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Chapter 1

Introduction

The history of electric light began just about 130 years ago. In 1879, an American

inventor, Thomas Edison, discovered that “giving a low current electricity runs through

a metallic filament wire inner a vacuum environment could generate visible lights”.

This invention has changed the world by establishing home-used electric lamps, the

so-called incandescent light bulbs or filament lamps. Despite new development and

creation filament lamps, they are still very similar to the early design. Their principle

of black body radiation source requires about 95% of the electrical energy to be wasted

by infrared light.

In the twentieth century, the first light-emitting diode (LED) was developed by a

Russian, Oleg V. Losev [1] based on the discovery in 1907 of the British experimenter,

Henry J. Round, about electro-luminescence [2]. In 1960, the first ruby laser diode

(LD) was demonstrated by an American physicist, Theodore H. Maiman [3]. Shortly

after the first practical semiconductor laser based on GaAs was demonstrated [4–12].

In 1962, the first practical visible-spectrum (red) LED based on GaAsP was developed

by Nick Holonyak Jr. [6]. Rapid advances in science and technology with a strong

hand-shake between research and application lead to the replacement of the light bulbs

with the semiconductor-based LEDs. LEDs are nowadays broadly applied to areas

such as LED-based television, LED-based traffic lights, and memory storage system.

For example, different compact optical discs are used for media storage, such as CD

disc (using a 780 nm wavelength laser diode), DVD disc (using a 650 nm wavelength),

and Blu-ray disc (using a 405 nm wavelength). “Save energy” is a message throughout
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the world today and LED-based light is one of the best solution for that. Their high

efficiency drives the LED’s revolution

Epitaxial thin-film growth techniques are the backbone of the developments of LEDs

and opto-electronic devices. LEDs with different colors (emission wavelengths) covering

the full range from ultra-violet to ultra-infrared have been realized by several different

material-system-based LEDs such as phosphors (e.g., YAG:Ce), II-VI semiconductor

compounds (like CdTe, CdS, and CdSe), silicon carbide (SiC), III-V semiconductor

compounds (like GaAsP and InAsP), and III-Nitride semiconductor compounds (AlN,

GaN, and InN).

Among the different material systems aforementioned, no efficient blue LED was

available until 1994, when the first high-brightness blue LED based on InGaN was

demonstrated by the Japanese scientist Shuji Nakamura [13]. Remarkable break-

throughs of the III-nitride-based devices have been achieved in the last 20 years, not

only in high brightness red-blue-green-white LEDs and LDs but also in electronic de-

vices such as high power and high frequency devices. It is clear that the nitride-based

emitters will gradually replace the traditional home-used light bulbs.

Among the III-nitrides, the band-gap of InN was believed to be 1.9 eV [14, 15].

Only in 2002 it was discovered to be about 0.7 eV [16, 17], and now most people agree

on the InN band-gap of 0.65 eV [18]. Thus III-nitrides and their ternary alloys (InGaN

and InAlN) cover the spectral range from deep ultra-violet to visible and near infra-red

regions by varying the indium contents of InGaN or InAlN alloys. In the recent 5 years,

the lack of external efficiency of pure green LED and LD was a big focus of III-nitride

research. Only in 2009, OSRAM and SORAA companies demonstrated green LD based

on InGaN [19, 20]. Another idea is to apply III-nitrides to solar cells to absorb the

spectrum of the whole sun by multi-junction quantum well solar cells [21, 22].

Most III-nitrides are grown on polar c-plane, especially commercial LEDs and LDs.

To obtain higher efficiencies, research on III-nitrides based devices grown in other ori-

entations such as semipolar and nonpolar has attracted much interest due to the re-

duction/suppression of built-in electrostatic fields in the polar direction [23]. The first

LEDs on nonpolar GaN were made in 2004 [25] and semipolar in 2005 [26]. However,

growth of semipolar and nonpolar III-nitrides is still challenging, limiting the perfor-

mance of devices [27]. Free-standing semipolar and nonpolar GaN substrates are very
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Chapter 1. Introduction

expensive. Compared to GaN, growth of InN is even more challenging and its prop-

erties are less well-known. Furthermore, there is no free-standing bulk InN substrate.

Due to those challenges, InN-based devices are still under basic research.

The growth procedure development for the high quality layers is not only critical

for fundamental scientific studies but also for establishing devices. Obtaining higher

growth rates of InN is one critical issue (up to now, just few hundred nanometer per

hour growth rate is still a world record). Compared to GaN, most studies of InN are

focused on c-plane (0001), only very little about growth and properties of InN with

semi- and non-polar surface orientations are known.

Consequently, the aim of this work is to study the growth procedure and properties

of InN and InGaN layers grown by MOVPE with different growth orientations. In-situ

and ex-situ characterization techniques have been combined to investigate properties

of InN.

The state of the art of InN and InGaN will be summarized in the two first chap-

ters (Chapters 1 and 2). The experimental setup and MOVPE growth techniques will

be described in Chapter 3. Nitridation process of sapphire substrates will be inves-

tigated in Chapter 4. The following chapters are related to the growth of different

InN surface orientations, such as polar (0001) and (0001̄) InN (Chapter 5), semipolar

(101̄3̄) and (112̄2) InN (Chapters 6 and 7). Chapter 8 will be related to growth and

characterizations of (0001) InxGa1−xN layers directly on sapphire.
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Chapter 2

Overview of material properties

2.1 Structural properties of III-Nitrides

III-nitride semiconductor compounds (binary: AlN, GaN, and InN; and ternary: InAlN

and InGaN) crystallize in either the wurtzite (hexagonal, 2H) or the zincblende (cubic,

3C) crystal structure (Fig. 2.1), each of them have different properties. The wurtzite

phase is stable, and the zincblende phase is only metastable. Wurtzite structure consists

of two embedded hexagonal atom stacks, noted as A and B stacks (Fig. 2.1). They

stack on each other to form ABABAB... sequences along the [0001] direction, also

called a Hexagonal Closest Packings (HCP). Cubic structure shows different stacking

sequences, ABCABC..., as called a Face Centered Cubic (FCC). Figure 2.2 shows the

unit cell model of the wurtzite III-nitride crystal structures. Table 2.1 shows the lattice

constants of III-nitrides at room temperature. In this thesis, only the wurtzite crystal

structure of III-nitrides is discussed.

All wurtzite III-nitrides have the same P6 3mc space group symmetry (Hermann-

Mauguin notation). Thus, the structure of wurtzite III-nitrides is anisotropic, which

results in the different properties in both directions, i.e., thermal and optical properties.

The wurtzite structure has two different lattice constants, aw and cw, as shown in

Table 2.1 and Fig. 2.2.

Generally, growth of III-nitrides is performed at high temperature on a homo-

substrate or foreign substrate (e.g., sapphire). For example, growth of InN is usually

performed at 500 - 600oC using metal-organic vapor phase epitaxy (MOVPE), and at

400 - 500oC using molecular beam epitaxy (MBE). For hetero-epitaxial growth, there

5



2.1. Structural properties of III-Nitrides

Figure 2.1: Atom stacks of hexagonal closest packing (HCP) and cubic closest packing
(FCC) structures [28].

are always lattice and thermal expansion mismatches between layer and substrate (Ta-

ble 2.2). Both must be taken into account to calculate the lattice mismatch at growth

temperature since they strongly affect growth and quality of the epitaxial layers. Also

during cooling process after growth, different thermal expansion coefficients lead to a

strained layer.

To indicate the direction, axis, or planes of the wurtzite crystal structure, a modified

Miller-Bravais notation {hkil} is employed, where i = -(h + k). When h = k = i =0 and

l =1, then this (0001) plane is called a c-plane, and the perpendicular direction to this

Materials Wurtzite Zincblende
aw cw az

AlN 3.112 4.982 4.360

GaN 3.189 5.186 4.500

InN 3.545 5.703 4.980

Table 2.1: Lattice constants at room temperature of III-nitrides with the different crystal
structures [29].
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Chapter 2. Overview of material properties

Figure 2.2: Unit cell of III-nitrides with (a)wurtzite and (b) zincblende crystal structures.

plane is called a c-direction ([0001]) (Fig. 2.3).

“Polarity” is a term that indicates either nitrogen (N) or group-III (Al, Ga, or In)

atoms lying at the topmost of the bare layer surface (i.e., a surface with the least number

of broken bonds). “Polarity” term is also called “face”, e.g., group-III-polarity/face

(Fig. 2.3(a)) or N-polarity/face (Fig. 2.3(b)). The polarity of III-nitrides grown on

hetero-epitaxial substrate depends on growth technique and parameter. Polarity control

of III-nitrides is an important issue, on which surface morphology, electrical and optical

properties, as well as chemical and thermal stability of III-nitrides strongly depend. For

instance, spontaneous polarization field is highest in the [0001̄] direction, i.e., pointing

from the group-III-face to the N-face shown in Fig. 2.3 [30]. Additionally, group-III-

polar III-nitrides have higher chemical and thermal stability than N-polar III-nitrides.

The c-plane of III-nitrides is also called the “polar” plane. In contrast to the polar

c-plane, other crystal planes are called non- and semi-polar planes (Fig. 2.4). It is

Materials
‖a-axis ‖c-axis

(10-6K-1) (10-6K-1)

AlN [31] 4.15 5.27

GaN [31] 5.59 3.14

InN [32] 3.80 2.90

Sapphire [33] 5.22 5.92

Table 2.2: Thermal expansion coefficient parameters at room temperature of the wurtzite
III-nitrides.
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2.1. Structural properties of III-Nitrides

Figure 2.3: III-nitrides (2× 2× 2 unit cells) with the different polarities: (a) group-III
polarity (+c- or [0001] direction) and (b)N-polarity (-c- or [0001̄] direction). Psp vectors
indicate the directions of the spontaneous piezoelectric field in both the polarities.

Figure 2.4: III-nitrides with different surface orientations. The α angles were calculated
for InN with respect to the c-plane InN (α=0o).

well-known that semi- and non-polar planes exhibit smaller spontaneous piezoelectric

field along growth direction compared to c-plane [23]. A nonpolar plane corresponds

to l =0, e.g., a-plane (112̄0) and m-plane (11̄00). A nonpolar plane inclines 90o to the

c-plane. Planes in between are called semipolar (h or k are nonzero, and l 6=0), e.g.,

semipolar (101̄3) and (112̄2) planes. A semipolar plane inclines between 0 - 90o to the

c-plane.

In contrast to the polar structure of III-nitrides, the semi- and non-polar structures

have two-fold surface symmetry instead of the six-fold surface symmetry of the c-plane,

which strongly affect their properties, i.e., morphological and structural properties.

Growth of high quality semi- and non-polar III-nitrides is much more challenging than

polar III-nitrides due to the hard control of the growth orientation and very high defect

density in the layers.
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Chapter 2. Overview of material properties

2.2 Material properties of InN and related alloys

2.2.1 Bandgap and electrical properties

Among III-nitrides, InN has the smallest effective electron mass, leading to the high-

est mobility and the highest saturation velocity as shown in Table 2.3. The effec-

tive electron mass of InN [35] is 2 and 5 times smaller than those of GaN [36] and

AlN [37], respectively. The peak drift velocity of InN is higher than GaN (30%) and

AlN (60%) [37]. Furthermore, theoretical calculations of the electron transport char-

acteristics of InN show a superior value compared to those of the other III-nitrides

over a wide range of temperature (15 - 500K) [42]. A model of the electron transport

in bulk wurtzite InN was demonstrated to check the impact of the transient electron

transport on the performance of proposed InN-based devices [43]. The model showed

that InN-based devices would have an extremely high speed of the transient electron

transport with a high cut-off frequency up to thousands of giga-hertz frequency (GHz),

e.g., 2500GHz, 130GHz, and 10GHz for 0.1µm, 1µm, and 10µm device thickness, re-

spectively [43]. This makes InN very promisingly for high-speed and high-performance

heterojunction field electron transistors (HFETs), which would operate at near tetra-

hertz region (THz) [43, 44].

Varying In-content of In(Ga,Al)N gives a tunable bandgap energy of In(Ga,Al)N

from 0.65 - 3.4 - 6.12 eV (near infrared (InN) over ultraviolet (GaN) to deep ultraviolet

(AlN) region). Thus, In(Ga,Al)N can be applied not only for solid-state emitting

devices but also for high efficiency energy conversion systems such as solar cells [21, 22].

Parameters InN GaN AlN

Bandgap (eV) 0.65 [18] 3.4 6.12 [24]

Electron mass (×mo)
0.11 [35] 0.20 [36] 0.48 [37]

(mo=9.1×10-31 kg)

Peak drift velocity (× 107 cm/s) 4.2 [37] 2.9 [37] 1.7 [37]

Electron mobility (cm2/Vs)
4400 [38] 1000 [38] 300 [38]

(theoretical)

Electron mobility (cm2/Vs)
3500 [39] 900 [40] 50 [41]

(experimental)

Table 2.3: Material properties of III-nitrides at room temperature.
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2.2. Material properties of InN and related alloys

Figure 2.5: (a)The wurtzite InN energy band structure calculated using density func-
tional theory within the local density approximation incorporating self-interaction correc-
tions [46]. Conduction band minimum at the Γ-point is much lower with respect to the
branch-point energy (EB) than the conduction band edge at other points in k -space. Crit-
ical points like Eo, E1, E2, and E3 are shown. (b)The layered charge profile used in the
high-resolution electron-energy-loss spectroscopic simulations (solid line) and the corre-
sponding smooth charge profile n(z) calculated by solving the Poisson equation within the
modified Thomas-Fermi approximation (dotted line) [47]. A maximum electron density of
∼2.8×1020 cm-3 and a bulk carrier concentration of 3.2×1019 cm-3 occur in the near sur-
face, indicating the presence of an intrinsic electron accumulation layer on the clean InN
surface.

However, after one decade when the first single crystalline wurtzite InN was pro-

duced [16, 17], InN-based devices are still unavailable due to the lack of high quality

layers and insufficient thickness. Additionally, it is very challenging to produce In-rich

InGaN and InAlN due to the miscibility of the alloys [45].

2.2.2 Surface electron accumulation

In a compound semiconductor, at a certain energy, called the branch-point energy,

the valence band (VB) and conduction band (CB) states change their character from

predominantly VB-like (or donor-like) to mostly CB-like (or acceptor-like). “Surface

electron accumulation” is a term that indicates a phenomenon of a low Γ-point con-

duction band minimum (CBM) in the band structure of a semiconductor with respect

to the branch-point energy (Fig. 2.5 of Refs. 46 and 47). Surface electron accumulation

on the compound semiconductors has attracted much attention since a high surface

electron density implies a great technological importance, i.e., for the formation of

non-alloyed low resistance Ohmic contacts [48].
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Chapter 2. Overview of material properties

Figure 2.6: Conduction band minimum (CBM) and valence band maximum (VBM) of
relaxed III-nitrides with respect to the branch point energy (EB) [59]. EF indicates the
bulk Fermi levels of III-nitrides. Group-III vacancies: V −

III
, and N vacancies: V +

N
. The

midgap energy at the Γ-point is thin dotted line.

Surface electron accumulation was observed to be an intrinsic property of InN with

different surface orientations (polar [46, 47], semipolar [49], and nonpolar [49, 50]).

Surface electron accumulation was also observed in In-containing III-nitride alloys such

as InGaN [51] and InAlN [52]. For InGaN and InAlN alloys, a transition from electron

accumulation (inversion) to electron (hole) depletion for n-type material was observed

when In-rich layers were changed into Ga-rich InGaN (xIn=0.29) [51] and Al-rich InAlN

(xIn=0.59) layers [52]. Surface electron accumulation was not only observed in InN

and related alloys, but also in other In-containing semiconductors such as InAs [53–55],

InSb [53], and In2O3 [56].

The main reason of the appearance of the electron accumulation on the surface

of polar InN (and related alloys) was attributed to In-In metallic bonds, leading to

occupied surface states above the CBM [57]. The phenomenon of the surface electron

accumulation on the surface of c-plane InN was observed by high resolution electron

energy loss spectroscopy [46, 47]. From that phenomenon, an intrinsic surface electron

accumulation layer was found to exist, and its existence was explained in term of the

particularly low Γ-point CBM in InN (Fig. 2.5 of Refs. 46 and 47). Electron accumula-

tion was a consequence of ionized donor type surface states pinning the surface Fermi

level above the CBM [46, 47]. Recently, a native electron accumulation layer was found

on the surface of n-type InN by scanning tunneling spectroscopy [58]. Calculations of
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2.2. Material properties of InN and related alloys

energy positions of the Γ-point, the CBM, and VB maximum of III-nitrides with re-

spect to the branch-point energy showed that the CBM lies far below the branch-point

energy, and would be a reason for the appearance of the electron accumulation on the

surface of InN layer (Fig. 2.6 of Ref. 59).
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Chapter 3

Heteroepitaxy of III-nitrides

The growth of high quality epitaxial layers (i.e., smooth morphology, low defect density,

and low unintentional impurities) is the back-bone of fundamental study and device

fabrication. The word “epitaxy” is derived from the ancient Greek words: “epi” mean-

ing “upon”, and “taxis” meaning “arrangement”. Thus, “epitaxy” means that the

arrangement of atoms on an ordered substrate.

There are two different types of substrates, homo-epitaxy and hetero-epitaxy. Homo-

epitaxy means that layer and substrate are of the same material. If the layer and the

substrate are of different materials, then the substrate is called hetero-substrate (or for-

eign substrate) and the growth process is called hetero-epitaxy (e.g., GaN on sapphire

substrate).

There are several techniques for epitaxy (Table 3.1), such as Vapor-Phase Epi-

taxy (VPE), Liquid-Phase Epitaxy (LPE), Molecular-Beam Epitaxy (MBE), Hydride-

Vapor-Phase Epitaxy (HVPE), and Metal-Organic Vapor-Phase Epitaxy/Chemical-

Vapor-Deposition (MOVPE or MOCVD). Among those techniques, MOVPE technique

is the most used method and suitable for industrial mass-production of semiconductor

nanostructures. Since 1968, after the first report on MOVPE growth [60], the MOVPE

method has highly developed and evolved into a leading growth technique for III-V

(i.e., GaAs, AlAs, and InAs) and III-nitride (AlN, GaN, and InN) compound semicon-

ductor materials and their ternary alloys (i.e., InGaAs and InGaN). After the delivery

of MOVPE system based on a rotating susceptor, the layer homogeneity over the wafer

substrate has significantly improved. There are two different MOVPE systems with

horizontal and vertical reactors. Nowadays, A majority of industrial MOVPE systems
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3.1. MOVPE growth process: General considerations

Techniques Strengths Weaknesses

LPE
Simple Scale economics
High purity Inflexible

Non-uniformity

HVPE
Well developed Complex process/reactor
Large scale Control difficult

Hazardous sources

MBE

Simple process Expensive (capital)
Uniform Low throughput
Abrupt interfaces
In-situ monitoring

MOVPE

Higher flexibility Expensive reactants
Abrupt interfaces Accurately control parameters
Simple reactor Hazardous precursors
High purity

Table 3.1: Overview of epitaxy techniques [63].

is based on the horizontal laminar flow reactors and can perform a growth process on

multi-wafers at the same time, i.e., 216×2-inch wafers or 24×6-inch wafers. Up to now,

diameter of substrate wafer can reach to 8-inch in a 5×8-inch MOVPE system [61, 62].

This chapter will give a brief introduction about the MOVPE growth for III-nitrides.

Further information can be found in Ref. 63.

3.1 MOVPE growth process: General considerations

Compared to MBE technique, where growth is mainly controlled by the kinetics of

the surface processes via the reaction of the impinging species on the topmost atomic

layers (growth conditions far from thermodynamic equilibrium) [64], MOVPE growth

is governed by the diffusion processes [63]. MOVPE growth is conducted under near

thermodynamic equilibrium conditions that relies on vapor transport of precursors in

a heated zone [63]. A carrier gas (i.e., Ar, H2, or N2) is used to help the precursor

transportation. In order to create these near equilibrium conditions, a substrate is

typically located on a heated susceptor in the heated zone. Most of the MOVPE

systems are based on the cold-wall reactors, where precursors are being delivered to

the heated substrate by the carrier gas.

In MOVPE, growth occurs via the decomposition of the precursors over the heated
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Chapter 3. Heteroepitaxy of III-nitrides

Figure 3.1: Surface processes involved in epitaxial layer growth.

substrates. During growth, there are numbers of reactions involving both homoge-

neous and heterogeneous reactions of the precursors as well as growth related surface

processes, such as adsorption and desorption of the chemical species, and surface migra-

tion (nucleation and diffusion). The reactions during growth might be more complex

due to the incomplete decomposition of the precursors. The appearance of many dif-

ferent decomposed products occurs during the growth process [63]. Basically, there are

six reaction steps involving gas phase and surface reactions during an MOVPE growth

process shown in Fig. 3.1.

(1)The carrier gas will transport the precursor molecules from the sources to the

heated zone of the reactor where they will undergo gas phase decomposition. The

resulting species diffuse through the boundary layer to the growing surface and ph-

ysisorb onto the surface. At this moment, the species can either desorb or react with

other surface species on the surface. The species can diffuse on the surface and in-

corporate into the layer (2, 3). There are two different diffusion processes, (3) terrace

and (4) step-down diffusions. In principle, the terrace diffusion is more facile than the

step-down diffusion and generally atoms are bound tighter at the bottom of a step [65].

Furthermore, the step-down diffusion is kinetically only significant at very high tem-

perature [65]. During the growth process, (5) desorption and (6) by-products processes

are simultaneously occurred. Due to the energetically instability, the species can be
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3.1. MOVPE growth process: General considerations

Figure 3.2: The effects of (a) substrate temperature and (b) reactor pressure during the
MOVPE process on growth rate of layer [63].

desorbed from the surface. The gaseous by-products that desorb from the sample sur-

face and diffuse in the carrier gas away from the deposition zone towards the reactor

exhaust.

Those six steps occur simultaneously during the MOVPE growth process (Fig. 3.1).

For different material systems and purposes of growth process, both different series

and parallel reactions should be considered for the rate of overall reaction. For the

complex MOVPE system, the overall reaction rate in the reactor is controlled by:

thermodynamics, kinetics, hydrodynamics, and mass transport (Fig. 3.2 and Ref. 63).

The thermodynamics determines the driving force which both causes and controls the

direction of the reaction for the overall growth process. The kinetics defines the rates

of change in the concentration of reactants in a chemical reaction. The hydrodynamics

indicates the flow dynamics including fluid flow, heat transfer, and chemical transport of

species in a typical MOVPE reactor. The hydrodynamics is strongly dependent on the

reactor configuration and total system pressure, i.e., hydrodynamics occurs differently

in horizontal and vertical MOVPE reactors. Overall, the thermodynamics, the kinetics,

as well as the hydrodynamics and the mass transport must be understood not only to

control the MOVPE growth process but also to develop new generation of the MOVPE

system.

Generally, MOVPE growth is performed at temperatures similar to HVPE growth

but much higher than used by MBE technique for III-nitrides. Because of the depen-

dence on thermal decomposition of precursors, the MOVPE growth process strongly

depends on growth temperature and the amount of precursors. At very high growth

temperature, desorption (and etching) is dominating. If growth temperature is very
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Chapter 3. Heteroepitaxy of III-nitrides

Figure 3.3: Growth modes of epitaxial layer: (a)Volmer-Weber [68], (b) Frank-van der
Merve [69], and (c) Stranski-Krastanow [70].

low, the decomposition of precursors is less, and hence reducing growth rate. Figure 3.2

shows how substrate temperature and reactor pressure during the MOVPE process af-

fect growth rate of layer. For example, if substrate temperature Ts<T1, growth rate

depends mainly on change of temperature but rarely on pressure; in mid-range of tem-

perature (T1<Ts<T2), growth rate does not depend appreciably on temperature but

increases with increasing pressure; and, if Ts>T2, growth rate increases slowly, proba-

bly due to the homogeneous reactions in the gas phase, causing a depletion of reactants,

or surface re-evaporation at that high temperature (Fig. 3.2(a)).

3.2 Modes of layer growth

Properties of epitaxial layer (i.e., morphology and structure) are strongly depended on

growth conditions (e.g., temperature, precursor, and substrate). All of them contribute

to different morphologies and structures of the grown layers. Depending on the growth

conditions, the growth process of the layer might be followed different growth modes.

The growth of epitaxial layers (homo- or hetero-generous) on a single crystal surface
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3.3. Precursors for III-nitride epitaxy in MOVPE

depends significantly on the interaction strength between atoms and the surface. While

it is possible to grow epi-layers from a liquid solution (e.g., in LPE), most epitaxial

growth occurs via a vapor phase technique (e.g., MOVPE, HVPE, and MBE). There

are three main growth modes shown in Fig. 3.3, which govern epitaxy [68–71].

The first growth mode, Volmer-Weber [68, 71], occurs normally when layer was

grown on lattice-mismatched substrate (e.g., InN/GaN), leading to the formation of

large islands of crystal (three-dimensional structure (3D)). When atoms reach to the

substrate surface, adatom-adatom interactions are stronger than the interactions be-

tween the atoms with the surface. The atoms prefer to aggregate each other instead of

attaching to the substrate, leading to the formation of 3D adatom clusters or islands.

Layer based on the Volmer-Weber growth mode shows a very rough surface with 3D

structure.

When layer and substrate are relatively lattice-matched (e.g., GaN/GaN), atoms

attach preferentially to surface sites resulting in atomically smooth, and fully formed

layers. This layer-by-layer growth is two-dimensional (2D), indicating that complete

layers form prior to growth of subsequent layers. This growth mode is called a layer-

by-layer growth or 2D growth mode, discovered by Frank-van der Merwe [69, 71].

A combination (transition) of the two first growth modes (layer-plus-island growth)

is called Stranski-Krastinov [70, 71], when atoms reach to the substrate surface, they

not only form a 2D layer but also aggregate to form a 3D structure on top of the

pseudomorphic 2D layer. This transition from the layer-by-layer to island-based growth

occurs at a critical layer thickness which is strongly dependent on the chemical and

physical properties of the substrate and the layer (i.e., surface energies and lattice

parameters). The Stranski-Krastanow growth mode can be observed during the growth

of semiconductor nanostructures, especially quantum dots.

3.3 Precursors for III-nitride epitaxy in MOVPE

III-nitride semiconductors consist of group-III elements (Al, Ga, or In) and group-V

element (N). III-group alkyls denote as R3-M, where R is an organic radical, typi-

cally methyl (·CH3) or ethyl (·C2H5); and M represents the metallic group-III (Al, Ga,

or In). The group-V precursor is binary hydrogen compounds (e.g., ammoniaNH3).

Overview of reactions during III-nitride growth is illustrated in Fig. 3.4. The reaction
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Chapter 3. Heteroepitaxy of III-nitrides

Figure 3.4: Reactions during growth of III-nitrides.

Figure 3.5: Group-III-methyl molecules [63].

in the MOPVE system can be simply described in Eqn. 3.1. The details about the

decomposition of the group-III precursors and NH3 will be discussed later.

R3M(gas) +NH3(gas)
Temperature
−−−−−−−→MN(solid) + 3RH(gas) (3.1)

3.3.1 Group-III molecular sources

For III-nitride growth, there are few different precursors for group-III sources such as tri-

methyl-aluminum/-gallium/-indium (Al-/Ga-/In-(CH3)3 or TMAl/TMGa/TMIn) and

tri-ethyl-gallium (Ga-(C2H5)3 or TEGa). Tri-ethyl-aluminum/-indium (TEAl/TEIn)

are very unstable and do not exist in reality for growth [63]. Basically, the bonding in

group-III-alkyl molecules has the same hybridized sp2 configuration. That configuration

forms a planar trigonal molecule with three ligands separated by angles of 120o. Since
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3.3. Precursors for III-nitride epitaxy in MOVPE

in one group-III-alkyl molecule consists of 3 alkyl groups, one unfilled p-orbital (due to

the lack of one pair electron) exists perpendicular to the plane of molecule that causes

the group-III alkyls be electron acceptors. Thus, group-III alkyls can be considered as

an acid group. According to the main material systems will be discussed in this thesis,

only chemical properties of TMAl, TMIn, TEGa, and TMGa precursors will be mainly

described.

For the MOVPE growth of III-nitrides, the stability of the group-III precursors

is very important since it decides which growth temperature is necessary for epitaxy.

Table 3.2 shows the metal-ligand bond strength, the energy needed to break the first

carbon-metal bond, of the different group-III alkyls. Among the group-III alkyls, TMIn

has the smallest carbon-metal bond strength, leading to the decomposition of TMIn at

lower temperature compared to TMAl and TMGa. TEGa has smaller bond strength

and lower melting point than TMGa, therefore TEGa is less stable than TMGa and

decomposes at lower temperatures. Pyrolysis thermal decomposition of the group-III

alkyls in the heated reactor can only go either by radiative decomposition (NH3, TMGa,

and TMIn) or via β-hydride elimination reaction of TEGa (decomposed mainly into

Ga, C2H4, and H2) [66]. Details for the pyrolysis of the group-III precursors can be

found in Ref. 63. For example, the pyrolysis process of TMIn (similar to TMAl and

TMGa) in N2 environment may be considered in terms of the following mechanisms

(Eqn. 3.2 and Ref. 67). Since the decomposition of NH3 (see next section) will produce

·H atoms, the reaction between the ·H and the decomposed production of TMIn might

occur as well (Eqn. 3.3). This process would enhance TMIn decomposition further.

Precursors TMAl TMGa TEGa TMIn NH3

Bond strength (kcal/mole) 65 60 57 47 97

Melting point (oC) 15 -15.8 -82.5 88 -77.73

Boiling point (oC) 126 55.8 143 135.8 -33.34

Table 3.2: Physical properties of group-III precursors and NH3 [63].
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Chapter 3. Heteroepitaxy of III-nitrides

Figure 3.6: Molecular structure and hybridized sp3 configuration of ammonia [63].

In(CH3)3 → ·In(CH3)2 + ·CH3

·In(CH3)2 → : In(CH3) + ·CH3

: In(CH3) → In+ ·CH3

n[: In(CH3)] → [: In(CH3)]n

·CH3 + In(CH3)3 → ·In(CH3)2CH2 + CH4

·CH3 + In(CH3)3 → : In(CH3) + C2H6

·CH3 + ·H → CH4

·CH3 + ·N → CH3N

(3.2)

·H + In(CH3)3 → ·In(CH3)2 + CH4 (3.3)

3.3.2 Ammonia

Similar to other group-V precursors (like AsH3 and PH3), NH3 is a hybridized sp3

forming a tetragonal bonding configuration with angles of 109.5o [63]. NH3 can be con-

sidered as a base, because it can donate a pair of electrons (Fig. 3.6). In contrast to the

group-III precursors, the bond strength of NH3 is very high (∼97 kcal/mole), therefore

high temperatures are needed to break N-H3 bond (Table 3.2). NH3 decomposition

process can be simply described in Eqn. 3.4. Furthermore, during the growth process

of III-nitrides, since TMIn (and TMGa, TEGa, etc.) will be supplied together with

NH3, addition reaction might be occurred (Eqn. 3.5 and Fig. 3.4)

NH3 → (1-α)NH3 + αN + 3αH (3.4)

·CH3 +NHx → NHx−1 + CH4 (3.5)

The decomposition rate of NH3 increases exponentially with increasing temperature
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Figure 3.7: Decomposition rates of NH3 [72, 73] and TMIn [77] as functions of tempera-
ture.

shown in Fig 3.7 [73, 74]. The decomposition rate of NH3 below 900oC is less than

10%, and at 500 - 600oC the rate is just about 0.5 - 3.5%, respectively [72, 75]. In fact,

the pyrolysis thermal decomposition of NH3 is complex and produces several different

N-species, such as ·NH2, N2H2, :NH, even some of them react again with H-atoms

to re-form NH3. Further information about the NH3 decomposition can be found in

Ref. 76.

3.4 Substrates for III-nitride epitaxy

Generally, growth of III-nitrides is performed at high temperature on a homogeneous or

inhomogeneous substrate (e.g., sapphire). For example, growth of InN is usually con-

ducted at 500 - 600oC in MOVPE and at 400 - 500oC in MBE. There are always thermal

expansion and lattice mismatches between layer and foreign substrates (Table 3.3). The

thermal expansion coefficient (TEC) parameters of III-nitrides and substrate have to

be considered together with their lattice mismatches since they strongly affect growth

process and quality of epitaxial layers. Due to different properties between substrates

and III-nitrides, suitable growth procedures and growth parameters should be chosen

not only to grow but also to improve quality of epitaxy. Table 3.3 shows the ther-
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Chapter 3. Heteroepitaxy of III-nitrides

Materials
Symmetry Lattice Lattice mismatch (%) TEC

(Space group) constants (Å) InN GaN AlN (×10-6K-1)

Al2O3 (0001)
Rhombohedral ao=4.758 29.8 16.0 13.2 7.30

(R3̄c) co=12.991 8.50

Silicon (111)
Cubic a=5.430 8.0 -16.9 -18.9 3.59

(FdR3̄m)

InN
Wurtzite ao=3.545 – -10.0 -16.0 3.80
(P63mc) co=5.703 2.90

GaN
Wurtzite ao=3.189 10.0 – -2.4 5.59
(P63mc) co=5.186 3.17

AlN
Wurtzite ao=3.112 16.0 2.4 – 4.15
(P63mc) co=4.982 5.27

Table 3.3: Material parameters of III-nitrides and different substrates [29].

mal expansion coefficients and lattice mismatches at room temperature of the wurtzite

III-nitrides and substrates. Lattice mismatch is calculated using the formula: (a layer-

asubstrate)/asubstrate, where a layer and a substrate are the in-plane lattice parameters of

epitaxial layer and substrate, respectively.

Beside lattice mismatch and thermal expansion parameters, other parameters should

be taken into account when grow III-nitrides are thermal stability and the polarity of

substrate. Thermal stability of substrates is very important since III-nitrides are nor-

mally grown at high temperatures. An easily decomposed substrate at high tempera-

ture might be a source for unintentionally contaminations in the epitaxial layers since

elements can diffuse from the substrate into the layer. Lastly, the polarity of substrate

is very important for III-nitride epitaxy, leading to growth of different polarity of epi-

taxial layer. III-nitrides having different polarities shows different thermal stabilities,

different amount of contaminations, and different defects as well, i.e., group-III-polar

layer is more thermal stable and more chemically inert than group-V-polar layer.

3.4.1 Sapphire

Despite the high lattice and thermal mismatches between sapphire and III-nitrides (Ta-

ble 3.3), sapphire is still most widely used substrate due to a low-cost production, large

size (up to 4-inch wafer), strong thermal stability, and easy handling. The melting point

of sapphire is about 2040oC [29]. Sapphire actually has a trigonal structure, however,

it can be considered as a rhombohedral structure having a strong anisotropic struc-
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3.4. Substrates for III-nitride epitaxy

Figure 3.8: Structure of sapphire and relative planes.

Figure 3.9: Atomic structures of a-(112̄0), c-(0001), and m-(11̄00) surfaces of sap-
phire [78].

ture (Table 3.3 and Fig. 3.8). Furthermore, bandgap of sapphire is about 9.0 eV [29],

which permits an excellent optical transmission with very little absorption for III-nitride

based light emitting devices. To date, several surface oriented sapphire substrates are

used to grow III-nitrides, such as a-plane (112̄0), c-plane (0001), m-plane (11̄00), and

r -plane (101̄2) sapphire.

Control growth orientation of III-nitrides is very important since on which struc-

ture, morphology, electrical and optical properties strongly depend. Generally, III-

nitride layers grown on c-plane sapphire will have the [0001] c-growth-direction, while

other growth directions of III-nitrides might be achieved on other planes of sapphire.

However, due to different crystal structures between III-nitrides and the other planes

of sapphire, it is very difficult to control semi- and non-polar growth orientations of
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Figure 3.10: (a) EpiGress MOVPE system and (b) the MOVPE reactor.

III-nitrides on sapphire. Generally, to grow III-nitride layers directly on sapphire sub-

strate, a nitridation process is employed. Details about the sapphire nitridation will be

discussed in next chapter.

In contrast to sapphire substrate, the other group III-nitrides are good candidates

for substrate selections since they are having the same wurtzite crystal structures, much

smaller lattice and thermal mismatches compared to sapphire (Table 3.3). Generally,

the overgrown layer on the other III-nitride substrates reproduces the crystal orientation

and the polarity of the substrates, i.e., In-polar (0001) InN on Ga-polar (0001)GaN.

However, production/preparation of III-nitride substrates is difficult. Due to the
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cost of free-standing III-nitride substrates, III-nitride based substrates are commonly

deposited on sapphire (e.g., GaN template on sapphire). Since the growth of semi- and

non-polar III-nitride templates on sapphire is still itself challenging, those are often

produced on other bulk substrates.

3.5 MOVPE setup and growth procedures

In this thesis, all experiments (InN, GaN, and InGaN epitaxy) were performed in a

double-wall horizontal MOVPE reactor system, EpiGress VP50RP system (Fig. 3.10)

produced in 1983 by EPIQUIP. The EpiGress MOVPE system is fitted with an in-

situ ellipsometric spectroscopy (SE). The in-situ SE is mainly used to monitor growth

process (Fig. 3.10(b)). Bare sapphire or GaN/sapphire template was used as substrate

(about 2×2 cm2 or quarter of 2-inch wafer), the substrate was put on a fixed graphite

susceptor. The susceptor will be loaded to center of a quartz liner-tube. External

radio-frequency generator is used to control temperature via a thermo-couple. Carrier

gas is either hydrogen (H2) or nitrogen (N2) with a flux of 3 l/min. The reactor pressure

was kept constant at 100mbar.

3.5.1 In-situ monitoring by ellipsometry

Compared to other techniques (e.g., X-ray diffraction, AFM...), SE is a versatile and

powerful optical technique. By using SE, many fundamental physical parameters can

be extracted from layer such as morphology, crystal quality, and chemical composition.

Further information about SE can be found in Ref. 79. In this thesis, the in-situ SE is

mainly used to monitor the growth process and to extract layer thickness. The energy

range is of 1.6 - 6.5 eV.

SE measures the change of polarization upon reflections or transmission. The po-

larization state of the incident light (with an angle of incident of φ) upon the sample

consists of s-component (or s-polarization), which perpendiculars to plane of incidence

or parallel to the surface of sample, and p-component, which parallels to plane of

incidence (Fig. 3.11). The amplitudes of the s- and p-components are rs and rp, re-

spectively. Complex reflection ratio (ρ) can be calculated as:

ρ =
rp
rs

= tanΨ× ei∆, (3.6)
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Figure 3.11: Schematic illustration of ellipsometric spectroscopy.

where ∆ is the phase shift. tanΨ is sensitive to surface chemistry since it is directly

affected by a change in |rp/rs|. cos∆ is sensitive to layer roughness and layer thickness.

Pseudo-dielectric function can be described as:

〈ǫ〉 = sin2φ(1 + tan2(
1− ρ

1 + ρ
)). (3.7)

Pseudo-dielectric function can be simply described as: 〈ǫ〉= 〈ǫ1〉 + i〈ǫ2〉. Where

〈ǫ1〉 and 〈ǫ2〉 are the real and imaginary parts of the pseudo-dielectric function, respec-

tively. The imaginary part 〈ǫ2〉 plotted as a function of photon energy (in eV unit)

can give positions of inter-band transition energies (or critical points) of Brillouin zone

of material, where the transition probability is maximum. For example, in 1.6 - 6.5 eV

photon energy range, typically E1 (∼4.9 eV), E2 (∼5.3 eV), and E3 (∼6.1 eV) inter-

band transition energies of wurtzite InN can be observed by 〈ǫ2〉 spectrum as shown in

Fig. 3.12(b) [80]. These three inter-band energy transitions of InN can be seen in the

energy band structure of wurtzite InN in Fig. 2.5). Intensity of the imaginary part 〈ǫ2〉

is strongly affected by thickness, defects, and roughness of the layer. For example, the

intensities of the inter-band energy transitions of InN shown in Fig. 3.12(b) indicate

that InN on m-plane sapphire (Fig. 6.5) is much rougher than InN on c-plane sapphire

(Figs. 5.3 and 5.14).

3.5.2 InN on sapphire

InN was grown on quarters of 2-inch sapphire wafers. In order to remove residual con-

taminations, sapphire substrate was degreased sequentially by acetone and iso-propanol

solvents for 10min, and then rinsed in de-ionized water prior to growth.
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Figure 3.12: (a) Ellipsometric transients (〈ǫ2〉) during InN growth on c-plane (0001) and
m-plane (11̄00) sapphire. The transients were recorded during InN nucleation at 500oC,
during InN epilayer at 560oC, and after growth during cooling to room temperature (RT).
And (b) real (〈ǫ1c/m〉) and imaginary (〈ǫ2c/m〉) parts of the pseudo-dielectric functions of
InN on c- and m-plane sapphire. The spectra were in-situ recorded after growth at room
temperature with an angle of incidence of 67.5o. The pseudo-dielectric function of InN on
m-plane sapphire was recorded along the [0001]sapphire direction.

Figure 3.13: Growth diagram of InN on sapphire.

For InN growth, TMIn and NH3 were used as In- and N-sources, respectively. Re-

actor pressure was kept at 100mbar for all processes. Growth diagram of InN on

sapphire is shown in Fig. 3.13, including a 3-step growth mode. (1)Nitridation: the

sapphire substrate was first annealed at 1050 oC under H2 carrier gas for 10min; then,

the gas was switched to N2 to nitridate the substrate at the same temperature with

1 - 3 l/min NH3. (2)Nucleation: NH3 was used as N-source with a flow rate of 1 l/min.

The InN nucleation process was performed at 500oC for 20min with a V/III ratio of

∼22000. (3) InN epilayer: the epilayer was grown at 520 - 560oC with a V/III ratio of

12000 - 15000.
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Figure 3.14: Growth diagram of InN on GaN.

3.5.3 InN on GaN templates

To remove surface oxides and residual contaminations, GaN template was degreased by

acetone and iso-propanol, and rinsed in de-ionized water. Afterwards, the template was

etched by H2SO4 : H2O2 : H2O (3 : 1 : 1) solution, and then rinsed in de-ionized water.

Growth diagram of InN on GaN template is shown in Fig. 3.14. (1)Before InN

growth on GaN template, a GaN buffer growth step at 980 - 1000oC was performed

instead of the nitridation process. TMGa was chosen as Ga-source, NH3 was used with

a flow rate of 1 l/min, and a V/III ratio of 1600 was chosen. The GaN buffer growth was

performed under H2 carrier gas for 15min to get a thickness of 150 - 200 nm. (2 )After

the GaN buffer growth, the carrier gas was switched to N2, and the template was

cooled to 500oC to deposit the InN nucleation layer for 20min at a V/III ratio of

∼22000. (3) Following the nucleation, the sample was heated to 520 - 560oC to grow

the InN epilayer with a V/III ratio of 12000 - 15000.
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Chapter 4

Sapphire nitridation

For the epitaxially growth of III-nitride semiconductors on foreign substrates (i.e., sap-

phire and LiAlO2), an initial nitridation process is commonly employed to improve

the growth. The nitridation is an exposure of substrate surface at high temperature

(normally higher than room temperature) to a nitrogen source (e.g., NH3), leading to

an incorporation of N-atoms into the surface of substrate to form a very thin nitrogen

containing layer (1 - 2 nm) (e.g., AlN and/or AlNxOy layer on sapphire [81, 82]).

Despite the large lattice and thermal expansion mismatches between sapphire and

III-nitrides (Table 3.3), sapphire is still the mostly used substrate for III-nitride growth.

The sapphire nitridation is very important not only to improve crystallinity [83, 84]

and surface morphology [84], but also to improve electrical and optical properties of III-

nitrides [83, 85]. For example, short nitridation (1 - 2min at 1050oC) of c-plane sapphire

leads to a reduction of screw dislocation density and electron carrier concentrations of

epitaxially grown InN layers [83]. However, III-nitrides grown on bare sapphire (without

nitridation) have metastable rotations [86]. Thus, in the following sections, I will focus

on the nitridation on sapphire substrate.

Due to the different lattice and thermal mismatches between III-nitrides and sap-

phire (Table 3.3), nitridation is employed to reduce those differences. Indeed, a thin

AlN layer might improve the nucleation process. An optimized nitridation (time and

temperature) is significant to improve surface morphology of the epitaxial layers. At a

certain temperature, longer nitridation times lead to the growth of thicker and rougher

nitridation layers, which can be contributed to the growth of rougher epitaxial layers

(i.e., three-dimensional morphology). Very short nitridation time might be insufficient
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Figure 4.1: Proposed growth of III-nitride layers grown on sapphire (a)with and
(b)without nitridation.

to produce a full coverage of the nitrogen containing layer at the sapphire surface, which

might result in the growth of layer with metastable domains. Figure 4.1 shows pro-

posed epitaxial layers grown directly on sapphire with and without nitridation. Growth

without sapphire nitridation commonly causes many rotated crystallite domains (or

metastable domain rotations), while after the sapphire nitridation the epitaxial layer

does not exhibit rotated domains [86].

Sapphire with different surface orientations such as c-plane (0001), m-plane (11̄00),

and r -plane (101̄2) is commonly used for III-nitride growth. In fact, different sapphire

substrates, which have different surface symmetries and in-plane lattice constants, lead

to the growth of different orientations of III-nitrides, sometimes even lead to the growth

of random growth orientations. Sapphire with m- or r -orientation is commonly used

as substrate to produce nonpolar (e.g., m-plane) and semipolar (e.g., (101̄3) or (112̄2)

plane) III-nitrides. Controlling the growth orientation of III-nitrides on differently

oriented surface sapphire substrates is a big challenge. Generally, III-nitrides grown

on c-plane sapphire will have the c-growth orientation; however, layers grown on other

surface oriented sapphire substrates might have more than one growth orientation.

Since nitridation is very crucial to control for the growth orientation of III-nitrides.
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Sapphire
Lattice constant Surface energy

(Å) (Jm-2)

c-plane (0001)
ao=4.758 1.98
co=12.991 (S a=19.53 Å2)

r -plane (101̄2)
ao=4.758 2.04
c’=15.384 (S a=24.27 Å2)

a-plane (112̄0)
ao=8.241 2.34
co=12.991 (S a=35.49 Å2)

m-plane (11̄00)
ao=4.758 2.56
co=12.991 (S a=61.46 Å2)

Table 4.1: Lattice constants of the surface unit cell [29] and surface energies [87] of sap-
phire with different surface orientations. The surface energies of sapphire were calculated
for the certain surface areas (S a) by the generalized gradient approximation (GGA) [87].
The c’ -axis parallels to the c-axis of sapphire.

By carefully optimizing the nitridation, single phase semi-/non-polar layers might be

obtained.

Sapphire nitridation is normally performed at much higher temperatures by MOVPE

(e.g., at 1050oC) than by MBE (e.g., at 400oC). The main reason for the difference in

temperatures is derived from the different nitrogen sources in MOVPE (NH3) and in

MBE (a radio frequency nitrogen plasma source). In MOVPE, higher nitridation tem-

peratures are required to crack NH3. However, epitaxial layers produced by both the

methods are also strongly affected by the nitridation process.

The nitridation plays a key role in III-nitride polarity selection [88, 89]. After

nitridating sapphire, a thin AlN layer will be formed on the topmost of sapphire,

serving as a buffer layer for the epitaxial growth. The nitridation of c-plane sapphire

affects the polarity of epitaxial III-nitrides in MOVPE and in MBE. By controlling the

polarity of the nitridation layer, one can control the polarity of the epitaxial III-nitride

layers. Direct measurement of the polarity of the nitridation layer is difficult since the

layer is very thin to perform any known method for polarity determination. The only

way is to measure the polarity of the epitaxial layer that corresponds to the polarity of

the nitridation layer. So far, the polarity control of III-nitrides on sapphire was mostly

done by varying the nitridation temperature. Nitridation at higher temperatures (e.g.,

400oC - 500oC) in MBE usually produces group-III polarity, while nitridation at lower

temperatures results in N-polarity. In contrast to MBE, the nitridation in MOVPE was

mostly performed at much higher temperatures (e.g., ∼1000oC), leading to the growth
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4.1. Nitridation mechanism

Figure 4.2: Thickness of nitridation layers on c-plane sapphire as functions of nitridation
time and temperatures [92].

of N-polarity (e.g., N-polar InN [88] and N-polar GaN [89]), while nitridation at lower

temperatures (e.g., ∼900oC) results in the growth of group-III polarity (e.g., In-polar

InN [88]).

Additionally, due to the different growth conditions, the polarity and the crystal

structure of nitridation layer formed by MOVPE and MBE are different. By using

MBE, the nitridation layer on c-plane sapphire showed a cubic phase, having an in-plane

relationship of [112̄]AlN‖[112̄0]sapphire and [111]InN‖[0001]sapphire [90]. The nitridation

layer on c-plane sapphire in MOVPE showed a wurtzite phase [91], having an in-plane

relationship of [11̄00]AlN‖[112̄0]sapphire and [0001]AlN‖[0001]sapphire.

4.1 Nitridation mechanism

Up to date, nitridation was mostly investigated for c-plane sapphire using different

methods, which are mostly sensitive to surface chemistry such as X-ray photoelectron

spectroscopy (XPS) [81, 82] or in-situ ellipsometry (SE) [92]. In an MOVPE reac-

tor, the sapphire nitridation is performed by introducing NH3 to the reactor at high

temperature. Chemically, the reaction can be simply described as followed:
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NH3 +Al2O3 → AlN/AlNxOy +H2O +H2 + ... (4.1)

However, as discussed in the previous chapter, the pyrolysis of NH3 is complex and

might produce many byproducts, i.e., N-, H-, and NHx-radicals. For simple use, the

term “N-species” will be later used for N- and NHx-radicals. Overall, the sapphire ni-

tridation is based on the following processes: (1)N-species diffuse into sapphire surface,

(2) the N-species will substitute O-atoms of sapphire, and (3) bind to Al-atoms to form

AlN and/or AlNxOy [81, 82, 93].

Due to the low decomposition rate of NH3 (e.g., less than 10% at 800oC [72]), the

nitridation process in the MOVPE system strongly depends on temperature. For c-

plane sapphire the nitridation layer thickness increases exponentially with nitridation

time and temperature as determined by simulations from the in-situ SE. The thickness

of nitridation layer was about 1 nm (about 2 - 3 monolayers) for 2min at 1050oC (Fig. 4.2

of Ref. 92).

4.2 Nitridation in MOVPE

Before nitridation, the sapphire substrates were degreased in acetone and iso-propanol

for 10min, then the substrates were rinsed in de-ionized water. After loading into the

reactor, the substrates were thermally cleaned at 1050oC under 3 l/min hydrogen gas

(H2) for 10min.

Commonly, as-received sapphire surface is oxidized due to exposure and hence has

O-termination. It is well-known that sapphire tends to be terminated by an Al-atomic

layer in reductive atmosphere, i.e. under N2 or H2 condition [94, 108]. Thus, it is ex-

pected that after the thermal cleaning at 1050oC under H2 the O-terminated surface was

completely removed and changed to the stable Al-terminated surface (or Al-polarity).

4.2.1 In-situ monitoring of nitridation

The nitridation process of different sapphire surfaces was monitored using the in-situ

SE (Fig. 4.3). tanΨ transient, which is most sensitive to surface chemistry [79], was

used to monitor the changes on the layer surface. cos∆ transient is sensitive to surface

roughness and layer thickness [79]. tanΨ showed a similar trend for the nitridation pro-

cess independent of substrate orientation or temperature. Figure 4.3 shows transients
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4.2. Nitridation in MOVPE

Figure 4.3: In-situ ellipsometric transients (at 5 eV) during 2min nitridation at 1050oC
on a-, c-, and m-plane sapphire. The spectra were taken with an incident angle of ∼67.5o.
“Start” and “Finished”: switching on and off NH3, respectively.

of the nitridation processes on sapphire substrates with different surface orientation

at 1050oC. tanΨ changed similar after introducing NH3, indicating the formation of a

nitridation layer for all samples.

The nitridation processes were faster on a- and m-plane sapphire than on c-plane

sapphire. This can be seen best in the cos∆ transients (Fig. 4.3 (bottom)). One

reason is due to the difference between the number of Al-atoms of different sap-

phire surfaces (i.e., about 2.6×1015 atoms/cm2 on the a-plane sapphire surface and

2.2×1015 atoms/cm2 on the c-plane sapphire surface). Thus, more Al-atoms are ex-

posed on the surfaces to N-species, which enhances the rate of reactions. Also, the

faster nitridation compared to c-plane sapphire might be related to the different dan-

gling bonds at all the surfaces. The surface with higher dangling bond density will be

able to adsorb more N-species. In fact, Al-terminated atoms at the a- and m-plane
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Figure 4.4: (a)The N1s XPS results of c-plane sapphire substrates after 2min nitridation
at different temperatures. The XPS spectra were normalized to Al(KLL) Auger transition
at 1387.3 eV kinetic energy. The XPS spectra were measured by Daria Skuridina at Tech-
nical University of Berlin.

Figure 4.5: 2µm× 2µmAFM images of c-plane sapphire substrates nitridated at different
temperatures (a) 700oC, (b) 800oC, and (c) 1050oC for 2min.

surfaces of sapphire have two dangling bonds since they bond only to two O-atoms

underneath, compared to one dangling bond of Al-terminated atoms at the c-plane

surface, which are bound to the three O-atoms underneath.

4.3 Surface properties of the nitridation layer

To investigate N-incorporation into the c-plane surface of sapphire, we analyzed the

N1s core level emission of the nitridation layers by XPS (measured by Daria Skuridina

at Technical University of Berlin). For this, a series of c-plane sapphire substrates was

thermally cleaned at 1050oC, and then nitridated at different temperatures from 500oC

to 1050oC for 2min (see AFM images (2µm× 2µm) of the samples in Fig. 4.5). After
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4.3. Surface properties of the nitridation layer

Figure 4.6: LEED patterns of sapphire nitridated at different temperatures (a) 500oC,
(b) 800oC, and (c) 1050oC for 2min. The LEED patterns were measured at a beam energy
of ≈103 eV by Daria Skuridina at Technical University of Berlin.

transferring the samples to an ultra-high vacuum (UHV) chamber, they were annealed

at 350oC for 10min to remove contaminations. XPS measurements were performed for

all samples at normal emission parallel to the [0001]sapphire direction. Monochromated

AlKα (hν=1486.7 eV) radiation was used as an X-ray source.

The valence band spectra of the nitridation layers consist of two main components

N-Al (at ∼397.9 eV) and N-O (at ∼399.6 eV). Figure 4.4 shows the XPS spectra and

relative area intensities of the N 1s XPS peaks of N-Al and N-O as functions of sapphire

nitridation temperatures. The relative area intensity of the N 1s XPS peak of N-Al

increases with increasing nitridation temperatures, while the relative area intensity of

the N 1s XPS of N-O decreases. The significant domination of N-O peak below 800oC

indicates that at those temperatures no full nitridation was achieved.

Low energy electron diffraction (LEED, measured by Daria Skuridina at Techni-

cal University of Berlin) directly performed after the annealing shows 1×1 hexagonal

patterns (Fig. 4.6). From the calculations performed on the LEED patterns, a lattice

constant of ∼(0.32± 0.06) nm was found, which is in good agreement with the a-lattice

constant of AlN [29]. This lattice constant indicates the growth of nearly relaxed AlN

single crystal on sapphire with a wurtzite structure. In-plane relationship of AlN with

respect to c-plane sapphire is [11̄00]AlN‖[112̄0]sapphire and [0001]AlN‖[0001]sapphire.

The additional spots in the LEED pattern of the 500oC nitridated sample might

be due to the growth of amorphous AlNxOy at that low temperature. Furthermore,

the spots of the LEED patterns of the samples nitridated at higher temperatures are

weaker and more diffuse than the spots of the lower nitridated temperature samples,

indicating an increase of surface roughness of the nitridation layers with increasing
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Chapter 4. Sapphire nitridation

Figure 4.7: The effects of nitridation temperature on the growth orientation, the sur-
face morphology, and the polarity of InN layers grown on differently oriented sapphire
substrates. The nitridation time was 2min.

Figure 4.8: 5µm× 5µm AFM images of the InN layers grown on c-plane sapphire nitri-
dated at 1050oC for 45 s to 6min.

nitridation temperature. However, all the nitridated c-plane sapphire samples showed

root-mean square (RMS) values smaller than 0.2 nm (2µm× 2µm), as shown in Fig. 4.5.

4.4 Effects of nitridation on InN growth

The nitridation affects the properties of the grown layer (i.e., crystallinity, electrical and

optical properties) which are mainly determined by defects (i.e., their type and density),

crystallite grain size, and morphology. The effects of nitridation time from 30 s to

10min at 1050oC on electrical properties of InN showed that a shorter nitridation time

(≤ 2min) resulted in a lower density of screw dislocations, leading to higher electron

mobilities and lower carrier concentrations of InN [83].

The effects of nitridation temperature on InN layers grown on sapphire substrates
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4.4. Effects of nitridation on InN growth

Figure 4.9: XRD φ-scans of (c) the {112̄3} reflection of c-plane sapphire and of the {101̄5}
reflection of InN layers grown on c-plane sapphire nitridated at (a) 1050oC and (b) 600oC.

with different surface orientations showed strong effects not only on the growth orien-

tation but also on the surface morphology and the polarity of InN layers (Fig. 4.7).

Sapphire nitridation time strongly affects the surface morphology and the growth ori-

entation of InN layers, a shorter nitridation time (about 2min) leads to a growth of

smoother layer, while a longer time (about 4min) leads to a growth of rougher layer

(Fig. 4.8).

The crystallinity and in-plane orientation of InN layer can be checked by several

methods, such as by using X-ray diffraction (XRD) or by using electron transmission

microscopy to examine the structural properties of layer and substrate. Figure 4.9 shows

skew-symmetric XRD φ-scans of the {101̄5} reflection of c-plane InN layers grown on

sapphire nitridated at 1050oC (Fig. 4.9(a)) and at 600oC (Fig. 4.9(b)) with respect to

the {112̄3} reflection of sapphire (Fig. 4.9(c)). Six sharp φ-scan peaks of the c-plane

InN layers with exactly 60o intervals confirm a single-domain wurtzite structure with

the six-fold symmetry.

As shown in Fig. 4.11(a), N-atoms will bind to the Al-atoms of the sapphire surface
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Figure 4.10: (a)XRD φ-scans of the {101̄5} reflection of InN layers grown on a-plane
sapphire nitridated (top) at 800oC) (black solid-line) and at 1000oC) (red dashed-line) and
of the {112̄3} reflection of a-plane sapphire (below). (b) Peak ratios of PAl/PO plotted as
a function of nitridation temperature.

forming a unit cell rotated by 30o to the unit cell of sapphire [96], leading to a relation-

ship of [11̄00]InN‖[112̄0]sapphire and [0001]InN‖[0001]sapphire. The 30
o rotation of c-plane

InN with respect to c-plane sapphire occurs to reduce the lattice constant mismatch;

the mismatch would be 30% without this rotation (Table 3.3).

The effects of nitridation on the crystallite rotation can be even more significant

when growing InN layers on a-plane sapphire (Fig. 4.10(a)). When the nitridation on a-

plane sapphire is incomplete (i.e., at ≤ 850oC) two crystallite domains rotated by 30o to

each other are observed. The stronger one (noted as PAl) is [11̄00]InN‖[0001]sapphire and

[112̄0]InN‖[11̄00]sapphire (right-hand side in Fig. 4.11(b)), and the weaker one (noted

as PO) is [112̄0]InN‖[0001]sapphire and [11̄00]InN‖[11̄00]sapphire shown left-hand side in

Fig. 4.11(b). A full nitridation (at ≥ 900oC) produces only a single domain of InN

with [11̄00]InN‖[0001]sapphire and [112̄0]InN‖[11̄00]sapphire (the PAl peaks). The ratio of

PAl/PO peak intensity increases with increasing nitridation temperatures (Fig. 4.10(b)),

above 900oC nitridation temperature, the layer is single phase with only PAl rotation.

The full width at half maximum (FWHM) values of the {101̄5} reflection of c-plane

InN is also related to the in-plane alignment of crystal structures. The narrower FHWM

relates to the better in-plane alignment of the InN samples. Indeed, the FWHM values

of the {101̄5} reflection of the InN layers grown on c- and a-plane sapphire decrease

with increasing nitridation temperatures (Fig. 4.12).
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Figure 4.11: Resulting in-plane atomic structures of InN on (a) c-plane and (b) a-plane
sapphire. The unit cell of InN on c-plane sapphire was rotated by 30o with respect to the
unit cell of sapphire. In case of InN on a-plane sapphire (b), InN unit cells might have two
different rotations, which are rotated by 30o with respect to each other.
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Figure 4.12: FWHM values of XRD φ-scans of the {101̄5} reflection of InN layers grown
(a) on c-plane sapphire (△) and (b) on a-plane sapphire (▽) as functions of nitridation tem-
perature. The FWHM values of the InN layers grown on a-plane sapphire were estimated
from the peak PAl (Fig. 4.10(a)).
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4.5 Chapter summary

Sapphire nitridation with ammonia at different temperatures was studied by in-situ

ellipsometry (SE), X-ray photoelectron spectroscopy (XPS), and low-energy electron

diffraction (LEED). LEED patterns showed the formation of wurtzite AlN on the sur-

face of nitridated c-plane sapphire substrates. The N-incorporation into the sapphire

surface drastically increases with increasing nitridation temperatures as confirmed by

SE and XPS.

The effects of nitridation on InN layers simultaneously grown on c- and a-plane

sapphire substrates nitridated from 500 - 1050oC for 2min were investigated. InN layers

grown on c-plane sapphire had only one crystallite rotation of [11̄00]InN‖[112̄0]sapphire

and [0001]InN‖[0001]sapphire. This indicates the c-plane InN unit cell was rotated 30o

with respect to the c-plane sapphire unit cell.

In contrast, InN layers simultaneously grown on a-plane sapphire had two different

crystallite rotations dependent on nitridation temperatures. Nitridation below 900oC

led to growth of InN layers with [112̄0]InN‖[0001]sapphire and [11̄00]InN‖[11̄00]sapphire (PO

rotation), and [11̄00]InN‖[0001]sapphire and [112̄0]InN‖[11̄00]sapphire (PAl rotation). The

formation of two crystallite rotations is due to the c-plane InN unit cell matches to

both O-hexagons of the a-plane sapphire surface to form PO rotation and Al-hexagons

to form PA rotation. Nitridation above 900oC, only PAl rotation remains.

For both InN layers grown on c- and a-plane sapphire, it was found that 2min

nitridation at 1050oC led to the best InN layers (smoothest surface morphology and

lowest twist angle). The nitridation temperatures above 800oC for 2min improved the

surface morphology of the InN layers, while lower nitridation temperatures resulted in

incomplete nitridation leading to rougher surface morphology.
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Chapter 5

Polar (0001) InN with N- and

In-polarity

InN layers with different polarities (N-(0001̄) and In-(0001) polarity) have different

growth (e.g., growth rate and growth window) as well as material properties (e.g., sur-

face morphology and electrical property). This chapter deals with the growth of c-plane

InN layers on different substrates such as a-plane (112̄0), c-plane (0001) sapphire, and

c-plane GaN templates deposited on c-plane (0001) sapphire. Polarity determination,

polarity control of the layers grown directly on sapphire, and the material properties

of the InN layers with the different polarities will be compared.

5.1 Polarity determination

To enhance the performance of III-nitride based devices, smooth interfaces in hetero-

structures are needed. For example GaN and AlN, Ga-/Al-polar layers show smoother

surface morphology than N-polar layers [97, 98]. In contrast to GaN and AlN, N-polar

InN layer shows smoother surface morphology than In-polar layer.

Similar to GaN and AlN, there are several different methods which are used to

determine the polarity of InN layers, such as high-resolution transmission electron mi-

croscopy (HR-TEM) [99], convergent beam electron diffraction (CBED) [100, 101],

chemical wet-etching (i.e., using potassium hydroxide (KOH) solution [101]), and coax-

ial impact collision ion scattering spectroscopy (CAICISS) [102]. Since the surface of

InN is very easily etched in hydrogen environment, the polarity of InN layer can be
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5.1. Polarity determination

determined by hydrogen-irradiation [103]. Recently, a sensitivity of valence band (VB)

X-ray photoelectron spectroscopy (XPS) spectra to the polarity of InN was found, the

peak-height in valence band of InN [104]. And XPS results showed good agreements

with KOH wet-etching and CBED results [101, 104]. In this thesis, chemical KOH

wet-etching and XPS are the main methods used for polarity determination of InN.

5.1.1 KOH wet-etching

Chemical KOH wet-etching for the polarity determination of III-nitride layers is a

destructive, simple, and fast method. By comparing changes in thickness and surface

morphology of III-nitride layers before and after wet-etching, one can derive the polarity

of the layers. In principle, group III-polar layers are more inert to chemical wet-etching

than N-polar layers. For example, In-polar InN layer will be etched slowly in KOH

solution, resulting in unchanged thickness and surface morphology, while N-polar InN

layer will be etched fast, resulting in a major change of layer thickness and surface

morphology.

The KOH solution decomposes to K+ cations and OH- anions at room temperature.

Thus, KOH serves as a source of OH-, a highly nucleophilic anion that attacks and

breaks the covalent bonds of III-nitride materials.

In contrast to GaN and AlN, the growth of InN is normally performed at a much

lower temperature (i.e., 400 - 600oC), and with a much higher V/III ratio (i.e., 15000 -

25000). Due to the very low decomposition rate of NH3 at that temperature range, the

growth process is still based on an In-rich growth condition, leading to an In-terminated

surface (or In-adlayers on the surface) for all samples with different polarities. The In/N

ratio on the layer surface containing In-adlayers is certainly larger than 1.

To etch an InN layer, OH- anions have to break In-N bond. When an InN layer is

being etched in KOH solution, OH- easily removes the surface In-adlayers. As afore-

mentioned, the different polarities mean In-/N-atoms on the topmost of the bare-layer

surface. In- and N-atoms have different signs of electron charge, a positive charge for

In-atom and a negative charge for N-atom. When an InN layer has In-polarity, this

means that each topmost In-atom will bond to three underneath N-atoms, leading this

bonding configuration to have a triple negative charge (Fig. 5.1(a)). When OH- anions

reach the surface of an In-polar InN layer, the surface will repel OH- anions due to the

same negative charge, resulting in an unchanged surface morphology. In the case of
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Figure 5.1: Dangling bond setups of In-polar InN layers with (a) bare surface, (b) In-
terminated surface, and (c)N-terminated surface. And the dangling bond setups N-polar
InN layers with (d) bare surface, (e) In-terminated surface, and (f)N-terminated surface.
The dashed lines indicate dangling bonds.

an N-polar InN, each atop N-atom bonds to three underneath In-atoms, resulting in a

triple positive charge (Fig. 5.1(d)). Thus, OH- anions will be attracted to the surface

and break In-N bonds.

Despite the fast polarity determination, KOH wet-etching method can be only used

to check the polarity of polar c-plane InN and is very indirect, especially enhanced

etching at defects can lead to mis-interpretations. To check the polarity of other growth

orientations of InN layers, such as semi- and non-polar orientations, one has to use

another method. In this thesis, XPS is used as an alternative method to check the

polarity of InN layers with different surface orientations. Compared to KOH wet-

etching method, XPS method is a non-destructive technique. Furthermore, XPS gives

an additional information about the sample such as elemental composition, as well as

chemical and electronic states.

5.1.2 Valence band emission in X-ray photoelectron spectroscopy

Due to the energies of the detected electrons, XPS measures the surface with a max-

imum depth of ∼10 nm [105]. The valence band (VB) spectrum (within a range of

binding energy from 0 eV to 10 eV) of polar InN consists of two dominating peaks

(Fig. 5.2) at ∼3.5 eV (noted as peakA) and ∼6.5 eV (noted as peakB). Different back-
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Figure 5.2: Valence band spectra of wurtzite InN: calculated DOS (solid line) and
recorded spectrum (◦) [106].

ground doping, defects, and surface accumulations can cause the slight shifts of those

peak positions. The peakA mainly results from the p-like VB states, while the peakB

has a partially contribution of the s-like states besides the p-states [107]. The rel-

ative intensities of the peaksA and B (or peak ratio of RA/B) were correlated with

the polarity of the polar InN layer [104]. If the peak intensity of peakA (or B) is

higher (or lower) than that of peakB (or A), then the layer has an N-polar orientation

(RA/B=1.2 [104]) (or an In-polar orientation, RA/B=0.78 - 0.8 [104]). InN layer with

mixed polarity (including both N- and In-polar orientations for one sample) exhibits

similar peak intensities of the peaks A and B (RA/B=0.98 for ∼50% mixed polarity

estimated by KOH wet-etching [101, 104]).

All the XPS spectra in this thesis were measured at normal emission (measured by

Daria Skuridina at Technical University of Berlin), parallel to the [0001]InN direction

(in-plane wave vector k‖[0001]=0). Monochromated AlKα (hν=1486.7 eV) radiation

was used as an X-ray source. Before recording the XPS spectra, all InN samples were

annealed at 450oC for 10min under ultra-high vacuum (UHV) environment to desorb

contaminations (oxides, carbon,...) from the surface. The energy scale of the InN

samples was calibrated using the Fermi-edge of the molybdenum sample plate that was

in a direct contact with the measured sample (EF=0 eV).
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As mentioned before, In-adlayers always exist on the surface of an as-grown InN

layer. However, the XPS measurements were performed using a high energy of the

incident X-rays (hν=1486.7 eV) and thus high kinetic energy of ejected valence band

(VB) photoelectrons (> 1 keV). Hence, the photoelectron escape depth is relatively

large, allowing the features of the bulk density-of-state to dominate the XPS spectra

over the surface related features.

Due to the different configurations of dangling bonds, In- and N-polar InN layers

show different surface states, but all the surface states were found to be located above

the conduction band maximum (CBM) of InN [57]. This phenomenon differs from the

surface states of polar GaN, where the surface states of GaN are below the CBM of

GaN [57]. Since In-adlayers are present on the surfaces of all InN samples (without

any treatment), the In-adlayers serve as electron accumulations that lead to Fermi-level

pinning. First-principles calculations based on density functional theory (DFT) showed

occupied surface states at 0.6 eV for In-polar (0001) InN (2×2 unit cells), and at 0.3 eV

for N-polar (0001) InN (2×2 unit cells) [57].

5.2 Polarity control of InN by sapphire nitridation

The polarity of InN layer grown on foreign substrates, especially on the other group III-

nitrides such as GaN and AlN, is strongly depended on the polarity of the substrates.

For example, InN layer grown on Ga-/N-polar GaN (or Al-/N-polar AlN) templates

(either free-standing layers or those layers grown on other substrates, i.e., sapphire)

will have the same polarity as the templates.

Controlling the polarity of InN layer grown directly on sapphire is a little bit difficult

since sapphire is not a member of the group III-nitrides. Due to the differences between

the lattice constants of III-nitrides and sapphire as shown in Table 3.3, a nitridation

process is generally employed in order to reduce the strain effects between III-nitrides

and sapphire. The effects of c-plane sapphire nitridations on the growth of c-plane InN

layers have been investigated at 1050oC for 45 s up to 6min. The best quality of c-plane

InN layer was produced for 2min of sapphire nitridation (Section 4.4). To investigate

the effect of nitridation temperature on the polarity of c-plane InN layers, all the InN

layers were grown on a- and c-plane sapphire substrates after nitridated at different
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Figure 5.3: 5µm×5µm AFM images of the InN samples (≈250 nm) grown directly on
c-plane sapphire (top) and on a-plane sapphire (bottom) nitridated at 900oC, 750oC, and
600oC, respectively. The Z -height scale is 200 nm. The inset of (e) shows two crystallite
structures rotating 30o with respect to each other.

temperatures for 2min nitridation. The growth parameters of the InN layers on a- and

c-plane sapphire nitridated at different temperatures were shown in Section 3.5.

Atomic force microscopy (AFM) performed in contact mode (Fig. 5.3) was used to

investigate morphology changes on the InN layers dependent on nitridation tempera-

tures. The InN layers on a- and c-plane sapphire substrates showed a similar surface

morphology. The morphology of the InN layers changed from a flat (above 800oC nitri-

dation), over a mixture between flat and hexagonal facets (700oC - 750oC nitridation),

to grainy (below 650oC nitridation) as shown in Fig. 5.3.

Hexagonal crystallite structures rotated 30o with respect to each other were ob-

served in the InN layers on a-plane sapphire nitridated below 900oC shown in the inset

of Fig. 5.3(e). These are the rotated domains that were identified by XRD (Section 4.4

and Fig. 4.10(a)). Due to the atomic arrangement on the surface of a-plane sapphire,

two distinct hexagonal bonding matrices rotated by 30o are formed and mainly deter-
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Figure 5.4: RMS values for a scan area of 5µm×5µm of the InN layers grown on a-plane
(▽) and c-plane (△) sapphire as a function of nitridation temperatures. Two different
trend lines occur with an intersection at 800oC nitridation.

mined by the nitridation (see Section 4.4 and Fig. 4.11(b)).

For the range of nitridation temperatures from 1050oC to 500oC, the root-mean

square roughness (RMS) values increased from 5nm to 38 nm for a scan area of 5µm×5µm.

The RMS values of the InN layers on a- and c-plane sapphire plotted as functions of

nitridation temperatures are shown in Fig. 5.4. The RMS values show two different

trend lines, at 500 - 800oC and at 800 - 1050oC. The intersection at 800oC nitridation

indicates the morphology of the InN layers was switched from grainy to flat morphology.

The VB XPS spectra of the InN samples on c-plane sapphire nitridated at temper-

atures from 600oC - 1000oC are shown in Fig. 5.5. The InN layers on c-plane sapphire

nitridated above 800oC showed a higher amplitude of the peakA than that of the

peakB (leading to a peak ratio of RA/B=1.10 - 1.20), which indicates N-polarity. Ni-

tridating sapphire below 650oC resulted in the growth of In-polar InN layers (peak A<

peakB and RA/B=0.80 - 0.90). The InN layer grown on non-nitridated sapphire also

showed In-polarity. The transition occurs for the samples with a nitridation between

700oC - 750oC, when amplitude of the peak at ∼6.8 eV drops, leading to intensities of

the peakA≈ peakB with RA/B=0.97 - 1.08. This transition (called as a mixed-polar

window) was presumed to be the growth of mixed-polar InN layers (including both N-

and In-polarity). The ratios of the peakA/peakB as a function of nitridation temper-
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Figure 5.5: Valence band spectra of the InN layers grown directly on c-plane sapphire
at different nitridation (NT) temperatures. The spectra were normalized on the right
peak (noted as B). All the spectra were measured at the normal surface, parallel to the
[0001]InN direction. The energy scale of the InN layers was calibrated using the Fermi-edge
of the molybdenum sample plate (EF =0 eV). The XPS spectra were measured by Daria
Skuridina at Technical University of Berlin.

ature of the InN layers grown on a- and c-plane sapphire shown in Fig. 5.6 shows the

same trends as the RMS roughness values (Fig. 5.4).

For the InN layers grown simultaneously on a-plane sapphire with c-plane sapphire,

the VB spectra showed similar shapes and number of components (peaksA and B) to

the InN layers grown on c-plane sapphire. The RA/B ratio of 1.13 (Fig. 5.6) was found

for the InN layer grown on a-plane sapphire nitridated at 700oC, indicating the growth

of an N-polar InN layer. For the InN layer grown on a-plane sapphire nitridated at

600oC, the RA/B ratio was found to be 0.92 (Fig. 5.6), this indicates the growth of

an In-polar InN layer. Since those ratios do not lie in the mixed-polar window of the

InN layers on c-plane sapphire, a mixed-polar window for the InN layers on a-plane

sapphire was presumed to be in the nitridation range of 600oC - 700oC.

As mentioned in Section 4.2, the nitridation was faster on a-plane than on c-plane

sapphire due to the higher density of the dangling bonds of Al-atoms on the a-surface

than that on the c-surface of sapphire. This explains why N-polar InN layers were

produced on a-plane sapphire at 50oC lower nitridation temperature.
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Figure 5.6: Ratio of the peak intensity of peakA/peakB from the VB spectra of the InN
layers grown directly on a- (▽) and c-plane (△) sapphire at different nitridation tempera-
tures.

Density-functional theory calculations for c-plane AlN on c-plane sapphire showed a

dependency of the polarity and the stability of AlN on growth conditions such as Al- and

N-rich [108, 109]. Al-polar AlN is the most stable structure for Al-rich conditions, while

N-polar AlN is the most stable structure for N-rich conditions. [109] Additionally, under

N-/Al-deficient conditions, a polarity inversion might appear [109]. Recently, it was

found that c-plane sapphire nitridated at 935oC produced N-polar AlN, while sapphire

after a thermal annealing at 1070oC in hydrogen had Al-terminated surface [89].

In our case, the nitridation process at higher temperatures (e.g., 900oC) can be

considered as an N-rich condition, due to increased decomposition of NH3. This leads

to the growth of N-polar AlN via nitridation. When the decomposition rate of NH3

is very low (< 750oC), the nitridation is not effective, the growth is under Al-rich

condition, leading to the growth of Al-polar AlN (or AlNxOy). A mixed polar AlN

is produced when the decomposition rate of NH3 is increased, but the nitridation is

still insufficient to produce the fully N-polar AlN. Since InN grown on GaN or AlN

templates has the same polarity as the templates, i.e., In-polar InN on Ga-polar GaN.

Therefore, the InN layers grown on the nitridated sapphire substrates reproduced the

polarity of AlN layers by the nitridation. Overview about the effects of nitridation on

the polarity of InN is summarized in Fig. 5.7.
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Figure 5.7: Flow chart of experimental observations on the polarity selection of InN layer
on c-plane sapphire under different nitridation temperatures. HT, MT, and LT are high-,
mid-, and low-temperature ranges, respectively.

Different surface morphologies of the InN layers grown at different nitridated tem-

peratures might relate to the different polarities. In fact, N-polar InN layers showed a

flat surface morphology, while In-polar layers showed a grainy morphology. The mix-

ture of flat and hexagonal facets on the surface morphology were found for mixed-polar

InN layers (Fig. 5.3).

5.3 Comparisons of N- and In-polar InN

5.3.1 Polarity

As mentioned in Section 5.1, the polarity of InN can be determined by XPS via a cor-

relation of certain peak-heights in the InN valence band spectra. Using this technique,

we determined that the InN layers (∼250 nm) grown directly on nitridated sapphire

(at 1050oC for 2min) had N-polarity, and InN layers (∼300 nm) grown on GaN had

In-polarity, matching the Ga-polarity of GaN templates (Fig. 5.8). The growth param-

54



Chapter 5. Polar (0001) InN with N- and In-polarity

Figure 5.8: Valence band (VB) spectra of InN layers grown at 560oC measured at normal
emissions. The spectra indicate the N-polar InN/sapphire and the In-polar InN/GaN
template. The VB spectra were measured by Daria Skuridina at Technical University of
Berlin.

eters of the InN layers on sapphire and the InN layers on GaN templates were shown

in Section 3.5.

The polarities of the grown InN layers were additionally confirmed by KOH wet-

etching (Fig. 5.9). The KOH wet-etching of the InN layer on sapphire resulted in

the occurrence of small pyramid islands and holes after ≈20min etching (Figs. 5.9(b)

and (c)), while surface morphology of the InN layer on GaN template remains nearly

unchanged even after ≈60min etching (Figs. 5.9(d) and (e)). These results confirm

that the In-polar InN layer is more inert and stable than the N-polar InN layer. This

is in a good agreement with previous KOH wet-etching results for InN layers with the

different polarities [101].

5.3.2 Crystallinity

Figure 5.10 shows the XRD ω - 2θ scans of the InN layers grown directly on c-plane

sapphire and c-plane GaN templates. Metallic indium was found for all InN samples.

The intensity of the (0002) InN reflection of the InN layers grown on GaN was as

5 - 6 times higher than the InN layers grown directly on sapphire, which is attributed

to a higher growth rate of In-polar InN. Furthermore, full width at half maximum
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Figure 5.9: AFM images of (a) an as-grown InN layer (≈200 nm) directly on sapphire,
and after 30min KOH wet-etching (b)-5µm×5µm and (c)-2µm×2µm, of an as-grown InN
layer (≈300 nm) on GaN template (d), after 30min KOH wet-etching (e)-5µm×5µm and
(f)-2µm×2µm.

(FWHM) of the symmetric (0002) InN reflection of the XRD ω - 2θ scans measured

from the InN layers grown on sapphire decreased with increasing growth temperatures,

corresponding to an improved crystallinity and increase of layer thickness. The increase

of layer thickness with increasing growth temperatures might be related to the increase

of surface diffusions, this will be discussed later.

In Fig. 5.10, the (0002) InN reflection of the XRD ω - 2θ scans of the InN layer on

GaN template is shifted to the higher diffraction angle compared to no shift for the

InN layer on sapphire. Table 5.1 shows the offset and FWHM values of (0002) InN

reflection the InN layers grown on c-plane sapphire and c-plane GaN templates at

different temperatures. The offset value of the (0002) InN reflection the InN layers

was calculated as: ∆=ωmeasure - ωreference. For reference, the lattice parameters were

a =3.545 Å and c=5.703 Å for InN [29], giving an ωreference=15.67o. The shift to the

higher diffraction angles of the (0002) InN reflection of the InN layers grown on GaN

templates (Fig. 5.10) indicates the decrease of the InN c-lattice constant. Even though

the reciprocal space maps show that the InN layers on GaN templates are fully relaxed,

56



Chapter 5. Polar (0001) InN with N- and In-polarity

15.0 15.5 16.0 16.5 17.0 17.5 20.5 21

101

102

103

104

105

(0
00

2)
In

N

(1
01

)In

 

 

In
te

ns
ity

 (c
ou

nt
s/

s)

-2  (o)

(0
00

2)
G

aN

(0
00

6)
A

l 2O
3

Figure 5.10: XRD ω - 2θ scans of the InN layer grown directly on c-plane sapphire and
the InN layer on c-plane GaN at 550oC.

a residual stress is expected in the layers due to the differences of thermal expansion

coefficient and lattice mismatch between InN and GaN (Table 3.3).

Raman scattering spectroscopy was carried out to further investigate the crystalline

properties and stress of the InN layers by analyzing the optical phonon modes of InN.

The Raman spectra were measured at Centre for Research on Ions, Materials and

Photonics (CIMAP by Arantxa Vilalta-Clemente). Optical phonons consist of two

different modes: longitudinal optical (LO) and transverse optical (TO) modes. Similar

to wurtzite GaN and AlN (point group C4
6v), the wurtzite InN phonon modes (k =0

group) are A1+E 1+2B1+2E 2, where the A1(LO), E 1(TO), E 2(high), and E 2(low)

are Raman-active, and the two B1(silent) are Raman-inactive [110]. The stress in

the InN layers was analyzed by the E 2(high) phonon peak, which is not sensitive to

Table 5.1: Offset values (∆=ωmeasure - ωreference) and the FWHM values of the (0002) InN
reflection of the XRD ω - 2θ scans of the InN layers grown directly on sapphire or on GaN
templates.

T growth (
oC) 520 530 540 550 560

∆InN/Al2O3
(o) - -0.003 0.002 0.002 0.007

FWHM(o) - 0.061 0.071 0.058 0.040

∆InN/GaN (o) -0.008 -0.178 -0.043 -0.043 -0.048

FWHM(o) 0.043 0.038 0.047 0.045 0.056
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Figure 5.11: Raman spectra of the InN layer grown directly on c-plane sapphire and the
InN layer on c-plane GaN template. The inset shows the E 2(high) phonon peaks of the
layers, indicating the blue-shift of the InN layer on GaN template compared to the InN
layer on c-plane sapphire. The Raman spectra were measured by Arantxa Vilalta-Clemente
at CIMAP, Caen, France.

any doping level of the GaN template due to its transverse optical character. In the

presence of biaxial compressive stress, the E 2(high) phonon mode will shift to the higher

wavenumber with increasing the stress in layers. In contrast to the E 2(high) mode, the

A1(LO) mode is less affected by the compressive stress, but strongly affected by free

carrier concentration through the coupling of the LO phonon longitudinal field with the

plasmon macroscopic longitudinal field [111]. In particular the A1(LO) phonon peak

shifts to a higher frequency with increasing the carrier concentration.

Figure 5.11 shows the backscattering Raman spectra of the InN layers grown on

sapphire and on GaN template over a wavenumber range of 350 - 650 cm-1 taken at room

temperature. Only two phonon peaks were observed in that wavenumber range for both

the InN layers grown on sapphire and on GaN template. The peaks at ∼491 cm-1 and

∼596 cm-1 refer to the E 2(high) and A1(LO) modes, respectively. These frequencies

are in good agreement with other Raman data for epitaxial InN layers [112, 113]. The

sharp and strong E 2(high) phonon peak in the Raman spectra at ∼491 cm-1 confirms

that the InN layers have a wurtzite structure. This is in good agreement with the

XRD result. No Raman peaks related to cubic InN were found, i.e., no TO mode

at 457 cm-1 and no LO mode at 588 cm-1 of cubic InN lattice [113]. For strain-free
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Figure 5.12: The shifts of the E 2(high) phonon peaks and the in-plane strain values
of the InN layers with different layer thicknesses grown directly on c-plane sapphire and
c-plane GaN template.

InN, the E 2(high) phonon peak (ωEstrain−free
2 ) was found at at 491.1 cm-1 [112]. The

E 2(high) peak of the InN layer on sapphire was found at 491.4 cm-1 corresponding to

a nearly free-strained layer. A slight shift of 2.9 cm-1 of the E 2(high) mode of the InN

layer on GaN template (494.3 cm-1) confirms the residual stress in the InN layers in

accordance with XRD. A compressive biaxial thermal stress is inevitably produced in

the epitaxial layers perpendicular to the c-axis upon the cooling after the growth due

to the differences in thermal expansion coefficient and lattice mismatch of InN, GaN,

and sapphire (Table 3.3). However, it is expected that the InN layers on sapphire

can themselves react to release the residual strain/stress by producing peeling-off areas

(Fig. 5.19).

To investigate the effects of layer thickness on the strain state, a series of InN layers

on sapphire with different layer thickness from 100 - 250 nm and an InN layer on GaN

template with thickness of 300 nm were analyzed using Raman spectroscopy. Typical

Raman spectra were shown in Fig. 5.11. For the InN layers grown on sapphire, the

shift of the E 2(high) phonon peak (ωEmeasured
2 ) reduces with increasing layer thickness

from 494.1 cm-1 (100 nm) to 491.4 cm-1 (250 nm). The in-plane residual strain (σxx) of

the InN layers was calculated by:

σxx =
ωEmeasured

2 (cm−1)− ωEstrain−free
2 (cm−1)

KH
, (5.1)
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Figure 5.13: FWHM values of the E 2(high) and the A1(LO) phonon peaks of the InN
layers grown directly on c-plane sapphire and the InN layer grown on c-plane GaN template.

where KH is the hydrostatic linear pressure coefficient which can be derived from

the equation [114]:

KH = −
2a(C33 − C13) + b(C11 + C12 − C13)

C33(C11 + C12)− 2C2
13

, (5.2)

where C ij are the stiffness constants of InN, a and b are the deformations of

E 2(high) phonon mode of InN. The KH coefficient was calculated to be 5.6 cm-1GPa-1

by using the stiffness constants: C 11=271, C 12=124, C 13=94, and C 33=200 [115],

and the deformations: a = -610 cm-1 and b= -857 cm-1 [112].

From Eqn. 5.1, the in-plane residual strain values of the InN layers were calculated

and shown in Fig. 5.12. The reduction of the E 2(high) peak shifts correlates to a

reduction of the strain values of the InN layers on sapphire from 0.54GPa to 0.06GPa.

Furthermore, the FWHM values of the E 2(high) phonon peaks of the InN layers on

sapphire also reduce with increasing layer thickness from 6.0 cm-1 to 4.2 cm-1, indicating

an increase of crystallinity (Fig. 5.13).

The InN layer on GaN template (300 nm) showed the same E 2(high) peak shift

and in-plane strain value as the InN layer on sapphire with the thickness of 100 nm

(Fig. 5.12). Additionally, the FWHM value of the E 2(high) phonon peak of the 300 nm

InN layer on GaN template was found to be 7.3 cm-1, even larger than that of the

100 nm InN layer on sapphire (Fig. 5.13). It means that even with thicker layers, the
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Figure 5.14: 5µm×5µm AFM images and RMS roughness of the N-polar InN lay-
ers (≈200 - 250 nm) grown directly on c-plane sapphire (top) and the In-polar InN layers
(≈300 - 350 nm) on c-plane GaN templates (bottom) grown at different temperatures.

crystallinity of InN layer on GaN template is worse than the one of thinner InN layers

on sapphire.

5.3.3 Surface morphology and growth modes

The surface morphology of the as-grown InN samples were examined on 5µm×5µm

AFM images (Fig. 5.14). The InN layers grown on c-plane sapphire showed smoother

morphology at higher growth temperatures, while the InN layers on c-plane GaN tem-

plates showed smoother morphology at lower growth temperatures. The smallest RMS

roughness was 5 nm at the growth temperature of 560oC for the InN layer grown on

sapphire, whereas at this growth temperature the RMS roughness of the InN layer

grown on GaN was about 65 nm (Fig. 5.14). It is important to note that the RMS

roughness value of the GaN templates was only about 1 nm for the same scan range,

and hence could not cause the roughness of the In-polar InN layers. The high RMS

roughness values of In-polar InN layers on GaN templates were comparable to those of

In-polar InN layers on sapphire (Fig. 5.3).

Metallic indium droplets (small white dots on the AFM images shown in Fig. 5.14)

with different shapes and sizes were observed on the surface of all InN samples, consis-
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Figure 5.15: Line profiles of a pit on the surface of the InN layer grown directly on
c-plane sapphire grown at 560oC (Fig. 5.14(d)). The line profiles across the pits shows an
inverted pyramidal shape with the base angles of ∼60o (fit angle), indicating a V-pit with
six {101̄1} or {112̄2} facets.

tent with the obtained metallic indium peaks on the XRD measurements (Fig. 5.10).

Additionally, the InN layers grown directly on sapphire showed the presence of hexag-

onal islands (200 - 800 nm), likely related to the existence of the indium droplets that

recrystallized into these islands.

A large number of hexagonal pits with different sizes (50 - 300 nm) and depths (40 -

100 nm) are observed on the surfaces of the InN layers grown on sapphire (Fig. 5.15).

The line profiles across the pits indicate that the pits consist of six {101̄1} or {112̄2}

facets (V-like pits). The appearance of the V-pits mainly is mainly attributed to screw

and mixed threading dislocations [116].

In the case of the InN layers grown on GaN templates, the line profiles cross the

islands shows an isosceles trapezoidal or pyramidal shape with the base angles of ∼60o,

corresponding to six {101̄1} or {112̄2} boundary facets (Fig. 5.16). With increasing

growth temperature, the lateral size of the islands increases from about 100 nm to

400 nm. However, the islands did not fully coalesce even after a long growth time

(300 nm thickness) at different growth temperatures.

Recently, the effect of polarity on the growth of InN layers grown on GaN templates

by MOVPE was investigated [117]. The surface morphology of N-/In-polar InN layers

on N-/Ga-polar GaN templates [117] showed similar features as observed here for the

N-polar InN layers grown on sapphire and the In-polar InN layers grown on GaN

templates. The growth mode of N-polar InN layers grown on N-polar GaN templates

was signed to the Frank-van der Merwe, while the Volmer-Weber growth mode was
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Figure 5.16: Line profiles of an island on the surface of the In-polar InN layer on c-plane
GaN grown at 560oC (Fig. 5.14(h)). The line profiles across the islands shows an isosceles
trapezoidal or pyramidal shape with the base angles of ∼60o (fit angle), corresponding to
six {101̄1} or {112̄2} boundary facets bounding the island.

referred to In-polar InN layers grown on Ga-polar GaN templates [117, 118]. Those

growth modes were associated with the differences in the surface bonding arrangements

of atoms on the surfaces of N-/In-polar InN layers. For the growth modes in those cases,

InN layers were assumed to be N-terminated [117]. However, the N-terminated surfaces

are energetically always less stable than the corresponding In-terminated surfaces [103].

Furthermore, as mentioned before with the used growth conditions, indium droplets

were found for both the InN layers grown on sapphire and the InN layers grown on

GaN templates by AFM (Fig. 5.14) and XRD (Fig. 5.10). This confirms the existence of

exceeding indium on the surface of both the InN layers and therefore an In-terminated

surface. It means that the growth modes, Frank-van der Merwe for N-polar InN and

Volmer-Weber for In-polar InN, were observed for the In-terminated surfaces meaning

that surface termination does not have a critical effect on the growth modes.

Density-functional theory (DFT) calculations of the adatom kinetics of Ga-/In-

atoms on the c-plane (0001) surface [119], and the nonpolar a-plane (112̄0) and m-

plane (11̄00) surfaces [120, 121] showed a strong dependence on specific geometry and

stoichiometry of these surfaces due to the different bonding properties of the weak

metallic Ga-Ga/In-In bonds and the strong covalent Ga-N/In-N bonds. Furthermore,

for all the GaN and InN surfaces, it was found that N-atoms have a very low diffusivity

compared to Ga-/In-atoms.

The adatom diffusion on a layer surface is strongly depended on growth condition.

Due to the very high equilibrium vapor pressure of nitrogen and the weak In-N bond,
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Figure 5.17: Growth mechanism of N-polar InN. In-atoms can be easily trapped into the
sink consists of two N dangling bonds on the c-plane surface.

the growth of InN is normally performed at very low temperature (i.e., 400 - 600oC)

compared to the growth temperature of GaN or AlN (i.e., 1000 - 1400oC). Additionally,

at that temperature range, the decomposition rate of NH3 is very low (Fig. 3.7). Thus,

even with a very high V/III ratio (i.e., V/III ratio= 15000), the InN growth is still

under a very In-rich condition. The growth rate of N-polar InN layers on sapphire

(about 100 nm/h) is normally lower than that of In-polar InN layers on GaN templates

(about 150 nm/h).

The growth modes of c-plane InN layers on sapphire and GaN templates could

be explained following growth models for InN layers with the different polarities on c-

plane GaN templates [117]. For N-polar (0001̄) InN, the surface bonding arrangement of

atoms on the surface was previously shown in Fig. 5.1(d). An individual N-atom at the

N-polar InN surface has one dangling bond upward, and three dangling bonds inward

which bond to three underneath In-atoms. After one In-atom bonds to one N-atom

on the surface, the In-atom will have three free dangling bonds which can easily bond

to three N-atoms (Fig. 5.1(e)). This creates a sink on the surface step that consists

of two nitrogen dangling bonds, one from the atop N-adatom layer and one from the

adjacent N-adatom layer (Fig. 5.17). This sink is expected to trap In-atom to form

a lateral growth of the (0001̄) InN surface. Higher growth temperatures can enhance

In-diffusion length on the (0001̄) surface, which can contribute to the change of surface

morphology of the InN layers. In fact, the AFM images of the InN layers on sapphire

(Fig. 5.14) confirm that the surface morphology of the InN layers gets smoother with

increasing growth temperatures.

In the case of In-polar (0001) InN, the surface bonding of atoms and dangling bond

configurations can be explained in Fig. 5.1(a). Since In-atoms are at the atop surface
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Figure 5.18: Growth mechanism of In-polar InN. Similar to N-polar InN, In-atoms can
be easily trapped into the sink consists of two N dangling bonds on the (101̄1) or (112̄2)
surface.

of InN layer which can bond to N-atoms; afterwards those bonds can create sinks to

trap In-atoms. At the surface steps of In-polar InN, N-atoms can also bond to In-

atoms. The two possibilities of trapping In-atoms are equal (at the surface steps and

at the sink). Since In-atoms diffuse very fast on the (0001) surface due to the week

metallic In-In bond compared to the strong covalent In-N bond, this leads to a faster

growth process in the perpendicular direction ([0001]InN) and a slower growth rate in

the parallel direction ([11̄00]InN). However, as mentioned above, the initial growth of

InN on GaN by MOVPE was attributed to the 3D Volmer-Weber growth mode [118].

When the growth rate along the [0001] direction is much faster compared to that in

the [11̄00]InN direction, this will lead to a formation of a 3D growth structure with a

trapezoidal shape (Fig. 5.18). The trapezoidal structures can be changed to pyramidal

shapes if the growth rate in the [0001]InN direction is fast enough.

The {101̄1} and {112̄2} boundary facets of the InN islands on GaN templates should

be taken into account to explain the growth process of the InN layers on GaN templates

(Figs. 5.16 and 5.18). The (101̄1) and (112̄2) surfaces also have N-polarity and has

a similar dangling bond configuration qualitatively similar to the (0001̄) surface, but

rotated by ∼60o with respect to the c-plane (Fig. 5.18). The (101̄1) and (112̄2) surfaces

also have one dangling bond at any sites of the surface, similar to the (0001̄) surface

(Fig. 5.18). Even though a lower growth rate is expected in the perpendicular direction

of the (101̄1) and (112̄2) surfaces due to a higher diffusion barrier in that direction

caused by the strong covalent In-N bond, similar to the (0001̄) surface. However, the

layer growth might be affected by the surface area of that layer. The larger surface area
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Figure 5.19: Normaski optical microscopic image of a c-plane InN layer grown at 560oC on
c-plane sapphire. In the image, indium droplets (white dots), inflated areas, and peeling-off
areas (dashed circles) can be obviously seen.

of the layer, the higher chance to incorporate more atoms. The 3D growth with the

{101̄1} or {112̄2} boundary facets results in the larger total (101̄1) (or (112̄2)) surface

area compared to the (0001) surface. Therefore, the growth at the sides of the islands

is expected to be faster than at the topmost (0001) surface. The fact that the lateral

size of islands increases with increasing growth temperatures and growth times (i.e.,

from quantum dots to layer) also confirms our interpretation.

The growth rate of InN with the different polarities is affected not only by adatom

diffusion but also by the adsorption/desorption rate. The growth rate of N-polar InN

(about 100 nm/h) is normally slower than that of In-polar InN (about 150 nm/h). Ad-

ditionally, the growth rate of InN (both polarities) is very sensitive to hydrogen etching

due to the weaker In-N bond compared to the stronger Ga-N and Al-N bonds. Under

H-irradiation, the N-polar InN showed a much faster etching rate compared to In-polar

InN, similar to the KOH wet-etching results [103]. This behavior is explained via the

differences of the dangling bond configurations between the N- and the In-polar surfaces

during the etching process. The surfaces having N-polarity such as the (0001̄), (101̄1),

and (112̄2) surfaces are easily etched in the existence of H-atoms and NHx-radicals (de-

rived from the NH3 decomposition) since H-atoms can break the In-N bonds to create
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a formation of volatile NHx-radicals. The NHx-radicals easily desorb from the surface

at the applied growth temperature. This leads to the formation of an In-rich surface

where In-atom is only loosely bound to the surface and form In-droplets. H-atoms can

diffuse to the N-atoms below the In-rich layer and lead to further etching. At higher

growth temperatures, the higher NH3 decomposition rates produce more H-atoms and

NHx-radicals, and hence cause the faster hydrogen etching rates. In the case of In-

polar InN, the In-atoms on the surface are bound to the three underneath N-atoms.

These bonds are easily broken by the attachments of H-atoms and NHx-radicals during

growth process.

InN layers grown directly on sapphire often peels off or produces inflated areas

where the layer peels off sapphire (Fig. 5.19). Inflated areas might be occurred during

growth (due to no full strain relaxation) or after growth during cooling (due to the

different thermal expansions). The In-polar InN layers grown on GaN templates do

not peel off because of the 3D morphology allowing strain relaxation (Figs. 5.14(e-h)).

Nearly no stress at room temperature on the InN layer on sapphire despite the different

thermal expansions indeed indicate a weaker bond InN/sapphire interface compared to

the InN layers on GaN templates. The peeling-off areas on the interface of InN layers

and sapphire might cause the layers become a free-standing template, and hence release

the strain upon the cooling after the growth.

5.3.4 Optical properties

Figure 5.20 shows the low-temperature photoluminescence (PL) spectra (at 8K) of the

InN layers grown at 530oC directly on c-plane sapphire substrate and on c-plane GaN

template. The InN layer grown on GaN template showed a near band-edge (NBE)

luminescence at ∼0.8 eV with a FWHM value of 63meV, while the InN layer grown

on sapphire showed an NBE luminescence at ∼0.77 eV with a FWHM value of 72meV

(Gaussian fits). Both PL spectra show asymmetrical broadenings at the low energy

range that might be mostly due to the decreased response of the Ge detector. PL

intensity of the InN layer grown on GaN template was as a factor of two higher compared

to the InN layer grown on sapphire. Even at room temperature, PL from the InN layer

grown on GaN template was obtained, while PL from the InN layer grown on sapphire

could only be obtained below ∼200K (Fig. 5.21).
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Figure 5.20: Low-temperature photoluminescence (PL) spectra of the InN layers grown
directly on c-plane sapphire and on c-plane GaN template at 530oC, respectively. The PL
intensities were normalized with response function of Ge detector.

For blue-shift of NBE luminescence spectrum of highly doped InAs, a correlation

between with carrier concentration was found due to the Burstein-Moss effect [122]. Re-

cently it was demonstrated that the blue-shifts of absorption edge of lithium-doped ZnO

caused by the increased dopant concentrations (and hence relate to the Burstein-Moss

or band-filling effect) had a similar trend to the blue-shifts of NBE luminescence [123].

In the case of InN, a PL peak shifts to higher energies of the InN layers might be

also associated with the Burstein-Moss effect due to increased carrier concentrations

(> 1017 cm-3) [16, 110]. Due to the high electron concentration of InN, the thermal equi-

librium energy in the conduction band of InN would not be located at the conduction

band minimum, this could raise the effective Fermi energy level via the Burstein-Moss

effect. To check the correlation between carrier concentrations and the Burstein-Moss

effect, Hall-effect measurements were performed at room temperature showed a free

electron concentration of 2.3×1019 cm-3 and a carrier mobility of 370 cm2/V s for the

InN layer grown on sapphire, and 1.5×1019 cm-3 and 198 cm2/V s for the InN layer

grown on GaN template. However, Hall-effect measurements may overestimate the

carrier concentrations due to the effects of the surface accumulation layers [124, 125]

and morphological defects [124]. Thus the blue-shifts of the PL peak energies of the

InN layers will be further discussed where they might be originated by point defects
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Figure 5.21: Temperature dependency of the PL energy peaks and intensities of the
In-polar InN grown on GaN template and the N-polar InN grown directly on sapphire at
530 oC.

(or vacancies), unintentional impurities (or background doping), and strain relaxation.

At room temperature, the PL peak energy measured from the InN layer grown

on GaN template (Fig. 5.21) showed a blue-shift of ∼0.17 eV compared to the InN

bandgap of 0.65 eV [18]. A plausible explanation for the blue-shift can be unintentional

impurities such as carbon and oxygen, as well as native point defects (i.e., nitrogen

vacancies [126]). Nitrogen vacancies are easily produced in the layers due to the In-rich

growth conditions and the low growth temperatures used for InN growth. Since all the

InN layers showed the very high electron concentrations, the electron concentrations

might be attributed to ionization of intrinsic point defects related to nitrogen vacan-

cies [126]. Theoretical calculation showed the ionization energy of nitrogen vacancies

in InN to be about 0.15 eV [126]. This activation energy would lead to a continuous

increase of the carrier concentration which would lead to a continuous blue-shift in

agreement with the PL measurements.

Beside the effect of N-vacancies, the blue-shifts of PL peak energies of the InN

layers might be caused by impurities as well. In general, oxygen, hydrogen, and carbon

are unintentionally incorporated in III-nitrides during growth, especially in InN due to

the much lower growth temperatures compared to GaN and AlN. For example, NH3 is

contributed as a source of hydrogen dopant for MOVPE-grown InN [127]. The surface
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polarity of III-nitrides is also expected to strongly affect the amount of incorporated

impurities, e.g., N-polar InN incorporates more hydrogen than In-polar InN [128]. As

shown before, the InN layer on sapphire showed the flat morphology compared to

the 3D morphology of the InN layer on GaN template. The 3D islands of the InN

layers on GaN templates consist of six {101̄1} or {112̄2} boundary facets, which also

have N-termination. Therefore, the total surface area (grain boundaries) of the InN

layers on GaN templates are larger (smaller) than those of the N-polar InN layers on

sapphire. During the growth processes, the higher amount of atomic hydrogen, oxygen,

and carbon may reside along the smaller grain boundaries [128]. Consequently, the

InN layers on GaN templates might incorporate a larger amount of the unintentional

impurities than the InN layers on sapphire. Consequently, due to the higher impurities

incorporation in the InN layer grown on GaN template might cause the blue-shift of

the PL peak energies due to an increase of impurities-related donor concentration [129].

Recently, a correlation between FWHM values on PL intensity and bulk residual

doping of InN was developed [130]. By using that model, the electron density of the InN

layers grown on sapphire and on GaN template were estimated to be about 1×1018 cm-3

and 7×1017 cm-3, respectively. Since the InN layer grown on GaN template has a lower

carrier concentration by Hall-effect measurement and by the FWHM analysis of the PL

intensity, the larger PL peak shift cannot be caused only by the Burstein-Moss effect.

Since the InN layer grown on GaN template also showed residual stress in Raman

(Fig. 5.11), the compressive stress could shift the PL peak energy to higher energies

on the InN layer grown on GaN template. Similar correlations were also found for

InGaAs and InGaP [131], where the bandgap of strained layers was larger than that of

unstrained layers when under compression, and was smaller under tension.

Temperature-dependent PL spectra from all the grown InN samples showed an

abnormal temperature dependence of the peak energy (Fig. 5.21). Generally, the en-

ergy bandgap of semiconductors tends to increase with decreasing temperatures due

to the thermally decrease of the amplitude and the interatomic spacing of the atomic

vibrations [132]. In Fig. 5.21, the PL peak intensity exponentially decreased with

increasing temperatures due to an increase in the rate of non-radiative recombina-

tion of holes; however the PL peak energies increased with increasing temperatures.

Similar abnormal temperature-dependent PL spectra were reported for InN grown by

MBE [133, 134]. A nearly temperature-independent PL peak energy was explained by
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the existence of the metallic indium clusters that leads to the efficient exciton localiza-

tion phenomena that occurs at the indium/InN interface [133]. Additionally, due to the

very high electron concentrations at room temperature for both samples on sapphire

and on GaN templates, the effective Fermi energy level could be shifted upwards by

the band-filling effect. The shift of the Fermi level can be attributed to the ionization

of the donor-like centers (native point defects, e.g. nitrogen vacancies [126]), as well as

hydrogen [127, 129] after increasing temperature).

5.4 Chapter summary

Nitridation of a-plane (112̄0) and c-plane (0001) sapphire substrates at temperatures

from 600oC to 1050oC was employed to grow c-plane InN layers. The sapphire nitrida-

tion was found to be crucial to control the polarity, and to improve the crystallinity and

the surface morphology of the InN layers. Nitridation temperatures above 800oC led

to N-polar InN layers, while nitridation temperatures from 700oC to 750oC produced

mixed-polar InN layers and nitridation temperatures from 500oC to 650oC produced

In-polar InN layers.

The growth process, crystallinity, and optical properties of the InN layers with N-

and In-polarity were compared. To produce layers with N-polarity, InN layers grown

on c-plane sapphire nitridated at 1050oC, while In-polar InN layers were grown on

c-plane Ga-polar GaN templates. N-polar and In-polar InN layers showed different

surface morphologies and crystallinities. The smoothest N-polar InN was obtained at

higher growth temperatures (5 nm for 5µm×5µm), while the smoothest In-polar InN

was obtained at intermediate growth temperatures (17 nm for 5µm×5µm). Growth

mode of the N-polar InN layers on sapphire was found to be Frank-Van der Merwe

(2D growth mode), while growth mode of the In-polar InN layers on GaN templates

was Volmer-Weber (3D growth mode). In-polar InN layers exhibited a higher growth

rate than N-polar InN layers for identical precursor flows, i.e., 150 nm/h and 100 nm/h,

respectively. Electrical properties were similar for both layers. Raman spectra showed

the same curves with two dominant phonon modes (E 2(high) mode at ∼491 cm-1 and

A1(LO) mode at ∼596 cm-1) for all the InN layers on sapphire and GaN templates.

The In-polar InN layers on GaN templates showed a residual stress, while the N-polar

InN layers showed a fully strain relaxation. Both the InN layers showed near-band-edge
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luminescence around 0.75 eV at low temperature. Low-temperature photoluminescence

of the In-polar InN layers was shifted to higher energies likely due to biaxial compressive

stress and incorporation of different impurities.

72



Chapter 6

Semipolar (101̄3̄) InN

This chapter deals with the growth and characterizations of semipolar (101̄3̄) InN layers

on m-plane sapphire. The growth parameters were shown previously in Section 3.5.

Additionally, ellipsometric transient of an InN layer on m-plane sapphire (nitridation at

1050oC for 2min) was shown in Fig. 3.12. The nitridation process on m-plane sapphire

(from 45 s to 6min) at 1050oC was found to be very crucial for the crystal orienta-

tion of (101̄3̄) InN. Very short and very long nitridation times resulted in additional

phases. Since the simultaneously grown c-plane InN layer on c-plane sapphire showed

N-polarity (Section 5.3), the InN layers on m-plane sapphire were expected to have

N-polarity.

6.1 Crystallinity and in-plane relationship

In order to investigate crystallinity of the InN layers grown on m-plane sapphire, X-ray

diffraction (XRD) measurements were performed with an open detector. The plane of

incidence was paralleled to the [0001] axis of the m-plane sapphire substrates.

Figure 6.1 shows symmetric XRD ω/2θ scans of the InN layers grown on m-plane

sapphire with different nitridation times. For 2min and 4min nitridation, only the

semipolar (101̄3̄) reflection of InN at ∼28.5o was found. For shorter and longer nitri-

dation, the InN layers showed some additional reflections like (101̄2̄), (112̄0), (112̄2̄),

(101̄4̄), (112̄4̄), (202̄4̄), and (202̄5̄). No reflections of metallic indium were observed in

all the InN layers grown on m-plane sapphire. Interestingly, XRD spectra for all the
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Figure 6.1: XRD ω/2θ scans of the InN layers grown on m-plane sapphire for different
nitridation times at 1050oC.

simultaneously grown c-plane InN layers on c-plane sapphire showed the appearance

of metallic indium (as shown in Fig. 5.10).

The epitaxial in-plane relationship of the (101̄3̄) InN layers and m-plane sapphire

was determined from XRD off-axis φ-scans. The skew-symmetric (202̄4̄) reflection ofm-

plane sapphire substrate was measured with a tilt angle (ψ) of 32.38o, which indicates

the [0001] direction of the m-plane sapphire (Fig. 6.2). Since the (101̄3̄) InN surface

is tilted by ∼31.8o with respect to the (0001̄) InN surface, to indicate the [0001]InN

direction of (101̄3̄) InN, the skew-symmetric (0002) reflection of the (101̄3̄) InN layers

was measured with a tilt angle of ∼31.8o. In Fig. 6.2, two skew-symmetric (0002)

reflections of (101̄3̄) InN were found, rotated by ±90o with respect to the (202̄4̄) re-

flection of m-plane sapphire. Since there is no other lattice plane having the same

2θ angle and tilting to the surface, the appearance of two skew-symmetric (0002) re-

flections indicates crystallite twinning of the (101̄3̄) InN layers on m-plane sapphire

in two opposite directions, as illustrated in Fig. 6.2. The in-plane relationship of the

(101̄3̄) InN layers and m-plane sapphire was determined to be [303̄2̄]InN‖[12̄10]sapphire

and [12̄10]InN‖[0001]sapphire, and [3̄032]InN‖[12̄10]sapphire and [1̄21̄0]InN‖[0001]sapphire),

which is rotated by 180o in the growth plane.

The crystallite twinning of the (101̄3̄) InN layers was also observed in symmet-

ric XRD reciprocal space maps (RSM). Figure 6.3 shows the symmetric RSM of the
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Figure 6.2: XRD off-axis φ-scans with settings for the (0002) reflections of (101̄3̄) InN and
of the (202̄4̄) reflection of m-plane sapphire performed in skew-symmetry. The schematic
below shows the resulting epitaxial in-plane relationship of (101̄3̄) InN on m-plane sapphire
substrate.

(101̄3̄) InN reflections along the [0001]sapphire in-plane direction (Fig. 6.3(a)) and along

the [12̄10]sapphire in-plane direction (Fig. 6.3(b)). In Fig. 6.3(a), two (101̄3̄) InN re-

flections were observed in two opposite directions with respect to the (303̄0) reflection

of sapphire. The RSM indicates the (101̄3̄) InN twins were tilted about ±1.1o in the

[12̄10]sapphire and [1̄21̄0]sapphire directions (Fig. 6.3(a)) and tilted about 0.1o in the

[0001]sapphire direction (Fig. 6.3(b)). The tilt angles may be due to the different lattice

mismatches of (101̄3̄) InN and m-plane sapphire, 13.8% along the [12̄10]sapphire direction

and 9.1% along the [0001]sapphire direction. Due to the different lattice mismatches, un-

equal dislocation distributions in both directions are expected to be present [135–139],

and hence this induces the tilts of the layers. The tilts of the (111̄3̄) InN layers might also

relate to lattice tilts [140, 141] since the layers were grown onm-plane sapphire, a vicinal
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Figure 6.3: Reciprocal space maps of the (101̄3̄) InN layer grown on m-plane sapphire
performed (a) along the [0001]sapphire in-plane direction and (b) along the [12̄10]sapphire
in-plane direction .

substrate containing surface steps (which is shown latter in Fig. 6.9). Additionally, the

tilts of the InN layers might be related to the appearance of misfit dislocations, which

are commonly present at the hetero-interfaces between semi-/non-polar III-nitrides and

substrate, existing in the [11̄00] direction of III-nitrides [135–139, 142]. The misfit dis-

locations not only induce the relaxation, but also cause rotational misorientations of

III-nitride epilayers in the [0001] direction [136–139].

The RSM indicate an anisotropic FHWM of the InN layers on m-plane sapphire in

two perpendicular directions. The symmetric (101̄3̄) InN X-ray rocking curves (XRC)

along the [303̄2̄]InN ([12̄10]sapphire) direction and along the [12̄10]InN ([0001]sapphire) di-

rection were measured in order to further investigate in-plane structural anisotropy

(Fig. 6.4). The XRC scans of all the layers along the [303̄2̄]InN direction showed two

(101̄3̄) peaks due to the crystallite twinning of the layers. The full width at half maxi-

mum (FWHM) values of the two peaks were almost equivalent (about 1.39 - 1.90o), in-

dicating the same crystallinity of the twinned (101̄3̄) InN layers along the [12̄10]sapphire

and the [1̄21̄0]sapphire directions. Along the [12̄10]InN direction, only one (101̄3̄) reflec-

tion was observed (Fig. 6.4(a)). The FWHM values of the (101̄3̄) InN XRC of all the

InN layers were 0.78 - 1.36o along the [12̄10]InN direction, and 2.78 - 3.76o (both peaks)

along the [303̄2̄]InN direction (Fig. 6.4(b)). However, no clear correlation of the FWHM

values with the nitridation times were found.
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Figure 6.4: (a) The (101̄3̄) X-ray rocking curves (XRC) of an InN layer grown on m-plane
sapphire scanned along the [303̄2̄]InN and the [12̄10]InN directions. (b) the FWHM values
of the XRC of the InN layers grown on m-plane sapphire as a function of nitridation time.
The FWHM values of the XRC scans along the [12̄10]InN direction includes the FWHM
values of both (101̄3̄) InN peaks.

The crystallite twinning of (101̄3̄) InN onm-plane sapphire was similar to (101̄3̄)GaN

grown on m-plane sapphire using MOVPE [143, 144]. For GaN layer on m-plane sap-

phire, depending on nitridation process (i.e., nitridation temperature and time), the

layer might predominate the (101̄3̄) phase or the (112̄2) phase [144].

Based on the growth of pure semipolar (101̄3̄) and (112̄2)GaN layers on m-plane

sapphire by MOVPE [144], calculations of the lattice constants for all the material

systems were performed [145]. It was found that the lattice constant of the (101̄3)GaN

orientation is best matched to the a-axis of sapphire compared to the other (101̄L)

orientations (with L 6=0, 3), while the lattice constant of the (112̄2)GaN orientation is

best matched to the c-axis of sapphire compared to the other (112̄L) orientations (with

L 6=0, 2) [145]. This might be used to explain why the (101̄L) layers were grown along

the [12̄10]sapphire direction, while the (112̄L) layers were grown along the [0001]sapphire

direction. The two possibilities of the (101̄3̄)GaN and (101̄3̄) InN growth might be

explained by the equalities of the growth of thin (101̄3̄) AlN layers on m-plane sapphire

via nitridation process. By the nitridation of m-plane sapphire, the (101̄3̄) AlN layers

were produced equally along the [12̄10]sapphire and the [1̄21̄0]sapphire directions [145].

For semipolar III-nitrides the suppression of the twins is needed to improve the

surface morphology and crystallinity. Recently, studies on the MOVPE growth of
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(101̄3) InN on (110)GaAs at different growth temperatures from 510 - 615oC were re-

ported [146, 147]. Semipolar (101̄3) InN layer grown on (110)GaAs also showed crys-

tallite twinning along the [111] and [111̄] in-plane directions. It was shown that the

twins of the (101̄3) InN layers on (110)GaAs were suppressed to obtain only one dom-

inant symmetry (along the [111̄]GaAs direction) when the growth temperatures were

higher 550oC, i.e., no crystallite twinning was observed for (101̄3) InN layer grown at

615oC [147]. The twinning suppression was explained by the strong dependency of

the MBE grown N- and In-polar InN on the growth temperature, where N-polar InN

might be grown at higher growth temperatures than In-polar InN [148, 149]. However,

the other studies mentioned that the twinning formation of the (101̄3) InN layers on

(110)GaAs is also depended on the existence of H2 gas (in this case, the InN layers

were grown at 575oC) [146]. By mixing H2 gas (0% - 0.4%) into N2 carrier gas during

the growth processes of the (101̄3) InN layers, the crystallite twinning increased with

increasing H2 ratio [146]. For the MOVPE growth of the InN layers on m-plane sap-

phire, the crystallite twinning of the layers are existed likely due to the low-temperature

growth. Overall, suppression of the crystallite twinning of (101̄3) InN is needed to im-

prove the material properties.

6.2 Surface morphology and surface diffusion

Surface morphology of the InN layers was examined by atomic force microscopy (AFM)

in contact mode. Figure 6.5 shows 5µm× 5µm AFM images of the InN layers grown

on m-plane sapphire with different nitridation times. All the AFM images reveal

three-dimensional (3D) growth structures with different grain sizes along the [303̄2̄]InN

([12̄10]sapphire) and the [12̄10]InN ([0001]sapphire) directions. The grain sizes were esti-

mated from the AFM images by averaging line profiles (Fig. 6.6). The grain size was

varying from 50 to 250 nm along the [303̄2̄]InN ([12̄10]sapphire) direction, and about 80 -

500 nm along the [12̄10]InN ([0001]sapphire) direction. The grain height was similar to

the layer thickness of about 100 - 200 nm. The grain sizes of the InN layers showed a

correlation with the FWHM values of the (101̄3̄) InN XRC. The layers with larger grain

sizes had smaller FWHM values along both the [303̄2̄]InN and the [12̄10]InN directions

(Fig. 6.7).
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Figure 6.5: 5µm× 5µm AFM images and RMS roughness of the InN layers (≈250 nm)
grown on m-plane sapphire with different nitridation times. Facet analysis (using GWYD-

DION software) of the InN layer in (c) shows two predominant facet distributions in two
opposite directions with respect to the [12̄10]InN ([0001]sapphire) direction. The center of
the facet view corresponds to zero inclination and slopes in both the [303̄2̄]InN directions
reach maximum values of ∼34.5o, indicating the (0001̄) InN planes with respect to the
(101̄3̄) InN planes (Fig. 6.2).

Compared to the simultaneous grown InN layers on c-plane sapphire, the InN layers

grown onm-plane sapphire showed very rough surface morphology. Facet analysis of the

InN layer grown on m-plane sapphire (with 2min nitridation) shows clearly two facet

distributions in two opposite directions at a facet angle of 34.5o as shown in Fig. 6.5(f),

at this sample the [0001̄] direction is found. The occurrence of two (0001̄) facets in

opposite in-plane directions is a result of the twinning. Therefore, each grain can be

attributed to a different crystallite orientation. The very rough surface morphologies

of the InN layers on m-plane were attributed to the crystallite twinning of the layers.

Similar to c-plane InN layer with mixed polarity, the RMS roughness of the InN layers

grown on m-plane also showed correlation with grain sizes, where the lowest RMS
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6.2. Surface morphology and surface diffusion

Figure 6.6: Line profiles of an InN structure on m-plane sapphire (Fig. 6.5(c)) show a
grain size of 180 nm along the [303̄2̄]InN direction and a grain size of 350 nm along the
[12̄10]InN direction.
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Figure 6.7: Average grain sizes (◦) and FWHM values (�) of the (101̄3̄)InN XRC along
(a) the [303̄2̄]InN direction and (b) the [12̄10]InN direction plotted as functions of the nitri-
dation time.

roughness of 30 nm can be found for the InN sample with largest grain size.

6.2.1 Effects of the nitridation on the surface morphology of InN

The nitridation process affects the crystallinity and the surface morphology of the InN

layers, further studies were carried out on a series of bare nitridated m-plane sapphire

substrates that were later performed in MOVPE for different times (45 s to 2min)

with the same nitridation condition. However, the grown AlN layers were very thin

(∼1 nm for 2min nitridation), thus the growth orientation of the AlN layers could not

be determined by XRD.

Figure 6.8 shows the surface morphology of an as-received m-plane sapphire, and
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Figure 6.8: 1µm×1µm AFM images of (a) an as-received m-plane sapphire substrate,
and of the substrates after nitridation at 1050oC for (b) 45 s, (c) 1min, and (d) 2min.

the surface morphologies of m-plane sapphire substrates nitridated at 1050oC for dif-

ferent nitridation times. Prior the nitridation process, the m-plane sapphire substrate

had a flat surface without islands (Fig. 6.8(a)). The RMS roughness and the height

of the substrate were about 0.1 nm and 0.7 nm, respectively. After 45 s nitridation at

1050oC (Fig. 6.8(b)), many small islands appeared on the surface of m-plane sapphire.

The islands were elongating along the [0001]sapphire direction. When the nitridation

times increased to 1min and 2min (Figs. 6.8(c) and (d)), the m-plane sapphire surface

changed to a grainy surface containing uniform undulated islands/structures along the

[12̄10]sapphire direction. The grain sizes of the islands/structures along the [12̄10]sapphire

direction increased from ∼10 nm to ∼20 nm with increasing nitridation time from 1min

to 2min, respectively. Additionally, the RMS values of the nitridated sapphire sub-

strates increased with increasing nitridation times, 0.4 nm for 45 s, 0.6 nm for 1min,

and 0.7 nm for 2min nitridation.

Since the nitridation layers (or AlN layers) were acting as buffer layers, the grain

sizes and surface morphologies of the nitridation layers are the key parameters for the

later growth of InN. Since the InN layers grown on 45 s and 1min nitridated m-plane
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6.2. Surface morphology and surface diffusion

sapphire showed many orientations, we expect to observe the same number of orienta-

tions on the nitridation layer. Thus, we assume the growth of incomplete nitridation

layers at those times (Figs. 6.8(b) and (c)). The pure (101̄3̄) InN layers were grown after

2min and 4min nitridation of m-plane sapphire, therefore the pure (101̄3̄) AlN layers

were formed at those times. Even though the surface morphology of the nitridated

sapphire substrates got rougher, the grain size of islands also got larger, more uniform,

and the islands covered the whole surface of m-plane sapphire. The large and uniform

grain can enhance the nucleation of the InN growth. Overall, the InN layers might also

replicate the surface morphology of the nitridation layers.

6.2.2 Surface diffusion

Base on the InN structure shown in Fig. 6.6, we propose the surface diffusion of In-

atoms on the (101̄3̄) InN surface. Similar to the polar c-plane surface, the diffusion

process of atoms on the semi- and non-polar surfaces of III-nitrides strongly affects

not only the growth rate, but also quality, and surface morphology of the layer. The

bonding configurations of III-nitride surface consist of the weak metallic bond (i.e.,

Ga-Ga or In-In) and the strong covalent bond (i.e., Ga-N or In-N). Unlike on other

III-V semiconductors such as GaAs [150], Ga-atoms showed a strong stabilization on

the c-plane GaN surface, so that the interaction of surface adatoms is dominated by

delocalization of the metallic Ga-Ga bonds giving the isotropic diffusion barriers for the

(0001) and the (0001̄) surfaces of 0.4 eV and 0.2 eV, respectively [151, 152]. In contrast

to the c-plane GaN/InN surfaces, the nonpolar a- andm-plane surfaces showed a strong

dependence on specific geometry and stoichiometry of these surfaces due to the bonding

configurations and the separation distance of two neighboring adsorption sites along

the [0001] direction and the perpendicular direction as well [120, 121].

Density-functional theory calculations of Ga-/In-adatom kinetics on the m-plane

GaN/InN surfaces (under metal-rich conditions) showed a large diffusion barrier along

the [0001]GaN/InN and the [112̄0]GaN/InN directions [120, 121]. The surface diffusion

barrier of Ga-/In-atoms on the m-plane GaN/InN surfaces along the [0001]GaN/InN di-

rections of 0.93 eV/1.30 eV is much larger than along the [11̄00]GaN/InN directions of

0.21 eV/0.06 eV. This means that Ga-/In-atoms will diffuse faster along the [11̄00]GaN/InN

directions than along the [0001]GaN/InN directions, leading to a formation of anisotropic

surface morphology. The smaller diffusion barriers of Ga-/In-atoms along the [112̄0]GaN/InN
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Figure 6.9: Unit cells (1×2) of (a) the relaxed nonpolar m-plane (11̄00) InN surface and
(b) the relaxed semipolar (101̄3̄) InN surface. The contours indicate the pathway of indium
adatom diffusions on these surfaces.

directions on the m-plane GaN/InN surfaces result in higher lateral growth rates (due

to longer diffusion lengths) than those along the [0001]GaN/InN directions. Figure 6.9(a)

illustrates the diffusion pathways of Ga-/In-atoms on the m-plane GaN/InN surfaces

as bridges (contour lines) between two adjacent Ga-N/In-N bonds.

In contrast to the nonpolar GaN/InN surfaces, the surface diffusion barriers of

Ga-/In-atoms on the semipolar (101̄L)GaN/InN surfaces have not been yet studied.

However, the semipolar (101̄L) InN surfaces (with L 6=0) show very similar surface

atomic arrangements to the m-plane (11̄00) InN surface but with an additional tilt of

α angle (0o<α< 90o) with respect to the m-plane surface, as shown in Fig. 2.4). In

case of the semipolar (101̄3̄) InN surface, the α angle is ∼58o (see Figs. 2.4 and 6.2).

The surfaces of m-plane and semipolar (101̄3̄) InN are shown in Fig. 6.9. Due to the

comparable surface atomic arrangements to the m-plane surface, a similar trend for

In-adatom diffusion on the semipolar (101̄3̄) surface is expected, i.e., a bridge of In-

atoms on the surface as illustrated in Fig. 6.9(b). In-atoms diffusing on the (101̄3̄) InN

surface along the [12̄10]InN direction might have a smaller diffusion barrier than along

the [303̄2̄]InN direction. Moreover, In-atoms on the (101̄3̄) InN surface will move easily

along the [12̄10]InN direction due to the weak metallic In-In bonds. In order to move

the In-atoms along the [303̄2̄]InN direction, the strong covalent In-N bonds have to

be broken and replaced by two rather weak metallic In-In bonds. Consequently, the
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formation of anisotropic morphology of the InN layers is caused by the anisotropic

diffusion of In-atoms on the (101̄3̄) InN surface (and on the other (101̄L) InN surfaces).

Additionally, due to the appearance of the (0001̄) InN surface (Fig. 6.5(f)), the

diffusions of In-atoms are more complex. Similar to Ga-atoms on the c-plane GaN

surface, In-atoms on the c-plane InN surface should have a very low diffusion barrier

due to the weak metallic In-In bond. This enhances a faster In-incorporation along

the [0001̄]InN direction than along the [303̄2̄]InN direction. However, the total surface

diffusion barriers along both the [0001̄]InN and the [303̄2̄]InN directions are still smaller

than along the [12̄10]InN direction, resulting in the smaller grain sizes in the [303̄2̄]InN

direction (Figs. 6.6 and 6.7).

Even the surface diffusion of In-atoms on the semipolar (101̄L) InN surfaces is ex-

pected to show a similar trend to the m-plane GaN/InN surfaces. However, all those

semipolar surfaces show different surface atomic arrangements, depending on the α an-

gle. This will affect the adatom kinetics of In-atoms on those semipolar surfaces, leading

to the different growth rates and the surface morphologies of InN layers depending on

the semipolar surface orientation. The extremely large diffusion barrier of In-atoms on

the (101̄3̄) InN surface along the [303̄2̄]InN ([12̄10]sapphire) direction compared to that

along the [12̄10]InN ([0001]sapphire) (22 times larger, assuming that the (101̄3̄) surface

was similar to the m-plane surface) might lead to the growth of 3D structure as well.

Overall, the very rough morphology of the InN layers on m-plane sapphire compared

to that of the simultaneously c-plane InN layers on c-plane sapphire is attributed to

the crystallite twinning, the growth of the other orientations, as well as the anisotropic

diffusion of In-atoms on the different surface orientations.

6.3 Optical properties

Low temperature photoluminescence (PL) measurements were carried out to investigate

the optical properties of the InN layers on m-plane sapphire (Fig. 6.10). The PL

spectrum of the c-plane InN layer on 2min nitridated c-plane sapphire was also shown

in Fig. 5.20. The PL measurements were carried out at 8K using a laser diode with

an excitation source of 25mW emitting at 405 nm wavelength. The PL signals were

detected by a liquid-nitrogen cooled indium antimonide (InSb) photo-diode.
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Figure 6.10: Low temperature photoluminescence spectra of the grown InN layers on
m-plane sapphire with different nitridation times.

All the InN layers on m-plane sapphire showed a redshift of the PL peak energy

compared to the c-plane InN on c-plane sapphire (see Fig. 5.20 in Chapter 5). For all

the InN layers grown on m-plane sapphire, the PL peak energies were between 0.72 eV

and 0.75 eV (Fig. 6.10), which were about 0.1 - 0.4 eV above the emission peak of the

c-plane InN layer shown in Fig. 5.20. All the PL spectra had a similarly FWHM value

of 57 - 67meV (estimated by Gaussian fits). The redshifts of the PL peak energies of

the InN layers grown on m-plane sapphire were also observed for semipolar (112̄2) InN

grown directly on m-plane sapphire [153] and nonpolar m-plane InN grown on m-plane

GaN [154]. For the m-plane InN [154], the redshift was attributed to basal stacking

faults.

The additional PL shifts were found for all the InN layers grown on the different

nitridated m-plane sapphire substrates. The shifts of the PL peak energies can be

caused by background doping, strain, or the different grain sizes of the InN layers on

m-plane sapphire. Figure 6.11 shows the PL peak energies of the InN layers on m-plane

sapphire as a function of the grain sizes. A correlation between the shifts of the PL

peak energies and the grain sizes was found, where larger grain sizes correspond to

lower PL peak energies.
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Figure 6.11: PL peak energies of the InN layers on m-plane sapphire plotted as a function
of average grain sizes.

Since the InN layers grown on m-plane sapphire consist of islands, the background

doping can not be estimated. However, as discussed in Section 5.3.4, hydrogen, oxygen,

and carbon are unintentionally incorporated in the InN growth due to the low growth

temperatures. The incorporation of the unintentional impurities might cause the shifts

of the PL peak energies of the InN layers [129]. Similar to hydrogen [127, 128], oxygen

and carbon are expected to show different amounts of incorporation for all the surface

orientations (i.e., Impurities(0001)<Imp.(0001̄)<Imp.(101̄1)<Imp.(112̄0)). The layer with

smaller grain size should incorporate more impurities since the impurities are mostly

residing along grain boundaries [128]. Thus the impurities might cause the shifts of the

PL peak energies of the InN layers on m-plane sapphire (Figs. 6.10 and 6.11).

6.4 Chapter summary

The nitridation process of m-plane sapphire is very important not only to control the

growth orientation of InN but also to improve material properties. Nitridating m-plane

sapphire at 1050oC for 2 - 4min leads to the growth of pure (101̄3̄) InN. The (101̄3̄) InN

layers grown on m-plane sapphire had crystallite twinning (along [12̄10]sapphire and

[1̄21̄0]sapphire) due to the equalities of the growth of thin (101̄3̄) AlN layers on m-

plane sapphire via nitridation process. Crystallite twinning was observed for the

(101̄3̄) InN layers on m-plane sapphire, which partially attributed to the very rough
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surface morphology, the structural anisotropy, and the optical properties of the layers.

The anisotropic surface morphologies of the InN layers on the nitridated m-plane sap-

phire substrates not only replicated the surface morphologies of the nitridated m-plane

sapphire substrates, but also were caused by the anisotropic diffusion of In-atoms on

the (101̄3̄) InN surface. All the grown InN layers on m-plane sapphire showed PL peak

energies between 0.72 eV and 0.75 eV and had redshifts of 0.1 - 0.4 eV compared to c-

plane InN. The shifts of the PL peak energies of the InN layers on m-plane sapphire

correlated with the grain sizes of the layers, where larger grain sizes correspond to lower

PL peak energies.
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Chapter 7

Semipolar (112̄2) InN

As shown in Chapter 6, the semipolar (101̄3̄) InN layers showed very different material

properties compared to c-plane InN. However, the phase purity and domain size of the

(101̄3̄) InN layers are very sensitive to the nitridation process. The crystallite twinning

of the (101̄3̄) InN layers causes a very rough surface morphology and limits further

investigations for the layers. Growth of pure semipolar InN layers without twins is

required for a successful application. Therefore, investigation of the material properties

and the growth process of high quality semipolar InN layers is needed.

This chapter deals with the MOVPE growth and characterizations of semipolar

(112̄2) InN layers. The focus will be put on the growth strategy and the effect of

different growth temperatures on the material properties of the (112̄2) InN layers.

7.1 In-situ growth monitoring

The growth parameters of the (112̄2) InN layers grown on (112̄2)GaN templates on m-

plane sapphire were similar to those of the InN layers grown on (0001)GaN templates

shown in Section 3.5. The (112̄2)GaN templates were grown on m-plane sapphire using

MOVPE (a Thomas Swan close coupled shower-head reactor) by Simon Ploch at the

Technical University of Berlin [144, 156].

The growth process was monitored by the in-situ spectroscopic ellipsometry (SE)

with a photon energy range of 1.6 eV - 6.5 eV. Figure 7.1 shows the imaginary parts 〈ǫ2〉

of pseudo-dielectric functions recorded in-situ at room temperature on a (112̄2)GaN

template before and after the InN growth. The incident angle was ∼67.5o along the
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Figure 7.1: Imaginary parts of the effective dielectric functions of the (112̄2)GaN tem-
plate (dark-green curve) after loading to the reactor, and of a (112̄2) InN layer (black
curve) grown at 540oC on the (112̄2)GaN template on m-plane sapphire. The spectra
were recorded in-situ at room temperature (after growth in the case of InN) along the
[11̄00]InN,GaN directions. The incident angle was ∼67.5o. Red curve shows the best fit,
assuming 4 nm RMS roughness of 2.8µm-thick (112̄2)GaN template and 4 nm RMS rough-
ness of a 70 nm-thick (112̄2) InN layer.

[11̄00]GaN, InN directions. The 〈ǫ2〉 spectrum of the InN layer showed clearly three inter-

band transition energies denoted as E1 (∼4.9 eV), E2 (∼5.3 eV), and E3 (∼6.1 eV),

which are similar to those of the InN layers on c- and m-plane sapphire shown in

Fig. 3.12. The comparability of these spectra indicates the successful growth of InN

on the (112̄2)GaN template. The intensity of the E2 inter-band transition energy (as

well as E1 and E3) of the 〈ǫ2〉 spectra decreased with increasing growth temperatures

(Fig. 7.2), indicating the grown InN layers might become rougher morphology or exhibit

a higher defect density at higher growth temperatures.

Thickness simulations were performed using a six-layer model (sapphire, GaN, root-

mean square (RMS) roughness of GaN, InN, RMS roughness of InN, air/vacuum) by the

commercial software LayTec AnalysR [157]. Because the dispersion data for semipolar

InN is not known, the simulations were based on the dispersion data for m-plane

GaN [158] and m-plane InN [159]. Despite these limitations, a reliable mean thickness

of about 90 nm and a mean roughness of about 4 nm were obtained for the InN sample

grown on the (112̄2)GaN template in Fig. 7.1. The thicknesses of the InN layers grown
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Figure 7.2: Intensity of the E1, E2, and E3 inter-band transition energies of the 〈ǫ2〉
spectra (Fig. 7.1) of the (112̄2) InN layers grown on the (112̄2)GaN templates at different
temperatures.

on the (112̄2)GaN templates were about 90 - 150 nm with a thickness variation of 20 nm

(determined by TEM), and were 3 - 4 times thinner than the ones for the simultaneous

c-plane InN layers grown on the c-plane GaN templates (Section 5.3).

7.2 Crystallinity and in-plane relationship

Figure 7.3 shows the symmetric XRD ω-2θ scans of the (112̄2)GaN template and an

InN sample grown at 560oC. The plane of incidence was calibrated along the [0001]

axis of the m-plane sapphire substrate. Only a single reflection corresponding to the

(112̄2) reflection of semipolar InN was found.

The epitaxial in-plane relationships of the grown (112̄2) InN layers, the (112̄2)GaN

templates, and m-plane sapphire were determined from XRD off-axis φ-scans. The

skew-symmetric (202̄4̄) reflection of m-plane sapphire substrate was measured with a

tilt angle of 32.38o, which indicates the [0001̄] direction of m-plane sapphire at a φ

angle of -90o (Fig. 7.4). To determine in-plane direction of (112̄2) InN and (112̄2)GaN,

the skew-symmetric (0002) reflections of the (112̄2) InN and (112̄2)GaN layers were

measured with tilt angles of 58.14o and 58.41o, respectively. Figure 7.4 shows the skew-

symmetric (0002) reflections of the (112̄2) InN and (112̄2)GaN layers rotated by 180o
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Figure 7.3: Symmetric XRD ω-2θ scans of an InN layer grown on an m-plane sapphire
substrate with a (112̄2)GaN buffer layer, and of the bare (112̄2)GaN template

with respect to the (202̄4̄) reflection of m-plane sapphire substrate. Only one reflection

was found for the (112̄2) InN, indicating that no twinning occurred for (112̄2) InN in

contrast to the InN layers grown directly on m-plane sapphire (see Chapter 6). The in-

plane relationship is [11̄00]InN‖[11̄00]GaN‖[12̄10]sapphire and [1̄1̄23]InN‖[1̄1̄23]GaN‖[0001]sapphire

(or [112̄3̄]InN‖[112̄3̄]GaN‖[0001]sapphire). The in-plane relationship of the grown (112̄2) InN

with respect to m-plane sapphire was illustrated in Fig. 7.4(b). The InN layers repro-

duced the orientations of the (112̄2)GaN templates [160, 161], and had the same re-

lationship as (112̄2) InN layer grown directly on m-plane sapphire [153]. The in-plane

relationship of (112̄2) InN/GaN with respect to m-plane sapphire indicates that the

[1̄1̄23] direction (projection of the c-axis to growth plane, i.e., c’ ) of the (112̄2) InN/GaN

layer were paralleled to the [0001]sapphire direction. This alignment is different to the

(101̄3̄) InN layer on m-plane sapphire, where the (101̄3̄) InN structures were crystal-

lographically equivalent to the [12̄10]sapphire and the [1̄21̄0]sapphire directions causing

crystallite twinning (Fig. 6.3 and Ref. 162).

Structural anisotropy was observed for the (101̄3̄) InN layers on m-plane sapphire

by XRD [162]. For precise investigation of the anisotropy in (112̄2) InN layers, re-

ciprocal space maps (RSM) were performed along both in-plane directions of the

[0001]sapphire ([1̄1̄23]InN) and the [12̄10]sapphire ([11̄00]InN). Figures 7.5(a) and 7.5(c)

show the symmetric (112̄2) InN and (112̄2)GaN reflections along the [0001]sapphire and
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Figure 7.4: (a)XRD off-axis φ-scans with settings for the (0002) reflections of (112̄2) InN
and (112̄2)GaN performed in skew-symmetry, respectively, and of the (202̄4̄) reflection of
m-plane sapphire. (b)Resulting epitaxial in-plane relationships of (112̄2) InN grown on
m-plane sapphire substrate show the main growth directions related to the substrate.

the [12̄10]sapphire in-plane directions, respectively. Only one (112̄2) InN/GaN reflection

was observed in both symmetric RSM scans. That confirms the in-plane relationship in

Fig. 7.4(b). In order to check the strain state of the (112̄2) InN layers, asymmetric RSM

scans were performed in both perpendicular directions. Figure 7.5(b) shows the asym-

metric (2̄1̄33) reflections (φ=90o) along the [0001]sapphire direction, while Fig. 7.5(d)

shows the asymmetric (112̄4) reflections (φ=90o) along the [12̄10]sapphire direction. The

dashed lines in Figs. 7.5(b) and 7.5(d) shows the relaxed and the strained positions,

indicating the (112̄2) InN layer is fully relaxed along all crystal directions. Schematic

descriptions of the in-plane crystalline structures at the relaxed surfaces of (112̄2) InN,

(112̄2)GaN, and m-plane sapphire are illustrated in Fig. 7.6.

The RSM of the (112̄2) InN and (112̄2)GaN layers indicates an in-plane structural
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Figure 7.5: Reciprocal space maps of the (112̄2) InN layer grown at 540oC on the
(112̄2)GaN template on m-plane sapphire: (a) and (b) symmetric (112̄2) and asymmetric
(2̄1̄33) reflections along the [1̄1̄23]InN (or [0001]sapphire) direction, respectively; (c) and (d)
symmetric (112̄2) and asymmetric (112̄4) reflections along the [11̄00]InN (or [12̄10]sapphire)
direction, respectively.

anisotropy in the [0001]sapphire and the [12̄10]sapphire directions due to the different

broadening (Figs. 7.5(a) and 7.5(c)), similar to the (101̄3̄) InN layer onm-plane sapphire

(Fig. 6.3). Generally, broadening of the reciprocal lattice points of semi- and non-polar

III-nitrides is attributed to different types of defects, anisotropic strain and mosaicity,

i.e., crystalline rotations of (112̄2) InN and (112̄2)GaN along the [1̄1̄23] direction [167,

168]. The crystallite tilt distributions can be seen in the symmetric (112̄2) InN/GaN

reflections due to the broadenings along the [1̄1̄23]InN,GaN directions in Fig. 7.5(c).

Additionally, a broadening in the RSM along the [0001]GaN direction was found in all

(112̄2)GaN samples. This broadening is associated with the presence of basal stacking
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Figure 7.6: Schematic illustrations of the in-plane crystalline structures at the relaxed
surfaces of (112̄2) InN, (112̄2)GaN, and m-plane sapphire.

faults (BSFs) and partial dislocations (PDs) [167, 168]. However, for the (112̄2) InN

layers, the broadening along the [0001]InN direction was less (Fig. 7.5(c)). Since the

(112̄2) InN layers were tilted, the tilt may induce a rotation of the asymmetric RSM,

i.e., from an unrelaxed position to the relaxed position.

The full width at half maximum (FWHM) of (112̄2) InN X-ray rocking curves (XRC)

were determined from the RSM along the [1̄1̄23]InN (or [0001]sapphire) and the [11̄00]InN

(or [12̄10]sapphire) directions shown in Fig. 7.7. The FWHM values were about 1.26 -

1.80o along the [12̄10]InN direction, and about 1.65 - 2.15o along the [303̄2̄]InN direction

(Fig. 7.7). The FWHM values of the XRC of the (112̄2) InN layers along the [1̄1̄23]InN

and the [11̄00]InN directions increased with increasing growth temperatures, correspond-

ing to a decrease of crystallinity.

The (112̄2)GaN templates and the (112̄2) InN layers show much larger values of tilt

angles (∼1.0o) along the [12̄10]sapphire and [1̄21̄0]sapphire directions than those (∼0.1o)

along the [0001]sapphire and [0001̄]sapphire directions (Fig. 7.5 and Table 7.1). The same

tilting values were also observed for the (101̄3̄) InN layer on m-plane sapphire (Fig. 6.3).

The origin of the different tilts is the equivalence of bond configurations along the
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Figure 7.7: The FWHM values of the (112̄2) X-ray rocking curves of the (112̄2) InN layers
scanned along the [1̄1̄23]InN and the [11̄00]InN directions.

[11̄00] and [1̄100]InN directions allowing tilts along both the [0001] and [0001̄]InN equiv-

alently. However, bond configurations in [1̄1̄23]InN and [112̄3̄]InN directions are highly

anisotropic (Fig. 7.6 and Table 7.1).

The difference in these tilting values of GaN and InN may also relate to different

lattice tilts, different defect density, growth conditions and surface morphology, or strain

relaxation at the InN/GaN and GaN/sapphire surfaces. The tilts of the layers might

relate to lattice tilts since the (112̄2) InN and the (112̄2)GaN layers were grown on

vicinal substrates (InN on (112̄2)GaN, and (112̄2)GaN onm-plane sapphire) containing

Table 7.1: Tilt angles along the [1̄1̄23]InN,GaN directions towards the [12̄10]sapphire di-
rection (“-” sign) and the [1̄21̄0]sapphire direction (“+” sign). Tilt angles along the
[11̄00]InN,GaN directions towards the [0001̄]sapphire direction (“-” sign) and the [0001]sapphire
direction (“+” sign).

Samples Tilt angle (o)
[1̄1̄23]InN [11̄00]InN [1̄1̄23]GaN [11̄00]GaN

520 oC 0.0 +1.2 -0.2 -1.1

530 oC +0.1 -1.2 0.0 +1.1

540 oC -0.1 +1.0 +0.2 -1.1

550 oC 0.0 -1.0 +0.2 +1.1

560 oC +0.3 +1.0 +0.1 -1.1
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Figure 7.8: 5µm×5µm AFM images (and corresponding root-mean square (RMS) rough-
ness) of the (112̄2) InN layers grown on (f) the bare GaN templates at different temperatures
(a) 520oC, (b) 530oC, (c) 540oC, (d) 550oC, and (e) 560oC. The RMS roughness of the InN
layer grown at 520oC was extracted excluding indium droplets (white dots). The inset of
(e) shows an island with the horizontal size of 0.7µm and the vertical size of 1.5µm.

surface steps (shown later in Fig. 7.10). Additionally, the tilts of the layers might relate

to the appearance of the high density of the misfit dislocations as observed at the hetero-

interfaces of (112̄2) (Al,In)GaN on (112̄2)GaN template [139, 164, 165]. Both the high

density of the misfit dislocations [139, 140, 164–166] and the lattice tilts [140] can

minimize the elastic strain energy at the hetero-interface of InN/(112̄2)GaN, resulting

in the fully strain relaxation of the (112̄2) InN layers (Fig. 7.5).

7.3 Surface morphology and surface diffusion

The morphology of the InN samples was investigated using atomic force microscopy

(AFM) in contact mode. AFM images of all the (112̄2) InN layers show smooth pla-

nar surfaces with an undulation along the [12̄10]sapphire direction (or [11̄00]InN,GaN)

(Fig. 7.8), qualitatively similar to the morphology of the (112̄2)GaN templates. The

root-mean square (RMS) roughness of 5µm× 5µm was found to be between 6 nm and

20 nm similar to the RMS roughness of the (112̄2)GaN templates. Similar to the si-
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Figure 7.9: (a)A line profile along the [11̄00]InN direction crossing two undulations on
the surface of the (112̄2) InN grown at 540oC. An amplitude of ∼45 nm and a period of
∼90 nm were determined. The undulations have a trapezoidal-like (or cone-like) shape with
a side-edge angle of (25± 2)o. (b)Undulation parameters (period (△) and amplitude (▽))
of the (112̄2) InN layers grown at different temperatures. The period and amplitude of the
undulation of the (112̄2)GaN templates were (50± 10) nm and (150± 30) nm, respectively.

multaneously grown c-plane InN layers on c-plane GaN templates (Fig. 5.14), the RMS

roughness of the semipolar InN layers slightly increased with increasing growth temper-

atures (Fig. 7.8). An increasing RMS roughness was found also on the simultaneously

grown c-plane InN layers on c-plane GaN templates (Fig. 5.14). Only at a growth

temperature of 520oC, metallic indium droplets were formed on the semipolar InN sur-

face (Fig. 7.8(a)), likely caused by insufficient NH3 decomposition at this temperature.

However, XRD shows the presence of metallic indium for all simultaneously grown

c-plane InN layers on c-plane GaN templates(Fig. 5.10).

Amplitude and period of the undulation were averaged from line profiles crossing

two adjacent undulations. Figure 7.9(b) shows an example of a line profile along the

[11̄00]InN direction crossing two undulations on the (112̄2) InN surface grown at 540oC.

The amplitude and period of the undulations increased with increasing growth temper-

atures (Fig. 7.9(b)). A similar trend was also found for the (112̄2)GaN templates [169].

The morphology (RMS roughness and undulation parameters) corresponds also to the

FWHM values of the (112̄2) InN XRC scans of the grown (112̄2) InN layers (Fig. 7.7).

Smaller undulation parameters (amplitude and period) and smaller RMS roughness

correlate with smaller FWHM values of the XRC (Figs. 7.7 and 7.9). Both results

were comparable with the ellipsometry results (Fig. 7.2), i.e., the intensity of the E2

inter-band transition energy of the 〈ǫ2〉 spectra also decreased with increasing growth
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Figure 7.10: Unit cells (1×2) of (a) the relaxed nonpolar a-plane (112̄0) InN surface and
(b) the relaxed semipolar (112̄2) InN surface. The contours indicate the pathway of indium
adatom diffusions on these surfaces.

temperatures corresponding to the increase of RMS roughness and the decrease of

crystallinity of the InN layers.

The (112̄2) InN layers replicated the undulations and the arrowhead morphology of

the (112̄2)GaN templates. The formation of an undulation on the semipolar (112̄2)GaN

templates grown on m-plane sapphire might be caused by anisotropic diffusion lengths

of Ga-atoms along the [11̄00]GaN and the [1̄1̄23]GaN directions [169], and in-plane

residual strain. Although the morphology of the (112̄2) InN layers was similar to the

(112̄2)GaN templates, much higher undulation periods were found for the (112̄2) InN

layers compared to the (112̄2)GaN templates [169], showing that the morphology of

the InN layers is not only replicated the GaN surface.
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As mentioned in Section 6.2.2, for the nonpolar a-plane (112̄0), m-plane (11̄00)GaN [120]

and InN [121] surfaces, DFT calculations of the adatom kinetics of Ga-/In-atoms showed

a strong dependence on specific geometry and stoichiometry of these surfaces due to

(i) the different bonding properties of the weak metallic Ga-Ga/In-In bonds and the

strong Ga-N/In-N bonds, and (ii) the distance that separates two neighboring ad-

sorption sites along the [0001] direction and the perpendicular direction [120, 121].

For the m-plane GaN/InN surfaces, the diffusion barriers of Ga-/In-atoms are much

higher along the [0001]GaN/InN direction than along the [112̄0]GaN/InN direction (∼4

times larger for GaN and ∼22 times larger for InN along the [0001]GaN/InN direc-

tion) [120, 121]. In contrast to the m-plane surface, the DFT calculations of Ga-

/In-adatom kinetics (under metal-rich conditions) on the a-plane GaN/InN surfaces

showed a smaller difference in the diffusion barriers of 0.31 eV/0.41 eV along the Ga-

N/In-N dimer chains and the perpendicular direction [120, 121]. The surface diffusion

barrier along the [0001]GaN/InN directions of 0.32 eV/0.24 eV is smaller than along the

[11̄00]GaN/InN directions of 0.63 eV/0.65 eV [120, 121].

Furthermore, the distances separating two neighboring N-surface atoms on the a-

plane GaN/InN surfaces along the [0001] and the [11̄00] directions are 3.23 Å/3.01 Å and

5.52 Å/6.14 Å, respectively (Fig. 7.10(a)). The used lattice parameters are a =3.545 Å

and c=5.703 Å for InN, and a =3.189 Å and c=5.189 Å for GaN [29]. The smaller

diffusion barriers on the a-plane GaN/InN surfaces result in faster lateral growth rates

(due to a longer diffusion length) along the [0001]GaN, InN directions than along the

[11̄00]GaN, InN directions. Figure 7.10(a) illustrates the diffusion pathways of Ga-/In-

atoms on the a-plane GaN/InN surfaces as a zigzag jump (contour lines) between two

adjacent Ga-N/In-N dimer chains.

In the case of the semipolar (112̄2) InN surface, the adatom diffusion barrier of

In-atoms is still unknown. However, the adatom diffusion barriers of Ga-atoms on the

semipolar (112̄2)GaN surface were estimated from the undulation periods to be ∼0.8 eV

along the [1̄1̄23]GaN direction and ∼1.3 eV along the [11̄00]GaN direction [169]. Since

the (112̄2) InN layers replicated the surface morphology of the (112̄2)GaN templates,

the surface diffusion barriers of In-atoms on the (112̄2)InN surface should show a similar

trend. Furthermore, the semipolar (112̄2)GaN/InN surfaces are similar to the a-plane

surface, but tilted by ∼32o (Figs. 2.4 and 7.10). A similar trend for Ga-/In-diffusion

pathways on these semipolar surfaces is expected, i.e., a zigzag jump of Ga-/In-atoms
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Figure 7.11: An island of the (112̄2) InN layer grown at 560oC with the horizontal size of
0.7µm and the vertical size of 1.5µm. The island exhibits undulation along the [11̄00]InN
direction with a period of (168± 12) nm, and an amplitude of (130± 10) nm. The opening
angle of the “V”-facets, terminating the islands, is ∼(100 - 110)o, corresponding to the
{101̄1} InN facets.

on the surfaces as illustrated in Fig. 7.10(b). The distances between the two neighboring

atop N-surface atoms on the (112̄2)GaN/InN surfaces under metal-rich conditions are

about 3.40 Å/3.70 Å along the [1̄1̄23] direction and about 5.52 Å/6.14 Å along the [11̄00]

direction as shown in Fig. 7.10(b). These relative distances are similar to those of the a-

plane GaN/InN surfaces. This increases the diffusion lengths of Ga-/In-atoms along the

[1̄1̄23]GaN, InN directions on the (112̄2)GaN/InN surfaces compared to those along the

[11̄00]GaN, InN directions, leading to a 2D-like growth along the [1̄1̄23]GaN, InN directions

and a 3D-like growth along the [11̄00]GaN, InN directions compared to the (101̄3̄) InN

layers (see Chapter 6). From the AFM images we assume a much faster lateral growth

rate along the [1̄1̄23]GaN, InN directions than that along the [11̄00]GaN, InN directions to

form the undulation (Fig. 7.8). Overall, the undulations of the (112̄2) InN surface not

only replicate the typical morphology of the (112̄2)GaN templates but also are caused

by the anisotropic diffusion of In-atoms on the (112̄2) InN surface.

The amplitude and period of the undulations on the (112̄2) InN surface increased

with increasing growth temperatures (Fig. 7.9). This can be expanded by an increased

diffusion length along the [1̄1̄23]InN with increasing growth temperatures, which may

result in faster growth rates in both directions.

Additionally, in the (112̄2) InN sample grown at 560oC islands with different sizes
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(the horizontal sizes of 300 - 700 nm, and the vertical sizes of 600 - 1500 nm) are present,

as shown in Fig. 7.11. These islands corresponds to be semipolar (112̄2) InN structures

as well (Fig. 7.4(b)). The islands were terminated by c-plane facets or by “V”-facets.

The opening angle of the “V”-facets, terminating the islands, is ∼(100 - 110)o, thus the

facets seem to be the {101̄1} InN facets. In the case of c-plane InN layers, the “V”-

facets would contribute to hexagonal pits (Fig. 5.15). The islands on the (112̄2) InN

surface also exhibit undulation with a period of (168± 12) nm, and an amplitude of

(130± 10) nm, since they were grown on undulated structures. The growth of those

islands might be caused by the recrystallization of In-atoms aggregating during the

InN growth at the surface or at the border between two adjacent undulated structures,

which may cause defects at the surface and alter the surface diffusions. On the other

hand, the occurrence of these islands may somehow replicate islands that exist on some

of the (112̄2)GaN templates. The shape of the islands, i.e., the arrowhead-like features

confirm the anisotropic surface diffusion of In-atoms on the (112̄2) InN surface that

occurs at the beginning of growth.

7.4 Defects and micro-structure

Cross-sectional transmission electron microscopy (TEM, measured by Francesco Ivaldi

at Institute of Physics, Polish Academy of Sciences) was used to investigate structural

defects of the InN layers using a JEOL 2000EX microscope equipped with a LaB6

electron gun operating at 200 kV. The (112̄2) InN layers grown at 540oC - 550oC were

analyzed for TEM measurements. Figure 7.12 shows TEM images of the (112̄2) InN

layer grown at 550oC in the [11̄00] and the [1̄1̄23] zone axes. The InN layer thickness

was determined of (80± 10) nm, which is comparable to the in-situ SE simulations

(Fig. 7.1). The TEM images acquired along the [1̄1̄23] direction reveal triangular

formations at the surface with the [112̄2] growth direction (Fig. 7.12(a)). The angles of

the top triangular formations were estimated about (23± 2)o, and in good agreement

with the undulations shown in Fig. 7.9. The peak to valley distances of the undulations

vary between 60 - 110 nm and correlate with the distances measured by AFM (Figs. 7.8

and 7.9).

Due to the large lattice mismatch, non- and semi-polar III-nitride layers commonly

have very high defect densities such as stacking faults (basal plane and prismatic stack-
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Figure 7.12: (a) and (b) TEM images of the (112̄2) InN layer grown at 550oC acquired
in the [112̄3̄] zone axis. Triangular shaped formations can be distinguished at the surface.
(c) and (d) TEM images acquired in the [11̄00] zone axis. The basal-plane stacking faults
(BSFs, white arrows) and Frank-Shockley partial dislocations (PFDs, black arrows) in the
(112̄2)GaN buffer layer can be observed in both axes. The TEM images were measured
by Francesco Ivaldi at IFPAN, Poland.

ing faults) and dislocations (threading and partial dislocations) [135–139, 166, 173, 174].

In fact, the BSFs are present in the (112̄2)GaN buffer layers shown in the TEM images

acquired for both axes (Figs. 7.12(a) and 7.12(c)). Frank-Shockley partial disloca-

tions (FPDs) are also present in the (112̄2)GaN buffer layers as termination points

of the stacking faults along the GaN basal planes. However, no defects could be ob-

served in the (112̄2) InN layers. From the TEM images acquired in the [11̄00] zone axis

(Fig. 7.12(c)), the GaN/InN interface reveals a high density of misfit dislocations due

to the high lattice mismatch between (112̄2) InN and (112̄2)GaN, corresponding to the

relaxation observed in asymmetric RSM (2̄1̄33) (Fig. 7.5(b)). Apparently, the presence

of the BSFs in the (112̄2)GaN buffer layers does not affect the (112̄2) InN layers quality,
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Figure 7.13: HR-TEM images of the (112̄2) InN sample grown at 540oC in the [1̄1̄23]
zone axis. Coalescent borders between crystallites are marked with white dashed lines. The
magnified area shows the fully relaxed InN/GaN interface and its 60o edge dislocations.
The periodicity of the misfit dislocation is about 2 nm. The HRTEM images were measured
by Francesco Ivaldi at IFPAN, Poland.

since all the observed faults were terminated at the FPDs or at the GaN/InN interface

due to formation of the misfit dislocations.

The InN/GaN hetero-interfaces were further examined by high resolution TEM

(HR-TEM) to investigate misfit dislocations at the interfaces. Figure 7.13 shows HR-

TEM images of the (112̄2) InN layer grown at 540oC acquired in the [1̄1̄23] zone axis in

bright field imaging mode. The bottom part of the InN layer reveals the presence of the

misfit dislocations along the whole GaN/InN interface (Fig. 7.13), similar to c-plane

InN quantum dots on c-plane GaN template [175]. The misfit dislocations could be

determined to be perfect 60o edge dislocations with a Burger vector of type b = 1
3a〈112̄0〉
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Figure 7.14: Schematics of misfit dislocations (MDs) in semipolar (112̄2) InN epilayer
grown on (112̄2)GaN template. The misfit dislocations are spaced along the InN/GaN
hetero-interface with 2 nm distance (8 - 9 lattice planes) between each other.

gliding on the (0001) InN basal plane along the [11̄00]InN direction. Similar finding was

found for (112̄2) (Al,In)GaN [139, 164, 165]. The misfit dislocations are evenly spaced

along the hetero-interface with 2 nm distance (8 - 9 lattice planes) between each other.

The presence of the misfit dislocations along the whole hetero-interface of the

(112̄2) InN/GaN layers observed here are common for hetero-grown semi-/non-polar

III-nitride layers due to the lattice mismatches between the layers and substrates [136,

137, 139]. The misfit dislocations along the hetero-interfaces of non- and semi-polar III-

nitride layers was contributed to the strain relaxation of the layers [138, 139, 166]. The

misfit dislocations might also terminate or generate dislocations into the layers [136],

and cause an epitaxial tilt angle of hetero-grown semi-/non-polar layers with respect

to substrates [136–138]. Figure 7.14 shows the schematics of misfit dislocations in

semipolar (112̄2) InN epilayer grown on (112̄2)GaN template. For the (112̄2) InN lay-

ers, the relaxation state of the layers with the periodicity of the misfit dislocations was

calculated by the geometric phase analysis of the layers, showing a ±(1.5 - 2.0)% of

confidence on the strain values. The presence of the misfit dislocations resulted in not

only the full relaxation but also in the lattice tilts of the (112̄2) InN layers, as found in

the RSM (Fig. 7.5).

The TEM images confirmed that 3D InN crystallites are formed on the GaN tem-

plates in the first stages of the growth process due to the Volmer-Weber growth. With
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Figure 7.15: (a)TEM cross sectional image taken in the [11̄00] zone-axis in bright field
imaging mode of a (112̄2)GaN template. The arrow denotes the direction of the [0001]GaN

direction. (b) Experimental and simulated CBED patterns in the [11̄00] zone-axis. Only a
central section of the experimental CBED pattern at the [11̄00] zone-axis is depicted. By
comparison with the simulated CBED pattern, the (112̄2)GaN layer was determined to
have Ga-polarity [161].

increasing growth time, the crystallites enlarge, afterwards they coalesce with each

other. The merging interfaces between the crystallites were observed in Fig. 7.13.

However, no dislocations were observed at the coalescence sites (Fig. 7.13). Instead of

it, a mono-crystalline layer was observed at the coalesced sites of two crystallites.

7.5 Polarity

The polarity of the (112̄2)GaN templates was determined using TEM measurement by

convergent beam electron diffraction (CBED, measured by Jae Bum Park at Technical

University of Berlin), which indicated that the (112̄2)GaN templates have Ga-polarity

(Fig. 7.15 of Ref. 161). The grown (112̄2) InN layers are not thick enough for the CBED.

However, all the grown (112̄2) InN layers on the (112̄2)GaN templates are expected to

reproduce the group-III (Ga) polarity of the templates, therefore have the In-polarity,

similar to the In-polar (0001) InN layers grown on the Ga-polar (0001)GaN templates.

X-ray photoelectron spectroscopic (XPS, measured by Daria Skuridina at Technical

University of Berlin) measurements were used to determine the polarity of the semipolar
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Figure 7.16: Valence band (VB) spectrum of a semipolar (112̄2) InN grown at 560oC (solid
line) recorded along the [0001]InN direction at an emission angle of ∼58o with respect to
the surface normal. The XPS VB spectra of (�) the N-polar c-plane InN grown directly
on c-plane sapphire, and (◦) the In-polar c-plane InN grown on Ga-polar c-plane GaN
template were measured at normal emission. The spectra were normalized according to
identical peak B intensity. The VB spectra were measured by Daria Skuridina at Technical
University of Berlin.

(112̄2) InN layers by comparing the peak heights in valence band (VB) spectra of InN

(binding energy range of 0 - 10 eV, Section 5.1). The (112̄2) InN layers were rotated

by ∼58o with respect to the analyzer to obtain emission along the [0001]InN direction

(Fig. 7.4(b)) and to achieve in-plane wave vector k‖[0001]=0. The VB spectrum of the

oxidized (112̄2) InN layer grown at 560oC is shown in Fig. 7.16. The XPS spectrum

consists of two distinct maxima at lower (peak B) and higher (peak A) binding energies

(as discussed in Section 5.1).

In Fig. 7.16, the peakB dominates for the (112̄2) surface at ∼58o and the XPS VB

spectrum of the (112̄2) InN layer is very similar to the spectrum of the In-polar c-plane

InN layer on the Ga-polar c-plane GaN template (Fig. 5.8). Thus the (112̄2) InN layers

have In-polarity, matching the Ga-polar orientation of the (112̄2)GaN templates.

107



7.6. Chapter summary

7.6 Chapter summary

The MOVPE growth and characterizations of (112̄2) InN layers on (112̄2)GaN tem-

plates on m-plane sapphire were investigated. The surface morphology and crystal

orientation of the grown InN layers were similar to those of the (112̄2)GaN templates.

The surface morphology of the (112̄2) InN layers and the (112̄2)GaN templates showed

an undulation along the [11̄00]InN,GaN directions attributed to anisotropic adatom dif-

fusion. The polarity of the (112̄2) InN layers was determined to be In-polar by valence

band photoelectron spectroscopy, matching to the Ga-polar (112̄2)GaN surface of the

template. Compared to c-plane InN, the growth rate of (112̄2) InN was 3 - 4 times

lower. The (112̄2) InN layers were relaxed and the relaxation occurred at the InN/GaN

interface by formation of misfit dislocations with a spacing of 2 nm. The presence of the

misfit dislocations not only caused a tilt of the (112̄2) InN layers to the GaN templates

and the (112̄2)GaN templates to m-plane sapphire but also blocked the penetration of

basal stacking faults in the (112̄2)GaN templates into the (112̄2) InN layers.
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Polar (0001) InxGa1−x
N

A large solid phase miscibility gap of ternary InxGa1−xN alloys, which comes from the

large difference in interatomic spacing (11%) between InN and GaN [45], is attributed

to cause the difficulties of InGaN growth. Furthermore, InxGa1−xN layers grown on

c-plane GaN templates show rough surface morphology due to the strain relaxation

and the subsequent three-dimensional (3D) growth. In contrast to c-plane InN and

GaN, the growth parameters of InxGa1−xN directly on sapphire are not well-known

and must be improved.

This chapter will deal with the growth of InxGa1−xN layers directly on c-plane

sapphire. The effects of growth parameters (V/III ratio, growth time, and growth

temperature) on quality of the InxGa1−xN layers were systematically investigated.

In Chapter 5, the growth of InN layers directly on different oriented sapphire sub-

strates has been investigated. The growth parameters of InxGa1−xN directly on c-plane

sapphire were mostly based on the growth parameters of InN on c-plane sapphire. Fig-

ure 8.1 shows the growth diagram of InxGa1−xN grown directly on c-plane sapphire by a

two-step growth mode, including the nitridation process and InxGa1−xN epitaxy. Sim-

ilar to the InN layers grown on c-plane sapphire substrate, the substrate was thermally

cleaned (under H2) at 1050oC for 10min. Subsequently, the substrate was nitridated

(using 3 l/min NH3 under N2 carrier gas with a flow rate of 3 l/min) at the same tem-

perature for 2min. After the nitridation process, the sample was cooled to 600 - 750oC

to grow InxGa1−xN layer under N2. All the growth steps were performed at a reactor

pressure of 100mbar.
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Figure 8.1: Growth diagram of InxGa1−xN directly on c-plane sapphire. The thermal
cleaning and the nitridation processes were performed at 1050oC, while the InxGa1−xN
epitaxy was performed at 600 - 750oC.
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Figure 8.2: TMIn/(TMIn+TEGa) ratio plotted as a function of V/III ratio. (�) Varied
TMIn partial pressure while keeping TEGa=0.16Pa. (◦) Varied TEGa partial pressure
while keeping TMIn=0.17Pa.

Trimethyl-indium (TMIn), triethyl-gallium (TEGa), and NH3 were used as In-, Ga-,

and N-source, respectively. During the InxGa1−xN epitaxy, NH3 flow rate was kept con-

stant at 1 l/min (partial pressure of ∼2500Pa). Figure 8.2 shows TMIn/(TMIn+TEGa)

ratio vs. V/III ratio (4000 - 14000). Varied TMIn or TEGa flow rate while keeping the

other one constant was used to achieve different In-contents of the InxGa1−xN layers

(Fig. 8.2).
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Figure 8.3: XRD ω - 2θ scans of the InxGa1−xN layers grown on c-plane sapphire at
600oC. The XRD spectra were normalized to the (0006) reflection of sapphire at ∼20.84o.

8.1 Effect of group-III input flow rate

8.1.1 Crystalline properties

In-contents of the InxGa1−xN layers were determined based on the Vegards law [187,

188] from the peak angles of (0002) reflections obtained by X-ray diffraction (XRD)

ω - 2θ scans. Figure 8.3 shows the (0002) reflections of the InxGa1−xN layers on c-plane

sapphire at 600oC with different TMIn/(TMIn+TEGa) ratios. The peak positions of

the XRD ω - 2θ spectra continuously shift between the lower angles with respect to the

(0002) InN position and the higher angles with respect to the (0002)GaN position. All

the XRD spectra show symmetrical curves with single peaks, indicating the growth of

pure InxGa1−xN layers without any phase separations, as well as no metallic indium

(i.e., the (101) reflection of metallic indium at ∼16.47o). Peak broadening can be

attributed to the layer thickness (see discussion in page 113). The InxGa1−xN layers

were assumed to be fully relaxed, which gave the In-contents in Fig. 8.4. The In-contents

of the InxGa1−xN layers were found to cover the whole range (0< x< 1). This implies

that the theoretically predicted miscibility gap of InxGa1−xN was not observed [45].

Similar to the growth of InN, the growth of InxGa1−xN is also sensitive to in-

dium and gallium input flow rates (or TMIn and TEGa partial pressures). To inves-
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Figure 8.4: In-contents plotted as a function of TMIn/(TMIn+TEGa) ratio, showing
linear behaviors even with different TMIn (�) or TEGa (◦) input flow rates. Instead of
using TEGa, TMGa (⋆) was used for a reference, giving ∼95% In-content compared to
∼50% In-content of InGaN when using TEGa with the same TMIn/(TMIn+TEGa) ratio.

tigate the effect of indium input flow rate on the growth of InxGa1−xN, the TEGa

partial pressure was kept constant at 0.16Pa, the TMIn partial pressure was varied

between 0.0 - 0.25Pa, corresponding to TMIn/(TMIn+TEGa)=0.1 - 0.6 (V/III ratios

shown in Fig 8.2). By this, InxGa1−xN layers with In-content of 10 - 60% can be grown

(Fig. 8.4). The TMIn/(TMIn+TEGa) ratios showed a linear behavior with respect

to In-contents (Fig. 8.4). However, when the TMIn partial pressure was larger than

0.25Pa (TMIn/(TMIn+TEGa)=0.6), only metallic indium was found. The very rich

In-condition prevented the growth of InxGa1−xN.

In order to obtain more In-rich InxGa1−xN, the TMIn partial pressure was kept

at 0.17Pa while the TEGa partial pressure was varied between 0.0 - 0.17Pa, corre-

sponding to TMIn/(TMIn+TEGa)=0.5 - 1.0 (V/III ratios shown in Fig 8.2). By this,

InxGa1−xN layers with In-content range of 60 - 90% can be grown (Fig. 8.4). Overall, by

varing the TMIn/(TMIn+TEGa) ratio, the whole range of In-contents of InxGa1−xN

can be grown directly on c-plane sapphire. This indicates that growth temperature is

sufficiently low to avoid indium desorption.

Instead of using TEGa, TMGa precursor was used as Ga-source for a single sample.

By choosing a TMIn/(TMIn+TMGa)=0.5, about ∼95% In-content InGaN was grown
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Figure 8.5: Growth rates of the InxGa1−xN layers grown on c-plane sapphire at 600oC
for 60min as a function of In-contents in two different cases: varied TMIn (�) and varied
TEGa (◦).

compared to∼50% In-content InGaN when using TEGa with the same TMIn/(TMIn+TEGa)

ratio (Fig. 8.4). This is caused by the lower decomposition of TMGa at 600oC compared

to TEGa [63].

The thickness of the InxGa1−xN layers on c-plane sapphire were estimated using

Scherrer equation [191], with an assumption that the InxGa1−xN layers were fully

relaxed and perfectly crystallinity. The Scherrer equation can be described below:

dInGaN =
0.94× λ

FWHMω−2θ × cos(2θ)
, (8.1)

where dInGaN is the estimated layer thickness, λ is the X-ray wavelength (λ=1.54056 Å),

and FWHMω-2θ is the FWHM value of XRD ω-2θ scan in radian.

Based on the thickness estimations, the growth rates of the InxGa1−xN layers were

determined and plotted as a function of In-contents (Fig. 8.5). The growth rate de-

creases with increasing In-contents of the InxGa1−xN layers. It is very interesting to

note that for the varied TMIn case, the growth rates of the InxGa1−xN layers were two

times higher than those for the varied TEGa case.

Figure 8.6 shows full-width at half maximum (FWHM) of (0002) X-ray rocking

curves (XRC) of the InxGa1−xN layers grown on c-plane sapphire. The FWHM values

showed a parabolic curve with different In-contents with a broad maximum peak at
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Figure 8.6: FWHM values of (0002) X-ray rocking curves (XRC) of the InxGa1−xN layers
on c-plane sapphire at 600oC as functions of (a) In-contents (or TMIn/(TMIn+TEGa)
ratio) and of (b)V/III ratio.

around 60% In-content (TMIn/(TMIn+TEGa)=0.6). Additionally, due to the differ-

ent V/III ratios of the varied TMIn and the varied TEGa cases (Fig. 8.2), the FWHM

values were also plotted as a function of the V/III ratios (Fig. 8.6(b)). The FWHM

values were between 1.0 - 1.5o and decreased with increasing the V/III ratios for both

the varied TMIn and the varied TEGa cases (Fig. 8.6(b)).

For InxGa1−xN system, the Helmholtz free energy of mixing (∆Fmix) can be de-

scribed as [189, 190]:

∆Fmix(x, T ) = ∆Umix(x, T )− T∆Smix(x, T ), (8.2)

where ∆Smix is the entropy of mixing, ∆Umix is the enthalpy of mixing, T is the

absolute temperature. For an ideal case, the enthalpy of mixing can be considered to

be zero, and hence:

∆Umix(x, T ) = 0

∆Fmix(x, T ) = −T∆Smix(x, T ). (8.3)

The lower crystallinity of a layer, the greater its entropy and free energy [189]. At

the same temperature and pressure, the free energy of mixing for wurtzite InxGa1−xN

vs. In-content shows the same shape as of the FWHM curve [190]. Thus, one should

expect that larger FWHM value of the InxGa1−xN XRC relates to larger value of the
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Figure 8.7: XRD φ-scans performed in skew-symmetry of the {112̄2} reflection of an
In0.5Ga0.5N layer with respect to the {112̄3} reflection of c-plane sapphire.

free energy of mixing. On the other hand, the changes of the FWHM values might also

relate to the changes of layer thickness. If fact, the thickness of the InxGa1−xN layers

(for 1 h growth) reduces with increasing In-contents (Fig. 8.5), this might result in the

increase of the FWHM values.

To determine the epitaxial in-plane relationship between the c-plane InxGa1−xN

layers and c-plane sapphire, XRD φ-scans were performed in skew-symmetry. Figure 8.7

shows the skew-symmetric φ-scan of the {112̄2} reflection of an In0.5Ga0.5N layer with

respect to the {112̄3} reflection of c-plane sapphire. Similar to c-plane InN on c-

plane sapphire (Fig. 4.9), the skew-symmetric φ-scan of the {112̄2} reflection of the

c-plane In0.5Ga0.5N layer also shows six sharp peaks of the c-plane In0.5Ga0.5N at

exactly 60o intervals (and exactly 30o periods with respect to the {112̄3} reflection

of c-plane sapphire). This not only confirms that the In0.5Ga0.5N layer exhibits a

single-domain wurtzite structure with six-fold symmetry, but also confirms that the

sapphire nitridation at 1050oC also works for the growth of the InxGa1−xN layers.

The in-plane relationship of the InxGa1−xN layers with respect to c-plane sapphire is

[11̄00]InxGa1−xN‖[112̄0]sapphire and [0001]InxGa1−xN‖[0001]sapphire.
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Figure 8.8: 5µm×5µm AFM images of the InxGa1−xN layers with different In-contents
grown on c-plane sapphire at 600oC for 60min. Thicknesses of the layers were shown in
Fig. 8.5.

8.1.2 Surface morphology and polarity determination

The surface morphology of the InxGa1−xN layers was examined by 5µm×5µm AFM

images in contact mode (Fig. 8.8). All the layers showed a grainy surface morphology

with root-mean square (RMS) roughness varied from 7nm to 23 nm (Fig. 8.9). The

RMS roughness increased with increasing In-contents independent of absolute TMIn

and TEGa flows (Fig. 8.9). The increase of RMS value with increasing In-contents is

attributed to the increase of lattice mismatch in the a-axis between InxGa1−xN and

sapphire.

Similar to c-plane InN (Section 5.3), the polarity of the InxGa1−xN layers was

determined by KOH wet-etching (20% KOH at 30oC). Figure 8.10 shows the surface

morphology (2µm×2µm) of an In0.7Ga0.3N layer before KOH wet-etching, after 20min

and 60min KOH wet-etching. Before the KOH wet-etching process (Fig. 8.10(a)),

the surface morphology of the layer showed a grainy morphology (RMS=14.5 nm)

consisting of many islands. However, no phase separation was observed for this layer

(Fig. 8.3). After 20min KOH wet-etching (Fig. 8.10(b)), the layer showed a rougher

surface morphology (RMS=18 nm) than before the KOH wet-etching. A higher density

and a larger size of islands were also obseverd, many small islands were at the grainy

boundaries, indicating the layer was etched. After 60min KOH wet-etching, the layer

consisted of only islands (RMS=20 nm). The density and the size of islands continuosly

increased when the etching time increased, indicating the layer was etched deeper. After

60min KOH wet-etching (Fig. 8.10(c)), the layer was almost etched away. Similar KOH

wet-etching results were observed for N-polar InN layer grown on c-plane sapphire,
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Figure 8.9: RMS roughness values (5µm×5µm) of the InxGa1−xN layers plotted as
functions of In-contents and lattice mismatches in the a-axis between InxGa1−xN and c-
plane sapphire with the varied TMIn (�) and varied TEGa (◦) cases. Lines are the linear
fits.

which was nitridated at 1050oC for 2min [170]. Since the InxGa1−xN layers were

grown on c-plane sapphire by using the same nitridation parameters (Fig. 8.1), we

concluded that the InxGa1−xN layers also have the N-polarity.

8.2 Evolution of In0.5Ga0.5N morphology and crystallinity

A series of layers was prepared in which the InxGa1−xN growth was stopped after peri-

ods of time ranging from 2min to 60min. TMIn/(TMIn+TEGa) ratio was 0.5, and the

growth temperature was 600oC. In XRD ω - 2θ scans, all the InxGa1−xN layers show the

same peak position, which corresponds to 50% In-content of InGaN (Fig. 8.11). The

symmetrical broadening of the XRD spectra indicates pure In0.5Ga0.5N layers were

grown. No metallic indium was observed. The intensities of the (0002) InxGa1−xN re-

flections drastically increase with increasing growth time, indicating the increase of layer

thickness. Using the Scherrer equation (Eqn. 8.1 and Ref. 191), estimated thicknesses of

2 - 130 nm were found for the layers grown for 2 - 60min, respectively (Fig. 8.12). How-

ever, the layer thickness does not show a linear behavior with the growth temperatures,
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Figure 8.10: 2µm×2µm AFM images of an In0.7Ga0.3N layer (≈120 nm) (a) before KOH
wet-etching, and after (b) 20min and (c) 60min KOH wet-etching.
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Figure 8.11: XRD ω - 2θ scans of the InxGa1−xN layers on c-plane sapphire grown at
600oC for 2 - 60min at a TMIn/(TMIn+TEGa) ratio of 0.5. The inset shows the enlarge-
ments of the XRD spectra at the (0002) InxGa1−xN reflections.

indicating a change in growth mode.

Figure 8.13 shows AFM images (2µm×2µm) of the InxGa1−xN layers grown on c-

plane sapphire for different time. For 2min growth time, the InxGa1−xN layer showed a

very high density of small islands similar to the morphology of nitridated layer (Fig. 4.5),

indicating that time was just enough for InxGa1−xN to nucleate on the nitridated layer.

After 5min, some uncoated areas can be seen. When growth time was about 13min,

the islands started to coalescence explaining the reduction of the vertical growth rate

(Fig. 8.12). The 3D structures indicate the InxGa1−xN layers are due to the Volmer-

Weber growth mode (VW). However, the surface morphology of the InxGa1−xN layers

still showed 3D structures even after 60min. The VW growth mode was also observed
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Figure 8.12: Estimated thickness of the InxGa1−xN layers grown on c-plane sapphire at
600oC for 2 - 60min.

for In-polar InN on Ga-polar GaN [170]. For the N-polar InxGa1−xN layers on c-plane

sapphire, the VW growth mode is attributed to the large lattice mismatch of InxGa1−xN

compared to GaN.

8.3 Effect of growth temperature

For III-nitride epitaxy, growth temperature is one of the most important parameters

since it affects not only the decomposition rate of group III precursors but also the

surface diffusion and desorption. It is known that at high temperature (T> 600oC),

In-content decreases drastically due to desorption of In-atoms [192, 193]. To investigate

the effects of temperature on the In-content of InGaN, the TMIn/(TMIn+TEGa) ratio

was kept at 0.5, which corresponded to about 50% In-content InGaN layer grown at

600oC (Figs. 8.3 and 8.4). The growth of InxGa1−xN layers was performed at different

temperatures from 600oC to 750oC. Figure 8.14(a) shows the XRD ω - 2θ scans of

the InxGa1−xN layers on c-plane sapphire, indicating a decrease of In-contents with

increasing growth temperatures. Figure 8.14(b) shows the exponential decrease of In-

contents caused by the increase of the desorption rate of In-atoms, e.g., when growth

temperature was 750oC, only 8% In-content InGaN layer was grown. Again, no phase
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8.3. Effect of growth temperature

Figure 8.13: Evolution of surface morphology (2µm×2µm AFM images) of the
InxGa1−xN layers grown on c-plane sapphire at 600oC for different times.

separations and no metallic indium were found for all cases (Fig. 8.14(a)).

The FWHM values of (0002) XRC were about 1.0 - 1.4o for the InxGa1−xN layers on

c-plane sapphire at different temperatures (Fig. 8.14(b)). The FWHM values decreased

with increasing growth temperatures, indicating the higher crystallinity of the lower

In-content InxGa1−xN layers. The trend of the FWHM values might be related to

the mixing free energy of InxGa1−xN, where the mixing free energy decreases with

increasing temperatures [190]. This trend of the FWHM values in these cases is similar

to the results shown in Fig. 8.6(a).

The InxGa1−xN layers grown on c-plane sapphire at different temperatures showed a

surface morphology with RMS roughness value (5µm×5µm) about 4 - 7 nm (Fig. 8.15).

However, in contrast to the InxGa1−xN layers grown on c-plane sapphire at 600oC

(Fig. 8.9), the RMS roughness value of the InxGa1−xN layers grown at different tem-

peratures slightly increases with increasing growth temperatures, i.e., 5.0 nm and 6.5 nm

for the layers grown at 700oC and 750oC, respectively (Fig. 8.15). Since the InxGa1−xN

growth was due to the VW growth mode, the diffusion length along the perpendicular

growth direction ([0001̄]InGaN) should be longer than that along the parallel growth
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Chapter 8. Polar (0001) InxGa1−xN
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Figure 8.14: (a)XRD ω - 2θ scans of the InxGa1−xN layers on c-plane sapphire grown at
different temperatures for 30min. The XRD spectra were normalized to the (0006) reflec-
tion of sapphire at ∼20.84o. A TMIn/(TMIn+TEGa) ratio of 0.5 was chose. (b) FWHM
values of (0002) X-ray rocking curves (XRC, ◦) of the InxGa1−xN layers on c-plane sapphire
at different temperatures as functions of In-contents (▽) and growth temperatures.

Figure 8.15: 5µm×5µm AFM images (≈50 - 70 nm) of the InxGa1−xN layers on c-plane
sapphire grown at 650oC (46% In-content), 700oC (28% In-content), and 750oC (8% In-
content).

direction ([11̄00]InGaN). The InxGa1−xN growth might be more complex at higher

growth temperatures due to the increased desorption rate of In-atoms, which affects

the In-incorporation and surface morphology.

8.4 Chapter summary

The growth of the whole range of In-content of InxGa1−xN layers directly on c-plane

sapphire has been investigated. The InxGa1−xN layers showed N-polarity due to the

sapphire nitridation at 1050oC for 2min, similar to N-polar InN.

Dependence of crystallinity and morphology on indium (TMIn) and gallium (TEGa)
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8.4. Chapter summary

input flow rate, growth time and temperature were investigated. All InxGa1−xN layers

were found to be single phase in In-content and epitaxial relationship. Compared to

InxGa1−xN layers on c-plane GaN templates, improved homogeneity, surface morphol-

ogy, as well as an increased range of In-content were realized. The surface morphology

of the InxGa1−xN layers showed 3D structures due to the Volmer-Weber growth mode,

explaining the relatively rough surface.
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Summary

The presented work describes MOVPE growth and properties of InN layers with polar

and semipolar surface orientations. The work focuses on two aspects of the growth:

(1) the understanding the growth processes, the control polarity and orientations, and

(2) the properties of the layers with different surface orientations.

Sapphire nitridation process (varied time and temperature) was studied for InN and

InxGa1−xN (0< x< 1) epitaxy grown directly on sapphire. The nitridation was critical

to control polarity (i.e., (0001) polarity or (0001̄) polarity) and improve crystallinity

and surface morphology. Sapphire nitridation at higher temperatures (≥ 800oC) not

only enhances the crystallinity and surface morphology, but also produces an N-polar

orientation of InN and InGaN layers on c-plane sapphire. N-polar c-plane InN layers

on c-plane sapphire was grown at 560oC after sapphire nitridation at 1050oC for 2min

with good quality.

Polar c-plane (0001) InN layers with different polarities grown on c-plane sapphire

(N-polar InN) and on c-plane GaN/sapphire templates (In-polar InN) showed different

trends of layer quality with respect to growth temperature (520 - 560oC). N-polar InN

layers showed a better crystallinity and smoother surface than In-polar InN layers at

higher growth temperatures due to a two-dimensional (2D) growth mode, while In-polar

InN layers exhibit a 3D growth mode.

Semipolar InN layers with (101̄3̄) and (112̄2) orientations were grown directly on ni-

tridated m-plane (11̄00) sapphire and on (112̄2)GaN templates, respectively. Semipolar

InN layers showed an anisotropic crystallinity and morphology, as well as anisotropic

structural properties due to the typical growth orientations and the anisotropic adatom

diffusion. (101̄3̄) InN layers showed 3D structures consisting of islands, while (112̄2) InN

layers showed a planar surface morphology.
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Finally, based on the growth parameters of InN, c-plane InxGa1−xN layers with the

entire range of In-content were grown directly on c-plane sapphire substrates nitridated

at 1050oC for 2min. The In-content of InxGa1−xN was precisely controlled by varying

gas ratio or by varying growth temperature (600 - 750oC). InxGa1−xN layers showed a

relative smooth morphology but were still due to the 3D growth mode.
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Zusammenfassung

Diese Arbeit beschreibt das MOVPE Wachstum und die Charakterisierung von InN

Schichten mit polaren und semipolaren Oberflächenorientierungen. Zwei Aspekte des

Wachstums werden dabei eingehender betrachtet: (1) das Verständnis des Wachstum-

sprozesses, sowie die Kontrolle der Polarität und Oberflächenorientierung; und (2) die

Charakterisierung der epitaktischen Schichten mit verschiedenen Oberflächenorientierungen.

Sowohl für, epitaktisch auf Saphir abgeschiedenes, InN als auch für InxGa1−xN

(0< x< 1) wurde der Nitridierungsprozess von Saphir in Abhängigkeit von Zeit und

Temperatur untersucht. Dabei erwies sich die Nitridation als wichtiger Faktor um

nicht nur die Polarität (entweder (0001) oder (0001̄)) festzulegen, sondern auch um

die Kristallinität und Oberflächenmorphologie zu verbessern. So verbessert die Nitri-

dation bei Temperaturen über 800oC sowohl die Oberflächenmorphologie als auch die

Kristallinität. Gleichzeitig erzeugt die Nitridation eine N-polare Oberflächenorientierung

bei InN und InGaN Schichten, die auf (0001) Saphir abgeschieden wurden. Stickstoffpo-

lare (0001) InN Schichten von guter Qualität wurde bei 560oC abgeschieden, nachdem

bei 1050oC für zwei Minuten nitridiert wurden.

N-polare (0001) InN Schichten, die auf nitridiertem Saphir und In-polare InN Schichten,

die auf GaN/Saphir Templates bei 520oC - 560oC abgeschieden wurden zeigen deut-

lich unterschiedliche Schichtqualitäten. N-polare InN Schichten haben eine bessere

Kristallinität und glattere Oberflächen als In-polare InN Schichten. In-polare InN

Schichten zeigen hingegen dreidimensionalem Wachstum.

Semipolare InN Schichten mit (101̄3̄) beziehungsweise (112̄2) Oberflächenorientierung

wurden auf nitridiertem m-orientierten (11̄00) Saphir und auf (112̄2) GaN Templates

abgeschieden. Semipolare InN Schichten besitzen eine anisotrope Kristallinität und

Morphologie, sowie anisotrope Strukturelle Eigenschaften. Diese sind typisch für die

jeweiligen Wachstumsorientierten und die anisotrope Diffusionen der Adatom. Auf
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(101̄3̄) InN Schichten findet man dreidimensionale Inseln, während (112̄2) InN Schichten

eine planare Oberflächenmorphologie haben.

Basierend auf denWachstumsparametern von InN Schichten wurden (0001) InxGa1−xN

Schichten im gesamten Zusammensetzungbereich auf (0001) Saphir Substraten abgeschieden.

Diese Substraten wurden zuvor für zwei Minuten bei 1050oC Nitridierung. Durch die

Variation der Partialdrücke der Precursor und durch Kontrolle der Wachstumstemper-

atur (600 - 750oC) konnte der Indiumanteil in InxGa1−xN Schichten genau festgelegt

werden. Diese InxGa1−xN Schichten haben eine verhältnismäßig glatte Oberflächen-

morphologie, neigen aber dennoch zu dreidimensionalem Wachstum.
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