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ABSTRACT 
 
 
 

Group III-Nitride semiconductors are currently under extensive investigation as 

promising materials for optoelectronic, high-temperature, and high-power devices due 

to properties such as large direct band gap, high thermal stability, and strong inter-

atomic bonds. The performance of III-Nitride epitaxial devices depend heavily on their 

structural quality. Thin epitaxial semiconducting films usually contain a high density of 

structural defects and a high degree of mosaicity; the III-Nitrides in particular have 

these properties due to the lack of a natural substrate. In this thesis we study the mosaic 

nature of III-Nitride epitaxial layers and their characteristics like tilt angle, twist angle, 

interdependence factor (m). We also discuss methods to accurately determine the 

density of edge and screw dislocations in an epitaxial film.  

           

 In the latter part of the thesis we show the effect various growth parameters have on 

the structural and electrical properties of GaN:Mg, grown by MOCVD.  The data for 

the study of GaN:Mg epitaxial layers was obtained using a high resolution X-ray 

diffractometer (XRD). Methods discussed earlier in the thesis were employed on the 

data to analyze critical structural information of the thin GaN films, with an ultimate 

aim of improving their electrical, structural, thermal and optical properties.  
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CHAPTER I 

INTRODUCTION TO X-RAYS 

 

The electrical and optical properties of the semiconductor devices critically depend on 

parameters such as composition, uniformity of epitaxial layers, thickness, built-in strain 

and strain relaxation, and crystalline perfection related to their dislocation density. With 

the ever-increasing device complexities, accurate determination of the above parameters 

becomes even more important. X-ray Diffraction is a one of the most widely used non- 

destructive technique for extracting accurate structural information about 

semiconductors.  This thesis aims at utilizing this versatile technique to extract and 

analyze critical structural information for thin films of III-Nitrides. 

 

1.1 Thesis Overview 

 

Chapter one in this thesis deals with the generation of X-rays, the various features of the 

X-ray spectrum and their significance. In chapter two, the phenomenon of X-ray 

diffraction, the principle behind it and the various factors affecting it are discussed. 

Chapter three involves a study of structural defects in thin epitaxial films and methods to 

evaluate threading dislocation densities in such films. Chapter four deals with the study 

of Mg doped GaN and the effect various growth parameters have on the electrical and 

structural properties of the film.  
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1.2 Introduction 

 

X-rays along with electron and neutron beams are essential tools for the investigation of 

the internal structure of materials. This is because their wavelengths are of the order of 

distance between the atoms in materials, which act as a diffraction slit. This condition is 

essential for any wave to create a diffraction pattern and so that  a crystal would be 

regarded as a three dimensional diffraction grating. X-rays are short wavelength (0.1-10 

Å) electromagnetic radiation usually produced when high energy electrons interact with 

solid matter. The loss of energy of electrons due to impact is manifested as X-rays. X-

rays are produced in an X-ray tube consisting of two metal electrodes and a source of 

electrons. Just one percent of the kinetic energy of the electrons gets transformed into X-

rays while the rest gets dissipated as heat. Shown below is a schematic of a vacuum X-

ray tube similar to one used in our laboratory. The tiny arrows indicate the direction of 

electrons generated from a tungsten cathode filament (as illustrated in Fig. 1.1). The 

filament current is typically set in the range between 25 and 40 mA. 

 

                              

                                          Figure 1.1:  Schematic of a Cu X-ray tube [3] 
 

 
2  
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The anode is a pure metal. The Cu, Mo, Fe and Cr are anodes in common use in XRD 

applications. In our lab we use a Cu tube. Cooling water (usually kept at about 20 °C) is 

circulated through the X-ray tube (and sprayed on the back side of the anode) to keep 

operating temperatures low. A high potential voltage (typically 30 to 40 kV) is 

maintained on the anode so that the generated electrons are accelerated and interact with 

it to generate X-rays. Electronics are usually designed so that the anode is maintained at 

ground and a high negative potential placed on the cathode (filament). Thin metal 

windows of a light metal (typically Be) that are effectively transparent to X-rays are used 

to allow X-rays generated to exit in the direction of the specimen. X-ray tubes used for 

XRD typically have four Be windows to enable multiple ports for output. 

 

1.3 The Continuous Spectrum 

 

Copper (Cu) is the most commonly used target metal owing to the fact that its generated 

X-ray wavelength (0.154 nm) is close to inter-planar spacing of most materials and has 

high intensity. Also the output of an X-ray target is limited by its heat dissipation and Cu, 

of all metallic targets, cools off faster because of its high thermal conductivity. A plot of 

the X-ray wavelengths emitted by copper target against their intensities for varying 

applied accelerating voltages is shown in Figure 1.2  
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                             Figure 1.2: X-ray spectrum of Cu as a function of applied voltage [1] 
 

 

The intensity is zero till a certain wavelength, called the short-wavelength limit (λmin ), 

and increases rapidly to a maximum and then tails off on the longer wavelength side. 

Increase in the applied voltage shifts λmin and the peak intensity position towards shorter 

wavelengths. The radiation represented by smooth curves corresponding to applied 

voltage of 20 kV or less is called the heterochromatic or continuous radiation. Some 

electrons give up all their energy in a single impact while others are deviated in different 

4  
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directions, losing only a part of their energy at each impact. X-rays with minimum 

wavelength are generated by those electrons which are stopped by a single impact. 

 

Mathematically 
 

eV = hυ max                                                                                       (1.1) 

λ swl = λ min = c/v max  = hc/ev                                            (1.2) 

λ swl  = V

410*24.1
                                                                           (1.3) 

 

where e is charge of an electron – 1.6×10−19C 

V – Applied voltage (volts) 

h – Planck’s constant (6.626068 × 10-34 m2 kg / s) 

ν - Electron velocity (m/sec) 

λswl - Short-wavelength limit 

 

Equation 1.2 gives the short-wavelength limit (λSWL) in terms of the applied voltage. An 

electron undergoing a glancing impact will have only a portion of its energy converted 

into radiation and thus the photon emitted has energy less than hυmax and the 

corresponding X-ray wavelength is longer than λSWL. The totality of all these 

wavelengths gives rise to the continuous spectrum. The total X-ray energy per second, 

5  
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given by the area under the curve, depends on the tube current, I, and the atomic number 

of the target material Z. 

 

 

1.4 The Characteristic Spectrum 
 
 

Every target metal has a critical value of the applied voltage and when the voltage 

applied goes beyond this value, very sharp spikes called the characteristic lines are 

observed which are superimposed on the continuous spectrum. The characteristic 

spectrum comprises of several lines referred to as K, L, M, N etc., in the order of 

increasing wavelength. In order to understand the origin of these lines, let us consider an 

atom consisting of a central nucleus surrounded by electrons in various shells designated 

as K, L, M…These shells correspond to principal quantum number n = 1,2,3…when 

electrons of sufficiently high energy strike the target, they can knock out an electron from 

the K shell, leaving the atom in an excited state. This vacant position is filled by one of 

the electrons from the outer shell, emitting energy in the process. This corresponds to the 

so called K radiation. L characteristic radiation occurs when a vacant site in L shell is 

filled by electron from shells outer to L shell. Adjacent cell transitions are referred as α 

transitions and non-adjacent shell transitions as β transitions. Thus a K shell being filled 

by L or M shells gives rise to Kα or Kβ lines respectively. There are energy differences 

even between electrons within the same shell (for e.g. L shell has 3 closely spaced L 

edges namely LI, LII and LIII having different energies) and so the resultant characteristic 

radiation lines are designated by subscript 1, 2, 3… resulting in several possible K-
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characteristic radiation, e.g. Kα1, Kα2, Kβ1, etc. For a given element, the wavelengths of its 

various series of spectra vary as follows: N > M > L > K. Figure 1.3 gives a pictorial 

representation of the electron transitions in an atom. 

 

 

                                               Figure 1.3 Electron transitions in an atom [2] 
 
 

The X-ray radiation coming out of the X-ray tube not only contains the K line spectrum 

but also the continuous spectrum ranging over a wide band of wavelength. Filters are 

often employed to remove the undesirable components and to retain just the Kα radiation. 

The filtering technique is based on the strong absorption characteristic of an element 

immediately below its K critical absorption edge. By selection of a an element for a filter 

7  
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whose absorption edge lies between the characteristic Kβ and Kα wavelength, the Kβ 

radiation can be greatly attenuated while most of the Kα radiation is passed. The filtration 

process is never perfect. Thicker the filter, better the suppression of Kβ component but 

this also results in weaker Kα. Choosing the correct thickness of the filter material ensures 

that an optimum Kα intensity is obtained. A Ni filter is used to filter Kβ Cu radiation.  

 

1.5 Making Monochromatic X-rays 

 

There are a number of ways that X-rays “out of the tube” can be modified such that the 

radiation detected after diffraction is only Kα. Some of these methods include: 

 

• Use of a β filter 

• Use of proportional detector and pulse height selection 

• Use of a Si (Li) solid-state detector 

• Use of a diffracted- or primary-beam monochromator [3] 

 

Table 1 shows wavelengths of X-rays emitted for various anode materials. The most 

common way X-rays are filtered in a diffractometer is by use of a monochomator in 

either the primary or diffracted beam. These devices make use of the fact that each 

component wavelength of a polychromatic beam of radiation directed at a single crystal 

of known orientation and d-spacing will be diffracted at a discrete angle (following the 

Bragg law). By choosing a crystal with the d-spacing to select only the desired radiation 
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(usually Kα), undesired radiation of all other wavelengths are dispersed and do not enter 

the detector. More detailed description of this topic can be found in the book 

‘Introduction to X-ray Powder Diffractometry’ by Jenkins and Snyder.  

   

 Table 1.1: Characteristic Wavelength values (in Å) for Common Anode Materials [3] 

 

           Anode  Kα1 (100)  Kα2 (50)  Kβ (15)  

Cu  1.54060  1.54439  1.39222  

Cr  2.28970  2.29361  2.08487  

Fe  1.93604  1.93998  1.75661  

Co  1.78897  1.79285  1.62079  

Mo  0.70930  0.71359  0.63229  

          

 

 

 

 

Where as a filter selectively attenuates Kβ, a monochromator selectively passes the 

desired wavelength and attenuates everything else. High-level bremsstrahlung and other 

errant radiation from anode contamination (except that in the energy “band” passed by 

the monochromator) will not get to the detector. This allows the operation of the X-ray 

generator with optimal accelerating voltages without significantly increasing background 

“noise” in the detected signal. 

 
 
 
 
 
 
 
 
 

9  
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CHAPTER II  

THEORY OF X-RAY DIFFRACTION 

 

2.1 Introduction 

 

X-rays being electromagnetic waves are scattered in all directions by electrons present in 

different orbital positions around an atom. This is possible because electrons are charged 

particles and being so, they receive the energy from the X-ray wave, get excited and 

subsequently while coming down to ground state radiate the energy [4]. Electrons present 

in an atom take part in scattering in this way, and their effect taken together gives the 

scattering effect due to the atom. And when all the atomic contributions towards the 

scattering are summed up in proper prospective we get the total scattering due to the 

matter [4]. 

 

 If the atoms are periodically arranged, i.e. as in the case of a crystal, the scattered 

radiation also bears certain phase relations particular for that ordering present in the 

crystal. To explain the theory of X-ray diffraction in thin films there are two approaches: 

Kinematical and Dynamical. When the back internal reflections from the crystal layers in 

the same direction as that of the incident beam are neglected, the theory developed is 

called kinematical and when it is taken into account (which is unavoidable for a large 

perfect crystal), theory necessary is dynamical [4]. 
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2.2 Kinematical and Dynamical Theory 

 

It is conventional and useful to approach X-ray scattering theory based on two levels 

called the kinematical and dynamical theories [2]. The simpler kinematical theory is 

based on the assumption that a negligible amount of energy is transferred to the diffracted 

beam, with the consequence that re-diffraction effects are neglected. This approach is 

fairly accurate for the geometry of diffraction for all cases and is reasonably accurate for 

the intensities when the scattering is weak. But this assumption does not hold well when 

the scattering is strong, for example for the diffracted intensities and rocking curve 

widths of nearly perfect crystals [2]. 

 

 Kinematical theory is unsatisfactory for predicting intensities for anything other than 

very thin films or very small crystallites. The assumption that no energy is transferred to 

the diffracted beam is wrong for X-ray diffraction from most crystals of practical interest. 

Also it is not merely an addition of scattering of all atoms to get the structure factor. 

There are many additional interference effects caused by the presence of strong wave 

fields that are not predicted by the kinematical theory. Equation describing intensity as a 

function of thickness becomes non-linear [2]. 

 

Dynamical theory corrects these gross errors of kinematical theory. In this theory, an 

exact solution of the wave equation within the crystal is attempted by expressing the 
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wave field by Bloch functions with coefficients which are invariant with respect to the 

space coordinates. The wave field excited in the crystal can be expressed by a sum of two 

or more of these wave fields with slightly different values of ki. As a result the incident 

and diffracted waves show an amplitude and phase modulation (Pendellosung) effect. In 

most cases a combination of kinematical and dynamical theory is used for the X-ray 

characterization of thin epitaxial films. 

 

2.3 The Geometry of Diffraction 

 

2.3.1 Scattering of X-rays by electrons 

 

X-rays are electromagnetic waves, characterized by oscillating electric and magnetic 

fields [6]. An electron in the path of such a beam will be excited to periodic vibrations by 

the changing field of the incident beam. These vibrations will result in the emission of an 

electromagnetic wave which has the same frequency and wavelength as that of the 

incident beam. The electron thus becomes a source of electromagnetic waves, resulting in 

a new spherical wave front of X-rays, with the electron deriving its energy from the 

impinging beam acting as the origin. In a sense the electron is said to scatter the original 

beam. Though the X-rays are scattered in all directions, the angle of scattering determines 

the intensity of the scattered beam. Equation (2.1) gives the scattered intensity I in terms 

of charge of electron ‘e’ coulombs, mass ‘m’ kg and distance ‘r’ meters from the center 

of the atom [4]. 
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Where  Io = intensity of the incident beam, 

K = Constant, 

μo = 4 ⋅107
 m Kg C2, 

α = Angle between the scattering direction and the direction of acceleration of the 

electron. 

 

If an incident X-ray beam is traveling in the Ox direction encounter an electron at point O, 

then the scattered intensity at point P (IP) in the xz plane, where OP is inclined at an 

angle 2θ to the incident beam is given by  

 

]21[
2

2 2
+

=
θCos

r
kII op                                                                   (2.2) 

 
 

The value of k in equation (2.2) is 7.94 x 10-30m2, so that Ip/I0 is just 7.94 x 10-30 in the 

forward direction at 1cm from the electron [4]. Thus the scattered beam intensity is only a 

minute fraction of the incident beam. Also the scattered intensity decreases as the inverse 

square of the distance from the scattering electron and the beam is stronger in the forward 

or backward direction than in direction normal to the incident beam [4].  
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Another scattering process which is occurring simultaneously is described by the 

Compton Effect [5] which occurs when the X-rays encounter any loosely bound or free 

electrons (easily explained by considering X-rays as particles – quanta or photons). When 

such a photon strikes a loosely bound electron, the collision is an elastic one and the 

electron as well as the photon are knocked aside (Figure 2.1). Due to the impact the X-ray 

photon looses some energy and the deflected or scattered X-ray photon has a lesser 

energy or greater wavelength. 

Electronhν1 Before Impact 

After Impact hν2 
2θ 

 

Figure 2.1: Interaction of X-rays with loosely bound electrons – Compton Effect [5] 
 
 

The magnitude of the change in the wavelength is given by the expression [5] 

 

θλλλ 2Sin0.0486=−=Δ 12                                          (2.3) 

 

14  
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The radiation so scattered is called Compton modified radiation. Apart from the 

wavelength being increased, an important feature of this effect is that its phase bears no 

relation with the phase of the incident beam and so it cannot take part in the diffraction 

process. Compton modified scattering cannot be prevented and it has the undesirable 

effect of increasing the background of diffraction patterns [4]. 

 
 
 
2.3.2 Scattering of X-rays by atoms 
 
 
Each electron in an atom scatters part of the radiation coherently. The contribution to the 

scattering process by the nucleus is negligible due to its large mass. Hence the net 

scattering effect by an atom is mainly due to its electrons. The amplitude of the wave 

scattered by an atom of atomic number Z is Z times the amplitude of the wave scattered 

by an electron only if the scattering is in the forward direction (2θ = 0) as the waves are 

all in phase and the can be added directly [4]. This is not the case for other directions. 

Electrons are situated at different points in space in an atom and this leads to the 

introduction of phase differences between waves scattered by different electrons leading 

to a decrease in the net amplitude of the wave scattered. The efficiency of scattering by 

an atom in a particular direction is given by the atomic scattering factor, f. It is defined 

as: 

f =       amplitude of the wave scattered by one electron 
               amplitude of the wave scattered by an atom                                                 (2.4) 
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The angle of incidence and the wavelength of the incident X-rays are factors which affect 

the scattering process. The f decreases with increase in the incidence angle as the 

scattered waves become more and more out of phase. Also for a fixed value of 2θ, f will 

be smaller for shorter wavelengths of the incident X-rays. The high energy of the incident 

X-ray beam results in the emission of photoelectrons and the characteristic fluorescent 

radiation. The loosely bound electrons knocked out by the X-ray quanta are the Compton 

recoil electrons. Auger electrons are ejected from an atom by X-rays produced within the 

atom. These unwanted emissions of photoelectrons and fluorescent radiation must be 

filtered in an X- ray diffractometer to increase the Signal-to-Noise ratio at the detector. 

Hence the electrons in an atom result in the scattering of incident X-rays. In a crystal a 

lattice of atoms together scatter X rays causing diffraction. 

 
2.3.3 Diffraction by a linear lattice of atoms 
 
A linear lattice consists of a straight row of regularly spaced atoms with a0 being the 

spacing between the atoms. Consider a parallel beam of X-rays meeting such a row of 

atoms at an angle Δ (Figure 2.2). 

 

           Figure 2.2: Condition for diffraction from a row of atoms [3] 

16  
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Waves get scattered in all directions, but there are certain directions where reinforcement 

of waves result. Let us consider one such direction making an angle α with the row of 

atoms. For constructive interference to take place, waves scattered by points ‘e’ and ‘b’ 

need to have the same phase. That means the path difference must be a whole number of 

wavelengths. That is 

                            AE – EC = mλ                                                                (2.5) 

where m is an integer and λ is the wavelength of the X-ray beam. From trigonometry, it 

follows that the path difference is 

                    a0 (cos θ – cos α) = mλ                                                            (2.6) 

 

2.3.4 Diffraction by a simple cubic lattice 
 
 
In order to obtain the intensity of the diffracted beam, we need to consider coherent 

scattering not just from an isolated atom but from all the atoms making up the crystal. 

The fact that atoms are arranged in periodic fashion means that scattered radiation is 

limited to only a few definite directions. Figure 2.3 depicts a portion of a simple cubic 

lattice of atoms with parallel X-rays incident upon its three directions OX, OY and OZ at 

angles Δ1, Δ2, and Δ3, respectively. The beam diffracted by these rays makes angles ε1, ε2 

and ε3 with these directions.  
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               Figure 2.3: Diffraction by a portion of a simple cubic lattice [6] 
 
 
For in-plane scattering to take place, the condition that needs to be satisfied is similar to 

equation (2.6), only all three directions need to be considered. 

                  a0 (cos ε1 – cos Δ1) = mλ                                                          (2.7a) 

                     a0 (cos ε2 – cos Δ2) = pλ                                                   (2.7b)  

                  a0 (cos ε3 – cos Δ3) = qλ                                                   (2.7c) 

 

These equations are known as the Laue equations of X-ray diffraction. The angle between 

the diffracted beam and the un-deviated direct beam, designated as 2θ, is used to obtain a 

solution to the Laue equations. Angle 2θ is measured in the plane of the incident and 

diffracted beam (Figure 2.4). 

18  
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Figure 2.4: Relation between incident & diffracted beam and the diffraction plane [6] 

 

Angle between 2 lines can be expressed in terms of its direction cosines: 

cos2θ = (cos ε1 cos Δ1 + cos ε2 cos Δ2 + cos ε3 cos Δ3)                                      (2.8) 

 

Using 2.8 and solving the equations of 2.7, we get an expression for λ given by 

θλ Sin
qpm

a o

222

2
++

=
                                           (2.9) 

If the integers m, p and q possess a greatest common divisor n, such that m=nm0, 

p = np0, and q = nq0, then 

θλ Sin
qpm

an
ooo

o

222

2
++

=
                                   (2.10) 

Diffraction beam behaves as if it were specularly reflected from a lattice plant of atoms. 

Thus the “diffraction plane” is indeed the lattice plane (h k l) and so equation 2.10 is 

written as 

19  
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2.3.5 The Bragg law 
 
 
Equation 2.11 is the Bragg equation for the cubic system. The factor 

222 lkh
a o

++
 is nothing but the inter-planar spacing, d, for the cubic system. 

Thus the Bragg law in its general form can be written as 

 

nλ= 2d Sinθ.                                                                                                   (2.12) 

             

 

               Figure 2.5 illustrating the condition to be satisfied for Bragg law.[5] 
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A general relation which will predict the diffraction angle from any set of planes can be 

obtained as follows: 

For cubic crystals, 

 λ= 2d Sinθ 

and 

                  2
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Combining these two equations we get, 
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For hexagonal crystals with miller indices, (h k l), the Bragg equation is 
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2.4 Characterization of Epitaxial Layers Using X-ray 

 

High-resolution X-ray diffractometry is used for the characterization of epitaxial layers. 

Such epilayers may be mismatched, mis-oriented, defective, non-uniform or bent. These 

layers may be strained and have dislocations. The X-ray rocking curve serves as a 
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measure of the crystalline quality. To estimate the crystal quality, a crystal is rotated 

through angle Δω with the detector set at the known Bragg angle, 2θ. The resulting 

intensity versus ω curve is known as a rocking curve. For crystals with good crystalline 

quality, the rocking curves have Gaussian shape. The influence of crystal imperfections 

in the crystal on the rocking curve is summarized in Fig. 2.6. 

 

 

Material 
Parameter 

Effect on rocking curve Distinguishing features 

Mismatch Splitting layer and  
substrate peak 

Invariant with sample rotation 

Dislocation 
Content 

Broadens peak Broadening invariant with beam size  
No shift of peak with beam position on the 
sample 

Mosaic spread Broadens peak Broadening may increase with beam size, 
up to mosaic cell size 
No shift of peak with beam position on the 
sample 

Curvature Broadens peak Broadening increases linearly with beam 
size 
Peak shifts systematically with beam 
position 

Relaxation Changes splitting Different effects on symmetrical and 
asymmetrical reflections 

Thickness Affects intensity of peak Integrated intensity increases with layer 
thickness, up to a limit 

 Introduces interference 
fringes 

 

    Figure 2.6: The effect of substrate and epilayer parameters on the rocking curve [7] 
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CHAPTER III 

 EVALUATION OF THREADING DISLOCATIONS IN EPITAXIAL 

FILMS 
 

 

3.1 Introduction 
 

Group III-Nitride Semiconductors are currently under extensive investigation as 

promising materials for optoelectronic, high-temperature, and high-power devices due to 

properties such as large direct band gap, high thermal stability, and strong inter-atomic 

bonds. Thin epitaxial semiconducting films usually contain high density of structural 

defects: zero-dimensional (point defects), one-dimensional (dislocations), two-

dimensional (planar defects) as well as three-dimensional (twins and included grains of 

second phase of material). The III-Nitrides in particular have high density of these defects 

due to the lack of a natural lattice matched substrate to grow the III/V materials layers on. 

 

   Epitaxial layers of group-III nitrides are most commonly grown on c-plane sapphire 

Al2O3 (0001) as a substrate material, which has a large lattice mismatch with the III-

Nitride, layers. High dislocation densities, tilted and twisted grains and small crystallites 

are well known characteristics of this heteroepitaxial system. For the characterization of 

the epitaxial layers, the double-crystal X-ray diffractometry is a well established method. 

However, an application of this measurement technique in the field of group-III nitrides 

is problematic, because of the hexagonal symmetry of group-III nitrides. In group III-
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Nitrides an anisotropic distribution of dislocations is expected and the broadening of the 

rocking curve is affected by several structural imperfections, such as wafer bending, 

mosaicity, heterogeneous strain, and small coherence lengths parallel and normal to the 

substrate surface. For the analysis of such layers, which exhibit a large divergence in the 

diffracted X-ray beam, a triple axis diffractometer is used [8]. 

 

This setup combines a two-crystal four-reflection (+, -, -, +) monochromator with an 

analyzer crystal (one, two or three reflections). Therefore, the large acceptance angle of 

the detector is limited to only a few arcsec. With triple axis diffractometry, it is possible 

to resolve different contributions to Bragg peak broadening in different directions of the 

reciprocal space [9] hence giving us the ability to find and distinctly distinguish the peak 

broadening due to various effects. In this chapter we will discuss the various methods to 

find the screw and edge dislocation densities (threading dislocations) and the inter-

dependence factor (m) between these dislocations using a triple axis X-ray diffraction 

setup. 

 

 

3.2 Threading Dislocations 
 

In the growth of lattice-mismatched epitaxial thin films, threading dislocations (TDs) are 

the most dominant defects. For a wide variety of electronic and optoelectronic device 

applications, particularly for minority carrier devices, TDs are deleterious for physical 

performance. These dislocations act as scattering centers for the carriers. They are also 

the areas of non-radiative recombination and thus reduce the efficiency of the 

optoelectronic devices [10]. Typically, for large mismatch films (e.g., mismatch in excess 
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of ~10 [31]), the TD densities are quite high near the film substrate interface, often on the 

order of 1010–1011 cm2. TDs are non-equilibrium defects that raise the free energy of the 

film. Threading dislocations (linear dislocations) are comprised of edge-type and screw-

type dislocations, mixed dislocations are intermediate between these, and some studies 

show that these different types of dislocations affect the properties of III-N thin films 

differently [32]. 

 

An edge dislocation is a defect where there is an extra half-plane introduced mid way 

through the crystal which distorts the lattice. A simple schematic diagram of such atomic 

planes can be used to illustrate lattice defects such as dislocations. (Figure 3.1a represents 

the "extra half-plane" concept of an edge type dislocation). The dislocation has two 

properties, a line direction, which is the direction running along the bottom the extra half 

plane, and the Burgers vector which describes the magnitude and direction of distortion 

to the lattice. In an edge dislocation, the Burgers vector is perpendicular to the line 

direction. 

                                     
                         Fig 3.1 a      Fig 3.1b 

Figure 3.1a: Schematic diagram (lattice planes) showing an edge dislocation. Burgers vector in black, 

dislocation line in blue.  Figure 3.1b: Schematic diagram (lattice planes) showing a screw 

dislocation.[18] 
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A screw dislocation is much harder to visualize. Imagine cutting a crystal along a plane 

and slipping one half across the other by a lattice vector, the halves will fit back together 

without leaving a defect. If the cut only goes part way though the crystal, and then 

slipped, the boundary of the cut is a screw dislocation. It comprises a structure in which a 

helical path is traced around the linear defect (dislocation line) by the atomic planes in 

the crystal lattice (Figure 3.1b). In pure screw dislocations, the Burgers vector is parallel 

to the line direction. 

 

Apart form the above mentioned two types in many materials, dislocations are found 

where the line direction and Burgers vector are neither perpendicular nor parallel and 

these dislocations are called mixed dislocations, consisting of both screw and edge 

character. 

 

3.3 Tilt and Twist Angles 

 
Threading dislocations (edge and screw dislocations) have a tendency to tilt and twist the 

mosaic blocks. A mosaic model as shown in figure 3.2a and 3.2b can be used to describe 

such epitaxial layers. The layer consists of single crystallites called mosaic blocks, with 

certain mean vertical and lateral dimensions. Coherence length is the average extension 

of the crystal lattice region which scatters coherently, i.e., which are free of defects. 

Coherence lengths perpendicular to the growth plane is termed the vertical coherence 

length and one which is parallel to the growth plane, the lateral coherence length. The 
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vertical coherence length is commonly related to the thickness of the layer and the grain 

size. 

 

             
 

       Fig 3.2a: Illustration of a mosaic crystal with four characteristic parameters   
                    lateral and vertical correlation length, tilt and twist [12] 

 

                                               
                   

 Fig 3.2b: Illustration of tilt and twist in hexagonal structures [11] 
 

 

The mosaic blocks in most crystals are slightly mis-oriented from one another. The out-

of-plane rotation of the blocks perpendicular to the surface normal is the mosaic tilt and 

the in-plane rotation around the surface normal is the mosaic twist. The former quantity, 

usually obtained from the full width half maximum (FWHM) of the surface normal X-ray 

rocking curve is often quoted in the literature and commonly used as a parameter to 

evaluate the ‘‘quality’’ of the film. However, a complete description of the mosaic 
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structure requires both the out-of-plane (tilt) and the in-plane misorientation (twist) to be 

fully specified. 

 

 

3.4 Determination of Tilt and Twist angles  

 
Tilt angle is obtained from the full width half maximum of the surface normal X-ray 

rocking curves (0002, 0004 and 0006 omega scans). Twist angle is usually the Bragg 

angle of the in-plane rocking curve, whose measurement is not as direct as the out-of-

plane component. 

 

In-plane measurements can be realized in three diffraction geometries which are 

transmission [13, 14], grazing incidence [15], or edge geometry [16]. In transmission 

geometry, the scattered beam penetrates through the sample and exits from the rear 

surface. The absorption of the scattered waves in the substrates makes this geometry of 

little use for thin films. In grazing incidence geometry, a parallel X-ray beam strikes the 

sample surface at an incident angle close to the critical angle, and the sample is rotated 

around the surface normal until a particular lattice plane lying perpendicular to the 

surface fulfills the Bragg condition. In edge geometry, the incident and the diffracted 

beam are in a plane perpendicular to the edge surface of the sample. The edge surface 

should be flat to avoid scattering from other planes. 
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We tried to accurately measure the tilt and twist angle for a set of samples grown in our 

laboratory. To measure these angles we used a model proposed by Srikant et al. [17], 

which measures double-axis rocking curves (ω scans) for different (h k l) reflections in 

asymmetric diffraction geometry to extrapolate the mean twist angle between mosaic 

blocks in highly imperfect layers. Analogous measurements were performed for the 

samples grown by us using (h k l) reflections corresponding to a wide range of inclination 

angles φ.  
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       Figure 3.3: FWHM of (h k l) reciprocal lattice points of several samples for 
increasing φ values 

 

To determine the in-plane mosaic ~i.e. the Wz (FWHM of the rocking curve at φ=900) the 

data in Fig. 3.3 it is necessary to know the functional dependence of the of the reciprocal 

lattice (RL) vectors as a function of the angle of inclination. In the following section an 

empirical approach to determine the above functionality is described, and as we describe 
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the method we try to simulate the method with the data above. The above data is obtained 

from the samples grown using MOCVD. FWHM of (h k l) reciprocal lattice points of 

these samples for increasing φvalues is plotted in Figure 3.3. Since the purpose of the 

samples is to only demonstrate the method used to calculate the dislocation density the 

growth process for these samples is not much of a concern and hence not discussed. 

There are two characteristics of the distribution of typical rocking curves, their FWHM 

(W), and their Lorentzian fraction f. The table’s I-III below show the W and f obtained 

using X-ray diffraction technique for samples InN A, InN B, GaN at different angles of  

φ.  

                                      Table 3.1: f ,W values for GaN sample 

         Diffraction 
peak 

Angle of inclination FWHM (W)  Lorenztian(f) 

0 0 2 0 0.29721 0.08482 
1 0 1 60.5 0.96721 0.2472 
1 0 2 41.58 0.75434 0.22458 
1 0 3 30.56 0.63492 0.08032 
1 0 5 19.16 0.49314 0.14404 
3 0 2 69.27 0.98875 0.30183 

     

           Table 3.2: f, W values for InN B sample 

         

Diffraction peak Angle of inclination FWHM (w)            Lorenztian(f) 
0 0 2 0 0.55936 0.27705 
1 0 1 60.67 0.85462 0.27118 
1 0 2 42.49 0.72268 0.33939 
1 0 3 31.27 0.68187 0.22486 
1 0 5 20.18 0.6055 0.30079 
3 0 2 69.96 0.85106 0.3006 
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  Table 3.3: f ,W values for InN A sample 

                                              

 

Diffraction peak Angle of inclination FWHM(w) Lorenztian(f) 
0 0 2 0 0.35237 0.1567 
1 0 1 60.64 1.13667 0.18524 
1 0 2 41.83 0.88455 0.23122 
1 0 3 30.7 0.72477 0.20506 
1 0 5 19.5 0.5522 0.11126 
3 0 2 69.64 1.24235 0.10947 

 

Assuming that the tilt and the twist distributions are independent, the angular component 

of the two distributions can be convoluted to give the resultant misorientation 

distribution. Since the rocking curve scan peaks are Pseudo-Voigt functions the resultant 

misorientation distribution can be given as 

                  Wresultant = [W (1)n +W (2)n]1/n  ,                                      (3.1)  

 
W(1) and W(2) are given by the equations 2 & 3 shown below, they are the  
 

                   (3.2) )](sin)cos()([coscos][ 2
0

21
00 zy WWtiltW +Γ=Γ −

 

                    (3.3) )](cos)cos()([sincos][ 2
0

21
00 yz WWtwistW +Γ=Γ −

 
Using the above Eqs. (1)– (3) the data in the tables I-III is fitted with Wz as the fitting 

parameter,  the curves obtained using this analysis are shown in figures 4a, 4b, 4c (red 

curve). The fitting to obtain these curves are done using Peak Fitting Module in Origin. 

The intercepts of these curves on the twist angle axis (X axis) at an angle of inclination of 

90o (Y axis) gives us the angle of in-plane rotation of the mosaic blocks in the crystal. For 
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these three samples twist angles obtained are 1.070 for GaN, 0.8660 and 1.290 for InN B 

and A, respectively. 

 

In postulating the independence of the tilt and the twist distributions in the preceding 

section, it was implicitly assumed that the individual sub-grains can rotate and tilt about 

the substrate surface normal without affecting one another. This need not necessarily be 

so since the manner in which the rotation misfit of one sub-grain is accommodated 

crystallographically might ‘‘restrict’’ or ‘‘enhance’’ the crystallographic tilt with respect 

to the surface normal and vice versa. Assuming this interaction to be exponential in 

nature a new effective W is defined as follows: 

 

                  
)
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twisttwist
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 ,                      (3.5) 
 
where m is a new parameter characterizing the interdependence between the two 

distributions. Using the proposed effective W  [Eqs. (4) and (5)] in conjunction with 

Eqs.(1) and (2) we fit Eq.(3) to the data in tables I-III. In these cases, two fitting 

parameters are used, W0 and m. The results of these fits are shown in the curves below in 

figures 4a, b, c (blue curve); this kind of distribution is known as inter-dependent 

distribution. As is evident, better fits are achieved in all cases as compared to the 

independent distributions. In the case of the InN A, InN B, and GaN films the inter-

dependence parameter, (m = 0.07343, 0.15367, and -0.046, respectively) is small and the 
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twist angle determined is not significantly different from the determination assuming 

independent distributions presented earlier, 0.92558° and 1.353o for the InN A and B 

films. 
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      Figure 3.4 c 

Figure 3.4(a, b, c): Curves obtained using independent distribution (red) and inter-
dependent distribution (blue) and their intercepts at φ=900  
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       Table 3.4: Table showing summary of the results  
 

 

Sample Independent Distribution Inter-Dependent Distribution 

 Twist Twist  ‘m’ 

GaN 1.04 ° 1.07 ° 0.07343 

InN A 0.866 °  0.92558 °  0.1534 

InN B 1.29 ° 1.353 o 0.046 

 
 
 

The physical significance of the interaction between the tilt and the twist distributions is 

dependent on the sign of ‘m’, if ‘m’ is positive then tilt and twist distributions try to 

reduce the magnitude of the attainable tilt or twist below its maximum value i.e., they are 

anti-correlated [17]. It is evident from the preceding analysis that the correlation between 

the tilt and the twist of the sub-grains is specific to the particular film and film/substrate 

combination. For the GaN and InN A and InN B samples which are grown on c-sapphire, 

the ‘m’ values are so small they can be treated as independent distribution systems. 

 

3.5 Measurement of Threading Dislocation Density. 

 

Since the threading dislocations consist of both the edge and screw type dislocations to 

calculate the total threading dislocation density we need to find both edge and screw type 

densities. As we have observed earlier that the screw dislocations cause an out of plane 
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misorientation of the mosaic blocks in the layer the measurement of tilt angle will lead us 

to the total screw dislocation density in the sample. 

 

The density of screw dislocations with Burger vector bsc = [0001] (which also leads 

to a corresponding tilt in the single crystallites) is calculated using the following 

equation. 

 

  

                    Screw Dislocation Density    
sc

rads

b
FWHM

*35.4
)(

2

=                (3.6) 

 

where  bsc is the length of the Burger vector of the c-type (screw) threading dislocation 

whose absolute value is given by bc = 0.5185 nm (bc = “c” in case of GaN), and FWHM is 

the width of the ω rocking curve in the symmetric (0002) reflection. 

 

The edge dislocations are given by: 

 

                   Edge Dislocation Density    2*35.4

2

Eb
φα

=  ,                        (3.7) 

 

 

 

where bE is the burger vector of the edge screw threading dislocation whose absolute 

value is given by bE = 0.3189 nm (bE = “a” in case of GaN) and  αφ is the twist angle. We 

use the tilt and twist values that were calculated in the previous section along with eqs. 
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(6) and (7) to obtain threading dislocation densities of the samples. Table 3.2 and 3.1 

summarizes the screw and edge TDs calculated for the samples shown in Figure 3.3 

based on the tilt and twist values obtained respectively. 

 
Table 3.5: Summary of tilt and twist angles obtained from dependent distribution, and 

corresponding dislocation densities in the samples. 
 

Sample  Tilt angle 
(Deg)  

Twist angle 
(Deg) * 
 

Screw 
dislocations 
(109 cm-2)  

Edge 
dislocations 
(109 cm-2)  

TD 
 (109 cm-2)  

GaN 0.29721 1.04 0.11909 2.37 2.4809 

InN B 0.55936 1.353 0.4224 3.99 4.4124 

InN A 0.35237 0.92558 0.1675 1.87 2.0375 

 

 
3.6 Conclusion 
 
In this chapter we studied about the mosaic nature of epitaxial layers and the two 

parameters, tilt and twist angles, which characterize the mosaicity of the crystalline layer. 

We dealt in detail with the method to accurately find out the twist angle (Wz) of a 

crystalline sample using model proposed by Srikant et al. [17]. We also found out that the 

interdependence factor  ‘m’ for GaN and InN systems is so small that they can be treated 

as independent , hence proposing that screw and edge dislocations are unaffected by each 

others presence in GaN, InN epilayers. Finally we found out the total threading 

dislocation densities in the samples grown by us using the tilt and twist angles obtained.         
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CHAPTER IV 

STUDY OF Mg DOPED GaN 

  

4.1 Introduction 

 

GaN and related alloys are not readily found in nature; they have to be grown. GaN 

devices are epitaxial multilayer’s that cannot be formed by processing a GaN wafer as in 

the case of Si based devices. Therefore, the growth technique itself must be able to create 

atomically flat, sharp interfaces and surfaces. Metal Organic Chemical Vapor Deposition 

(MOCVD) and Molecular Beam Epitaxy (MBE) are two techniques capable of 

overcoming most of these requirements. Originally, these two techniques had been 

developed for growth of other III-V materials like GaAs and are now widely used for the 

growth of III-N materials. 

 

All the samples discussed in this chapter are grown by Metal Organic Chemical Vapor 

Deposition (MOCVD). Their growth process is discussed in detail in the following 

section.   

 

4.2 MOCVD 

 
MOCVD, also known as OMVPE (Organo-Metallic Vapor Phase Epitaxy) and MOVPE 

(Metal Organic Vapor Phase Epitaxy), is one of the most popular choices in large scale 
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manufacturing of III-Nitrides. This is due to several advantages, namely, excellent 

control over growth, fast response, versatility, ability to grow wide variety of materials 

and possible selective area growth [19]. 

 

MOCVD is a non-equilibrium growth technique, which involves the vapor transport of 

the precursors and the subsequent reaction of group-III alkyls and group-V hydrides in a 

heated zone [20]. Growth rates and composition are controlled by precisely controlling 

the mass flow rate and dilution of the various gaseous components. The metal-organic 

group III sources are either liquids, such as tri-methylgallium (TMGa) and tri-

methylaluminum (TMAl), or solids such as tri-methylindium (TMIn). Gaseous hydrides, 

such as ammonia, are the commonly used group V sources. A carrier gas (typically 

hydrogen) flows through bubblers, which contain the metal-organic sources. The vapor 

pressure of the sources is controlled by the bubbler temperature. The carrier gas is 

saturated with vapor from the source, and it transports the vapor to the heated substrate.  

                       
 

                   

                      Fig 4.1: Schematic diagram of two-flow MOCVD process [31] 
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For the growth of GaN, precursor gases are NH3 and Ga (CH3)3 [sometimes Ga (C2H5)3 is 

used]. H2 or N2 is used as carrier gas. The underlying chemical process involves a 

combination of gas phase and surface reactions [21]. Radicals of the type GaCH3 or 

GaC2H5 react with NH3 and form the products [(CH)3GaNH3] and/or 

[(C2H5)3GaNH2CH3]. When heated near the hot substrate, these products eliminate alkane 

radicals and form small chains. At the surface, by elimination of CH4 and H2, GaN will 

be deposited. Schematic diagram showing this process is show in Figure 4.1. Typical 

growth parameters for GaN are: a substrate temperature of 1000-1100 0C and a reactor 

pressure of 50-200 Torr. The V/III gas ratio is very high: between 1000 and 10000. These 

high V/III ratios are necessary to compensate for N losses due to the high partial nitrogen 

pressure at the elevated growth temperatures.  

 

Atmospheric pressure and low-pressure MOCVD reactors have now been developed and 

employed by various researchers in the growth of III-Nitrides. Atmospheric reactors are 

favored by some researchers as they are capable of achieving high partial pressures of 

ammonia or nitrogen-containing precursor. On the other hand, low-pressure reactors are 

easy to scale-up. Low-pressure operation also minimizes buoyancy driven thermal 

convection that can plague atmospheric pressure reactors. 
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4.3 Doping of GaN 

 
While structural defects are unwanted because they affect device performance, some 

point defects (dopants), on the contrary, may be useful. Choosing appropriate doping 

atoms allows the creation of an occupied energy level near the conduction band (donors) 

and an unoccupied energy level near the valence band (acceptors).These donor and 

acceptor atoms increase the density of electrons and holes in the crystal. The atoms 

generally used as dopants in GaN are Si and Mg. Si is a donor in GaN with activation 

energy of 12-17 meV [23] and Mg is an acceptor with a binding energy of 200 meV [22]. 

Si-doping is easily performed as it has a rather good solubility. Mg is used as standard 

acceptor in GaN, because Be is highly poisonous. However, the activation of Mg is 

limited by the formation of electrically non-active Mg-H complexes; H atoms being 

present in the growth reactor bind with the Mg atoms better than N [24]. Post-treatment 

methods like thermal annealing or low-energy electron beam irradiation are necessary to 

break the Mg-H bonds and activate the Mg for it to act as an acceptor. Moreover heavy 

doping of GaN with Mg to increase the hole concentration leads to undesirable growth 

defects such as stacking faults and pyramidal inversion domains [25, 26, 27, 28].  

 

 

4.4 X-ray study of GaN: Mg Results and observations 
 

X-ray Diffraction is employed to understand the micro-structure of GaN layers grown 

under various growth conditions. Several parameters such as rocking curve full width at 
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half maximum, grain size, tilt and correlation length are measured using various 

techniques. The results are employed to find any correlation between the measured 

parameters and the growth parameters. 

 

4.4.1 Effect of ‘Mg flow’ on the quality of GaN: Mg 
 

Mg doped GaN samples with layer thicknesses around 80 nm are grown using MOCVD. 

AlN with thickness 0.2 um grown by Hydroxy Vapor Phase Epitaxy is used as a 

substrate. Prior to the growth of a doped GaN layer, a low temperature GaN buffer is 

grown on the AlN substrate for about 15 min at 580 0C .  Then a layer of Mg doped GaN 

is grown for about 45 min at 1080 0C. For all these samples, the flow of Ammonia and 

Tri-methylGallium are kept constant at 4.40x10-2 mol/min and 2.30x10-5 mol/min 

respectively. But the flow of Mg was different for different samples. X-ray diffraction 

was used to measure the screw dislocation densities for these samples. The screw 

dislocation density is calculated using the formula  

 

                                Nscr-dis    2

)(

*2ln2

2

sc

rads

b
FWHM

π
=                                            (4.1) 

 

 

where bsc is the length of the burgers vector. For screw dislocation its  bsc=<0 0 1> , and 

FWHM is the Bragg width of the rocking curves for 0 0 2 reflection 

 

. 
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                                       Figure 4.2: Screw Dislocation Density Vs Flow of Mg.                                             

 

 We can see in Fig. 4.2 that as the flow of Mg increased the density of screw dislocations 

on the surface of the sample increased. At very low concentrations of Mg i.e. near 1x10-7 

mol/min the dislocation density is in the order of 1.77 x 108 cm-2 at higher concentrations 

of Mg flow the dislocation density is in the order of 2.19 x 108 cm-2 an increase of 23%. 

Error bars are shown in the graph to include instrument errors and scattering effects. 

 

                    

4.4.2 GaN: Mg with varying Gallium flow  
 

 Another set of Mg doped GaN samples (with constant Mg flow) with varying Ga flow 

are analyzed in this section. The flow rate of Ga for these samples is high in the order of 

10-5 mol/min. The structure of these samples is same as the former set, a thin layer of 

GaN buffer grown on AlN templates at 580 oC and, thick layer of GaN doped with Mg 
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grown on top of buffer layer at a temperature of 1060 oC. The buffer layer was grown for 

about 15 min and the high temperature GaN layer was grown for about 45 min. Since the 

input of Ga is varied for these samples the growth rates were different yielding thickness 

in the range of 100 nm-125 nm.  

 

Omega, 2theta omega and omega 2theta scans are done for these samples and their 

respective half-widths are found. The HW’s from omega scans were used to calculate 

screw dislocation densities and the HW of 2theta-omega and omega-2theta were used to 

calculate the lateral and vertical coherence lengths respectively.   
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Figure 4.3: Graph of Screw dislocations Vs Ga flow showing the increase in Dislocation density with 

Ga flow 

 

The above graph clearly shows that as the flow of Ga into the chamber increased the 

number of screw dislocations. We could also observe a similar trend in the moasaicity of 
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the sample. As the Ga flow rate increased we could see a decrease in the vertical and 

lateral coherence lengths which define the size of the mosaic blocks.  

 

The lateral and vertical coherence lengths are calculated using the following equations 

 

                                    

                                                       
radθΔ

=
hkl

coh
dL                                         (4.2)   

 

 

Where, L coh    is the lateral coherence length, dhkl  is the inter-planar distance(h k l is the 

plane in which the omega scan is done for the sample it is 0 0 2 reflection for all the 

above mentioned samples), ∆θrad  is the FWHM of ώ scan. 

 

and, 

                                               

                                             
rad

* tan
θ

θ
Δ

=
brhkl

ver
dL                                            (4.3) 

 
 

Where L ver is the vertical coherence length and θbr is the Bragg angle and, ∆θrad  is the 

FWHM of ώ-2θ scan. 
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                                                      Figure 4.4: Coherence lengths Vs Ga flow 

 

To explain this decrease in quality of the crystal with increase in Ga flow many factors 

have to be considered. Most important of them is the increase in the growth rates, since 

more Ga is let into the chamber the growth rate increases significantly and also 

simultaneously brings about the reduction of the V/III ratio. Higher growth rates with 

reduced V/III ratio is the cause for the increase in the mosaicity and dislocations because 

of faster reaction rates and decreased diffusion lengths of the Ga atom [29]. The electrical 

properties of these samples were obtained using Hall measurements. Below is the Table 

4.1 showing the data from hall measurements. 
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Table 4.1: Hall Measurement Data 

 

Dopant Ga Mg T grow Resist. Mobility Hole Density
 mol/min (x10-5 ) mol/min (x10-7  )  Ohm cm cm2/Vs cm-3 x 1017 

Mg 1.69 1.08 1060 6 5.8 1.80 
Mg 2.09 1.08 1060 7.5 7.8 1.00 
Mg 2.69 1.08 1060 5.2 8.5 1.40 
Mg 3.03 1.08 1060 2 4.5 6.80 
Mg 3.37 1.08 1060 1.4 9.5 4.50 

*Mg, In 3.03 1.08 1080 1.4 8.6 5.00 
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        Figure 4.5: Hall data showing Mobility and Resistivity for samples grown with varying Ga flow 
 

 

The Hall data show that despite the fact that there is a decrease in crystal quality with 

increase in the flow of Ga the hole density and mobility are high at high rates of Ga flow, 
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this could be due to increased thickness of GaN layer. The carrier concentration increased 

by 4 times showing better incorporation of Mg into the sample. We have also noticed that 

when Indium is added as a dopant along with Mg the dislocation density decreases 

addition of Indium does not cause significant change in the mobility or the hole 

concentration as show in Table 4.1 above.  

 

Similar observations have been reported by other scientists in the case of AlGaN where 

addition of indium, even to small concentrations, to AlGaN has resulted in improved 

optical and doping properties for these materials.[30] They explained a number of 

possible physical mechanisms for this observation: InN has larger lattice parameters 

(c=3.644 nm, a = 5.718 nm) than GaN. Therefore, the physical sizes (i.e. lateral 

coherence length) of the InGaN columnar structures with higher In concentration would 

be larger than those with no In concentration thus giving larger lateral coherence lengths. 

Another reason is Indium acts a surfactant during growth and this may also result in the 

nucleation of less granular growth and hence a larger domain structure associated with 

the columnar growth [30].  

 

         

4.4.3 Temperature dependence of Screw dislocation density in GaN: Mg 

 
Once again X ray diffraction was used to determine the optimum growth temperature for 

Mg doped Gallium nitride. Several samples of GaN: Mg grown at different temperatures 

were taken, and omega scans were done to obtain the Screw dislocation densities. To 
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facilitate the analysis set of samples are grown on an AlN template with a buffer layer of 

GaN at 580 oC. The flow rates of Trimethyl Gallium, Ammonia and Mg are kept constant 

at 3.03x10-5 mol/min, 4.40x10-2 mol/min and 1.08x10-7 mol/min respectively. The growth 

temperature was different for each sample ranging from 1040 oC to 1080 oC. The screw 

dislocation densities obtained from the rocking curve scans were plotted to reveal a 

decrease in dislocation density with increase in growth temperature.  
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                            Figure 4.6: Temperature dependence of dislocation density in GaN: Mg 
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The mobility of the carriers increased and the resistivity decreased (Fig 4.8) with increase 

in growth temperature but we could see no change in the carrier concentration. The 

increase in mobility (or the decrease in resistivity) could be due to increased carrier 

lifetime because of fewer threading dislocations, which act as scattering centers, in the 

sample. Hence we could say that high temperature of 1080 oC is preferred during growth 

of GaN: Mg because it will yield a sample with less threading dislocations, and improve 

the mobility of the carriers. 
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                    Figure 4.7: Variation of mobility and resistivity of the film with temperature 
 

 

4.5 Conclusion 

 
In this chapter we used X ray diffraction to study the effect various growth parameters 

have, on the structural and electrical properties of GaN: Mg grown by MOCVD.  We 

found out that increased flow of Mg does not significantly affect the threading dislocation 

density of the GaN: Mg. We also found that a higher growth temperature of 1080 0C is 

likely to improve the quality of the crystal by reducing the dislocations in the sample. 

Additional doping of In along with Mg in GaN decreases the screw dislocation density 

with little or no undesirable effects in the electrical and optical properties of the sample. 

And finally we have noticed that, increasing of the flow of Ga, i.e. high growth rates of 

GaN, will drastically increase the number of threading dislocations on the surface of 

GaN. 
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