at the InGaN/AIN interface indicate the lattice mismatch between two layers

and the nature of strain relaxation.

Figure 2.3. The selected area diffraction (SAD) pattern along <1120> zone axis obtained
at the interface of InGaN/AIN layers.

Diffraction contrast imaging consists of collecting coherent elastic scattered electrons
diffracted at specific Bragg angles. This technique is suitable for defect analysis because
the presence of defects rotates the nearby diffracting planes, leading to the variation in the
diffraction contrast. To obtain a strong diffraction contrast for defect analysis, the specimen
is usually tilted to excite a certain diffracted beam corresponding to a specific set of planes,
so called “two-beam condition.” Under two-beam condition, either the direct-beam or a

diffracted beam is selected with a small objective aperture, to form a BF or a DF two-beam
11



image. A region without defect shows a uniform contrast, however, the region close to
defects shows different contrast due to the bending of planes by the defects. Therefore, the
region near the defects appears darker in the BF image, or brighter in the appropriate DF
image. On the other hand, to compare the contrast produced by the crystal deformation
under different diffraction conditions is used to determine the Burger vector b of defects.
For instance, in the study of dislocations, g - b analysis gives an invisibility criterion when
no contrast is observed for g - b = 0 (i.e. the diffracting planes are parallel to the Burger
vector b).2° As a result, the character of the dislocations (edge, screw, or mixed) can be
understood by comparing the direction of the Burger vector b and the line direction of the
dislocations. Figure 2.4 shows two-beam bright-field images of an InGaN layer grown on
a GaN substrate. The threading dislocations are only visible in the “g=m” condition (right),

but invisible in the “g=c” condition (left). It indicates the defects are edge-type dislocations,

with the direction of the Burger vector of dislocations perpendicular to the dislocation line.

Figure 2.4. Two-beam bright-field images of InGaN layer grown on GaN substrate under
two different diffraction conditions. Threading edge dislocations are only
visible in “g=m” condition.

High-resolution TEM (HRTEM) is synonymous with phase contrast imaging, giving

atomic-scale resolution images of the crystal structure. Unlike diffraction contrast imaging

12



which selects a single beam with the objective aperture, instead, HRTEM requires to collect
multiple electron beams with no or a large objective aperture, to form the images. Phase
contrast imaging depends on differences in phase between electrons leaving the TEM
specimen. The wave function of electrons is determined by the atomic potential and a phase
shift results as the phase is modified by the strength and spacing of periodic atomic
potential. The electron wave exiting the specimen is imaged by the objective lens and
magnified by the projection lens onto the screen. The phases of the diffracted waves are
sensitive to the objective lens focus. On the other hand, the lens aberrations need to be
sufficiently small because any phase shifts between the specimen and the screen can
complicate the image interpretation. Therefore, the images strongly depend on the imaging
parameters (sample thickness, defocus and lens aberration). Due to the interpretation
complexity, image simulation is required for true understanding of the images.

In HRTEM, the specimen is tilted along low-index crystallographic zone axes in order
to obtain images with atomic resolutions. For example, the <110> zone axis is chosen for
HRTEM in zinc blende cross-sectional samples. For wurtzite structure, the projection along
a <1120> zone axis is used because it shows larger lateral atomic spacing comparing to a
<1100> zone axis. STEM imaging is also a high-resolution imaging technique by
collecting scattered electrons. Depending on the collecting angle, high-angle annular dark-
field (HAADF) images are formed by choosing high angle, incoherently scattered electrons
(Rutherford scattering), without the effect of Bragg scatterings. Therefore, HAADF
imaging is only sensitive to the atomic number of atoms in the specimen, and it is also
referred as Z-contrast imaging, the heavier atoms with higher atomic numbers would

appear brighter due to more scattered electrons collected by the HAADF detector.?!-*
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Figure 2.5 shows a HAADF image with a GaAs layer sandwiched by two GalnP layers.
The average atomic number of GaAs is higher than that of GalnP, leading to a brighter
contrast in the GaAs layer. On the other hand, a dumbbell configuration is observed in the
GaAs layer, which is formed by atoms of a similar atomic mass (Zga=31 and Zas=33).
However, P atoms are barely visible in the GalnP layers since the atomic mass of P (Zp=15)

1s much smaller than that of Ga and In atoms.
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Figure 2.5. HAADF image taken along [110] zone axis shows a GaAs layer sandwiched
by two GalnP layers. GaAs layer shows a brighter contrast than that of GalnP
layers.
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2.2 Cathodoluminescence Spectroscopy

Cathodoluminescence (CL) spectrometers equipped in a scanning electron microscope
(SEM) is a unique tool to characterize optical, electronic and compositional properties of
materials, coupling with the microstructure and morphology at the nanoscale. CL is the
photon emission at characteristic wavelengths of materials as the result of high energy
electron bombardment. As the electrons with sufficient energy strike the material, the
generation of electron-hole pairs results from electrons from the valence band (VB)
jumping up to the conduction band (CB). The recombination of electron-hole pairs occurs
when the electrons return to the VB, producing photons with energy equal to the energy
difference between the CB and VB, corresponding to the bandgap of the material (E = Av
= Ecs — Evp, when £ is the Planck constant and v is the frequency of the emitted light), as

shown in Fig. 2.6.

CB

from SEM /\f\j\f
< hv

1/]4 v

- Y — - -

Figure 2.6. The generation of a photon in a semiconductor after electron bombardment. (a)
Impinging electron promotes an electron from the valence band (VB) to the
conduction band (CB), leaving a hole in the VB. (b) The electron recombines
with the hole, generating a photon. (Courtesy of Dr. Alec Fischer)

VB
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In CL system, an electron beam is focused to excite the material within a small region,
giving a higher spatial resolution over the photoluminescence (PL) technique. On the other
hand, the excitation energy in CL is several keV, which is much higher than several eV
used in the PL system, giving it the capability to characterize the materials with higher
bandgaps. In addition, by changing the electron excitation energy to control the penetration
depth of the incident electrons, it allows CL to probe electronic features within multilayer
structures.?® Furthermore, a monochromator in CL enables to select emissions at specific
wavelengths, which can produce monochromatic 2D mapping to reveal compositional

variation in materials.?*

2.3 Atomic Force Microscopy

Atomic force microscopy (AFM) was first proposed by Binnig, Quate and Gerber in
1986, which is a combination of the concepts of scanning electron microscope (STM) and
the stylus profilometer.”> AFM is an imaging tool allowing to investigate the surface
structure with an atomic resolution. Rather than other optical or electron microscopes
focusing light or electrons to the surface to form images, AFM physically interacts with
the samples with a sharp silicon tip mounted at the free end of the silicon nitride cantilever,
shown in Fig. 2.7(left). The displacement of the free end of the cantilever can be determined
by measuring the laser beam reflected off the cantilever into a split photodetector, shown

in Fig. 2.7(right).26-%7
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Figure 2.7. AFM silicon tip (left) and cantilever deflection detection scheme (right).
(Adapted from Refs. 26 and 27)

AFM can be operated in different modes, depending on the applications.? In this work,
ScanAsyst (SA) imaging technique based on the PeakForce Tapping mode is used to
characterize the surface morphology. This novel technique is operated in a non-resonant
mode, where the oscillation frequencies are below the cantilever resonance, and the z-
position is modulated by a sine wave to avoid unwanted resonances at the turnaround points,

giving the highest resolution imaging versus a number of AFM methods.?
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CHAPTER 3
EFFECT OF InAs QUANTUM DOTS CAPPED WITH GaAs ON ORDERING IN

Gaoislno_sp (*)

3.1 Introduction

Photovoltaic solar cells fabricated with nanostructures such as quantum wells (QWs)
and quantum dots (QDs),>*3? are currently being researched in an attempt to exceed the
Shockley-Queisser limit of single p-n junction solar cells.*! Quantum-dot intermediate-
band solar cells (QD-IBSCs) can potentially far outperform single junction cells, with a
predicted efficiency of 63% under concentration.'? The latter occurs when the materials
selection is such that the barrier bandgap is 1.96 eV, and the QD fundamental absorption
energy is 1.24 eV.3?2 InAs self-assembled QDs embedded in a III-V matrix have
demonstrated potential for photovoltaic applications.** However, the carrier escape caused
by either thermal activation or tunneling from the QDs reduces the output voltage.* The
choice of wide bandgap material for the barrier should suppress carrier escape, leading to
higher efficiencies.?> One material is Alp3Gao7As with a bandgap energy of 1.84 eV, which
together with InAs QDs have been used to achieve transitions to an intermediate band
energy close to the ideal theoretical value.3¢-7
Another material is GagslnosP, which has produced record high-efficiency tandem

38,39

solar cells, and has some advantages over AlGaAs, such as lower excess carrier

recombination velocity at heterojunction interfaces,*® and better resistance to oxidation

*Results included in this chapter have been published as:
P.-Y. Su, H. Liu, R. M. S. Kawabata, E. C. Weiner, R. Jakomin, M. P. Pires, R. R. King,
P. L. Souza, and F. A. Ponce, Effect of InAs quantum dots capped with GaAs on atomic-
scale ordering in GaoslnosP, J. Appl. Phys. 125, 053104 (2019).
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and radiation damage.*' The bandgap for free standing GaxIn;«<P reportedly varies as Eg =
1.34 + 0.73 x + 0.7 x*.** The resulting values in the neighborhood of x = 0.5 are given in
Table 3.1. In order to achieve the ideal value of 1.95 eV for IBSCs, the composition for
strain free films would be x = 0.55. However, tensile strain causes the bandgap to

4 Taking into

significantly decrease for x > 0.5 compared to strain-free values.
consideration the mismatch strain with GaAs, the value would be (by extrapolation) x =
0.6, but the crystalline quality would be quite poor if the critical thickness for plastic
deformation is exceeded.*?

Table 3.1. Lattice parameter and band gap energy for GaxIni«P in the range of interest. The

respective lattice parameters for GaAs, GaP, and InP are 5.6536, 5.4504, and
5.8687 A. The band gap energy for GaP is 2.26 eV, and for InP is 1.34 eV.

X a Eg Comment
0.500 5.6596 1.880 Lower if ordered along {111} planes
0.510 5.6554 1.894 Lattice matched to GaAs
0.550 5.6387 1.953 Ideal for IBSCs

When lattice matched to GaAs, GalnP has a tendency towards CuPt ordering of the
group-III sublattice. The monolayer superlattices are formed along [111] or [111]
directions. They are observed in TEM along the [110] projection, with the group-V
element positioned above the group-III elements in the dumbbell configuration, shown in

Fig. 3.1.4
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Fig. 3.1. Structure model of ordered GalnP along the [110] projection. The alternating Ga-
and In- planes lying along {111} directions are shown. The group-V elements
position above the group-III elements. (Adapted from Ref. 44)

The room-temperature value of the band gap is 1.9~1.92 eV for the disordered phase,
and 1.83~1.85 eV for the ordered phase.***> As a material candidate for intermediate band
solar cells, the bandgap shrinkage due to ordering can be detrimental, significantly
deviating from the optimal energy bandgap of 1.95 eV for IBSCs. Therefore, understanding
GaosIng sP ordering is necessary to develop and optimize the performance of QD-IBSCs
based on this material. It is known that the degree of ordering of GalnP strongly depends
on the growth conditions and also on substrate misorientation.*#” Although ordering of
GalnP has been extensively investigated in the 1980°s and 1990’s, only few reports are
available on the transition between ordered and disordered GalnP in the presence of InAs
QDs.

In this work, the effect of the presence of InAs quantum dots and their GaAs capping

layer on the ordering of the GalnP barrier have been investigated. Our goal has been to
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optimize the conditions for growth of InAs QDs capped with GaAs in a GalnP matrix. The
GalnP optical properties vary from ordered to disordered has been observed, depending on
the time of deposition of the InAs and on the thickness of the GaAs capping layer. An
explanation for the transitions between ordered and disordered based on the nature of InAs
QD growth is provided. High-angle annular dark-field (HAADF) imaging and bright-field
imaging in a scanning transmission electron microscope (STEM) are used to correlate the
GalnP microstructure with the presence of InAs QDs. Cathodoluminescence (CL) spectra
exhibit peaks with two distinct wavelengths corresponding to disordered and ordered
GalnP. The optical properties thus observed are consistent with the microstructure

observed by STEM.

3.2 Experimental Details

The InAs-QD/GaAs/GalnP samples were grown by metalorganic vapor phase epitaxy
on (001) GaAs substrates in an Aixtron AIX 200 horizontal reactor at 100 mbar. A pre-
growth treatment at 720 °C for de-oxidation was applied to the GaAs substrates for 15 min
under AsH3z overpressure. The hydrogen carrier gas flow rate was 8 liters/min. The
precursors were tri-methyl gallium (TMGa), tri-methyl indium (TMIn), phosphine (PH3)
and arsine (AsH3). GaAs was grown at 630 °C at a growth rate of 0.16 nm/s and a V/III
ratio of 160. The Ga/(Ga + In) gas phase ratio was calibrated for growth of Gag slno.sP
layers at 675 °C, with a growth rate of 0.27 nm/s and a V/III ratio of 345.

A schematic drawing of the thin film structure and a photoluminescence spectrum of
the region comprising the InAs QD and GaAs capping layer, common for all samples, is
shown in Fig. 3.2. The InAs QDs emit at ~950 nm and the GaAs capping layer at ~825 nm

at 10K. The growth sequence was as follows: The common base consists of a 200-nm-thick
21



GaAs buffer layer grown on an n-doped (001) GaAs substrate, followed by a 350-nm-thick
Gao.sIno.sP layer. The active region consists of an InAs QD layer and GaAs capping film.
The QDs are grown with various deposition times at 490 °C, with a V/III ratio of 6.4. After
the QD growth, the temperature was kept constant for 12 s, and afterwards the layer was
capped with GaAs during the first 23 or 34 s, while the temperature was being raised to
675 °C, with a ramp rate of 46 °C/min. After reaching 675 °C, the temperature was held
constant for 1.5 min to achieve surface stabilization. Then, a 90 nm thick Gao.sIno.sP layer
acting as the barrier was grown; and the growth sequence of the active region and barrier
was repeated four times. An extra QD layer was grown at the top surface for the purpose
of determining the dot morphology and distribution. The dot density was measured over
an area of 9 um? using a Veeco MultiMode V atomic force microscope (AFM) with a tip

driven at frequencies above 100 kHz.
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FIG. 3.2. Schematic diagram of the InAs QD/GaAs/GalnP thin film structure and
photoluminescence spectrum taken at 10 K, showing emission from the InAs
QD and GaAs capping layer. Best-fit Gaussian curves give peak emissions at
823 and 952 nm, and FWHM of 11 and 54 nm, for the GaAs capping layer and

the InAs QDs, respectively. (Courtesy of Dr. Mauricio Pires)
This report focuses on two parameters of the QD structure: (a) the capping layer
thickness, and (b) the InAs deposition time. The samples are listed in Table 3.2. Sample A
does not contain InAs and serves as reference. The deposition time for InAs was 2.4 s for

Samples B and C, 3.0 s for Sample D, and 3.5 s for Sample E. The GaAs capping layers

thickness was 6 nm for Samples A and B, and 9 nm for Samples C, D, and E.
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Table 3.2. GaAs cap layer thickness and InAs deposition time, and their effect on the GalnP
microstructure. The capping layer thickness, the average QD height and
morphology, and the GalnP degree of ordering was determined from cross-
section TEM images. An average QD density of about 1.6 x10'® cm? was
determined from AFM images over an area of 9 pm?.

Thickness of

Sample InAs QDs height GalnP
ID GaAs cap deposition time (s) /morphology = microstructure
layer (nm)

A 6 0 - Ordered

B 6 24 4 nm height Disordered
lens-shaped

C 9 24 4 nm height  Upper part ordered,

) lens-shaped lower part disordered

D 9 3.0 9 nm height Ordered
spool-shaped

E 9 3.5 10 nm height Ordered

spool-shaped

Cross-section samples were prepared for STEM by mechanical wedge polishing

followed by argon-ion milling with a 2 kV accelerating voltage at liquid N, temperatures.

The morphology of the InAs QDs was studied using bright-field and HAADF detectors, in

an aberration-corrected JEOL ARM 200 STEM. The intensity in HAADF images depends

on the atomic number of the elements, which is approximately proportional to Z'7 for a

detector internal angle of 75 mrad.*®* The relative intensity for molecular columns in the

HAADF images is given in Table 3.3. Note that GaAs and InP columns should give a close

intensity, while GaP columns should be darker and InAs should be brighter. Bright field

STEM images are used, with a detector semi-angle of 10 mrad, to obtain strain contrast

that complements the HAADF images for identification of the QD morphology.>°

24



Table 3.3. Z contrast in STEM-HAADF images. The atomic column intensity is
proportional to Z!7.

Columnar number Z zv Relative intensity
GaP 46 671 1
InP 64 1176 1.8
GaAs 64 1176 1.8
InAs 82 1793 2.7
GalnP 55 909 1.4

Photoluminescence spectra were obtained at 10 K, using a 532-nm 10-mW laser and a
liquid nitrogen-cooled Ge detector, to probe the infrared optical properties of the InAs QDs
and of the GaAs capping layers. The optical properties in the visible range of the GalnP
layers were investigated using CL spectroscopy. The CL system consists of a scanning
electron microscope equipped with a spectrometer having a 1200 lines/mm grating and a
GaAs photomultiplier tube. The CL spectra were acquired at 298 K, with an acceleration
voltage of 3 kV, an electron beam current of 7 nA, a scan magnification of 3,000 times,
and an entrance slit of 3 pm. Average spectra were obtained using a raster mode over an

area of 20 um?.

3.3 Experimental Results

Figure 3.3 shows the CL spectra of the samples in this study. Luminescence peaks with
maxima at 670 nm (1.85 eV) and 645 nm (1.92 eV) corresponding to the ordered and
disordered group-III sublattices, respectively. Our reference Sample A, with no InAs
present, shows a single emission peak at 670 nm corresponding to ordering of the group-
III sublattice. On the other hand, when InAs QDs are present (Samples B to E), emission

at ~ 645 nm is sometimes observed, corresponding to the disordered phase of Gag sIno.sP.
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Fig. 3.3. Cathodoluminescence spectra of the InAs QD/GaAs/GalnP samples. Sample A
shows an ordered GalnP emission peak. Sample B shows a disordered GalnP
emission peak. In Sample C, both ordered and disordered GalnP emission peaks
are observed. Best-fit Gaussian curves give peak emissions at 645 and 669 nm,
and FWHM of 30 and 25 nm, corresponding to disordered and ordered GalnP,
respectively. Samples D and E exhibit ordered GalnP emission peaks. The CL
spectra were acquired at 298 K, with an acceleration voltage of 3 kV, an electron
beam current of 7 nA, scan magnification of 3000 times, and using a slit of 3 um.
(Courtesy of Hanxiao Liu)
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FIG. 3.4. Transmission electron diffraction patterns of Sample A taken along the [110]
zone axis (le:ft) and [110] zone axis (right): Superstructure reflections along
[111] and [111] directions are only observed in the [110] projection.

In Figure 3.4, selected-area diffraction patterns (SADP) of a GaInP layer in Sample A
are shown. Along the [110] zone axis, the typical zincblende diffraction pattern is
observed. On the other hand, along the [110] projection, extra superstructure spots located
halfway along the [111] and [111] directions are observed, corresponding to ordered
structures, with sequential InP and GaP {111} planes. Note that ordering can happen only
along one of those directions. Their presence in the electron diffraction patterns indicates
that ordered domains along both directions coexist in our samples. The streaks along the

[001] direction in the extra spots are associated with the coexistence of ordering along the
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two {111} directions.’! They imply that ordered domains are irregular in size, and that they

are oriented nearly parallel to (001) planes.
[110] [110]
Ga/In

GaAs

FIG. 3.5. HAADF images of Sample A viewed along the [110] zone axis (left) and [110]
zone axis (right). The dumbbells in GalnP and GaAs are clearly visible. The
phosphorus atoms are much smaller than the Ga, In, and As atoms. The P column
is located on top of the group-III column when viewed along the [110] zone axis.
The orientation of the dumbbell is reversed when viewed along the [110] zone
axis. Therefore, HAADF images can be used to determine the polarity of the
lattice leading to ordering.
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Figure 3.5 shows HAADF images taken along orthogonal [110] and [110]
projections, showing the relative positions of the Group-III and Group-V elements.In GaAs,
the Ga-As dumbbell is rather symmetric, due to the close atomic number between Ga and
As. In GalnP the situation is different, with the phosphorus atoms being much smaller than
the Group-III atoms. The reversal of the relative positions of the columns in GalnP is
evident in HAADF images under the two projections. This characteristic is used to identify
the polar direction in our STEM images, i.e. which atom is on top of which. This is helpful
to confirm the observation is along the [110] projection, and to determine whether local
ordering exists. The STEM images presented from here on were taken along the [110]
projection, determined in the manner prescribed here.

The HAADF image from Sample A in Fig. 3.6 shows ordered GalnP structure with
alternating In- and Ga- planes, with a zig-zag pattern in the image that indicates local
ordering shifting between the [111] and [111] directions. As Table III points out, the {111}
planes with brighter contrast correspond to In-P planes with larger Z value, alternating with
the darker Ga-P planes. The Fourier-filtered images in the lower row are of selected
superstructure spots (4[111] or %[111]), and show regions with [111] ordering (lower
left) and others with [111] ordering (lower right) in Fig. 3.6. The domains have a tendency

to extend laterally, and are separated by domain boundaries.>?>*
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FIG. 3.6. HAADF image of Sample A viewed along the [110] zone axis (top) and Fourier-
filtered images (lower row). The Fourier-filtered images of selected
superstructure spots (¥2[111] or %4[111] highlight the ordered (111) planes
(bottom left) and (111) planes (bottom right).
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3.3.1 Effect of the GaAs Capping Layer Thickness on GalnP Ordering

The thickness of the GaAs film capping the InAs QDs can affect ordering in the GalnP
barriers. In this section the results are present for samples with the same InAs QD
deposition time of 2.4 s, but capped with different GaAs film thicknesses. Sample B in
Table 3.2 has GaAs capping thickness of 6 nm, and presents in Fig. 3.3 a GalnP single
peak emission at 645 nm (1.92 eV), indicating a disordered phase. Sample C, on the other
hand, with a GaAs capping thickness of 9 nm, presents two emission peaks, one at 645 nm
(as in Sample B), and another at 670 nm (1.85 eV), the latter indicative of an ordered phase.

Figure 3.7 shows HAADF and BF images of the active region in Sample B (with 6 nm
GaAs cap thickness), where GalnP is disordered in regions without QDs [Fig. 3.7 (top
row)], as well as in the presence of QDs [Fig. 3.7 (bottom row)]. Fast Fourier transform
(FFT) diffractograms of selected areas are included as inserts to show evidence of

disordered lattices.
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FIG. 3.7. Cross-sectional STEM images of Sample B, viewed along the [110] zone axis.
(Top row) A HAADF image of the InAs QD layer capped with GaAs in a region
without InAs QDs with inserted diffractograms that show no ordering in both top
and bottom GalnP barrier layers (left), and a bright-field image of the same
region showing the absence of QDs (right). (Bottom row) Portion of the same
layer but in the vicinity of an InAs QD, with HAADF image showing disordered
GalnP barriers (left) and a bright-field image of same region showing the
presence of a lens-shaped QD (right).

Figure 3.8 shows HAADF and BF images of the active region in Sample C with 9 nm
GaAs cap thickness. Ordering of {111} crystal planes is observed generating superstructure

spots at half the {111} distance of the normal (disordered) lattice in the selected-area
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diffractograms. Figure 3.8 (top row) is of a region without QDs, where ordering in GalnP

is observed on both sides of the GaAs layer.
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FIG. 3.8. Cross-sectional STEM images of Sample C, viewed along the [110] zone axis.
(Top row) A HAADF image of the InAs QD layer capped with GaAs layer in
region without InAs QDs and diffractograms showing ordering in both top and
bottom GalnP barrier layers (left) and a bright-field image of the same region
showing the absence of QDs (right). (Bottom row) Portion of same layer in the
vicinity of an InAs QD, with HAADF image showing top disordered and bottom
ordered GalnP barriers (left), arrow showing an indium-rich layer above the
GaAs capping layer, and a bright-field image of same region showing the
presence of a lens-shaped QD (right).

Figure 3.8 (bottom row) corresponds to a region in which a QD is present, where the

GalnP below the QD layer is ordered, while it is disordered above the GaAs capping layer.
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Ordered regions under the InAs QD layer and disordered regions in the neighborhood
above InAs QDs have been observed throughout this sample. Since QDs, GaAs cap, and
GalnP barrier layers repeat in the structure (see Fig. 3.2), the ordering state in the GalnP
barriers must transition from disordered to ordered at some point in the barrier layer. Figure
3.9 shows the transition from disordered to ordered, which occurs in the top region (15 nm)

of the 90 nm-thick GalnP barrier.
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FIG. 3.9. HAADF image of Sample C viewed along the [110] zone axis. FFT patterns are
shown of the indicated square regions from the bottom (disordered) and from the
top (ordered) of the GalnP barrier. The superstructure spots are circled in the FFT
of the upper region.
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3.3.2 Effect of InAs Deposition Time on GalnP Ordering

In addition to the thickness of the capping layer, the deposition time of InAs also
influences ordering in the GalnP layers. Now considering three samples, have all with 9
nm capping layers and with InAs deposition times of 2.4 s (our already-mentioned Sample
(), 3.0 s (Sample D), and 3.5 s (Sample E). Their CL spectra are included in Fig. 3.3. As
already mentioned, the two emission peaks observed in Sample C indicate that both ordered
and disordered regions occur in the GalnP barrier layers. However, it is interesting to note
that the spectra for Samples D and E only show one emission peak at 670 nm, attributed to
the ordered phase of GalnP.

In the case of Sample C in Fig. 3.8(bottom row), the lens-shaped InAs QD has an
average height of 4 nm and is fully covered by the 9 nm GaAs capping layer. The HAADF
image shows disordered GalnP is on top of the GaAs capping layer. Increasing the InAs
deposition time to 3.0 s [Sample D in Fig. 3.10(top row)] results in larger QDs whose
height exceeds the thickness of the GaAs capping layer. In which case, the QD is observed
to take the shape of a spoo/ (bounded by two flat disks) whose height of 9 nm is defined
by the thickness of the capping layer.’” For Sample E, with a deposition time of 3.5 s, in
Fig. 3.10(bottom row), the QD presents a more pronounced spool-shape. In this case, the
thickness of the InAs layer on top of QD is about 1.5 nm, thicker than the 0.5-0.7 nm for
sample D. The interface between the GaAs capping layer and the GalnP barrier of Samples
D and E is more pronounced than in the case of Sample C, with the GalnP layer presenting

an ordered structure immediately above the interface.
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FIG. 3.10. Cross-sectional STEM images of InAs spool-shaped QD layers capped with
GaAs viewed along the [110] zone axis. (Top row) For Sample D, HAADF
image of an InAs QD layer capped with GaAs that shows ordered top and
bottom GalnP barrier layers (left), bright-field image of the same region (right).
(Bottom row) For Sample E, HAADF image showing ordered top and bottom
GalnP barriers (left), bright-field image of the same region (right).

3.4 Discussion

GalnP thin films do not exhibit complete ordering.”> An example is the imperfect
ordering observed in Fig. 3.6, where ordered domains switch from (111) to (111) planes,
in a zig-zag pattern. The degree of ordering causes a variation in the bandgap of GalnP.

Such variation has been modeled using a long-range order parameter (LRO) 1, that ranges
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from 0 to 1 for randomly distributed to fully ordered structures.> In practice, the typical
GalnP is only partially ordered at the atomic scale, with a LRO n = 0.4-0.6. The peak
emission energy for ordered GalnP (1.85 eV) corresponds to = 0.44.28 On the other hand,
fully disordered GalnP with 1 = 0 has been observed experimentally.>®

The nature of epitaxial growth from the vapor phase becomes important in the
following discussion. The Stranski-Krastanov (S-K) growth mode describes the early
stages of growth of InAs on GaAs (or equivalently on GalnP). The lattice mismatch
between film and substrate is accommodated pseudomorphically by compressive elastic
strain in the InAs layer. The compressive strain energy increases with layer thickness,
making indium incorporation into the film more difficult, resulting in accumulation of
indium in the gas phase next to the InAs surface, shown in Fig. 3.11(a).’” At a certain
thickness (of about two monolayers), two-dimensional growth is suppressed,®® and the
fraction of indium in the gas phase at the gas/solid interface increases.>’ At a critical point,
three-dimensional InAs islands nucleate, producing additional surface area that has the
effect of relaxing the misfit strain, shown in Fig. 3.11(b). Some of the accumulated indium
in the gas phase gets absorbed by the nucleated islands, contributing to their growth.>® In
this manner, the formation of InAs islands consumes some of the accumulated indium in
their vicinity. At a certain island size, the strain is relaxed by the introduction of misfit
dislocations at the substrate interface, shown in Fig. 3.11(c). When the InAs island is
capped with GaAs, misfit dislocation loops form around the island, minimizing the lattice

mismatch strain.®°
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Fig. 3.11. Floating indium above the InAs QDs. (a) Floating indium above the 2-D InAs
wetting layer. (b) At the critical later thickness, the 3-D InAs island starts to
nucleate. (c) At the critical size, misfit dislocations are introduced at the
interface between the 2-D layer and 3-D island. (d) Floating indium is absorbed
during the GaAs capping procedure.

The absence of InAs islands causes excess indium in the gas phase to accumulate at
the growth front. During subsequent growth, like GaAs capping, the excess indium will
progressively be incorporated into the film, shown in Fig. 3.11(d).>” On the other hand,
when the InAs is already relaxed, little or no accumulated indium in the gas phase will be
present at the growth front.

As the sufficient amount of InAs is deposited, larger QDs whose height is greater than
the thickness of the GaAs capping layer are formed. The formation of spool-shaped QDs
observed in Fig. 3.10 is related to the growth sequence: GaAs is deposited at 490°C, the

temperature is then increased up to 675°C, at which point growth of the following GalnP
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barrier is started. During the ramp up in temperature, the exposed InAs at the top of the
QDs has a chance to diffuse laterally, wetting the surface of the GaAs capping layer, in a
similar fashion to the early wetting of InAs on GaAs described by the S-K growth mode.
The formation of this InAs top layer has been described in terms of thermodynamic
arguments.%! Some interdiffusion of the InAs and the GaAs may also take place.

Recall that it has been observed the following: (1) disordered GalnP immediately
above thin GaAs capping layers that are not thick enough to consume the excess indium,
which accumulates across the whole growth surface during the InAs QD growth step
(Sample B, Fig. 3.7). (2) Localized, disordered GalnP directly above the InAs QDs with
thicker GaAs capping layers that have consumed some of the excess surface indium
[Sample C, Fig. 3.8(bottom row)]. (3) Localized, ordered GalnP directly above the wetting
layer and away from QD, with the capping layer having consumed most of the excess
surface indium [Sample C, Fig. 3.8(top row)]. (4) A transition from disordered to ordered
in the GalnP barrier layers directly above an InAs QD, after remaining surface indium has
gradually been consumed by the GalnP growth (Sample C, Fig. 3.9) or by the upper top
layer of the spool-shaped InAs QD (Samples D and E, Fig. 3.10).37

The driving force for group-III sublattice ordering in GalnP at the atomic level is the
formation of phosphorus dimers on the growth surface.®%® It is hypothesized that one
mechanism consistent with the observations is that excess indium which persists for some
time on the growth surface interferes with the formation of phosphorus dimers, or with the
strain they induce on neighboring atoms in the top monolayers of the growing GalnP, thus
interfering with the formation of group-IIl sublattice ordering in the GalnP. This

mechanism would account for all the observed order/disorder phenomena.
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In addition, it has been observed that the 1/2[115] X-ray diffraction peaks that
correspond to GalnP ordering are significantly less pronounced for GalnP compositions
that deviate by about 7-8% indium from the case with equal mole fractions of Ga and In
(GagsIngsP) and the case lattice matched to Ge (GaososIno49sP), indicating a lower
tendency for the ordered phase to form at compositions away 50% Ga/ 50% In.%
Measurement of GalnP composition well away from Ga/In = 1 in the disordered GalnP
would be consistent with either or both proposed mechanisms, while a composition closer
to unity would be more consistent with excess indium on the growth surface being able to
thwart the ordering process independently of being incorporated at a higher concentration
in the GalnP film.

It must be also clarify, in support of the above discussion that the observed
microstructure of Sample C agrees well with the CL spectrum in Fig. 3.3. The peak at 645
nm is from the disordered lower portion of GalnP above InAs QDs. And, the emission peak
at 670 nm corresponds to regions away from the QDs (both laterally as well as vertically
distanced). It is possible that the greater strain in the GalnP barrier immediately above InAs
QDs also impairs the driving force toward group-III sublattice ordering, contributing to

disorder in the GalnP barriers above the quantum dots.

3.5 Conclusions

In summary, the ordering of GaoslnosP used as barrier material for InAs QDs with
GaAs capping layers for application in quantum-dot intermediate-band solar cells has been
studied. Ordering reduces the bandgap of the ternary material threatening its adequacy for
the development of such devices. It is found that both the thickness of the GaAs capping

layer and the InAs deposition time affect the GalnP ordering. STEM and CL observations
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show that the GalnP structure is fully ordered in the presence of GaAs layers without InAs.
In the presence of InAs, fully ordered GalnP is not always observed. It has been attributed
to the excess indium that builds up at the growth surface due to difficulty of incorporating
indium during growth of the InAs QDs. If the excess indium is not fully consumed during
the growth of the InAs QDs, or incorporated in the GaAs capping layer, an indium-rich
layer or partial monolayer will be present on the growth surface at the onset of the GalnP
barrier layer. Such a deviation from the ideal [In] to [Ga] ratio in the species adsorbed on
the growth surface interferes with the group-III sublattice ordering mechanism, and gives
rise to a disordered GalnP layer. Therefore, for a GalnP barrier material to be used in QD-
IBSCs, smaller quantum dots and thinner capping layers are, in principle, advisable, since
they should lead to a bandgap closer to the ideal value, which corresponds to the disordered

phase.
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CHAPTER 4
EFFECTS OF LOW-ANGLE OFF-AXIS GaN SUBSTRATE ORIENTATION AND
GROWTH RATES ON THE SURFACE MORPHOLOGY OF Mg-DOPED GaN

EPILAYERS (*)
4.1 Introduction

There is much current activity in the development of gallium-nitride-based thin film
device structures for applications in optoelectronic and high-power electronic devices.5%66
This is due to the superior fundamental properties of these materials compared to SiC and
Si, such as high bandgap energy, low intrinsic carrier concentrations, high critical
breakdown electric fields, and high thermal conductivity.®® For many of these applications
it is essential to use high crystalline quality GaN substrates with low dislocation densities,’’
and to grow films with smooth planar morphologies. Recent approaches consist of
coalescing the dislocations into bunches, resulting in high quality GaN regions. GaN
crystals grown by hydride vapor phase epitaxy (HVPE), available today, present relatively
low dislocation densities (<107 ¢m?) that propagate along the [0001] growth direction.
However, the surface consists of pits and micropipes, and the dislocation distribution on

the surface is not uniform. Far from the center of the pits, the dislocation density is low,

but at the center of the pits the dislocation density is very high.%%-6°

*Results included in this chapter have been published as:
H. Liu, P.-Y. Su, Z. Wu, R. Liu, and F. A. Ponce, Influence of substrate misorientation
on the optical properties of Mg-doped GaN, Journal of Applied Physics, 15 May 2020,
Vol. 127, 195701.
P.-Y. Su, H. Liu, S. Wang, Z. Wu, R. Liu, and F. A. Ponce, The effect of low-angle off-
axis GaN substrate orientation on the surface morphology of Mg-doped GaN epilayers.
Submitted to Journal of Applied Physics, 1 June 2020.
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Another drawback is that for surfaces closely oriented to the basal plane, two-
dimensional nucleation leads to the formation of hillocks and roughening of the surface.”®
On a positive note, steps in slightly misoriented (miscut) substrates facilitate lateral step-
flow growth, which helps retain a smooth surface morphology and reduces unintentional
doping.”"”® On the other hand, growth on highly misoriented GaN surfaces has been
reported to result in inhomogeneous compositional distribution in ternary compounds.”

The stability of step-flow growth can be affected by the growth temperature, by the
surface step density, and by extended crystal defects and impurities, which may cause
atomic steps to coalesce into step bunches.” ¢ Several mechanisms for step bunching have
been proposed, including interactions between steps and adatoms migration on vicinal
surfaces.”””” Since roughening of the growth front can significantly degrade the film

quality and adversely affect device performance,*8!

it is important to understand the nature
of step evolution and mass transport on vicinal surfaces.

This study focuses on the effects of substrate misorientation and epitaxial growth rates
on the morphology of Mg-doped GaN (GaN:Mg), for the purpose of understanding step
flow growth and p-type doping efficiency at a microscopic-scale. The surface morphology
was studied using atomic force microscopy (AFM) and cross-section transmission electron
microscopy (TEM). The morphological evolution is explained in terms of surface step

interaction and mass transport. A correlation has been established between growth surface

morphology and growth rates.
4.2 Experimental Details

GaN epitaxial layers were grown by metal-organic chemical vapor depositions

(MOCVD) on 350-um-thick GaN substrates with the [0001] direction tilted toward a
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<1100> direction, by an angle 0 ranging from 0.3° to 4°, as shown in the schematic
diagram in Fig. 4.1. The Ga and N sources used were trimethylgallium (TMGa) and
ammonia (NH3); the carrier gas was hydrogen. Unintentionally-doped GaN (u#-GaN) layers
were grown at 980 °C using TMGa and NH3 flow rates of 270 and 50000 sccm, respectively,
at a growth rate of 60 nm/min. Silicon-doped (GaN:Si) layers were grown at 980 °C with
TMGa, NH3, and silane (SiH4) flow rates of 270, 50000, and 34 sccm, respectively; at a
growth rate of 60 nm/min. Magnesium-doped GaN (GaN:Mg) layers were grown at 920 °C
with TMGa, NH3, and bis(cyclopentadienyl)magnesium (Cp.Mg) flow rates of 90, 70000,
and 1430 sccm, respectively, at a growth rate of 4 nm/min, for a Mg concentration of
1x10" cm, measured by secondary ion mass spectroscopy. Post-growth thermal
activation of GaN:Mg was performed by rapid thermal annealing at 860 °C for 20 mins in

a nitrogen atmosphere.

Surface normal

[0001]

Vicinal GaN substrate

Fig. 4.1. Miscut angle 0 and crystal directions in a vicinal GaN substrate.

A schematic layer arrangement of the samples used in this study is shown in Fig. 4.2.

In all cases, the GaN substrates were first covered with a 2-um-thick u-GaN layer, with
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the purpose of decoupling the HVPE GaN substrate surface effects, which include sawing

and mechanical and chemical polishing steps. A total of eleven epilayer structures were

grown, labeled A to K.

p-GaN

p-GaN

n-GaN

b pm u-GaN

350 um::vicinal GaN sil:lbstrate

AC

B,D,E

Fto K

Fig. 4.2. Schematic diagram of the layer structures of u-GaN films (Samples A and C),
GaN:Mg/u-GaN films (Samples B, D, E), and GaN:Mg/GaN:Si/u-GaN films
(Samples F-K) on vicinal GaN substrates. The thickness of each layer is indicated.

A description of the first series (Samples A-E) is in Table 4.1. Samples A and C were

the basic 2-pm-thick u-GaN layer grown on substrates with miscut angles of 0.3° (+0.15°)

and 2° (£0.5°), respectively. Samples B, D and E were 1-um-thick GaN:Mg grown on 2-

um-thick u-GaN layers on substrates with miscut angles of 0.3° (£0.15°), 2° (+0.5°), and

4° (£0.5°), respectively.

Table 4.1. Description of Samples A-E. The surface roughness was determined from AFM
images over a 10x10 um? area. The growth rates for u-GaN and GaN:Mg layers
were 60 and 4 nm/min, respectively.

Sample ID Structure Miscut angle (°) Roughness Rq (nm)
| A u-GaN 0.3 0.3 |
B GaN:Mg/u-GaN 0.3 1.2
C u-GaN 2 7.3
D GaN:Mg/u-GaN 2 3.0
E GaN:Mg/u-GaN 4 53
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The second series, Samples F-K in Table 4.2, consists of GaN:Mg/GaN:Si/u-GaN
layers grown on substrates with various miscut angles. The effect of a slower growth rate
of the GaN:Si/u-GaN underlayers on the surface morphology of the GaN:Mg epilayers are
evaluated. The only change of this set of samples was the growth rate of the underlayers,
from 60 to 30 nm/min, while doubling their growth time in order to get the same film
thickness. Thus, the Si-doped (GaN:Si) layers were grown with SiHs flow rates of 34 and
17 sccm, TMGa flow rates of 270 and 135 sccm, and growth times of 1000 and 2000 s
(growth rates: 60 and 30 nm/min), respectively, and a NH3z flow rate of 50000 sccm.
Likewise, the u-GaN underlayers were grown with a TMGa flow rate of 270 and 135 sccm,
a growth time of 2000 and 4000 s (growth rates: 60 and 30 nm/min), respectively, and a
NH; flow rate of 50000 scem.

Table 4.2. Growth parameters for GaN:Mg/GaN:Si/u-GaN layers (Samples F to K), grown
on substrates with various miscut angles. The growth rate used for GaN:Mg

layer was 4 nm/min. Two growth rates were used for the GaN:Si/u-GaN layers.
The surface roughness was determined from AFM images.

Sample TMGa flow rate ~ Growth rate ~ Miscut angle Roughness Rq

ID (sccm) (nm/min) ®) (nm)
| F 135 30 0.3 0.17 |
G 270 60 0.3 0.20
H 135 30 2 32
I 270 60 2 5.1
J 135 30 4 5
K 270 60 4 13
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The surface morphology of the u-GaN and GaN:Mg epilayers was studied using a
Bruker AFM operated in tapping mode with a tip driven at frequencies above 1 kHz. The
atomic arrangement at the surface was studied by TEM, from cross-section samples
prepared by mechanical wedge polishing followed by Ar" ion milling at liquid N
temperatures with a 2 kV accelerating voltage, Images of the surface steps were obtained
using a bright-field detector, in an aberration-corrected FEI Titan microscope operated at
an electron beam accelerating voltage of 300 kV. A correlation with the microscopic
optical characteristics was obtained using CL spectroscopic imaging, with an electron
beam current of 100 pA in a JEOL 6300 scanning electron microscope equipped with an
Oxford CL2 monochromator and with a photomultiplier tube. The electron beam
acceleration voltage was 3 and 7 kV for plan-view and cross-sectional measurements,

respectively.
4.3 Surface morphology of GaN epilayers

The threading dislocation density (TDD) in GaN thin films is significantly large
compared to other semiconductor materials. For (0001) GaN grown by MOCVD on
sapphire, the TDD is of the order of 10'° dislocations/cm?.!* Such dislocations are of the
edge, screw, and mixed types, which are associated with crystal displacements (Burgers
vectors, b) with a magnitude of a, ¢, and |a+c|, respectively, where @ = 0.319 nm and c=
0.518 nm are the lattice parameters of GaN.%>%* The large displacement (b = ¢) of screw
dislocations results in broken bonds due to inability to retain the atomic coordination, and
leads to the existence of coreless dislocations (nanopipes).®*#* The nanopipes have been
reported to sometimes fill with GaN with inverted polarity (inversion domains).®®

Freestanding GaN substrates are produced by several techniques,®® one of which is by
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HVPE from seed crystals originally grown on substrates such as sapphire and GaAs.®
During growth of thick HVPE GaN layers, the TDD is reduced down to about 10° cm™ via
dislocation recombination and mostly via coalescence of nanopipes into micropipes (where
b = several ¢). A useful review of the HVPE method is given in Refs. 69 and 86.
Commercial GaN substrates with a low dislocation density are produced by growing GaN
on a seed patterned with periodic stripes or dots, resulting in defects accumulating in
specific regions and low dislocation region in between that can be used for device
fabrication.?”#8 GaN substrate wafers are then cut from large crystals and the resulting
surface damage is mechanically and chemically polished to a flat and smooth morphology.
Subsequent epitaxial growth of u-GaN exhibits wavy features associated with the substrate
misorientation and the threading defects. It has been observed pits on the epilayer surface
corresponding to a density of ~10% cm™2, which is similar to the nominal substrate TDD
provided by the suppliers. The results presented here are representative of a number of

commercial suppliers.
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-6 nm
4 pm

0 50 um

Fig. 4.3. AFM images of a u-GaN film (Sample A) grown on a 0.3° miscut GaN substrate.
The presence of pinholes associated with threading screw dislocations
significantly alter the surface morphology. (a) Region showing a lower density of
micropipes, with dislocations pinning step flow (see arrow). (b) Region showing
a high density of micropipes, with arrow indicating a micropipe with 2 um in
diameter in inset.
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Figure 4.3 shows AFM images of the surface of a u-GaN layer grown on a 0.3° miscut
GaN substrate. Fig. 4.3(a) shows the presence of pits, some of them barely visible at the
image magnification and other pits with diameters of the order of microns. Single
dislocation terminating at the surface prevents the lateral propagation of the atomic layers
by pinning the step flow. The step pinning sites reflect the curved step front where
multisteps are concentrated on one side and a terrace is present on the other side.?® Other
pits with diameters of the order of microns correspond to micropipes threading from the
substrate. Fig. 4.3(b) shows a region with a high density of pinholes resulted from the
collection of dislocations during growth.

Figure 4.4 is an AFM image of the surface of a GaN:Mg layer grown on a u-GaN layer
on a 0.3° miscut substrate. A noticeable presence of surface steps indicates the tendency
magnesium-doped layer to grow over the pinholes, as in the crater-like region indicated by
the arrow. A higher magnification image of the micropipes indicated by the arrow is shown
as the inset, where the step sequence nearly covers the micropipe.

The goal of this paper is to study the effect of substrate miscut on the surface
morphology of epilayers. The relatively low dislocation density, about 10% cm for our
substrates vs. 10! cm™ for GaN/sapphire, means that the average separation between
dislocations is 10 vs. 0.1 um, respectively. Therefore, there are relatively flat regions where
well-defined step-flow growth takes place parallel to the vicinal GaN substrates. Our AFM

and TEM images shown in this paper were obtained from regions far from nanopipes.
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6.4 nm

0 50 pm
Fig. 4.4. AFM images of a GaN:Mg film (Sample B) grown on a 0.3° miscut GaN substrate
showing the presence of pinholes (e.g. see the arrow) and the formation of steps,
with partial coverage of the pinholes. A pinhole is magnified the inset.
The roughness of Samples A-E in Table I, determined from AFM images over an area
of 10x10 um?, varies with the substrate miscut angle. Sample A with a u-GaN layer grown
on a 0.3° miscut substrate, is rather smooth (Rq=0.3 nm), and follows the substrate

specifications. For Sample B on a 2° miscut, the roughness increases (Rq=7.3 nm) and a

hill-and-valley morphology is observed.
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4.3.1 Mg-doping effects on vicinal-surface morphology

This session focuses on the effect of magnesium doping on the surface morphology of
thin films grown on miscut substrates. The variation of surface roughness with substrate
miscut for the u-GaN layers and the GaN:Mg layers is compared. The roughness of
Samples A-E in Table 4.1, determined from AFM images over an area of 10x10 pm?, varies
with the substrate miscut angle. Sample A with a u-GaN layer grown on a 0.3° miscut
substrate, is rather smooth (Rq=0.3 nm), and follows the substrate specifications. For
Sample C on a 2° miscut, the roughness increases (Rq=7.3 nm).

The addition of a 1-pm-thick GaN:Mg layer in the 0.3° miscut case (Sample B) results
in an increase in surface roughness from 0.3 to 1.2 nm (Table 4.1), and the appearance of
straight surface steps (Figs. 4.2 and 4.3). In the 2° miscut case (Samples C and D), the
surface roughness actually decreases from 7.3 to 3.0 nm (Table 4.1).

AFM images of all magnesium-doped films (Samples B, D, E in Fig. 4.5) show well-
defined parallel steps with periodicity that varies with miscut angle. In low magnification
images, surface depressions in the vicinity of micropipes disturb the step flow and affect
the step periodicity. In high magnification images taken away from the micropipes, a
uniform step distribution can be observed. In the 0.3° miscut case (Sample B in Fig. 4.5(a)),
steps are observed with a period of 200 nm and a step height of ~ 1 nm. An increase in
miscut angle to 2° (Sample D in Fig. 4.5(b)) results in the presence of supersteps with a
period of 4.5 um, coexisting with regions of parallel steps with a period of 150 nm and a
step height of ~1.5 nm (oriented to the basal plane with an average tilt angle of 0.6°). At
an even higher miscut angle of 4° (Sample E in Fig. 4.5(¢c)), single steps are observed with

periods of less than 25 nm, and periodic supersteps with an average separation of ~2 um.
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The separation of single steps is close to our AFM resolution and the steps are not easy to
visualize.

8 nm

-9 nm

19 nm

-27 nm -22 nm

0 | 1 pm 0 1.6 pm

Fig. 4.5. AFM images of GaN:Mg films at low (left) and higher (right) magnifications,
showing periodic arrays of atomic surface steps. (a) A step period of ~ 200 nm is
observed in Sample B. (b) In Sample D, steps with ~ 150 nm period and step
height of 1.5 nm, and supersteps with ~ 4.5 um period are observed. (c) Sample
E is dominated by supersteps with an average separation of ~ 2 pm.

The relationship between surface misorientation and step separation for possible step-
heights is shown in Fig. 4.6. As expected, the step separation decreases with surface tilt
angle and increases with step height. Monolayer and bilayer steps have been reported as
stable units on the (0001) wurtzite GaN surface.”®®! Monolayer-height steps reportedly

constitute the equilibrium morphology for GaN surfaces grown by MOCVD at above 850

°C.%% On the other hand, bilayer steps were observed in films grown by molecular beam

epitaxy at 650 °C.°! Cross-sectional TEM imaging has been used to identify the atomic
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arrangement at the surface of GaN:Mg films. Straight step edges along the g-axis are

observed, with step heights of ¢/2 (0.26 nm) or ¢ (0.52 nm), depending on the surface

inclination.
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Fig. 4.6. Step separation vs. surface tilt angle for various step heights. Specific values are
given for the substrate miscut angles used in this work.

For GaN:Mg grown on a 0.3° miscut substrate (Sample B), two different regions are

observed in Fig. 4.7. The first is an atomic-flat region along a basal plane, without steps,

and the second one has a tilt of ~ 1.1° with respect to the basal plane. The tilted region

contains successive steps of height ¢/2 and an average step separation of 14 nm. The AFM
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images in Fig. 4.5(a) give widths of 145 nm and 55 nm for the first and second regions,

together making up for the average 0.3° miscut.
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(d)

miscut GaN substrate (Sample

plane. (b) A surface region with 1.1° tilt

plane. (c) High magnification image of a step with height ¢/2, and a

B). (a) A surface region parallel to the ¢

Fig. 4.7. TEM images of a GaN:Mg film grown on a 0.3°
from the ¢

schematic diagram of the corresponding atomic arrangement. (d) Schematic

diagram of the overall morphology of steps in Sample B. (For visualization

purposes the angles are oversized and not to scale).
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Fig. 4.8. TEM images of a GaN:Mg film grown on a 2° miscut GaN substrate (Sample D).
(a) A surface region with 1.4° tilt from the c-plane. (b) A surface region with 5°
tilt from the c-plane. (c) High magnification image of a step with height ¢, and a
schematic diagram of the corresponding atomic arrangement. (d) Schematic
diagram of the overall morphology of steps in Sample D. (For visualization
purposes the angles are oversized and not to scale). A tendency towards formation
of basal planes is corrected by the presence of supersteps.

For the 2° miscut case (Sample D), two regions with different tilt angles are shown in
Fig. 4.8. The first region has a tilt of ~ 1.4° with respect to the basal plane, and average
step separation of ~ 21 nm in Fig. 4.8(a), coupling with an atomic-flat region along a basal

plane (not shown) to make an average 0.6° tilt, as observed by AFM in Fig. 4.5(b). The

second region has a tilt of ~ 5° with respect to the basal plane, corresponding to the edge
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of a superstep, consisting of several steps with a height of c. The AFM images in Fig. 4.5(b)
give widths of 3.0 um and 1.5 um for the first and second regions, respectively, together

making up for the average 2° miscut.

(d) ; 07 ae ey 'L . — Average surface planeT

Fig. 4.9. TEM images of a GaN:Mg film grown on a 4° miscut GaN substrate (Sample E).
(a) A surface region with 2° tilt from the c-plane. (b) A surface region with 8° tilt
from the c-plane. (c-left) High magnification images of the 2° case with step
separation of 15 nm, and (c-right) the 8° case with step separation of 4 nm. (d)
Schematic diagram of the overall morphology of steps in Sample E. (For
visualization purposes the angles are oversized and not to scale). A tendency
towards formation of basal planes is corrected by the presence of supersteps.
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For the 4° miscut case (Sample E), two different regions are observed in Fig. 4.9. The
first has a tilt of ~ 2° with respect to the basal plane, and the second one has a tilt of ~
8°.The two high-magnification TEM images in Fig. 4.9(c) show the step configuration of
these two regions, with a step height of ¢ and a separation of 15 and 4 nm, corresponding
to the 2° and 8° cases, respectively. The AFM images in Fig. 4.5(c) give widths of 1.3 pm

and 0.7 um for the first and second regions, together making up for the average 4° miscut.
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Fig. 4.10. Surface morphology and luminescence for the GaN:Mg film grown on a 4°
vicinal GaN substrate (Sample E). (a) Cross-sectional SE image showing
regions with surface orientation of ~2° (dotted red line) and ~8° (dashed yellow
line). (b) Monochromatic CL image at 2.85 eV shows nonuniformity in
luminescence across the film. (Courtesy of Hanxiao Liu)

Secondary-electron (SE) and monochromatic CL images in cross-section of Sample E
are shown in Fig. 4.10. The interface of the GaN:Mg and u-GaN layers is marked by dashed

lines, one with a ~2° tilt from the basal plane (red dashed line) followed by a region with a

~8° tilt (yellow dashed line), which alternate to produce the overall 4° surface tilt. Bright

bands with strong 2.85 eV luminescence intensity are observed originating from 2° tilted
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regions (red dash lines). Darker bands are observed originating from the 8° tilted regions

(yellow dashed line).

4.3.2 Effect of growth rates on surface morphology of GaN:Mg

Growth rate: _ 30 nm/min

0

Fig. 4.11. GaN:Mg films grown at 4 nm/min, on underlaying GaN:Si/u-GaN with growth
rates of 30 nm/min (left column) and 60 nm/min (right column). It is observed
that step bunching becomes more prominent with growth rates for (a) 0.3°, (b)
2°, and (c) 4° miscut substrates.
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This session focuses on the effect of growth rates on the surface morphology of
GaN:Mg thin films grown on vicinal GaN surfaces. It is found that slower growth rates
result in smother surfaces. AFM images of Samples F-K are shown in Fig. 4.11, and the
respective surface roughness values are given in Table 4.2. In summary, the roughness and
the density of step bunches increase with miscut angles. The samples grown at a slow
growth rate exhibit smoother surfaces, compared to a fast growth rate. Plan-view CL
spectra of these samples are shown in Fig. 4.12. The CL emission peaks at 3.4 and 2.85 eV
correspond to near-band-edge transitions and deep-donor-to-acceptor transitions,
respectively.”>” The intensity of the 2.85 eV peak is stronger in Samples F, G, H, and I,
and weaker in Samples J and K. In particular, a significant decrease in intensity of the 2.85

eV peak is observed in Sample K.

CL intensity (arb. unit)

e S A B g A
2.0 2:2 24 2.6 2.8 3.0 3.2 34 3.6
Energy (eV)

Fig. 4.12. Plan-view CL spectra of Samples F to K. The intensities of the 2.85 eV peaks
from Samples F to I are similar; while Samples J and K exhibit weaker intensities.
The CL spectra were acquired at 298 K, with an acceleration voltage of 3 kV, an
electron current of 100 pA, scan magnification of 2000 times, using a slit of 2
pum. (Courtesy of Hanxiao Liu)
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4.4 Discussion

The presence of micropipes significantly alter the surface morphology of thin GaN
films, as observed in Figs. 4.3 and 4.4. Frank predicted that dislocations with Burgers
vectors exceeding a critical value should have a hollow tube at the core.* Elastic strain
considerations for a cylindrical core gives an equilibrium core radius of the hollow core
proportional to b2,

_up?
Teq = 8m?y

(M

where 1 is the shear modulus, b the Burgers vector, and v is the surface energy. For b = ¢
in GaN, coreless dislocations have a diameter between 5 and 25 nm.** As mentioned in
Section II, screw dislocations tend to coalesce during growth of thick layer, with b being a
multiple of ¢, leading to the different pinhole diameters observed on our GaN surfaces. The
surface depression around the pinholes can be explained by considering the force balance
between surface tension and the dislocation line tension, as in Fig. 4.13(a).”**> A SEM
secondary electron image of a pinhole with core radius of ~ 0.25 um, present on a GaN
surface is shown in Fig. 4.13(b). Considering the diameter of a screw dislocation with b =
c ranges from 5 to 25 nm, the observed pinhole with this size may correspond to a screw
dislocation with b = nc, where n=5 to 20. It is worth mentioning that hexagonal features
observed inside the hollow core, are associated with screw dislocations with screw
components ¢, coming out from the crystal to create free surfaces inside the core. The
growth spirals follow the Burgers circuit to generate the hexagonal columns, see arrows in

Fig. 4.13(b).
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Fig. 4.13. Schematic diagram of the force balance and a SEM Image of a Pin Hole. (a) The
force balance at the termination of a threading coreless dislocation. (b) A top-
view secondary-electron image of a pinhole (nanopipe) present on a GaN surface,
the arrows indicate hexagonal columns.

The growth mechanisms of thin films involve nucleation and surface diffusion
processes, and have been classified into three growth modes: one-dimensional step-flow,
two-dimensional layer-by-layer, and three-dimensional island growth.*?% At low
supersaturation, the presence of periodic steps on a vicinal surface allows one-dimensional
lateral growth via step-flow growth. Higher supersaturation results on nucleation on the
terraces between steps, and contributes with a layer-by-layer growth. At even higher
supersaturations, higher layer nucleation rates result in three-dimensional island
growth, 8%

The density of steps depends on the surface tilt with respect to the basal plane (miscut
angle), as shown in Fig. 4.6. The termination of a layer at a step results in a distortion in

the bonding configuration and an elastic strain field, leading to inter step interaction and

step redistribution that results in regions with different surface orientations. The
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rearrangement of the surface into periodic regions with different step densities produces a
hill-and-valley structure that has a lower energy than the average flat surface.!” Such
rearrangement has been termed faceting.'”! It was found that this type of rearrangement
associated with vicinal surfaces (Figs. 4.5 and 4.7-9). The phenomenon of periodic facets
has also been attributed to a dipole-dipole interaction between steps.!°!

Step-flow growth happens when adatoms diffusing on the surface are incorporated into
steps.”® The direction with which an atom approaches a step determines the probability of
capture. A diffusing atom approaching the top of a step senses a decrease in coordination
(leading to reflection), while approaching the bottom of a step senses an increase in
coordination (leading to capture).”® This process has been modeled using an electrostatic
potential known as the Ehrlich-Schwoebel barrier (ESB).” In this model, step-flow growth
leads to smooth surfaces associated with the advancement of the parallel step array.
Roughening can happen under supersaturation conditions, where an increase in the local
adatom concentration near down-step edges can lead to two-dimensional nucleation.

For the undoped case (Samples A and C), it has been observed in Table 4.1 a
significant increase in the surface roughness from 0.3 to 7.3 nm with an increase in miscut
angle. This is due to the occurrence of growth on macrosteps at higher tilted surfaces,
suggesting the existence of a critical transition angle between 0.3° and 2°. The surface
roughening can be explained by the rate of advancement of steps.'%? Instead of monolayer
steps advance, multiple steps can come together due to local fluctuation of atomic flux,
impurity atoms, and lattice imperfection. The advance rate of multisteps will be lower than

that of the monolayer steps, since they need a greater flux of atoms in order to advance at

63



the same rate as a monolayer step. For surfaces with hexagonal symmetry and vicinal to

the basal plane, the velocity of advancement of steps has been derived to be: 193

__4]Ashg
o Tloh

)

where J is the flux of reactants arriving at the surface, Ay is the surface diffusion length of
adatoms, hy is the single basal plane spacing (0.26 nm for (0002) 2H-GaN and for (0006)
6H-SiC), ny is the density of adatom sites on the surface, and h is the step height. It
indicates that at given reactants flux and growth conditions, the step velocity is inversely
proportional to the step height. Thus, in the case of closer step separation as for 2° miscut
of Sample B, the preceding equation indicates that if two steps coalesce, their velocity will
become half of that of a single step, and other steps will be able to catch up, leading to the

formation of macrosteps.
4.4.1 Mg-doping effects on vicinal-surface morphology

Surface steps on u-GaN films were not able to be visualized using AFM, possibly
because steps associated with the miscut angle are not straight and meander (zig-zag) on
the surface. The situation is quite different for Mg-doped GaN films, where the formation
of well-defined steps are observed (as in Fig. 4.5). In the case of a 0.3° miscut, steps
meander on the surface of undoped GaN (such as in Sample A, Fig. 4.3) which is indicative

of a lower excess free energy per unit length (line tension) of the step, as in Fig. 4.14(a).
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(b)

Fig. 4.14. The transition in surface morphology of vicinal GaN films with Mg doping. (a)
Meandering steps on the undoped GaN surface. (b) Straight steps on the
GaN:Mg surface.

The presence of Mg increases the line tension of the steps,'® making them straight,
and leading to the formation of well-defined periodic step arrays (such as in Figs. 4.3 and
4.14(b)), as well as the formation of clusters of steps, also known as supersteps or
macrosteps (Fig. 4.5). The origin of the clusters has been attributed to the elastic strain of
steps and to dipole interactions between steps.!?> The differently oriented surface regions
associated with macrosteps are also referred as facets.

The effect of Mg doping becomes more prominent for the 2° miscut case. Comparing
u-GaN and GaN:Mg films (Samples C and D in Table 4.1), a significant decrease in surface
roughness from 7.3 to 3.0 nm were observed. The phenomenon of smoothing out the
roughness has also been attributed to an increase in lateral growth by Mg doping.!% In the
case of a 4° miscut with a higher step density, step-step interaction becomes more important,
resulting in well-defined facets with two different orientations (as in Fig. 4.9). Nonuniform
CL luminescence at 2.85 eV is associated with the difference in acceptor incorporation
efficiency for low- and high-tilted facets (as in Fig. 4.10).!%7 More details on the influence

of surface inclination on the optical properties are given in Ref. 107.
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In summary, it has been observed that the surface of GaN:Mg epilayers evolve into
regions with different step densities and hence different inclinations, but altogether
averaging to the miscut orientation. Similar observations were reported for vicinal (111) Si
surfaces, where the original surface decouples into regions with different orientations and
lower surface free energies.!% The difference between monolayer steps (like Sample B in
Fig. 4.7) and bilayer steps (like Samples D and E in Figs. 4.8 and 4.9) has been attributed
to the difference in surface free energy.!®® Similar effects have also been reported for (100)
Si vicinal surfaces, where experiment and theory show a transition between single-layer

and double-layer stepped surfaces that occurs in the vicinity of 2° tilt.!%
4.4.2 Effect of growth rates on Mg-doped vicinal-surface morphology

Growth rates can affect the surface morphology of GaN films as seen in Fig. 4.11. It
has been observed that a slow growth rate results in an increase of the step-flow growth
and a lower degree of step bunching, resulting in a smoother surface. As mentioned earlier,
when the supersaturation a,,,, on terraces is large enough to exceed a critical value @,
the step-flow growth turns into a two-dimensional nucleation mode that roughens the

surface. The supersaturation a,,,, can be expressed as:!%”

— 1 4 2omoR Ts (ﬂ_o)
Amax = 1+ Ak T tanh PR (3)

where A, is the mean inter-step distance, R is the growth rate, 7, is the mean residence time
of adatoms, and ng, is the adatom concentration at equilibrium; A, n,y, and h are as
defined for the Eq. (2). The growth rate R is associated with the precursor flux rates, which

in our case concerns only the TMGa flux. The other parameters are inherent of the material
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at a given temperature. Therefore, reducing the precursor flux rates leads to a smaller
supersaturation @, which makes the step-flow growth dominant, resulting in a smoother
morphology.

Another factor affecting the surface morphology is the parasitic reactions in the gas
phase of MOCVD growth.!'!? It has been known that the parasitic reaction between groups
IIT and V precursors in the gas phase results in small clusters of atoms, that disturbs the
step-flow growth and degrade the surface morphology. A slow growth rate with lower
TMGa flow rate can suppress the parasitic reaction, with an improvement in morphology.

From Figs. 4.11 and 4.12, a correlation between the morphology of GaN:Mg films and
the intensity of the 2.85 eV emission can be established. It has previously been suggested
that Mg atoms incorporation as clusters at the surface steps may lead to reductions in
acceptor concentration and in the corresponding 2.85 eV emission intensity.!”” Step
evolution should affect Mg incorporation, and as the surface misorientation reaches a
critical angle O, a significant reduction should occur in the acceptor density, leading to
very weak 2.85 eV emission in that region. Fast growth rates lead to the formation of facets
with higher tilted surfaces, that are close to or exceed the critical angle, resulting in a lower
2.85 eV emission intensity and a strong reduction of the acceptor density.

Our studies are based on AFM and TEM observations of surfaces which had been
extracted from the reactor. The free energy of steps should make them susceptible to
chemical reactions in air, and our observations may not reflect the exact nature of steps

during growth.
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4.5 Conclusion

It has been observed that the surface morphology of GaN:Mg epilayers are
significantly affected by the miscut angle of the GaN substrates. Mg doping increases the
line tension of steps, resulting in the formation of well-defined steps with a tendency to
cover micropipes propagating from the substrate. Atomic-resolution imaging shows the
transition of step height from monolayer steps to bilayer steps with increasing vicinal angle.
It is found that facets with various step densities coexist, while the average orientation of
vicinal surfaces is preserved. The titled facets can be correlated to the nonuniform Mg
incorporation in GaN epilayers grown on miscut substrates. It has also been showed that a
slow growth rate can suppress step bunching, leading to smoother surfaces and higher 2.85
eV emissions.
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CHAPTER 5
INDUCTIVELY COUPLED PLASMA-INDUCED DAMAGE STUDY FOR GaN

EPILAYERS
5.1 Introduction

Gallium nitride with superior fundamental properties, such as high bandgap energy,
low intrinsic carrier concentrations, high critical breakdown electric fields, and high
thermal conductivity, shows promising in high-power electronic applications.®® The
fabrication of GaN-based devices, dry etching techniques are commonly used to make
device patterning, due to the high bond energy and inherent chemical stability of GaN.!!!
Among typical dry etching techniques, inductively coupled plasma (ICP) etching yields
high density of plasma and reduced ion energy, compared to reactive ion etching (RIE),
attempting to minimize the damage from the high energy ion bombardment.!!!

Accelerating ions from the plasma to the sample surface in etching processes affects
several aspects, including surface morphology, and the optical and electrical properties. It
is essential to optimize the plasma or ions conditions in order to produce low surface
damage and to optimize the device performance. In this work, the surface morphology and
optical properties of GaN films, and leakage current of devices in the reverse bias region
were investigated, for the purpose of understanding the damage induced by ICP etching.
The nature of surface morphology was studied using atomic force microscopy (AFM) and
the spatially-resolved optical characteristics was studied by cathodoluminescence (CL). A

correlation has been established between etched surface morphology, the nanoscale optical,

and electrical properties.
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5.2 Experimental Details

A series of GaN epitaxial layers 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 (NH3), respectively.

ICP-etched surface
OO OGO

u-GaN

GaN substrate

Fig. 5.1. Schematic structure of the series of samples: u-GaN epilayers grown on free
standing GaN substrates (Samples A-F). Different ICP etching processes were
applied to the u-GaN surfaces.

A total of six epilayer structures were grown, labeled A to F. The GaN substrates were
first covered with a 2.5 pm thick unintentionally-doped GaN (u-GaN) epilayers, followed
by different chlorine-based ICP etching processes. The schematic structure and etching
parameters of samples are shown in Fig. 5.1 and Table 5.1, respectively. The etching

processes involve varied ICP and RF powers, with Cl> and BCI3 flow rates of 30 and 8

sccm, respectively, and a pressure of 5 mTorr.

70



Table 5.1. Description of ICP etching parameters of Samples A-F. The RF and ICP powers
are varied, but the Cl> and BCI, flow rates are kept constant. Sample A without
an etching process serves as a reference.

Sample ID RF (W) DCbias (V) ICP (W) Cly (sccm)  BCls (scem)

A i - - - -
B 5 39 100 30 8
C 5 29 200 30 8
D 5 21 400 30 8
E 35 95 400 30 8
F 70 159 400 30 8

The surface morphology of the u-GaN epilayers was studied using a Bruker AFM
operated in ScanAsyst peak force tapping mode with a tip driven at frequencies above 1
kHz. The optical properties were studied CL spectroscopy. The CL system consists of a
JEOL 6300 scanning electron microscope connected to an Oxford CL2 monochromator
and a photomultiplier tube. The electron beam current used in the CL studies was 100 pA,
with an acceleration voltage ranged between 2 to 10 kV for plain-view measurements. A

Keithley 2410 sourcemeter was used for current-voltage (I-V) measurements.
5.3 Results and Discussion
5.3.1 Surface morphology of etched GaN films

In Fig. 5.2, AFM images show the surface morphology of Samples A-F, varies with
the etching parameters (Table I). Periodic surface steps with a height of ~ 0.25 nm (c/2)

are observed on non-etched surface of Sample A, corresponding to a 0.3° miscut, as the
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one of substrates. The Samples B-F with etching processes show rougher surfaces,
comparing to the non-etched surface (Sample A). In the case of a fixed RF power at 5 W,
the surface of Sample B shows roughest with a highest DC bias. The uniform contrast in
AFM images of Samples C and D etched by ions with a higher density but a lower energy,
indicates the surfaces are relatively smooth, and the roughness is close to the one of Sample
A (R=~ 0.2 nm). On the other hand, as the ICP was held constant at 400 W, a clear trend
was observed that the surface roughness increases as the RF powers increased from 5, 35,
to 70 W, corresponding to Samples D, E, and F, respectively. The contrast variation in
AFM images of Samples C, D, and E becomes more prominent with the ion energy, and
the height variation increases to 2 nm in Sample E which the highest DC bias was applied.
From the AFM measurements, it is found that the bias voltage controlling the ion energy,
determines the morphological quality of etched samples. Rather than physical
bombardments (ion density), energetic ion bombardments (ion energy) show a stronger

correlation with the surface damage during etching processes.
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Fig. 5.2. AFM images showing the surface morphology of samples with different ICP
etching parameters. Compared to a non-etched surface (Sample A), increasing
ICP power (higher ion density) shows a minor effect on the morphology
(Samples B, C, and D). Increasing RF power (higher ion energy) shows
significant increase on the surface roughness of GaN epilayers (Samples D to F).

5.3.2  Optical properties of etched GaN films

Figure 5.3 shows the CL spectra of Samples A-F with accelerating voltage of 2 kV at
room temperature. In Fig. 5.3(Top), the band-edge CL intensity at 3.4 eV of GaN films
decreases following ICP etching. With increasing ICP powers from 100 to 400 W (Samples
B, C and D), where DC bias varies from 21 to 39 V, the intensity remains about the same;
while with increasing RF power (Samples D, E, and F), where DC bias varies from 21 to
159 V, the intensity significantly decreases. At an RF power at 70 W and a DC bias of 159

V (Sample F), the band-edge intensity decreases down to ~ 2% of the intensity of nonetched
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one (Sample A). In Fig. 5.3(Bottom), the normalized spectra show the relative intensity of
yellow luminescence (YL) at 2.2-2.5 eV, compared to the band-edge intensity increases
after etching. The origin of the point defects responsible for yellow luminescence has been
attributed to gallium vacancies (Vga).!'%!!3 When varying the ICP power (Samples B, C
and D), the YL intensity remains about the same; while in the case of varying RF powers
(Samples D, E, and F), the YL intensity notably increases. The decrease in the band-edge
CL intensity can be explained in terms of gap states acting as nonradiative recombination
centers introduced during the etching processes.!'* The higher density of nonradiative
recombination centers is related to the ion accelerating voltage. Since higher DC bias
produces more damage, the noticeable degradation of band-edge CL performance observed
in Samples E and F is quite understandable. On the other hand, the increase in intensity of
YL is associated with the formation of point defects near the surface resulting from the
energetic ion bombardments. A decrease in the intensity with an increase in the DC bias is

indicative of damage induced during the etching process.
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Fig. 5.3. CL spectra of band-edge emissions and yellow luminescence of GaN films. (Top)
The band-edge CL intensity decreases following the ICP etching. The intensity
shows minor change by increasing ICP powers (Samples B and C), while
decreases with increasing RF powers (Samples C, D, and E). (Bottom) The
intensity of yellow luminescence (~2.2 eV) increases after etching. The intensity
shows minor change by increasing ICP powers (Samples B and C), while
increases with increasing RF powers (Samples C, D, and E). (Courtesy of Hanxiao
Liu)

In order to further study the damage caused by the etching processes, CL depth
profiling is performed at various electron acceleration voltages (2—10 keV), as shown in

Fig. 5.4(a). In the cases of 2 and 5 kV, the intensity of band-edge emission decreases with
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the accelerating voltage used in the etching processes. In particular, Sample D etched under
high ion density but the lowest ion energy, shows the highest CL emission. In the case of
7 kV, the intensity of CL emission of Samples B and C is about the same; the intensity of
CL emissions of Samples E and F is also about the same. For an electron beam energy of
10 kV, samples etched with relatively low DC bias, from 21 to 39 V (Samples B, C, and
D), show similar CL emission intensities; Samples E and F, etched with relatively high DC
bias of 95 and 159 V, respectively, show similar emission intensities. The depth profile of
the band-edge intensity compared with the non-etched sample (Iciched/Isample o) 1S shown in
Fig. 5.4(b). The maximum penetration depths where injected electrons come to a rest,
corresponding to different accelerating voltages, are indicated in the x-axis.!!>!'6 An
increase in relative intensity with penetration depth indicates that the damage created from
the etching is more prominent near the top surface, and decreases with depth. It notes that
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. From CL depth profiling, the depth of the ICP-induced
damage region can be qualitatively estimated. In order to minimize the etching damage,
one can expect that an etching process with a low bias voltage following one with a high

bias voltage can reduce the damaged layer and improve the materials properties.
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Fig. 5.4. Luminescence for samples with various ICP etching parameters. (a) The band-
edge CL intensity of etched samples with four different accelerating voltages. (b)
Depth profile of the relative band-edge CL intensity compared with the non-
etched Sample A (Tetched/Inot etched). (Courtesy of Hanxiao Liu)
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In order to correlate etched damage to device performance, two different etching
processes (with ICP power of 400 W and RF powers of 5 and 70 W) were applied to two
samples to see the effect on the reverse leakage characteristics of GaN p-n junctions. The
samples are u-GaN/GaN layers, followed by etched and regrowth, plus a thin #-GaN layer
insertion layer and a 500 nm p-GaN layer. Metal layers were deposited as p- and n-contacts.

More details on the device fabrications can be found in Ref. 117.
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Fig. 5.5. Reverse I-V curves for samples with two different etching parameters (RF powers
of 5 and 70 W, and an ICP power fixed as 400 W). The sample etched with a RF
power of 70 W shows a larger reverse leakage current. (Adapted from Ref. 116)
Figure 5.5 shows the reverse I-V curves of samples with two different etching
parameters (RF powers of 5 and 70 W, and an ICP power fixed as 400 W). In the case of
the sample etched with an RF power of 5 W, the reverse leakage current is significantly

lower than the one etched with an RF power of 70 W. The reverse leakage current has been

attributed to an increase of the surface channel conduction resulting from the etched
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damage.'!'” Therefore, the sample etched with an RF power of 70 W, where incident ions

have a higher energy, shows a larger reverse leakage current.
5.4 Conclusion

The surface morphology and optical properties of GaN films etching with different
ICP parameters were investigated. It has been showed that a bias voltage rather than an ion
density is the significant cause of plasma-induced damage. A high bias voltage results in a
roughened surface due to high energy ion irradiation. The irradiation can also create
nonradiative recombination centers and point defects in the vicinity of the surface, leading
to a low CL band-edge emission and a high yellow luminescence, respectively. It has also
been demonstrated that the depth of damaged can be estimated by CL depth profiling, and
an optimized etching parameter to minimize etch-induced damage can be developed.
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CHAPTER 6

LATERAL VS. VERTICAL GROWTH OF Mg-DOPED GaN ON

TRENCH-PATTERNED GaN FILMS (*)

6.1 Introduction

Some of the current designs of high-power GaN-based devices involve lateral p-n
junctions, which can be achieved via etch-and-regrowth steps.!!” This approach may
consist of an n-GaN film which is selectively etched to produce vertical patterns, with
regrown Mg-doped GaN filling the trenches. The regrowth of Mg-doped GaN films at the
selectively-etched regions involves growth perpendicular to the basal plane as well as
lateral growth from the sidewalls. Uniform film growth and uniform Mg distribution in p-
GaN are required to deplete the n-GaN channel in a vertical-junction FET under a normally
OFF operation.'!® Visualizing growth from different growth fronts and the nature of Mg
incorporation is essential for the understanding of the electronic performance of devices.

Pressure and growth temperature play a significant role on the anisotropic growth of
GaN films in epitaxial lateral overgrowth (ELO) on mask pattern substrates.!!” Impurity
incorporation modifies the growth rates of GaN on basal plane and inclined facets,'%%120-
122 resulting in planarization of GaN films by coalescence of expanding facets in two-step
ELO on patterned substrates.!?* However, there is not much knowledge about the structural

and optical properties of Mg-doped GaN films regrown at selectively-etched areas.

*Results included in this chapter have been submitted 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-pattern GaN films, submitted to Appl. Phys. Lett. on
Jun. 22, 2020.
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In this work, secondary-electron (SE) imaging and cathodoluminescence (CL)
monochromatic mapping are used to study the microstructure and optical properties of Mg-
doped GaN films grown at selectively-etched area (trench patterns). The correlation
between anisotropic growth and the variation in acceptor incorporation efficiency in

regions along the sidewall and near-basal plane is established.
6.2 Experimental Details

The epitaxial structures were grown by metal-organic chemical vapor deposition
(MOCVD) on free-standing c-plane GaN substrates, with hydrogen as the carrier gas, at a
growth temperature of 1050 °C, and a reactor pressure of 200 Torr. The Ga and N sources
were trimethylgallium (TMGa) and ammonia (NH3). The precursor for Mg doping is
bis(cyclopentadienyl)magnesium (Cp.Mg).

X=29, 15,9, i

A R A SR
X X
2 um
—
' 3
u-GaN films =
GaN substrates [1700]

Fig. 6.1. Schematic diagram of trench pattern on GaN substrates. The width of trenches
varies from 35 to 5 um, with a depth of 2 pm. A 2-um-thick Mg-doped film was
subsequently deposited on the trench pattern.

Our thin film structures consist of 4-um-thick undoped GaN (u-GaN) films grown on

c-plane GaN substrates. The u-GaN layers were selectively etched to produce a periodic
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array of two-sided sloped trenches with a depth of 2 um. The trench widths were 25, 15, 9,
and 5 um, as shown in Fig. 6.1.

Etching was done by photolithography and chlorine-based inductively coupled plasma
(ICP) dry etching at an ICP/RF power of 400/70 W, a Clo/BCls/Ar flow rate of 30/8/5 scem,
and a pressure of 0.67 Pa. Following the etching, a 2-um-thick Mg-doped GaN was grown
over the trench pattern. The Mg-doped GaN film was grown with a TMGa flow rate of 12
sccm and a CpoMg flow rate of 100 sccm, at a temperature of 975 °C, for a Mg
concentration of 3x10' ¢m™ measured by secondary ion mass spectroscopy. Post-growth
thermal activation of Mg-doped GaN was performed using rapid thermal annealing at
700 °C for 20 mins in a nitrogen atmosphere.

The microstructure of Mg-doped GaN films was studied by secondary electron
microscopy (SEM), from cross-section samples prepared by mechanical polishing using
diamond lapping films. CL system consists of a JEOL 6300 scanning electron microscope
(SEM) connected to an Oxford CL2 monochromator and a photomultiplier tube. A
correlation with microscopic optical characteristics was obtained using CL monochromatic
mapping by setting the monochromator to a certain wavelength and recording the spatial
variation of luminescence intensity over an area, with an electron beam current of 100 pA
and an acceleration voltage of 7 kV in a JEOL 6300 scanning electron microscope equipped

with an Oxford CL2 monochromator and with a photomultiplier tube.
6.3 Results and Discussion

6.3.1 Structural properties of GaN:Mg films grown on trench patterns

82



SE images of Mg-doped GaN films grown on trench patterns are shown in Fig. 6.2.
where Mg-doped GaN has a brighter SE contrast than u-GaN.!?* The variation in the
surface morphology of Mg-doped GaN results from competition between lateral growth
from the sidewall and vertical growth from the bottom surface, leading to notches located
at the top center of the trenches, as seen in Fig. 6.2. For wide trench widths, the length of
the top-sidewall is larger than 4 um, and the outer slope increases with decreasing trench
width. When the trench width is 5 pm, growth from opposite sides of the trench have
coalesced, and a c-plane front creates a flat surface. The anisotropic growth of Mg-doped
GaN films results from three factors: one is due to the presence of the sidewall, two is a
dependence on growth temperature and pressure, and three is Mg-doping effects.’8:106.119.124
The sidewall can be viewed as a highly tilted facet consisting of a high density of basal-
plane steps, each step being an efficient sink for adatoms.’”®!2* Growth temperature and
chamber pressure do significantly affect the growth morphology (lateral vs vertical growth
direction).!>* Mg doping promotes the diffusion of adatoms,'% promoting the accumulation
of adatoms in the vicinity of sidewalls. The competition between lateral and vertical growth

results in a thicker layer near the sidewalls and a thinner layer away from the sidewalls

near the trench center.
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Fig. 6.2. Cross-section secondary-electron images of Mg-doped GaN films grown on
trench patterns. Mg-doped GaN has a brighter contrast than the u-GaN. Its
surface is flat next to the fin, and decreases after a distance of about 3.8 um. The
film thickness at the trench center increases with decreasing trench width. For a
trench width of 5 um, the Mg-doped GaN from opposite sides coalesce and a flat
surface is achieved. (Courtesy of Hanxiao Liu)

6.3.2 Optical properties of GaN:Mg films grown on trench patterns

Monochromatic CL images of optical emissions at 2.85 and 3.25 eV of Mg-doped GaN
films grown on the trench patterns with various widths are shown in Figs. 6.3. The 3.25 eV
peak is due to transitions from a shallow-donor to a Mg-acceptor, and the 2.85 eV peak is

due to deep-donor to Mg-acceptor transitions.”>!23-127 When the magnesium concentration
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increases, the intensity of the 3.25 eV emission decreases and the 2.85 eV emission

Increases.

Fig. 6.3. Monochromatic CL mappings of GaN:Mg films at 2.85 and 3.25 eV. Trench
patterns with a width of (a) 25 pum, (b) 15 um, (¢) 9 um, and (d) 5 um. The Mg-
doped GaN shows a strong emission at 2.85 eV near the center of the trench base;
while a strong emission at 3.25 eV is observed near the sidewall. The 2.85 and
3.25 eV emissions are complementary. (Courtesy of Hanxiao Liu)

When the trench is partially filled by Mg-doped GaN, as in Figs. 6.3(a)-(c), the upper

CL images at 2.85 eV show a lower emission in the vicinity of sidewalls and a higher

85



intensity in the lower 3.25 eV images. In case (d), where the trench is fully filled by Mg-
doped GaN, the upper CL image at 2.85 eV also shows the lower emission in the vicinity
of the sidewalls, and additionally a region of higher emission is observed at the top center
of the trench, the results when the lateral fronts coalesce and basal plane growth leads to a
flat surface. As in Figs. 6.3(a)-(c), the lower CL image taking at 3.25 eV shows

complementary emissions.

Fig. 6.4. Tilted cross-sectional secondary-electron and monochromatic CL images of Mg-
doped-GaN grown on trench patterns with a width of 25 pm. A strong 2.85 eV
emission is observed on top of the mesa. The 2.85 and 3.25 eV emissions are
complementary. (Courtesy of Hanxiao Liu)
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Figure 6.4 shows tilted cross-section SE and CL images for the case where a trench
width is 25 pm. Complementary emissions at 2.85 and 3.25 eV are observed near sidewalls
and trench bases, as discussed earlier. Note that a strong emission at 2.85 eV is also
observed on top of the mesa, which is barely seen in the edge-on cross-section images in
Fig. 6.3.

Previous reports have indicated that for GaN grown along highly tilted facets the
doping efficiency of magnesium is reduced, leading to the formation of semi-insulating
regions (p~-GaN).!?-127 Note that the p-GaN region near the center of trenches results from
the vertical growth along the basal plane.

From the monochromatic CL images in Figs. 6.3 and 6.4, the geometry of etch-and-
regrowth region consisting of trenched-patterns, p-GaN and p~-GaN can be determined: a
sidewall with 2 um in height has sides slanted approximately 78° toward the basal plane,
resulting from the ICP etching. The p-GaN and p~-GaN regions are separated by a yellow
dash line tilted about 28° away from the basal plane, independent of the trench widths, as
in Fig. 6.5(a). This boundary corresponds to a (0111) plane originating from the fin
sidewall, and vertical growth on (0001) basal planes. The two growth fronts meet at a
boundary with an angle of 28° with the basal plane, as shown in Fig. 6.5(b). The image
suggests that when a (0001) monolayer is grown, two monolayers on a (0111) plane are
formed, in order to provide coincidence between the lateral and vertical growth fronts. The
anisotropic growth of Mg-doped GaN along the sidewall facet results in a lateral growth
rate faster than that the vertical growth rate with a ratio of lateral to vertical growth about
2. In the case where a trench width is 5 pm, the thick sidewalls from two sides coalesce to

fill the trench. Note that the vertical growth reappears and planarizes the film structure
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when the sidewalls from opposite sides coalesce at the top center of the trench, leading to

a strong CL emission at 2.8 eV observed in Fig. 6.3(d).

Fig. 6.5. Schematic diagrams of Mg-doped GaN grown on trench patterns. (a) The sidewall
slants 78° toward the basal plane, resulting from the ICP etching. The p-GaN and
p~-GaN regions are separated by a boundary (yellow dash line) making an angle
of 32° with the basal plane, independent of trench widths. (b) The boundary
between p-GaN and p=-GaN regions corresponds the coalescence of growth fronts

on {0111} and {0001} planes, with a ratio of lateral to vertical growth of about
2.

6.4 Conclusion

The growth evolution and non-uniform luminescence of Mg-doped GaN films grown
on trench patterns have been studied. The anisotropic growth of Mg-doped GaN films
along sidewalls due to the promotion of lateral growth during Mg incorporation is observed.
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CL mappings show the non-uniform luminescence at 2.85 and 3.25 eV, resulted from the
differences in acceptor incorporation efficiency in regions grown along different growth
fronts. The ratio of lateral to vertical growth determined from the CL images is about 2.
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CHAPTER 7

SUMMARY AND FUTURE WORK

7.1 Summary of the Dissertation

In this dissertation, an investigation on the structural and optical properties of III-V
semiconductor for photovoltaics and power electronic applications has been reported. TEM
and AFM have been used to analyze the microstructures which are closely related to the
nature of the materials and their growth conditions. CL has been used to characterize the
optical properties, correlated with the structural properties.

In Chapter 3, InAs QDs are grown by MOCVD and covered with GaAs capping layers.
The effects of QDs deposition time and thickness of GaAs capping layers on the structure
of GalnP as barrier layers have been studied.!*® A shorter QDs deposition time and thinner
capping layers lead to a disordered phase of GalnP layers with random distribution of group
IIT elements. As the QDs deposition time and thickness of capping layers increase, GalnP
layers show ordered with alternating In- or Ga-plane lying along {111} directions, and a
shrinkage of the bandgap from 1.92 to 1.85 eV is observed. The floating indium
accumulated at the growth front due to difficulty of incorporation during growth of the
InAs QDs, is attributed to the structural transition in GalnP layers. The excess indium
interferes with the group-III sublattice ordering mechanism, and gives rise to a disordered
GalnP layer.

In Chapter 4, the effects of vicinal substrates and growth rates on surface morphology
of Mg-doped GaN epilayers grown on vicinal GaN substrates have been studied.!>* As the
miscut angle increases, individual steps tend to coalesce into step bunches to form hill-and-

valley morphology. After Mg is incorporated, periodic surface steps are observed on the
90



surface. Facets with different steps density coexist on the surface in order to conserve the
net orientation, and the unit height of atomic steps becomes bilayers from a monolayer as
the surface tilting angle increases. It is also showed that slower growth rates can enhance
step-flow growth and suppress step bunching, leading to higher p-type doping efficiency.

In Chapter 5, the effects of inductively coupled plasma (ICP) etching processes by
varying RF and ICP powers on GaN epilayers are investigated. It has been showed that the
RF power which controls ions energy with changing dc biases, significantly influences the
films properties. Higher ions energy enhancing the bombardment effect, results in a
rougher surface morphology, a decrease in intensity of band-edge emission, and a higher
yellow luminescence of GaN films.

In Chapter 6, the anisotropic growth and non-uniform luminescence of Mg-doped GaN
grown on trench patterns have been observed. For the growth conditions lateral growth on
the trench sidewall occurs at a faster rate than on the trench base. With a narrow trench
width, growth fronts from the two sidewalls coalesce and leads to eventual planarization
of the film. The regions with lateral and vertical growth of the Mg-doped GaN films grown

on trench patterns have been imaged, and a lateral-to-vertical growth rate ratio is about 2.

7.2 Future Work
7.2.1 Towards Type-II Quantum Dots for Higher IBSC Efficiencies

Most QDs used in intermediate band solar cells are made of InAs QDs embedded in a
host (matrix) GaAs material. They are called Type-I QDs, which form a straddling band
offset, attracting both electrons and holes towards the QDs, as shown in Fig. 7.1(a).!?

Therefore, two sets of bound states at energy levels within the bandgap of matrix are
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formed in the both valence and conduction bands. It has been reported that sub-bandgap
adsorptions between hole bound states are attributed to the voltage reduction of the
intermediate band solar cells.!?” In other materials systems (for examples: InP QDs/GalnP
matrix and InAsP QDs/GaAs matrix), a staggered band offset is formed to attract electrons
and repel holes, called Type-II QDs, as shown in Fig. 7.1(b).!3!:132 The hole bound states
are not present in this case, expecting to minimize an undesirable voltage reduction in solar
cells applications. On the other hand, the misfit strain between QDs and matrix can alter
the local band edges, creating a ring shape potential well to capture the holes surrounding
the QDs.!3 Therefore, the overlap between electron and hole wavefunctions is reduced,

leading to lower electron-hole recombination and a longer carrier radiative lifetime.

(a) (b)
CB — — — —— CB

VB —— S — VB

Type-I QD Type-1I1 QD

Figure 7.1 Schematic diagrams show band alignments of Type-I and —II quantum dots. (a)
Type-1 QD shows a straddling band offset, trapping both electrons and holes.
(b) Type-IT QD shows a staggered band offset, attracting one type of carriers
(electrons) and repel the other one (holes).

Chapter 3 contained results from Type-I QDs. Type-II QDs have more demanding
refinements. We did some work which revealed the difficulty as discussed next. One of the

Type-1I QDs systems has been studied, which is InAsP QDs embedded in a GalnP matrix.
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Figure 7.2(a) shows the relationship of misfit strain between deposited materials and
substrate, versus the thickness of deposited materials for spontaneous island formation. In
order to obtain coherent islands, three monolayers of InAsP were deposited on a GalnP
substrate. The InAsP QDs/GalnP sample was grown by metalorganic vapor phase epitaxy
on (001) GaAs substrates in an Aixtron AIX 200 horizontal reactor at 100 mbar. A pre-
growth treatment at 720 °C for de-oxidation was applied to the GaAs substrates for 15 min
under AsH3z overpressure. The hydrogen carrier gas flow rate was 8 liters/min. The
precursors were tri-methyl gallium (TMGa), tri-methyl indium (TMIn), phosphine (PH3)
and arsine (AsH3). GaAs was grown at 630 °C at a growth rate of 0.16 nm/s and a V/III
ratio of 160. The Ga/(Ga + In) gas phase ratio was calibrated for growth of Gag sIno.sP
layers at 650 °C, with a growth rate of 0.27 nm/s and a V/III ratio of 345. The schematic
structure of the sample is shown in Fig. 7.2(b). The growth sequence was as follows: A
500-nm-thick GaAs buffer layer was grown on an n-doped (001) GaAs substrate, followed
by a 500-nm-thick Gao sInosP layer. The active region consists of an InAsP QD layer and
GalnP capping film. The QDs are grown with an amount of InAsP deposition equivalent
to 3-monolayer-thick InAsP layers at 580 °C. After the QD growth, the temperature was
being raised to 650 °C, with a ramp rate of 46 °C/min. After reaching 650 °C, the
temperature was held constant for 1.5 min to achieve surface stabilization. Then, 30 and
70 nm thick GaoslngsP layers acting as the capping layer and barrier, respectively, were
grown; and the growth sequence of the active region and barrier was repeated five times.
An extra QD layer was grown at the top surface for the purpose of determining the dot

morphology and distribution.
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Figure 7.2 Strain for island formation and schematic diagram of InAsP QDs/GalnP (a)
Thickness of deposited materials vs. strain for spontaneous island formation.
(b) Schematic diagram of the InAsP QDs/GalnP thin film structure. (Courtesy
of Dr. Patricia L. Souza)
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(b)

Figure 7.3 TEM two-beam bright-field images of InAsP QDs/GalnP thin film structure
under two different diffraction conditions. (a) Image taken under the g=002
condition. (b) Image taken under the g=022 condition. (c) High magnification
image taken from the marked region in (b), with the presence of Moiré fringes
at the interfaces between InAsP QDs and GalnP layers.
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TEM two-beam bright-field imaging was performed on the sample to study the strain
and the structure of QDs, as shown in Fig. 7.3. The images in Figs. 7.3(a) and (b) show
five periods of dislocations emanated from the dots, forming V-shape defects lyingon {111}
planes are generated, in order to relax the lattice mismatch strain between QDs and a
substrate. Fig. 7.3(c) shows a high magnification image taken from the marked region in
Fig. 7.3(b) with the presence of Moir¢ fringes at the interface between QDs and substrate.
The fringes resulted from the interaction of two incoherent waves, indicates the lattice
misfit relaxation occurring at the interface.

Different growth parameters were modified, including changes of the amount of QDs
deposition, and the materials of capping layers, in order to improve the materials quality.
However, the samples are still defective, and the generation of misfit dislocations cannot
be suppressed. It is attributed to the difficulty of controlling the stoichiometry of group-V
elements. This is the work that need to be done next, as discussed next. To modify the alloy
composition of ternary IIkIII;xV and I[IIV V1« QDs are very different. Ternary I II1;«V
QDs have been produced and studied extensively, the concentration of two group-III
element is closely proportional to their arrival rates to the surface.!** Considering the fact
that incorporation of group-III elements is close to 100%, the stoichiometry shows easier
to control in this system. However, for the growth of IIIVxVi.x QDs, the higher volatility
of group-V elements complicates the nucleation of islands.!*> Also, the difference in
decomposition temperature for arsine and phosphine may lead to the incomplete pyrolysis
at lower growth temperatures.'3¢ In other words, arsine is fully activated, but phosphine is
not, at the given temperature. And equal flows of arsine and phosphine would lead to form

QDs with higher concentration of arsenic, resulting in the QDs with higher misfit strain.
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To increase the growth temperature may not work because indium would re-evaporate to
the gas phase at high temperatures. To solve the problems, the growth rate has been
modified to control the growth in a kinetic region.!** It has been shown that this method
can control the mixing of group-V elements and improve the stoichiometry of IIIVyV1x
QDs. On the other hand, to increase the phosphine flow rate may also balance the

compositions of As and P elements in the QDs, leading to the formation of coherent islands.
7.2.2  Growth of GaN:Mg on Different Substrates and Growth Conditions

Hydride vapor phase epitaxy (HVPE) is currently the most common approach to
fabricate GaN substrates with a low dislocation density (of the order of 10° cm™) and at a
relatively high growth rate (>100 um per hour).!37-138 As discussed in Chapter 4, the steps
present on vicinal HVPE-GaN substrates facilitate lateral step-flow growth, leading to a
smooth surface morphology. The substrate with a normal surface tilt toward the < 1100 >
direction results in straight and well-defined step edges on p-GaN surfaces. For p-GaN
epilayer grown on a vicinal HVPE-GaN substrates with a tilt toward both < 1100 > and
< 1120 > directions, straight steps with some degree of jaggedness were observed, as
shown in Fig. 7.4, and the jaggedness correlates to the miscut toward the < 1120 >

direction.!??
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Figure 7.4 AFM image shows the surface morphology of p-GaN epilayer grown on a
vicinal GaN substrate, with tilts toward both < 1100 > and < 1120 >
directions. Straight steps with some degree of jaggedness are observed.

It would be interesting to study the step evolution of p-GaN layers grown on vicinal
GaN substrates toward < 1120 > or both < 1100 > and < 1120 > directions with larger
tilting angles and see how they correlate with the optical properties. Understanding growth
on m-plane should be explored.

In addition, it has been reported that the growth rates in vertical and lateral directions
can be controlled by the reactor pressure, the growth temperature, and the [Mg]/[Ga] mole

ratio.!!?120 Tt is found that decreasing temperature and increasing pressure stabilize the

sidewall facets growth.!!” On the other hand, the ratio of lateral to vertical growth increases
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with the Mg concertation.'?® In the case of the growth on vicinal N-polar (0001)
GaN/sapphire substrates, it has been shown that to keep the Mg/Ga ratio in the intermediate
range of 10~ can maintain the smooth surface morphology of p-GaN layers on vicinal N-
polar (0001) GaN/sapphire substrates.'*> Further study can be done on the surface
morphology of GaN layers doped with different Mg doping concentrations, and to see the
local doping efficiency on vicinal (0001) GaN substrates.

On the other hand, it has been observed that the step flow is disturbed or even
interrupted as it meets the pinholes on the GaN surface. Such disturbance also effects the
rate of step advancement, leading to step bunching. In order to improve the surface
morphology or the interface quality for devices applications, it is necessary to further
reduce the dislocation density of GaN substrates. Recently, the ammonothermal growth of
GaN substrates shows a higher structural quality than the HVPE-GaN substrates.!#!>!4> The
dislocation density of ammonothermal GaN crystal is in an order of 10° cm™, comparing
with that of typical HVPE GaN crystal (of the order of 10° cm™). In addition, the crystal
lattice of ammonothermal GaN is much flatter (i.e. built-in stress is minor), where the
HVPE GaN is well known for its lattice bending. Therefore, the layers grown on vicinal
ammonothermal GaN substrates are expected to maintain the step-flow growth in terms of
the better crystal quality, resulting in a smooth morphology and improved acceptor

incorporation efficiency.
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