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Abbreviations and Acronyms

CBED Convergent Beam Electron Diffraction

DFT Density Functional Theory

DOS Density of States

FWHM Full Width at Half Maximum

HRTEM High-Resolution Transmission Electron Microscopy

FWHM Full Width at Half Maximum

LEED Low Energy Electron Diffraction

MBE Molecular Beam Epitaxy

MEAglow Migration Enhanced Afterglow

ML Monolayer

MOVPE Metal-Organic Vapor Phase Epitaxy

PES Photoemission (Photoelectron) Spectroscopy

STM Scanning Tunneling Microscopy

STS Scanning Tunneling Spectroscopy

TEM Transmission Electron Microscopy

UHV Ultra-High Vacuum

VB Valence Band

VBM Valence Band Maximum

XPS X-ray Photoelectron Spectroscopy

RMS Root-Mean Square
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1 Introduction

Over the past 20 years group-III nitrides have evolved from being the subject of aca-
demic research and general interest into practical applications in optoelectronic devices.
Especially, a remarkable increase of attention is observed by the fabrication of light
emitting diodes (LED) that cover a wide spectral range: from deep ultraviolet through
the visible up to the near infrared. The direct band gap of binary and ternary group-III
alloys, e.g. GaN, InN, InGaN, AlInN, makes these materials perhaps one of the most
efficient system for light generation.

Nowadays, LEDs are slowly replacing light blubs (filament lamps) for street, build-
ings and home illumination, as well as for industrial purposes. One of the main purposes
to replace filament lamps and other kind of illumination by LEDs is the extremely high
energy saving capacity of the later. Moreover, LEDs can be found in cell-phones, dis-
plays, traffic lights, while laser diodes based on nitrides are used in memory storage
systems like CD and DVD-players.

Among all nitrides, particulary InN has attracted much attention in the last decade
due to its unexpected low band gap of ∼ 0.7 eV [1], electron accumulation layer [2, 3]
and theoretically predicted high electron mobility [4]. This rising of interest is also
caused by the possible applications of InN not only in LEDs [5] but also in sensors [6],
high-speed field-effect transistors operating at near THz region [7] and solar cells [8].
However, the poor crystalline quality, build-in electrostatic fields and challenges related
with the p-doping of InN have slowered the progress of achieving and fabricating cheap
and high efficient InN-based optoelectronic devices.

Nevertheless, the build-in electrostatic fields in the crystal and rough surfaces are
not always an undesired material property. For instance, rough surfaces of layers were
found to be preferable for solar cell applications, where the surface roughness is used
to keep the light trapped in the material instead of letting it reflect back from the sys-
tem [9]. For nitride-based high-electron mobility transistors (HEMT), the surface is
found to be a main source of electrons for the two-dimensional electron gas [10], hence,
spontaneous and piezoelectric polarization fields are beneficial for HEMTs but crucial
for solar cells, sensors, terahertz radiation and radiative efficiency of LEDs [11].

Most of the aforementioned devices consist of multi-layer homo- and/or heterostruc-
tures, which imply the formation of several interfaces in a grown material system. Poor
quality of the homo- or heterointerfaces can strongly influence and degrade the perfor-
mance of any electronic device. Improvement of the surface and interface quality of the
crystals is of a great interest and implies a good understanding of the properties of a sin-
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gle layer. However, surface properties of nitrides, e.g InN, are still not fully understood
and contradictory results can be found in the literature.

Growth of optoelectronic devices for industrial purposes and a world-wide market
are mainly performed by metal-organic vapor phase epitaxy (MOVPE). Thus, high crys-
talline quality layers have to be grown by MOVPE which is still a challenging issue in
the case of InN, where the smoother and thicker layers are usually grown by molecular
beam epitaxy (MBE) [12, 13].

Nowadays, III-nitrides based devices are mainly grown along the polar c-plane di-
rection. Crystal polarity was found to affect surface morphology and roughness of
InN and GaN layers [14–17], which also influences the interfacial properties, e.g. of a
multi-layer optoelectronic device and its performance. While for the c-plane InN and
GaN layers the polarity is well-investigated, not much is known about the possible in-
fluence of the polarity along the c-direction for semipolar orientations. An example for
this influence was given recently: electroluminescence from the semipolar (202̄1̄) LED
was found to be more strongly polarized than the light from (202̄1) LEDs [18]. Thus,
knowing the polarity is important to control the electronic and structural properties of a
subsequently grown device.

However, in last couple of years more and more attention has been paid to the devices
on semipolar or nonpolar planes [18], due to the suppression or elimination of the build-
in electrostatic fields. A challenge in the fabrication of the semi- or nonpolar-based
devices is the lack of high quality layers and expensive cost caused by small surface
area of the free-standing substrates. Growth kinetics, crystal and surface quality of the
semi- and nonpolar layers are poorly understood and requires more investigation.

As a consequence of the described above problems and challenges, this thesis is
mainly dedicated to the understanding and investigation of the surface properties of
single InN layers. In the frame of this work, the surface properties of the quality InN
layers grown by MOVPE has been studied, and compared to the InN layers grown by al-
ternative commercial techniques, e.g. molecular beam epitaxy and migration enhanced
afterglow epitaxy [19,20]. Atomic surface structure of polar (0001), (0001̄) and semipo-
lar (112̄2) InN layers have been analyzed by a number of microscopy and spectroscopy
techniques under ultra high vacuum conditions. Moreover, one chapter is dedicated to
thin semipolar (202̄1) InxGa1−xN (6% < x < 10%) layers.

Chapters 2-3 of this work introduce fundamental properties and state-of-the-art of
InN layers, as well as describe analytical methods and UHV equipment used in this
work. Chapter 4 is dedicated to a new method for polarity determination of polar and
semipolar thin InN and GaN layers. The method is based on photoelectron emission
from the layers and has a number of advantages, compared to the commonly used meth-
ods, e.g. wet etching and convergent beam electron diffraction. Chapter 5 deals with an
important issue of sapphire substrate nitridation process and its effect on the overgrown
polar InN layers. The atomic structure of clean sapphire substrates prior and after the
nitridation process will be analyzed in details and discussed in terms of improvement of
the InN surface and crystal quality. The surface analysis of the different reconstructed
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N- and In-polar InN layers will be described in Chapter 6. The crystal and electrical
properties of the polar InN layers grown by different deposition methods will be inves-
tigated and compared. Thermal oxidation of the In-polar InN layer and formation of a
thin In2O3 layer on top of InN upon this treatment will be discussed in Chapter 7. The
last Chapter 8 deals with semipolar (112̄2) InN and semipolar (202̄1) InxGa1−xN layers
with low amount of indium (6% < x < 10%). Surface topography, atomic reconstruction
and electrical properties of these layers will be described and compared with the polar
layers. A summary and an outlook of this thesis will be given in Chapter 9.
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2 Fundamental Properties of Indium
Nitride

2.1 Structural Properties

Indium nitride belongs to the group-III-V semiconductors and crystalizes in hexagonal
wurtzite or cubic zinc blende structure. From the thermodynamic point of view, the
wurtzite structure (also called α-InN phase) of InN is stable, while the zinc blende phase
is metastable. The structural models of InN are shown in Fig. 2.1 (a). Wurtzite InN is
formed by two sublattices, where each lattice is occupied by either group-III or nitrogen
atoms and has a hexagonal close-packed (hcp) lattice. The hcp lattice arrangement
implies a sequence of alternating layers along the [0001] direction, such as ABAB,
where A and B correspond to each atomic stack, as shown in Fig. 2.1 (a). The zinc
blende structure consist of two (i.e. group-III and nitrogen) face-centered cubic (fcc)
lattices, which form ABCABC stacking sequence along the [111] direction. Wurtzite
and zinc blende crystal structures have a tetrahedral coordination, meaning that each
atom has four neighboring atoms of different type. The tetrahedral bonding is caused
by the sp3 hybridization of the group-III (e.g. indium) and group-V (e.g. nitrogen)
atoms, where an s orbital is combined with three p orbitals resulting in bond angles of
109° 28´ between atoms in crystal. In this work, investigations were performed only on
wurtzite group-III nitride layers due to their stable structure and growth on hexagonal
substrates or templates.

The wurtzite structure is defined by the length of the basal hexagon (a lattice con-
stants), the height of the hexagon (c lattice constant) and the parameter u, which is
the anion-cation bond length along the c-axis. The parameter u is defined as u = (c/a)2,
where for the the ideal wurtzite structure u = 3/8 = 0.375. However, effects in crystal lat-
tice, i.e. electric fields originating from crystal anisotropy, can deform the ideal crystal
structure, hence the parameter u for InN has been reported to be 0.379 [21]. In the case
of InN, the a and c lattice constants are determined to be 3.532 nm and 5.669 nm for
the wurtzite crystal [22]. The zinc blende structure is characterized by the a = 4.980 nm
lattice constant [23].

The Miller-Bravais indexing system is used for a hexagonal structure to identify the
different crystal directions, planes or axis. In this indexing system a fourth axis is
introduced in the plane of x and y axes in order to avoid a dissimilar indices for crys-
tallographically equivalent planes. Hence, the indices (hkil), where i = -(h+k), are used
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Figure 2.1: a) Wurtzite and zinc blende crystal structure of III-nitrides, b) crystal structure of N-
and In-polar InN.

in this case. The [0001] direction in the wurtzite structure is equivalent to the [111]
direction in the zinc blende (see Fig. 2.1 (a)). The {0001} plane is also called polar,
while the plane perpendicular to it is called non-polar, e.g. m-plane (11̄00) and a-plane
(112̄0). Other planes are called semipolar and form an angle of 0◦< α< 90◦ with the
hexagon base, e.g. for semipolar (112̄0) α ≈ 58◦, for semipolar (202̄1) α ≈ 75◦ (see
Fig. 2.2).

The wurtzite group-III-nitride crystal is non-centrosymmetric with a P63mc space
group symmetry. This results in the anisotropic properties of the wurtzite crystal, i.e.
thermal and optical properties vary depending on the crystallographic direction. The c-
direction is not isotropic along the [0001] and the [0001̄] directions and group-III- and
N-polar orientations can be distinguished, as shown in Fig. 2.1 (b) for InN. Polarity is
known to affect the surface topography during epitaxial growth of the nitride materials,
e.g. surfaces of N-polar layers tend to be smoother compared to In-polar InN layers
[14, 15]. However, the situation is reversed for polar AlN and GaN layers [16, 17]. It is
important to separate terms "surface or crystal polarity" that refers to crystallographic
direction, and "surface termination" that correspond to the topmost atoms terminated
the grown layer.

The hexagonal lattice symmetry without inversion center and the large electronega-
tivity difference between nitrogen (electronegativity 3.04 [24]) and the group-III atoms
(for instance, electronegativity of indium atom is 1.78 [24]) lead to strong charge trans-
fer between the bonded atoms. This results in strong piezoelectric and spontaneous
polarization fields along the c-direction [25, 26]. Hence, the total polarization field in a
wurtzite crystal is the sum of piezoelectric and spontaneous polarization fields.

In N-polar group-III-nitride wurtzite layers, the polarization-induced charges are po-
sitive at the surface and negative at the substrate, thus an internal electric field points to-
wards the [0001] direction, whereas the spontaneous polarization Psp points toward the
surface as sketched in Fig. 2.1 (b). For the group-III-polar nitrides, induced charges and
field directions are inverted. Direction of the piezoelectric field in nitrides depends on
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Figure 2.2: Crystal orientations of the wurtzite group-III-nitrides (e.g. InN): polar (0001) and
(0001̄) , semipolar (112̄2) and (202̄1)planes are highlighted.

Table 2.1: Spontaneous polarization constants for AlN, GaN and InN layers reported in Ref.
[26].

Psp (C/m2)
AlN -0.081
GaN -0.029
InN -0.032

the induced strain: for group-III-polar layers with compressive or tensile strain, piezo-
electric field points towards the [0001̄] or [0001] directions, respectively [26, 27]. Va-
lues of spontaneous polarization and piezoelectric constants for III-nitrides are shown
in Tab.2.1.

The built-in electric field significantly influences the material properties, e.g. the
carrier distribution, consequently affecting the performance of optoelectronic devices
due to the quantum-confined Stark effect [28]. However, the built-in electric fields can
be reduced on semipolar planes [29] or eliminated on non-polar planes [11].

2.1.1 Methods for Polarity Determination

The crystal polarity affects not only the surface topography of InN layers, as was already
mentioned, but also their optoelectronic properties. It has been shown that In-polar InN
layers exhibit a shift for the low-temperature photoluminescence (PL) peak to higher
energies compared to N-polar layers [14]. The shift is associated with residual biaxial
compressive stress of In-polar InN layers, while N-polar layers are relaxed. In Ref. [30]
it was reported that In-polar InN layers have a stronger surface downward band bending
(hence, stronger surface electron accumulation) than N-polar orientated layers, due to
the different energetic positions of occupied surface states for each layer. Moreover, the
electron affinity of polar InN surfaces was found to be different depending on polarity:
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4.7 eV for In-polar and 4.6 eV for N-polar layers [31]. This difference was attributed to
the spontaneous polarization in the crystal. Thus, knowing the polarity of the InN layer
is important to control its surface, structural and optoelectronic properties.

Different experimental methods have been demonstrated for polarity determination
of polar III-nitrides, e.g. co-axial impact collision ion scattering spectroscopy [32, 33],
atomic hydrogen irradiation [34], convergent beam electron diffraction (CBED) [35,36]
or method based on the circular photogalvanic effect [37]. The most commonly used
methods for polar (0001) and (0001̄) InN and GaN remain wet chemical etching by
potassium hydroxide (KOH) and CBED [14, 35, 36, 38, 39]. Muto et al. have shown
that after the etching by KOH for over 60 min, the N-polar InN layers etched roughly
and exhibited hexagonal pyramids, while the In-polar InN layers were etched smoothly
showing hexagonal and dot type pits on the surface [38]. The GaN layers etched by
KOH showed similar results: N-polar layers formed hexagonal pyramids, while Ga-
polar layers remain smooth and unaffected [39]. The CBED method is based on the po-
larity determination by comparing the experimental diffraction patterns with the CBED
patterns simulated through Bloch wave procedures for certain polarity.

All these methods have a number of limitations. For example, obtaining CBED
patterns might be impossible due to high defect densities in the crystal structure or
insufficient layer thickness. Wet etching can be affected by incorporated impurities or
decoration of defects.

Recently, it was shown that the polarity of polar InN layers can be determined by
X-ray photoelectron spectroscopy (XPS) using Al Kα X-ray radiation as an excitation
source [40]. The method is based on the observation of different valence band (VB)
states and their relative intensities. As shown in Fig. 2.3 (a), the domination of the
VB peak at ∼ 3.5 eV was attributed to the In-polarity, while the domination of the VB
peak at ∼ 6.7 eV was assigned to the N-polar InN layers. The layers with a mixed
polarity (consisting of In- and N-polar coalesced domains) show equal intensity of the
VB peaks.

The polar direction of the semipolar orientated III-nitride layers does not point to-
wards the surface normal, thus, its determination is more complicated. The polarity of
semipolar (112̄2) layers along the c-direction has been exclusively measured by CBED
on 1.5 µm thick GaN layers [41, 42]. An effect of polarity along the c-direction on
surface and crystal properties of semipolar III-nitride layers has not been studied much
yet. However, it was shown recently that electroluminescence from a semipolar (202̄1̄)
LED is more polarized than the light from (202̄1) LEDs [18].

2.2 Band Gap, Electronic Properties and Band Structure

In the literature up to year 2002 the band gap (EG) of InN was argued to be be-
tween 1.8-2.2 eV by measuring absorption spectra of polycrystalline InN layers [43,
44]. Experiments performed by optical absorption and photoluminescence in 2002 by
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V. Yu. Davydov et al. revealed the band gap of InN to be around 0.7 eV [1]. Addition-
ally, they explained the reason of the previously reported larger band gap values due to
the formation of indium oxide on the surface of the InN layers after sputtering. This
assumption is in agreement with Ref. [45], where oxygen incorporation and formation
of In2O3 crystal grains on InN layers were suggested to be the responsible for the over-
estimation of the InN band gap. Later, the band gap of InN was reported to be 0.65 eV
from optical absorption measurements and 0.63 eV from photoluminescence performed
at room temperature [46].

Among all group-III-nitride compounds, InN has the smallest band gap. Therefore,
alloys of InN, AlN and GaN cover a wide spectral range: from the near-infrared for InN
up to the ultraviolet (UV) for GaN (EG = 3.4 eV) and deep-UV for AlN (EG = 6.2 eV).

InN has also the smallest electron effective mass (m* = 0.11mo) compared to GaN
and AlN [47], leading to high mobility and saturation velocity. At room tempera-
ture, the theoretically calculated mobility for InN was around 4400 cm2/(V·s), while
at 77 K the maximum mobility was estimated to be higher than 30 000 cm2/(V·s) [4].
Experimentally, one of the highest reported values for electron mobility of InN is
∼ 4000 cm2/(V·s) [48]. All these make InN a promising candidate for applications
in high-speed field-effect transistors operating at near THz region [7], light-emitting
diodes [5], sensors [6] and solar cells [8]. However, one of the main reasons that pre-
vents the broad application of InN in optoelectronic devices is the lack of high quality
single crystalline layers.

The band structure of wurtzite InN across the Brillouin zone from first principle
calculations based on density functional theory (DFT) and quasiparticle (QP) theory is
shown in Fig. 2.3 (b). The calculation of the InN band structure was a challenging issue
for a long time due to the underestimation of the band gap, where DFT calculations in
the local density approximation (LDA) resulted in a negative band gap, i.e. overlap of
conduction and valence band states [50]. In order to overcome this problem the In 4d
electrons were frozen into the core, while considering the In 4d electrons as valence
electrons resulted in a negative band gap originated from the repulsion between the
In 4d and N 1s electrons [51].

An important characteristic of the InN band structure is a very low position of
the conduction band minimum (CBM) at the Γ-point compared to the entire k space
(Fig. 2.3 (b)). This feature was predicted to be a consequence of the large electron affi-
nity of InN [52]. Fig. 2.3 (b) shows a horizonal lines along the whole band structure
labeled as EB that correspond to the branch point energy that is defined as the average
midgap across the entire Brillouin zone [53]. It also defines, which type of defects will
be formed: donor-type native defects are favorable if the bulk Fermi level lies below
EB, while acceptor-type defects form if the bulk Fermi level is above the EB. A strong
CB dispersion results in the position of the EB at 0.87 eV above CBM for wurtzite
InN [54], in contrast to other III-V semiconductors, where the EB lies well below the
CBM. As a consequence, the bulk Fermi level lies below the branch point and uninten-
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Figure 2.3: a) VB XPS spectra recorded from polar InN layers at normal emission by using an
Al Kα X-ray source [40]. b) Quasipartical corrected density functional theory (QPC-DFT) band
structure across the Brillouin zone for wurtzite InN, where EB is a branch point energy [2], c) VB
XPS photoemission spectrum of InN after the background subtraction (dots) and calculated
QPC-DFT valence band density of states (top image); QPC-DFT VB structure (bottom image)
for wurtzite InN layer [49]. The photoemission spectrum is shifted to align the VBM position
at 0 eV.

tionally formed native defects are donors. This explains the high unintentional n-type
bulk conductivity of InN [55].

Experiments have shown that the surface Fermi level (EF ) is located above the con-
duction band minimum. In the literature, the reported positions of the surface Fermi
level vary between 1.6 eV and 1.0 eV above the valence band maximum (VBM), cor-
responding to the downward band bending at the surface region [2, 30, 56, 57]. It has
been shown that In-polar InN layers possess stronger downward band bending (EF is
∼ 1.4 eV above the VBM), compared to non-polar a-, m-plane and N-polar layers (EF
is ∼ 1.0 eV above the VBM) [30]. The consequence of the downward band bending is
an electron accumulation layer formed in the near surface region of the InN layer. There
is still some discussion concerning the origin of the accumulation layer. First reports
assumed that it is an intrinsic property of the InN due to its band structure: for the EF
below the branch point, some donor surface states will remain unoccupied (positively
charged), at the same time, this charge will be balanced by a negative space charge that
leads to increase of electron concentration near the surface [2,56]. However, recently it
has been reported that EF is pinned well below the CBM on cleaved (112̄0) InN by us-
ing cross-sectional scanning photoelectron microscopy/spectroscopy or cross-sectional
scanning tunneling microscopy/spectroscopy (STM/STS) [58,59]. In the work of Ebert
et al., it was shown that the intrinsic surface states are absent in the band gap of the
cleaved InN layer [59]. Hence, an electron accumulation was attributed rather to an ex-
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Figure 2.4: a) Top and side view of the (0001̄) GaN layer with (1×1) reconstruction [61]. Atom
arrangement of the (0001) InN with b) (2×2) and c) (

√
3×
√

3)R±30◦ surface reconstruction for
adatoms located at T4-sites (adopted from [62]). Insert in the image (c) shows the positions of
atoms located at H3 and T4-sites (labeled by empty circles).

trinsic property of InN, and occurs due to surface contamination (e.g. carbon, oxygen)
or material decomposition. Moreover, the performed STS measurements confirmed the
band gap of InN to be 0.7 eV.

The valence band photoemission spectrum with a calculated valence band density of
states (VB-DOS) are shown in Fig. 2.3 (c) [49]. The experimental spectrum is in good
agreement with theoretical calculations. The VB-DOS of the wurtzite InN consists of
three main regions: two peaks at lower and higher energies, labeled as PI

WZ and PII
WZ ,

respectively, and a shoulder between them, labeled as SI
WZ [60]. Based on the band

diagram, the PI
WZ peak is mainly attributed to p-like states with a small contribution

of d-states near ∼ 1.8 eV, while the PII
WZ peak consist of s and p orbital states [49].

Intensity of the photoemission spectrum above the VBM is attributed to the metallic
adlayer formed on the InN surface. It is important to note that at binding energies
higher than VB, In 4d orbitals are located very close to the N 2s orbitals resulting in a
s-d hybridization of In 4d and N 2s core-levels [49,55]. This fact, for instance, prevents
an accurate fitting procedure of the In 4d core-level by chemical components, since the
line shape of the s-d hybridized peak is unknown.

2.3 Surface Reconstructions of III-nitrides

Surfaces play an important and critical role in the crystal structure of a layer due to
the break of crystal symmetry in the surface region. Compared to the bulk, the top-
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most layer of atoms does not have neighboring atoms above them and, therefore, they
change their arrangement (reconstruct) to have an energetic favorable position. Thus,
the properties of surfaces can be significantly different from those of the bulk. Surface
reconstructions can act as sources for additional electrons that lead to higher surface
carrier concentration of material.

Surface reconstruction of GaN and AlN are quite well studied, while knowledge of
InN and InGaN surface reconstructions is still missing in the literature. This fact can
be explained by challenges in growing atomically smooth InN (InGaN) surfaces that
strongly affects some spectroscopy or microscopy techniques, e.g. STM and STS.

Depending on the polarity of III-nitride layers, their growth conditions (e.g. N-rich
or group-III-rich) and surface preparation methods (e.g. sputtering, annealing) differ-
ent reconstructions can be obtained for the III-nitride surfaces. It was reported that Ga-
polar GaN layers can have (1×1), (2×2), (5×5), (6×4), (

√
3×
√

3)R±30◦ and so-called
pseudo "1×1" reconstructions, depending on the amount of Ga on the surface [63, 64].
The (2×2) reconstruction was proposed to have a N-adatom layer; models for (5×5)
and (6×4) reconstructions consisted of Ga, N adatoms and Ga vacancies. The pseudo
"1×1" reconstruction is believed to have a fluid-like Ga-adlayer. The N-polar GaN lay-
ers are reconstruct into (1×1) surface, consisting of a Ga-adlayer or into (3×3) surface,
which contains Ga-adatoms bonded to a Ga-adlayer [65]. A model of the (1×1) recon-
structed N-polar GaN is shown in Fig. 2.4 (a). The study of polar (0001) InGaN layers
revealed that these layers can have (1×1), (2×2), (

√
3×
√

3)R±30◦, and "1×1" surface
symmetries depending on the surface preparation conditions and the Ga/N ratio on the
surface [66].

Compared to a large variety of surface reconstructions for GaN and InGaN layers,
only few surface reconstructions have been experimentally observed on polar InN lay-
ers: (1×1), (2×2) and (

√
3×
√

3)R±30◦ reconstructions have been found on the In-
polar InN surfaces, while only the (1×1) reconstruction has been reported for the N-
polar InN layer. In the literature, the evidences of the (1×1) reconstructed polar InN
surfaces have been provided only by low energy electron diffraction (LEED) measure-
ments [31, 32, 67, 68].

Himmerlich et al. reported a (2×2) and (
√

3×
√

3)R±30◦ reconstructed In-polar InN
layers consisting of a single In adlayer, as shown in Fig. 2.4 (b) and (c) [62]. However,
the surface reconstruction was determined only by one experimental technique – reflec-
tion high-energy electron diffraction (RHEED). At the same time, studies performed
by Veal et al. suggested that the (

√
3×
√

3)R±30◦ InN layer consisted of ∼ 3.4 atomic
layers (monolayers) of In: the (0001) InN layer is terminated by an In-adlayer with a
laterally contracted and rotated to 30◦ topmost In layer [40, 69]. However, this model
was not confirmed by other experimental groups nor theoretical calculations [70]. This
discrepancy indicates that the InN surfaces and their reconstructions are still poorly
understood and require further investigation.

Theoretical calculations based on density-functional theory (DFT) for (0001) InN lay-
ers predicted that at N-rich and moderate In/N ratio, the (2×2) InT 4 structure is stable,

12



Fundamental Properties of Indium Nitride

where the In-adatoms are formed at T4-sites, while under In-rich conditions the con-
tracted In-bilayer is favorable [70]. The atomic positions located at T4 and H3-sites
are sketched in the insert to Fig. 2.4 (c). Another theoretical study showed that under N-
rich conditions, the (0001) InN layer is relaxed and unreconstructed with In-termination,
while under In-rich conditions a trimer of In adatoms is formed on T4 or H3-sites cor-
responding to the 3/4 of In monolayer (ML) [71]. The (0001̄) InN layer was found to
have a stable (1×1) structure with an In-adlayer over the entire range of In chemical
potentials [70,71]. Interestingly, in these studies even under N-rich conditions no N ter-
minated surfaces or N-adatoms have been found to form on both In- and N-polar InN
layers.

LEED and reflection high-energy electron diffraction (RHEED) are usually used to
determine surface reconstructions of the studied layers, while STM is a technique that
allows to observe surface atomic structures and confirm predicted surface symmetry of
the layers. However, there are only few publications reporting on STM performed on
InN layers [59, 72, 73]. In the work of Ebert et al., the cross-sectional STM was per-
formed on a freshly cleaved (112̄0) InN surface [59] and accompanied by STS studies.
Nevertheless, the presented cross-section STM image of the InN is poorly resolved and
can hardly give any information about the layer structure.

Good-resolved STM images of InN layers are only available in the case of indium
deposition on GaN or Si in a cracked ammonia environment in amount of several mono-
layers [72,73] but not for InN layers with thickness of few hundreds nm. As mentioned,
the main reason for this is the lack of atomically smooth InN layers. Surface roughness
and defects strongly affect the tunneling condition during STM on InN layers, making
it a very challenging issue. Moreover, one can assume that presence of the surface elec-
tron accumulation layer on InN may also effect tunneling conditions during STM/STS.
According to the literature, the atomically resolved STM images can be found for AlN
and GaN surfaces [64,74], which do not exhibit surface accumulation, while no atomic-
resolved STM images could be obtained on the InN layer so far. In the work of Nören-
berg et al., the authors show STM images of (2×2) and (4×4) reconstructed areas after
depositing 8 ML of InN on Si (111) (7×7) [72]. However, the authors presume that the
observed reconstructions may be assigned to indium adsorbate structures on the Si sur-
face rather than to InN material. Based on this discussion, it becomes clear that InN
surface structure is not yet understood in terms of STM study.

2.3.1 Surface States

The end of the crystal periodicity on a surface and rearrangement of the atoms on the
topmost layer lead to the appearance of surface electronic states that differ from the
bulk electronic band structure. Based on DFT calculations, C. G. Van de Walle and
D. Segev have studied stable surface states formed on (0001) and (0001̄) InN surfaces
at moderate In/N ratio and In-rich conditions, discussed in the previous section [75–77].
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Figure 2.5: Electronic band structure of a) (0001) InN surfaces with (2×2) InT 4 structure and
b) (0001̄) InN with (1×1) structure (with In-adlayer). Gray and red lines indicate bulk and
surface band structures, respectively. DOS on the polar (0001) InN surfaces with c) (2×2) InT 4
structure (for moderated In/N ratio) and d) laterally contracted In-bilayer (for In-rich conditions).
Images are adopted from Ref. [75].

Two sets of surface states on (0001) InN layers with (2×2) structure (In-adatoms
at T4-sites) were found to exist in the electronic band structure above the CBM (see
Fig. 2.5 (a), red lines) [75]. Surface states on (0001̄) InN with (1×1) structure (formed
In-adlayer) result in a dispersive electronic band structure (see Fig. 2.5 (b), red lines)
[75]. Hence, surfaces are predicted to be semiconducting for the above mentioned
(2×2) (0001) InN and metallic for (1×1) (0001̄) InN layers.

The microscopic origin of these states could be identified by analyzing the surface
states electronic charge densities. As shown in Fig. 2.5 (c) for the (2×2) (0001) InN
structure, the surface states formed at higher and lower energies correspond mainly to
the empty In dangling bonds on the In adatoms and occupied states on bonds between
the In adatom and three In surface atoms (In-3In), respectively. Thus, occupied surface
states (negatively charged) above the CBM serve as a source of electrons and explain
the surface electron accumulation layer on polar InN layers. The Fermi level position,
for this case, is approximately determined by the upper position of the occupied surface
states and located ∼ 0.6 eV above the CBM [75]. For the (1×1) (0001̄) InN structure,
dispersive surface states are caused by the interaction of neighboring In adatoms.

As was already mentioned, for In-rich conditions, the (0001) InN layer is covered
by a laterally contracted double layer of In (bilayer), where occupied In-3In bonds and
empty In dangling bonds now strongly interact, leading to an energy dispersion within
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the band gap, as shown in Fig. 2.5 (d). The surface states from this layer are mainly
localized on In-In bonds within the underlaying In adlayer, additional with dangling
bonds from the upper adlayer. The Fermi level lies at approximately 0.7 eV above the
CBM. For the (0001̄) InN layer under In-rich condition the formed (1×1) structure
consists of an In-adlayer bonded to the uppermost N layer, where the Fermi level is
∼ 0.3 eV above the CBM, similar to the case of a moderate In/N ratio [75, 77].

It is worth to mention that compared to polar surfaces, nonpolar InN surfaces are pre-
dicted to have absence of electron accumulation layer for reconstructions with a dimer
structure [75]. Unfortunately, no information concerning surface states on semipolar
InN surfaces is available in the literature so far.

2.4 Growth of InN, GaN and InGaN layers

As already mentioned above, the surface structure and the related electronic properties
of group-III-nitrides will be significantly influenced by the growth and preparation meth-
ods. In order to prepare layers with different surface atomic structures, morphology and
polarity, different methods were used for the growth of the InN layers investigated in
this work. The polar and semipolar InN, InGaN and GaN layers investigated within this
work were grown by metal-organic vapor phase epitaxy (MOVPE), molecular beam epi-
taxy (MBE) and migration enhanced afterglow (MEAglow) epitaxy [19].

All layers are grown on a substrate which should be chosen considering its cost,
abundance on the market, lattice mismatch with the overgrown layer, thermal expansion
coefficient, etc. Substrates can strongly affect the growth and therefore the quality of
the overgrown group-III-nitride layers. Sapphire (Al2O3), silicon carbide (SiC), cubic
Si (111) can be used as substrates for the growth of nitrides with wurtzite structure.
However, the fabrication of high quality single crystalline SiC substrates is difficult and
expensive. On the other hand, the growth of wurtzite nitride layers on cubic Si (111)
substrates is a very challenging issue. Nowadays, c-plane sapphire remains the most
conventional substrate for the growth of polar wurtzite nitrides. The main advantages
of sapphire substrates are its low cost, variety of available wafer sizes, high crystal and
surface quality and high temperature stability. However, the growth parameters and
procedure should be chosen carefully to overcome the lattice mismatch between the c-
plane sapphire and group-III material, e.g., a lattice mismatch of ∼27% with InN, 16%
with GaN and 13% with AlN layers [23, 78].

2.4.1 Sapphire Nitridation and its Effect on Group-III-Nitrides

Among all nitrides, InN and sapphire have the largest lattice mismatch. In order to
reduce the lattice mismatch and improve the interfacial properties, a nitridation process
of sapphire is often performed prior to the InN growth or III-nitride growth. Sapphire
nitridation implies a growth of a thin AlN layer which reduces the lattice mismatch
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between InN and sapphire layer to ∼13%. It has been found that in particular InN is
very sensitive to the nitridation process. The InN crystal quality, surface topography,
carrier concentration, Hall mobility and optical properties are directly affected by the
nitridation process [13, 14, 79–83].

The growth parameters of InN layers are also affected by the nitridation. It was
shown that the nitridation is performed faster on (112̄0) nonpolar (a-plane) sapphire
substrates than on c-plane sapphire due to the different bond arrangements of the sap-
phire surfaces [84]. This results, for instance, in the growth of N-polar InN layers on the
a-plane sapphire at 50◦C lower nitridation temperature compared to the layers grown
on the c-plane sapphire. The above mentioned facts make the study and understanding
of nitridation mechanism an important issue for the improvement of InN quality.

For the polar InN layers grown by MOVPE and investigated in this work, the follow-
ing nitridation process was performed. First, the purchased c-plane sapphire substrates
were cleaned by sequential immersion into acetone, iso-propanol and de-ionized water.
Afterwards, the sapphire substrates were thermally cleaned at 1050◦C in a H2 gas flow
of 3 l/min for 10 min. Then, the gas was switched to N2 with a flow rate of 3 l/min for the
nitridation process. The sapphire nitridation was performed by exposing the sapphire
substrates to ammonia flux for 2 min at temperatures berween 600 ◦C and 1050 ◦C.

2.4.2 MOVPE Growth

Polar (0001), (0001̄) and semipolar (112̄2) InN and GaN layers were grown by metal-
organic vapor phase epitaxy (MOVPE).

The polar InN layers were grown by D. V. Dinh at Technische Universität Berlin
(TU Berlin) on c-plane sapphire using three steps: sapphire nitridation, growth of InN
nucleation layer and InN epitaxial growth [84]. Nitrogen was used as a carrier gas;
trimethyl-indium (TMIn) and ammonia (NH3) were used as In- and N-precursors, re-
spectively. The sapphire substrate treatment and nitridation was performed as described
above. The InN nucleation layers were grown at 500 ◦C for 20 min, while the InN epi-
layers were grown at 560 ◦C for 2 hours. Additionally, the In-polar InN layers were
grown on (0001) GaN/Al2O3 templates and directly on sapphire substrates without ni-
tridation. The estimated thickness of the grown polar InN layers varies in the range
from 70 nm to 200 nm.

Polar GaN layers with thickness of 1.2 µm were grown on AlN nucleation layers
(Ga-polar layers) or bare sapphire (N-polar layers) by M. Hoffmann at NCSU, USA
(research group of Prof. Z. Sitar).

The semipolar (112̄2) InN layers ≈ 90 nm thick were grown on 1-2 µm thick (112̄2)
GaN templates grown by MOVPE on m-plane sapphire substrates [85]. Prior to the used
three-step growth for the semipolar InN layer, a 200 nm thick GaN buffer layer was
grown for 15 min at 980 ◦C. The studied (112̄2) InN layers in this work were grown
at 530◦C, 550◦C and 560◦C. The semipolar InN layers were grown by D. V. Dinh at
TU Berlin. The semipolar (112̄2) GaN layer was grown on a Ga-polar (112̄2) GaN

16



Fundamental Properties of Indium Nitride

substrate at a temperature around 1000 ◦C by S. Ploch at TU Berlin, using trimethyl-
galium (TMGa) and ammonia (NH3) as Ga- and N-precursors, respectively [86].

The semipolar (202̄1) InxGa1−xN layers with x = 6.5% and x = 10.2% were grown by
MOVPE on HVPE-grown GaN bulk substrates with semipolar (202̄1) orientation and
a threading dislocation density of the order of 106 cm−2. Prior to the growth of the
InGaN layers, the 700 nm of un-intentionally doped GaN was grown using TMGa and
NH3 as precursors, and H2 as a carrier gas, at a temperature of 980◦C and pressure
of 50 mbar. Subsequently, the temperature was reduced and the pressure increased to
400 mbar, and 22 nm of InGaN was grown using N2 as a carrier gas, and TEG, TMI and
NH3 as precursors. Growth temperatures for InGaN were nominally 725◦C and 750◦C,
resulting in an indium compositions of 10.2% and 6.5%, respectively. The growth was
performed by I. Koslow and T. Wernicke at Ferdinand-Braun-Institut, Berlin, Germany.
The indium concentration in the layers was determined by XRD.

2.4.3 MBE Growth

The investigated InN layer was grown by MBE on a GaN/Al2O3 template which was
grown by MOVPE. The growth was performed by R. Aidam in Fraunhofer Institute IAF,
Freiburg, Germany. The thickness of the grown InN layer was estimated to be appro-
ximately 1 µ m. In order to achieve a smooth surface, the InN layer was grown under
excess of indium supply which resulted in the formation of 10-15µm diameter indium
droplets on the surface, as was observed by scanning electron microscope (SEM). The
indium droplets were chemically etched from the surface after the growth by using HCl.
The surface under the indium droplets was partially damaged by etching, while other
areas of the layer remained unaffected. The InN layer has In-polar orientation as was
determined by XPS VB.

2.4.4 MEAglow Growth

The MEAglow deposition technique was developed by K. S. A. Butcher, where he used
a especially built prototype growth system. In his reports (Ref. [19, 20]) it was shown
that InN layers grown by MEAglow exhibit very smooth surfaces with good crystalline
structure. Moreover, this technique enables homogenous and fast growth of InN layers
on 2 inch sapphire wafers for fabrication purposes (MEAglow Ltd.) and can be an
alternative method for the growth of thick, high quality InN layers.

The MEAglow deposition implies a particulary designed nitrogen plasma source and
chemical vapour deposition (CVD) environment for the growth of InN as well as GaN
layers [19, 20]. The growth method is based on the number of cycles, where at first,
the metal (indium) is deposited on the substrate for a short time, afterwards the layer
is subsequently nitridated with the nitrogen plasma source. TMIn is used for an in-
dium supply with no carrier gas. By applying this procedure, the metal atoms have
enough time to migrate to energetically favorable positions caused by adatom surface
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diffusion, before they combine with the nitrogen atoms. This technique enables much
faster growth rates compared to conventional migration enhanced epitaxy, where the
growth rate is limited by a small amount of metallic indium, which can be deposited
on the surface within one cycle, in order to avoid formation of metallic droplets. Com-
pared to MOVPE, MEAglow deposition is performed at a very low growth temper-
ature (330-400◦C) and low operating pressure during the growth (up to several Torr,
1 Torr = 1.33 mbar). These parameters are expected to improve the quality of InN lay-
ers. More information about the growth procedure and equipment can be found in
Ref. [19, 20]. It is important to note, that the InN layers grown by this technique are
presumed to have a nitrogen excess in the crystal structure due to the formation of
the native nitrogen-rich defects during the growth as was determined by elastic recoil
detection analysis [87].

The InN layers analyzed in this work were grown by K. S. A. Butcher (MEAglow
Ltd., Ontario, Canada). Prior to the growth, the sapphire substrates were nitridated
for 1 min at the growth temperature of the layer by the nitrogen plasma system. One
sample was grown on a 2 inch sapphire wafer at 330◦C, while the second sample was
grown on sapphire at 400◦C by using an InN buffer layer grown at 330◦C. The layer
grown at lower temperature (330◦C) is expected to be 15-30% nitrogen-rich, while the
layer grown at higher temperature (400◦C) is assumed to be only 2-3% nitrogen rich.
The thickness of the layers was estimated by measuring the interference fringes from
optical transmission measurements and equals ≈ 500 nm and ≈ 370 nm for the layers
grown at low and high growth temperatures, respectively. Both InN layers were found
to be N-polar as determined by XPS.
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3 Experimental Techniques for
Surface Analysis

This chapter describes the main experimental techniques for the surface analysis of
III-nitride semiconductor materials under ultra high vacuum (UHV) conditions used
in this work. Moreover, the preparation methods such as surface decontamination of
investigated group-III-nitride layers, will be described briefly.

Depending on the object of interest, different characterization techniques should be
used. Surface topography, surface atomic and surface electronic properties can be de-
termined by scanning tunneling microscopy (STM) and spectroscopy (STS). The STM
images correspond to the surface local density of states, while STS curves can show,
for instance, whether the surface has metallic or semiconducting behavior. Chemical
analysis of surfaces can be performed by photoelectron spectroscopy (PES) and Auger
electron spectroscopy (AES). Both methods show qualitative and quantitative informa-
tion about elements presented in the near surface region. Information about the chem-
ical bonding configurations and surface band bending can be obtained after detailed
analysis of the core-levels and valence band photoemission spectra recorded by PES.
Finally, the surface periodicity, e.g. atoms reconstruction, size of the unit cell, can be
obtained by low energy electron diffraction (LEED). Combination of the mentioned
methods gives a detailed understanding of the surface nature of III-nitrides.

3.1 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) was developed in 1982 by G. Binning, H. Rohrer,
Ch. Gerber, and E. Weibel by observing the tunneling effect from a metallic wolfram tip
into Au(110) and Si(111) layers [88–90]. In 1986 G. Binning and H. Rohrer shared the
Nobel prize in physics for their invention.

The principle of STM is based on the electron tunneling between a metallic tip and
a conducting sample placed in several angstrom away from the tip. The vacuum in this
case plays a role of a potential barrier that has to be overcome. In the simplest way, the
vacuum is assumed as a rectangular barrier Φb in one dimension (z). The voltage bias is
applied between the tip and the sample, therefore, when the tip approaches the sample
close enough, their wave functions overlap and the probability for electrons to cross the
potential barrier increases (Fig. 3.1). The transmission probability for an electron of
energy E to tunnel through a barrier can be found by solving the Schrödinger equation.
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Figure 3.1: Principle of STM. a) Overlap of the sample (ψs) and tip (ψ t) wavefunctions, when
the tip is placed close enough to the surface. b) Principle of quantum mechanical tunneling:
by a negative applied sample bias, electrons tunnel from the filled states of the sample into the
unoccupied states of the tip, by a positive applied sample bias, electrons tunnel from the filled
states of the tip into the unoccupied state of the sample. Φt and Φs are the local tip and sample
barrier heights; EF

t and EF
s are the tip and sample Fermi levels.

The tunneling current is proportional to the probability density |Ψ(z)|2 of finding an
electron at a distance z from the barrier, and is given by:

I ≈ |Ψ(z)|2 = |Ψ(0)|2 e
√

8me(Φb−E)
h̄ ·z, (3.1)

where me is the electron mass, h̄ is the Planck’s constant and Φb is approximated
by the average potential barrier of the sample Φs and the tip Φt (Fig. 3.1 (b)). In the
simplest approach Φb corresponds to the vacuum level, if so, Φb - E is the work function
for the states at the Fermi level that mainly contribute to the tunneling current. However,
the simplest approach can be attributed to the nanometer scale but not to the atomic
scale. The first-order perturbation theory describes a more precise interpretation of the
STM images. Thus, by considering only elastic tunneling and low temperatures, the
tunneling current can be given by:

I =
4πqe

h̄

∫ qeV

0
dερtip(E

tip
F −qe + ε)ρsample(E

sample
F + ε) |M|2 , (3.2)

20



Experimental Techniques for Surface Analysis

where ρtip is the tip density of state, ρsample is the sample density of state, |M| is
a tunneling matrix element [91], Etip

F and Esample
F are the Fermi energies of tip and

sample, respectively. However, knowing the wavefunction of the tip is generally not
possible, since the tip atomic structure is unknown. The solution to this problem would
be an approximation regardless of the tip properties and was given by J. Tersoff and
D. R. Hamann [92, 93]. They have shown that if the tip is described as a mathematical
point source of current (single atom) with an s-wavefunction and a constant density of
state, the tunneling current can be simplified as following:

I(rt)≈
∫ EF+qeV

EF

ρ
local
S (rt ,E)dE. (3.3)

This equation simplifies the matrix M shown by J. Bardeen [91]. Therefore, the tun-
neling current depends only on the sample local density of states (LDOS) for the tip
located at the position r above the surface regardless of the tip size. Based on this, the
STM images should be interpreted as the electron density of states integrated over a
chosen energy range. An STM image shows the occupied sample states by applying
the negative sample bias, and the unoccupied energy states of the sample by applying
the positive sample bias, as shown in Fig. 3.1 (b).

Since the tunneling current depends exponentially on the tip-sample separation, its
increase by one angstrom would lead to a decrease of the current by one order of magni-
tude. This fact enables the control of the distance between the tip and the sample with
a very high vertical resolution that is essential for obtaining any atomically resolved
images. The lateral resolution is limited by the shape of the tip – very sharp tips are
required.

The atomic-resolved imaging is achieved by a raster scan of the sample with a sharp
tip in x- and y-directions, where the current is measured between the tip and the sample
at each position. STM can be operated in two modes: constant current and constant
height. In the constant current mode, the tunneling current is kept constant that requires
a constant tip-sample separation. During scanning, the vertical position of the tip is
altered to achieve the constant separation and gives the topographic imaging. In the
constant height mode, the applied bias and the height between the tip and the sample are
kept constant during the scanning. In this case a variation in current gives a topographic
structure.

Note that the simplification of Eg. 3.3 ignores several important aspects that can take
place during the measurements, e.g. tip-induced band bending, tip-sample interaction,
negative differential resistance. Despite these facts, theoretical calculations used for
STM simulations based on the Eg. 3.3 are in good agreement with the experimental
results. Further description of the STM basics and theoretical interpretation of LDOS
can be found in textbooks, such as [94–98].

In this work a commercial OMICRON STM setup was used under UHV conditions
at room temperature for the topography characterization of the layers and determination
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of the surface reconstructions. The tungsten STM tips were etching in NaOH solution
and used for the measurements.

3.1.1 Scanning Tunneling Spectroscopy

Scanning Tunneling Spectroscopy (STS) is performed by varying the voltage between
the tip and the sample and recording the tunneling current at the fixed position of the tip
above the sample. STS provides information about the surface electronic band structure.
The current at a specific voltage corresponds to the DOS of the sample at that energy. As
a result, the obtained I(V) curve can give information about the local electronic surface
structure, e.g. surface band gap of semiconductor, surface electronic states [99]. By
assuming that ρ local

S is constant, the differential conductivity from Eg.( 3.3) would be
described by:

dI(eU)

dV
≈ ρ

local
S (rt ,EF +qeV )dE. (3.4)

Therefore, dI(eU)
dV directly relates to the surface LDOS of the sample. J. A. Stroscio

and R. M. Feenstra [100] proposed a more reliable interpretation of STS spectra by
normalizing the dI(eU)

dV to an absolute value of conductance I/V. This approach cancels
out the exponential dependence of the transmission coefficient on bias voltage.

In this work both, I(V) and (dI/dV)/(I/V) curves are used in order to determine the
surface band gap and surface behavior, e.g. metallic or semiconducting.

3.2 Photoelectron Spectroscopy

Photoelectron Spectroscopy (PES) is based on the photoelectron effect – emission of
the electrons from solids, liquids or gases after light irradiation. It is a surface characte-
rization technique that can give qualitative and quantitative information about elements
on the surface, chemical binding configurations of the atoms, surface band bending,
etc. The photoemission effect was observed for the first time by H. Hertz in 1887 and
further refined in the works by J. J. Thompson (1899) and P. Lenard (1900) [101–103].
However, the first correct explanation to this effect based on the quantum nature of light
was given by A. Einstein in 1905 [104]. Later in 1921 he was awarded the Nobel Prise
for this discovery.

In this work PES was performed on crystal (solid) materials, where the kinetic ener-
gies Ekin of electrons emitted from the surface is recorded and converted to the binding
energies of electrons in the solid. By knowing the energy of the irradiated light (h̄ν) and
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Figure 3.2: The three step model of the photoelectron process: 1) photoexcitation of the elec-
tron, 2) transport to the surface, and 3) transmission through the surface.

the work function (Φ) of the analyzer, the binding energy EB of the electrons emitted
from a sample can be determined as follows:

EB = h̄ν−Φ−Ekin (3.5)

The work function of the sample (Φsamp) does not contribute to the kinetic (or bind-
ing) energy of the photoelectrons. It cancels out in the energy balance by placing a
sample in contact with the spectrometer that results in the same reference Fermi energy
level.

Depending on the applied excitation energy different regimes of PES can be achieved:
ultraviolet photoelectron spectroscopy (h̄ν = 10 - 45 eV) and X-ray photoelectron spec-
troscopy (XPS) (h̄ν > 100 eV). Throughout this work all experiments were performed
by XPS using a PHOIBOS100 energy analyzer (SPECS) and a monochromated Al Kα

X-ray source with an incoming photon energy of ≈ 1487 eV.

The photoemission process is usually described by the so-called three-step model
consisting of three independent processes, as shown in Fig. 3.2: (1) photoexcitation of
the electron, (2) electron transport to the surface, and (3) transmission of the electron
through the surface [105]. In the first step, the electron absorbs the photon energy and
is excited from its ground state to the final state. The photocurrent produced inside the
sample is described by the excitation of electrons from the initial state i (with wavefunc-
tion ψi) to the final state f (with wavefunction ψf) by the photon field with the vector
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potential
−→
A . The probability of this transition per unit time is given by the Fermi’s

golden rule:

ω f i =
2π

h̄
|〈 f |A ·p |i〉|2 δ (E f −Ei−hν) (3.6)

It is assumed that after the excitation of the electron, the final state of the remaining
orbitals (passive orbitals) is the same as their initial state (so-called frozen-orbital ap-
proximation). Based on this approximation, no relaxation of the remained N-1 electrons
occurs after the electron photoemission and all the final state effects can be neglected.
Therefore, the electron binding energies determined from Eq.( 3.5) correspond to the
binding energies of the electrons in the initial states, and the photoemission intensity is
associated with the density of electrons at the initial states.

In the second step, the exited electron transfers to the surface of the solid. During
the transfer, electron can fully or partially lose its energy by undergoing an inelastic
collision with plasmon, photon or another electron. This influences the number of
electrons that reach the surface. The secondary electron background that is observed
in every photoemission spectrum (Fig. 3.2) is formed by inelastic scattered electrons.
The average distance that an electron can travel in the sample without undergoing any
collision is given by the electron mean free path (escape depth) λ that depends on the
kinetic energy of the photoemitted electron, as shown in Fig. 3.3.

In the third step, the electron escapes through the surface into the vacuum. The
electron can undergo the transmission through the surface only if its kinetic energy is
higher than the work function and its velocity component is normal to the surface. In
this process, the wave vector component parallel to the surface kq is conserved, while
the component normal to the surface k⊥ is not conserved, due to the break in the trans-
lation symmetry.

PES is a surface sensitive technique. The information depth achieved by PES can be
determined by looking at the "universal" electron inelastic mean free path λ . Fig. 3.3
shows λ with its minimum at 20 - 50 eV as a function of electron kinetic energy mea-
sured for the different elements [106]. It has been shown that almost independent from
the investigated material, the obtained data suits the "universal" curve. Therefore, for
the excitation energy h̄ν ≈ 1487 eV used in this work, the information depth is less
than 10 nm. Electrons emitted from a material without undergoing any scattering, thus,
carry information about the electronic structure of the material from a thin surface re-
gion. Moreover, by using different excitation energies the core-level and valence band
emission can be achieved for various regions of the layer: from a very surface sensitive
up to a bulk area.

The detailed theoretical background of PES, experimental equipments and its possi-
ble applications can be found in the following textbooks [105, 108–110].
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Figure 3.3: The electron inelastic
mean free path (escape depth) of
photoelectrons dependent on their
kinetic energy measured for vari-
ous materials [106] (e.g. stars rep-
resent data for GaAs [107]). The
minimum at Ekin≈ 20 - 50 eV cor-
responds to the maximum surface
sensitivity.

Core-level Spectroscopy

Electrons with binding energies above 10 eV correspond to electrons from the core-
levels shells that do not contribute to the direct bonding between atoms in a solid. Al-
though the binding energies of core-level electrons depend on the electronic and che-
mical environment of the atom they belong to. Therefore, analysis of the core-level
emission spectra, i.e. the line shape of emission lines, gives information about the
chemical bonding configuration between atoms.

At a surface or interface the chemical environment of an atom changes compared to
the bulk structure, hence the atom undergoes an electron charge distribution according
to the electronegativity of the atoms for given elements and type of the chemical bonds
(e.g. π , σ , single, double, ionic bonds). If the atom experiences a relative charge accu-
mulation (depletion), the positive nucleus charge is screened more (less) effectively and
the emitted core-level electron has a lower (higher) binding energy. This phenomenon
is called a core level shift and can be observed in the bulk or at the surface due to the
different bonding configurations of the atoms, e.g., caused by a surface reconstruction,
absorption of contaminations or interface.

In this work, the study of the chemical shifts and line shapes of core-levels were
performed by fitting experimentally obtained spectra with theoretical model curves us-
ing a commercial UNIFIT software [111]. The background signal from inelastically
scattered electrons, was fitted by a polynomial of third order. The theoretically fitted
model curves consisted of the convoluted Lorentzian and Gaussian line shapes – Voigt
profile. The Lorentzian line shape refers to the natural broadening (γ) attributed to the
life time of the core hole, while the Gaussian broadening (σ ) is associated with the
instrumental resolution, broadening caused by surface-potential variation or sample in-
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Figure 3.4: Determination of the
Fermi edge (EF) and instrumen-
tal energy resolution performed on
the molybdenum sample holder by
XPS using pass energy of 10 eV.

homogeneity. The difference between the fit and the measured data is represented as
a residual spectrum beneath each experimental curve that shows the accuracy of the
performed core-level fit.

The absolute values of the binding energies for core-level peaks were determine by
calibrating the energy scale on the Fermi edge (EF). Since the layers investigated in this
work were not metallic, the energy scale was calibrated on the Fermi edge of the molyb-
denum sample holder placed in electrical contact with the investigated sample. Fig. 3.4
shows the energy distribution around EF measured on molybdenum. The FWHM of the
Fermi edge corresponds to the total instrumental resolution for the used XPS system
and was ≈ 300 meV by using a pass energy of 10 eV. The energy at the middle of the
FWHM corresponds to the Fermi edge and gives an accurate value of the excitation
energy, i.e. hν = 1486.8 eV as shown in Fig. 3.4. The Fermi level was determined each
time after adjustment of the analyzer or monochromator in order to obtain accurate and
comparable values of electron binding energies for different experiments.

Valence Band Spectroscopy and Determination of the Valence Band
Maximum

The study of the valence band (VB) photoelectrons can give information about sur-
face states and the VB diagram of solids. The ultraviolet photoelectron spectroscopy
(UPS) and/or angle-resolved X-ray photoelectron spectroscopy (ARPES) are usually
performed for these purposes (not used in this work). Compared to the core-level emis-
sion, in the VB photoemission (EB < 10 eV) the wave vector k strongly depends on the
electronic state, due to the delocalization of the valence electrons.

ARPES measures the momentum k-resolved electronic structure of solids. A surface
states dispersion and a band dispersion can be achieved by performing a kq-scan, where
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Figure 3.5: VB of an InN layer
measured by XPS illustrating the
determination of the VBM position
by linear extrapolation. The VBM
position corresponds to the cross-
ing of the extrapolated lines.

the angle θ between the detected electrons and surface normal is varied. For polar III-
nitride crystals the normal emission corresponds to the emission along the [0001] or
[0001̄] direction, where kq = 0 (Γ point in the band diagram), while for any semipolar
layer the normal emission would correspond to the kq 6= 0 and altering of the θ angle
is required in order to obtain emission along the c-direction. This fact will be used in
some experiments discussed in the following chapters.

Another important information that can be gained from the VB spectra is a surface
Fermi level pinning. The distance between the valence band maximum (VBM) and the
Fermi level can be obtained by a linear extrapolation of the VB leading edge to the
background [112], as shown in Fig. 3.5. Such extrapolation eliminates the instrumen-
tal resolution-induced tail and gives a most convincing result. Photoemission occurred
at binding energies lower than VBM but higher than EF corresponds to the emission
from surface states. However, for XPS measurements the intensity of surface states
is very low and an accurate study of surface states can not be performed. UPS mea-
surements are usually used for the investigation of surface states. However, metallic
surface states or surface metallicity can be distinguished also by XPS. For instance, the
VB in Fig. 2.3 (a) from Ref. [40] measured from c-plane InN layer shows an obvious
presence of the Fermi edge at 0 eV that probably corresponds to the metallic surface
states originated from indium droplets or indium enrichment of the InN surface.

By knowing the band gap (Eg) of an investigated material and the VBM to the
Fermi level separation (χ), the distance between the Fermi level and conduction band
minimum, known as a barrier height or a barrier potential ΦB, can be determined,
as ΦB = Eg - χ . The barrier height is analogous to the Schottky barrier height of a
metal/semiconductor contact. A positive ΦB refers to an upward band bending, while
for a negative ΦB the bands bend downwards as shown in Fig. 3.6.
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Figure 3.6: Sketch of a) upward and b) downward band bending. ΦB is the barrier hight, Eg is
the band gap of the solid, χ is the separation between the Fermi level (EF) and the determined
VBM.

Figure 3.7: Changing of the information depth by varying the angle θ between the direction of
detected electrons and the surface normal. Normal emission θ = 0◦ corresponds to the bulk (or
bulk-like) measurements, while emission at θ = 80◦ refers to the surface sensitive measurements.
A sketched vertical bar represents the escape depth and direction of the detected electrons.

Surface Sensitive Measurements

The information depth of the XPS measurements and therefore, the surface sensitivity,
can be changed by altering the excitation energy. Change of the excitation energy re-
sults in different kinetic energies of the emitted photoelectrons and, therefore, different
electron mean free path (Fig. 3.3), which is responsible for the information depth ob-
tained by XPS. Surface and bulk contributions to the photoemission peaks can be dis-
tinguished by varying the angle θ , as shown in Fig. 3.7. For normal emission (θ = 0◦)
the distance that the electron travels in solid coincides with the obtained information
depth (d), however by increasing the angle θ (e.g. θ = 80◦ ) the information depth is
decreases and should be multiplied by cosθ , as shown in Fig. 3.7.

An excitation energy of h̄ν ≈ 1487 eV as the one used in this work Al Kα X-ray ra-
diation corresponds to an information depth of less than 10 nm for the normal emission
(e.g. around 35 monolayers (ML) of InN layers). In order to obtain surface sensitive
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measurements, the samples can be tilted by 80 ◦ with respect to the surface normal that
corresponds to an information depth < 1.7 nm or 6 ML of InN layers.

3.2.1 Quantitative Analysis of XPS Data

As was already mentioned, the energetic position of the recorded core-level peak (i.e.
its kinetic or binding energy) gives information about an element specification and
its chemical binding configuration, while the quantitative information about element
concentration can be obtained from the peak intensities. Two main aspects must be
considered for the XPS quantitative evaluation: the photoionization cross section and
transmission function.

The photoionization cross section of an electron is the probability to emit an electron
from its initial electronic state per unit time as a function of the photon energy. The
cross section depends on the atomic number of the element, its subshell and the applied
excitation energy. Detailed information about cross sections of the elements can be
found in Ref. [113] and [114].

The transmission correction is used to calibrate the instrumental influences on the
recorded spectra (e.g. lens mode, energy resolution, aperture settings). Comparison of
the results measured from the same sample without a correction on the corresponding
transmission function, for instance, by using different lens operating modes, would give
a significant variation in atomic concentration.

The atomic composition of the elements was determined by using the CasaXPS soft-
ware, where the cross sections and transmission functions for the used system were
taken into account. The calculation of atomic concentration Xi was based on the follow-
ing equation:

Xi = 100%
Ai

∑
m
j=1 A j

, where Ai =
Ii

T (Ei)RiE0.7
i

(3.7)

Ai is so-called adjusted intensity, Ii is a measured intensity of the corresponding core-
level peak, T is the transmission function for electrons with recorded energy Ei, Ri is the
relative sensitivity factor that depends on the cross sections of the electrons. Since the
escape depth of electrons depends on their kinetic energy, the electrons from different
core-levels would correspond to the different information depths. The used CasaXPS
software implies transmission and escape depth correction terms that are fixed for all
samples and corrects the recorded intensities for instrumental influences. The escape
depth compensation is expressed by E0.7

i , where the power of 0.7 is commonly used by
surface science instruments (SSI) and found to give the most accurate results [115].
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3.3 Auger Electron Spectroscopy

The Auger process was discovered by Pierre Auger in 1925 by irradiating inert gases in
the Wilson chamber with an X-ray beam, where he observed the tracks corresponding
to the paired electrons originated from the ionized atoms [116].

Auger electron spectroscopy (AES) is a characterization technique used for the che-
mical analysis of a layer in the surface region: the information depth is less than 2 nm.
The Auger electron has a characteristic kinetic energy that corresponds to certain el-
ement present on the surface. Therefore, the Auger positions give information about
present elements, while the Auger intensity is proportional to the element concentra-
tion.

The Auger process includes the three following steps: 1) the primary electron (or
X-ray) beam excites an electron from the inner shell forming a vacancy, 2) the electron
from the higher shell fills the vacancy simultaneously giving additional energy to a
third electron (called Auger electron), 3) this third electron is excited from the solid
with its characteristic kinetic energy. Compared to the photoelectron effect, the Auger
process is independent from the excitation energy and leaves the atom in the double-
ionized state. Due to the high background level caused by inelastic scattered electrons,
it is more common to use the derivation (dN(E) / dE) of the obtained AES spectrum,
where the peak-to-peak height (Ix) is proportional to the atomic concentration of first
order. Detailed information about the Auger transition can be found, for instance, in
the following textbooks [117, 118].

In this work, the investigated layers were irradiated by a high energetic electron beam
of 3 keV. The relative amount of the elements was calculated by taking into account the
relative Auger sensitivity factors (Sx) for each element taken from Ref. [119] for a
primary electron beam of 3 keV. The Sx factors have been determined by comparing
the signal from the sample with that from a pure silver target. Therefore, the relative
sensitivity between any element X and silver is given by Sx,Ag = Ix/IAg. By knowing the
peak height ratio Ix for each element, the concentration of an element X can be found
by:

Cx =
Ix/Sx

∑y Iy/Sy
100%, (3.8)

where the sum is taken over all elements present in the surface region. This quantita-
tive method does not take into account the electron escape depths λ for different kinetic
energies (i.e. for different elements), thus, the absolute values of the elements concentra-
tions can be determined within an error of ∼ 20 %. However, the relative concentration
values obtained under identical experimental conditions from different samples can be
compared to each other and give higher accuracy.
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Figure 3.8: a) Principal of LEED: intersection of reciprocal lattice rods with the Ewald sphere
leads to intensity maxima on the LEED screen; ki is the incident wave vector, k f is the scat-
tered wave vector, and G is the reciprocal lattice vector. b) LEED pattern of a well-ordered
(1×1) GaN layer taken at E = 120 eV.

3.4 Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is a technique based on the electron diffraction
from a surface and used for surface structure determination, e.g. surface periodicity,
size of a unit cell. The energy of the emitted electrons used in LEED lies in the range
of 10 -200 eV. According to the electron mean free path shown in Fig. 3.3, the escape
depths for the electrons in this range correspond to≈ 1 nm, making LEED very sensitive
to the surface reconstruction and roughness. Since electrons with an energy of 100 eV
have a wavelength of 0.12 nm, a relative large surface area contributes to the LEED
diffraction pattern compared to reflection high-energy electron diffraction (RHEED),
where much smaller crystallites can be analyzed.

LEED is described as a process, where an incident electron beam normal to the sam-
ple surface causes the scattering from a two-dimensional array of scattering sites. The
diffraction spots (or reflexes) observed in the LEED patterns are the intensity maxima
that fulfil the two-dimensional Laue condition and occur at the positions where the re-
ciprocal lattice rods intersect the Ewald sphere – the wave vector of the incident electron
beam (Fig. 3.8 (a)). The obtained LEED patterns, thus, represent reciprocal space maps
of crystals. Symmetry of the LEED patterns reflects symmetry of the atomic arrange-
ment in the real-space of the surface. A detailed theoretical description and applications
of LEED can be found in the following books [120, 121].

The size, shape and brightness of the spots on the diffraction patterns can deliver
qualitative information of the investigated surfaces. For instance, big and blurred re-
flexes may correspond to a rough surface with poor atomic periodicity (originated, for
example, from a polycrystalline structure). In the case of a polycrystalline material, the
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Figure 3.9: Sketch of the preparation UHV chamber equipped with a pyrometer, LEED, nitro-
gen plasma source and indium effusion cell.

Bragg’s law may be fulfilled on the crystalline planes that are slightly tilted to each
other resulting in enlargement of the diffraction spots. Defects on the surface or in the
near surface region may affect the diffraction condition and also lead to blurred reflexes
in the LEED pattern. In the case of oxidized layers, the incident electron beam scatters
on the unstructured oxide layer before reaching the surface and no diffraction pattern
are obtained. Only on clean, well-ordered and smooth surfaces the LEED patterns show
bright and small reflexes, as shown in the example for a GaN layer in Fig. 3.8 (b).

In this work all LEED measurements were performed by using OMICRON LEED
4 grid optics, which provides information about the surface symmetry (reconstruction)
and quality of the surface, e.g. roughness, crystalline structure.

3.5 Surface Treatment and Deoxidation

The as-grown layers investigated here were transferred from the growth chamber into
a UHV chamber for further surface analysis. The layers were transferred through am-
bient air, where they undergo surface contamination. Further in this work it will be
addressed to the surface contamination upon exposure to ambient air as to (native) oxi-
dation process. Hence, a layer decontamination process must be performed in order to
obtain a clean, contamination free surface. The preparation conditions strongly depend
on the type of III-nitride semiconductor (e.g. its surface orientation, compound of ele-
ments), and appropriate parameters for surface treatment must be found for each type
of material. It is also very important that an applied surface treatment does not affect
the crystalline and surface properties of the investigated layer.
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Conventional methods used for surface treatment of III-nitrides are thermal annealing
[122], atomic hydrogen cleaning (AHC) [40, 67, 123] and ion sputtering, e.g., by using
argon ion beam [122, 124] or xenon [125]. However, InN layers were found to be
especially sensitive to the surface treatment. Foley et al. observed adsorbed C, H2O and
OH impurities on the oxidized untreated InN surfaces that led to a formation of an In-
NO complex at the first stage of oxidation [125]. After surface cleaning by sputtering,
the In-NO complex was found to oxidize and form an In-NO2 complex. In another
work, it was assumed that InN oxidation leads to the formation of an In-O component
originating from In2O3, InOH or In2O indium oxides [123]. An AHC cleaning resulted
in a shift of the In-O component, indicating a change in the In-O bonding configuration
of the native oxide. Moreover, a surface indium enrichment and formation of indium
droplets might occur on InN layers by applying the AHC process [126] (especially
for the N-polar InN layers [34]) and ion sputtering with subsequent annealing [127].
Therefore, in this work, in order to avoid any surface modification, the investigated
layers were thermally annealed under UHV conditions or by using a nitrogen plasma
source.

For the annealing process under UHV conditions, the layers were fixed on a molyb-
denum sample holder and thermally annealed from the backside by a heating filament.
During the thermal treatment, the UHV chamber pressure was kept in the range of
1×10−10 – 1×10−9 mbar. The annealing temperature should be high enough to desorb
the oxide built on the surface, but at the same time prevent the crystal from damage
or melting. The effect of the annealing temperature on the surface structure for each
material (InN, GaN, InGaN) will be discussed in the corresponding chapters.

For the annealing process in nitrogen plasma, a microwave electron cyclotron reso-
nance plasma source (SPECS mini Plasma Source MPS-ECR) was used. The plasma
source was maintained at 2.45 GHz and a current of 15-25 mA, producing nitrogen ions
into the vacuum chamber, where the chamber pressure increases up to 1.5× 10−4 mbar.

The annealing temperature was measured by an infrared pyrometer (operating wave-
length 1.1-1.7 µm) directly from the surface of the layer (emission coefficient was set
depending on the studied material) and by a thermocouple, located near the sample
holder. However, an accurate determination of the absolute surface annealing tempera-
ture is challenging for both methods. The thermocouple is placed near the layer itself
and the temperature gradient occurred during annealing results in an underestimated
recorded temperature values. In this case, the relative values can be used during the
surface treatment. On the other hand, temperatures determined by the infrared pyro-
meter may correspond not to the top-most surface region but to the layer underneath,
e.g. substrate, since many materials are transparent to infrared radiation (e.g. GaN,
Al2O3). Additionally, the appropriate emission coefficient must be carefully chosen to
improve accuracy of the measured temperature. Nevertheless, reproducible reading can
be achieved by using the same emission coefficient for the same materials.
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4 Polarity Determination of Polar and
Semipolar InN and GaN Layers by
Photoemission Spectroscopy

As it was already shown in Chap. 2, the polarity of III-nitrides affects their topogra-
phy, crystal and electrical properties. Therefore, the polarity of the investigated layers
should be determined prior to the further characterization of the layers. Not many of
the already existing methods for polarity determination can be applied to the thin III-
nitride layers. This chapter will introduce a method for polarity determination of polar
and semipolar (112̄2) InN and GaN layers that is based on valence band X-ray photoe-
mission spectroscopy. Unlike the conventional methods for polarity determination, e.g.
chemical etching and CBED, XPS does not affect the surface structure and can be ap-
plied to thin layers. Moreover, it will be shown that polarity of the layers with high
roughness and layers oxidized on ambient air can be also determined by XPS.

At the beginning, a short introduction to different methods for polarity determination
will be described. Further, in the first part of this chapter the attention will be con-
centrated on the polar and semipolar (112̄2) InN layers, while the second part will be
dedicated to the polar and semipolar (112̄2) GaN layers.

4.1 Introduction

The effect of polarity on the surface topography and optoelectronic properties of the
group-III-nitride layers described in Chap. 2 emphasizes a great importance to know
the polarity of a layer prior to its characterization and utilization.

Despite a large number of the methods for polarity determination, e.g., co-axial
impact collision ion scattering spectroscopy, atomic hydrogen irradiation, CBED or
method based on the circular photogalvanic effect, they all have a number of limita-
tions. For example, obtaining CBED patterns might be impossible due to high defect
densities in the crystal structure or insufficient layer thickness. Wet etching can be
affected by incorporated impurities or decoration of defects, leading to an imprecise in-
terpretation of results. Thus, the mentioned methods cannot be applied for the thin polar
layers with thickness below∼100 nm and/or polycrystalline layers with high density of
defects. Moreover, polarity determination of semipolar layers along the c-direction has
been achieved until now only by CBED for the 1.5 µm thick GaN layers with a good
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crystalline quality [41, 42]. However, growth of similar layers is not always possible
for other materials (e.g. InN) or desirable, while polarity determination remains an im-
portant characteristic property. In order to solve this problem, an alternative method for
polarity determination of thin polar and semipolar group-III nitride layers would be a
great advantage.

Recent observation made by Veal et al., where they attributed relative valence band
(VB) peak intensities to different polarities of the thin InN layers, has attracted attention
for further research. In this chapter, the method for polarity determination by X-ray
photoelectron spectroscopy (XPS) will be analyzed in details and discussed. It will be
shown that XPS can be also used to determine polarity on the thin polar and semipolar
InN and GaN layers.

4.2 Samples

In this chapter polar (0001), (0001̄) and semipolar (112̄2) InN and GaN layers grown
by MOVPE were investigated.

The polar (0001), (0001̄) InN layers were grown on sapphire substrates after sapphire
nitridation process at temperatures from 600 ◦C to 1050 ◦C. Additionally, the In-polar
InN layers were grown on (0001) GaN/Al2O3 template and directly on sapphire sub-
strate without nitridation. The semipolar (112̄2) InN and GaN layers were grown on
(112̄2) GaN template. The growth procedure for each sample is described in details in
Sec. 2.4.2.

The polarities of all investigated polar InN layers were determined by wet chemi-
cal etching. N-polar InN layers were grown after nitridation of sapphire substrates at
temperatures above 800 ◦C, while In-polar layers were grown after nitridation at tem-
peratures below 700 ◦C. After sapphire nitridation at 750 ◦C the InN layers consisted of
the In- and N-polar domains coalesced during the growth and partially rotated to each
other. These layers are called mixed-polar layers.

For either type of layer material (i.e. InN and GaN) and layer polarity (N- and group-
III-polar) 3-5 samples have been investigated.

4.3 Polar InN Layers

The VB spectra of various polar InN layers recorded at the normal photoelectron emis-
sion by XPS using the X-ray Al Kα line for excitation are shown in Fig. 4.1 (a) and (b).
Each spectrum exhibits two main peaks: PI at a lower binding energy (∼ 3.5 eV) and PII
at a higher binding energy (∼ 6.7 eV). The PI peak is mainly associated with p-like VB
orbital states (N 2p), while PII peak is contributed by s-like states (In 5s) [49, 56, 128].
The shoulder at the high-binding-energy side of PI corresponds to a peak with a smaller

36



Polarity Determination of Polar and Semipolar InN and GaN Layers by Photoemission
Spectroscopy

Figure 4.1: The XPS valence band (VB) spectra of a) oxidized In-polar InN layers grown on
GaN template (filled squares) and on sapphire without nitridation process (empty squares), and
N-polar InN layer grown on sapphire nitridated at 1050 ◦C (solid line). b) The VB spectra
recorded from the thermally annealed polar InN layers grown on sapphire substrate nitridated
at temperatures of 800 ◦C (solid line), 750 ◦C (empty squares) and 600 ◦C (dashed line), corre-
sponding to the growth of N-, mixed-, and In-polar layers, respectively. The spectra in (b) were
normalized to the PI peak. The Fermi edge (EF) refers to the 0 eV on the energy scale. c) The
values of the PII : PI peak ratios after the background subtraction for the series of thermally
annealed InN samples with defined regions for the N-, mixed- or In-polar layers.

intensity denoted as SI (∼ 4.9 eV), which is assigned to the p-orbital states and to the
surface adsorbates [60, 129].

Fig. 4.1 (a) shows the VB spectra recorded from the oxidized polar InN layers. The
peak PI is dominant for the (0001) InN /GaN and (0001) InN /Al2O3 layers, which were
In-polar, while PII has a higher intensity for the N-polar (0001̄) InN /Al2O3 layer. The
peak heights correlation with the polarity is in agreement with the results observed
previously [40].

It is important to mention that the different VB intensities strongly depend on the
excitation energy and the statements in this work are valid only for the excitation with
the Al Kα line. An advantage of this technique is that the Al Kα radiation is used as a
standard X-ray source for XPS equipment in laboratories. Thus, the proposed method
can be widely used and does not require an excitation energy that can be achieved only
from a synchrotron radiation.

By using another excitation source, e.g. Mg Kα (hν ≈ 1254 eV) for XPS or He I
(hν ≈ 21.2 eV) for UPS measurements, the correlation between the VB peak intensities
and crystal polarity may be different and require an additional investigation. For in-
stance, the VB spectra recorded from InN layers by using the He I and He II radiation
sources have a different shape compared to the one shown in Fig. 4.1, and consist of
several well-pronounced peaks [129,130]. This difference can be explained by a higher
surface sensitivity of UPS technique and its higher total energy resolution (∼ 0.1 eV)
compared to XPS [62].
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Figure 4.2: VB of oxidized (empty circles) and
subsequently annealed (filled circles) at 450◦C
in UHV N-polar InN layer grown on sapphire
substrate nitridated at 800◦C. The VB spectrum
of the oxidized layer is normalized to the spec-
trum of annealed layer.

The VB spectra recorded from thermally annealed in UHV N-, mixed- and In-polar
InN layers are represented in Fig. 4.1 (b). The layers were annealed at 450 ◦C for
10 min and exhibited a maximum reduction of the native oxide, while the surface to-
pography and the surface symmetry remained unchanged upon annealing, as observed
by AFM and LEED, respectively. The chosen preparation conditions for InN layers
will be discussed in details in the next chapters. The stability of InN layers at 450 ◦C
is in agreement with Ref. [131]. By normalizing the spectra to the PI peak intensity
(Fig. 4.1 (b)), changes in the PII peak intensity can be clearly defined: higher intensity
of PI is observed for the In-polar InN layer, while higher intensity of PII is observed for
the N-polar InN layer. The peaks in the VB spectrum are about equal in intensity for
the mixed-polar layers. The polarities of all investigated InN layers determined by XPS
were in good agreement with the results obtained from wet chemical etching. However,
due to the insufficient thickness of the layers, performance of CBED on the layers did
not succeed.

After annealing, the SI peak on each spectrum in Fig. 4.1 (b) decreases, exhibiting a
deep valley between PI and PII peaks, compared to the oxidized layers in Fig. 4.1 (a).
Indeed, since the SI peak is assigned to surface contaminants (and p-orbital states of
InN), desorption of contaminations from the surface upon annealing leads to lower
intensity of the SI peak. This is in agreement with the UPS VB study of the N- and
In-polar InN layers covered by oxygen and water, where the states in the VB appear
at the same binding energy as the SI peak, i.e. ∼ 4.8 eV for N-polar and ∼ 5.1 eV for
In-polar InN layers [129, 130]. These VB states are associated with the oxygen and/or
hydrogen containing adsorbates.

An important observation is that deoxidation does not affect the peak dominations for
certain polarity. An example of the VB spectrum of the oxidized and subsequently an-
nealed InN layer is shown in Fig. 4.2. The intensity of PI and PII peaks remains almost
unchanged after annealing, while the SI peak decreases. Thus, polarity determination
by XPS can be performed on the oxidized InN layers with the same accuracy as on the
clean annealed layers. This simplifies the polarity determination procedure.

38



Polarity Determination of Polar and Semipolar InN and GaN Layers by Photoemission
Spectroscopy

Figure 4.3: a) The VB of the N-polar InN layer with an approximated background. b) The VB
spectra after subtraction of the background.

Differences in the VB peak intensities enable to define the value of the ratio between
PII and PI, which can be correlated to the observed InN polarity, as shown in Fig. 4.1 (c).
The PII : PI ratios were determined by taking into account the absolute maximum inten-
sity of the VB peaks after the background subtraction. The background was approxi-
mated by a polynomial of third order, which was numerically fitted to the experimental
photoemission spectra, as shown in Fig. 4.3. The PII : PI values are strongly dependent
on the chosen experimental conditions, e.g. X-ray excitation energy, energy resolution,
acceptance angle of photoelectrons. Therefore, the calculated values give only a quali-
tative character. Mean value of the PII : PI ratio for the N-polar orientation was found to
be 1.12±0.05, while for the In-polar orientation it amounts to 0.72±0.15, based on the
results obtained from 5 samples of each polarity. The InN layers with a mixed-polarity
have a mean PII : PI ratio of 1.00±0.05. Without background subtraction essentially the
same PII : PI ratios are obtained, i.e. 1.16±0.05 for N-polar and 0.78±0.14 for In-polar
InN, meaning that a background correction is not necessarily needed for the determi-
nation of the PII : PI ratio. As shown in Fig. 4.3 (b), the domination of the VB peak
at higher binding energies after background subtraction is comparable with the spec-
trum in Fig. 4.3 (a), where no background correction was performed. This is another
advantage for the practical use of this method.

Additionally, the independent two-sample pooled t-test (Student’s t-test) was per-
formed to determine a statistical significance between the two PII : PI mean values for
the N-polar and In-polar InN layers. Statistical significance determines if the observed
experimental results happen by chance or the observation is a result of particular fac-
tors (e.g. crystal or surface properties of layers). The t value for the equal sample size
of 5 (number of samples in each statistical group) was found to be 5.758 and the p-
value (two-tailed test) calculated from the t distribution was found to be 0.0004 that is
smaller than 0.01. Therefore, the difference between the mean values of PII : PI for the
N- and In-polar InN layers is statistically significant at the 0.01 level. In other words, a
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Figure 4.4: a) The (112̄2) InN unit cell model with the sketched crystallographic directions for
InN and sapphire substrate. The unit cell is marked by a dashed line. b) AFM image of semipolar
(112̄2) InN layer.

probability that changes of the PII : PI ratios with polarity occurs by chance is only 1%.
Detailed calculation of the statistical significance for two mean values is described in
Appendix A.

Another important aspect for polarity determination by XPS is its an ability to de-
termine polarity of a very thin layer without damaging the surface. X-ray radiation
is non-destructive, hence a surface morphology and topography of the examined layer
are not affected by XPS, unlike wet etching and CBED, where the sample is partially
or fully destroyed after polarity determination. As was described in Sec. 3.2, the in-
formation depth for the XPS measurements using Al Kα X-ray excitation is less than
10 nm. Therefore, the polarity of InN layers with thicknesses below 100 nm can be
investigated by XPS, while application of CBED on the such thin layers remains chal-
lenging. An example of the VB spectrum for the InN layer with thickness ∼ 70 nm
is shown in Fig. 4.1 (a) for the (0001) InN grown on GaN layer (filled squares). This
spectrum is comparable with the one recorded from the∼ 150-200 nm thick (0001) InN
layer grown on sapphire without nitridation process (empty squares). This is a good
evidence of XPS application for the polarity determination of very thin InN layers.

4.4 Semipolar (112̄2) InN

Compared to the well-investigated polarity of the c-plane InN layers and its effect on
surface and electrical properties of a layer, not much is known about the possible in-
fluence of the polarity along the c-direction for semipolar orientations. For instance,
surface topography of a semipolar layer may strongly depend on the polarity along the
c-direction for this layer. Thus, knowing the polarity would be advantageous for improv-
ing and controlling the quality of semipolar layers. Until now, polarity determination
of a semipolar orientated layer was achieved only by CBED on 1.5 µm thick GaN lay-
ers [41, 42]. Hence, polarity determination of thin semipolar layers with high defect
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Figure 4.5: a) Sample orientations with respect to detector for two cases: (112̄2) emission and
c-plane emission. b) The VB XPS spectra of the (112̄2) semipolar InN layer recorded at the
normal emission θ = 0◦ (circles) and the c-plane emission θ ≈ 58◦ (solid line) with respect to
the surface normal. c) The PII : PI peak ratio depending on the tilt angle θ along the [112̄3̄]InN

(labeled as "c"-direction) and [1̄100]InN directions (labeled as perpendicular to "c"-direction).
The lines are a guide to the eye.

density can be challenging or impossible for CBED. The XPS technique was used to
determine polarity along the c-direction of the semipolar (112̄2) InN layer based on the
principle described for polar InN layers.

The model of the (112̄2) InN unit cell grown on semipolar GaN/m-plane sapphire
template is shown in Fig. 4.4 (a). A single unit cell is marked by a dashed line. The
angle between the c-direction and the surface normal equals ≈ 58◦. The AFM image
in Fig. 4.4 (b) shows the surface topography of the layer with undulation along the
[1̄100]InN direction and the rms roughness of 20.9 nm (measured on (5×5) µm2). It
has been shown that the surface undulation is formed due to the anisotropic diffusion
of indium atoms on the (112̄2) surface: a faster lateral growth rate is assumed to occur
along the [112̄3̄]InN direction compared to the growth rate along the [1̄100]InN [85].

In order to use XPS for polarity determination of a thin semipolar (112̄2) InN layer,
the emitted photoelectrons should be measured along the c-direction [85]. This can be
achieved by tilting the sample by 58◦ with respect to the surface normal (Fig. 4.5 (a)).
The PI and PII peaks have nearly equal intensities for emission along the [112̄2] di-
rection, while tilting the sample results in a relative increase of the PI peak indicat-
ing the In-polarity along the c-direction (Fig. 4.5 (b)). Note that polarity of the used
(112̄2) GaN template has been measured by CBED and revealed Ga-polar orientation
along the c-direction [41]. The polarity of the InN layer is expected to follow the polar-
ity of the GaN template and in good agreement with obtained results. Unfortunately, an
alternative polarity determination of the thin (112̄2) InN layers is yet not possible.

Additionally, the VB peaks ratio were measured along the [112̄3̄]InN direction that
corresponds to the c-direction at 58 ◦ and perpendicular to it – along the [1̄100]InN
direction. The PII : PI ratios were estimated for different tilt angles θ , as shown in
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Figure 4.6: AFM images of a), b) the Ga-polar GaN layers with different topography before wet
etching, and e),f) after etching. AFM images of c) the smooth and d) rough N-polar GaN layers
before wet etching and g),h) after wet etching. Rms roughness is measured on (2×2) µm2.

Fig. 4.5 (c). The PII : PI ratio increases with increasing θ along the [112̄3̄]InN direction
("c"-direction), while the ratio remains constant by measuring along the [1̄100]InN (per-
pendicular to the "c"-direction). Since the VB peaks consist of a complex structure,
an exact interpretation of the PII : PI ratio alteration with an angle is quite complicated.
However, this experiment demonstrates that VB peaks ratio strongly depends on the
crystal orientation and the [1̄1̄23]InN and [11̄00]InN directions can be distinguished by
XPS.

This experiment demonstrates that the polarity of the thin semipolar (112̄2) InN lay-
ers can be determined by XPS by measuring the VB along the c-direction. This is a clear
advantage of XPS over other methods, which are not suitable for polarity determination
of thin semipolar layers.

4.5 Polar GaN Layers

The polarity determination by XPS was performed on polar and semipolar GaN layers.
However, in order to confirm polarity of the investigated layers, first, it is necessary
to determine polarity of the GaN layers by conventional techniques, i.e. wet etching
and/or CBED.

The polarity of the GaN layers was determined by both methods, chemical wet etch-
ing and CBED, to avoid a mistake in polarity determination. The layers were etched
in 40 % KOH solution for 20 min at room temperature. The surface topography of the
layers was investigated by AFM prior and after the wet etching process, as shown in
Fig. 4.6. The smooth GaN layers with a terrace-like surface structure (Fig. 4.6 (a)) and
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Figure 4.7: Cross-sectional TEM images and CBED patterns of a) N-polar and b) Ga-polar
GaN layers with sketched crystallographic directions and labeled positions, where the CBED
patterns were recorded. The experimental and simulated CBED patterns are shown for different
thicknesses (t) of the TEM foil. The measurements were performed by P. Ruterana´s group at
CIMAP, Caen, France.

a spiral-like topography (Fig. 4.6 (b)) show no surface modification after the etching, as
shown in Fig. 4.6 (e) and (f), respectively. The rms roughness of the layers shown in
the AFM images, also remained unchanged after the etching. As reported in Ref. [39],
GaN layers with the Ga-polar orientations are not affected by KOH solution, while to-
pography of the N-polar oriented layers undergoes a significant modification. Hence,
the layers shown in Fig. 4.6 (a) and (b) correspond to the Ga-polar GaN.

The AFM images of the GaN layers with a planar smooth (Fig. 4.6 (c)) and hexagon-
like (Fig. 4.6 (d)) surface structure exhibit an obvious change after the wet etching. The
smooth GaN layer in Fig. 4.6 (c) shows pits and threading dislocations on the surface
before etching and a grainy topography after etching by KOH (Fig. 4.6 (g)). The etched
regions are also clearly observed on the rough GaN layer with hexagon-like terraces
shown in Fig. 4.6 (h). According to Ref. [39], this is an indication for the N-polar
orientation of these layers.

For polar GaN layers, cross sectional transmission electron microscopy (TEM) and
CBED were performed along the [101̄0] zone axis [132] in an analytical JEOL 2010
microscope operated at 200 keV. The measurements were performed by P. Ruterana´s
group at CIMAP, Caen, France. The observations were systematically compared to
CBED patterns simulated through Bloch wave procedures using the JEMS software
[133]. Electron transparent <11̄00> cross-sections were prepared by mechanical pol-
ishing using the tripod method and then ion-milled in a Gatan Precision Ion Polishing
System (PIPS).

The bright field TEM images in Fig. 4.7 show smooth N-polar and Ga-polar GaN
layers with threading dislocations along the growth direction [134]. In contrast to ear-
lier reports, [135] no traces of inversion domains have been noticed at this micron scale
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Figure 4.8: XPS VB spectra of the oxidized and annealed a) smooth N-polar GaN, b) rough
N-polar GaN and c) Ga-polar GaN layer with the spiral-like morphology.

even inside N-polar layers. The CBED patterns were recorded in non-defective areas
indicated on the TEM bright field images shown in Fig. 4.7 (a) and (b). The simula-
tion patterns were performed for different thicknesses of the layers. As can be seen,
the experimental patterns for Ga-polar and N-polar GaN layers agree with the simula-
tions. Therefore, determined polarity is in good agreement with the results obtained
by wet etching. Therefore, after precise determination of GaN polarity by conventional
methods, XPS was used to check if polarity of GaN layers can be determined as was
performed for InN layers in the previous Section 4.3.

The VB spectra of N- and Ga-orientated GaN layers were recorded by XPS at the
normal photoelectron emission from the oxidized and annealed at 600 ◦C in UHV layers.
The annealing temperature of 600 ◦C for GaN layers yielded maximum reduction of
the surface contaminations without changing the surface topography nor the surface
symmetry, as observed by AFM and LEED, respectively. According to Ref. [136], the
thermal decomposition of GaN layers do not occur at the chosen annealing temperature.

The VB spectra of the GaN layers consist of two pronounced peaks that mainly cor-
respond to the s- and p-like VB orbital states [137, 138]. The peak denoted as SI corre-
sponds to the VB orbital states as well as to the surface adsorbates [60, 139]. The VB
spectra of both kind of N-polar GaN layers shown in Fig. 4.8 (a) and (b), are dominated
by the peak PII at higher binding energy (≈ 9.5 eV), as was also observed in N-polar
InN mentioned before (Fig. 4.1).

For the Ga-polar GaN layers with the planar smooth and spiral-like morphology, PI
at ≈ 5.2 eV slightly dominates the spectrum, as shown in Fig. 4.8 (c) for the Ga-polar
GaN layer with the spiral-like surface dislocations. Again the trend remains the same
as for In-polar InN layers (Fig. 4.1), although intensity of PI is not that high compared
to PII as in the case of InN. The PII : PI mean values calculated after the background
subtraction from the series of samples for the N- and Ga-polar orientations are found to
be 1.25±0.12 and 0.88±0.05, respectively. The determined PII : PI mean values without
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Table 4.1: Relative amount of the carbon and oxygen surface contaminations calculated from
the XPS measurements for oxidized and annealed N- and Ga-polar GaN layers with the spiral-
like topography. The percentage atomic concentration of the elements was calculated by taking
into account the area under the Ga 3s, C 1s and O 1s core-level peaks after the background
subtraction.

Surface Rough N-polar GaN Smooth N-polar GaN Ga-polar GaN
condition C:Ga O:Ga C:Ga O:Ga C:Ga O:Ga
oxidized 0.65 0.30 0.56 0.65 0.27 0.10
annealed 0.24 0.09 0.33 0.05 0.11 0.03

background subtraction are 1.21±0.08 for N-polar and 0.92±0.05 for Ga-polar GaN
layers. Therefore, the background correction does not influence the ratio of PII : PI.

The same statistical t-test as in the case of InN layers was performed for GaN layers
to determine the difference between the mean values of PII : PI for the N- and Ga-polar
orientations. Description of the statistical t-test can be found in Appendix A. The statis-
tic t value was calculated to be 5.276 for the sample sizes 3 and 2 for the Ga- and
N-polar GaN layers, respectively. The calculated p values as 0.0133 is smaller than
0.05 but greater than 0.01. Thus, the two mean values (PII : PI) for the N- and Ga-polar
GaN layers are different at the 0.05 significance level, implicating that there is only 5%
possibility that performed observation occur by chance, e.g., due to a random error.

An important observation can be done by comparing surface topography and the VB
spectra for GaN layers. The VB spectra of the rough and smooth N-polar GaN layers are
shown in Fig. 4.8 (a), (b). They were measured under the same preparation conditions
and exhibited similar stoichiometry (III/V ratio) as determined by XPS. Regardless of
the surface topography and significant difference in rms values (1.5 nm and 39.5 nm
for the smooth and rough layers, respectively), both GaN layers have a higher intensity
of the PII peak, compared to PI. This is a clear indication that surface structure and
roughness have no effect on the correlation of the two VB peak intensities.

The N-polar GaN surface exposed to ambient conditions has a tendency to form an
enhanced native oxide layer compared to the Ga-polar GaN surface [140], which was
predicted by theoretical calculations [141]. Based on the XPS results, C:Ga and O:Ga
ratios were estimated before and after thermal annealing of the layers in UHV (Tab. 4.1).
Indeed, investigated N-polar GaN layers exhibit higher amount of carbon and oxygen
on the surfaces compared to Ga-orientated layers.

For the oxidized smooth and rough N-polar GaN layers the C:Ga and O:Ga ratios
were three times higher than for the Ga-polar GaN layer. After annealing, despite of the
high annealing temperature of 600 ◦C, the N-polar layers still exhibited a large amount
of residual contaminations, approximately 2-3 times higher than the Ga-polar GaN layer
(Tab. 4.1). Nevertheless, the VB spectra in Fig. 4.8 of these layers are either dominated
by PII for the N-polar GaN layers or by PI for the Ga-polar GaN, regardless of the
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Figure 4.9: a) AFM image of the semipolar (112̄2) GaN layer. b) The VB spectra of the oxidized
and annealed (112̄2) GaN layer recorded at normal emission. c) The VB spectra of the annealed
(112̄2) GaN layer recorded at normal emission θ = 0 ◦ and θ = 58 ◦ with respect to the surface
normal that corresponds to emission along the c-direction and emission at θ = -58 ◦, respectively.

residual surface contamination. The VB spectra of oxidized and subsequently annealed
N-polar GaN layer in Fig. 4.8 (a) and (b) are dominated by PII. Similar results were
obtained for Ga-polar GaN, i.e. PI dominated on oxidized and annealed layers as shown
in Fig. 4.8 (c). Thus, contamination has no influence on polarity determination by XPS
and the height of the VB peaks correlates only to the crystal polarity.

4.6 Semipolar (112̄2) GaN

Similar to the semipolar InN, also smooth semipolar (112̄2) GaN layer (Fig. 4.9 (a))
with rms roughness of 0.36 nm measured on (5×5)µm2 was analyzed by XPS in order
to determine the polarity along the c-direction. The model of the (112̄2) GaN unit cell is
identical to the one shown for the (112̄2) InN layer in Fig. 4.4 (a), except for the fact that
studied semipolar GaN layer was grown on (112̄2) GaN substrate (without sapphire).

The VB spectra in Fig. 4.9 (b) show that at normal emission the intensity of PII is
slightly higher compared to PI for oxidized and annealed semipolar layer. Thus, surface
contaminations do not change the dominant peak in the VB spectra of semipolar GaN
layer, and this is in good agreement with the observation performed for polar GaN
layers. Tilting the sample to the c-plane emission increases drastically the intensity of PI
in the VB spectrum shown in Fig. 4.9 (c). The dominance of PI in the spectrum obtained
at θ = 58 ◦ indicates Ga-polar orientation along the c-direction in the (112̄2) semipolar
GaN layer. Polarity of the used (112̄2) GaN template was determined by CBED and
showed Ga-polar orientation [86]. Thus, the Ga-polarity of the template is expected to
be reproduced on the overgrown (112̄2) GaN layer that is in agreement with obtained
results.

In addition, the VB spectrum corresponded to the emission at θ = -58 ◦ was recorded
from the same layer (Fig. 4.9 (c)). The spectrum is almost identical to the one recorded
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at normal emission. This fact demonstrates the importance of knowing the crystal direc-
tion that corresponds to the c-plane emission of the studied sample. The photoemitted
VB electrons strongly depend on the crystal orientations and choosing the wrong emis-
sion plane can result in the misleading interpretation of results.

4.7 Discussion

The observed effect of different VB peak ratios PII : PI for N- and group-III-polar InN
and GaN layers should originate from the surface or crystal properties of the layers.

One of the possible interpretation can be related to the difference in the binding
configurations on the N-polar and group-III-polar layers (see Fig. 2.1 (b)) resulting in
different charge distribution within the crystal. A large difference in electronegativity
between N and In atoms and spontaneous polarization field along the c-direction may
affect charge distribution of the valence electrons that is observed in the VB spectrum as
domination of PI or PII peak. Moreover, surface terminated layers may also strongly af-
fect the VB structure. For instance, depending on the type of the terminated atoms, e.g.
N or In (Ga), and surface reconstruction, e.g. formation of metallic adlayer, different
atomic binding configurations and dangling bonds can be formed on the surface, lead-
ing to increase or decrease of the surface electron charge. Another possible influence
may arise from a number of atomic monolayers that contribute to the XPS VB spectrum.
Depending on the surface termination and bonds alignment between terminated mono-
layer and the underneath layer, different number of N and In (Ga) monolayers may
contribute to the final spectrum. However, this effect is probably insignificant, since
one should also consider such facts as presence of defects in crystal structure, steps
and dislocations on surface, etc. Moreover, as was mentioned for GaN layers, surface
roughness and topography do not affect the PII : PI ratio. However, the proposed origins
of the correlation between the VB peak ratios PII : PI and metal- or N-polar InN and
GaN layers are only assumptions and speculations. Obviously, further experimental
investigations accompanied by theoretical interpretation and calculation are needed.

Interesting is the fact that the similar peak dependencies of the VB states with respect
to the crystal polarity were observed for the wurtzite II-VI semiconductor materials,
such as ZnO and CdS [142]. In these cases, the group-II-polar (Zn-polar and Cd-polar)
layers showed higher intensities of the VB peak at lower binding energy (PI), while the
group-VI-polar ZnO and CdS layers showed the dominance of the VB peak at higher
binding energy 8 PII). Application of the XPS technique for polarity determination
of AlN layers and ternary group-III nitride alloys has not been investigated yet. Out-
look for possible experimental measurements on these materials will be discussed in
summary of this.

47



Polarity Determination of Polar and Semipolar InN and GaN Layers by Photoemission
Spectroscopy

4.8 Summary

It was shown that XPS is a reliable and non-destructive method for polarity determina-
tion of polar (0001), (0001̄) and semipolar (112̄2) InN and GaN layers. The polarity can
be determined by recording the VB spectrum for emission perpendicular to the c-plane,
i.e., normal emission for polar layers and emission at 58 ◦ with respect to the surface nor-
mal for semipolar (112̄2) orientations. A higher peak intensity at lower binding energy
(PI) correlates with the III-polar layers, while a higher peak intensity at higher binding
energy (PII) correlates to the N-polar GaN and InN layers. The PII : PI ratio strongly
depends only on the crystal orientation and can be calculated from spectra without a
background subtraction procedure. It was shown that surface morphology and surface
contaminations do not effect the VB peak intensities and thus, the ratio between PII and
PI. The polarities of the layers determined by XPS are in good agreement with chem-
ical wet etching and CBED results. Moreover, it was shown that XPS can be used for
polarity determination of the layers with thickness below 100 nm without causing any
damage to the surface.
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5 Effect of Sapphire Nitridation on
Polar InN Layers

A sapphire nitridation process is usually performed prior to the growth of InN layers on
sapphire substrates in order to reduce a lattice mismatch from 27% between InN and
c-plane sapphire to 13.9% between InN and formed by nitridation AlN layer [78]. It
was shown that sapphire nitridation affects surface topography, electrical and optical
properties of InN layers [13, 79, 82]. However, a contradictory information concerning
the most appropriate nitridation conditions for a growth of high quality InN layers can
be found in the literature. Despite of the many publications about sapphire nitridation
process, investigations with an emphasis on the surface properties of the nitridated lay-
ers have been only rarely performed. Thus, this chapter is dedicated to the surface study
of the nitridated sapphire layers,including the chemical bonding configurations and the
detailed atomic structure on the layers, and their effect on subsequently grown polar
InN layers.

The chapter will be focused on the comprehensive surface analysis of the MOVPE
grown thin nitridated sapphire layers, starting from the study of the oxidized and clean
bare c-plane sapphire substrates prior to nitridation. It will be shown that the growth
conditions influence the surface reconstructions, topography and chemical binding con-
figurations of the nitridated layers of sapphire. Moreover, the effect of the nitridated
sapphire layers on the surface and crystal properties of the overgrown c-plane InN lay-
ers will be discussed. The most suitable nitridation conditions for the growth of the
good quality InN layers will be introduced. Polarity, topography and crystallinity of the
InN layers is found to depend on the chemical binding configurations of the nitridated
layers.

5.1 Samples

The bare c-plane sapphire substrates were firstly cleaned by sequential immersion into
acetone, iso-propanol and de-ionized water. Afterwards, the substrates were thermally
annealed at 700 ◦C in UHV chamber or at a temperature of 1050 ◦C in the MOVPE sys-
tem in an H2 gas flow (3 l/min). The nitridation of the clean c-plane sapphire substrates
was performed after annealing in MOVPE by exposing the layers to ammonia flux of
1 l/min for 2 min at temperatures between 500 ◦C and 1050 ◦C.
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The c-plane InN layers were grown on the nitridated sapphire layers by MOVPE at
560 ◦C for 2 h as described in Sec. 2.4.2. More details about the growth procedure can
be found elsewhere [84]. The estimated thickness of the grown polar InN layers varied
in the range of 70 nm to 200 nm. MOVPE growth of InN layers and nitridated sapphire
layers was performed by D. V. Dinh at TU Berlin.

5.2 Surface Properties of Nitridated Sapphire

As was already mentioned, the sapphire nitridation process can improve quality of InN
layers [13,79,82]. The InN growth is directly affected by the crystal property and qual-
ity of the nitridated layers, e.g. defects formed in the nitridated layers might propagate
into the InN bulk structure. Therefore, InN/nitridated layer interface becomes a critical
issue and must be studied and well understood. For this, it is important to know the
surface atomic structure of the nitridated layers, their chemical binding configurations.

5.2.1 The Clean Sapphire Surfaces

First, a surface analysis of the bare c-plane sapphire substrates was performed in order
to understand its effect on the nitridation process.

Surface topography of c-plane sapphire substrates thermally cleaned at 700 ◦C in the
UHV chamber and at 1050 ◦C in MOVPE system was analyzed by AFM. In both cases,
AFM images (top row) shown in Fig. 5.1 (a) and (b) represent a terrace step-like topog-
raphy of the layers with monoatomic steps. No obvious differences in the surface struc-
ture can be distinguished. The c-plane sapphire layer thermally cleaned in the MOVPE
system was later transferred into the UHV chamber, where the surface symmetry of
both layers was analyzed by LEED. The LEED pattern showed a (1×1) symmetry for
the sapphire layer annealed under UHV conditions (Fig. 5.1 (a), bottom row). However,
a (
√

31×
√

31)R± 9 ◦ surface reconstruction was observed for the layer annealed in the
MOVPE system (Fig. 5.1 (b), bottom row). In the latter case, the sapphire layer was
additionally annealed in UHV at 350◦C in order to desorb surface oxide formed on the
layer after transfer through air. Thus, although the surface topography for both layers
is the same, surface atomic reconstruction is different for each layer.

It was reported previously that the c-plane sapphire layers are known to change from
the (1×1) into the (

√
31×
√

31)R± 9 ◦ surface reconstruction after annealing in vac-
uum at temperature above 1200 ◦C [143, 144] or after annealing under Al-rich condi-
tion at 800 ◦C [143]. Moreover, a weak (

√
3×
√

3)R± 30 ◦ reconstructed surface was
observed on aluminum oxide layers if the annealing temperature was not high enough
to achieve the rotated (

√
31×
√

31) surface structure [143]. Fig. 5.1 (c) schematically
shows the diffraction patterns achieved on sapphire layers. Due to a low intensity of
the diffraction spots in Fig. 5.1 (b) (bottom row), not all reflexes can be distinguished
in this LEED pattern, however, the similarity with the sketched (

√
31×
√

31)R± 9 ◦
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Figure 5.1: AFM images of (2×2) µm2 (top row) and LEED diffraction patterns (bottom row)
of the sapphire substrates a) annealed at 700 ◦C in UHV, b) annealed at 1050 ◦C in MOVPE sys-
tem in H2 ambient, d) nitridated at Tnitr = 700 ◦C, e) at Tnitr = 800 ◦C, and f) at Tnitr = 1050 ◦C. Im-
age (c) schematically represents diffraction patterns observed on the c-plane sapphire substrates
upon annealing at different temperatures [143]. AFM images were measured by D. V. Dinh, TU
Berlin.

reconstruction is obvious. For the (1×1) reconstructed layer shown in Fig. 5.1 (a), the
annealing temperature of 700 ◦C was not enough to achieve the (

√
31×
√

31)R± 9 ◦ sur-
face symmetry that is in agreement with the previous observations [143,144]. However,
the (
√

3×
√

3)R± 30 ◦ structure was not observed in the investigated layers.
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It was proposed that the (
√

31×
√

31)R± 9 ◦ surface reconstruction occurs due to the
loss of oxygen after annealing at high temperature and stems from a cubic Al overlayer
on top of the hexagonal sapphire substrate [143]. As a consequence, it is assumed that
the topmost layer consists of the reduced aluminum oxide, e.g. Al2O or AlO.

Additionally, the Al/O ratios were calculated from the XPS measurements performed
at 80◦ (surface sensitive measurements). For the (1×1) sapphire substrate, the Al/O
ratio equals 0.85, while for the (

√
31×
√

31)R± 9◦ reconstructed surface this value
increases to 0.88 that corresponds to the decrease of oxygen amount on the surface in
the second case. This observation confirms the assumption that the reduced aluminum
oxide layer is formed on the (

√
31×
√

31)R± 9◦ reconstructed sapphire surface.
Since the (

√
31×
√

31)R± 9 ◦ symmetry was observed even after transfer of the an-
nealed sapphire through ambient air, it seems that oxidation does not affect the sur-
face reconstruction. Thus, the formed AlxO top-layer remains oxygen deficient and
the strong stability of the (

√
31×
√

31)R± 9 ◦ reconstruction might be explained if the
layer is Al-terminated [145]. Note that the (1×1) sapphire surface is presumed to be
oxygen terminated [84, 145].

5.2.2 The Nitridated Sapphire Layers

During the sapphire nitridation process nitrogen atoms diffuse into the sapphire sub-
strate and substitute oxygen atoms bonded to aluminum atoms. However, nitridation
does not take place on every sapphire surface. The investigated nitridated layers in this
work were grown on the (

√
31×
√

31)R± 9 ◦ reconstructed surface, while the nitrida-
tion process was not achieved on the O-terminated (1×1) sapphire surface. A similar
observation was reported for nitridation by exposure sapphire substrates to low pressure
ammonia [146]. The lower coordination of aluminum ions on the (

√
31×
√

31)R± 9 ◦

surface seem to achieve a higher reactivity with ammonia, which is essential for the
nitridation process [146]. This leads to the conclusion that Al-termination of sapphire
surface is necessary for successful nitridation [84].

The topography and surface symmetry of the investigated nitridated layers were an-
alyzed by AFM and LEED. The layers nitridated at 700 ◦C (Fig. 5.1 (d)) and 800 ◦C
(Fig. 5.1 (e)) show topography similar to the annealed sapphire. However, for the ni-
tridation at 1050 ◦C, the surface topography changes, as shown in Fig. 5.1 (f), where
a smooth textured nitridated layer is observed. The rms roughness of the AFM im-
age measured on (2×2) µm2 is 0.15 nm that is comparable with the layers nitridated at
lower temperatures.

At the same time, an increase of the nitridation temperature leads to the changes in the
surface symmetry observed after transfer to UHV. The surface reconstruction changes
from the (

√
31×
√

31)R± 9◦ surface for the sapphire substrate nitridated at 700 ◦C
(Fig. 5.1 (d), bottom row) into (1×1) for the sapphire nitridated at 1050 ◦C (Fig. 5.1 (f),
bottom row). The transition of the surface reconstruction takes place for the layer ni-
tridated at 800 ◦C (Fig. 5.1 (e)), where the diffraction spots of the main (1×1) reflexes
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remain visible in the LEED pattern, while the diffraction spots corresponding to the
(
√

31×
√

31)R± 9◦ reconstruction are blurred. The observed changes of surface sym-
metry confirm the formation of the nitridated layers on the top of sapphire substrates.
Indeed, by increasing the nitridation temperature, the ammonia decomposition rate in
the MOVPE system also increases [147], leading to the larger amount of active nitro-
gen ions reacting with the sapphire surface. However, the intensity of the (1×1) spots
in Fig. 5.1 (f) is lower compared to the clean (1×1) sapphire, hence it can correspond to
both, either a formed (poly-)crystalline (AlN) [148] or an amorphous (AlNxOy) [149]
layer.

It is important to note that due to the insulating behavior of the sapphire substrates
and thin nitridated layers, the energy of the incident electron beam used by LEED has
to be above 100 eV in order to overcome a surface charging effect. At these energies
the surface charging effect was suppressed and has no influence on the geometry of the
diffraction patterns [143, 150].

The chemical bonding analysis of the nitridated layers was performed by using XPS.
The line shapes for normal emission of N 1s, Al 2p and O 1s core-level peaks of sap-
phire layers nitridated at different temperature were fitted with several components and
analyzed in details. Additionally, surface sensitive measurements of the N 1s core-level
emission line were performed on the sapphire layers nitridated at nitridation tempera-
ture (Tnitr) of 700◦C and 1050◦C.

The numerical analysis of the N 1s core-level gives the best fit by using four chemical
components labeled as N-O, N-Al, Nd and Nx (Fig. 5.2 (a)-(c)). The number of the
N 1s components found in the literature for the nitridated sapphire and bulk AlN layers
usually varies from 2 [151,152] to 4 [153,154]. For the N 1s core-level peaks recorded
at the pass energy of 20 eV, a lifetime broadening (γ) of 0.2 eV and an experimental
broadening (σ ) of 1.8 eV were used. The lifetime broadening value is in agreement
with the fit performed on the Al 2p and O 1s core-levels for the same examined layers.
Overall fit parameters for the N 1s, Al 2p and O 1s core-level states can be found in
Appendix B. A surface charging effect was observed on all investigated layers due to
the insulating behavior of sapphire and thin nitridated layers, resulting in the energy
shift of the core-level emission lines. For correction of the energy scale all core-level
spectra were re-calibrated to the N-Al bulk component of the N 1s core-level peak at
398.5 eV [154].

The integrated intensity of the N 1s core-level for the layer nitridated at 700 ◦C
(Fig. 5.2 (a)) is about 5 times smaller compared to that of the layer nitridated at 1050 ◦C.
The increased nitridation temperature results in more active ammonia that can react with
a surface [147]. Hence, a larger number of N-Al bonds form on the surface by substitut-
ing oxygen atoms in sapphire by nitrogen atoms and forming the nitridated layer. This
can be observed in Fig. 5.2 (a)-(c), where the N-Al component rapidly increases with
nitridation temperature.

The component of the N 1s core-level shifted by 1.65 eV toward higher binding en-
ergies with respect to the N-Al component is assigned to nitrogen bonded to oxygen
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Figure 5.2: The N 1s core-level spectra recorded at the normal emission from the sapphire
substrates nitridated at a) Tnitr = 700◦C, b) Tnitr = 800◦C, c) Tnitr = 1050◦C. The deviation R(E)
of the measured and fitted spectra are shown below each core-level peak. d) The relative area
intensities of the N-O and N-Al components of the N 1s core-levels for different temperatures
of sapphire nitridation.

(N-O component). The energetic shift is in agreement with electronegativity of the
atoms: the electronegativity of oxygen (3.44) is larger than the ones for nitrogen (3.04)
and aluminum (1.61) atoms (here and further electronegativity corresponds to Pauling
scale). Thus, the N-O bond is associated with a relative charge depletion at the N atom,
leading to a lower electron screening effect of that atom. As a consequence, the elec-
trons related to this atom have higher binding energy. As shown in Fig. 5.2, the N-O
component is clearly observed on the sapphire substrate nitridated at low temperatures,
e.g. 700 ◦C and 800 ◦C, but almost vanishes at Tnitr = 1050 ◦C, where the bulk N-Al
component dominates the spectrum.

The component shifted by 1.5 eV toward lower binding energies, denoted as Nd, must
correspond to the nitrogen atom bonded to the atom with an electronegativity value
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Figure 5.3: The N 1s core-level peaks recorded at photoelectron emission of 80◦ with respect
to the surface from the sapphire substrates nitridated at a) Tnitr = 700◦C and b) Tnitr = 1050◦C.

lower than that for aluminum (1.61). The integrated intensity of the Nd component
remains almost constant with respect to the intensity of the N-Al component for the
layers nitridated above 800 ◦C (Fig. 5.2 (b) (c)). A similar component was reported by
Rosenberger et al. for 0.2 - 2.0 µm thick AlN layer and was assigned to the N-N bonded
defects [153], in which the N atoms have less than 4 chemical bonds [155]. The AlN
layers in that study were grown by plasma source MBE, where the N-N bonds can be
formed from the N2

+ ions. However, it has been shown that the N-N bonds can also be
formed during the layer by layer growth [155]. In this work the nitridation process has
been performed by using N2 carrier gas [84] that may be responsible for the formation
of the N-N bonds in the crystal or/and due to decomposition of ammonia into N species.
In the earlier study of AlN layers by Laidani et al., the component in the N 1s core-level
shifted by 1.4 eV towards lower binding energies was assigned to a substoichiometric
nitride phase AlNx [156]. In both Ref. [153, 156] the Nd component remains almost
constant with respect to the Al-N bulk component. Similar behavior of the Nd compo-
nent is observed for the layers nitridated above 800 ◦C (Fig. 5.2). Moreover, as will
be shown later by HRTEM measurements, a crystalline AlN layer (not an amorphous
layer) was formed on the sapphire substrate nitridated at Tnitr = 1050 ◦C that excludes
an assumption that the component labeled as Nd originates from oxinitrides, as assigned
by Prieto et al [157]. Based on these discussions, it is difficult to clearly define whether
the Nd component originates from the N-N defects or AlNx phase. However, both cases
refer to the defects in the structure, therefore, Nd is assigned to the defects inside the
nitridated layers.

The surface sensitive measurements of the N 1s emission line shows a decrease of the
Nd component compared to the intensity of the N-Al component for Tnitr = 700◦C and
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Figure 5.4: The Al 2p core-level peaks recorded at normal emission from the sapphire sub-
strates nitridated at a) Tnitr = 700◦C, b) Tnitr = 800◦C, c) Tnitr = 1050◦C. The deviation R(E) of
the measured and fitted spectra are shown below each core-level peak.

Tnitr = 1050◦C, as represented in Fig. 5.3 (a) and (b), respectively. This is an evidence
that the chemical bonds associated with Nd originate from the inner region of the nitri-
dated layers and not from its surface. This is in good agreement with the assumption
that the Nd component corresponds to the defects within the layers structure.

The fourth component Nx shifted by 3.4 eV toward lower binding energies compared
to the N-Al bond has only a very small contribution to the N 1s emission line for all
cases. However, the fit is significantly worse if this fourth component is not considered
due to the asymmetric shoulder of the N 1s peak at lower binding energies, as shown
in Fig. 5.2. Also the use of a Shirley background instead of used in this work a third
order polynomial background does not significantly modify the fitting results including
the Nx component. The surface sensitive measurements at an emission angle of 80◦

with respect to the surface normal in Fig. 5.3 showed an increase of the Nx component
compared to the normal emission spectra, indicating that the Nx component originates
from the surface region. Hence, the Nx is a real component present even after surface
preparation under UHV conditions.

Moreover, an additional component labeled as N-Ox appears on the N 1s spectrum
for the surface sensitive measurement for the sapphire layer nitridated at 1050◦C
(Fig. 5.3 (b)). This component is shifted by 3.8 eV towards higher binding energies
compared to the N-Al and originates from a very surface region. Hence, it is assigned
to the N atoms that are bonded with residual surface contaminations (Ox) in agreement
with Ref. [154, 158].

As shown in Fig. 5.2 (d), an increase of the nitridation temperature results in a signif-
icant increase of the relative amount of the N-Al component and decrease of the N-O
component. Obviously, a crystalline AlN layer can be formed by nitridation, when the
N-Al component dominates in the N 1s spectrum (Tnitr > 800 ◦C) and at the same time,
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Figure 5.5: The O 1s core-level peaks recorded at normal emission from the sapphire substrates
nitridated at a) Tnitr = 700◦C, b) Tnitr = 800◦C, c) Tnitr = 1050◦C. The R(E) is a deviation of the
measured and fitted spectra.

the N-O component is negligibly small or vanishes. A significant contribution of the
N-O component in the N 1s core-level spectrum at Tnitr < 800 ◦C corresponds rather to
a formation of an amorphous AlNxOy nitridated layer on sapphire substrate. Notice that
nitrogen species, responsible for the formation of a nitridated layer, are detected even
at a very low nitridation temperature, e.g. 500-700 ◦C, though in a small amount.

The fitting of the Al 2p and O 1s are depicted in Fig. 5.4 and Fig. 5.5, respectively. For
the Al 2p peak, the Al-N component, assigned to the binding of aluminum with nitrogen
atom in the nitridated layer, can be distinguished at Tnitr > 800◦C. The intensity of Al-N
component increases with increasing the nitridation temperature, in agreement with the
N-Al component in the N 1s core-levels. Since amount of nitrogen on the surface is very
low for Tnitr = 700◦C, the Al-N component is not observed in Fig. 5.4 (a). Besides the
Al-O component that corresponds to the chemical bonds between Al and O in sapphire
substrate, the Al 2p peak includes another component labeled as Al-Ox. This component
increases with increase of the nitridation temperature and a corresponding compound
can be also found in the O 1s peak (Ox-Al component), as shown in Fig. 5.5. The
Al-Ox component might originate from the interface between the nitridated layer and
sapphire. Some of the oxygen atoms that escaped the crystal due to the high nitridation
temperature, might not be substituted by the nitrogen atoms. As a result, the AlxOy
phase could be formed on the nitridated layer/sapphire interface.

The O 1s peak in Fig. 5.5 mainly consists of the O-Al component associated with
the sapphire structure and the Ox-Al component assigned to the AlxOy phase. Two
other components labeled as O-N and Oy are very small for all investigated layers and
probably originate from the surface contaminations on the surfaces.

Thus, the XPS measurements reveal the formation of AlN layer after nitridation at
Tnitr < 800 ◦C that confirms the interpretation of the LEED patterns, showing a change
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Figure 5.6: HRTEM images
of the sapphire substrates ni-
tridated at a) Tnitr = 800 ◦C and
b) Tnitr = 1050 ◦C. Arrows in
the image (a) correspond to the
amorphous layer, while arrows in
the image (b) refer to the step-like
structure. Measurements were
performed by B. Lacroix, research
group of P. Ruterana at CIMAP,
Caen, France.

in surface symmetry for the layers grown at this temperature range. In order to confirm
the interpretation of the XPS results, HRTEM was performed on the layers nitridated at
800 ◦C and 1050 ◦C. All TEM and HRTEM measurements shown in this chapter were
performed by B. Lacroix, research group of Dr. P. Ruterana at CIMAP, Caen, France.

In the HRTEM image (Fig. 5.6 (a)) the sapphire substrate exhibits a flat surface. How-
ever, there is a lighter contrast of a disordered very thin layer extending to less than
0.5 nm, which is different from the above covering glue. The glue has been used to
protect the surface during the TEM sample preparation. As the nitridation has been
carried out on a clean surface with atomic steps, this observation is a strong indication
that at 800◦C, the nitridation has only taken place inside the superficial area where one
should usually see steps [159]. Therefore, a thin layer (see arrows) has undergone ex-
tensive structural transformation during the nitridation stage. This is in agreement with
the XPS results, where it was expected that a very thin amorphous layer was formed at
the surface for Tnitr = 800 ◦C.

Fig. 5.6 (b) shows a thin crystalline AlN layer grown on the sapphire substrate at
1050 ◦C. The AlN layer is homogeneously formed on top of the sapphire surface and
varies in thickness from 2 nm to 5 nm. Moreover, in this case the sapphire substrate
shows a step-like surface structure (see arrows), which is a good indication that the
grown nitridated layer may have followed the steps of the starting surface. This surface
topography of the nitridated layers is in agreement with the results obtained by AFM,
where the sapphire surface is still observed after 800 ◦C (Fig. 5.1 (e)) but a smooth
nitridated layer is formed at 1050 ◦C (Fig. 5.1 (f)). Unfortunately, the presumed from
XPS measurements AlxOy phase formed on nitridated layer/sapphire interface can not
be clearly distinguished in the HRTEM images.

Thereby, formation of the crystalline AlN layer on the sapphire surface starts at tem-
peratures above 800 ◦C, corresponding to the significant amount of the N-Al chemical
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Figure 5.7: The AFM images ((5×5) µm2) and LEED patterns of a) the In-polar InN layer
grown at Tnitr = 600◦C, b) the mixed-polar InN layer grown at Tnitr =750 ◦C and c) the N-polar
InN layer grown at Tnitr = 1050◦C. The AFM images were measured by D. V. Dinh at TU Berlin.

bonds on the surface compared to amount of the N-O bonds. For temperatures≤ 800 ◦C
an amorphous AlNxOy layer is formed on the sapphire surface that correlates with the
presence of the N-O component in the N 1s core-level spectra.

5.3 Properties of Subsequently Grown Polar InN Layers

It is reasonable to assume that different type of sapphire nitridated layers (i.e., crys-
talline and amorphous layers) will have a strong impact on the crystalline quality of the
subsequently grown InN layers. In order to confirm this assumption, the surface and
crystal properties of the polar InN layers were detailed investigated.

At first, the surface topography of the polar InN layers overgrown on the nitridated
sapphires were measured by AFM. Fig. 5.7 shows topography of the InN layers grown
on the sapphire substrates nitridated at 600 ◦C, 750 ◦C and 1050 ◦C. With increase the
nitridation temperature the rms roughness of the InN layers decreases from 25.5 nm at
Tnitr = 600 ◦C to 4.7 nm at Tnitr = 1050 ◦C that is one of the best values for the MOVPE
grown InN layers in the literature [14]. The trend of the InN rms roughness with in-
crease of the nitridation temperature is represented in Fig. 5.8. Besides the surface
roughness, also the surface structure of the polar InN layers undergoes modification:
the InN layer grown on the amorphous AlNxOy layer (Tnitr = 600 ◦C) consists of par-
tially coalesced islands as shown in Fig. 5.7 (a); the InN layer grown on the amorphous
AlNxOy layer (Tnitr = 750 ◦C) shows hexagonal structures on the surface (Fig. 5.7 (b));
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Figure 5.8: The rms roughness
measured on (5×5) µm2 of the po-
lar InN layers dependent on the ni-
tridation temperatures. Line is a
guide to the eye.

the InN layer grown on the thin AlN layer (Tnitr = 1050 ◦C) exhibits a smooth layer,
although with some pits and hillocks on the surface.

Additionally, the surface periodicity of the InN layers were determined by LEED un-
der UHV conditions. All layers exhibit a (1×1) surface symmetry as shown in Fig. 5.7.
However, the shape of the diffraction spots that corresponds to the surface crystalline
quality, differs for some of the InN layers. For the InN layers grown at Tnitr≤ 700 ◦C
the LEED reflexes have a diffused shape corresponding to a poor surface crystalline
quality (Fig. 5.7 (a)). The surface quality of the InN layers improves using a nitridation
temperature≥ 750 ◦C, where the LEED patterns show a well-ordered (1×1) periodicity
as shown in Fig. 5.7 (b) and (c). Hence, the crystal and surface quality of the polar InN
layers strongly depend on the temperature used for sapphire nitridation.

Moreover, the polarity of the c-plane InN layers was also found to depend on the
morphology of sapphire nitridated layers, i.e. amount of N incorporated into sapphire
surface. The polarity of the InN layers were determined by XPS, as described in Chap. 4.
The VB spectra recorded from the thermally annealed polar InN layers show domina-
tion of the different VB peaks for the InN layers grown after different sapphire nitri-
dation temperatures, Fig. 5.9 (a)-(f). The dominance of the VB peak at lower binding
energy (PI) is observed for the InN layers grown after the sapphire nitridation temper-
ature below 650 ◦C that corresponds to the In-polarity of the InN layers. An example
of the VB for In-polar InN layer, which was grown at 600 ◦C, is shown in Fig. 5.9 (a),
where the PII/PI ratio equals 0.9. The peak at higher binding energy (PII) is dominant for
the InN layers grown after Tnitr≥ 800 ◦C that is associated with the N-polar orientation
of the layers (Fig. 5.9 (d)-(f)). The determined PII/PI ratio for these layers is approxi-
mately 1.17. Moreover, the VB peaks have similar intensity (PII:PI close to 1) for the
InN layers grown after Tnitr = 700 - 750◦C, corresponding to the mixed-polar InN.

The polarity of heteroepitaxially grown layers tends to follow the polarity of the
used substrate or template. As discussed in Sec. 5.2, the sapphire substrates have Al-
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Figure 5.9: The VB spectra recorded from the thermally annealed polar InN layers
grown on sapphire substrates nitridated at a) Tnitr = 600◦C, b) Tnitr = 700◦C, c) Tnitr = 750◦C,
d) Tnitr = 800◦C, e) Tnitr = 850◦C, and f) Tnitr = 1050◦C. The Fermi edge refers to the 0 eV on
the energy scale.

terminated surfaces after annealing at 1050◦C. Therefore, the grown InN layers repro-
duce the group-III-polar growth from the sapphire substrate if the nitridation tempera-
ture is rather low (below 650 ◦C) and the Al-termination is still predominate. By increas-
ing the nitridation temperature, the thin crystalline AlN layer is formed and affects the
polarity of the InN layer. An assumption that the grown AlN layer is N-polar could ex-
plain the reproduced N-polar orientation on the subsequently overgrown InN layer. For
the mixed-polar InN layers, the morphology of the nitridated layers probably results in
the formation of both, In- and N-orientated InN domains.

The crystal properties of the InN layers and InN/sapphire interface were investigated
by TEM and HRTEM. TEM observations made on the In-polar InN layer grown after
sapphire nitridation at 600◦C show a rough surface layer with numerous crystalline
defects and voids at the interface with the sapphire substrate (Fig. 5.10 (a)), as well
as inside the layer (labeled by white arrows). The voids have various orientations and
sizes and the whole layer appears in the form of domains which are more or less tilted
from one another as well as from the growth axis. The highly tilted ones are marked by
stars. Therefore, the film is mainly polycrystalline, with crystallites of various sizes and
tilts from which some may exhibit a different polarity (an example of such structure is
marked by cross) [135]. The TEM image the N-polar InN layer grown after nitridation
at 1050◦C in Fig. 5.10 (c) exhibits a homogeneous layer with a smooth surface and high
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Figure 5.10: TEM images of (a) the In-polar InN layer grown after Tnitr = 600 ◦C and (c) the N-
polar InN layer grown after Tnitr = 1050 ◦C. Defects and voids are labeled by white arrows, stars
correspond to the domains highly tilted to each other, cross marks a domain that might possess a
different polarity. HRTEM images obtained on the interface between nitridated sapphire viewed
along <112̄0> zone axis and (b) In-polar InN, (d) N-polar InN. Black arrows delimit the image
(d) show grown AlN layer. Measurements were performed by B. Lacroix, research group of
P. Ruterana at CIMAP, Caen, France.

crystalline quality. Some voids can also be observed at the interface with the substrate
(marked by white arrows).

An interface between the InN layers and sapphire substrate measured by HRTEM is
shown in Fig. 5.10 (b) and (d) for the In-polar and N-polar orientations, respectively. A
well-pronounced thin AlN layer formed after the nitridation process can be observed
on the InN/sapphire interface for the N-polar InN layer as shown by the light contrast
interlayer in Fig. 5.10 (d) (see arrows). The thickness of this layer is about 4 monolayers
(∼1 nm), which is in good agreement with the results obtained by in situ spectroscopic
ellipsometry during the growth [84]. However, the thickness of the AlN layer is smaller
than for the one observed on the nitridated sapphire substrate in Fig. 5.6 (b). This fact
can be explained by additional procedures performed for the continuous growth of InN
layers, e.g. altering of the reactor pressure and temperature, switching of the carrier
gases and precursors.

In the case of the In-polar InN layer, the interface area is highly disturbed probably
due to the coexistence of possible residual amorphous oxide and strain. Only a blurred
thin interlayer can be distinguished in Fig. 5.10 (b). Therefore, based on the above
discussion, this residual interlayer should correspond to the amorphous AlNxOy layer,
which is formed during the nitridation at Tnitr≤ 800 ◦C. The amorphous layer with its
complex atomic binding configurations as well as the local strains leads to the growth of
low crystalline quality film with voids and independent crystalline InN domains, which
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may exhibit various orientations as well as polarity with the dominance of the measured
In-polarity.

Similar polar InN layers with a high density of threading dislocations were carefully
analyzed by TEM and photoluminescence (PL) by Ruterana et al. in Ref. [36]. In this
work, the investigated InN layers were grown by HVPE, MBE and MOVPE, and exhibit
different density of screw and edge dislocations. However, it was shown that threading
dislocations do not play a big role in the optical properties of the InN layers, while the
residual carrier concentration and incorporation of native point defects [160] are critical
parameters that degrade an optical performance of the layers. Thus, although the In-
polar InN layers studied in this work have a polycrystalline structure with a number of
defect, their optical properties might be comparable with N-polar InN layers.

Unfortunately, due to the high dislocation density of the In-polar InN layer and insuf-
ficient thickness of the N-polar InN layer, the CBED measurements for polarity deter-
mination of these layers could not be performed. It was reported, that the thickness of
the MOVPE grown InN layers should be thicker than 150 nm to carry out CBED anal-
ysis [36]. There is only one published work in the literature reporting on the polarity
determination of 50 nm thick InN layers by CBED measurements [35].

5.4 Summary

The atomic binding configurations on the thin nitridated sapphire layers and its effect
on the surface and crystal quality of subsequently grown polar InN layers have been
studied in details.

It has been found that no nitridation can take place if the sapphire surface ex-
hibits a (1×1) symmetry. The (1×1) sapphire reconstructs into the oxygen deficient
(
√

31×
√

31)R± 9 ◦ surface after annealing at 1050 ◦C. This is found to be an essential
condition for the nitridation process and further epitaxial growth of InN layers.

Chemical composition analysis showed that domination of the N-Al chemical bonds
in the nitridated layers occurred at temperatures above 800 ◦C corresponding to the
formation of the crystalline AlN layers. The amorphous AlNxOy layers were formed
when the amount of the N-O bonds was dominant or significantly large that is the case
for the nitridation temperatures ≤ 800 ◦C. Moreover, in both cases formation of the
defects (e.g. N-N bonds) within the nitridated layers have been observed.

Morphology of the nitridated layers significantly affects surface and crystal quality of
the overgrown polar InN layer. It was found that the nitridation temperature of 1050◦C
is the most suitable for the subsequent growth of the good quality InN layer. Upon this
nitridation temperature, the 1 nm thick AlN layer is formed on the interface between
the sapphire, leading to the drastic quality improvement of the subsequently grown InN
layers.

Moreover, it was shown that polarity of the grown InN layers strongly depends on
the morphology of the nitridation layer: the InN layers grown on top of an amorphous
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nitridated layers have the mixed- or In-polarity, while the InN layers grown on the
crystalline AlN layers possess N-polarity. Thus, the N-polar InN layers with a smooth
surface and a single crystalline structure were grown in the case of the crystalline ni-
tridated layer, while the In-polar InN layers with a rough surface and polycrystalline
structure were grown if the nitridated layer had an amorphous structure.

Note that due to a poor quality of the In-polar InN layers investigated in this chapter,
further surface characterizations on the In-polar InN layers have been performed on the
smooth MBE grown (0001) InN layer. The surface properties and surface reconstruc-
tion of the MBE grown (0001) InN layer will be compared and discussed to the good
quality (0001̄) InN layer grown by MOVPE after nitridation temperature of 1050◦C
shown in this chapter.
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6 Surface Properties of N-polar and
In-polar InN Layers

As has been shown in the previous chapter, a high quality N-polar InN layers with a
smooth surface and single crystalline structure can be grown by MOVPE on sapphire
substrates by using a high temperature for the sapphire nitridation process. A surface
analysis of these InN layers is essential in order to know and understand their properties
and predict their applicability in optoelectronic devices.

An alternative method, called migration enhanced afterglow (MEAglow), was re-
cently developed for fabrication of the InN/Al2O3 templates, where the InN layers were
found to be N-polar. This deposition technique attracts much attention due to the pos-
sible growth of the thick, high quality InN layers, which are available on the market
(MEAglow Ltd.) [19]. Hence, study and comparison of these layers with the MOVPE
grown N-polar InN layers are of great interest.

The quality and surface properties of InN layers may be different for the In-polar
orientated layers and should be investigated as well. However, the In-polar InN layers
have not been grown so far by MEAglow and the In-polar InN layers grown by MOVPE
possess poor crystalline quality and rough surface, as shown in the previous chapter.
Another growth method that can be used for InN layers is MBE, which is known to
result in the growth of the smooth and thick In-polar InN layers. Therefore, the In-polar
InN layer grown by MBE was chosen for surface analysis in this work.

In this chapter the surface and crystalline properties of the N-polar InN layers grown
by MOVPE and MEAglow, and the In-polar InN layer grown by MBE will be analyzed
and compared to each other. Three main topics will be discussed for each polar orienta-
tion of the InN layer: analysis of the oxidized InN layers, their surface decontamination
and surface characterization of the clean InN layers under UHV conditions. The chem-
ical and electrical properties of the clean polar InN layers will be analyzed in details
by using XPS and STS techniques, respectively. The LEED and STM will be used for
study of the surface reconstructions and atomic arrangements. The models of the sur-
face reconstructions, surface morphology and topography of the N- and In-polar InN
layers will be discussed and compared to the literature.
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Figure 6.1: AFM topographic images of the N-polar InN layer grown by MOVPE on the scale
of (5×5) µm2 and (2×2) µm2. Measured by D. V. Dinh, TU Berlin.

6.1 N-polar InN surfaces

6.1.1 Samples

For the analysis of the MOVPE grown N-polar InN layer, the layer grown at the nitri-
dation temperature of 1050◦C was selected. It exhibits a smooth topography and a very
good crystalline quality compared to other MOVPE grown N-polar InN layers, as was
shown and discussed in Sec. 5.3. Although the surface topography of the N-polar InN
layer in Fig. 5.7 showed presence of pits and hillocks on the surface, the rms rough-
ness of this layer is significantly better than any other MOVPE grown InN layer (see
Fig. 5.8) [14]. Details to the MOVPE growth procedure of the N-polar InN layer can
be found in Sec. 2.4.2.

Two InN layers grown on sapphire at 330◦C and 400◦C by MEAglow deposition
technique were studied in this work. The growth procedure of these layers is described
in Sec. 2.4.4. The MEAglow grown InN layers exhibit N-polarity and were predicted
to have a good surface and crystalline quality. Therefore, these layers were chosen for
surface analysis and were compared to N-polar InN layer grown by the conventional
technique, i.e. MOVPE.

The N-polar InN layers grown by MBE have not been investigated in this work, since
their surface and crystal quality is very similar to the MOVPE grown InN layer. More-
over, MBE growth technique of InN layers is not used for industrial purposes yet, unlike
MEAglow growth of InN layers, whose surface properties are not yet well-known and
investigated.
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Figure 6.2: AFM topographic images of the N-polar InN layers grown by MEAglow a) at 330◦C
and b) at 400◦C. The layers are shown at the scales of (5×5) µm2 and (1×1) µm2.

6.1.2 Oxidized N-polar InN surfaces

InN layers are usually exposed to ambient air after the growth, where the surface gets
immediately oxidized and consequently, is covered by a thin oxidation layer (∼ 1-2 nm
thick [161]) consisting of water, carbon and oxygen species, i.e. H2O, OH, CxHy, Cx.
Surface oxidation can affect properties of InN layers, e.g. band bending, atomic re-
construction. For a better understanding of this effect, surface characterization of the
oxidized N-polar InN layers was performed. Additionally, crystal properties of the
MEAglow grown InN layers were analyzed by TEM and compared to the MOVPE
grown InN layer.

The topography and crystallinity of the N-polar InN layer grown by MOVPE were
already partially discussed in Sec. 5.3. In Fig. 6.1 the AFM images of the MOVPE
grown InN layer is shown on the scales of (5×5) µm2 and (2×2) µm2. The hillocks
(bright spots) represented on the surface have a height of 5-15 nm and exhibit a pro-
longed shape probably caused by a tip artifact. It is likely that they correspond to the
indium droplet formed on the surface, in good agreement with the observed metallic
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Figure 6.3: TEM images of the N-polar InN layer grown by MEAglow recorded in a) bright
field and b) dark field mode for the layer with the smooth topography and c) bright- and
d) dark-field mode for the layer with the rough topography. Measurements were performed
by P. Ruterana´s group at CIMAP, Caen, France.

In (101) peak from the X-ray diffraction (XRD) measurements [162]. The pits formed
on the surface have a hexagonal shape, also called V-shape, and consist of six (101̄1)
or (112̄2) facets [162]. The V-pits correspond to the screw and mixed threading dislo-
cations [163]. Although not all polar InN layers grown by MOVPE showed formation
of In droplets, their surface roughness and topography were significantly poor than the
one shown in Fig. 6.1 [162]. Therefore, surface and crystal analysis of another MOVPE
grown InN layers have not been investigated within this work and attention was paid to
the N-polar layer with the best surface quality.

The topography of the InN layers grown by MEAglow was analyzed by AFM, as
shown in Fig. 6.2. The N-polar InN layers grown by MEAglow at 330◦C (Fig. 6.2 (a))
and 400◦C (Fig. 6.2 (b)) exhibit three dimensional surface structure with a rms rough-
ness of ≈ 6 nm and ≈ 24 nm, for the low and high growth temperatures, respectively
(further in this work it will be addressed to these layers as to smooth and rough MEA-
glow grown InN layers). The surface structure of the smooth MEAglow grown InN
layer consist of little grains with diameter 5-40 nm, while much larger crystallites can
be distinguished in the AFM image for the rough InN layer. In the latter case, the
formed structures vary in size between 45 nm and 250 nm in diameter, moreover, some
of the crystallites coalesced to one another. No direct evidence of the indium droplets
on the studied surfaces was observed by AFM.

For the structural characterization of the MEAglow InN layers, TEM images were
carried out in dark- and bright-field modes as shown in Fig. 6.3 (measurements per-
formed at Dr. P. Ruterana group at CIMAP in Caen, France). For the sample grown
at low temperature, the bright-field image in Fig. 6.3 (a) shows a 300 nm thick layer
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that is continuously grown on the sapphire substrate and has no voids formed at the
InN/sapphire interface in contrast to what has been observed for the MOVPE grown
N-polar InN (Fig. 5.10). The measured thickness of 300 nm is smaller than the esti-
mated 500 nm thickness from interference fringe measurements optical transmission
technique. The surface of the sample is rather smooth in agreement with the AFM
observations. The change in contrast, which is clearly visible in the dark field image
(Fig. 6.3 (b)), takes place at scales between 100 nm and 200 nm corresponding to the
grainy structure observed on the surface by AFM. At the surface, no indium droplets
are distinguished in these cross-section TEM images, which is not a definite proof of
the absence of indium droplets as it may be also due to the limited field of observa-
tions and corresponding statistical errors. However, as the XRD measurements (will be
discussed later) showed no metallic indium peak, this means that the layer was mainly
grown without indium segregation on the surface. As also attested by the dark field
image, the layer has a pronounced polycrystalline structure, with the individual single
crystallites highly textured around the [0001̄] direction, originating from the sapphire
substrate and growing up until the layer surface. Therefore, the used growth technique
with deposition of indium on the surface and its subsequent nitridation results in the for-
mation of the crystallites separated by boundaries at the first step of the growth, which
grows parallel at equal rate and form a nanocrystalline layer with a highly smooth sur-
face.

In contrast, the InN layer grown at higher temperature layer exhibits a rough surface
and a more disturbed polycrystalline structure with less texturing around the [0001̄]
axis as can be seen in bright and dark field modes that are shown in Fig. 6.3 (c) and
(d), respectively. The thickness of the layer varies from 230 nm up to 320 nm that is
smaller compared to the predicted value of 370 nm estimated from optical measure-
ments. The XRD measurements showed that the screw dislocation density of this layer
equals 3.47×1011 cm−2 and similar to the previous layer, no metallic In(101) peak was
observed in the spectra. In this case, some of the crystallites can be larger in size com-
pared to the smooth MEAglow layer, and the texture around the [0001̄] is almost absent
which leads to a relatively poor overall quality of the layer. Therefore, the higher growth
temperature used for this layer results in a degradation of the InN quality.

The chemical bonding configurations of the oxidized N-polar InN layers were ana-
lyzed in details by XPS. Fig. 6.4 shows an overview XPS spectra recorded at normal
emission from all three investigated oxidized N-polar InN layers. Each emission line
(peak) in the spectrum corresponds to the core-level electron state, as labeled in the im-
age. The following core-levels can be detected in the shown energetic range (from 0 eV
to 570 eV): In 3d, In 4d and N 1s corresponded to the InN layer, and O 1s, C 1s states
assigned to the surface contaminations caused by native oxidation. No other impurities
or contaminations on the studied InN layers were detected by XPS.

The XPS spectra in Fig. 6.4 exhibit higher intensity of the O 1s, C 1s core-level peaks
for the rough MEAglow grown layer compared to the smooth layer or the one grown by
MOVPE. Indeed, the quantitative XPS analysis of the contaminations showed that the
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Figure 6.4: The wide range XPS spectra of three investigated InN layers recorded at normal
emission from the oxidized layers. Each emission line corresponds to the core-level electron
labeled in the image.

O/N ratio is 0.50± 0.05 for the MOVPE and smooth MEAglow InN layers, while the
O/N is higher and equals 0.90± 0.05 for the rough MEAglow grown InN. Moreover,
the C/N ratio has the smallest value of 0.70± 0.05 for the smooth MEAglow InN and
the highest value of 1.50± 0.05 for the rough MEAglow InN layer. The C/N ratio
for the MOVPE grown InN equals 0.90± 0.05. Therefore, the amount of the surface
contaminations (oxygen and carbon species) on the oxidized layers was found to be
the same for the smooth MEAglow and MOVPE grown InN layers but higher for the
rough MEAglow InN. The rough InN layer has a larger number of crystal defects and
grain boundaries compared to another samples. The carbon and oxygen contaminations
are expected to act similar to hydrogen, which is known to reside on grain boundaries
[162, 164]. This can explain a higher amount of incorporated impurities into the rough
InN layers.
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Figure 6.5: The In 3d, N 1s and O 1s core-levels of the oxidized N-polar InN layers grown by
MOVPE.

In order to analyze chemical bonding configurations of the oxidized N-polar InN
layers, the numerical fit of the In 3d5/2, N 1s and O 1s core-level states were performed.
The fitting parameters can be found in Appendix B. As will be shown further, the surface
of the studied N-polar InN layer has a metallic behavior, therefore, the asymmetric
parameters were used for the fitting of every core-level for both oxidized and clean N-
polar InN layers. The fitting of the In 4d peak is more challenging and uncertain due
to the s-d hybridization of the In 4d and N 2s states [49, 55]. Therefore, in this work
only the In 3d5/2 core-level will be used for analyzing the bonding configurations of
indium atoms. Since stoichiometry and core-level line shapes of the rough and smooth
MEAglow grown InN layers were very similar, the core-level chemical analysis will be
shown only for the MOVPE and rough MEAglow grown InN layers.

Fig. 6.5 represents the numerically fitted In 3d5/2, N 1s and O 1s states recorded at
normal emission from the InN layer grown by MOVPE. The In 3d5/2 peak consists of
4 components labeled as In-In, In-N, O-In-O and Inx. The In-N component with the
largest relative intensity is assigned to the InN bulk atomic bonds between indium and
nitrogen and lies at 443.8 eV. The O-In-O component is shifted by 0.85 eV towards
higher binding energy compared to the bulk component and attributed to the indium
bonded to oxygen species. As reported previously, an indium oxide is known to form
on InN surface upon exposure of InN layers to air, e.g. In2O3 [165, 166]. In this
case, indium atom has more than one bond to oxygen and therefore assigned as O-In-O
component. The In-In and Inx components are necessary in the fitting procedure in order
to achieve a better residual curve (R(E)). The In-In component lies at the lowest binding
energy corresponding to the lowest energy transition between the bonded atoms. This
component refers to the metallic indium to indium binding configuration originated
from the indium droplets formed on the surface, in agreement with the AFM and XRD
results. The Inx component is shifted by 1.77 eV towards higher binding energy with
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respect to In-N, hence, the corresponding indium atom is bonded to the atom with
the largest electronegativity resulting in the highest binding energy of Inx compared to
other In 3d5/2 components. The nature of Inx may correspond to the defects or complex
chemical species associated with surface contaminations and will be detailed discussed
in the section for the clean N-polar InN layers.

The fitting of the N 1s by 3 components gives a good agreement with the recorded
spectrum. The component with a highest intensity is assigned to the bulk N-In bond
(396.2 eV). The origins of another two components (Nx and Nc) are assigned to contam-
inations and will be described later by analyzing the clean InN surface and looking at
emission lines recorded at 80◦ with respect to surface normal. The O 1s peak consists
of 4 components, where the O-In (531.6 eV) and In-O-In (530.2 eV) components are
attributed to the different bonding configurations between oxygen and indium atoms.
Another components labeled as Oad1 and Oad2 correspond to the physisorbed surface
adsorbates. The binding configurations of all these components will be detailed de-
scribed in the section for the clean InN layers.

The core-level fittings for the rough InN layer grown by MEAglow for emission at
0◦ and 80◦ with respect to surface normal are shown in Fig. 6.6. Similar to the previous
InN layer, the In 3d5/2 peak consists of the In-N (at 443.8 eV), O-In-O, Inx components
and an additional component at the low binding energy side labeled as In-C. The In-
C is assigned to the chemical bond between indium and carbon atom, since carbon
has a smallest electronegativity (2.55) compared to oxygen and nitrogen. As will be
shown further, intensity of this component decreases upon annealing and therefore, it
originates from surface contaminations. Although the intensity of the In-C component
is very small, this components is required to achieve a good correlation between the
recorded and fitted spectrum. The intensities of the In-C, O-In-O and Inx components
increase for the surface sensitive measurements (emission at 80◦) representing than
these components originate from the surface-like region.

The N 1s core-level contains four components labeled as N-In, Nx, Ny and Nz. For
the measurements at 80◦, the intensities of the Nx, Ny and Nz components increase
compared to the N-In, hence, the corresponding atomic bonds are formed at the near-
surface region. The bulk N-In component at 396.2 eV and the Nx component are similar
to the one observed from the MOVPE grown InN layer. However, the Ny component
shows different behavior upon the surface decontamination compared to the Nc shown
in Fig. 6.5, as will be discussed in Sec. 6.1.5. Thus, the Ny component is not the same
as Nc, and will be attributed to the nitrogen species produced by N-plasma source, as
will be detailed described for the XPS measurements performed on the clean InN layers.
The fourth component, Nz, is required for the N 1s peak fit and probably originate from
the defects in the near-surface region (Sec. 6.1.5).

The O 1s core-level has similar chemical states (components) as for the MOVPE
grown InN layer. The relative intensity for each component remains almost unchanged
for the emissions at 0◦ and 80◦, meaning that the entire O 1s peak mainly originates
from the InN surface. Compared to the MOVPE grown InN layer, integrated intensities
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Figure 6.6: The In 3d, N 1s and O 1s core-levels of the oxidized rough N-polar InN layers grown
by MEAglow recorded at normal emission (left column) and emission of 80◦ with respect to
surface normal (right column).
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Figure 6.7: VB spectra of the oxidized a) MOVPE grown N-polar InN layer, b) smooth and
c) rough MEAglown grown N-polar InN layers. The VBM positions above the Fermi level
were determined for each layer.

of the O-In-O component in the In 3d5/2 and O 1s peaks for the rough InN layers are
higher; moreover, the In-C component appears in the In 3d5/2 emission line. This ob-
servation is in good agreement with the highest O/N and O/C ratios calculated for the
rough MEAglow grown InN layer compared to the MOVPE grown InN sample.

The XPS VB spectra recorded from all three layers are shown in Fig. 6.7. The posi-
tion of the VBM for the smooth MEAglow grown N-polar InN layer of 1.73± 0.10 eV
is higher compared to the rough MEAglow InN layer and MOVPE grown InN layer
(VBM = 1.30± 0.10 eV). Thus, all three layers exhibit obvious downward band bend-
ing on the oxidized surface, however, the band bending is stronger for the smooth MEA-
glow grown N-polar InN layer.

Surface oxidation is known to affect the position of the VBM by shifting it to the
higher binding energies in the case of the N-polar InN layers, leading to the increase
of the downward band bending [130]. As discussed previously, among the studied N-
polar InN layers, the rough MEAglow InN layer was found to have a higher amount
of surface contaminations (oxygen and carbon), however, this layer does not possess
the strongest band bending. Hence, the strongest band bending observed on the smooth
MEAglow InN layer (Fig. 6.7 (b)) can not be explained by surface contaminations and is
rather associated with intrinsic surface properties of the layer, e.g. surface morphology,
topography and surface states.

6.1.3 Surface Decontamination

The study of InN surface properties requires a decontamination process to desorbing
the native oxide from the surface. The N-polar InN layers were annealed under UHV
conditions at different temperatures in order to find an appropriate annealing temper-
ature that leads to the maximum reduction of surface contaminations but at the same
time, does not result in a surface or crystal destruction.
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Figure 6.8: Relative amount of surface contaminations calculated from AES measurements for
a) MOVPE and b) MEAglow (rough layer) grown N-polar InN layers. The layers were annealed
at each temperature for 10 min. Lines are guide to the eye.

Previous studies performed on the BESSY II synchrotron in Berlin by C. Friedrich
have shown that for the MOVPE grown polar InN layers annealing temperature of
450◦C under UHV conditions results in a significant reduction of the surface contami-
nants, i.e. carbon and oxygen. The XRD measurements confirmed that the annealing
temperatures below 480◦C do not lead to the formation of indium droplets on the sur-
face, surface damaging or crystal destruction. Fig. 6.8 (a) shows the relative amount of
carbon and oxygen on the MOVPE grown N-polar InN layer determined by AES after
annealing at different temperatures for 10 min. (The relative amount of C and O was
calculated by considering all detected elements, i.e. In, N, O and C, as 100%.) For the
annealing temperature of 450◦C the amount of carbon and oxygen reduces by 48% and
43%, respectively. Further increase of the annealing temperature up to 480◦C did not
improve surface decontamination and therefore, was not required.

In the case of the MEAglow grown InN layers, an appropriate temperature for the
surface deoxidation need to be found, especially by taking into account that these lay-
ers were predicted to have nitrogen-rich defects [87] (see Sec. 2.4.4) that can make the
layers more sensitive to annealing temperature. In order to find an appropriate condi-
tion for the surface treatment, the MEAglow grown InN layers were annealed under
UHV conditions at 300-540◦C for 10 min at each annealing step. Higher temperatures
were not applied, since the InN layers start to dissociate to indium and nitrogen at tem-
perature above 500-600◦C [167].The amount of carbon and oxygen on the surface after
each annealing step was determined by AES as represented in Fig. 6.8 (b) for the rough
InN layer. Significant reduction of carbon and oxygen species from the InN surface oc-
curred at 450◦C that was 50◦C higher than the growth temperature of this layer. For the
annealing temperature of 540◦C the amount of carbon reduces by 55%, while amount of
oxygen reduces by 92.5%. Similar trend of the surface decontamination was observed
for the smooth InN layer grown by MEAglow.
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Figure 6.9: The III/V ratio calculated from AES measurements for a) MOVPE and b) MEAglow
(rough layer) grown N-polar InN layers in accordance with Fig. 6.8.

The III/V (In/N) ratios were calculated in order to give information about surface
stoichiometry after annealing and to reveal if undesirable nitrogen desorption from the
surface (indium enrichment of the surface) occurred. The III/V ratio was determined
by AES after each annealing step for the N-polar InN layers grown by MOVPE and
MEAglow, as shown in Fig. 6.9 (a) and (b), respectively. The III/V ratio of the MOVPE
grown InN layer after annealing equals 1.15± 0.10 and did not change with increase
of the temperature, as represented in Fig. 6.9 (a). Thus, the annealing temperature of
450◦C does not lead to a surface destruction and can be applied for the surface decon-
tamination of the layer. Fig. 6.9 (b) shows that the III/V ratio for the annealed MEAglow
grown InN layer with the rough surface equals 1.60± 0.15 and remains constant for the
annealing temperature up to 500◦C. The III/V ratio for the MEAglow grown InN layer
with the smooth surface equals 1.80± 0.15 for the annealed layers that is similar to the
rough layer within an error bar. Annealing step at the 540◦C leads to an undesirable in-
crease of the III/V ratio up to 1.90 that can be associated with the desorption of nitrogen
from the surface and formation of indium droplets or indium segregation.

In order to analyze the effect of the annealing temperature on the surface topog-
raphy, the topographic AFM images were recorded from the MOVPE grown InN
layer annealed at 450◦C and the MEAglow grown rough InN layer annealed at 540◦C
(Fig. 6.10). The AFM image of the InN layer grown by MOVPE represented in
Fig. 6.10 (a) shows no obvious difference in topography compared to the untreated
layer shown in Fig. 6.1. Although, for the annealed layer, a lower number of bright
spots is observed than for the untreated surface. As was shown by AES, the III/V ratio
does not change significantly after the surface treatment, therefore, a lower amount of
detected hillocks can be explained by the fact that AFM measurements were performed
on another position of the sample. Based on the represented results for the MOVPE
grown InN layer, the annealing temperature of 450◦C is most suitable for the surface
decontamination of this layer.
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Figure 6.10: AFM images of the a) N-polar InN layer grown by MOVPE after annealing at
450◦C and b) rough N-polar InN layer grown by MEAglow after annealing at 540◦C. Images
are taken at the scale of (5×5) µm2 (left) and (2×2) µm2 or (1×1) µm2 (right).

No difference in topography was also observed for the MEAglow grown InN layer,
where the surface annealed at 540◦C shown in Fig. 6.10 (b) is similar to the one shown
in Fig. 6.2 (b). Thus, although AES showed an indium enrichment of the InN surface an-
nealed at 540◦C, no evidence of the surface modification could be confirmed by AFM.

Further, an effect of the annealing at 540◦C on the crystal properties of the MEA-
glow grown InN layer (rough layer) was analyzed by XRD. All represented XRD mea-
surement were performed by F. Mehnke at TU Berlin. The ω-2θ and ω scans for the
untreated and annealed at 540◦C InN layers are shown in Fig. 6.11 (a) and (b), respec-
tively. The ω-2θ scan shows peaks corresponding to the InN (00.2) and Al2O3 (00.6)
reflections, where the Al2O3 (00.6) peak originates from the sapphire substrate. The cu-
bic In (101) peak that refers to the metallic indium, was observed neither in the spectrum
for the untreated layer nor after annealing of the layer. Thus, no indium enrichment of
the layer was confirmed by XRD. The increase of the III/V ratio for the annealed InN
layer observed by AES could be an indicator for a very near-surface effect that is below
the XRD sensitivity.
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Figure 6.11: a) XRD ω-2θ scan of the rough InN layer grown by MEAglow on c-plane sapphire
and b) ω scan of the of the symmetric (00.2)InN reflection prior and after annealing (Tanneal) at
540◦C. Measurements were performed by F. Mehnke, TU Berlin.

Table 6.1: The c-lattice constant determined for the InN layer grown by MEAglow before and
after annealing at 540◦C. Calculations are based on the ω-2θ scan from XRD measurements.

Treatment h k l 2θ
c-lattice
constant

No 0 0 2 31.258◦ 0.571(8) nm
Annealing
at 540◦C

0 0 2 31.265◦ 0.571(7) nm

The full width at half maximum (FWHM) of the symmetric InN (00.2) reflection mea-
sured from the XRD ω-2θ scans was found to be 0.128◦ for the InN layer prior surface
annealing and 0.134◦ after annealing at 540◦C. The value of FWHM slightly increases
after the surface treatment, which corresponds to the degradation of a crystallinity struc-
ture. The measured FWHM of 0.128◦ is in good agreement with the reported value for
the MEAglow grown InN layer [19] that can be also improved up to 0.081◦ by varying
the growth conditions [20]. Nevertheless, the XRD analysis performed on the MOVPE
grown InN layer showed a significantly better crystal quality of this layer, where the
FWHM of the (00.2) InN reflection equals 0.040◦ [162].

Based on the 2θ scan the c-lattice constant was determined for the InN layer grown
by MEAglow, as shown in Tab. 6.1. The equations for the calculation of the lattice
constant can be found in Appendix C. For the layer prior and after annealing at 540◦C
the c-lattice constant remains almost unchanged, ≈ 0.572 nm. This value is in good
agreement with the reported c-lattice constant of 0.571 nm [168] and 0.567 nm [22] for
a strain-free InN layer.

The screw threading dislocation densities (DD) of the MEAglow grown InN layer
prior and after surface treatment were determined from the ω scan of the InN (00.2)
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Table 6.2: Screw dislocation density (DD) determined for the InN layer grown by MEAglow
before and after annealing at 540◦C. Calculations are based on the ω scan measured by XRD.

Treatment FWHM InN (00.2) Screw DD

No 3.988 ◦ 3.47× 1011 cm−2

Annealing
at 540◦C

4.108 ◦ 3.68× 1011 cm−2

reflection, represented in Fig. 6.11 (b). The equations for the calculation of the screw
DD were taken from the thesis of T. Böttcher [169] and is described in Appendix C. As
shown in Tab. 6.2, the screw DD increases from 3.47×1011 cm−2 to 3.68×1011 cm−2

after annealing the InN layer at 540◦C.
The MEaglow InN layers show high resistivity to high annealing temperature: no

formation of indium droplets was detected on the surface, meaning no desorption of
nitrogen atoms upon annealing at 540◦C, however, a slight increase of the screw DD
was observed. Therefore, applied annealing temperature of 540◦C is not appropriate
for the surface treatment.

Nevertheless, as was shown by AES (Fig. 6.8 (b) and Fig. 6.9 (b)), unlike annealing at
540◦C, the annealing temperature of 500◦C does not lead to the increase of the III/V ra-
tio, however, results approximately in the same decontamination of carbon and oxygen
from the surface as in the case of annealing at 540◦C. Thus, the annealing temperature
of 500◦C is found to be most appropriate for the surface decontamination of the MEA-
glow grown N-polar InN layers. This temperature is 50◦C higher compared to the one
found for the MOVPE grown InN layers. This difference might be explained by the
different surface topography of these two layers, where the MEAglow InN layer has
the 3D structures on the surface leading to larger effective surface area compared to the
MOVPE grown InN layer. Moreover, large number of the grain boundaries and defects
of the MEAglow InN layers may lead to the diffusion of contaminations deeper into
the layer, hence, a higher annealing temperature is required to transfer contamination
species to the surface region and desorb from the surface.

Note that although thermal annealing does not lead to the complete surface deoxida-
tion, a significant reduction of surface contaminations does occur. As will be shown
in the further sections of this chapter, the achieved reduction of contaminations upon
chosen preparation conditions is enough to observed the LEED diffraction patterns.

6.1.4 Surface Reconstructions of Clean N-polar InN Layers

After the above described preparation, surface reconstructions of the MOVPE and MEA-
glow grown InN samples were analyzed by LEED. Fig. 6.12 (a) and (b) show the LEED
patterns recorded at low (76 eV) and high (165 eV) energies from the MOVPE grown
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N-polar InN representing the first and second order of reflexes, respectively. Both pat-
terns correspond to the (1×1) surface reconstruction with a sketched (1×1) unit cell.
The LEED patterns show bright and sharp spots which refer to the clean surface with a
well-ordered structure that also confirms a good chosen preparation condition for this
layer.

Fig. 6.12 (c) and (d) show the LEED patterns of the rough MEAglow grown N-polar
InN layer recorded at two different energies. The represented patterns correspond to
the (
√

3×
√

3)R±30◦ surface reconstruction, where the larger sketched unit cell refers
to the (1×1) reflexes, while the smaller unit cell that is rotated by 30◦ with respect
to the (1×1) unit cell, represents the (

√
3×
√

3) reconstruction. The LEED patterns
for this layer exhibits a higher background than in the case for the MOVPE grown
InN layer. The blurred reflexes and high background are a direct indicator of a higher
surface roughness as well as formed 3D structures on the surface, which is in good
agreement with the topography images of the MEAglow grown InN layers. The same
reconstruction was observed for the smooth MEaglow grown InN layer.

Although the LEED patterns were recorded at the same energy, the sketched (1×1)
hexagonal unit cell for both samples (e.g. Fig. 6.12 (a) and (c)) exhibit a slightly dif-
ferent size, i.e. size of the (1×1) unit cell for the MEAglow InN layer is larger than
the MOVPE InN layer. This difference is caused by the different distances between the
LEED fluorescence screen and the sample in each case. For instance, by moving the
sample closer to the LEED screen, the diffraction spots will move towards the outer
screen edge. Since experiments were performed in different UHV chambers, the dis-
tance between the fluorescence screen and the sample was slightly different for each
case, explaining a larger size of the unit cell for MEAglow grown InN layer.

The N-polar InN layers are known to possess the (1×1) surface symmetry, while the
(
√

3×
√

3)R±30◦ surface reconstruction on the N-polar InN layer has not been observed
previously. Therefore, it is important to perform a detailed analysis of this reconstruc-
tion and compare it to the usually observed (1×1) N-polar InN surfaces. Further in this
chapter, the surface characterization results of the (1×1) and (

√
3×
√

3)R±30◦ N-polar
InN layers performed by STM and XPS will be presented.

6.1.5 Electronic and Chemical Properties of the N-polar InN Layers

Since the N-polar InN layers grown by MOVPE and MEAglow exhibit different sur-
face reconstructions, i.e. the (1×1) and (

√
3×
√

3)R±30◦, respectively, it is important
to know their chemical bonding configurations and electrical properties, e.g. band align-
ment. The XPS analysis of the VB and core-level electrons was performed on the clean
MOVPE grown InN layer and MEAglow grown InN layer with a rough surface. As
was mentioned for the oxidized layers, the MEAglow grown InN layer with a smooth
surface showed very similar fitting results as the layer with a rough surface. Therefore,
in this work the numerical fit is shown for the MEAglow grown InN layer with the
rough surface only, whose properties were also analyzed in details by STM and STS.
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Figure 6.12: LEED diffraction patterns recorded at a) 76 eV and b) 165 eV from the N-polar
InN layer grown by MOVPE corresponding to the (1×1) surface reconstruction. LEED pat-
terns recorded at c) 75 eV and d) 165 eV from the N-polar InN layer grown by MEAglow cor-
responding to the (

√
3×
√

3)R±30◦ surface reconstruction. The sketch shows the (1×1) and
(
√

3×
√

3)R±30◦ unit cells in yellow and red colors, respectively. The (1×1) reflexes are
marked by circles in images (a) and (c).

First, a quantitative analysis of the chemical elements located at the near surface re-
gion was derived from the XPS measurements. The III/V ratios calculated from the XPS
spectra at normal emission show approximately the same values for all the three N-polar
InN layers: 1.54± 0.05 and 1.42± 0.05 for the smooth and rough (

√
3×
√

3)R± 30 ◦

InN layers, respectively, and 1.50± 0.05 for the (1×1) InN layer. As was mentioned
in Sec. 2.4.4, the smooth and rough InN layers grown by MEAglow are expected to
be nitrogen rich due to the crystal defects. However, no difference in the III/V ratio
was found between the N-rich MEAglow grown layers and the stoichiometric MOVPE
grown InN layer. Therefore, the claim that the MEAglow grown layers have a nitrogen
excess in the crystal structure could not be confirmed [87]. This fact also was not con-
firmed by AES, where the determined In/N ratios for the MEAglow InN layers were
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Figure 6.13: The In 3d, N 1s and O 1s core-levels of the clean N-polar (1×1) InN layer at the
normal emission (0 ◦).

much higher than 1 and higher than for the MOVPE grown InN. Note that the infor-
mation depth of XPS at normal emission by using Al Kα X-ray radiation is less than
10 nm and this may be a reason why the nitrogen excess is not observed in the layer.
Nevertheless, the surface region of the MEAglow layers is shown to be indium rich.

The In 3d5/2, N 1s and O 1s core-level peaks of the N-polar (1×1) InN layer recorded
at the normal emission are shown in Fig. 6.13. The relative energetic positions of the
fitted components with respect to the bulk component (i.e. In-N and N-In) in the rep-
resented core-levels remained the same as for oxidized InN layer (Fig. 6.5), meaning
that no chemical shift occurred after surface decontamination. The position of the bulk
In-N component at 443.7 eV is in good agreement with the same component observed
in Refs. [165, 170] for clean InN layers. The intensity of the O-In-O component in the
In 3d state is decreased with respect to the oxidized surface. Hence, this component
should be assigned to the surface contamination. The component attributed to indium
oxide, e.g. In2O3, is usually reported to be shifted by ∼ 1 eV towards higher binding
energies compared to In-N [165, 171]. This confirms the assumption that the compo-
nent O-In-O shifted by ∼ 0.9 eV compared to the bulk In-N component in Fig. 6.13
corresponds to the formed indium oxide. The Inx component lies at the highest bind-
ing energy compared to all other indium components, hence, the corresponding indium
atom must undergo the largest relative charge depletion resulting in the highest binding
energy. Moreover, intensity of this component decreases upon annealing. One can as-
sume, that Inx originates from indium dangling bonds, some of them may reconstruct
upon annealing resulting in decrease of the Inx component. Another assumption is
that Inx originates from defects and/or complex chemical species attributed to surface
contaminations. The integrated intensity of the In-In component remains unchanged,
indicating that this component does not originate from contaminations but rather from
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metallic indium. The same In-In component has been observed in Ref. [171] for surface
sensitive measurements on the c-plane InN layer.

A position of the N-In component in the N 1s core-level on the clean InN surface is
396.3 eV. This is in agreement with the reported values for the bulk N-In component
that vary from 395.9 eV [171] up to 397.5 eV [125]. Besides N atoms bonded to In
atoms, there are three another chemical environment for the nitrogen atoms on the layer,
labeled as Nx, Nc, which were observed on the oxidized surface (Fig. 6.13) and the new
component Nz which is required for good fitting results. The intensity of the Nx and
Nc components in the N 1s peak decreases upon surface annealing. Hence, one can
assume that one of these components correspond to the N-O bonds. However, the
reported values for the N-O component in the N 1s peak measured on InN are shifted
by 1.1 eV [130], 1.3 eV or 3.4 eV [172] towards higher binding energies with respect to
N-In. These values do not correlate with the shifts observed in this work, i.e. 0.7 eV
for Nx, 1.6 eV for Nc and 2.6 eV for Nz towards higher binding energies compared
to the bulk N-In component. Moreover, no related O-N components can be observed
in the O 1s peak. Therefore, the observed nitrogen compounds refer rather to other
chemical configurations. For instance, Nagata et al. observed the component attributed
to the overlap between N-H and N-C chemical states shifted by 1.8 eV towards higher
energies compared to N-In [171]. This shift is very close to the shift for Nc, hence,
the Nc component probably originates from the bonds with residual H and/or C atoms.
Further investigation of the clean MEAglow grown InN layer will help to understand
the origin of the Nx and Nz components.

The four different oxidation states in O 1s were observed on the oxidized InN layer
(Fig. 6.5). The spectrum recorded from the clean layer in Fig. 6.13 shows a significant
intensity reduction of the O 1s core-level peak, where the Oad2 component is completely
vanished, while the O-In and Oad1 are reduced by ca. 95% and 87% of their initial inten-
sity values, respectively. The O 1s peak is dominated by the In-O-In component, whose
intensity was reduced only slightly. Two different chemical components between in-
dium and oxygen atoms (O-In and In-O-In) can be explained by their different binding
configurations. The In-O-In component is attributed to the indium oxide, e. g. In2O3,
formed on the surface. This component also can be found in the In 3d5/2 core-level
(O-In-O). An energetic position of the In-O-In component is in good agreement with
Ref. [165]. Since In and O atoms have more than one chemical bond between each
other (In-O-In), and intensity of the corresponding component decreases only slightly
upon annealing, one can assume that this bond is relatively strong compared to another
oxygen bonds and cannot be broken easily by annealing. The O-In component is at-
tributed to the bond, where oxygen and indium atoms are bonded weaker, e.g., with
only one chemical bond for example in the N-In-O complex. Thermal annealing is
sufficient to break O-In bonds resulting in significant reduction of the O-In component.
However, the corresponding component (O-In) is not observed in the In 3d5/2 peak,
most probably because it overlaps with the intensive In-N bulk component. A numeri-
cal fitting of the In-O component in the In 3d5/2 peak can be done only artificially with
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a high uncertainty and therefore, was not performed in this work. The O-In and Oad1
(as well as Oad2 component for the oxidized layer) components cannot be attributed to
any other components in the In 3d or N 1s core-levels, since no other components have
shown such a strong reduction upon annealing. The Oad1 (and Oad2) correspond to
physisorbed oxygen atoms [166], e.g. COx, H2O, and can be easily, almost completely
removed from the surface upon thermal annealing.

Fig. 6.14 represents the In 3d5/2, N 1s and O 1s core-level peaks of the MEAglow
grown (

√
3×
√

3)R±30◦ N-polar InN layer with the rough surface recorded at the nor-
mal emission (0◦) and emission at 80◦ corresponding to the surface sensitive measure-
ments. Again, the relative energetic positions of the components in the core-level peaks
with respect to the bulk components remain the same as for the oxidized layers.

Intensities of the O-In-O and Inx components in the In 3d peak reduced after an-
nealing and increased for the emission at 80◦. It confirms the assumption that the
corresponding chemical bonds originate from the near-surface region. The origin of
the O-In-O and Inx components is the same as for the MOVPE grown N-polar InN
layer. The intensity of the component at the lowest binding energy, labeled as In-C,
is decreased after annealing, corresponding to the surface contamination origin, unlike
the metallic In-In component for the MOVPE grown InN. The In-C is shifted by 1.3 eV
towards lower binding energies compared to the In-N, while the In-In component is
shifted by 1.4 eV. Hence, these components indeed originate from the different bind-
ing configurations. The position of the In-C component at the lowest binding energy
refers to the chemical bond between indium and atom less electronegative than nitro-
gen atom. Hence, this can be the bond between indium and carbon atom from surface
contamination.

For the MEAglow InN layer, intensities of the Ny and Nz components in N 1s in-
crease after annealing, while intensity of the Nx component reduces. Moreover, the
surface sensitive measurements show that these three components dominate on the sur-
face sensitive region with the same relative intensities.

The O 1s core-level peak consists only of the O-In and In-O-In components, while
the chemical species corresponding to the Oad1 and Oad2 components are completely
adsorbed from the surface. An absolute intensities of the O-In and In-O-In components
are reduced by 95% and 47%, respectively.

The behavior of the Nx components is very similar to the Inx component from the
In 3d5/2 state: the intensity of Nx reduces after annealing and predominates at the near-
surface region. One can assume that the Nx component corresponds to the contamina-
tions adsorbed, for instance, on surface defects. The Nx component cannot be assigned
to the chemical bond with oxygen, since its intensity did not decrease as significantly
as any of the Oad1 and Oad2 components.

Since intensities of the Ny and Nz components increase after annealing, they cannot
be assigned to the surface contaminations. They may originate from the defects within
the crystal structure and therefore, their intensity increase once the oxidation layer is
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Figure 6.14: The In 3d, N 1s and O 1s core-levels of the clean rough N-polar (
√

3×
√

3)R±30◦

InN layer at normal emission (0 ◦) and emission at 80 ◦.
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Figure 6.15: The VB spectra of the clean a) MOVPE grown N-polar InN layer, b) smooth and
c) rough MEAglown grown N-polar InN layers. Positions of the VBM is determined for each
layer.

Figure 6.16: The Fermi edge (EF) of the clean a) MOVPE grown N-polar InN layer, b) smooth
and c) rough MEAglown grown N-polar InN layers.

removed from the InN layer. Since the analyzed InN layer was grown by MEAglow by
using the nitrogen plasma source, different nitrogen species, e.g. molecular nitrogen
(N2), nitrogen ions, are produced and could incorporate into a crystal structure. The
molecular nitrogen component in the N 1s state has been observed after bombardment
of InN and GaN surfaces with N2

+ and Ar+ ions [173, 174]. However, the correspond-
ing component lies at 7.6 eV (6 eV) higher binding energy compared to the bulk compo-
nent for InN (GaN) layer. As shown in Fig. 6.14 for the N 1s core-level, no evidence of
the reported component was observed on the investigated InN layer. However, another
nitrogen species could be produced by N-plasma source and incorporated into the crys-
tal structure, which can be assigned to Ny. Since the same Nz component is observed
in MOVPE grown InN layer, where the N-plasma source was not applied, the chemical
binding configuration of Nz may be attributed to another kind of crystal defects in the
near-surface region formed during the growth.

In order to determine the changes in the band bending upon surface decontamina-
tion, the VB spectra of all investigated clean N-polar InN layers were analyzed. The
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positions of the VBM for the annealed InN layers shifted towards lower binding en-
ergies compared to the oxidized layers, as shown in Fig. 6.15: the VBM position de-
creases by 0.17 eV± 0.10 eV for the MOVPE grown InN layer and by 0.57± 0.10 eV
and 0.26± 0.10 eV for the smooth and rough MEAglow grown InN layers, respectively.
The determined values of the VBM for the clean N-polar InN layers are still much larger
than the band gap of InN indicating the downward band bending on InN surface even
after surface decontamination.

At the same time, upon surface annealing the bulk components in the In 3d5/2 and
N 1s core-levels shifted by 0.04 eV towards lower binding energies for the MOVPE
grown InN layer and by 0.06 eV for the MEAglow grown InN layer with the rough
surface (by 0.2 eV for the smooth surface). This observation can be interpreted as fol-
lows: the surface band bending results in the same energy shift of the VBM and all bulk
components, however, different values determined between the VBM position shift and
shift of the core-levels upon annealing may be explained, for instance, by formation of
surface states slightly above the VBM. In this case, the VB states will overlap with the
surface states, resulting in an imprecise determination of the VBM position. However,
the tendency remains the same: for the N-polar InN layers surface oxidation leads to the
stronger surface downward band bending in agreement with observations performed by
Eisenhardt et al. in Ref. [130].

The VB spectra in Fig. 6.15 show domination of the peak at higher binding en-
ergy. The determined PII : PI ratios are 1.15±0.05 for the MOVPE grown InN layer,
1.08±0.05 and 1.09±0.05 for the MEAglown InN layers with the smooth and rough
topography, respectively. According to the discussions in Chap. 4, these PII : PI values
correspond to the N-polar InN layers. It could be possible that the lower PII : PI val-
ues for the MEAglow InN layers are due to their polycrystalline structure, where some
domains with In-polarity may form. This will lower the PII : PI ratio compared to the
MOVPE grown InN layer, whose crystalline structure is better and probably does not
have the polar inverted domains. However, if this true, the crystallite domains with
N-polarity are significantly dominated in the investigated InN layers, what can be deter-
mined from the PII : PI ratio.

In the represented VB spectra the Fermi level step at 0 eV cannot be distinguished,
however a closer look at the spectra allows the identification of the Fermi edge for
the MOVPE and rough MEAglow grown InN layers, as shown in Fig. 6.16 (a) and (c),
respectively. The Fermi level step cannot be observed only in the spectrum for the
smooth MEAglow grown N-polar InN layer in Fig. 6.16 (b) that might be due to a low
signal to noise ratio.

6.1.6 The (1×1) N-polar InN Layer Grown by MOVPE

In order to obtain an information about surface reconstruction, e.g. surface behavior,
local electron DOS at the nanoscale, the (1×1) N-polar InN layer grown by MOVPE
was studied by STM and STS. For a comprehensive overview of the InN surface, here
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Figure 6.17: STM images of the (1×1) N-polar InN layer taken at the area of a) (180×180)nm2

b) (130×60)nm2 and c) (50×25)nm2. Applied current and sample bias are shown in each image.
Numbers on the images correspond to the different terraces.

will be shown a number of STM images of the InN layer corresponding to the different
scanning areas.

Fig. 6.17 (a) shows the STM image of the InN layer taken at a large area of
(180×180) nm2 that exhibits a broad overview of the surface topography. A grain
boundary and several bright spots can be clearly distinguished in the image. These
islands having the form of bright spots were also observed in AFM images shown in
Fig. 6.1 and probably correspond to metallic indium. The STM image in Fig. 6.17 (a)
does not exhibit a smooth and continuous layer but shows a cloud-like surface struc-
ture, where the single terraces can be defined in some regions. Different regions cor-
responded to five terraces of InN can be distinguished in Fig. 6.17 (b). Each terrace
is associated with a monolayer of the crystal lattice and is marked by a number. For
instance, the terrace labeled by number 3 does not cover homogenously the layer under-
neath it (number 4), moreover, in some areas it forms a single small islands on top of it.
STM image in Fig. 6.17 (c) shows the same principal for formation of the terraces on
the InN layer but under different tunneling condition (lower sample bias and tunneling
current compared to the previous images). Three regions can be clearly defined and
they correspond to three monolayers of InN.

The STM image in Fig. 6.18 (a) shows another region on the InN surface, where
the formed terraces homogeneously cover the surface and exhibit approximately the
same length of ∼10 nm by measuring along the sketched arrow. The profile of these
terraces is shown in Fig. 6.18 (b), where each terrace is separated from another by the
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Figure 6.18: a) STM image of the terraces formed on the MOVPE grown InN layer and b) the
profile taken along several monolayers (ML) as shown by an arrow in STM image.

Figure 6.19: a) STM image of the V-defect on the InN layer taken at the area of (130×130) nm2

and b) the zoomed STM image of the single terrace ((60×50) nm2).

same distance of ∼0.3 nm corresponding to the half of the InN c-lattice constant or one
monolayer.

As was shown in AFM images (Fig. 6.1), the surface of the studied N-polar InN
layer contains pits. An example of this threading dislocation in form of the V-defect
is shown in STM image in Fig. 6.19 (a) The V-defect is surrounded by a continuously
grown layer. The edges of several monolayers can be distinguished in the inner walls
of the pit. From previously shown STM images as well as from Fig. 6.19 (a), one can
conclude that the surface is quite smooth within one terrace. However, a closer look at
the terrace by zooming into it shows that the terrace consist of a cloudy- or grain-like
structure, as shown in Fig. 6.19 (b). This grainy structure was always observed on the
InN layer for these scanning areas.

An even closer view of the structure is shown in Fig. 6.20. Both STM images consist
of the randomly distributed grains, which size varying from 3 to 8 nm. Such images with
a grain-like structure were observed all over the measured sample, once the scanning
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Figure 6.20: STM images showing a) a grain-like structure of the InN layer taken at area of
(25×25) nm2; b) a formed V-defect surrounded by grains ordered in circle (area (45×45) nm2).

Figure 6.21: a) Atomic-resolved STM image of the N-polar InN layer with a sketched model of
the (1×1) reconstruction, b) the profile taken along an arrow shown in the STM image.

area was decreased to 50-30 nm. Moreover, at this scanning area the tunneling con-
dition becomes unstable due to the highly inhomogeneous distribution of the electron
DOS that appears in STM image as a grain-like structure. Instability of the scanning
tip results in the unintentional horizontal lines, vanished or diffused features in STM
images (Fig. 6.20) and should be associated with the scanning artifacts.

Fig. 6.20 (b) shows the V-defect that is smaller than the one shown previously in
Fig. 6.19 (a). Interestingly, such kind of the V-defects were always surrounded by grains
ordered in a circle (flower-like shape), as shown in Fig. 6.20 (b). However, on the
other regions of the layer, the grains do not demonstrate any kind of order. The grains
that form the flower-like structure have a higher contrast compared to the other area
of the image that is associated with a higher electron DOS around the V-defect. As
was shown by Minj et al., indium atoms preferably segregate at the edges of the V-
defects [175], therefore, higher DOS observed around the defect may originate from
the indium segregation at the edges of the defect.
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Figure 6.22: a) STM image of the N-polar InN surface with the sketched areas for STS. b) STS
I-V curves recorded from the two areas marked in the STM image; each I-V curve is an average
of 15-25 single curves.

The nanoscale resolved STM image of the N-polar InN layer was obtained by apply-
ing a very low sample bias and high tunneling current (this tunneling condition is often
used for investigation of metals by STM). This STM image is shown in Fig. 6.21 (a),
where the profile taken along the recorded structure labeled by an arrow in STM image
is represented in Fig. 6.21 (b). The distance between the two features is≈ 0.3 nm that is
in good agreement with the a-lattice constant of InN. Thus, the observed features corre-
spond to the atoms and the represented STM image shows a well-ordered atomic (1×1)
surface reconstruction as sketched in the model. A slight displacement of the atoms
from the ideal reconstruction can be explained by a thermal drift and fast changes of
the tip position during scanning.

Theoretically it was predicted that N-polar InN layers is terminated by an In-adlayer
which cause a metallic behavior of the surface [75]. In order to prove it experimen-
tally, STS was performed on the investigated N-polar InN layer. The I-V curves were
recorded from two different areas on the surface: the bright spot (that were also ob-
served in Fig. 6.17 (a)) and the smooth area, as represented in Fig. 6.22. The I-V curve
from each area is an average of 15-25 single curves (recorded in the single point spec-
troscopy mode). No evidence of the band gap is observed from the I-V spectra, where
the tunneling current turns to zero only at 0 V, corresponding to the surface metallic-
ity of the layer. Moreover, the I-V curves from the areas 1 and 2 show a very similar
behavior. Therefore, it is not possible to distinguish by STS if the spectrum from the
area 1 corresponds to the indium terminated surface of the InN island or to the metallic
indium droplet. Taking into account the In (101) metallic peak observed by XRD [162],
it is very likely that the region 1 refers to the metallic indium droplet, where a higher
contrast in STM image indicates a higher DOS compared to the overall area.

Additionally, STS was performed in the form of a grid spectroscopy on the small area
of (15×15) nm2, as shown in Fig. 6.23 (a). For this, the area was automatically divided
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Figure 6.23: a) STM image recorded on the N-polar InN layer at scanning area of (15×15) nm2;
STS was performed on the whole area by using a grid of (30×30) measurement points. The
average STS b) I-V curve and c) normalized conductance (dI/dV) / (I/V ) curve from the grid
spectroscopy; lines are guide to the eye.

by 30×30 segments and an I-V curve was recorded from the each segment. The small
area of measurements gives a more accurate information about the local DOS. As a re-
sult of the STS grid measurement, a current image topography for a certain sample bias
can be obtained and analyzed for a chosen area. The current imaging can give a detailed
information about a current fluctuation on the surface caused, for instance, by defects,
different types of atoms or surface states, etc. For the area represented in Fig. 6.23 (a),
no significant difference in the current images could be detected that corresponds to the
homogeneous charge distribution on the InN layer within a chosen area. Fig. 6.23 (b)
shows an average I-V curve based on the grid spectroscopy and a corresponding nor-
malized conductance (dI/dV) / (I/V ) curve (Fig. 6.23 (c)). Similar to the previous STS
measurements, the I-V spectrum shows a linear slope at 0 V corresponding to a metallic
behavior of the N-polar InN surface.

Ideally, the normalized differential conductance can be interpreted as a local DOS
with a Fermi level located around 0 V; it can give an additional information about the
surface states and their positions with respect to the Fermi level. However, interpre-
tation of the normalized conductance curve should be performed very carefully and
confirmed by different tips, in order to exclude an effect of extrinsic particles adsorbed
on the tip, and theoretical calculations. Moreover, the tip induced band bending effect
should be also taken into account. The InN layer studied in this work possesses an
electron accumulation layer at the surface, which is rough on the nm scale – all of this
add even more complicity to the interpretation of the normalized conductance curve.
Therefore, in order to avoid incorrect interpretation of the results, the (dI/dV) / (I/V )
curve was used only to determine the surface behavior, i.e. metallicity or conductivity.
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Figure 6.24: Wide-scale STM images of the rough N-polar InN layer grown by MEAglow
recorded at the area of a) (450×450) nm2 and b) (100×100) nm2.

6.1.7 The (
√

3×
√

3)R±30◦ N-polar InN Layer Grown by MEAglow

As shown by LEED in Fig. 6.12 (c) and (d), both the rough and smooth N-polar InN
layers grown by MEAglow have the (

√
3×
√

3)R±30◦ surface reconstructions. In order
to confirm this reconstruction by STM, it was sufficient to investigate only one sam-
ple. The InN layer with the rough surface (Fig. 6.2 (b)) was chosen for the STM and
STS measurements due to the large crystal islands formed on the surface. The size
of the bigger crystallites (∼ 100-200 nm) was assumed to be large enough to perform
STM imaging within one crystallite under the stable tunneling condition, while for the
smooth InN layer grown by MEAglow (Fig. 6.2 (a)) the tunneling conditions were ex-
pected to vary much within the chosen scanning area.

The STM image recorded on a large scanning area of (450×450) nm2 shown in
Fig. 6.24 (a), gives an overview of the N-polar (

√
3×
√

3)R±30◦ reconstructed InN
surface. The STM image is in good correlation with the topographic AFM image of
the surface: small and big islands (crystallites) and their boundaries can be clearly dis-
tinguished; crystallites are separated from each other by different distances, some of
them are coalesced together. Although the single large crystallite looks flat on a large
scale, while decreasing the scanning area to (100×100) nm2 shows that each crystallite
consists of the cloudy-like structure, as represented in Fig. 6.24 (b). No terraces could
be observed on the surface, as in the case of the (1×1) InN layer grown by MOVPE.

A closer look into the crystalline structure by imaging the surface area of (60×60) nm2

represented in Fig. 6.25 (a), shows the smaller prolonged grains with size of 20-30 nm in
diameter. Each of the grain consist of nanoscale structures which can be distinguished
in Fig. 6.25 (b) and may be assigned to atoms However, due to the unstable tunneling
condition on the rough N-polar InN surface and thermal drift, the presumed atoms can
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Figure 6.25: STM images of the rough N-polar InN layer grown by MEAglow at the scales of
a) (60×60) nm2 and b) (15×13) nm2.

Figure 6.26: a) STM atomically resolved image of the (
√

3×
√

3)R±30◦ reconstructed N-polar
InN layer, b) the profile taken along the atoms (sketched with arrow).

not be well-resolved and their ordered structure can be observed only on some of the
areas (labeled in STM image with arrows).

A better resolved nanoscale STM image is shown in Fig. 6.26 (a). The profile
(Fig. 6.26 (b)) taken along the recorded structures (sketched by an arrow), shows the
distance between the nanoscale features to be∼ 0.68 nm that is significantly larger com-
pared to the a-lattice constant of InN. However, in the case of the (

√
3×
√

3)R±30◦

surface reconstruction, the atoms should be separated from each other by a distance of√
3·a that is equal 0.61 nm. This correlates good with the distances determined from the

profile. A slight difference of 10% between the observed and calculated value can be
explained by an error due to the thermal drift and unstable tunneling conditions during
the scan. Therefore, the observed nanoscale structures correspond to the atoms and the
STM measurements confirm the (

√
3×
√

3)R±30◦ reconstruction previously observed
by LEED.

The grid STS was performed on the (2×2) nm2 of the N-polar InN layer, as marked in
square in the STM image in Fig. 6.27 (a). The STS spectrum shows a metallic behavior
of the (

√
3×
√

3)R±30◦ InN surface (Fig. 6.27 (b)). Similar to the (1×1) reconstructed
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Figure 6.27: a) STM image of the rough N-polar InN layer grown by MEAglow at the scale
of (20×20) nm2, the sketched square refers to the area where grid spectroscopy was performed.
b) I-V curve is an average of the grid (15×15 points) spectroscopy, c) normalized conductance
(dI/dV) / (I/V ) of the I-V spectrum.

InN layer, surface metallicity is probably caused by a high indium amount on the sur-
face. The normalized conductance from the I-V curve shown in Fig. 6.27 (c) exhibits
pronounced shoulders at ∼+0.18 V and ∼ -0.04 V, which may originate from the sur-
face or from the tip. As was mentioned previously, the interpretation of the normalized
conductance curve is a complicated issue, and in this work it is used only for a clear
definition of the band gap or surface metallicity of the studied layer.
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Figure 6.28: AFM topographic images of the In-polar InN layer grown by MBE on the scale
of a) (5×5) µm2 and b) (2×2) µm2; c) profile along the terraces as labeled by an arrow in
image (b).

6.2 In-polar InN surfaces

6.2.1 Oxidized In-polar InN Layer

Prior to characterization under UHV conditions, topography of the MBE grown In-
polar InN layer was studied by AFM. The In-polar InN layer exhibits a very smooth
surface with the rms roughness of 1.8 nm for (5×5) µm2 (Fig. 6.28 (a)) that is much
smoother compared to the MOVPE grown InN layers. The surface contains screw dis-
locations with single atomic steps, as shown in Fig. 6.28 (b). The profile along the
terraces, marked with an arrow in AFM image, is shown in Fig. 6.28 (c). The terraces
are separated by ≈ 0.5 nm with respect to each other. This separation is attributed to
2 ML of InN, although the determined value of 0.5 nm is smaller compared to the InN
c-lattice constant of 0.567 nm [22]. The difference in values may be explained by the
uncertainties during the background subtraction of AFM images. Moreover, the deter-
mined value for terrace separation is much higher to be assigned to one monolayer steps,
hence, it is correct to attribute it to the 2 ML steps on the InN layer. Metallic indium
droplets were not observed on the AFM images as expected after etching the surface by
HCl.

The chemical analysis of the oxidized In-polar InN layer was performed by XPS
by studying the electron photoemission from the In 3d5/2, N 1s and O 1s core-levels as
shown in Fig. 6.29. The core-level peaks were recorded at the normal emission and
emission at 70◦ with respect to the surface normal. Relative amounts of the oxygen
and carbon determined from the normal emission measurements are 15.6% and 21.0%,
respectively, while for the measurements at 70◦, relative amounts of oxygen and carbon
equal 18.9% and 64.1%. This shows that the oxidized InN surface is highly predomi-
nated by carbon species compared to previously studied N-polar InN layers.

The numerically fitted components of the In 3d5/2, N 1s and O 1s peaks in Fig. 6.29
are very similar to the one observed for the oxidized N-polar InN layers grown by
MOVPE and MEAglow (see Fig. 6.5 and Fig. 6.6). As will be shown later, the studied
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Figure 6.29: The In 3d, N 1s and O 1s core-levels of the oxidized In-polar InN layer grown by
MBE for the normal emission and emission at 70◦ with respect to surface normal.
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Figure 6.30: a) VB spectrum of the oxidized In-polar InN layer and b) XPS emission near the
Fermi edge.

In-polar InN layer possesses a metallic surface behavior, hence an asymmetric param-
eter was used for the numerical fit of every component in the recorded core-levels for
oxidized and clean layers. All fit parameters can be found in Appendix B.

The In 3d5/2 core-level consists of 4 components: In-In, In-N, O-In-O and Inx. The
same components were observed in the case of the MOVPE grown N-polar InN layer
(Fig. 6.5) and assumed to have the similar origin. The In-N component at 443.8 eV
corresponds to the bulk indium to nitrogen bond. The component at lower binding
energy corresponds to the metallic In-In bond. Probably, due to the low signal to noise
ratio, the In-In component is not observed for the emission at 70◦. The O-In-O and
Inx components in the In 3d5/2 state for emission at 70◦ show much higher intensity
compared to the one shown for the oxidized MEAglow grown InN for emission at 80◦.
The Inx was assigned to the indium dangling bonds or defects, where an indium atom is
bound to a contamination atom (not oxygen) or a complex structure. Since the amount
of carbon and oxygen on the MBE grown InN layer is high, this can explain the high
intensity of the O-In-O and Inx component in Fig. 6.29.

The N 1s core-level recorded from the oxidized In-polar InN shows only two chem-
ical states: the bulk N-In and the Nx component assigned to absorption of contamina-
tions on defects (see discussion for N-polar InN layer in Sec. 6.1.5). A line shape of
the O 1s core-level recorded at normal emission shown in Fig. 6.29 is very similar to
the one observed for the oxidized N-polar InN layers (Fig. 6.5 and Fig. 6.6): two com-
ponents correspond to the different physisorbed adsorbates (Oad1 and Oad2), and two
components at the lowest binding energy are assigned to the O-In and In-O-In bonds.
The In-O-In component is not observed for the emission at 70◦ probably due to its low
intensity and low signal to noise ratio.

Besides the core-level analysis, the XPS VB was also recorded from the oxidized
InN layer as represented in Fig. 6.30. Position of the VBM was estimated to be
1.28± 0.10 eV above the Fermi level, indicating a downward band bending on the ox-

98



Surface Properties of N-polar and In-polar InN Layers

Figure 6.31: a) Relative amount of carbon and oxygen and b) the III/V ratio of the In-polar
InN layer after annealing for 10 min at different temperatures. Calculations are based on AES
measurements; lines are guide to the eye.

idized In-polar InN layer. Photoemission spectrum near 0 eV in Fig. 6.30 (b) does not
show a pronounced Fermi edge at 0 eV, which is in good agreement with absence of
metallic indium droplets on the surface.

The VB peak at lower binding energy (peak PI) significantly dominates the VB spec-
tra. The PII : PI ratio equals 0.66±0.05 that corresponds to the In-polarity of the layer,
based on the discussions in Chap. 4.

6.2.2 Surface Decontamination: Annealing in UHV and Nitrogen
Plasma

In the previous chapter an appropriate preparation conditions for the surface decontam-
ination of the N-polar InN layers were determined. It is not necessarily true that the
preparation parameters used for the N-polar orientated layer would suit the In-polar
InN layers, since for different crystal orientations the binding configurations of the top-
most layer with adsorbates is different. However, the preparation conditions also should
not be very different. Therefore, investigation of the surface treatment for the oxidized
In-polar InN layer will be partially based on the results for the N-polar InN layers.

The surface decontamination of the In-polar InN layer was performed by thermal
annealing of the layer for 10 min under UHV conditions and annealing in nitrogen
plasma (N*) by using N-plasma source. In order to find an appropriate preparation
condition, different annealing temperatures were used and their effect on the surface
and crystal structure of the layers were analyzed in details.

Relative amount of surface contaminations, i.e. carbon and oxygen, were determined
from AES after annealing the InN layer at 300◦C-530◦C. As shown in Fig. 6.31 (a), an-
nealing at the temperature of 530◦C leads to the decrease of oxygen and carbon only by
17% that is much lower compared to the decontamination observed for the N-polar InN
layers (see Fig. 6.8). The III/V ratio values determined from AES after each annealing
step are represented in Fig. 6.31 (b). The III/V ratio varies in the range of 1.32±0.10
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Figure 6.32: AFM image of In-polar InN layer after annealing at a) 500◦C and b) 530◦C for
10 min. Arrow in image (b) indicates formed indium droplets on the surface.

Figure 6.33: XRD ω-2θ scan for the oxidized and annealed at 500◦C, 513◦C and 530◦C In-
polar InN layer. Measurements were performed by F. Mehnke, TU Berlin.

along the whole scale and does not show any obvious tendency with increase of an-
nealing temperature. This might be explained by the fact that AES is a very surface
sensitive technique and a large amount of residual contaminations makes determination
of the In/N ratio inaccurate.

AFM performed on the InN layers annealed at 500◦C (Fig. 6.32 (a)) showed no
changes in the InN surface topography, while formation of indium droplets was ob-
served after annealing at 530◦C, as indicated by arrow in Fig. 6.32 (b) Size of the in-
dium droplets varies from 0.1 µm up to 1 µm with height of 0.2-0.5 µm. The surface
between the indium droplets remained unchanged and exhibits screw dislocations and
step-like structure. Therefore, annealing temperature of 530◦C is too high for the sur-
face decontamination and leads to modification of the surface structure.

In order to determine the effect of annealing temperature on the crystal properties
of the In-polar InN layers, XRD measurements were performed on the layers annealed
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Figure 6.34: XRD ω-2θ scan for the In-
polar InN layer annealed for 10 min at 513 ◦C
recorded with open detector and analyzer. Mea-
surements were performed by F. Mehnke, TU
Berlin.

Table 6.3: The c-lattice constants determined for the In-polar InN layer grown by MBE before
and after surface treatment. Calculations are based on the ω-2θ scan from XRD measurements.
Annealing was performed for 10 min.

Treatment h k l 2θ c-lattice constant

No 0 0 2 31.271 ◦ 0.571(6) nm

Annealing at 500◦C 0 0 2 31.271 ◦ 0.571(6) nm

Annealing at 513◦C 0 0 2 31.269 ◦ 0.571(6) nm

Annealing at 530◦C 0 0 2 31.287 ◦ 0.571(3) nm

at temperatures above 500◦C. The XRD measurement and related calculations were
carried out by F. Mehnke at TU Berlin.

Fig. 6.33 shows the XRD ω-2θ scans of the InN layers grown on GaN/Al2O3 tem-
plate before and after annealing at 500◦C, 513◦C and 530◦C. The GaN (00.2) and (30.2)
reflections as well as Al2O3 (00.6) reflection were not analyzed in details. The metallic
In (101) reflection is absent for the as grown layer (not annealed) and the layers an-
nealed up to 513◦C, while the intensity of the In (101) reflection increases drastically
after increasing the temperature up to 530◦C. Although metallic indium is not detected
in Fig. 6.33 (a) for the layer annealed at 513◦C, a low intensity of the In (101) reflection
can be distinguished in the ω-2θ scan performed with an open detector as shown in
Fig. 6.34. This indicates formation of indium droplets on the In-polar InN surface even
after annealing at 513◦C, although in a smaller amount.

Note that in the case of the N-polar InN layers grown by MEAglow, formation of
indium droplets was not observed even after annealing at 540◦C (Fig. 6.11), while for
the In-polar InN layers grown by MBE formation of metallic indium starts already at
≈ 513◦C and increases significantly with increasing temperature.

Based on the ω-2θ scans the c-lattice constant of the In-polar InN layer was deter-
mined prior and after annealing at high temperatures. The equations used for calcula-
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Figure 6.35: ω scan of the symmetric a) InN (00.2) and b) InN (30.2) reflections of the In-polar
InN layer prior and after annealing at different temperatures. Measurements were performed by
F. Mehnke, TU Berlin.

tion can be found in Appendix C. The results are summarized in Tab.6.3. The deter-
mined c-lattice constant remained unchanged after annealing even at 530◦C if consid-
ering an error bar of the measurements (resolution of the XRD ω-2θ scan is 0.005 ◦,
error bar for the calculated lattice constant is 0.0004 nm). Thus, the crystal lattice did
not undergo any lateral suppression or relaxation upon annealing.

Additionally, the ω scan of the InN (00.2) and InN (30.2) reflections were recorded
for the InN layers prior and after annealing, as represented in Fig. 6.35. The FWHM of
the InN (00.2) reflection is about 0.1◦ for the untreated layer and starts to increase with
increasing of annealing temperature until it reaches the value of 0.29◦ for the annealing
at 530◦C. Broadening of the peak is accompanied by a decrease of the peak intensity
that is associated with the formation of defects and degradation of InN crystal quality.
At the same time, the InN (30.2) reflection does not show such a dramatic changes of
the FWHM with increase of annealing temperature.

The density of screw and edge dislocations in the InN layer was estimated from the
ω scan of InN (00.2) and InN (30.2) reflections, respectively. The equations for calcu-
lation of the dislocation density (DD) are described in Appendix C. Tab.6.4 represents
the screw and edge DD, as well as total threading dislocation density (TDD) for the InN
prior and after surface annealing at different temperatures. Upon annealing at 530◦C,
the screw DD increases by one order of magnitude from 2.10× 108 cm−2 for the un-
treated layer up to 1.79× 109 cm−2 after annealing at highest temperature. The density
of the edge dislocations is one order higher than the screw dislocations, and does not
change significantly with increasing annealing temperature. As a result, the edge type
of dislocations predominates overall TDD which is determined to be 3.46× 1010 cm−2

for the InN layer prior to annealing and 3.67× 1010 cm−2 after annealing at 530◦C. It is
important to mention that the screw DD for the In-polar InN layer is significantly lower
compared to the N-polar InN layer grown by MEAglow, for which the screw DD was
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Table 6.4: Screw and edge dislocation density (DD) determined for the In-polar InN layer grown
by MBE before and after annealing for 10 min at indicated temperatures. Calculations are based
on the ω scan measured by XRD.

Treatment
FWHM
InN (00.2) (◦)

Screw DD
(cm−2)

FWHM
InN (30.2) (◦)

Edge DD
(cm−2)

Threading
DD (cm−2)

No 0.101 2.21× 108 0.784 3.44× 1010 3.46× 1010

Annealing
at 500◦C

0.098 2.10× 108 0.762 3.25× 1010 3.27× 1010

Annealing
at 513◦C

0.086 1.63× 108 0.681 2.60× 1010 2.62× 1010

Annealing
at 530◦C

0.287 1.79× 109 0.792 3.52× 1010 3.67× 1010

determined to be about 3.5× 1011 cm−2. Therefore, the overall crystalline quality of
the studied In-polar InN layer is much better compared to other InN layers.

Based on the shown results one can conclude that annealing of the MBE grown In-
polar InN in UHV does not remove surface contamination significantly even by apply-
ing annealing temperature close to InN decomposition temperature. Moreover, anneal-
ing temperatures above 500◦C results in increase of the screw DD in the InN crystal
structure and formation of indium droplets on the surface. This is in agreement with
the appropriate annealing temperature of 450-480◦C found for the N-polar InN layer
grown by MOVPE.

As an alternative preparation method, the In-polar InN layer was annealed for 10 min
in nitrogen plasma by applying the N-plasma source at the pressure of≈ 1× 10−4 mbar.
In order to avoid formation of indium droplets and destruction of the lattice crystal,
the InN layer was annealed at the temperature of 450◦C, which was used for surface
decontamination of the MOVPE grown N-polar InN layers under UHV conditions. In
this case, a quantitative analysis was performed by XPS. The carbon and oxygen were
decreased by 92% and 33%, respectively, which is much higher compared to annealing
in UHV.

For comparison, Fig. 6.36 (a) and (b) shows the LEED diffraction pattern obtained
from the InN layer after annealing in UHV and nitrogen plasma, respectively. In the
case of annealing in UHV, the LEED pattern could be obtained only at high electron
energy (> 120 eV) and shows a high background intensity corresponding to the large
amount of residual contaminations on the surface. For the InN layer annealed in nitro-
gen plasma, the LEED diffraction pattern shows small, sharp spots with a low back-
ground, indicating a clean well-ordered surface structure of InN layer. In the later
case, the LEED patterns could be observed already at ∼ 35 eV, however, Fig. 6.36 (b)
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Figure 6.36: LEED diffraction patterns recorded at 120 eV for the In-polar InN layer after
a) annealing in UHV at 500◦C and b) annealing in N* plasma at 450◦C for 10 min.

shows the diffraction pattern recorded at 120 eV, in order to compare it with the one in
Fig. 6.36 (a).

Thus, surface treatment of the In-polar InN layer in nitrogen plasma is more effective
and required lower annealing temperature compared to annealing in UHV. Higher effi-
ciency of the surface decontamination by using a N-plasma source was also observed
by Friedrich et al. [66]. In his work it was shown that an almost complete desorption of
carbon from the polar InGaN surfaces can be achieved at 800◦C for annealing in UHV
or at 600◦C for annealing in N-plasma. Similar to the above shown results, much lower
annealing temperature is required for the surface deoxidation if annealing is performed
in nitrogen plasma.

6.2.3 Surface Properties of the Clean In-polar InN Layer

As was mentioned previously, upon annealing in nitrogen plasma, the In-polar InN
layer exhibits the LEED pattern with small and sharp reflexes indicating a clean and
well-ordered surface. The LEED pattern recorded at lower electron energy (55.8 eV)
compared to Fig. 6.36 (b) corresponds to a signal from a region very near the surface.
The small reflexes with high intensity can be well observed on the fluorescent screen.
The diffraction pattern corresponds to the (1×1) surface reconstruction of the clean In-
polar InN layer. A hexagonal unit cell is sketched in the image, similar to the MOVPE
grown N-polar InN layer (Fig. 6.12 (a)).

Analysis of the chemical bonds on the In-polar InN surface was performed by record-
ing the core-level spectra at normal emission and emission of 80◦ with respect to surface
normal. The result are summarized in Fig. 6.38.

Intensity of the Inx component in the In 3d5/2 core-level peak for both normal emis-
sion and emission at 80◦, significantly decreased after annealing. As mentioned in
Sec. 6.1.5 for the N-polar InN layer grown by MEAglow, the Inx component is at-
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Figure 6.37: LEED diffraction pattern
with a sketched hexagonal unit cell
recorded from the clean In-polar InN
layer at 55.8 eV after annealing in N*
plasma at 450◦C for 10 min.

tributed to the dangling bonds, surface defects or chemical bonds with complex con-
tamination species. Indeed, behavior of this component is in good agreement with its
proposed origin: intensity of the component decreases after the surface decontamina-
tion, especially, it is good observed in the case of emission at 80◦. Intensity of the In-In
component remains unchanged upon the treatment by using N-plasma source, indicat-
ing that the chemical bonds associated with the component do not refer to the surface
contamination.

The O-In-O component in the In 3d5/2 state recorded at normal emission shows only
small intensity reduction after annealing with respect to the bulk In-N component. The
quantitative analysis shows that the oxygen amount is reduced by 33% upon annealing,
but since the O-In-O bond remained nearly unchanged, the oxygen desorption is prob-
ably occurring from the binding configurations between another atoms, e.g. carbon,
hydrogen, or another oxygen species. The O-In-O component in the In 3d5/2 core-level
for emission at 80◦ (Fig. 6.38) is higher compared to the oxidized sample only because
of the higher emission angle used for the clean layer (80◦) compared to the oxidized
surface (70◦).

The N 1s core-level recorded at normal emission is dominated mainly by the N-In
bulk component, while intensity of the Nx component significantly decreased upon an-
nealing. The surface sensitive XPS measurements for emission at 80◦ shows appearance
of the Ny and Nz components, which were not observed for the oxidized In-polar InN
layer. The chemical shifts of the Ny and Nz components are 1.9 eV and 3.0 eV with
respect to the bulk N-In component, which is different than previously observed shifts
of the Ny and Nz components for the MEAglow grown N-polar InN layer (Fig. 6.14).
Hence, the Ny and Nz components for the In-polar InN layer should originate from
another chemical compounds than in the case of the N-polar InN. Indeed, the surface
treatment of the In-polar InN layers was different compared to the N-polar InN layers.
The In-polar InN surface was exposed to the nitrogen plasma produced by N-plasma
source, hence, some nitrogen species (e.g. nitrogen ions, molecular nitrogen) may in-
corporate into the near-surface region of the InN crystal lattice. Moreover, the surface
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Figure 6.38: The In 3d5/2 and N 1s core-levels of the clean In-polar InN layers for normal
emission and emission at 80◦ with respect to surface normal. The InN layer was annealed in
N-plasma at 450◦C for 10 min.

treatment by nitrogen plasma may produce some nitrogen defects or complex binding
structures on the surface of InN. It is most likely that the observed Ny and Nz compo-
nents originate from the surface nitrogen species or defects formed upon the treatment
by nitrogen plasma source. No other components that could be assigned to Ny and Nz
were observed in the In 3d5/2 or O 1s core-level states, indicating that nitrogen atoms
from the Ny and Nz components are not bonded to indium or oxygen atoms.

The VB spectrum of the clean In-polar InN layers is shown in Fig. 6.39 (a). The
position of the VBM determined from the spectrum is 1.35± 0.10 eV below the Fermi
level, which is ∼ 0.1 eV lower compared to the oxidized surface. Upon annealing, the
In-N components in the N 1s and In 3d states also shift by approximately 0.1 eV towards
higher binding energies compared to the oxidized surface. Hence, the VBM and core-
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Figure 6.39: a) VB spectrum of the clean (after annealing in N-plasma at 450◦C) In-polar InN
layer and b) XPS emission near Fermi edge.

level shifts are in good agreement with each other. Therefore, the surface oxidation
leads to a decrease of the surface downward band bending for the studied In-polar
InN layer, while a stronger downward bending of the conduction and valence bands
are observed for the clean In-polar InN layer. This behavior is opposite to the one
determined for the N-polar InN layers (see Sec. 6.1.5).

The XPS experiments performed on the MBE grown In-polar InN layer by Eisen-
hardt et al. showed similar results observed for the studied In-polar InN: upon expo-
sure to oxygen the VBM position is shifted by 0.25 eV towards lower binding energies
compared to the as-grown layer, indicating the flattering of the bands on the adsorbate
covered In-polar InN layer [129]. Additionally, in this report the shift of 0.1 eV towards
lower binding energies compared to the as-grown In-polar InN layer was observed after
the InN layer was exposed to water [129]. This shift is in good agreement with the one
observed from the studied in this work In-polar InN layer. Thus, the VBM shift may be
associated with the formation of water on the surface.

At the same time, surface metallicity cannot be clearly detected by XPS at binding
energy near 0 eV. The Fermi edge of the clean In-polar InN layer in Fig. 6.39 is not
well-pronounced due to the intensity of the detected electrons. However, it is also an
indication that no metallic indium is formed on the layer after the performed thermal
treatment of the layer.

Further, the surface characterization was performed by STM and STS. The STM
image recorded on the wide scanning area in Fig. 6.40 (a) shows a screw dislocation
(marked by black arrow) with corresponding terraces that was previously observed by
AFM (Fig. 6.32). The screw dislocation is surrounded by a well-pronounced boundary
(marked by white arrow) which may originate for instance, from an uncoalesced growth.
Although the topographic AFM images show a smooth structure of the terraces, the
STM images show a grain-like structure of each terrace as shown in Fig. 6.40 (b).

A zoom in image of the scanning area shows similar observation as for the N-polar
InN layers: the In-polar InN surface on the nanoscale area consists of the clusters
(grains), as shown in Fig. 6.41 (a). It seems that for the polar InN layers a surface elec-
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Figure 6.40: a) STM image (480×240) nm2 of a screw dislocation, b) STM image of a terrace
topography. Black and white arrow correspond to screw dislocations and grain boundary, re-
spectively.

Figure 6.41: a) STM image (20×20) nm2 of the In-polar InN layers, b) c) atomic-resolved STM
images and a profile along the atoms from image (b).

tron distribution is energetically favorable in form of little clusters. This corresponds to
the rearrangement of atoms on the surface into nanoscale islands. In terms of surface
study by STM, it is always preferable to investigate layers with a flat formed crystal
monolayer, as in the case for GaAs, silver or graphene [176]. However, a large area
of homogeneously covered single InN monolayer has never been observed on the InN
surfaces within this work.

An even closer view of the structure shows that each single cluster consists of the ar-
ranged nanoscale structures, Fig. 6.41 (b) and (c). The profile along this structure gives
a value for their separation of∼ 0.33 nm that is in good agreement with the a-lattice con-
stant of InN. Hence, the recorded structures correspond to the arranged surface atoms.
However, an unstable tunneling conditions caused by grain-like structure result in a
non-perfect imaging of the atoms, where some blurred and prolonged features appear
in the images.
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Figure 6.42: a) STM image recorded on the In-polar InN layer at scanning area of (13×13) nm2;
STS was performed on the whole area by using a grid of (15×15) measurement points. b) STS
I-V and c) normalized conductance (dI/dV) / (I/V ) curves derived from the average of the scan
area; lines are guide to the eye.

In order to determine the behavior of the InN surface, STS has been applied to the
In-polar InN layers. STS was performed in the form of grid spectroscopy, already
described in Sec. 6.1.4. For this, the STM image was recorded at the small scanning
area (Fig. 6.42 (a)) and divided by 15×15 segments. STS I-V curves were recorded
in every segment, and showed similar surface behavior for each measurement. An
average of these single curves is shown in Fig. 6.42 (b). Tunneling current turns to 0 A
only at 0 V, indicating no band gap of the material but a metallic behavior of the surface.
This can be even better observed in the normalized conductance (dI/dV) / (I/V ) curve
in Fig. 6.42 (c). Similar to the N-polar InN layers, surface metallicity is explained by
indium termination [75] that results in the electrons accumulation layer on the In-polar
InN surface.

6.3 Discussion

Surface analysis of the N- and In-polar InN layers showed that the applied growth
method strongly affects the surface morphology and topography of the InN layers. The
In-polar InN layer grown by MBE was found to have the smoothest surface among
the studied polar InN layers. This surface consists of pronounced terraces separated
from each other by two monolayers, moreover, numerous screw dislocations are present.
The surface of the MOVPE grown N-polar InN layer was found to be atomically flat
but contains pits and hillocks, as well as small metallic indium droplets. Although no
indium droplets have been detected on the investigated MEAglow grown N-polar InN
layers, their surfaces exhibit grainy and three dimensional structures, resulting in a very
rough surface with increasing the growth temperature.

Based on the performed surface sensitive measurements, i.e. XPS, AES, STM
and STS, the models for the (1×1) reconstructed N- and In-polar InN layers and
(
√

3×
√

3)R±30◦ reconstructed N-polar InN surface grown by MEAglow can be pro-
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posed. Interpretation of the obtained results based on the several experimental tech-
niques is much more accurate. This is an obvious advantage compared to the previous
literature reports, where the atomic models of the InN reconstructions have been de-
rived only from one or two experimental techniques [40, 62, 69]. As was mentioned
in Sec. 2.3, nowadays, the known reconstructions on InN surfaces are (1×1), (2×2)
and (

√
3×
√

3)R±30◦ for the In-polar orientation and the (1×1) reconstruction for the
N-polar InN layers. However, the atomic arrangements on the surfaces have been deter-
mined only by LEED and RHEED techniques so far.

Based on the theoretical calculations, it was predicted that the [0001̄] and [0001]
orientated InN layers are always terminated by indium atoms, while a N-terminated
structure showed to be unstable on both the N-polar and In-polar InN surfaces [70].
Formation of an In-adlayer on InN results in the presence of metallic indium surface
states that lie above the CBM [75]. As a consequence, an electron accumulation layer
is formed on the InN surfaces. The VB XPS studies of the In- and N-polar InN layers
show presence of the surface electron accumulation on all investigated layers, in good
agreement with theoretical prediction, indicating a formation of the metallic surface
states of the InN surfaces due to the indium termination.

Theoretically predicted surface termination of the (1×1) N-polar InN layer by a sin-
gle indium adlayer [75] correlates very well with the In/N ratio value of 1.15± 0.10
determined by AES for the MOVPE grown (1×1) N-polar InN layer (Fig. 6.9 (a)). It
also explains observed higher amount of indium in the near-surface region of the layer.
At the same time, the III/V ratio for the clean (1×1) InN layer calculated by XPS is
1.50± 0.05 that is higher compared to the value estimated from AES. This fact might
be explained by the different information depths for AES and XPS measurements, dif-
ferent mean free paths of the detected electrons as well as an error of 20% for the
quantitative analysis by AES. The surface sensitive XPS measurements (emission at
80◦ with respect to surface normal), however, are in better agreement with the AES re-
sults. Hence, AES and surface sensitive XPS measurements can be considered as more
reliable for the determination of material stoichiometry in the near-surface region and
show presence of the In-adlayer on the studied (1×1) N-polar InN layer.

The (
√

3×
√

3) R±30◦ symmetry has been previously observed only on the group-
III-polar InN [62], GaN [63] and InGaN layers [66]. This reconstruction is predicted
to consist of indium adatoms located as depicted in Fig. 2.4 (c), resulting in 1/3 times
more indium on the surface compared, for instance, to the cleavage surface. Similar
arrangement of the atoms in the top-most layer is expected to take place on the stud-
ied N-polar (

√
3×
√

3) R±30◦ reconstructed InN layer. The In/N value determined by
AES and surface sensitive XPS measurements from this layer equals ≈ 1.60± 0.15
that is 40± 10 % larger compared to the (1×1) N-polar InN surface. This observa-
tion in a good agreement with the 1/3 times more indium on the (

√
3×
√

3) R±30◦

N-polar InN layer compared to the (1×1) N-polar InN surface. Hence, the investigated
(
√

3×
√

3) R±30◦ N-polar InN layer should consist of the In-adlayer, as in the case for
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Figure 6.43: Model of the (1×1) N-polar InN layer terminated by indium adlayer (top and side
view).

the (1×1) N-polar InN surface, with additional terminated indium adatoms which build
the (
√

3×
√

3) surface symmetry.

Excess of indium on the studied N-polar InN surfaces is responsible for the observa-
tion on the Fermi level edge (EF = 0 eV) on the XPS spectra in Fig. 6.16. The Fermi edge
is intrinsic for metals and is not expected to be detected on semiconductors, unless the
studied semiconductor possess a metallic behavior. Therefore, presence of the Fermi
level in the spectra corresponds to the metallic states on InN layers. Moreover, some
surface states can be observed above the VBM for the MOVPE and rough MEAglow
N-polar InN layers in form of a residual intensity in the spectra above the background
level (Fig. 6.15 and Fig. 6.16). Although the surface states can be analyzed in details
by UPS rather than by XPS, one can assume that the observed surface states in XPS
spectra correspond to the indium metallic surface states, which lie above the VBM in
agreement with the theory [75].

If assume that the (
√

3×
√

3) R±30◦ and (1×1) N-polar InN layers are terminated by
indium adlayer/adatoms, as was shown from the AES and XPS quantitative analysis, the
indium atoms should be observed by STM. It is well-known that STM measurements
enable observation of filled or empty electronic states depending on the applied polarity
of the voltage. However, in the case of the strong surface downward band bending,
when the Fermi level is pinned at the surface above the conduction band minimum,
and with an applied negative sample voltage, the electrons from the valence-band and
conduction-band states, will tunnel into empty states of a tip (so called accumulation
current) [177]. Thus, independent from the applied polarity of the voltage, the STM will
always image the conduction-band states. Since the c-plane InN layers exhibit a large
band bending even for the clean surfaces, the aforementioned accumulation current will
contribute during the STM measurements. As a result, it will not be possible to observe
filled and empty state separately by switching the sample bias polarity. Indeed, during
the STM measurements performed in this work on the N- and In-polar InN layers, a
positive and negative applied voltages result in the same imaging of the surface.
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Figure 6.44: The stick-and-ball model of the (
√

3×
√

3)R±30◦ reconstructed N-polar InN layer
(top and side views).

Since excess of indium was detected on the surface by XPS and AES, the atoms
observed in STM images in Fig. 6.21 (a) must be associated with the indium atoms from
the terminated In-adlayer. For the (1×1) N-polar InN layer, the atoms in Fig. 6.21 (a)
are arranged in the way that they form a (1×1) reconstructed surface, as depicted in the
model on the right-hand side of the STM image, where the distance between the atoms
is equivalent to the a-lattice constant of InN (≈0.3 nm). Hence, previously determined
only by LEED (1×1) InN surface reconstruction (Fig. 6.12 (a) and (b)) is for the first
time confirmed by the atomically resolved STM image.

Based on the mentioned experimental techniques and discussions, the atomic model
of the (1×1) N-polar InN surface is proposed to consist of the single terminated indium
adlayer which covers the top-most nitrogen layer, as shown in Fig. 6.43 for the top and
side view. This model and shown results are the first direct confirmation of the theoret-
ically predicted (1×1) reconstructed N-polar InN layer [75]. Similar (1×1) reconstruc-
tion has been observed for the (1×1) N-polar GaN, as shown in Fig. 2.4 (a) [61].

Another model for the (1×1) N-polar InN layer was proposed by Veal et al., where
they claim that InN surface is covered by ∼ 2 atomic layers (2 ML) of indium [40]. In
their proposed model the top-most N monolayer of the N-polar InN is terminated by an
indium adlayer which is covered by∼ 2 ML of indium. Hence, in their proposed model
the top-most nitrogen layer of N-polar InN layer is actually covered by indium trilayer.
In the experiments discussed here such structure was not observed and would be in
disagreement with the experimentally determined III/V ratio. The III/V ratios reported
in the work of Veal et al. for the normal emission and emission at 60◦ with respect
to surface normal are ∼ 1.75 and ∼ 2.6. These values are much higher compared to
the one determined in this work for both the (1×1) and (

√
3×
√

3)R±30◦ reconstructed
N-polar InN layers. A large III/V ratio observed in Ref. [40] can be explained by the
formation of metallic indium clusters (droplets).Although the authors in Ref. [40] claim
that they selected only the samples without indium droplets, the strong pronounced
Fermi level edge with probably metallic surface states can be observed in the VB spectra
(shown in Fig. 2.3 (a)) for all reported samples. Consequently, the model based on the
(1×1) N-polar InN layer studied within this work by different experimental methods
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provide more reliable results, which contradict with Ref. [40] but agrees with theoretical
predictions [70].

Determined excess of indium on the (
√

3×
√

3)R±30◦ reconstructed N-polar InN
layer indicates indium termination of the layer. Similar to the (1×1) InN surface,
the electron density of states observed in the atomically resolved STM image in
Fig. 6.26 (a) must correspond to the top-most indium atoms, which form the (

√
3×
√

3)
reconstruction rotated by 30◦. As discussed previously, the distances between the
recorded atoms of ≈0.68 nm are in good agreement with the

√
3·a that corresponds

to the (
√

3×
√

3) surface symmetry. Thus, the (
√

3×
√

3)R±30◦ reconstruction of the
N-polar InN layer determined by LEED is for the first time confirmed by STM.

Based on the shown experimental results, the model for the (
√

3×
√

3)R±30◦ recon-
structed surface for the first time observed on the N-polar InN surface is proposed. The
top and side view of this stick-and-ball model is shown in Fig. 6.44. In the model, the
top-most nitrogen monolayer is terminated by a single indium adlayer with additional
indium adatoms located at T4 or H3 sites. The model is similar to the one for the
(
√

3×
√

3)R±30◦ reconstructed In-polar InN layer proposed by Himmerlich et al. [62]
(see Fig. 2.4 (c)).

The STS performed on both the (1×1) and the (
√

3×
√

3)R±30◦ reconstructed InN
layers show surface metallicity caused by the metallic behavior of the In-terminated
layers, in agreement with the aforementioned discussions. This fact also confirms that
the structures observed in atomic-resolved STM images correspond to indium atoms.

It is important to emphasize that no N-O bonds were observed in the N 1s and O 1s
core-level spectra for the studied N-polar InN layers. This is in agreement with the
model, where the adsorbed oxygen atoms bond to the top-most layer consisted of
indium adlayer/adatoms, resulting in the O-In and In-O-In bonds. Moreover, metal-
lic In-In component has been observed in the In 3d5/2 core-level state only for the
MOVPE grown (1×1) N-polar InN layer, where indium droplets were determined on
the surface by XRD and AFM. Based on the proposed model for the MEAglow grown
(
√

3×
√

3)R±30◦ N-polar InN layer, the metallic In-In bonds must also exist but the
corresponding component was not observed by XPS probably due to a small amount of
the In-In bonds which originate only from the (

√
3×
√

3)R±30◦ surface reconstruction.
However, the In-C and In-In components may also overlap in the In 3d5/2 state and
therefore, not being resolved.

As mentioned above, theoretical studies performed for the In-polar InN layers pre-
dicted an indium termination of these layer under all growth conditions [70, 71]. In-
deed, this correlates good with the determined by XPS III/V = 2.17± 0.05 ratio of the
studied (1×1) In-polar InN layer. The III/V ratio is significantly higher compared to
the previously described (1×1) and (

√
3×
√

3)R±30◦ reconstructed N-polar InN layers,
indicating higher amount of indium on the (1×1) In-polar InN surface.

Similar to the N-polar InN layers, no N-O component was observed in the N 1s or
O 1s core-levels for the In-polar InN layer, while XPS analysis showed presence of the
In-O and In-O-In chemical bonds on the surface. Thus, adsorbed oxygen atoms from
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Figure 6.45: The top and side model view of the (1×1) In-polar InN layer.

ambient air bond to indium atoms that must terminate the surface in order to form In-O
and In-O-In binding configurations.

The downward band bending of the (1×1) In-polar InN layer was determined from
the position of the VBM in the XPS spectrum, while the I-V curve measured by STS
showed metallic behavior of the studied InN surface. Hence, like in the case of the
above discussed N-polar InN layers, the studied In-polar InN layer possesses surface
electron accumulation caused by metallic surface states located above the conduction
band, as discussed in Ref. [75] (see Fig. 2.5).

From the aforementioned results for the studied (1×1) In-polar InN layer, the layer
is predicted to be indium terminated with a larger amount of indium of the surface
compared to the N-polar layers. Thus, the atoms observed on the STM images in
Fig. 6.41 (b) and (c) correspond to the top-most indium atoms that build the (1×1)
surface symmetry, since the distances between the atoms equal the a-lattice constant of
InN. These results confirm the (1×1) reconstruction of the In-polar InN layer observed
by LEED.

For the In-polar InN layers grown under In-rich conditions, DFT studies showed two
possible surface terminations: a contracted In-bilayer [70] or a trimer of In adatoms
formed on T4 or H3-sites, corresponding to the 3/4 of indium ML [71]. For the moder-
ate and N-rich conditions, the InN surfaces are predicted to be have the (2×2) T4 struc-
ture shown in Fig. 2.4 (b) [70] or a relaxed, unreconstructed In-terminated surface [71].
It is worth mentioning that according to Ref. [71] even at N-rich conditions formation
of an In trimer yields the same energy as the (1×1) In-terminated surface, hence, In
trimers can form even at N-rich conditions.

Formation of a metallic bilayer has been observed on the (0001) GaN layer, where
the contracted Ga bilayer was formed above the Ga top-most layer, hence the first three
layers of the surface consist of Ga atoms only. This Ga-bilayer resulted in the surface
reconstruction known as pseudo "1×1" (also called 1+1/6) observed by LEED, where
the main (1×1) reflexes are accompanied by six surrounded reflexes [61]. The nature
of this layer is not fully understood and the structure is proposed to be dynamic, where
Ga atoms rapidly move around [61]. The LEED patterns from the In-polar InN layer
investigated in this work (Fig. 6.37) did not show any additional reflexes except the
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(1×1), therefore, the assumption that the In-polar InN layer has the contracted indium
bilayer on top is not appropriate. On the other side, it is also very unlikely that the
top-most indium monolayer of the In-polar InN is terminated by In trimers in T4 or
H3-sites, since this configuration would correspond to the 6 chemical bonds of a single
indium atom, where three bonds are attached to the nitrogen atoms from the bottom
layer and other three bonds are attached to the indium adatoms.

A formation of In adatoms on T4-sites has been observed on the (2×2) and (
√

3×
√

3)
R±30◦ reconstructed In-polar InN layers [62]. Moreover, Segev et al. predicted a sta-
ble (2×2) InT 4 structure for In-polar InN grown under N-rich and moderate In/N ratio,
where In-adatoms are formed at T4 and not at H3-sites. Therefore, similar assumption
has been used for the model proposed in this work for the (1×1) In-polar InN layer,
where the In adatoms are assumed to be located at T4-sites and terminate the In-polar
InN layer by building the In-In bonds, as shown in Fig. 6.45.

The top and side view model of the (1×1) reconstructed In-polar InN layer with
a sketched (1×1) hexagonal unit cell is shown in Fig. 6.45. The separation between
the indium adatoms in this model corresponds to the a-lattice constant of InN and in
good agreement with the distances determined from the atomic-resolved STM images
(Fig. 6.41 (b) and (c)). In the side view image of the proposed model, the In adatoms
are formed above the In top-most layer, resulting in overall 2 ML of indium on the
(1×1) reconstructed In-polar InN layer. Indeed, the amount of indium for this layer
is much higher compared to the studied N-polar InN layers. The assumed model is
approximately in agreement with the III/V = 2.17± 0.05 ratio determined by XPS. An
additional error bar in III/V values can come from the different mean free paths of
the detected electrons and therefore, different escape depth for In and N atoms. The
suggested model for the In-polar InN layer with the In-In bonds is in agreement with
the In-In component observed in the In 3d5/2 core-level state. Since no metallic indium
droplets were detected on the surface after etching, the metallic bonds can be associated
with the bonds from the (1×1) surface reconstruction.

No reports could be found in the literature that experimentally describe in details the
atomic arrangement of the (1×1) reconstructed In-polar InN layers. The evidence of
the (1×1) In-polar InN surface reconstruction can be found only in the LEED patterns
[31, 32, 67, 68]. However, experimental evidence and analysis of the exact bonding
configurations of the In-terminated (1×1) In-polar InN layers and the number of indium
monolayers on top-most layer have not been reported so far.

In the work of Veal et al., the suggested model for the In-polar InN layer consists
of ∼ 3.4 ML of indium coverage, where the top-most layer consists of a laterally con-
tracted and rotated 4/3 ML of indium with the (

√
3×
√

3)R±30◦ periodicity [40, 69].
However, no other experimental groups have confirmed this model. Opposite, a single
In adatom layer was suggested to be formed on the (2×2) and (

√
3×
√

3)R±30◦ recon-
structed In-polar InN layers [62]. The formation of almost 3.5 ML of indium on the
In-polar InN surface is very unlikely. Instead of forming several metallic monolayers,
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indium atoms would rather segregate into metallic droplets. Hence, based on the results
presented in this work, the model suggested by Veal et al. could not be confirmed.

Moreover, the theoretically predicted unreconstructed In-terminated In-polar InN sur-
face is also in contradiction with the results observed in this work. The LEED patterns
of the investigated In-polar InN layer showed the small, pronounced and very sharp
(1×1) reflexes (Fig. 6.37), indicating a well-arranged surface reconstruction with the
(1×1) symmetry. Thus, in this work, the (1×1) In-polar InN layer is proposed to be
terminated by an In adlayer, resulting in two indium layers in the top-most surface re-
gion, as sketched in the model in Fig. 6.45. Location of the indium adatoms at T4-site
is in good agreement with the predicted stability of the indium adatoms on T4 site for
(0001) InN layers [70].

6.4 Summary

In this chapter the surface reconstruction, morphology and electrical properties of the
oxidized and clean N-polar and In-polar InN layers were analyzed in details under UHV
conditions.

It was shown that two methods can be used for significant surface decontamination
of the oxidized on ambient air polar InN layers: annealing at 450◦C for 10 min under
UHV conditions and annealing in nitrogen plasma by using nitrogen plasma source.
Although both treatment are appropriate, annealing in nitrogen plasma lead to the higher
reduction of carbon from the InN surface.

Investigations performed on the N- and In-polar InN layers showed that the different
growth methods lead to the different surface topography. The smooth surface with
pits and hillocks are grown on the N-polar layer by MOVPE, while the smooth and
rough surfaces with 3D structures are grown on the N-polar InN layers by MEAglow
technique. The In-polar InN layer grown by MBE exhibits the most smoothest surface
among all studied layers and consists of the atomically pronounced terraces and screw
dislocations on the surface.

The surface reconstructions of the polar InN layers determined by LEED showed
formation of the (1×1) reconstructed surfaces on both the MBE grown In-polar and
MOVPE grown N-polar InN layers. The (

√
3×
√

3)R±30◦ surface reconstruction on the
MEAglow grown N-polar InN layer has been for the first time observed and analyzed
on the [0001̄] InN crystal orientation.

All aforementioned InN surface reconstructions determined by LEED are for the
first time confirmed by the atomically resolved STM images. Combination of several
experimental techniques and the surface sensitivity of STM, XPS and AES enable to
establish the surface atomic models of the studied layers with high accuracy. The (1×1)
reconstructed In-polar InN layer is found to be terminated by the single In-adlayer re-
sulting in the two indium atomic layers in the top-most surface region. The (1×1)
reconstructed N-polar InN layer is terminated by the single In-adlayer, where the top-
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most nitrogen atoms are terminated by indium atoms. The N-polar InN layer with the
(
√

3×
√

3)R±30◦ symmetry consists of the In-adlayer partially terminated by indium
adatoms, and has 1/3 times more indium on the surface compared to the (1×1) N-polar
InN layer.

All studied oxidized and clean N- and In-polar InN layers posses the downward band
bending and therefore, a surface electron accumulation. The clean In-polar InN layer
has the strongest downward band bending compared to the studied N-polar InN layers,
in good agreement with the previous report [30], where this observation was explained
by the different position of the surface states for the In- and N-polar InN layers. The sur-
face downward band bending increases (decreases) upon exposure of the investigated
N-polar (In-polar) InN layers to ambient air. The electron accumulation layer is con-
firmed by STS on the clean polar InN layers, where the studied surfaces show a metallic
behavior.

The N-polar InN layer grown by MOVPE showed better crystalline properties, com-
pared to the MEAglow grown layers. However, the MOVPE grown InN layer was about
three times thinner than the ∼300 nm thick InN layer grown by MEAglow. Despite of
the pronounced polycrystalline structure of the MEAglow grown InN, these layers do
not posses metallic indium droplets on the surface, unlike after the MOVPE growth.
Thus, MEAglow growth technique can be considered as a good alternative method for
the growth of InN layers. However, it is desirable to improve the MEAglow growth
parameters in order to achieve a single crystalline structure of the N-polar InN layers.
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7 Thermal Oxidation of the In-polar
InN Layer

The effect of oxidation on the chemical and electrical properties of the In-polar InN
layer has been shown in the previous section. The properties of the oxidized in ambi-
ent air layer and the subsequently decontaminated (clean) InN layer were analyzed in
details and discussed. Water, oxide, carbon and their species will adsorb on the InN sur-
face if the decontaminated under UHV conditions InN layer is again exposed to ambient
air, resulting in the same properties as the oxidized layer studied at the beginning.

However, the surface properties of the InN layer might change if the layer is ther-
mally annealed in ambient air. For instance, it has been reported that indium oxide is
formed on InN layer upon annealing in ambient air or annealing in nitrogen and oxy-
gen atmosphere [45, 178]. Moreover, it is well-known that crystal properties of InN
layers degrade with exposure of the layers on air (oxidation time). Upon a longer ex-
posure to ambient air, incorporation of oxygen and desorption of nitrogen occur on the
InN surface resulting in formation of an indium oxide layer [130, 179]. Even during
the MOVPE growth of InN layers, impurities, such as oxygen, carbon and hydrogen,
may be incorporated into the crystal and result in a poor crystalline quality of the layer.
Oxygen incorporation and formation of In2O3 crystal grains in InN layers were sug-
gested to be the reasons for overestimation of the InN band gap [1, 45], where in the
literature before year 2002 the band gap of InN was assumed to be 1.8-2.2 eV [43, 44].
Hence, surface oxidation plays an important role in the quality of the InN crystals and
the oxidation effect and mechanism should be well understood.

In this chapter an effect of oxidation on ambient air and thermal oxidation of the
In-polar InN layer will be compared. It will be shown that a thin, well-structures In2O3
crystalline layer can be grown on top of the InN layer after the thermal oxidation pro-
cess. Experimental investigation of the formed In2O3 layer is important since this layer
may serve, for instance, as a capping layer for InN material system. The properties
of the In2O3 layer will be analyzed in details by XPS, AES and STM/STS techniques
under UHV conditions.

7.1 Thermal Oxidation Process

Initially, an oxidized on ambient air In-polar InN layer was transferred in UHV chamber
and annealed at 450◦C for 10 minutes in nitrogen plasma, where at the same time the
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Figure 7.1: LEED diffraction patterns of a) the clean (1×1) reconstructed In-polar InN layer
and after thermal oxidation of the In-polar InN layer recorded at b) 38.4 eV and c) 55.1 eV.

ambient air was applied into UHV chamber, so that an overall pressure in the chamber
equaled p≈ 1·10−4 mbar. This led to the increase of the O-In-O (In-O-In) component in
the In 3d5/2 (O 1s) core-level state, corresponding to the formation of the indium oxide
on the layer, as determined by XPS. In this case, the LEED measurements showed
the (1×1) reflexes, similar to the one shown for the clean InN layer in Fig. 6.37. No
changes in surface topography and morphology were observed. Hence, one can assume
that the surface preparation under aforementioned conditions lead to formation of a thin
amorphous indium oxide on the InN surface.

Afterwards, the In-polar InN layer was again annealed under the same conditions
(thermal annealing in N* plasma and ambient air in the vacuum chamber), where si-
multaneously, the layer was exposed to an indium flux, evaporated from an MBE ef-
fusion cell. The sample temperature was kept constant at 450◦C and overall pressure
in the vacuum chamber was p≈ 1·10−4 mbar. The whole process was performed for
≈ 11 minutes that would correspond to the deposition of ∼ 1 ML of In on the layer if
neither InN nor In2O3 growth takes place. Further in this chapter, this process will be
referred to "thermal oxidation" of InN, while exposure of the InN layer to ambient air
at room temperature will be called "oxidation". Note that the term "surface oxidation"
in this work implies an absorption of contaminations from ambient air, e.g. carbon,
oxygen and hydrogen.

7.2 Surface Properties of the Thermally Oxidized
In-polar InN Layer

The LEED measurements performed on the In-polar InN layer straight after the thermal
oxidation shows a different diffraction pattern from what is observed on the clean layer.
Fig. 6.37 (a) and (c) shows the LEED patterns recorded at near the same energy from
the clean and thermally oxidized In-polar InN layer, where the (1×1) hexagonal unit
cell is sketched in every image. For a better comparison, Fig. 7.1 (b) shows the LEED
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Figure 7.2: LEED diffraction patterns of the thermally oxidized In-polar InN layer after
a) exposure to air and transfer in UHV chamber and b) after subsequent annealing of the layer
at 450◦C under UHV conditions.

pattern recorded from the thermally annealed InN layer at ∼ 38 eV, where intensity of
the diffraction spots is more intense and the LEED spots can be better distinguished. Be-
sides the main reflexes that represent (1×1) reconstruction (sketched by large unit cell),
the LEED patterns from the thermally annealed InN layers show additional reflexes that
build similar to a (4×4) surface periodicity (sketched by small unit cell).

After exposure of the thermally oxidized InN layer to ambient air and further transfer
it in UHV chamber, the observed surface periodicity remained unchanged as shown in
Fig. 7.2 (a): reflexes that build (1×1) and (4×4) symmetry can be clearly observed even
for the layer exposed to air without additional treatment. Subsequent annealing of the
InN layer at 450◦C under UHV conditions also does not affect the surface symmetry
(see Fig. 7.2 (b)).

The qualitative analysis based on XPS measurements showed that upon thermal oxi-
dation of the InN layer, the amount of oxygen on the surface increased by 3 times, while
the amount of nitrogen decreased by 2 times compared to the clean InN layer. At the
same time, the amount of indium on the surface increased by 15%-20%.

According to the shown results, one can assume that the thermal oxidation of the
InN layer results either in oxygen induced reconstruction on the In-polar InN layer or
in a heterogrowth of a new layer on top of InN, e.g. In2O3. If the obtained symmetry
corresponds to the new reconstructed InN layer, the chemical bonds associated with the
new reconstruction would be immediately affected by extrinsic atoms and molecules
upon exposure of the layer to ambient air. As a result, the symmetry would be damaged
and only surface preparation under the same conditions could restored the observed
reconstruction. However, this is not the case and the observed surface reconstruction
remained unaffected by ambient air. Thus, this is a direct indicator that the observed
surface reconstruction corresponds to a new formed layer on top of the InN after the
thermal oxidation process. According to determined stoichiometry, this layer may be
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Figure 7.3: AFM topographic images of the In-polar InN layer after thermal oxidation recorded
at the scales of a) (5×5) µm2 and b) (2×2) µm2. Sketched arrows correspond to the presumed
positions of screw dislocations observed on the In-polar InN layer before the thermal oxidation.

Figure 7.4: AFM topographic images of the thermal oxidized In-polar InN layer and profiles
along the formed structures.

indium oxide (In2O3). Detailed investigation of this layer is important, since a thin
layer on InN surface that is stable at ambient air may serve as a passivation (capping)
layer.

The surface topography of the layer grown on top of InN was studied by AFM. As
shown in Fig. 7.3, after the thermal oxidation the whole surface is covered by little
grains. On the large scan area of (5×5) µm2 in Fig. 7.3 (a) it is still possible to distin-
guish a topography of the underlaying InN surface, e. g. the sketched arrows indicate
the estimated top of screw dislocations observed on the InN layer before the thermal
annealing (Fig. 6.28). The formed grains homogeneously cover the entire InN surface.
Profiles taken along the grains in the AFM image recorded at (2×2) µm2 are shown in
Fig. 7.4. The size of the grains varies from 70-120 nm, while the height of the grains is
0.6-2.1 nm. Hence, the grown layer is thin enough that the LEED diffraction patterns
probably correspond to superposition of both the new layer observed by AFM and the
InN surface underneath.

The topography and surface electrical properties of the grown layer on top of InN
were studied by STM and STS. Fig. 7.5 (a) and (b) show the STM images of the layer
over a large area ((150×150) nm2) recorded at two different spots of the sample. No
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Figure 7.5: STM images taken at the area of (150×150) nm2. The lines and numbers correspond
to the line profiles shown underneath. Sketched arrows indicate the areas formed on the top-most
layer.

screw dislocations accompanied by a terrace-like structure are observed on the STM
images, as was shown for the clean InN layer prior to the thermal oxidation (Fig. 6.40).
The new layer consists of the islands with flat surfaces, which were also observed by
AFM. The size of the islands varies between 55 nm and 95 nm, in agreement with AFM.
They have a prolonged shape and in some areas smoothly formed terraces of the layers
can be clearly distinguished. It seems that layers grow homogeneously on top of each
other. Fig. 7.5 (b) exhibits three small islands formed on the top layer of the crystal at
left hand side (sketched by arrows). This might represent an initial growth step of the
next layer on the surface, where the initially formed small islands coalesce with each
other if a further growth is applied.

The line profiles along the edges of the formed terraces or islands (as sketched in
STM images) were extracted and shown underneath in Fig. 7.5. The separation be-
tween two measured terraces determined from the entire sample shows no obvious ar-
rangement or repeated order: majority of the layers were separated by 0.2-0.3 nm and
0.9-1.1 nm, however, the determined values also varied between 0.2 nm and 1.4 nm. The
shown profiles are only several example of the overall extracted and analyzed profiles.
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Figure 7.6: Atomically resolved STM image recorded at the area of (7×7) nm2. The profiles
correspond to the lines sketched in STM image.

Figure 7.7: a) STM image with a sketched location, where the (15×15) points grid STS was
performed, b) I-V curve corresponded to the average of the grid STS.

A closer look at the area of the formed islands revealed an atomically smooth surface
as shown in a STM image recorded at (7×7) nm2, Fig. 7.6. STM shows an atomically
resolved image, where a last line at the right top corner of the image corresponds to
the edge of the terrace. The profile 1 shows the separation between resolved structures
along chosen direction of about 0.36± 0.03 nm, that is comparable to the separation
along the direction shown for the profile line 2.

A (15×15) points grid spectroscopy was acquired in a (1.2×1.2) nm2 area, which
is sketched in the atomically resolved STM image in Fig. 7.7 (a). As a result, 225 I-V
curves were recorded from this area. Fig. 7.7 (b) shows the average over all these curves.
The STS measurements exhibit a strong metallic behavior of the surface, where the I-V
curve has a linear tendency across the whole applied bias from -1 V to +1 V, different
to the behavior observed on the clean InN layer in Fig. 6.42.

X-ray photoelectron analysis was performed on the thermally oxidized InN layer in
order to investigate the chemical binding configurations of the grown on top layer. XPS
was performed straight after the thermal oxidation of the layer prior to its exposure
to ambient air. For comparison, Fig. 7.8 shows an XPS spectra recorded at normal
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Figure 7.8: The wide range XPS spectra of investigated In-polar InN layer recorded at normal
emission from the oxidized layer (i.e. exposure to ambient air) and thermally oxidized layer (i.e.
annealing at 450◦C for 12 min in N2 and ambient air with simultaneous deposition of indium).
Each emission line corresponds to the core-level electron labeled in the image.

emission from the wide range of binding energies, i.e. 0 eV-600 eV, for the oxidized
and thermally oxidized In-polar InN layer. Each emission line (peak) in the spectrum
corresponds to the core-level electron state, as labeled in the image.

The XPS spectrum from the thermally oxidized InN layer shows identical core-level
emission lines as for the oxidized layer, except the C 1s core-level, which was com-
pletely desorbed from the surface upon the treatment. No undesirable impurities and
elements were detected on the studied surfaces. Upon the thermal oxidation, intensity
of the N 1s decreases, while intensity of the O 1s significantly increases.

The numerically fitted N 1s, In 3d5/2 and O 1s core-level emission lines from the ther-
mally oxidized In-polar InN layer are shown in Fig. 7.9 for the measurements recorded
at normal emission and emission at 80◦ with respect to surface normal. The same
components observed on the clean and oxidized In-polar InN layer can be found for the
thermally oxidized InN layer. As shown by STM, the layer overgrown on InN possesses
a strong metallic behavior, therefore, the asymmetric fitting parameters were used for
all studied core-levels. All fit parameters can be found in the Appendix B.

The In 3d peak is now dominated by the O-In-O component, associated with the
formed indium oxide, while intensity of the bulk In-N component significantly de-
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Figure 7.9: The N 1s, In 3d and O 1s core-levels recorded from thermally oxidized In-polar InN
layer at normal emission (0◦) and emission at 80◦ with respect to surface normal.

126



Thermal Oxidation of the In-polar InN Layer

creases, particularly at the very surface region, as shown for the measurement at 80◦.
The intensity of the Inx component significantly increases after the thermal oxidation
compared to the clean layer (see Fig. 6.38), indicating the connection between this com-
ponent with the surface contaminations which may adsorb on the surface from ambient
air. The In-In component is again strongly required in order to achieve a good resid-
ual spectrum, corresponding to the presence of the metallic In-In bonds on the surface
approximately in the same amount as for the clean InN layer.

The O-In-O component in the In 3d peak lies 0.6 eV higher in binding energies than
the bulk In-N component. This separation is slightly lower compared to the clean and
oxidized In-polar InN surfaces. The Inx component is now shifted by 1.5 eV towards
higher binding energies compared to In-N, which is 0.3 eV less than for the oxidized
and clean InN layer. The different shifts of the O-In-O and Inx components may be
explained by a new binding configurations of the atoms on the surface, i.e. chemical
shifts. This is in agreement with the observation, since a crystalline layer is grown on
the InN surface upon the thermal oxidation, while formation of the amorphous In2O3
layer was assumed in the case of the oxidized InN surface.

The N 1s core-level shown in Fig. 7.9 has a significantly lower intensity compared
to the clean InN layer but remains still visible for the normal emission measurement,
while the peak intensity is very low for the emission at 80◦. Thus, nitrogen is almost
vanished from the near surface region, where the N-In component at 396.3 eV becomes
comparable with the Nx, Ny and Nz components located at higher binding energies. The
intensity of the Nx component assigned to the absorption of contaminations on nitrogen
defects is comparable to the case of the oxidized InN layer. As was described for the
clean InN layer, the components at higher binding energies (Ny and Nz) most likely
correspond to the nitrogen species or nitrogen defects produced by N-plasma source on
the surface. This can explain the appearance of the Ny and Nz components in the N 1s
peak compared to the oxidized InN layer (Fig. 6.29), since in this case the N-plasma
was applied during the growth of the heterolayer on top of the InN surface. The N-In
component of the N 1s state at 396.3 eV is in good agreement with the literature, where
the same chemical bond was detected at 397 eV [165] or at 396.5 eV [166], measured
on an InN layer.

The intensity of the O 1s core-level for the thermally oxidized InN surface increases
drastically compared to the clean or oxidized InN layer. The O 1s core-level mainly
consists of the component labeled as In-O-In. Note that such significant domination of
only one component was not observed for the oxidized InN layer, as shown in Fig. 6.29.
The In-O-In component is attributed to the O-In-O component in the In 3d peak and
refers to the indium oxide. This indicates that the In2O3 layer is formed on the InN
surface upon the thermal oxidation. Additionally, the O 1s core-level exhibits a shoulder
at higher binding energy side that fits well with the O-In component and physisorbed
oxygen species, labeled as the Oad1 and Oad2 components, which predominate in the
surface region. The origin of the O-In, Oad1 and Oad2 components is the same as
described for the oxidized In-polar InN layer in Sec. 6.2.1.
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Figure 7.10: a) VB spectrum and b) photoemission near the Fermi level recorded from the ther-
mally oxidized InN layer at normal emission.

Since intensities of the O-In, Oad1 and Oad2 components of the O 1s core-level shown
in Fig. 7.9 significantly decrease compared to the oxidized InN layer, neither the Inx nor
the Nx component from the In 3d and N 1s peaks, respectively, can be assigned to the
chemical bond with oxygen atoms. Hence, it confirms the previous assumption that
the Inx and Nx components are assigned to defects or chemical bonds with complex
contamination species.

The VB spectrum recorded from the thermally oxidized InN layer at normal emission
is shown in Fig. 7.10 (a) and exhibits three pronounced peaks: at ≈3.7 eV, ≈6.4 eV and
≈8.3 eV. For comparison, the peaks observed in the VB structure for the oxidized and
clean InN layer (as shown in Fig. 6.30 (a) and Fig. 6.39 (a), respectively) are located
at ≈2.9 eV and ≈6.7 eV. Therefore, the observed VB structure rather corresponds to
the new grown layer on top of InN surface (In2O3). However, since the bulk In-N
components of the InN layer are still observed in the recorded core-level states at normal
emission, the VB must also contain a partial contribution of the InN layer.

Thus, the determined position of the VBM = 1.44± 0.05 eV corresponds to the
In2O3/InN heterostructure. The VBM value is 0.09 eV higher compared to the clean
In-polar InN layer and 0.16 eV higher compared to the oxidized In-polar InN layer. The
photoemission near the Fermi level in Fig. 7.10 (b) shows no pronounced Fermi edge
at 0 eV. Although some surface states can be observed below VBM in Fig. 7.10 (a),
no highly pronounced metallic surface states can be observed near the Fermi edge in
Fig. 7.10 (b), as was the case for the N-polar InN layer (see Fig. 6.16 (a) and (c)). Ac-
cording to this observation, no indium surface segregation (for example in form of
indium droplets) took place during the thermal oxidation process of the In-polar InN
layer. This is in agreement with AFM, where no indium droplets were detected.

The AES measurements were performed on the thermally oxidized In-polar InN layer.
However, since the thermal oxidation was performed in a different vacuum chamber
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Figure 7.11: AES spectra of the ther-
mally annealed InN layer after its ex-
posure to air (black thin line) and sub-
sequent annealing at 450◦C (thick red
line).

from the one with the AES equipment, the thermally oxidized InN layer had to be
shortly exposed to ambient air and transferred into the UHV chamber equipped by AES.
Afterwards, the investigated layer was annealed at 450◦C for 10 minutes under UHV
conditions in order to desorb surface contaminations adsorbed on the surface from the
air. As shown by LEED in Fig. 7.2, the aforementioned procedure did not affect the
reconstruction observed in the LEED diffraction patterns.

Fig. 7.11 shows the AES spectra for the thermally oxidized In-polar InN layer after
its expose to ambient air and subsequent annealing at 450◦C. Compared to the measure-
ments performed by XPS directly after the thermal oxidation, a small amount of carbon
contamination was detected on the investigated surface after it was exposed to air. An-
nealing at 450◦C under UHV conditions led to only slight desorption of carbon from
the surface. However, despite the residual contamination, the LEED pattern showed the
nicely ordered surface, as was shown in Fig. 7.2 (b). Note that AES showed no clear
evidence of the nitrogen species on the surface, while indium and oxygen Auger peaks
predominate the spectra. Since AES has a higher surface sensitivity than XPS, absence
of nitrogen on the surface confirms the assumption that the thermal oxidation of InN
layer led to formation of a thin In2O3 layer.

7.3 Discussion

The presented results obtained by different characterization techniques show the forma-
tion of a heteroepitaxial layer on top of an In-polar InN layer upon its thermal oxidation.
The chemical analysis performed by AES and XPS suggest that the formed layer is a
crystalline In2O3. Indeed, the N species were not detected on the surface by AES, while
the In and O were observed in significant amounts. Similar results were obtained by
XPS, where the bulk N-In component in the N 1s peak was observed only for the nor-
mal emission measurements and almost vanished for the measurements at 80◦. The
O 1s and In 3d core-levels were dominated by In-O-In (or O-In-O) components that
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correspond to the chemical bonds between indium and oxygen atoms in indium oxide
crystal structure.

The XPS surface sensitive measurements (emission at 80◦) performed on the In2O3
showed presence of nitrogen in the near surface region of about 6%, if the sum of
oxygen, indium, and nitrogen atoms is considered as 100% of material (Fig. 7.9). An
information depth for this measurement is approximately < 1.7 nm, which would mean
that the thickness of the deposited layer should be below 1.7 nm. Nitrogen species were
not detected by AES, where secondary electron escape depth is 0.5-2 nm. Taking into
account the highest height of terraces determined by STM (1.4 nm), one can conclude
that the deposited In2O3 layer has a thickness of 1.4± 0.3 nm. Hence, 10 min of the
thermal oxidation of InN layer led to a formation of the thin In2O3 layer. In2O3 is
known to be a direct band gap semiconductor with the band gap of 2.7 - 2.9 eV [180,
181].

A growth of the (111) orientated In2O3 layer on polar InN upon thermal oxidation has
been also observed previously [45,182,183]. Even an oppositely-grown heterostructure,
i.e. InN grown on In2O3, has been obtained [184]. Lee et al. have shown that the
thermal annealing in air of InN leads to its oxidation into In2O3 [178]. They have shown
that the oxidation process of InN starts at annealing temperature of 450◦C, which is in
good agreement with the results shown here. A complete oxidation of an InN layer to
In2O3 was found to take place at the annealing in air at 850◦C for 20 minutes [179].

A supply of indium atoms during thermal oxidation seems to play an important role
in the formation of In2O3 layer. In the work of Yodo et al. it has been shown that
indium droplets formed on the InN layer upon the annealing above 400◦C have a higher
reactivity with oxygen atoms than the InN layer itself [45]. They showed that metallic
indium droplets transform more easily into the (111) oriented In2O3 crystal grains by
thermal annealing in N2 mixed with O2 atmosphere.

The In-polar InN layer in the present work was annealed in N2 and ambient air that
contains oxygen, similar to Ref. [45, 179], however, a supply of metallic indium in the
carried out experiments was performed by deposition of indium from the MBE effusion
cell and not by formation of indium droplets on the surface. One can assume that upon
performed thermal oxidation, the residual amorphous In2O3 layer remained after initial
cleaning of the In-polar InN by N-plasma serves for the growth of the crystallite In2O3
layer, when a metallic indium is supplied.

Most of the papers in the literature report about the properties of 50 nm-1 µm thick
In2O3 layers grown on top of InN surfaces [182,183,185]. In the work of Lebedev et al.,
besides a thick MOVPE grown indium oxide layer on InN, also the ∼11 Å thick In2O3
layer was grown by an oxidation procedure of InN layer in N2, O2 and O3 gases [185].
However, this process required several hours. which is very time consuming compared
to the ∼10 min thermal oxidation performed in this work. Also, in Ref. [185] not much
was shown about the surface morphology, topography and quality of the grown thin
In2O3 layer. Therefore, results presented here are important in order to understand the
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Figure 7.12: a) Unit cell of In2O3 bixbyite structure [186]. Sketched rectangles correspond to
different type of layers as described in the text. b) Side view of the (111) oriented In2O3 grown
on In-polar InN (adopted from [186]). c) Atomic arrangement of the (111) In2O3/(0001) InN
(top view) with sketched unit cells of In2O3 (solid line) and InN (dashed line) [183].

properties of the very thin In2O3 layers, which may serve as a capping layer for InN
surfaces.

The In2O3 is known to crystalize into the body-centered cubic (bcc) bixbyite struc-
ture with a lattice parameter a of 1.0117 nm [187]. The bixbyite structure can be formed
if 12 oxygen atoms are removed from the unit cell. A cubic unit cell of this structure is
represented in Fig. 7.12 (a). The unit cell consists of 32 indium atoms and 48 oxygen
atoms – 80 atoms in total. Indium atoms in the structure can have two different posi-
tions depending on the crystal symmetry: so-called In-b (dark green, labeled as In(1))
and In-d atoms (light green, labeled as In(2)). There are 24 In-d atoms per unit cell
that have higher asymmetry in their coordination, while there are only 8 In-b atoms
per unit cell, which are axially symmetrically coordinated. Along the (001) direction,
three different layers can be observed in the crystal structure as shown in Fig. 7.12 (a):
a layer consisting of In-b and In-d atoms (mixed layer, labeled by blue rectangle in
Fig. 7.12 (a)), a layer consisting only of In-d atoms (labeled by black rectangle), and a
layer of oxygen atoms (labeled by red rectangle).

Due to the bixbyite structure of In2O3, the atomic arrangement on the (111) ori-
entated surface has only a small mismatch with the (0001) InN. The unit cell of
the (111) surface is

√
2 ·aIn2O3 = 1.431 nm correlates well by a factor of 4 with the

(0001) InN layer 4·aInN = 4·0.354 nm = 1.416 nm. The lattice mismatch is only ≈ 1%
in the (111) crystallographic plane [183]. Although the crystal lattice of InN matches
indium oxide only at higher periodicity (times four), the bixbyite crystal structure re-
duces this periodicity: three additional atoms are located on the

√
2 ·aIn2O3 unit cell

side between the main atoms, as marked by blue circles in the top-view image of the
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(111)In2O3/(0001)InN structure in Fig. 7.12 (c). This matches the crystalline structure
of the underneath laying InN layer and allows the growth of the (111) In2O3 layer di-
rectly on top of the (0001) InN layer.

Such a crystalline structure of the (111)In2O3/(0001)InN explains observed by LEED
surface reconstruction in Fig. 7.1 that at first glance can be incorrectly interpreted as
(4×4) symmetry of InN layer. In fact, the reconstruction shown in LEED originates
from the (1×1) termination of the crystalline (111) In2O3 layer, in good agreement with
Ref. [186,188]. Moreover, the bixbyite (111)In2O3 crystal lattice clarifies the observed
structures in the atomically resolved STM images (Fig. 7.6). The determined distances
between the observed features in STM images are 0.36± 0.03 nm, which correlates
well with the fourth of the (111) In2O3 unit cell: 1/4·

√
2·aIn2O3=1/4·1.431nm=0.358nm.

Hence, the STM images show the atoms of the (111) In2O3 layer, which build a well-
ordered (1×1)In2O3 surface reconstruction on the atomically flat islands observed by
AFM and STM on the large scanning areas.

A side view of the (111)In2O3/(0001)InN model is shown in Fig. 7.12 (b), where the
top-most terminated indium atoms of the InN layer are bonded to the O-layer of the
bixbyite In2O3. Due to cation and anion nature of indium and oxygen atoms, respec-
tively, it is unlikely that indium atoms of the InN would bond to the indium atoms of
the In2O3. The proposed model of the In-polar InN layer in Fig. 6.45 includes 2 ML
of indium on top of the layer, however, due to the complex surface chemical reactions
and kinetics upon the thermal oxidation procedure and higher reactivity of oxygen with
metallic indium [45], the indium adlayer of InN may react with oxygen and be reformed
into indium oxide.

The chemical analysis performed by XPS, i.e. line shapes of the recorded core-levels,
their numerical fit, is in good agreement with the literature reports for In2O3 layers.
Based on the literature, the In-O bonds in the In 3d state originating from amorphous
and crystalline indium oxide layers have very similar binding energies, which fluctu-
ate by 0.5 eV for different publications. The In-N and In-O components in the In 3d
core-level in Ref. [165,166] were attributed to InN and amorphous indium oxide In2O3
formed upon exposure of InN to air, respectively. In the reported work, the In-O com-
ponents were shifted by 1.0 eV towards higher binding energies compared to the bulk
In-N component and exhibit binding energies of 444.7 eV for Ref. [165] and 445.0 eV
for Ref. [166]. In the case of a crystalline In2O3 layer, the In-O component in the In 3d
lays at 443.9 - 444.4 eV ( [186, 189]), which is a bit lower compared to the amorphous
state. Moreover, it was shown that the peak position strongly depended on the surface
stoichiometry, i.e. position of the In 3d peak by 0.6 eV lower binding energies for the
oxidized surface compared to the reduced surface [189]. In this work, the corresponded
component in the In 3d peak was labeled as O-In-O, and was shifted by 0.9 eV towards
higher binding energies compared to the bulk In-N component for the amorphous In2O3
layer which was formed on oxidized InN layer after its exposure to ambient air (O-In-O
binding energy equals 443.7 eV). This is in good agreement with the literature reports.
The chemical shift by 0.3 eV towards lower binding energies of the In-O-In component
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compared to the In-N component has been observed after the formation of the crys-
tallized In2O3 layer (O-In-O binding energy equals 444.5 eV), indicating changes in
chemical environment between the atoms.

The shoulders at higher binding energies in the In 3d and O 1s core-level states (see
Fig. 7.9) have been also observed by XPS study of Sn-doped In2O3 thin films [186,190].
In these studies the shoulders were fitted with one or two components and assigned
to the plasmons: interaction between inelastic scattered electrons and electrons in the
s-like conduction band that leads to creation of plasmons. It was assumed that the
plasmon frequency is small (≤ 1 eV), since the electron density in the electron gas is
lower than in bulk [190]. In this work, the shoulder at higher binding energies in the
In 3d core-level was fitted by the component labeled as Inx (Fig. 7.9). The direct corre-
lation between the Inx component and the amount of surface contaminations has been
observed and therefore, in this work, the Inx component is not assigned to the plasmon
effects.

The plasmon contribution to the XPS spectra was not observed in the O 1s core-levels
either. The component labeled as O-In in the O 1s state (Fig. 7.9) is shifted by 1.9 eV
towards higher binding energies compared to the In-O-In component assigned to the
In2O3 layer. Similar component in the O 1s core-level shifted by ca. 2 eV towards
higher binding energies was also observed in Ref. [165, 166] and attributed to the ph-
ysisorbed oxygen on the InN surface, as well as in Ref. [189], where it was attributed
to the presence of peroxide species on the surface (a compound with an oxygen-oxygen
single bond). Hence, it is in good agreement with the assumption that the O-In compo-
nent corresponds to the physisorbed oxygen on the surface, e.g. adsorbed oxygen atom
on the indium terminated atom of the layer.

The VB features (peaks) observed in the spectrum in Fig. 7.10 (a) correlate well with
the shoulders observed in the XPS spectra from a In2O3 single crystal and thin layer
at about 4 eV, 6.2 eV and 8.5 eV [181, 189, 191]. The VB of In2O3 is dominated by
O 2p states with a small contribution from the In 5s [192]. In the study of Hagleitner
et al., it was shown that the peak at around 8.5 eV originates from the surface region
and according to theoretical calculations was assigned mainly to the In 5s states [189].
As mentioned previously, the recorded VB spectrum in Fig. 7.10 (a) is attributed to
both the In2O3 layer and underneath laying InN layer. Therefore, the VBM position
is affected by a In2O3/InN heterostructure and determination of the VBM offset at this
heterojunction requires reference measurements on the InN and In2O3 layers separately
[170], which could not be performed in this work due to the low thickness of the In2O3
layer. Hence, no prediction concerning the surface band bending can be established in
this case.

Depending on the surface termination and crystal orientation of In2O3, a downward
and upward band bending have been observed on the layers, as reported in the literature.
In the work of Hagleitner et al., the downward band bending has been detected on the
oxygen reduced (001) In2O3 surface of a single crystal, while a slight upward bend
banding occurs at the oxidized layer [189]. For the (100) orientated In2O3 thin layer,
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the position of the VBM was estimated to be 2.90± 0.05eV below the Fermi level,
indicating a downward band bending on the surface [181]. Moreover, a well-defined
peak near the Fermi level can be found in the literature [180, 181, 189, 191]. Some
reports associate this peak with the half-filled In 5s metallic gap states that should have
an acceptor behavior and lead to the upward band bending [189, 192]. Other reports
assign this peak to the occupied conduction band states [180, 189, 191], where due to
the electron accumulation and a low position of the conduction band minimum at the
Γ-point, the Fermi level is pinned at 0.4 eV above the conduction band minimum [193].
However, no peak near the Fermi edge was observed in the measurements shown in
Fig. 7.10 (b), which could be due to the very thin In2O3 layer. Nevertheless, this is an
indicator for the absence of metallic indium states (e.g. droplets) on the surface upon
performed thermal oxidation of the InN surface.

Surface structure of In2O3, i.e. termination, stoichiometry, thermodynamic stability,
has been theoretically studied by Agoston et al. using the density functional theory
calculations [192]. In his work it was shown that In2O3 surfaces can be oxidized or
reduced, due to the formed oxygen vacancies that result in the lack of oxygen on the
surface. Based on the theoretical results it was shown that oxygen vacancies are much
more easily formed on the In2O3 layers with (011) and (111) orientations. As a result,
oxygen vacancies accumulate on the (111) In2O3 layer, resulting in the reduced surface.
This provides an excess of positive surface charge, since oxygen vacancies are known
to be donors. At the same time, a higher donor concentration in the surface-like region
leads to an electron accumulation layer in the material. In this work, determination of
the In2O3 surface stoichiometry was performed according to the In/O ratio determined
by XPS and AES.

Assuming an ideal crystal structure of In2O3, the In/O ratio is expected to be
2/3≈ 0.67 . However, based on the quantitative AES analysis, the In/O ratio equals
1.45± 0.30 for the studied layer. A higher amount of indium on the surface was also
observed by XPS, where the In/O ratio was found to be 1.76± 0.05 and 1.17± 0.05
for the measurements at normal emission and emission of 80◦, respectively. However,
the signal in XPS measurements refers to both the grown In2O3 layer and the InN
layer, especially for normal emission measurements. A large error bar for the AES
measurements and only small contribution of the InN layer in the XPS signal for the
measurements at 80◦, results in the assumption that the correct In/O ratio is slightly
above one, indicating excess of indium atoms on the surface. One may assume that the
In2O3 is terminated by indium atoms, similar to the N-polar InN layer, resulting in the
surface accumulation layer. However, it is difficult to determine exactly if the In2O3 is
terminated by one or more indium monolayer. The presence of the electron accumula-
tion layer is in agreement with the work of Agoston et al., where surface accumulation
is theoretically predicted on the oxygen reduced surface [192].

The surface electron accumulation on the grown In2O3 layer would explain a strong
metallic behavior observed by STS (Fig. 7.7). There are not many reports on STS
study of In2O3 layers, probably due to the presence of the electron accumulation layer.
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An STS performed on the (001) In2O3 single crystal showed a clear metallic behavior
of the surface [189], although not as strong as in the presented work. The significant
excess of indium on the investigated In2O3 surface that causes surface metallicity, may
be explained by the thermal oxidation conditions, where indium was directly supplied
from the effusion cell. It seems that the thermal oxidation was performed under In-rich
conditions and requires further improvement in order to reduce amount of indium on
the formed In2O3 surface.

Moreover, behavior of the I-V curves in STS spectra may be affected by a usually
observed high conductivity of the undoped In2O3 thin films. Recently it was shown
that the high conductivity of In2O3 layers is caused by surface donors rather than by
bulk defects, dopants and incorporated impurities, as it was assumed previously [194].
This theory was based on the theoretical calculations combined with some experimental
results. Since the In2O3 layer investigated in this work is very thin, one can expect high
conductivity of this layer.

Investigations of In2O3 layers by STM were intensively performed only within the
last 5 years, e.g., on the layers with (100) [195], (001) [189] and (111) [186, 188, 191]
crystallographic orientation. For different crystal orientations and surface stoichiometry
(i.e.reduced or oxidized layers) detailed STM simulations have been performed [192].
However, none of these publications have reported on the STM performed on the very
thin In2O3 layers, or have observed a well-ordered (1×1) surface structure similar to
that shown in Fig. 7.6. For instance, in the work of Morales et al., the (1×1) recon-
structed Sn-doped (111) In2O3 layer exhibited a flat surface that consisted of small do-
mains laterally shifted to each other [186]; the neighboring terraces were separated
by 0.3 nm, corresponding to mono-atomic steps. The STM images in this work show
formed islands with the layer-by-layer grown atomically flat surfaces (Fig. 7.6,7.5). The
islands consist of terraces and have a wide range of separation (0.2-1.4 nm). The single
In2O3 particles with size of 50 - 100 nm have been observed previously only by Segawa
et al. [196], where the studied crystallites exhibit a flat surface and a tetragonal bipyra-
midal shape. Size of the In2O3 crystallites was very similar to the one observed in this
work by STM and AFM.

It is worth mentioning that indium oxide has found its application in transparent elec-
trodes in optoelectronic devices such as solar cells, displays, etc. [197]. Especially,
tin-doped In2O3 layers have attracted much attention due to their high optical trans-
parency in the visible range and low resistivity [198, 199]. Oxidation of InN layers are
of significant interest for fabrication of metal-oxide-semiconductor field effect transis-
tors (MOSFET) [200], where In2O3 layer can be an appropriate gate dialectic material.
A strong surface conductivity of the grown in this work In2O3 layer might be avoided
by changing the preparation conditions of the thermal oxidation process. However, this
requires additional investigations and was not studied in this work.

135



Thermal Oxidation of the In-polar InN Layer

7.4 Summary

Compared to the exposure of InN to ambient air, thermal oxidation of the In-polar
InN layer by annealing the layer in nitrogen plasma and ambient air with simultaneous
deposition of metallic indium resulted in formation of less than 2 nm thick In2O3 layer
with a cubic bixbyite lattice structure.

For the first time a comprehensive surface analysis was performed on the very thin
In2O3 layer grown on InN. The formed In2O3 layer has a (111) crystal orientation that
was found to be well-matched to the wurtzite (0001) InN. Topography of the indium
oxide layer consists of single crystallites with a size of 70-120 nm. Each crystallite
has an atomically flat surface with a well-ordered (1×1) arrangement of the atoms as
observed by STM. The In/O ratio determined by AES and XPS is above one, indicating
excess of indium on the surface. Hence, the In2O3 surface is presumed to be terminated
by indium atoms resulting in a strong downward band bending. Therefore, an electron
accumulation layer is present on the surface of the formed In2O3 /InN heterostructure.

The formed thin In2O3 layer remains stable on ambient air that is a good indicator
for possible application of In2O3 as a capping layer. The capping layer will protect InN
surface from contaminations and allow to transport as-grown InN layers from one vac-
uum chamber to another without exposing the InN surface to ambient air. Additionally,
oxidation of InN can be used in MOSFET, where In2O3 layer is used as a gate dialectic.
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8 Surface Characterization of
Semipolar In(Ga)N Layers

The polarity of the semipolar InN layers was investigated in Chap. 4, however, not much
has been shown about the surface properties of these layers so far. Semipolar group-III
nitrides have a big potential to improve efficiency of electronic devices, due to the
significant reduction of the quantum confined stark effect along the semipolar crystal-
lographic directions. Therefore, it is important to know and understand properties of
these layers. In particular, surface morphology and roughness play an important role
in the interfacial properties of optoelectronic devices. Along with the studied InN ma-
terial, one of the most popular indium nitride alloys is InGaN, in which optoelectronic
properties can be tuned depending on the amount of incorporated indium. Until now,
not many studies have been performed on the growth and characterization of semipolar
InN and InGaN layers, and only few publications report on their surface properties.

The surface studies of the semipolar (112̄2) InN and (202̄1) InGaN layers with low
amounts of indium will be shown in this chapter. The topography of the layers is
characterized by AFM and STM, while electronic and chemical properties is analyzed
by XPS and AES. A model of the surface reconstructions on semipolar layers will be
proposed and compared with the reported theoretical calculations.

8.1 Semipolar (112̄2) InN

AFM topographic images show that (112̄2) InN layers have an undulated surface struc-
ture along the [1̄100] direction, Fig. 8.1. An undulated structure is caused by the pro-
longed stripe-like features on the surface along the [112̄3̄] direction that is formed dur-
ing the growth . Depending on the growth temperature, the "stripes" exhibit different
forms: a triangle-like shape can be distinguished for the InN layer grown at 530◦C
(Fig. 8.1 (a)), a slim and long "stripes" are observed for the InN layer grown at 550◦C
(Fig. 8.1 (b)), while shorter and abrupt features are formed on the layer grown at 560◦C
(Fig. 8.1 (c)). Note that no indium droplets were observed on the surfaces of studied
semipolar InN layers independent from the growth temperature. The rms roughness of
the (112̄2) InN layer measured on (5×5) µm2 increases from 6.6 nm for the layer grown
after 530◦C up to 32.7 nm and 20.9 nm for the layers grown at 550◦C and 560◦C, respec-
tively [162]. It was proposed that an undulation is caused due to a faster lateral growth
rate along the [112̄3̄]InN direction compared to the growth rate along the [1̄100]InN [85].
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Figure 8.1: AFM images of the (112̄2) InN layers grown on GaN template at temperature of
a) 530◦C, b) 550◦C and c) 560◦C. Measured by D. V. Dinh, TU Berlin [162].

Figure 8.2: VBM of the semipolar InN layers a) grown at 550◦C for the oxidized surface and
b) grown at 560◦C for the surface oxidized and annealed at 450◦C. The VB for the annealed
layer is normalized on the background of the oxidized layer.

Detailed analysis of the surface structure, amplitude and period of undulations is de-
scribed in Ref. [162] and will not be discussed here.

A schematic unit cell of the (112̄2) InN layer grown on the epitaxial (112̄2) GaN/
(111̄0) Al2O3 structure was shown and discussed previously in Fig. 4.4 (a). Addition-
ally, the polarity of the (112̄2) InN layer along the c-direction was determined by XPS
to be In-polar, as described in Sec. 4.4. This is true for all the semipolar InN layers
represented in Fig. 8.1.

The determined positions of the VBM for the oxidized semipolar InN layers were
found to be at 1.30±0.10 eV above the Fermi level for the layer grown at 530◦C (see
Fig. 4.5 (b)), at 1.20±0.10 eV and 1.15±0.10 eV above the Fermi level for the layers
grown at 550◦C and 560◦C, respectively (Fig. 8.2). Upon the thermal annealing at
450◦C for 10 min, which led to the significant reduction of surface contaminations by
82% for oxygen and 80% for carbon, position of the VBM decreased to 1.05±0.10 eV
above the Fermi level, as shown in Fig. 8.2 (b) for the InN layer grown at 560◦C. Since
the band gap of InN is about 0.7 eV, the determined positions of the VBM indicate a
surface downward band bending on the oxidized and annealed semipolar InN layers.
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Figure 8.3: STM images of the semipolar (112̄2) InN layer grown at 530◦C recorded at
the different places on the sample at the areas of a) (100×100)nm2, b) (100×50)nm2 and
c) (50×50)nm2. d) profile along undulation shown in image (b).

The downward band bending on the clean (112̄2) InN layer is similar to the N-
polar InN layers, where the VBM lies at 1.10±0.10 eV above the Fermi level (see
Sec. 6.1.5). The In-polar InN layer, however, exhibited the strongest downward band
bending (VBM = 1.35±0.10 eV, Fig. 6.39). In the work of Eisenhardt et al. it was shown
that N-polar and non-polar (a- and m-plane) InN layers have the same band alignment –
a downward band bending, where the VBM lies at 1.0 eV above the Fermi level, while
the In-polar InN has a stronger downward band bending with the VBM at 1.4 eV above
the Fermi level [30]. The difference in the band alignments was explained by the dif-
ferent positions of the occupied surface states, which lie close to the VBM for the N-
and non-polar InN layers and above the CBM for the In-polar InN layer. Therefore,
since the band bending of the semipolar InN layers studied in this work is similar to
the N-polar and non-polar layers, one can assume that the occupied surface states for
the (112̄2) InN layer are located near the VBM. However, this assumption requires an
experimental confirmation.

Since the semipolar InN layer grown at 530◦C possesses the smoothest surface,
this layer was chosen for further characterization by STM and STS. Fig. 8.3 shows
an overview of the layer topography at large scanning areas. While an undulation
period along the [1̄100] direction of this layer can be hardly distinguished by AFM
(Fig. 8.1 (a)), the STM images showed an obvious undulation structure with a period of
33±9 nm and a height of 3.7±1.0 nm. An example of the surface profile is shown in
Fig. 8.1 (d) measured in the image (b), where the determined width of the structure is
about 30 nm and 38 nm. Moreover, all three images in Fig. 8.3 exhibit a grain-like struc-
ture of the surface, similar to the In- and N-polar InN layers. It would appear these kinds
of features are favorable for InN layers independent from their crystal orientations.

Fig. 8.4 (a) and (b) show atomic-scale STM images of the (112̄2) InN layer (recorded
on two different areas of the sample), where due to the unstable tunneling conditions
only particular regions exhibit well-resolved surface structures. The profiles 1 and 2
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Figure 8.4: a) , b) Atomic-resolved STM images of the semipolar InN layer grown at 530◦C
with c) two profiles corresponded to each image.

Figure 8.5: STS measured on the semipo-
lar (112̄2) InN layer – average of the
(20×20) points grid spectroscopy.

in Fig. 8.4 (c) correspond to the images (a) and (b), respectively, where the average
separation between the measured structures is 0.38±0.07 nm for the first profile and
0.38±0.06 nm for the second profile.

STS performed on the investigated semipolar InN layer shown in Fig. 8.3 (d) is an
average of the grid spectroscopy measurements with (20×20) points. The I-V curve
shows a clear metallic behavior of the semipolar surface: the tunneling current is ob-
served for the entire region of the applied bias except 0 V This is similar to the I-V
curves observed on the N- and In-polar InN layers in previous chapters. Surface metal-
licity is a consequence of a downward band bending detected on the surface by XPS.

8.1.1 Reconstruction of Semipolar InN Layer

An atomic model (top and side view) of the ideal cleaved unreconstructed semipolar
(112̄2) InN surface is shown in Fig. 8.6. A unit cell is sketched on the top view image
(dashed rectangle), where the unit cell length is determined as a·

√
3 = 0.61 along the

[1̄100] direction and
√

a2 +b2 = 0.67 nm along the [112̄3̄] direction (a and b are the
lattice parameters of InN). The unit cell of the (112̄2) InN surface contains more than
one indium atom along the [112̄3̄] direction, and the neighboring indium atoms are
slightly shifted to each other.
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Figure 8.6: Top and side view of the ideal cleaved unreconstructed semipolar (112̄2) InN sur-
face. The a and b correspond to the lattice parameters of InN. Dashed rectangle shows the unit
cell of the (112̄2) plane.

On a real grown semipolar InN layer, the atoms on the surface undergo rearrangement
in order to gain the most energetically favorable places. This rearrangement leads to the
surface reconstruction that is different compared to the ideal cleaved surface. There are
few reports that can be found in the literature concerning surface reconstructions of
the (112̄2) nitrides, however, most of them describe theoretically calculated or experi-
mentally determined reconstructions on AlN and GaN layers [201–204]. Only one pub-
lication is known to report on the (112̄2) surface reconstruction on InN layers, where
theoretically it was predicted that depending on the growth conditions (indium chemical
potential) the (112̄2) InN surfaces are stable if terminated by one or two indium atomic
layers [205]. The models of these reconstructions for InN layers are shown in Fig. 8.7
(adopted from Ref. [205]). A growth under In-rich conditions results in the formation of
two atomic indium layers on the surface, while a N-rich and stoichiometric growth con-
ditions lead to the surface termination by one atomic indium layer (In-adlayer) [205].
Moreover, it was shown that the surface with two terminated indium layers can form
at a lower temperature, compared to the surface with In-adlayer, for the fixed indium
pressure. It is important to emphasize that unlike for semipolar (112̄2) AlN and GaN
layers, the theoretically proposed models for semipolar InN layers have not been proved
experimentally so far.

As shown in Fig. 8.7 (a), in the case of (112̄2) InN surface reconstruction with an In-
adlayer, the top-most nitrogen atoms from bulk are terminated by In-adatoms (greenish
spheres), while for the surface terminated by two In layers, both nitrogen and indium
atoms from top-most bulk region are terminated by indium atoms (greenish spheres)
(Fig. 8.7 (b)).
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Figure 8.7: Top and side view of the theoretically predicted reconstructed semipolar (112̄2)
InN surfaces terminated by a) one atomic layer (In-adlayer) and b) two atomic layers (adopted
from [205]). Large and small spheres represent In and N atoms, respectively. Indium atoms
associated with terminated layers are shown in greenish color.

One can expect that atomically resolved STM images recorded from the (112̄2) InN
surfaces reconstructed as predicted by theory [205], would show the indium atoms from
the terminated layers (greenish spheres in Fig. 8.7). According to the top view images in
Fig. 8.7, in the case of the formed In-adlayer, the observed by STM In-adatoms should
be separated from each other by∼0.34 nm along the [1̄100] directions and by∼0.61 nm
along the [112̄3̄] directions. In the case of termination by two In layers, observed by
STM atoms should be separated from each other by approximately 0.31-0.34 nm along
the [1̄100] and [112̄3̄] directions. Note that although the indium terminated atoms in
the shown models are slightly shifted to each other, i.e. located not directly along one
row, these dislocations of atoms are below the resolution of STM and probably would
not be observed in STM images

The distances between the structures determined in the STM images in Fig. 8.4 (a)
and (b) are 0.38±0.07 nm along the both measured directions that is in good correlation
with the theoretically predicted (112̄2) InN surface terminated by two indium layers.
Hence, the studied semipolar (112̄2) InN layer is most likely possesses the surface
atomic arrangement shown in Fig. 8.4 (b) and terminated by two indium layers.

Based on these results, the surface reconstruction of the semipolar (112̄2) InN layer
has the highest amount of indium, compared to the studied in this work N- and In-polar
InN layers (see Sec. 6.3). Similar to the polar InN layers, the excess of indium on the
surface for the semipolar InN layer would explain an electron accumulation layer on the
surface, which results in the surface metallic behavior and the downward band bending,
observed by STS and XPS, respectively.

Compared to (112̄2) InN layers, semipolar (112̄2) GaN layers were theoretically pre-
dicted to have three stable reconstruction upon increasing Ga chemical potential: sur-
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face terminated by c(2×2) Ga-adatoms, which form Ga-dimers on the surface and ter-
mination by one and two gallium layers, similar as shown in Fig. 8.7 for the InN lay-
ers [203, 205]. These calculations are in good agreement with the experimental studies,
where it was shown that the (112̄2) GaN layers can be covered by less than two gal-
lium atomic layers and by approximately two atomic gallium layers by increasing the
Ga-flux [202]. Further increase of the Ga-flux resulted in formation of Ga droplets. In
the case of semipolar (112̄2) AlN layers, surface termination by two aluminum layers
and two variations of the (2×2) Al-adatom coverages are predicted to be stable surface
reconstructions [201].

It is worth mentioning that in the case of ternary alloy such as InGaN, indium is
predominate on the surface: theoretical calculations predicted (112̄2) InGaN layers to
be covered by one or two indium layers [206], similar to the reconstructions for the
semipolar InN surfaces in Fig. 8.7. Moreover, depending on the growth conditions,
the semipolar InGaN layers can be terminated even by three indium layers, where two
layers are located as shown in Fig. 8.7 (b) and the third layer is formed by substituting
all gallium atoms from the top-most metallic bulk layer. The coverage of 1 - 2.3 layers
of indium on InGaN layers was experimentally confirmed as described in Ref. [204].

8.2 Semipolar (202̄1) InGaN

After understanding the surface topography and reconstruction of the semipolar InN
layers, it is interesting to investigate and compare surface properties of the alloy, such
as InGaN. For this, topography, reconstruction and electrical properties of the semipo-
lar (202̄1) InGaN layers with 6.5% and 10.2% indium composition were analyzed in
details.

The (202̄1) InGaN layers were grown on (202̄1) GaN substrate at 725◦C and 750◦C
by MOVPE, resulting in the indium compositions of 10.2% and 6.5%, respectively.
Estimated thickness of the InGaN layers is about 22 nm. Detailed growth procedure is
described in Sec. 2.4.2. The indium content of the InGaN layers were determined by
XRD by T. Wernicke at TU Berlin.

AFM images of the studied layers with corresponding profiles are shown in Fig. 8.8.
Surface topography exhibits an undulation structure with a period of 135±50 nm and
a height of 1.3±0.4 nm for the layer with 6.5% indium, and a period and height of
75±20 nm and 0.70±0.15 nm for the layer with 10.2% indium, respectively. Since the
height of the grown structure is small, the overall rms roughness of the layers measured
on the (2×2)µm2 does not exceed 1 nm, despite the undulation structure. The undu-
lation structure on the InGaN layers is similar to the one observed on the semipolar
(112̄2) InN layer grown at 550◦C shown in Fig. 8.1 (b). However, surface roughness
of the (202̄1) InGaN layers is remarkably better than any of the semipolar InN layers
studied in the previous section.

143



Surface Characterization of Semipolar In(Ga)N Layers

Figure 8.8: AFM images and profiles from the semipolar (202̄1) InGaN surfaces with a) 6.5%,
b)10.2% indium.

Similar topography on the semipolar (202̄1) GaN, AlGaN and InGaN layers with
indium content below 3% has been observed by Ploch et al. [207]. According to his
report, an undulation occurs along the [101̄4] direction and has a period of 20-45 nm
for GaN layers and up to 35 nm for InGaN layers which contains 3% indium. Undula-
tion along the [101̄4] direction was proposed to originate from the (101̄0) and (101̄1)
microfacets, as shown in Fig. 8.16 (a) [207]. It was assumed that these microfacets are
strongly affected by chemical potential.

According to the AFM results from Fig. 8.8, a slight increase of indium amount in
ternary alloy (i.e. from ∼3% to ∼6%) leads to a significant increase of the undulation
period (i.e. from ∼35 nm up to ∼135 nm). However, the growth conditions and tem-
perature also affect undulation period: it has been shown that for GaN layers, increase
of growth temperature and reactor pressure result in higher undulation period [207].
Hence, different growth conditions for the semipolar InGaN layers with 10.2% and
6.5% indium can explain the lower undulation period observed in AFM images for the
layer with higher indium amount.

In order to investigate the surface structure and morphology on the atomic scale, the
InGaN samples were decontaminated in nitrogen ambient by annealing at 550◦C for
15 min at pressure of ≈ 1× 10−4 mbar. The annealing temperature was chosen below
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Figure 8.9: VBM of the clean semipolar (202̄1) InGaN layers with a) 6.5%, b)10.2% of indium

Figure 8.10: XPS emission near the Fermi level recorded from the clean semipolar (202̄1)
InGaN layers with a) 6.5%, b)10.2% of indium

the growth temperature of the layers in order to avoid material decomposition. More-
over, since annealing in N-plasma was shown to be more efficient for surface decontam-
inations of the In-polar InN (see Sec. 6.2.2) and InGaN layer (Ref. [66]), decontamina-
tion in nitrogen ambient was performed for the studied semipolar InGaN layers.

Based on XPS results, surface decontamination led to decrease of oxygen and car-
bon by approximately 73% and 70%, respectively. The In/Ga ratio determined from
the normal emission XRD spectra remained unchanged for oxidized and clean InGaN
layers, indicating no indium desorption from the surface at the chosen annealing tem-
perature. The In/Ga ratio was 0.08 and 0.13 for the layers with 6.5% and 10.2% amount
of indium. Compared to XRD, where the indium amount is determined as an average
for the entire layer, XPS measurements determine the indium content only from the
near-surface region. The values of In/Ga ratio and percentage concentration of indium
from XRD are in good correlation with each other.

Interestingly, while for the In0.06Ga0.94N layer the In/Ga ratio determined by XPS for
the bulk-like (measured at normal emission) and surface-like (emission at 80◦) regions
are similar, for the In0.10Ga0.90N layer the In/Ga ratio is only 0.03 for the surface-like
area compared to the 0.13 for the bulk-like region. It seems that in the latter case,
indium is distributed inhomogeneously within the crystal layer and is deficient on the
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Figure 8.11: LEED of the semipolar (202̄1) In0.06Ga0.94N layer recorded at a) low (76 eV) and
b) high (145.6 eV) energies. Some of the diffraction spots in image (a) are marked by circles
for a better visualization. The c(2×4) unit cell corresponded to the represented symmetry is
sketched on each image. c) Model of the surface reconstruction that might explain the observed
symmetry in LEED patterns; black rectangle corresponds to the c(2×4) unit cell, red and blue
spheres are In(Ga) and N atoms, respectively, the greenish spheres refers to metallic adatoms
(adopted from Ref. [208]).

surface. This might be explained by different growth temperature and therefore, growth
kinetics between two InGaN layers.

The VB spectra of the semipolar (202̄1) InGaN layers were recorded from the clean
surfaces and represented in Fig. 8.9. The VBM positions for the oxidized and annealed
In0.06Ga0.94N layer is 2.80±0.05 eV and 2.70±0.05 eV above the Fermi level, respec-
tively. Thus, the VBM is shifted by 0.1 eV towards lower binding energy after surface
decontamination. However, the In 3d core-level is shifted by 0.3 eV towards lower bind-
ing energy upon annealing, indicating that VBM is affected by surface states and has
different alignments compared to the shift caused by a band bending.

In the case of the In0.10Ga0.90N layer, the position of the VBM for the oxidized
surface is 2.90±0.05 eV above the Fermi level, while for the annealed layer it is
2.50±0.05 eV. The shift of the VBM by 0.4 eV towards lower binding energies is in
good correlation with the shift of the In 3d core-level. Thus, for this layer, where the
surface-like region has a lack of indium atoms, no surface states affect an alignment of
the conduction and valence bands. One can assume that presence of the surface states at
the In0.06Ga0.94N layer originate from metallic indium and strongly influence position
of the VBM on the surface.

Based on the indium composition determined from XRD, the band gap of the studied
semipolar InGaN layers was determined to be ∼3.16 eV for the layer with 6.5% In
and ∼3.02 eV for 10.2% In. According to the determined positions of the VBM, both
InGaN layers exhibit an upward band bending (electron depletion), where the barrier
height ΦB is approximately 0.46 eV and 0.50 eV for the annealed InGaN layers with
6.5% and 10.2% In, respectively. Due to the low difference in indium amount, the
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Figure 8.12: STM images of the semipolar (202̄1) InGaN layers with a) 6.5% and b) 10.2% of
indium. Profiles along the images are represented on the right side.

barrier heights are very similar for both clean InGaN layers. The surface oxidation on
air, however, differently reduces the barrier heights: ΦB equals ∼0.36 eV for the layer
with 6.5% In and ∼0.12 eV for the layer with 10.2% In. Therefore, oxidation of the
semipolar InGaN layers leads to reduction of the surface upward band bending.

Transition from electron depletion to electron accumulation layer at the InxGa1−xN
surfaces was found to take place for x≈ 0.3% in the case of polar orientation of the
layer: an upward band bending was determined for the layers with indium content be-
low ≈ 30%, while a downward band bending occurs for the layers with indium amount
above ≈30% [161]. Observed upward band bending for the semipolar (202̄1) InGaN
layers is in good agreement with a reported trend for polar InGaN layers, where both
InGaN layers with low amount of indium studied in this work exhibit the upward band
banding.

Fig. 8.10 represents an XPS emission near the Fermi level for the annealed semipolar
InGaN layer. For the layer with 10.2% In the Fermi edge is well-pronounced and can be
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Figure 8.13: STM images of the semipolar (202̄1) InGaN layers with 10.2% In at nanoscale
with the corresponding profile sketched along the image. White arrows correspond to the nano-
resolved structures which might be assigned to atoms.

clearly identified, while for the other layer the Fermi edge can not be well-distinguished,
probably due to a lower signal to noise ratio.

Study of the (202̄1) InGaN surface reconstruction was performed by LEED. The
LEED patterns recorded from the In0.06Ga0.94N layer with a sketched unit cell are
shown in Fig. 8.11 (a) and (b). The LEED diffraction patterns correspond to the cen-
tered (2×4) symmetry, i.e c(2×4), which is different compared to the previously ob-
served (1×1) surface periodicity on the polar InN layers. The LEED pattern could be
observed already at∼35 eV, which refers to the clean well-ordered structure at the near-
surface region. The identical LEED patterns have been recorded from the InGaN layer
with 10% In. Hence, the discussion about surface reconstruction is suitable for both
studied InGaN layers.

Further, topography of the semipolar InGaN layers were analyzed by STM. The STM
images recorded at a large scanning area (Fig. 8.12) exhibit the undulation surface struc-
tures, which were also observed by AFM. Undulation period determined from STM im-
ages varied around 70±20 nm for the layer with 6.5% In and 100±20 nm for the layer
with 10.2% In. The period is in agreement with the AFM images within an error bar.
Fig. 8.12 (b) exhibits a well-pronounced slope of the undulation sidewalls.

By decreasing the scanning area to a nanoscale, as in Fig. 8.13, the InGaN surface
topography exhibits another kind of undulation with a period of approximately 2 nm,
as shown in the profile. Moreover, the STM image in Fig. 8.13 contains areas with
resolved nanoscale structures (marked by arrows). However, unstable tunneling con-
ditions, which are a consequence of the undulation topography, make it impossible to
obtain atomically resolved STM images.
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Figure 8.14: Top and side view of the ideal cleaved unreconstructed semipolar (202̄1) InGaN
surface. Dashed rectangle shows the unit cell of the (202̄1) plane.

Figure 8.15: An ideal cleavage surface and theoretically predicted surface reconstructions of the
semipolar (202̄1) InN (GaN) layers with (1×1) N-desorbed surface, (1×2) N-desorbed surface
with a metallic In (Ga) adatom and (1×1) metallic In (Ga) adlayer, as reported in Ref. [208].
Dashed lines in the images correspond to the (1×1) or (1×2) surface unit cells.

8.2.1 Reconstruction of Semipolar InGaN Layers

The model of the ideal cleaved semipolar (202̄1) InN surface is shown in Fig. 8.14 (top
and side view). The unit cell of that surface is sketched by a dashed rectangle and con-
tains several In and N atoms, making the unit cell much more complex compared to the
previously shown for the semipolar (112̄2) plane. The length of the unit cell is approxi-
mately 0.32 nm along the [12̄10] direction and 2.14 nm along the [101̄4] direction.

Compared to the semipolar (112̄2) surfaces of III-nitrides, much less is know about
the surface reconstructions of the layers with the (202̄1) orientation. Until now, there
is only one publication that can be found in the literature about surface reconstructions
on the (202̄1) group-III-nitride layers, i.e. GaN and InN. These theoretical studies
were performed by Yamashita et al., where they showed that depending on the growth
conditions and therefore, growth kinetics, the semipolar (202̄1) InN (GaN) surfaces
can possess one of the following reconstruction: the (1×1) N-desorbed surface, the
(1×2) N-desorbed surface with a metallic In(Ga) adatom, and the (1×1) metallic In(Ga)
adlayer [208]. A stick-and-ball models of these reconstructions and an ideal cleaved
surface are shown in Fig. 8.15. It is important to note that the unit cell of the ideal

149



Surface Characterization of Semipolar In(Ga)N Layers

Figure 8.16: Model of a) micro and b) nano undulations on the semipolar (202̄1) InGaN layer
taken from Ref. [207].

(202̄1) surface published in Ref. [208] is different compared to the shown in Fig. 8.14.
In order to compare the experimental observation from this work with the literature, in
the further discussion the unit cell from Ref. [208] and associated with it reconstructions
will be assumed as correct ones.

For the ideal (202̄1) surface in Ref. [208], the length of the (1×1) unit cell equals
1.104 nm along the [1̄011] direction and 0.471 nm along the [01̄00] direction. The
(1×1) surface symmetry is predicted for the (202̄1) layers with N-desorbed reconstruc-
tion, where one nitrogen atom is absent in the unit cell compared to the ideal surface and
for the layer termination by metallic adlayer. The (1×2) surface symmetry occurs only
in the case of surface termination by metallic adatoms, as shown in Fig. 8.15, where the
length of the unit cell along the [1̄011] direction remains unchanged, while along the
[01̄00] direction it equals 0.941 nm.

For the semipolar (202̄1) GaN layers, the N-desorbed surface and Ga-adlayer can be
formed under N-rich and Ga-rich growth conditions, respectively, while the Ga-adatom
reconstruction can be formed between these two growth regimes [208]. However, for
the semipolar (202̄1) InN layers, the In-adlayer is expected to be stable for all growth
conditions, while other mentioned reconstruction are predicted to be stable [208]. Since
the layers studied in this work are ternary InGaN layers with only low amount of indium,
it is not know, which surface reconstructions will be stable on these surfaces.

As shown previously, the LEED diffraction patterns from the (202̄1) InGaN layer
exhibit the c(2×4) symmetry, which can be obtained, for instance, from the later-
ally shifted (1×2) unit cell from Fig. 8.15 for metallic adatom reconstruction. One
can assume that if the sketched (1×2) unit cells are located to each other, as shown
in Fig. 8.11 (c), the surface symmetry will correspond to the c(2×4) reconstruction
(sketched by black rectangle), in good agreement with the observed LEED patterns.
All other theoretically predicted surface reconstructions shown in Fig. 8.15 possess the
(1×1) unit cell, which are difficult to correlate with the observed c(2×4) symmetry by
LEED. Based on this discussion, one can propose that the studied in this work semipolar
(202̄1) InGaN layers are terminated by metallic adatoms with the c(2×4) reconstruction
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shown schematically in Fig. 8.11 (c). Unfortunately, the proposed surface reconstruc-
tion on InGaN layers could not be confirmed by atomically resolved STM images due
to the unstable tunneling conditions caused by the undulation structure.

As mentioned previously, the undulation structure observed on the semipolar In-
GaN layers is formed by the (101̄1) and (101̄0) facets, as represented in the model
in Fig. 8.16 (a) [207]. The sidewalls of the undulation structure observed on the STM
image (Fig. 8.12 (b)) most likely correspond to the mentioned (101̄1) and (101̄0) micro-
facets.

Moreover, the nano undulations with a period of ∼2 nm were proposed to exist on
the semipolar (202̄1) surfaces [207]. The schematic model of this structure is shown in
Fig. 8.16 (b). Similar nano undulations with a period of ∼2 nm were observed in the
obtained STM image in Fig. 8.13, confirming the model initially proposed by Ploch et al.
[207]. Note that the period of the nano undulation structure shown in STM image is in
good correlation with the size of the c(2×4) unit cell. As shown in the sketched model
in Fig. 8.11 (c), the length of the proposed surface reconstruction is 2.2 nm, similar
to the nano undulation periods observed in the profile to the STM image (Fig. 8.13).
Therefore, one can assume that the origin of the nano undulations can be explained by
the c(2×4) reconstruction formed on the surface.

Note that according to the ideal (202̄1) InGaN surface in Fig. 8.14, a length of the unit
cell along the [101̄4] direction is ∼ 2.1 nm that is also similar to the size of nano undu-
lation. However, for further interpretation of results theoretical calculations concerning
surface reconstructions on the surface shown in Fig. 8.14 are highly required.

The structure very similar to the discussed nano undulation can be distinguished
in the HRTEM image of the (202̄1) InGaN-based LED [209]. In this publication, an
InGaN/GaN interface in the LED structure shows the pronounced undulation features
on the (202̄1) GaN top-most layer region with a period of ∼ 1 nm. This observation is
in good agreement with the results shown in this work and provides a good evidence of
the nano undulation formation on the semipolar (202̄1) surfaces of III-nitrides.

8.3 Summary

A detailed surface analysis of the semipolar (112̄2) InN and (202̄1) InxGa1−xN layers
with 6.5% and 10.2% indium has been performed.

Both the semipolar InN and InGaN layers have a pronounced undulation surface
structure. The undulation period of the (112̄2) InN layer increases with increasing the
growth temperature, corresponding to the higher surface roughness. For the first time
the surfaces of the semipolar InN and InGaN layers have been studied by STM. The
undulation period of the smoothest (112̄2) InN layer grown at 530◦C determined from
the STM images equals approximately 33 nm with a height of around 3.7 nm. Based
on the atomically resolved STM images, the studied semipolar (112̄2) InN layer is
proposed to be terminated by two indium layers. Excess of indium on the surface leads
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to surface metallicity and downward band bending, as determined by STS and XPS,
respectively.

The semipolar (202̄1) InxGa1−xN surfaces contain the micro undulations caused by
the (101̄1) and (101̄0) facets, with a period estimated by AFM of 135±50 nm and
75±20 nm for the layers with 6.5% and 10.2% indium, respectively. Besides micro,
the nano undulations were observed for the first time on the (202̄1) InGaN surfaces.
The nano undulations observed by STM have a period of 2 nm in good agreement with
the proposed model in Ref. [207]. Moreover, the nano undulations might originate from
the atomic arrangement within the c(2×4) surface unit cell, which was determined from
the LEED patterns. The c(2×4) surface periodicity is caused by the lateral shift of the
theoretically proposed (1×2) unit cell for the semipolar InGaN layer. Based on this,
the studied semipolar (202̄1) InGaN layers are assumed to be terminated by metallic
adatoms.

The studied semipolar InGaN layers have an upward band bending that is slightly
stronger for the layer with higher indium amount. Oxidation of the semipolar InGaN
layer on ambient air leads to decrease of the upward band bending, as determined by
XPS.
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9 Summary and Outlook

This work aims to increase the knowledge about surface properties of InN layers with
different crystal orientations in order to improve the quality of InN-based optoelectronic
devises and/or understand the challenges that must be overcome to implement InN in
the wide range of device application. Following main problems and topics were studied
and discussed within this work: polarity determination of InN and GaN layers by XPS,
effect of the nitridated sapphire substrates on crystal and surface quality of the subse-
quently grown InN layers, surface reconstructions of the N- and In- and semipolar InN
layers and growth of a thin indium oxide layer on InN surface.

An alternative method for polarity determination of InN and GaN layers was investi-
gated and established for the polar and semipolar orientations of the layers, e.g. (0001),
(0001̄), (112̄2) planes. This method implies VB XPS and was shown to be reliable,
non-destructive and appropriate for polycrystalline layers with thickness below 100 nm.
Polarity of the layers was determined by recording the VB XPS spectra for emission
perpendicular to the c-plane, i.e., normal emission for the polar layers and emission at
58 ◦ with respect to the surface normal for the semipolar (112̄2) orientations, by using a
monochromated Al Kα X-ray source (hν ≈ 1487 eV). The group-III and N-polarity cor-
respond to the higher intensity of the VB peak at lower (PI peak) and higher (PII peak)
binding energies, respectively. The ratio between these two VB peaks strongly depends
on the crystal orientation and can be calculated from spectra without a background sub-
traction procedure. Moreover, surface morphology and surface contaminations do not
effect the VB peak intensities and thus, the ratio between PII and PI.

It was shown that the effect of sapphire nitridation plays an important role in the
quality improvement of the subsequently grown polar InN layers. In contrast to the
previous studies of nitridation mechanism in the literature, the atomic binding configu-
rations of clean sapphire substrates were analyzed in details prior and after nitridation
at temperatures between 500◦C and 1050◦C. The oxygen deficient (

√
31×
√

31)R± 9 ◦

surface reconstruction of the bare sapphire substrate was found to be essential to per-
form a successful nitridation process. The predominance of the N-Al chemical bonds in
the layers nitridated above 800 ◦C corresponds to the formation of the crystalline AlN
layers, while a significant amount of the N-O bonds on the surface for the nitridation
temperatures ≤ 800 ◦C refers to the growth of amorphous AlNxOy layers. All sapphire
nitridation layers possess a defect structure most likely caused by N defects.

The nitridated sapphire layers strongly affect the topography, polarity and crys-
tallinity of the overgrown InN layers. The most appropriate nitridation temperature
was found to be 1050◦C, leading to the growth of the 1 nm thick AlN layer on sapphire
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substrate. Formation of the thin crystalline AlN layer was shown to be enough to drasti-
cally improve quality of InN layers. Hence, the formation of the amorphous nitridated
layers results in the growth of polycrystalline In-polar InN layers with rough surfaces,
while formation of crystalline nitridated layers results in the growth of single crystalline
N-polar InN layers with a smooth surface.

Surface characterization of the InN layers required desorption of surface contamina-
tions, since the InN layers were exposed to ambient air after the growth. In order to
obtain clean InN surfaces, thermal annealing under UHV conditions and annealing in
nitrogen plasma by using a N-plasma source were performed. No destruction or dam-
age of the layers were observed upon annealing below ∼500◦C, while further increase
of the annealing temperature led to degradation of the crystal structure and formation
of In-droplets on the surface. Annealing in nitrogen plasma was found to be more effi-
cient than annealing in UHV. An annealing at 450◦C for 10-15 min was found to be an
optimal preparation condition for the surface decontamination.

The N- and In-polar InN layers were analyzed in details in terms of their chemical
binding configurations, atomic periodicity and electronic properties. Moreover, the sur-
face characterizations were performed on the first commercially available MEAglow
grown N-polar InN layers and compared to the MOVPE grown N-polar InN layer. The
N-polar InN layers have shown to reconstruct into the (1×1) and (

√
3×
√

3)R±30◦

for MOVPE and MEAglow grown layers, respectively. Smooth layers with good crys-
talline quality are formed upon MOVPE growth, while polycrystalline InN layers with
rougher surfaces are grown by MEAglow. The model for each surface reconstruction
was proposed based on the several experimental techniques, indicating high reliabil-
ity of the results. Formation of the In-adlayer was established for the (1×1) recon-
structed surface, while additional adatoms on the indium adlayer are formed for the
(
√

3×
√

3)R±30◦ N-polar InN layer. Moreover, the surface reconstructions observed
by LEED were for the first time confirmed by STM studies.

The studied MBE grown In-polar InN layers have a (1×1) surface periodicity with an
atomically smooth surface, whereas MOVPE grown In-polar InN layers have a rough
surface and highly pronounced polycrystalline structure. Based on LEED, atomically
resolved STM images and quantitative XPS and AES studies, it was shown that the
In-polar InN layer is terminated by the single In-adlayer, where In adatoms locate at
T4-sites in good agreement with the previously reported theoretical calculations.

This work reports on the first well-resolved STM images of InN layers, including
the images recorded on the large scanning areas, which give information about the sur-
face features that cannot be observed by AFM. Moreover, the atomically resolved STM
images were obtained and correlate good with the proposed models for the observed sur-
face reconstructions on both In- and N-polar InN layers. XPS and STS measurements
reveal that all studied N- and In-polar InN layers exhibit downward band bending and
hence, metallic behavior of the surface caused by a surface electron accumulation layer.
The Fermi level is pinned at 1.0±0.1 eV above the VBM for the N-polar layers and at
1.20±0.15 eV above the VBM for the In-polar InN layers. Adsorption of native oxide
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on the polar InN layers leads to increase (decrease) of the downward band bending by
several meV for N-polar (In-polar) InN layer.

The In-polar InN layer oxidized in ambient air was compared to subsequently ther-
mally oxidized InN layer. Thermal oxidation of the In-polar InN layer by annealing
it in N* plasma and ambient air with simultaneous deposition of metallic indium re-
sults in the growth of a thin In2O3 layer with a cubic bixbyite lattice structure. For
the first time a comprehensive surface analysis was performed on the very thin In2O3
layer grown on InN. The In2O3 layer has a (111) orientation that is well matched to the
wurtzite (0001) InN. Topography of the layer consists of single crystallites, where each
crystallite has an atomically flat surface with a well-ordered (1×1) arrangement of the
atoms. The surface is terminated by indium atoms and has an electron accumulation
layer, similar to InN. Formation of a thin In2O3 layer on InN material can be used for
capping of InN surface. Moreover, the In2O3/InN heterostructures

The last part of this work was dedicated to the surface analysis of the semipolar
(112̄2) InN and (202̄1) InxGa1−xN (6% < x < 10%) layers. All semipolar layers have
a pronounced undulation surface structure along the [1̄100] direction for the (112̄2)
InN and the [101̄4] direction for the (202̄1) InGaN layers. This work shows the first
studies performed on the semipolar InN and InGaN layers by STM. Based on atomi-
cally resolved STM images it was shown that the studied semipolar (112̄2) InN layer
is terminated by two indium layers. Excess of indium on the surface leads to an elec-
tron accumulation on the InN surface, which results in the surface metallicity and the
downward band bending. For the studied semipolar InGaN layers, besides micro undu-
lations on the surface, nano surface undulations with a period of 2 nm were observed by
STM. The nano undulations could be explained by the proposed atomic model with the
c(2×4) surface unit cell, which indicates a termination of the studied semipolar InGaN
layers by metallic adatoms. The semipolar (202̄1) InxGa1−xN (6% < x < 10%) layers
have an upward band bending that is slightly stronger for the layer with higher indium
amount.

The performed analysis of the atomic, chemical and electronic properties of the
(0001), (0001̄), (112̄2) InN layers showed an important effect on polarity, surface and
crystal properties of the investigated layers as well as growth of the thin group-III-oxide
layers on InN. Based on these results, the knowledge and understanding of fundamen-
tal properties of the InN surfaces were significantly improved. Moreover, this work
allowed to establishing a new method for polarity determination of group-III-nitrides.
Certainly, the obtained results contribute to the improvement and development of the
growth parameters, growth regimes, and the associated technological applications of
InN layers.
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Outlook

Although not all atomically resolved STM images of InN layers were well-resolved and
exhibited a well-ordered structure, this work showed for the first time STM results of
InN layers with different crystal orientations and thickness above 70 nm, providing an
important impact in the understanding of the surface behavior of this material.

According to the STM studies of the InN layers, the inhomogeneous distribution of
the DOS on the InN layers in form of grains observed by STM must be taken into
account for the application of InN layers in optoelectronic devices, e.g. sensors, solar
cells [6, 8, 210]. For instance, an adsorption of organic molecules on the InN surface
would lead to a rather complicated interaction process between the surface and the
molecules. Thus, the effect of interaction and its interpretation might be misunderstood
if one does not take into account the InN surface reconstruction and distribution of DOS
on the InN surfaces. Moreover, a large number of grain boundaries that are observed
on both reconstructed InN layers, especially on the (

√
3×
√

3)R±30◦, would affect the
efficiency of a solar cell, where any kind of defects increases recombination rate of
electrons and holes in the CB leading to a decrease in the photocurrent.

The models proposed for the (1×1) In-polar and the (
√

3×
√

3)R±30◦ N-polar InN
layers have not been theoretically analyzed yet. Hence, it is preferable to perform theo-
retical calculations and test the stability of the proposed InN surface reconstructions.

The thin In2O3 film grown on InN might serve as a capping layer. It can protect
the InN surface from contaminations upon the layer exposure to ambient air, therefore,
resulting in a convenient and easy transfer of the InN layers from the growth chamber
into the vacuum chamber for surface analysis. However, additional investigations are
required in order to remove the capping In2O3 layer from the InN surface, e.g., by us-
ing a sputtering process. Moreover, the thermal annealing conditions used for InN layer
can be modified in order to avoid termination of the In2O3 surface by indium atoms, i.e.
avoid surface metallicity. Additional, the growth of a thin indium oxide capping layer
performed in this work may be also applied for ternary alloys, e.g. InGaN layers. Partic-
ulary, the layers with high amount of indium may be appropriate for this case, since the
lattice parameters of the In-rich ternary alloys are close to InN crystal parameters. One
can assume that under similar conditions used for the growth of the In2O3 layer, the
substitution of indium by gallium effusion cell may lead to the growth of thin gallium
oxide layers. Especially, it could be used to grow a Ga2O3/GaN heterostructure which
can be used for application in gas sensors and metal-oxide-semiconductor field-effect
transistors [211]. Hence, GaN layers may be used as an alternative substrate for the
growth of group-III oxides.

It is worth to analyze the applicability of the XPS VB method for polarity determi-
nations of AlN layers and group-III nitride ternary alloys. The performance of XPS on
AlN layers however, remains a challenging issue due to the large energy band gap of
AlN (Eg = 6.2 eV) that leads to an insulating behavior of these layers. This insulating
behavior of the AlN layers can be overcome, for instance, by applying a so-called elec-

156



Summary and Outlook

tron shower, where the surface is exposed to an electron beam that fills the empty states
of atoms and prevent surface charge accumulation. However, this method is suitable
only in the case of a constant surface charge. The performed experiments showed that
it is not the case for AlN layers: the surface charge can be up to ∼160 eV and increase
continuously during measurement. Another solution to this problem could be the use of
highly n-doped AlN layers. However, nowadays doping of AlN layers remains a chal-
lenging issue. Until now the best results for n-doping of AlN (electron concentration of
7.3× 1014 cm−3) were achieved by Y. Taniyasu et al. [212].

In the case of ternary group-III nitride alloys, e.g. InGaN layers, XPS experiments
should be performed on layers with the same element composition. Otherwise, addi-
tional experiments should be done to exclude the fact that different concentration of
atoms of one type (e.g., indium in InGaN) affects the PII : PI ratio. The main difficulty
is to obtain the ternary group-III nitride layers with different polarities which can be de-
termined by conventional method. Since no experiments on polarity determination of
ternary alloys by wet chemical etching have been reported so far, the CBED technique
should be used. This technique requires thick layers with low crystal defect density,
which remains a challenge for the growth of some alloys (e.g. InGaN).
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Appendix A: Determination of
Statistical Significance

Statistical significance is a concept of statistical hypothesis testing. It shows a prob-
ability that an observed effect does not occur by chance. The statistical significance
is often used to establish the claim that observed experiments happen not by chance
alone but caused by some proposed facts. In this work the statistical method was used
to determine the statistical significance of the differences between the two polar layers
observed by XPS, i.e. between the two PII : PI mean values for the N-polar and In-polar
InN layers.

One of the often used statistical tests is a so-called Student’s t-test, which is used to
determine if two sets of data are significantly enough different from each other. For
this work independent two-sample pooled t-test with unequal sample size and equal
variance was performed. Sample size corresponds to the number of samples in each
statistical group. Statistical groups refer to the N-polar and group-III-polar layers. The
Student’s t-test implies a rejection or approval of the null hypothesis which states that
any difference between two sets of data is only caused by chance, e.g. due to random
error. First, two means (X̄1 and X̄2) and the corresponding standard deviations (S1 and
S2) are calculated by using the following equations:

X̄1 =
∑

n1
i=1 xi

n1
, X̄2 =

∑
n2
i=1 xi

n2
(A1)

S1 =

√
∑

n1
i=1(x̄1− xi)2

n1−1
,S2 =

√
∑

n2
i=1(x̄2− xi)2

n2−1
, (A2)

where n1 and n2 are the number of measurements in the data set 1 and 2. The standard
deviation of the two data sets is given by

S1,2 =

√
(n1−1)S2

1 +(n2−1)S2
2

n1 +n2−2
(A3)

The value N = n1+n2-2 is known in statistics as a degree of freedom and corresponds
to the number of ways by which the system can vary. By knowing aforementioned
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values it is possible to calculate the statistic texp value (experimental t value) by the
given formula:

texp =
|X̄1− X̄2|

S1,2

√
1
n1
+ 1

n2

(A4)

Now the experimental texp value can be compared to the theoretical critical ttheor
value that corresponds to the calculated degree of freedom N and the confidence limit
(interval) of interest. The ttheor value can be found in books of statistical analysis,
the confidence limit shows a reliability of an estimate. Thus, if texp is bigger than
ttheor at the chosen confidence limit, the null hypothesis is rejected meaning that the
difference between the two experimentally determined mean values is not due to the
random results.

The p-value is often used in statistical significance testing in order to reject or approve
the null hypothesis. The p-value is calculated by statistical analysis programs based on
the calculated N and texp values and gives the probability of obtaining the results by
assuming that the null hypothesis is true. If the p-value is less than a chosen significance
level (e.g.0.05), the null hypothesis is rejected and the established claim is statistically
significant at the chosen level.
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Appendix B: Fitting Parameters of
Core-levels

Each table represents the fit parameters for the experimentally obtained core-level spec-
tra which were fitted with theoretical model curves using a commercial UNIFIT soft-
ware [111]. The table shows the surface core-level shifts with respect to the bulk compo-
nent ∆E, the Lorenzian broadening γ (lifetime broadening), the Gaussian broadening σ

(experimental broadening), branching ratio R, spin orbital splitting SO, Duniach-Sunjic
asymmetry α and peak intensity I relative to the bulk component.

B1 Nitridated Sapphire Layers

Clean sapphire layers nitridated at different temperatures recorded at normal
emission (0◦), Sec. 5.2.

Table B1: Fit parameters of the N 1s, O 1s and Al 2p core-levels recorded at normal emission
from the clean sapphire layer nitridated at 700◦C.

∆E / eV γ / eV σ / eV R SO / eV I
N−Al 398.50±0.05 0.15±0.01 1.80±0.05 - - 1.00
N−O +1.65±0,05 0.15±0.01 1.80±0.05 - - 0.62
Nd -1.50±0.05 0.15±0.01 1.80±0.05 - - 1.61
Nx -3.40±0.05 0.15±0.01 1.80±0.05 - - 0.09
O−Al 532.00±0.05 0.15±0.01 1.50±0.05 - - 1.00
Ox−Al -1.25±0.05 0.15±0.01 1.50±0.05 - - 0.12
Oy -2.55±0.05 0.15±0.01 1.50±0.05 - - 0.01
Al−O 74.95±0.05 0.15±0.01 1.32±0.05 0.50±0.05 0.40±0.01 1.00
Al−Ox -1.09±0.05 0.15±0.01 1.32±0.05 0.50±0.05 0.40±0.01 0.13
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Table B2: Fit parameters of the N 1s, O 1s and Al 2p core-levels recorded at normal emission
from the clean sapphire layer nitridated at 800◦C.

∆E / eV γ / eV σ / eV R SO / eV I
N−Al 398.50±0.05 0.15±0.01 1.80±0.05 - - 1.00
N−O +1.65±0,05 0.15±0.01 1.80±0.05 - - 0.20
Nd -1.50±0.05 0.15±0.01 1.80±0.05 - - 0.37
Nx -3.35±0.05 0.15±0.01 1.80±0.05 - - 0.06
O−Al 531.96±0.05 0.15±0.01 1.50±0.05 - - 1.00
O−N +1.57±0.05 0.15±0.01 1.50±0.05 - - 0.02
Ox−Al -1.25±0.05 0.15±0.01 1.50±0.05 - - 0.27
Oy -2.55±0.05 0.15±0.01 1.50±0.05 - - 0.08
Al−O 75.26±0.05 0.16±0.01 1.32±0.05 0.50±0.05 0.40±0.01 1
Al−Ox -1.09±0.05 0.16±0.01 1.32±0.05 0.50±0.05 0.40±0.01 0.32
Al−N -2.21±0.05 0.16±0.01 1.32±0.05 0.50±0.05 0.40±0.01 0.09

Table B3: Fit parameters of the N 1s, O 1s and Al 2p core-levels recorded at normal emission
from the clean sapphire layer nitridated at 1050◦C.

∆E / eV γ / eV σ / eV R SO / eV I
N−Al 398.50±0.05 0.15±0.01 1.80±0.05 - - 1.00
Nd -1.50±0.05 0.15±0.01 1.80±0.05 - - 0.32
Nx -3.24±0.05 0.15±0.01 1.80±0.05 - - 0.04
O−Al 533.00±0.05 0.15±0.01 1.50±0.05 - - 1.00
O−N +1.55±0.05 0.15±0.01 1.50±0.05 - - 0.05
Ox−Al -1.25±0.05 0.15±0.01 1.50±0.05 - - 0.40
Oy -2.53±0.05 0.15±0.01 1.50±0.05 - - 0.08
Al−O 75.67±0.05 0.16±0.01 1.33±0.05 0.50±0.05 0.40±0.01 1
Al−Ox -1.09±0.05 0.16±0.01 1.33±0.05 0.50±0.05 0.40±0.01 0.56
Al−N -2.21±0.05 0.16±0.01 1.33±0.05 0.50±0.05 0.40±0.01 0.17

182



Clean sapphire layers nitridated at different temperatures and recorded at emis-
sion at 80◦ with respect to the surface, Sec. 5.2.

Table B4: Fit parameters of the N 1s core-level recorded from the clean sapphire layer nitridated
at 700◦C and 1050◦C at emission of 80◦ with respect to the surface normal and pass energy of
10 eV.

∆E / eV γ / eV σ / eV R SO / eV I
Tnitr = 700◦C

N−Al 398.50±0.05 0.15±0.01 1.60±0.05 - - 1.00
N−O +1.65±0,05 0.15±0.01 1.60±0.05 - - 0.71
Nd -1.50±0.05 0.15±0.01 1.60±0.05 - - 0.94
Nx -3.40±0.05 0.15±0.01 1.60±0.05 - - 0.51

Tnitr = 1050◦C
N−Al 398.50±0.05 0.15±0.01 1.65±0.05 - - 1.00
N−Ox +3.80±0.05 0.15±0.01 1.65±0.05 - - 0.26
N−O +1.60±0.05 0.15±0.01 1.65±0.05 - - 0.47
Nd -1.48±0.05 0.15±0.01 1.65±0.05 - - 0.17
Nx -3.45±0.05 0.15±0.01 1.65±0.05 - - 0.24
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B2 Polar InN layers

Table B5: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at normal emission
from the oxidized N-polar InN layer grown by MOVPE (shown in Fig. 6.5). The Duniach-Sunjic
asymmetry α equals 0.03 for each component in the shown core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.80±0.05 0.15±0.01 1.14±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.85±0.05 0.15±0.01 1.14±0.05 0.67±0.05 7.60±0.01 0.26
Inx +1.77±0.05 0.15±0.01 1.14±0.05 0.67±0.05 7.60±0.01 0.66
In− In -1.55±0.05 0.15±0.01 1.14±0.05 0.67±0.05 7.60±0.01 0.01
N− In 396.18±0.05 0.15±0.01 0.93±0.05 - - 1.00
Nx +0.77±0.05 0.15±0.01 0.93±0.05 - - 0.29
Nc +1.63±0.05 0.15±0.01 0.93±0.05 - - 0.10
O− In 531.55±0.05 0.15±0.01 1.30±0.05 - - 1.00
Oad1 +0.81±0.05 0.15±0.01 1.30±0.05 - - 0.36
Oad2 +1.91±0.05 0.15±0.01 1.30±0.05 - - 0.04
In−O− In -1.35±0.05 0.15±0.01 1.30±0.05 - - 0.12

Table B6: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at normal emission
from the clean N-polar InN layer grown by MOVPE (shown in Fig. 6.13). The Duniach-Sunjic
asymmetry α equals 0.03 for each component in the shown core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.71±0.05 0.15±0.01 1.10±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.85±0.05 0.15±0.01 1.10±0.05 0.67±0.05 7.60±0.01 0.19
Inx +1.74±0.05 0.15±0.01 1.10±0.05 0.67±0.05 7.60±0.01 0.03
In− In -1.41±0.05 0.15±0.01 1.10±0.05 0.67±0.05 7.60±0.01 0.01
N− In 396.26±0.05 0.15±0.01 0.92±0.05 - - 1.00
Nx +0.71±0.05 0.15±0.01 0.92±0.05 - - 0.15
Nc +1.64±0.05 0.15±0.01 0.92±0.05 - - 0.04
Nz +2.65±0.05 0.15±0.01 0.92±0.05 - - 0.01
O− In 531.39±0.05 0.15±0.01 1.28±0.05 - - 1.00
Oad1 +0.81±0.05 0.15±0.01 1.28±0.05 - - 0.24
In−O− In -1.35±0.05 0.15±0.01 1.28±0.05 - - 0.25
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Table B7: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at normal emission
from the oxidized N-polar InN layer with the rough surface grown by MEAglow (shown in
Fig. 6.6). The Duniach-Sunjic asymmetry α equals 0.025 for each component in the shown
core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.81±0.05 0.15±0.01 0.92±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.85±0.05 0.15±0.01 0.92±0.05 0.67±0.05 7.60±0.01 0.27
Inx +1.76±0.05 0.15±0.01 0.92±0.05 0.67±0.05 7.60±0.01 0.03
In−C -1.38±0.05 0.15±0.01 0.92±0.05 0.67±0.05 7.60±0.01 0.01
N− In 396.21±0.05 0.15±0.01 0.71±0.05 - - 1.00
Nx +0.72±0.05 0.15±0.01 0.71±0.05 - - 0.22
Ny +1.61±0.05 0.15±0.01 0.71±0.05 - - 0.05
Nz +2.38±0.05 0.15±0.01 0.71±0.05 - - 0.02
O− In 531.27±0.05 0.15±0.01 1.10±0.05 - - 1.00
Oad1 +0.82±0.05 0.15±0.01 1.10±0.05 - - 0.92
Oad2 +2.04±0.05 0.15±0.01 1.10±0.05 - - 0.32
In−O− In -1.35±0.05 0.15±0.01 1.10±0.05 - - 0.27

Table B8: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at emission of 80◦

with respect to the surface normal from the oxidized N-polar InN layer with the rough surface
grown by MEAglow (shown in Fig. 6.6). The Duniach-Sunjic asymmetry α equals 0.025 for
each component in the shown core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.82±0.05 0.15±0.01 0.93±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.86±0.05 0.15±0.01 0.93±0.05 0.67±0.05 7.60±0.01 0.42
Inx +1.76±0.05 0.15±0.01 0.93±0.05 0.67±0.05 7.60±0.01 0.11
In−C -1.35±0.05 0.15±0.01 0.93±0.05 0.67±0.05 7.60±0.01 0.02
N− In 396.19±0.05 0.15±0.01 0.72±0.05 - - 1.00
Nx +0.69±0.05 0.15±0.01 0.72±0.05 - - 0.33
Ny +1.64±0.05 0.15±0.01 0.72±0.05 - - 0.09
Nz +2.44±0.05 0.15±0.01 0.72±0.05 - - 0.03
O− In 531.36±0.05 0.15±0.01 1.10±0.05 - - 1.00
Oad1 +0.87±0.05 0.15±0.01 1.10±0.05 - - 0.88
Oad2 +2.03±0.05 0.15±0.01 1.10±0.05 - - 0.41
In−O− In -1.35±0.05 0.15±0.01 1.10±0.05 - - 0.33
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Table B9: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at normal emis-
sion from the clean N-polar InN layer with the rough surface grown by MEAglow (shown in
Fig. 6.14). The Duniach-Sunjic asymmetry α equals 0.025 for each component in the shown
core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.85±0.05 0.15±0.01 0.90±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.81±0.05 0.15±0.01 0.90±0.05 0.67±0.05 7.60±0.01 0.20
Inx +1.81±0.05 0.15±0.01 0.90±0.05 0.67±0.05 7.60±0.01 0.01
In−C -1.36±0.05 0.15±0.01 0.90±0.05 0.67±0.05 7.60±0.01 0.01
N− In 396.27±0.05 0.15±0.01 0.72±0.05 - - 1.00
Nx +0.69±0.05 0.15±0.01 0.72±0.05 - - 0.15
Ny +1.67±0.05 0.15±0.01 0.72±0.05 - - 0.06
Nz +2.46±0.05 0.15±0.01 0.72±0.05 - - 0.05
O− In 530.00±0.05 0.15±0.01 1.10±0.05 - - 1.00
In−O− In -1.35±0.05 0.15±0.01 1.10±0.05 - - 0.32

Table B10: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at emission of 80◦

with respect to the surface normal from the oxidized N-polar InN layer with the rough surface
grown by MEAglow (shown in Fig. 6.14). The Duniach-Sunjic asymmetry α equals 0.025 for
each component in the shown core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.80±0.05 0.15±0.01 0.95±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.81±0.05 0.15±0.01 0.95±0.05 0.67±0.05 7.60±0.01 0.26
Inx +1.80±0.05 0.15±0.01 0.95±0.05 0.67±0.05 7.60±0.01 0.02
In−C -1.35±0.05 0.15±0.01 0.95±0.05 0.67±0.05 7.60±0.01 0.01
N− In 396.19±0.05 0.15±0.01 0.72±0.05 - - 1.00
Nx +0.69±0.05 0.15±0.01 0.72±0.05 - - 0.24
Ny +1.66±0.05 0.15±0.01 0.72±0.05 - - 0.07
Nz +2.40±0.05 0.15±0.01 0.72±0.05 - - 0.07
O− In 530.01±0.05 0.15±0.01 1.10±0.05 - - 1.00
In−O− In -1.35±0.05 0.15±0.01 1.10±0.05 - - 0.47
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Table B11: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at normal emis-
sion from the oxidized In-polar InN layer grown by MBE (shown in Fig. 6.29). The Duniach-
Sunjic asymmetry α equals 0.028±0.02 for each component in the shown core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.75±0.05 0.15±0.01 0.98±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.90±0.05 0.15±0.01 0.98±0.05 0.67±0.05 7.60±0.01 0.21
Inx +1.86±0.05 0.15±0.01 0.98±0.05 0.67±0.05 7.60±0.01 0.06
In− In -1.50±0.05 0.15±0.01 0.98±0.05 0.67±0.05 7.60±0.01 0.01
N− In 396.23±0.05 0.15±0.01 0.84±0.05 - - 1.00
Nx +0.70±0.05 0.15±0.01 0.84±0.05 - - 0.15
O− In 530.98±0.05 0.15±0.01 1.35±0.05 - - 1.00
Inad1 +1.23±0.05 0.15±0.01 1.35±0.05 - - 4.58
Inad2 +2.72±0.05 0.15±0.01 1.35±0.05 - - 0.72
In−O− In -0.73±0.05 0.15±0.01 1.35±0.05 - - 0.30

Table B12: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at emission of 70◦

with respect to the surface normal from the oxidized In-polar InN layer grown by MBE (shown
in Fig. 6.29). The Duniach-Sunjic asymmetry α equals 0.03 for each component in the shown
core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.87±0.05 0.15±0.01 0.99±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.92±0.05 0.15±0.01 0.99±0.05 0.67±0.05 7.60±0.01 0.53
Inx +1.87±0.05 0.15±0.01 0.99±0.05 0.67±0.05 7.60±0.01 0.29
N− In 396.29±0.05 0.15±0.01 0.82±0.05 - - 1.00
Nx +0.74±0.05 0.15±0.01 0.82±0.05 - - 0.22
O− In 531.91±0.05 0.15±0.01 1.36±0.05 - - 1.00
Inad1 +1.22±0.05 0.15±0.01 1.36±0.05 - - 0.43
Inad2 +2.34±0.05 0.15±0.01 1.36±0.05 - - 0.05

Table B13: Fit parameters of the In 3d5/2 and N 1s core-levels recorded at normal emission
from the clean In-polar InN layer grown by MBE (shown in Fig. 6.38). The Duniach-Sunjic
asymmetry α equals 0.03 for each component in the shown core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.86±0.05 0.15±0.01 0.99±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.90±0.05 0.15±0.01 0.99±0.05 0.67±0.05 7.60±0.01 0.19
Inx +1.83±0.05 0.15±0.01 0.99±0.05 0.67±0.05 7.60±0.01 0.02
In− In -1.52±0.05 0.15±0.01 0.99±0.05 0.67±0.05 7.60±0.01 0.02
N− In 396.28±0.05 0.15±0.01 0.83±0.05 - - 1.00
Nx +0.77±0.05 0.15±0.01 0.83±0.05 - - 0.06

187



Table B14: Fit parameters of the In 3d5/2 and N 1s core-levels recorded at emission of 80◦

with respect to the surface normal from the clean In-polar InN layer grown by MBE (shown
in Fig. 6.38). The Duniach-Sunjic asymmetry α equals 0.03 for each component in the shown
core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 444.10±0.05 0.15±0.01 1.04±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.82±0.05 0.15±0.01 1.04±0.05 0.67±0.05 7.60±0.01 0.74
Inx +1.84±0.05 0.15±0.01 1.04±0.05 0.67±0.05 7.60±0.01 0.07
In− In -1.48±0.05 0.15±0.01 1.04±0.05 0.67±0.05 7.60±0.01 0.02
N− In 396.38±0.05 0.16±0.01 0.83±0.05 - - 1.00
Nx +0.80±0.05 0.16±0.01 0.83±0.05 - - 0.21
Ny +1.89±0.05 0.16±0.01 0.83±0.05 - - 0.27
Nz +2.98±0.05 0.16±0.01 0.83±0.05 - - 0.15

B3 Thermally oxidized In-polar InN layer

Table B15: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at normal emis-
sion from the thermally oxidized In-polar InN layer (shown in Fig. 7.9). The Duniach-Sunjic
asymmetry α equals 0.03 for each component in the shown core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.95±0.05 0.15±0.01 1.04±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.64±0.05 0.15±0.01 1.04±0.05 0.67±0.05 7.60±0.01 1.32
Inx +1.48±0.05 0.15±0.01 1.04±0.05 0.67±0.05 7.60±0.01 0.23
In− In -1.54±0.05 0.15±0.01 1.04±0.05 0.67±0.05 7.60±0.01 0.03
N− In 396.31±0.05 0.15±0.01 0.82±0.05 - - 1.00
Nx +0.77±0.05 0.15±0.01 0.82±0.05 - - 0.12
Ny +1.92±0.05 0.15±0.01 0.82±0.05 - - 0.02
Nz +2.89±0.05 0.15±0.01 0.82±0.05 - - 0.02
O− In 530.86±0.05 0.15±0.01 1.05±0.05 - - 1.00
Inad1 +1.17±0.05 0.15±0.01 1.05±0.05 - - 0.17
In−O− In -0.75±0.05 0.15±0.01 1.05±0.05 - - 8.48
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Table B16: Fit parameters of the In 3d5/2, N 1s and O 1s core-levels recorded at emission of
80◦ with respect to the surface normal from the thermally oxidized In-polar InN layer (shown
in Fig. 7.9). The Duniach-Sunjic asymmetry α equals 0.03 for each component in the shown
core-levels.

∆E / eV γ / eV σ / eV R SO / eV I
In−N 443.95±0.05 0.15±0.01 1.05±0.05 0.67±0.05 7.60±0.01 1.00
O− In−O +0.69±0.05 0.15±0.01 1.05±0.05 0.67±0.05 7.60±0.01 6.03
Inx +1.50±0.05 0.15±0.01 1.05±0.05 0.67±0.05 7.60±0.01 2.26
In− In -1.54±0.05 0.15±0.01 1.05±0.05 0.67±0.05 7.60±0.01 0.08
N− In 396.38±0.05 0.15±0.01 0.83±0.05 - - 1.00
Nx +0.77±0.05 0.15±0.01 0.83±0.05 - - 0.51
Ny +1.93±0.05 0.15±0.01 0.83±0.05 - - 0.64
Nz +2.90±0.05 0.15±0.01 0.83±0.05 - - 0.87
O− In 530.91±0.05 0.15±0.01 1.07±0.05 - - 1.00
Inad1 +1.17±0.05 0.15±0.01 1.07±0.05 - - 0.33
Inad2 +1.98±0.05 0.15±0.01 1.07±0.05 - - 0.20
In−O− In -0.75±0.05 0.15±0.01 1.07±0.05 - - 3.72
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Appendix C: Calculations from XRD
Measurements

Calculations of crystal lattice constants from 2Θ scan.
In the hexagonal wurtzite structure the distance between the parallel planes of atoms

(interplanar spacing) dhkl for a set of parallel planes (hk.l) is given by

1
d2

hkl
=

4 · (h2 + k2 +h · k)
3 ·a2 +

l2

c2 , (C1)

where a and c are the lattice constants; h, k and l are the Miller indexes. By combining
Eq.C1 with Bragg´s Law

2 ·dhkl · sinΘ = λkα
, (C2)

the lattice constants a and c can be estimated by measuring two different X-ray re-
flections, e.g. (30.2) and (00.2). (Θ is an angle measured by XRD).

Calculations of dislocation density from ω scan.
Dislocation density estimation is based on measuring the broadening (ω - FWHM)

of the (00.2) and (30.2) reflections. According to Ref. [169], the density of screw type
threading dislocations is given by

Ns =
α2

4.35 ·b2
s
, (C3)

where α is the ω - FWHM of the (00.2) reflection and the Burgers vector bs is given
by the c-lattice constant of 0.5669 nm for InN from Ref. [22].

α = FWHM00.2(rad), (C4)

bs = c0 (C5)
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Edge type dislocation densities can be calculated by

Ne =
β 2

4.35 ·b2
e
, (C6)

where β is the ω - FWHM of the (30.2) reflection. The Burgers vector be is the
a-lattice constant of InN given by a0 = 0.3535 nm [22].

β = FWHM30.2(rad), (C7)

be = a0 (C8)

All calculations have been performed by F. Mehnke, TU Berlin.
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