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CHAPTER I 
 

INTRODUCTION 
 
 

1.1 InN  
 
 III-nitride compound semiconductors, i. e.  AlN, GaN and InN, have received 

intensive interest due to their potential for optoelectronic and electronic devices, such 

as light emitting diodes (LEDs) [1, 3], light diodes (LDs) [2] and solar cells [3]. 

Particularly, InN has received attention because its band gap has found to be about 

0.6-0.8 eV [1, 4-6], which is much smaller than the previously reported value of about 

1.9 eV [7-9]. In Fig.1.1, in addition, its use along with GaN and AlN makes a 

possibility to extend the light emission of nitride-based LEDs from the ultraviolet to 

the near infrared wavelength.  
 Generally, InN has two crystal structures, which are cubic (zincblende) 

structure and hexagonal (wurtzite) structure. Figure 1.2 shows schematic illustrations 

of the hexagonal and the cubic structures. It is theoretically predicted that the cubic 

phase InN (c-InN) has advantages over hexagonal-phase InN (h-InN), such as high 

electron mobility, due to weaker phonon scattering and low electron effective mass 

[10]. These reasons have motivated the study of c-InN as a potential material for 

infrared or high speed electronic device applications. Therefore, the growth of high 

quality c-InN is very important. Recently, c-InN films have been successfully grown 

on GaAs (001) substrate with InAs buffer layer [11], r-plane sapphire [12], 3C-SiC 

[13] and yttria-stabilized zirconia (YSZ) (001) substrates [14]. 

 

 

1.2 Material problems  
 
 Commonly, InN exists as the metastable cubic or the stable hexagonal 

polytypes. Due to the large different lattice-constants (namely, lattice mismatch) and  

thermal expansion coefficients (namely, thermal mismatch) between InN and its 

substrates, stabilization of the c-InN crystal is difficult and the growth often results in 
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Figure 1.1: Relationship between bandgap energy and lattice constant of III-nitride 

semiconductors and some interesting compound semiconductors [3] 

 

 

the mixture phase structures [15]. Using a thin film growth technique such as MBE, it 

is possible to grow InN and its alloys in the cubic structure. Example is the growth of 

InN on (001) substrates [15] where the four-fold symmetry of the underlying layer 

causes adsorption of the metastable cubic structure rather than the lowest energy 

hexagonal structure. However, high quality c-InN films with high cubic-phase purity 

are still difficult to prepare due to the metastable nature of c-InN and the lack of 

suitable substrate materials [1-5, 15]. These problems lead to generation of structural 

defects. The first problem is due to the metastable nature of cubic phase, the 

hexagonal phase is often unexpectedly introduced in cubic layer. Several research 

groups reported that there are incorporation of hexagonal phase in cubic phase as a 

formation of planar defect such as twins, stacking faults (SFs) and hexagonal phase 

subdomain [16, 17]. Such formation of planar defects is common existing on the c-

InN (111) and h-InN (0001) planes. As shown in Fig. 1.2, hexagonal structure can be 

easily constructed along the <111>//<0001> direction. This is because the 

fundamental difference between these two crystal structures (cubic and hexagonal 

structures) is merely a 60º rotation along the h-InN <0001> (Figs. 1.2(c)) and 1.3(b)) 

and c-InN <111> (Figs. 1.2(d) and 1.3(a)) directions [18]. Figure 1.4 shows a 

schematic diagram of the models describing the generation of planar defects.  
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Figure 1.2: Schematic illustration of InN crystal structures, a) hexagonal (wurtzite), 

(b) cubic (zinc blend), (c) hexagonal structures along <0001> direction and (d) cubic 

structure along <111> direction [32] 

 

 

There are a number of common properties such as: 

 

(1) SFs on the cubic {111} planes are formed by an insertion of 1 monolayer 

of hexagonal structure between two cubic structures, which there are 

identical crystal orientations (Fig. 1.4(a)). 

(2) Twins on the cubic {111} planes are formed by an insertion of a half 

monolayer of hexagonal structure between the two cubic structures, which 

are different crystal orientations (Fig. 1.4(b)). 

(3) Hexagonal phase subdomain on the cubic {111} planes is formed by the 

extension of SFs to be a single crystal of hexagonal structure (Fig. 1.4(c)).  
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Substrate 

materials 

Lattice constant 
 (Å) 

 

Lattice mismatch 
(%) 

 

Thermal expansion 
coefficients 
(×10-6 K-1) 

c-InN 4.98 0 3.8 

c-GaN 4.50 10.67 3.17 

MgO 4.216 18.29 10.5 

GaAs 5.653 -11.90 6 

3C-SiC 4.359 14.23 3.9 

 

Table 1.1: Lattice constants, lattice mismatch and thermal expansion coefficients 

between substrate materials and c-InN [3, 19] 

 

 

Another problem that affects the crystal quality of c-InN is a lack of suitable 

substrate materials. Table 1.1 summarizes the lattice constants and thermal expansion 

coefficients of c-InN and some substrate materials [19]. As shown in the Table a large 

lattice mismatch and a large difference in thermal expansion coefficients between c-

InN and those substrate materials lead to a high density of structure defects such as 

twin, stacking fault and dislocations in InN epitaxy films.  

To improve the film quality of c-InN, there has been several research groups 

studied and investigated for the affecting parameters, such growth method, growth 

condition, substrate material, etc. In fact, the high quality c-InN films were achievable 

grown by MBE on GaAs (001) [20] and MgO (001) [21] substrates despite the large 

mismatch. However, there are a number of structure defects, which degrade the 

optical and crystal qualities.    

 In this work, we focus on growth condition, namely In- and N-rich growth 

conditions, which may result in the generation of structure defects during the growth. 

 

 

 

 

 

 

.  
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Figure 1.3: Two-dimensional atomic models of crystal structure for InN along  

(-110) cross-section, (a) cubic structure and (b) hexagonal structure [32] 
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Figure 1.4: Schematic illustration of possible of planar defects in c-InN film along  

(-110) cross-section, (a) stacking faults, (b) twins and (c) hexagonal phase subdomain 

[32] 
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1.3 Objectives and organization of the thesis 
 
 The aim of the thesis is to investigate and analyze major defects presented in 

c-InN films grown on GaAs (001) substrates by MBE. The effects of In- and N-rich 

growth condition on micro-structural in c-InN films were investigated Micro-

structural properties of the c-InN films were investigated using high-resolution X-ray 

diffraction (HRXRD), Raman scattering and transmission electron microscopy (TEM).  

The thesis is organized as follows:  

 Chapter II: In this chapter, we introduce an epitaxy growth, strain and defects 

in epilayer. The basic principles of characterization techniques, including HRXRD, 

Raman scattering and TEM are described.  

 Chapter III: In this chapter, we describe the experimental procedure and 

details of the c-InN films used in this study. In addition, the sample preparation of the 

TEM observation is described in details. 

 Chapter IV: Initial investigational results, such as surface morphology, crystal 

structure and correlation between vibration properties in the c-InN layers, are given 

and discussed. To investigate the effects of growth conditions (In- and N-rich 

condition) we also focus on the TEM results, especially crystal structure, epitaxial 

relationship and defect structures in the c-InN grown layer. 

 Finally, Chapter V gives the conclusions of the thesis. 

 



CHAPTER II 
 

STRUCTURAL PROPERTIES AND  
CHARACTERIZATION 

 
 

In this chapter, we introduce the epitaxial growth and structural defect 

generated in an epitaxial layer. Then after, the investigation methods of lattice 

constants, crystal structure and structural defects, i. e. high resolution X-ray 

diffraction (HRXRD), Raman scattering and transmission electron microscopy 

(TEM) techniques, are described in details.  

 
2.1 Epitaxial growth 
 
 Epitaxy is a term used to describe an extended single-crystal film formation on 

top of a crystalline substrate. The deposited film can be denoted by the terminologies 

such as epitaxial layer or epilayer. There are two type of epitaxy. The first type is 

homoepitaxy referring to the case where the film and substrate are the same material. 

The second type is heteroepitaxy referring to the case where the film and substrate are 

different materials. It is well known that optoelectronic devices, such as light-emitting 

diodes (LEDs) and laser diodes (LDs), use the compound semiconductors in form of 

heteroepitaxial film structures [22], which can be explained using three possible 

models of heteroepitaxial structures, as shown in Fig. 2.1.  

  

 

2.2 Strain relaxation 
 
 Figure 2.1(a) shows a heteroepitaxial layer “called epilayer”, which is grown 

on a crystalline substrate with the same crystal structure and lattice constant. In this 

case, the epilayer with an arbitrary thickness can be grown without any defect 

formation, such as dislocations and stacking faults (SFs). While, these two materials 

have the same lattice constant, it is accepted a as “lattice-match” with a condition 

of . Here, //s oa a a a⊥= = = sa  is the lattice constant of the substrate;  is the free oa
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lattice constant of the epilayer;  is the lattice constant parallel to the surface of the 

substrate; and  is the lattice constant perpendicular to the surface of the substrate.  

Addition, the heterojunction interfacial structure is essentially like that for 

homoepitaxial structure. 

//a

⊥a

In Fig. 2.1(b), an epilayer grown on a substrate, which has a different lattice 

constant ( s oa a≠ ), results in a lattice-mismatch. In this case, the lattice-mismatched 

layer is under a tensile strain condition // //( ,  sa a a a )⊥= > . If the lattice constant of 

layer is larger than of the substrate, the epilayer is under a compressive strain 

condition . // //( ,  )sa a a a⊥= <

 Figure 2.1(c) show the epilayer is grown on a substrate with a different crystal 

structure and lattice constant, that is, s oa a≠ . In this case, an epilayer of which 

thickness is greater than its critical thickness relaxes in order to reduce the strain in 

the layer, where .  // oa a a⊥= =

In fact, an effect of strain relaxed is a generation crystal defect, such as 

dislocations, stacking faults and twins.  

 

 

2.3 Generation of defects in epitaxial films 
 

In a perfectly crystal the atom are arrange in a pattern the space lattice. Most 

crystalline material is not perfect. The regular pattern of atomic arrangement is 

interrupted by crystal defects. Generally defects in crystalline structures can be 

classified according to their dimension which defined as imperfections and mistakes 

in regular periodic arrangement of atom [23]. For 0-dimension defects or point defects 

which there are two type of point defect, including vacancies and interstitials. 

Vacancy is simply an unoccupied atom site in crystal structure. The intestinal or  

interstitialcy is an atom occupying an interstitial site not normal by an atom in perfect 

crystal structure or extra atom inserted into the perfect crystal. For 1-dimension 

defects or line defects, such as a curve or straight line which these defects are called 

dislocations, are created when plane of atoms are distorted out of their regular 

position. For 2-dimension defects or planar defects which consist of stacking fault, 

grain boundaries and twin boundaries etc. A stacking fault is local planar of atom 
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Figure 2.1: Schematic illustration of (a) lattice-matched layer, (b) fully strained layer 

and (c) fully relaxed layer heteroepitaxial structures [22] 
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region in the crystal lattice where the regular sequence is interrupted. This is formed 

either by removal or insertion of plane. The insertion of an extra plane in the stacking 

is known as an extrinsic stacking fault, while the removal of plane is referred to as an 

intrinsic stacking fault. Stacking fault is best describe by stacking sequence of the 

close-packed plane in face-centre cubic structure along the [111] direction or 

hexagonal structure along the [0001] direction. For example, the stacking sequence of 

plane in face-centre cubic structure is ABCABCABC.... If local stacking sequence is 

changed into ABCBCABC…, this is formed by intrinsic stacking fault. A grain 

boundary refers to the transition or interface between crystals whose atomic 

arrangements are different in orientation with respect to each other. A twin is planar 

defect where a mirror image of the regular lattice is formed during the growth. The 

twin boundary is the mirror plane of the twin formation. The last type of defect is 3-

dimensional or bulk defect which include voids and precipitates. Voids are small 

areas where there are no atoms and can be thought of as clusters of vacancies. 

Impurities can cluster together to form small regions of a different phase. These are 

often called precipitates. The crystal defects have important effects on the properties 

of the crystalline materials. 

 

 

2.4 Structural characterization  
 

A brief description of high resolution X-ray diffraction (HRXRD), Raman 

scattering and transmission electron microscopy (TEM) techniques are given in the 

following sections. 

 

2.4.1 High-resolution X-ray diffraction 

 
 High resolution X-Ray diffraction (HRXRD) is a tool which allows 

performing structural analysis of crystal materials. Most semiconductor film 

structures are epitaxially grown on a substrate wafer. These films are nearly-perfect 

crystalline structures and low defect density. The properties of these films are largely 

determined by their composition and crystal structure. Information from these layers, 

such as lattice constants, crystal structure, strain and relaxation, these can be obtained 

by measuring rocking curves and reciprocal space maps using HRXRD. 
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 In this work, we focus on lattice constant and crystal structure are invested by 

measuring rocking curves 

 When parallel X-rays strike a pair of parallel lattice planes, every atom within 

the planes acts as a scattering center and reflects a secondary wave, as shown in Fig. 

2.2. All of the secondary waves combine to form a reflected wave. The same occurs 

on the parallel lattice planes with the lattice plane distance of . All these reflected 

waves interfere with each other and obey Bragg’s law. 

hkld

 

 2 sind nθ λ= . (2.1) 

 
HRXRD technique is used to determine lattice constants ( ⊥a and ) of the epilayer, 

which correspond to the lattice constant perpendicular to the substrate and the lattice 

constant parallel to the surface of the substrate, respectively. Values of the lattice 

constant can obtained from the symmetric (002) 2θ/ω-scan and asymmetric 

reflection (113) mapping between the ω-scan and 2θ/ω-scan modes, which is 

called “reciprocal lattice space mapping (RSM)”.  

//a

The first, the symmetric reflect (002) 2θ/ω-scan was measured to determine 

the value of interplanar spacing . Thus, the value of dhkl in tetragonal system can 

be represented as follow, 

)( hkld
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Incident beams Diffracted beams 

 

Figure 2.2: Schematic diagram of Bragg’s law 
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.hkl
a ad

lh k
⊥= +

+
 (2.2) 

 

After that, we can to obtain value of ⊥a  from interplanar spacing , which 

is measured using (002) 2θ/ω-scan mode. Therefore, we can make a combination 

between equations (2.1) and (2.2); thus, we obtain 

2/002 ⊥= ad

 

 
sin

a λ
θ⊥ = . (2.3) 

 

The second, the asymmetric reflection (113) mapping between ω-scan and  

2θ/ω-scan modes, which is known as a “reciprocal space mapping” is analyzed to 

determine the value of a// of the epilayers.  

 
2.4.2 Raman scattering     
 

When the monochromatic high frequency laser light is incident on the sample, 

the frequency of the scattered light differs from that of the incident light by the 

frequency of an optical phonon, the scattering process is called Raman scattering. 

Inelastic scattering of light by molecular vibrations was first reported by 

Chandrasekhara Venkata Raman. In 1930 Raman was awarded the Nobel prize for his 

discovery of Raman scattering. In Raman scattering, the incident light beam is 

scattered with relatively large frequency shift independent of the scattering angle. The 

Raman spectrum has Stokes and anti-Stokes branches corresponding to the emission 

and absorption, respectively. The interaction shown in Figs. 2.3(a) and 2.3(b) is 

Stokes and anti-Stokes process, respectively. Mostly Stokes scattering is used. 

Conservation of energy and momentum during the interaction requires that 

 

                                                         i sω ω ω= ± ,                                                (2.4)  

 

                                                          i sk k k= ± ,                                                   (2.5) 

 

where iω  and ik  are frequency and wavevector of the incident photon, respectively. 

sω  and sk are frequency and wavevector of the scattered photon, respectively. The +  
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signs correspond to phonon emission (Stokes scattering), while the – signs correspond 

to phonon absorption (anti-Stokes scattering). Thus the light is shifted down in 

frequency during a Stokes process and up in frequency in the anti-Stokes process. The 

frequency of the phonons can be scattered photons is named as “Raman frequency” or 

“Raman shift”. Thus the main use of inelastic light scattering is to measure phonon 

frequencies.  

The scattering geometry is commonly written as ( , )i i s sk e e k , which is so called 

Portó notation [24]; where ik and sk are the directions of incident and scattered 

photons; and are the polarizations of incident and scattered photons, respectively. 

The simplest scattering geometry is the backscattering. From the conservation of 

wavevector, the wavevector k

ie se

 of the phonon must be along the [001] direction also 

for backscattering from a (001) surface of cubic crystal. The longitudinal optical (LO) 

phonon is polarized in the z direction (or [001] direction), while the transverse optical 

(TO) phonon is polarized in x-y plane (or (001) plane).  Thus, the scattering 

geometries for backscattering from the (001) surface of cubic crystal are zyxz ),(  or 

zxyz ),( . 

The Raman scattering focus is on atomic vibration, wavenumber unit (cm-1) is 

standard for vibrational studies. Wavenumber is the reciprocal of the wavelength of 

the light. Since the phonon frequency is equal to the difference between the incident 

photon frequency and the scattered photon frequency, this difference is referred to as 

the Raman frequency or Raman shift. Raman spectra are usually plots of the intensity 

of the scattered radiation versus the Raman shift in wavenumber unit (cm-1). 

Raman spectroscopy is a powerful technique to obtain information on crystal 

structure through measuring the vibrations of the crystal lattice. Raman spectra 

provide a sensitive tool for studying the impurity incorporation in such structure and 

the structural defects etc. [25]. Raman spectroscopy can be used to identify the 

distribution of the hexagonal and cubic [26-27]. In this work, Raman spectroscopy is 

used to identify the distribution of the hexagonal and cubic phases in the c-InN films 

grown by MBE. The expected results are summarized in Table 2.1. For c-InN  

the frequency of the optical phonon is spit into LO and TO component [28] associated 

with the incident phonon. On the other hand, for h-InN, the LO and TO phonons are 

represented as the A1 (LO) and E2 (high) phonons, respectively, which are the 
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strongest ones among the six Raman-active vibrational modes for backscattering 

along the c-axis [28].  

 

,  s skω(a) 

 
 

Figure 2.3: Schematic representation of Raman scattering of a photon with (a) 

emission and (b) absorption of a phonon [35]  

 

 

 

Table2.1: Phonon frequencies of InN crystals including both hexagonal and cubic 

crystal lattices 

 
 

Phonon frequencies (cm-1) Structural 

phase E2(high) A1(LO) TO LO 

488 [28] 586 [28] - - 

495 [28] 596 [28] - - 

 

h-InN 

490 [29] 590 [29] - - 

- - 472 [29] 586 [29] 

- - 457 [21] 588 [21] 

 

c-InN 

-  - 467 [21] 596 [21] 

 

,  i ikω  ,  kω  ,  i ikω  

,  s skω

,  kω

i s

i sk k k

(b)  

 

Stokes Anti-stokes 

ω =ω ω+

= +
i s

i sk k k

ω =ω ω−
 

= −
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2.4.2 Transmission electron microscopy 
 

Transmission electron microscopy (TEM) has become a powerful and 

versatile tool for micro-(nano) structural characterization of crystalline materials 

because of its ability to observe extended crystal defects, such as dislocations, 

stacking faults, twins or grain boundaries etc. due to its high spatial resolution 

capability and high magnification of more than 100,000 time depending on an 

accelerating voltage [30] and its power to determine the atomic structure of interfaces 

with a resolution in the order of Angstrom. 

 

2.4.2.1 Principle of TEM system 
 
 The TEM operates on the same basic principles as the light microscope but 

uses electrons instead of light because of limited by the wavelength of light. TEM  

a use electron as “light source” and their much lower wavelength makes it possible to 

get a resolution a thousand times better than with a light microscope. The resolution 

of a microscope is defined by the smallest distance between two points  ( )d

 

 0.61 .
sin

d λ
μ β

=  (2.6) 

 
Whereμ is the refractive index of the viewing medium can be approximated to be the 

unity;β , the semi-angle of collection of the magnifying lens, is generally very small 

(a few degree); and λ, the wavelength of electron beam, is related to the accelerating 

voltage, V in kV as following 

 

 1.22 .
V

λ =  (2.7) 

 
In TEM, the electron source produced the electron beam energy of typically 

100-400 kV. In operation, electrons beam are projected onto the specimen by the 

condenser lens system is shown in Fig. 2.4. Two condensers lens a nearly parallel the 

electron beam onto specimen. The objective, intermediate (first and second) and 

projector lenses can focus a final magnified image or the diffraction pattern of 

specimen on the phosphor screen.  
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Figure 2.4: Schematic illustration of transmission electron microscopy (TEM) [32, 

36] 

 

 

In the transmitted electron image the crystal structure and defect in solid-state 

material can brought into contrast. TEM is classified according to their image 

formation which there is two modes. A brief description of this image formation will 

be given in the following sections. 

 

2.4.2.2 Theory of image formation 

 

Image mode 

 
In TEM imaging, the electron diffraction (ED) pattern has to be obtained first, 

the ED pattern contains bright spots which are associated to the direct transmitted 

beam and scattered electron beams. Figure 2.5 is the EP pattern from a crystalline 

material with schematic indication of the location of objective aperture.By selecting 

either the transmit beam (T) or a diffracted beam (D). When only the transmitted 

beam is selected, the observation mode is called the bright field (BF) image. On the 

other hand, when one diffracted beam is selected, it is called the dark field image. 

The BF and DF are two basic ways to form amplitude-contrast images. The 

amplitude contrast ( )AC  is defined quantitatively in term of the different  
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Figure 2.5: Diffraction pattern of diamond silicon showing the relationship between 

objective apertures and TEM images. The Bright field or Dark field image is formed 

by selecting the transmit beam (T) or the diffracted beam (D) respectively by using an 

objective aperture [30, 33] 

 

 

Intensity ( )IΔ two adjacent areas. 1and 2I I are intensity of areas 1 and areas 2, 

respectively. 

 1 2

2 2
A

I I IC
I I
− Δ

= =  (2.8) 

 
In fact the contrite in TEM micrograph is seen as different green levels on phosphor 

screen are formed by coming electron (transmitting and scattering electron) form 

different thickness, structure and crystal orientation of the specimen. If the contrast in 

the image were found in some area, it could be primary demonstrated either an 

appearance of the defect or a difference in orientation of two regions. However, the 

results must be based on the structural property of material as well as the initial results 

of previous investigation. 

 

Diffraction mode 
 

The diffraction pattern is formed by the transmitting and diffracting electrons 

that pass though a thin film and then interfere on the phosphor screen, the 

arrangement of atoms (structural information) in a specimen can be deduced. 
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O 

C 
Reciprocal space 

Ewald circle 

G 

dk  

θ2  

ik  

410g  

 
 

Figure 2.6: Ewald sphere construction in 2 dimensions. Section through the sphere of 

reflection containing the incident beam vector ( )ik , the diffraction beam vector ( )dk  

and reciprocal lattice vector [30, 32] 410(g )

 
 

By using either selected area aperture, a spatial resolution of electron 

diffraction from several microns to several nanometers can be reached in TEM. 

 
The Ewald constructions  
 

In 1913, Peter Ewald demonstrated the use of the Ewald sphere together with 

the reciprocal lattice to understand diffraction patterns. It geometrically represents the 

condition in reciprocal space where the Bragg equation is satisfied.  

Consider the incident wave ( ) falling on the crystal plane has a wave vector 

, as show in Fig. 2.6. The crystal plane is represented by its reciprocal lattice,  

ik

ik

with origin O. The incident wave is represented by a reciprocal vector . Draw the 

incident wave vector , ending at O. Construct a circle with radius 

ik

ik 1 λ , which passes 



 20

through O. Wherever a reciprocal lattice intersects the circle, Bragg's Law is obeyed 

and the diffracted electron will occur. CO and CG represent the incident electron and 

the diffracted electron beam, the corresponding the incident beam vector ( and the 

diffraction beam vector  . The angle between them must correspond to Bragg 

condition

)ik

( )dk

(2 )θ . OG is the vector, where 410g 410g  is a reciprocal lattice vector, as 

shown in Figure, 410 4101g d= and 1i dk k λ= = , thus, 

 

 
410

12( )sin .OG
d

θ
λ

= =
1  (2.9) 

 
Rearranging this gives Bragg's equation with n = 1 will be obtained in 

equation (2.9). 

 

The reciprocal lattice  
 

The interrelation and indexing of diffraction spots in the diffraction pattern 

from single crystals are carried using the concept of reciprocal applied originally by 

Ewald sphere. The reciprocal lattice is constructed from the real lattice by drawing a 

line through the origin normal to the corresponding reflecting plan of crystal of length 

equal to the reciprocal of crystal plane spacing. Thus if is the distance of the (hkl) hkld

plane from origin in real space (interplanar spacing), the corresponding distance in 

reciprocal space is 1 hkld .  The reciprocal lattice can be constructed as a system of 

points which will always form a space lattice, e.g., the face centered cubic real lattice  

has a corresponding body-centered cubic reciprocal is shown in Fig. 2.7. If the 

reciprocal lattice of unit cell vectors * * *, ,a b c  are defined in terms of the real space 
lattice vectors , ,a b c , as following  

 

 * ,
( )
b ca

a b c
×

=
⋅ ×

 (2.10) 

 

 * ,
( )
c ab

b c a
×

=
⋅ ×

 (2.11) 



 21

 
Figure 2.7: The face-centered cubic lattice (a) showing a possible reflecting plane 

(111) and (b) part of its reciprocal lattice [30, 32] 

 

 

 * ,
( )
a bc

c a b
×

=
⋅ ×

 (2.12) 

 
where, V is the volume of unit cell (i.e., area of base x height). Define the magnitude 

of the vector as   

 

     *

100

1 1 .a
a d

= =            (2.13)  

 

The reciprocal lattice axe *a  perpendicular to (100) plane of the crystal lattice. 

Similarly, the reciprocal lattice axes * andb c* are normal to the (010) and (001) 

planes of the crystal lattice, respectively. Their magnitudes are equal to the reciprocals 

of spacing of (010) and (001) planes.  

 

Indexing diffraction patterns 
 

From the diffraction pattern we can get crystallographic information about the 

crystal such as the lattice constant, orientation relationship of crystal.  

(200) 

O 
Origin 

200d  

100d  

[010] 

[100] 100 200 
101 201 001 

011 
010 110 

111 

(a) 

1001 d a∗=

2001 d  

(b)
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Figure 2.8: Schematic diagram of electron diffraction in TEM [31, 32] 
 

 

For elastically scattered electrons, the Bragg diffraction law states that  

 

 2 sin ,d nθ λ=  (2.14) 

 

where  is the interplanar spacing in crystal, d λ  is the wavelength of the electron 

beam, θ  is the Bragg angle and n can be any integer. In electron diffraction, only first 

order diffraction, i.e. n=1, is considered .In addition, the Bragg angle θ  is typically so  

small that sinθ can be approximated byθ . Hence the Bragg equation can be rewritten 

as  

 

 2d .θ λ=  (2.15) 

 
Figure 2.8 is a schematic diagram showing for formation of electron DP in TEM. 

Thus, a small diffracted angle, 2R L θ= . Combining with the previous equation, we 

get 

 

 or .R Rd L
L d

λ λ= =  (2.16)  
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Figure 2.9: Diffraction pattern of InN along [1-10] zone axis 

 
 
Any distance R, which we measure on diffraction pattern is relate to a specific spacing 

in the crystal d, then the interplanar spacing d  can be determined by measuring R on 

the diffraction pattern from the origin to diffraction spot as in Fig. 2.9 shows ED 

pattern of c-InN film grown on GaAs (001) under In-rich growth condition, the 

corresponding to reciprocal lattice vector ( )g . Since Lλ  is camera constant, where 

L is camera length, since it is independent from the specimen the camera length is 

known. In this case, if the lattice constant for cubic structure can be determined by 

 

 
2 2 2

.ad
h k l

=
+ +

 (2.17) 

 

Thus, combining equation of (2.16) and (2.17), we become 

 

 
2 2 2

,L a
R h k l
λ
=

+ +
 (2.18) 

 

where ,  and L aλ are values of the camera length, the electron wavelength and lattice 

constant, respective. We can measure several value of R know that 

 

 1 1 2 2 3 3 4 4 ...R d R d R d R d= = = =  (2.19) 

 
Therefore the ratio of any two R values gives the ratio of the d-spacing. 
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  R1 

hkl {111} {200} {220} {311} {222} {400} 

{111} 1 1.16 1.63 1.91 2 2.31 

{200} 0.87 1 1.41 1.66 2.45 2.83 

{220} 0.61 0.71 1 1.17 1.22 1.41 

{311} 0.52 0.60 0.85 1 1.04 1.21 

{222} 0.50 0.58 0.82 0.96 1 1.15 

 

 

 

R2

{400} 0.43 0.50 0.71 0.83 0.87 1 

 

Table 2.2: The ratio of d-spacing ratio for some planes of fcc structure [32]. 

 

 

For example, if 
1R is divided by 2R , as shown in Fig. 2.9, then we will get ratio of the 

d-spacing any zone axis as following. 

 

  
2 2 2

1 1 11
2 2 2

2 2 2 2

.
h k lR

R h k l

+ +
=

+ +
 (2.20) 

 
Next, we should prepare a table giving the ratio of the d-spacing of permitted 

diffraction planes on the crystal structure. In this work, we focus on the fcc structure. 

Then if we know d-spacing ratio taken for the fcc structure were determined and 

shown in table. For example, the 1 2R R ratio determined from measurement of ED 

pattern in Fig. 2.9 is about 1.63. The two d-spacing ratio shown in Table 2.2 indicates 

that 1 spot and 2 spot correspond to {220} and {111} planes, respectively.  

To confirm theses results, the angle between both planes, which have been 

indexed, is examined using the scalar product, as following 

 

 1 2 1 2 cos ,R R R R θ⋅ =  (2.21) 

 
so, for [220] and [111] vectors 

 

 [220] [111] [220] [111] cos ,θ⋅ = ×  (2.22) 
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And check with the measured angle,θ  in Fig. 2.9. If the measured angle agrees with 

the calculate angle, the indexing will be accepted. In this case, the measured ,   is 35.2θ

which the calculated . It confirms the results of indexing.  is 35.26θ

 

 

Special case of diffraction patterns 
 

Streaking  
 

 Streaking can arise in diffraction patterns because of modifications to the 

shape of reciprocal lattice points as in arising from either the shape of crystal defect. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10: Examples of how spots in reciprocal space have different shapes, 

depending on the shape of the particles which are diffracting [30]. 
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Figure 2.11: Streaking of reciprocal lattice points arising from stacking fault parallel 

to the electron beam [33].  

 

 

Streaks are already present in reciprocal space perpendicular to the foil surface 

running though each reciprocal lattice point. A similar effect is produced if the 

specimen contains a high density of crystallographically oriented defect such as 

stacking fault and twin. Origins of the streaks are considered from the intensity 

distribution at a reciprocal lattice point which arising from specific shapes particle is 

shown in Fig. 2.10.  

On the other hand, the intensity distribution of streaks in the diffraction pattern 

because the electron diffraction pattern is effectively a section through reciprocal 

space, the overall effect is to produce either streak. The relationship between a single 

array of stacking faults normal to the foil surface which the shape of reciprocal lattice 

point and the diffraction pattern is shown in Fig. 2.11.   

 



CHAPTER III 
 

EXPERIMENTS 
 
 

In this chapter, we describe the growth information of the c-InN films used in 

this study. Subsequently, sample preparation and experimental setup are shortly 

explained. 

 

3.1 MBE growth information of c-InN films 
 

In this work, all the c-InN films were grown on GaAs (001) substrates by 

molecular beam epitaxy (MBE) system equipped with a radio-frequency nitrogen 

plasma source, performing at laboratory of Prof. Dr. Kentaro Onabe (Department of 

Advanced Materials, The University of Tokyo, Japan) [20]. Sample structure of the 

InN/GaAs is shown in Fig. 3.1. A standard MBE source provided the In flux. A rf-

plasma source was used to produce an active N ion. The InN layer was grown at 

temperature varying in the range of 450-490 °C. The In flux and the rf power were 

kept constant at 1.5×10-4 Pa and 300 W, respectively. To change the V/III ratio, the 

supplied N2 flow rate was varied in the range of 1.5 ~ 2.5 standard cubic centimeters 

per minute (sccm). According to these growth conditions, it is found that the In- and 

N-rich growth conditions can be controlled by the growth temperature and the 

supplied N2 flow rate as well as the V/III ratio. 
 

 
 

Figure 3.1: Schematic illustration of the c- InN film used in this study 
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3.2 TEM specimen preparation  
 

Specimen preparation is very important an aspect of characterization for TEM. 

In this work, we focus the preparation method of the cross-sectional specimen is 

investigated structural defects. The specimen is required to be thin enough for 

transparent of electrons, obtaining sample of uniform thickness of sample about 200 

nm. The cross-section preparation process has four steps which are cutting, clamping, 

polishing and ion milling steps.   

 

Cutting step 
 
 The first step, the specimen surface is cleaned with acetone and methyl 

alcohol. Next, the surfaces are stuck on a microscope slide with masking tape and are 

cut the original specimen into small rectangular pieces of 21 2mm× (Fig. 3.2(b)) 

approximately by diamond-wheel saw, as shown in Fig. 3.2(a). The size of such a 

small piece is selected to match the specimen grid with 3 mm in diameter, which can 

be put into the specimen holder in the microscope. 

 

Clamping step 
 

The second step, the surface of cut specimen is cleaned before clamping step. 

The clamping step is stick surfaces of 2 specimens together with M-BOND 610 glue 

which is epoxy resin, as shown in Fig. 3.3. After that, the struck specimen is clamped 

by the clamping holder, as shown in Fig. 3.3(b). The struck specimen in clamping 

holder is put on the hot plate and heat at temperature about 80 ºC for 24 hours, as 

shown in Fig. 3.3(c). 

 

Polishing step 
 
 The third step, the clamped specimen is struck on the polishing holder 

(triangular-shaped glass) with Kenji glue, as shown in Fig. 3.3. The specimen holder 

is heated on hot plate at temperature about 80 ºC for 15 minutes, as shown in Fig. 

3.3(c). After that, the specimen holder is polished with diamond lapping films on 

polishing machine with diamond lapping sizes of 9, 6, 3, 1 and 0.5 μm, respectively, 

as shown in Fig. 3.4, polish until the sample thickness is approximately half of its  
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s

 
Figure 3.2: (a) Cutting instrument low speed diamond wheel saw, (b) Cut specimen 

on the microscope slide  

Figure 3.2: (a) Cutting instrument low speed diamond wheel saw, (b) Cut specimen 

on the microscope slide  

  

 

  

  

  

  

  

  

  

  

  

Figure 3.3: (a) Schematic diagram of sticking 2 surface specimens, (b) Clamped 

specimen, (c) 80 °C for 24 hours heating on the hot plate, (d) Specimen on the 

triangle glass holder 

Figure 3.3: (a) Schematic diagram of sticking 2 surface specimens, (b) Clamped 

specimen, (c) 80 °C for 24 hours heating on the hot plate, (d) Specimen on the 

triangle glass holder 

  

  
  

Figure 3.4: (a) Diamond lapping films, (b) Polishing machine Figure 3.4: (a) Diamond lapping films, (b) Polishing machine 
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Figure 3.5: Ion beam milling machine 

 

 

original thickness. The specimen is turned over and polished until the thickness about 

50 μm. 

 

Ion milling step 
 

Finally step, the copper grid is stuck on the polished specimen with M-BOND 

610 glue. The specimen is heated on the hot plate at temperature about 80 ºC for 4 

hours. The specimen on copper grid is taken separate from the polishing holder by 

using acetone. After that, the specimen on copper grid is milled with GATAN 

Precision Ion Polishing system (PIPs) model 691, which time, voltage and ion beam 

angle were varied in operate depend on the thickness of specimen, as shown in Fig. 

3.5. In this work, the using Ar+ ions beam with angle about 4° to10°, 40 keV and time 

about 5 to 10 minutes. The final thickness of specimen is almost produced for 

transparent of electrons. Lastly, the grid specimen is put in TEM with a JEOL JEM-

2010 microscope, which operated at 200 kV.  
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Figure 3.6: Schematic diagram of high-resolution X-ray instrument (Bruker-AXS D8 

DISCOVER) at Scientific and Technology Research Equipment Center, 

Chulalongkorn University  

 
 

Figure 3.6 shows HRXRD instrument with conventional Cu target operated at 

40 kV and 40 mA. The CuKα radiation is monochromatized into Kα1 which the 

incident X-ray wavelength (λ) of 1.5406 Å is used. HRXRD technique is used to 

determine , and which correspond to the lattice constant perpendicular to the 

substrate, the lattice constant parallel to the surface of the substrate and the free lattice 

constant of the epilayer, respectively.  

⊥a //a a

On the other hand, micro-Raman scattering used in this study were done with 

the Renishaw ramascope RM1000 at The Gem and Jewelry Institute of Thailand, 

Faculty of Science, Chulalongkorn University. Figure 3.7 shows the Raman 

spectroscopy system. Raman spectra were recorded at room temperature in 

backscattering geometry on the (001) growth surface of samples. 

 
 

 



   32
 
 

Monochromator 
Objective 

CCD 
detector

Mirror 
Specimen 

Lens 

Ar+ laser 

(514.5 nm) 
 

 
 

Figure 3.7: Schematic drawing of Raman scattering system 
 

 

The scattering configuration of ( )zyxz ,  is used, where x, y and z correspond to the 

(100), (010) and (001) crystal directions, respectively. The spectral range was set at 

the wave number of 250 - 800 cm-1. The Ar+ 514.5-nm laser line was used as an 

excitation light source. The excitation laser beam was focused by a microscope lens 

system yielding a spot size ~ 2 μm in diameter.  

 

 



CHAPTER IV 
 

RESULTS AND DISCUSSION  

 
In this chapter, experimental results of c-InN films on GaAs (001) substrates 

investigated using HRXRD, Raman scattering and TEM are discussed. Formation of 

structural defects in the studied films grown under In- and N-rich conditions is 

analyzed. Influence of the growth condition on the generation of structural defects 

(stacking fault and twin) and single phase h-InN in the c-InN film is focused. 

 

4.1 Growth information of c-InN 
 

c-InN films studied in this study was grown on GaAs (001) substrate by MBE 

system equipped with a radio-frequency nitrogen plasma source [20]. One-inch GaAs 

(001) wafer was used as the substrate, and the growth temperature was 450-490 oC.  

A standard MBE source provides the indium (In) flux. An rf-plasma source was used 

to produce the active nitrogen flux. The In flux and the rf power were kept constant at 

1.5×10-4 Pa and 300 W, respectively. The supplied N2 flow rates were varied 1.5–2.5 

sccm. 

 

 
 

Figure 4.1: Schematic illustration of c- InN film grown on GaAs (001) substrate 
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All the InN layers were grown on the surface of the re-grown GaAs on GaAs (001) 

substrate for 1 hour. The growth rate was determined to be about 0.4 µm/h. The detail 

of sample structure is shown in Fig. 4.1. The thickness of c-InN main layer was 

determined to be about 300-400 nm depending on growth conditions.  

 

 

4.2 Identification of growth conditions 
 
 The above growth condition of c-InN films, it is found that the In-and N-rich 

growth condition can be controlled by the growth temperature and the supplied N2 

flow rate as well as the V/III ratio [20,34] are summarized in Table 4.1.  

The key issue to identify the growth condition is the In droplet [35], which can 

be seen on the surface for lower supplied N2 flow rate and higher growth temperatures  

as shown in Fig. 4.2 (samples A, B and C).  An appearance of the In droplets indicates 

an insufficient V/III ratio, resulting in the In-rich growth condition.  On the other hand, 

the In-droplet-free surface reflects that the growing surface is under the N-rich growth 

condition as also seen in Fig. 4.2 (samples D, E and F).  

To mention the above results, all the samples are selected in order to reach 

one’s objective. 

 

Samples Temperature 

(°C) 

N2 flow rate 

(sccm) 

Growth conditions 

A 490 1.50 In-rich 

B 450 1.50 In-rich 

C 490 1.75 In-rich 

D 450 1.75 N-rich 

E 490 2.25 N-rich 

F 450 2.25 N-rich 

 

Table 4.1: Growth conditions for the In- and N-rich of c-InN layers [20, 34] 
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Figure 4.2: Scanning electron microscopy (SEM) image of the c-InN grown surfaces 

at different growth temperatures and supplied N2 flow rates. White spots in samples A, 

B and C indicate the In droplets [34] 

 

 

4.3 Crystal structure of c-InN 
 

The crystalline structure was estimate from the 2θ/ω of HRXRD of (002) 

diffraction. Figure 4.3 shows the profiles of the c-InN films grown on GaAs (001) 

under In- and N-rich growth conditions. The cubic (002) related diffraction peaks are 

clearly observed about 2 , whereas no hexagonal (0002) and (10-11) related 

diffraction peak were clearly observed about 2 3  and 2 , respectively. 

This clearly demonstrates that all the InN grown films have cubic structure. However, 

it cannot be concluded that no generation of hexagonal crystal in these c-InN layers.  

36θ =

1.2θ = 33.1θ =
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Figure 4.3: 2θ/ω-scan HRXRD (002) profiles of the c-InN films grown on GaAs 

(001) under In- and N-rich growth condition [34] 

 

 

4.4 Vibrational properties 
In this part, we evaluated the possible impact of the In- and N-rich growth 

conditions on the vibrational properties in the c-InN films using Raman spectroscopy. 

Figure 4.4 shows Raman spectra of the c-InN films on GaAs substrates grown under 

In-(blue solid curves) and N-(red solid curves) rich growth conditions. The black-

dashed and green-dotted lines indicate the characteristic phonon frequencies of cubic 

and hexagonal structures of the InN crystals [29], respectively. It is found that the 

cubic LO phonon is clearly observed in the c-InN films grown under the In-rich 

growth condition (samples A, B and C). On the other hand, the c-InN films grown 

under the N-rich growth condition (samples D, E and F), Raman spectra exhibit a 

mixture of cubic and hexagonal phonon modes. For these films, the A1 (LO) mode 

shows broadening and its wide band covering from 550-600 cm-1. In fact, the phonon 

mode broadening is attributed to structural disorder-activated scattering as that  
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Figure 4.4: Raman spectra of the c-InN films grown under In-(blue solid curves) and 

N-(red-solid curves) rich growth conditions. Black-dashed lines and green-dotted 

lines indicate the characteristic phonon frequencies of c-InN and h-InN phases, 

respectively  

 

 

observed in other III-N semiconductors. The results demonstrate that the difference in 

the Raman spectra is in connection with the different amounts of hexagonal phase 

inclusion in the c-InN films [34].  

 

 

4.5 Morphological investigation of c-InN 
Figure 4.5 shows cross-section morphology SEM images of the c-InN layer 

grown on GaAs (001) under the In-rich conditions (at 490ºC with the N2 flow rate of  
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Figure 4.5: Cross-sectional SEM images of the c-InN layers grown on GaAs (001) 

substrate under the In-rich conditions (at 490ºC with the N2 flow rate of 1.50 sccm.) 

and the N-rich conditions (at 450ºC with the N2 flow rate of 1.75 sccm.), as shown in 

Figs. 4.5(a) and 4.5(b), respectively 
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1.50 sccm.) and the N-rich conditions (at 450ºC with the N2 flow rate of 1.75 sccm.). 

The interface between c-InN layer and the GaAs substrate is fairly flat without 

generation of any voids. The film thickness was determined to be 350 and 380 nm for 

In-rich and N-rich layers, respectively. 

 

 

4.6 Microstructure investigation 
 
 Microstructures of epilayer were characterized transmission electron 

microscopy (TEM). Sample was prepared in cross-section using standard mechanical 

polishing and ion-milling techniques. TEM was performed at 200 kV in a JEOL JEM- 

2010 microscope. Figures 4.6(a) and (b) show convention bright field (BF) cross-

section TEM image and electron diffraction (ED) pattern of the c-InN film on GaAs 

(001) substrate under the In-rich conditions (at 490ºC with the N2 flow rate of 1.5 

sccm). InN layer can be distinguished from substrate by its different contrast. The ED 

pattern of InN/GaAs (001) interface obtained with the electron beam along the GaAs 

 [1-10] zone axis. The ED pattern consists of spots which round and streaking for  

GaAs and InN, respectively. In this pattern, the diffraction spots of InN and GaAs are 

almost superposed for small mismatch of their lattice constants. This pattern indicates 

that InN has cubic structure type (c-InN). Also the orientation relationship between 

the two sets of diffractions spots of the InN and GaAs shows that exact epitaxial 

orientation was obtained during growth with the following orientation relationship c-

InN(001)//GaAs (001) and c-InN[1-10]//GaAs [1-10]. The streaks demonstrate the 

existence of planar defect such as stacking faults (SFs) and twins on {111} plane. The 

BF cross-section shows line contrasts, which are nearly parallel to {111} in c-InN 

TEM image. 

Furthermore, indication of stacking faults originating at the interface and 

propagating along {111} planes are seen. Double stacking faults leading to 

appearance of twins can also be observed in InN layers. 
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Figure 4.6: (a) Cross-sectional TEM image of c-InN film on GaAs (001) substrate 

grown under the In-rich conditions (at 490ºC with the N2 flow rate of 1.5 sccm) and 

(b) Electron diffraction patterns taken from the c-InN/GaAs region along the [1-10] 

zone axis 
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4.7 Effects of In- and N-rich growth conditions  
 

 Figure 4.7 shows cross-sectional TEM micrographs for c-InN film on GaAs 

(001) substrate at different growth condition of (a) under the In-rich conditions (at 

490ºC with the N2 flow rate of 1.5 sccm) and (c) under the N-rich conditions (at 

450ºC with the N2 flow rate of 1.75 sccm). For the In-rich conditions, the ED patterns 

from the InN layer clearly indicates that the InN grown layer has cubic structure is 

shown in Fig. 4.7(b). No different type of diffraction spots on the ED pattern was 

observed. However, the microstructure is characterized by a high density of stacking 

faults closed the interface and decreased with distance form the InN/GaAs interface 

(Fig. 4.7(a)), which results in streaking of diffraction spots on the ED pattern (Fig. 

4.7(b)). On the other hand, for N-rich growth condition, the ED pattern (Fig. 4.7(d)) 

shows that the hexagonal phase structure becomes govern in the grown layers.  

Different type of single diffraction spots marked by arrows related to the hexagonal 

phase structure. These diffraction spots indicate the incorporation of single-crystal h-

InN in the c-InN layer. Figure 4.7(c) shows that the high density of pyramid-like 

structures showing (-1-11) and (111) facets and looking like penetrating into the 

layers are clearly visible at the interface. It is known that an occurrence of a 

hexagonal-like stacking mode is naturally expected since InN is usually stable in 

hexagonal structure. These results suggest that SFs, if densely accommodated, 

[1-10] 

can become seeds of the h-InN structure in the layer of c-InN. These results are 

agreed well with our previous results obtained from high resolution X-ray diffraction 

measurements. 

Figure 4.8 shows again the ED patterns (the same image as shown in Fig. 

4.7(d)).The figure illustrates the observed epitaxial relationship between the h-InN 

and the c-InN crystals. The epitaxial relationship between the c-InN and hexagonal 

inclusions was examined to be c-{111}//h-(0002) and c-<1-10>//h-<11-20> as 

illustrated in Fig. 4.8(b),(c) and 4.8(d).  

 

  

 (b)  
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Figure 4.7: (a) Cross-sectional TEM images for c-InN film on GaAs (001) substrate 

at different growth condition of (a) under the In-rich conditions (at 490ºC with the N2 

flow rate of 1.5 sccm) and (c) under the N-rich conditions (at 450ºC with the N2 flow 

rate of 1.75 sccm). (b) and (d) corresponding electron diffraction patterns taken from 

the c-InN region along the [1-10] zone axis of Fig.4.7(a) and 4.7(c), respectively. 
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Figure 4.8: (a) Electron diffraction patterns records along the [1-10]c-InN zone axis 

from the InN region containing the pyramid-like structures, (b), (c) and (d) show 

schematic representation cubic and hexagonal phase related diffraction spots, 

respective  

 

 

 

 

 

 

  

(0002) 

(000-2) 

(1-101) 
(1-100) 

(1-10-1) 

(-1101) 
(-1100) 

(-110-1) 

[11-20] 

hexagonal pattern 

(c) 
(0002) 

(000-2) (1-101) 

(1-10-1) 
(1-100) 

(-1101) 

(110-1) 
(-1100) 

[11-20] 

hexagonal pattern 

(d)



 44

 Figure 4.9 shows the dark field cross-sectional TEM images of c-InN film on 

GaAs (001) substrate grown under the In-rich conditions (at 490ºC with the N2 flow 

rate of 1.5 sccm) which were taken with reflections along g vector: (a) g = (111), (b) g 

= (002) and (c) g = (220) planes. Inset (A), (B) and (C) showing ED patterns were 

taken form (111), (002) and (220) diffraction spots shown in Fig. 4.9(a), (b) and 

4.9(c), respective. Zone axes is [1-10]. 

 To above the result of c-InN films. It is well known that the hexagonal phase 

is easily generate along (111) cubic plane. In order to verify the existence of stacking 

faults, the dark field cross-sectional TEM images (Fig. 4.9 (a)) which was taken with 

reflections along g = (111) was used to analyze. As shown in Fig. 4.9 (a), line contrast  

that was expected to concern the stacking faults is seen clearly. This demonstrates that 

this line contrast is attributed to stacking faults. Also, the dark field cross-sectional 

TEM images were used to investigated that the fault plane on (111) plane affect to 

generation of stacking faults with other plane. Then, we select the (002) and (220) 

planes to observe the stacking faults. Figure 4.9 (b) and (c) show the dark field cross-

sectional TEM images which were taken with reflections along g = (002) and (220), 

respectively. These demonstrate that these line contrasts are attributed to stacking 

faults.  

 On the other hand, for N-rich conditions in Fig. 4.10 (at 450ºC with the N2 

flow rate of 1.75 sccm.), the dark field cross-sectional TEM images which were taken 

with reflections along g vector: (a) g = (111), (b) g = (002) and (c) g = (220) planes. 

Inset (A), (B) and (C) showing ED patterns were taken form (111), (002) and (220) 

diffraction shown in Fig. 4.10(a), (b) and 4.10(c), respective. Zone axes is [1-10] In 

this case, we describe the result of Fig. 4.10 as the same in Fig 4.9. 

In Fig. 4.9 and 4.10 show the dark field cross-sectional TEM images, the 

bright-contrast regions related to c-InN layer. Contrary, the dark-contrast regions 

related to the h-InN subdomains as well as planar defects, i.e. SFs. Also the cross-

section the dark field image was used to investigate the existence of high density of 

stacking fault. In the initial stage of the c-InN nucleation under In-and N-rich  

condition, lots of planar defects (SFs) were formed near the InN/GaAs interface 

region in the c-InN side. But with the progress of the growth, most of the SFs 

annihilate and c-InN grows predominantly. Beside, the higher density of stacking 

faults is obtained under N-rich than under In- rich growth conditions. 
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Figure 4.9: Dark field images of c-InN film on GaAs (001) substrate grown under the 

In-rich conditions (at 490ºC with the N2 flow rate of 1.5 sccm) which were taken with 

reflections along (a) g = (111), (b) g = (002) and (c) g = (220) planes. Inset (A), (B) 

and (C) showing ED patterns were taken form (111), (002) and (220) diffraction 

shown in (a), (b) and (c), respective. Zone axes is [1-10] 
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Figure 4.10: Dark field images of c-InN film on GaAs (001) substrate grown under 

the N-rich conditions (at 450ºC with the N2 flow rate of 1.75 sccm) which were taken 

with reflections along (a) g = (111), (b) g = (002) and (c) g = 220 planes. Inset (A), 

(B) and (C) showing ED patterns were taken form (111), (002) and (220) diffraction 

shown in (a), (b) and (c), respective. Zone axes is [1-10] 
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On the other hand, In order to verify the existence of the single crystal of 

hexagonal phase for under In- and N- rich growth conditions, the dark field cross-

sectional TEM images which were taken with reflections along g vector: (a) g = (111), 

(b) g = (1101) and (c) g = (110-1) planes. Inset (A), (B) and (C) showing ED patterns 

were taken form (111), (1101) and (110-1) diffraction spots shown in Fig. 4.11(a), (b) 

and 4.11(c), respective. Zone axes is [1-10]//[11-20]. The “In-rich” layer in Fig. 

4.11(a) shows dark field images which was taken with reflections along g = (111) 

plane. The bright-contrast region related to c-InN layer. Contrary, the dark-contrast 

regions within the c-InN layer may relate to the h-InN as well as planar defects, i.e. 

SFs. In Fig. 4.11(b) and 4.11(c) show dark field images which was taken with 

reflections along g = (-1101) and (110-1) planes. The bright-contrast regions (Fig. 

4.11(b) and 4.11(c)) correspond to the dark-contrast regions in Fig. 4.11(a). The 

bright-contrast regions at the position marked by red dash circles (Fig. 4.11(b) and 

4.11(c)) demonstrate the existence of the single crystal of hexagonal phase. For the N-

rich layer in Fig. 4.12 show the dark field cross-sectional TEM images which were 

taken with reflections along g vector: (a) g = (111), (b) g = (-1101) and (c) g = (110-1) 

planes. Inset (A), (B) and (C) showing ED patterns were taken form (111), (-1101) 

and (110-1) diffraction spots shown in Fig.4.12(a), (b) and 4.12(c), respective. Zone 

axes is [1-10]//[11-20]. Figure 4.12(a) shows dark field images which was taken with 

reflections along g = (111) plane. The bright-contrast region related to c-InN layer. 

Contrary, the dark-contrast regions within the c-InN layer relate to the h-InN as well 

as planar defects, i.e. SFs. In Fig. 4.12(b) and 4.12(c) show dark field images which 

was taken with reflections along g = (-1101) and (110-1) planes. The bright-contrast 

regions (Fig. 4.12(b) and 4.12(c)) correspond to the dark-contrast regions in Fig. 

4.12(a). The bright-contrast regions (Fig. 4.12(b) and 4.12(c) demonstrate the 

existence of the single crystal of hexagonal phase. 
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Figure 4.11: Dark field images of c-InN film on GaAs (001) substrate grown under 

the In-rich conditions (at 490ºC with the N2 flow rate of 1.5 sccm) which were taken 

with reflections along (a) g = (111), (b) g = (-1101) and (c) g = (110-1) planes. Inset 

(A), (B) and (C) showing ED patterns were taken form (111), (-1101) and (110-1) 

diffraction spots shown in (a), (b) and (c), respective. Zone axes is [1-10]//[11-20]. 
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Figure 4.12: Dark field images of c-InN film on GaAs (001) substrate grown under 

the N-rich conditions (at 450ºC with the N2 flow rate of 1.75 sccm) which were taken 

with reflections along (a) g = (111), (b) g = (-1101) and (c) g = (110-1) planes. Inset 

(A), (B) and (C) showing ED patterns were taken form (111), (-1101) and (110-1) 

diffraction spots shown in (a), (b) and (c), respective. Zone axes is [1-10]//[11-20]. 
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4.8 Summary 
 

The micro-(nano-) structural investigation of the MBE grown c-InN samples 

with different growth condition (In- and N-rich growth conditions) demonstrated that 

the structural phase transition of InN from cubic to hexagonal structures is much 

dependent on the growth condition. It was found by XRD measurements and TEM 

observations that the InN grown layers exhibited a transition from cubic to mixed 

cubic/hexagonal phase under In-and N-rich growth conditions. The ED pattern in 

TEM measurement presents the SFs in c-InN film under N-rich can become seeds of 

the h-InN structure in the layer of c-InN. It clearly shows that {0001} plane of 

hexagonal phase is easily generated along {111} cubic plane.  In addition, the raman 

scattering from these InN layers confirms the existence of transition in microstructure 

of the InN grown layers for N-rich growth condition. It is suggested that the growth 

condition is a key parameter in the growth of high cubic phase purity c-InN films 

without incorporation of single-crystal h-InN. 

 



CHAPTER V 
 

CONCLUSIONS 
 
 

 In the thesis, the author described a study of structural properties of the c-InN 

films grown by MBE. HRXRD and Raman scattering measurements and TEM were 

mainly used to investigate the structural modification, crystal structure and structural 

defects of the c-InN films.  The discussion was focused on the different of growth 

conditions, especially the In- and the N-rich growth conditions.  The main results and 

conclusions obtained in this research work are summarized as follows: 

(1) The crystalline structure was estimate from HRXRD. The result 

demonstrates that all the InN grown films have cubic structure. 

(2) The structural defect in the c-InN film grown under different growth 

conditions (In- and N-rich growth condition) mainly analyzed from electron 

diffraction (ED) patterns and cross-sectional micrograph of TEM measurements. The 

results demonstrate that were the InN grown film has a cubic structure. On the other 

hand, a high density of planar defects such as stacking faults and twins on the (111) 

cubic plane were clearly observed.  

(3) The polytype transition of InN grown on GaAs (001) substrates by MBE 

was investigated. It was found by TEM observations that the InN grown layers 

exhibited a transition from cubic to mixed cubic/hexagonal phase under N-rich 

growth condition. For In-rich growth condition, no different types of single diffraction 

spots, indicating the incorporation of single-crystal h-InN, on the ED pattern was 

observed. In addition, the µ-Raman scattering spectra obtained from these InN 

layers confirm the existence of a structural modification from cubic to mixed 

cubic/hexagonal phase in microstructure of the N-rich layers, which exhibit 

higher hexagonal-phase incorporation than that of the In-rich layers. Our results 

demonstrate that the In-rich growth condition plays a critical role in the growth of 

high quality c-InN films with higher cubic phase purity. 
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It is suggested that the growth condition is a key parameter in the growth of 

high cubic phase purity c-InN films without incorporation of single-crystal h-InN. 
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