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Abstract 

 

Gallium nitride (GaN) is a binary III/V direct bandgap semiconductor. In recent 

years, due to its unique characteristics such as hard, mechanically stable, superior carrier 

saturation velocity, high heat capacity, and thermal conductivity, GaN is widely applied in 

the advanced fabrication of bright light-emitting diodes, optoelectronics, high-power and 

high frequency electronic devices.  

However, large differences in the coefficient of thermal expansion and lattice 

constant between GaN epitaxial layers and a substrate exist. These thermal mismatch and 

lattice mismatch lead to strain and the generation of defects in the GaN and affect the 

performance of the devices. 

Techniques of X-ray diffraction are applied for characterization: reciprocal space 

mapping is applied to analyze strain and relaxation in epitaxial layers; high resolution 

rocking curves are applied for dislocation density calculation; and X-ray reflectivity is 

also applied to characterize the thickness and roughness information. For structural 

simulation of the GaN-based devices, software LEPTOS is applied. 
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1.Introduction 

In recent years, epitaxial gallium nitride (GaN) has become a key material for the 

fabrication of advanced photonic components, such as ultraviolet to visible light-emitting 

diodes, photodiodes, transistors, etc. [1] and is a promising semiconductor for power 

electronics. [2] As shown in Figure 1-1 and 1-2. 

 

FIG. 1-1 An example of blue LED 

 

 

FIG. 1-2 An example of high electron mobility transistor (HEMT) 
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However, large differences exist in the coefficient of thermal expansion and lattice 

constant between GaN epitaxial layers and a substrate (Si or sapphire). [3] These thermal 

mismatch and lattice mismatch may lead to the generation of defects in the GaN and even 

cracking when the hetero-epitaxial layer and the substrate are cooled from the growth 

temperature to room temperature. If the strain is not relieved through thread dislocations, 

cracking and even a significant bowing can occur and destroy the device. 

High resolution X-ray diffraction is one of the best approaches for characterization. 

Threading dislocation as an important type of crystal imperfection in GaN epitaxial layer 

can be evaluated by rocking curve measurements. GaN composed of columnar structure 

can be estimated by coherence length, out of plane tilt and in plane misorientations 

(twist), as measured by high-resolution x-ray rocking curves. Two dominant parameters 

of threading dislocation density are found as tilt and twist. 

Reciprocal space mapping (RSM) can be applied to analyze the strain in the 

epitaxial layers. The effect of both strain and composition on the lattice constant is 

investigated. 

X-ray reflectivity and simulation software Leptos are applied to analyze the detailed 

structure of GaN devices including green light-emitting-diodes (LED) and high-electron 

mobility transistors (HEMT). It is found that 6-inch-diamter GaN epitaxial layers always 

has a higher density of defects than 2-inch GaN layers, while 2-inch GaN epitaxial layers 

on different substrates will also have different crystal quality due to different buffer layer 

schemes. 

The objective is to better understand the properties of GaN device structures and to 

develop evaluation methods for the optimization of these materials. 
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2. THEORY 

2.1 Introduction of X-Rays 

X-rays were first discovered in 1895 by the German physicist, Roentgen and were so 

named “X” because it was an unknown radiation at that time. [4] They were first applied 

in radiography due to its penetrating ability. The denser the object, the less x-ray can pass 

through. In this way the point of fracture in a broken bone or the position of a crack in a 

metal casting could be located. X-rays are now still wildly used in medical CT and airport 

security. 

In 1912, the phenomenon of x-ray diffraction by crystals was discovered due to its 

wave properties, and provided a new method for investigating the fine structure of matter. 

[5] In this thesis, the wave properties of X-rays will be emphasized and both diffraction 

and reflection phenomenon will be used to investigate GaN related structures for LEDs 

and HEMTs. 

 

2.2 Electromagnetic radiation 

We know today that X-rays are electromagnetic radiation of exactly the same nature 

as light but of very much shorter wavelength. X-ray wavelengths are in the range of 

0.5~2.5Å, while the wavelength of visible light is in the range of 4000~7000Å. [6] 

Electromagnetic radiation can be considered as wave motion based on classical 

theory. Figure 2-1 shows a monochromatic beam of x-ray travel in x direction. It has an 

electric field E in y direction and a magnetic field B in z direction. If the electric field is 

confined to xy-plane as wave travel along, the wave is called plane polarized. In a 
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nonpolarized beam, the electric field vector E and the magnetic field vector B can be 

random direction in yz plane. 

 

FIG 2-1. Plane polarized x-ray beam travel in x direction 

In the plane polarized wave case, E is a function of both position x and time t and it 

can be expressed in one equation: 

𝐸 = 𝐴 sin 2𝜋 (
𝑥

𝜆
− 𝜐𝑡) ,                        (2-1) 

where A = amplitude of the wave, λ = wavelength, and ν = frequency. The wavelength 

and frequency are related by λ = c/ν, where c is the velocity of light = 3.00×108 m/sec. 

For the convenience of following calculation of x-ray scattering by electrons, atoms 

and unit cells, we often rewrite equation (2-1) in a different expression using Euler’s 

formula: 

       𝐸 = 𝐸0𝑒
−𝑖(𝑘𝑥−𝜔𝑡),                         (2-2) 

where k is the wave vector of magnitude 2π/λ and direction as the wave propagation 

direction, E0 is the electric field vector of magnitude A and it can assume all directions in 

the yz-plane for nonpolarized wave. 
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Electromagnetic radiation carries energy and the rate of flow of this energy through 

unit area whose normal vector is coincide with wave vector is called intensity I, the 

average value of intensity of an electromagnetic wave is proportional to the square of its 

amplitude, i.e., .[8] 

 

2.3 X-Ray Spectrum 

X-rays are produced when accelerated electrons with sufficient kinetic energy 

collide with the target and rapidly decelerate. [9] X-rays are usually generated in x-ray 

tube which contains a source of electrons (most common type of laboratory x-ray source 

is filament tube), high accelerating voltage and a metal target. Electron beam is firstly 

generated by the current passing through the filament at the source. Then stable high 

voltage accelerates the electrons to very high velocity before it hits the target. X-rays are 

produced at the point of impact and radiate in all directions. The kinetic energy during 

this process is mostly converted to heat, that is why x-ray tube needs continuous cooling 

down by water flow. Only less than one percent is transferred into x-rays. 

The kinetic energy is given by 

                            (2-3) 

where m is the mass of the electron (9.11×10-28 gm) and e is the charge on the electron 

(1.6×10-19 C). V is applied voltage and v is the electron voltage before impact. 

When we analyze the rays coming from of the target, plotting intensity against 

wavelength, it is found that x-ray consists of a mixture of different wavelengths as shown 

in Figure 2-2. The intensity is zero up to a certain wavelength, named short-wavelength 

2

0EI 

KE = eV =
1

2
mv2,
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limit (λSWL), increases up to maximum and then decreases. When the voltage increases, 

the intensities of all wavelengths increase and both the short-wavelength limit and 

maximum position shift to shorter wavelengths. The smooth curves up to 20 kv in Figure 

2-2 are called continuous radiation. 

The continuous spectrum is because the electrons successively lose fractions of the 

total kinetic energy until it is all spent. The maximum energy of the x-ray generate when 

the electron lose all the energy at once in one impact and we may write 

         𝜆𝑆𝑊𝐿 =
𝑐

𝜐𝑚𝑎𝑥
=

ℎ𝑐

𝑒𝑉
=

12400

𝑉
,                       (2-4) 

where λSWL stands for short wavelength limit. 

  

   FIG 2-2 X-ray spectrum of Mo with different applied voltage 

 

When the voltage on an x-ray tube is raised up to a certain critical value, 

characteristic of the target metal, sharp intensity maxima appear at certain wavelength, 

add on the continuous spectrum. It is called characteristic radiation. 
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At the critical applied voltage, the electron beam can gain enough energy to knock 

out the inner shell electron of the target atom and generate a hole in the inner shell (K 

shell), it is then filled by an electron from higher energy shell spontaneously and emit 

characteristic radiation with certain amount of energy. This amount of energy is the 

energy difference of higher energy state to K state. 

Figure 2-3 shows the process of excitation and emission process of characteristic 

radiation, the critical voltage can be calculated as 

                               (2-5) 

Wk is work required to excite and remove a K electron. The vacancy can be filled by an 

electron from the L-shell, produce Kα radiation, or from the M-shell, produce Kβ 

radiation, correspond to the two maxima in the characteristic spectrum. 

The Kα radiation is a sharp line and nearly monochromatic, it can be decomposed 

into Kα1 and Kα2 due to slightly separated states in L shell, the energy difference is so 

small that the wavelength of Kα1 and Kα2 are very close (1.54056Å and 1.54439Å for 

Cu).  

 

FIG. 2-3 atomic energy levels. Excitation and emission process 

eVcrit =Wk,
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2.4 X-ray Scattering and the Bragg Law 

    After we generate the monochromatic x-ray beam of certain wavelength from the x-

ray tube, we need to investigate how it will interact with matter. First, the interaction of 

x-rays and a single free electron is considered. Only elastic interaction is made use of in 

structural investigation by x-ray diffraction and this interaction is termed Thomson 

scattering. 

Figure 2-4 illustrates the process of Thomson scattering for a single free electron of 

charge e, mass m and at position R0. The incoming monochromatic x-ray beam can be 

expressed by an electromagnetic wave as equation 2-2, (here the time effect on the field 

will be neglected) so it can be express simply as   

 𝐸 = 𝐸0𝑒
−𝑖𝐾0𝑅0 ,                           (2-6) 

where E0 is the electric field and K0 is the incoming wave vector. 

Both the incoming and exiting wave vector K0 and K have the magnitude of 2π/λ, 

The angle between K and the prolonged direction of K0 is the scattering angle that will be 

abbreviated by 2θ as is general use in x-ray diffraction. 

If the amplitude of the scattered wave E(R) is considered at a distance R we may 

write according to Thomson [10] 

 𝐸(𝑅) = 𝐸0
1

4𝜋𝜀0𝑅

𝑒2

𝑚𝑐2
sin∠(𝐸0, 𝑅)𝑒

−𝑖𝐾𝑅 ,               (2-7) 

where ε0 and c are the vacuum permittivity and velocity of light. 

The sin term is related on the state of polarization. Commonly laboratory x-rays are 

nonpolarized and E0 can be decomposed into Eπ in the scattering plane and Eσ normal to 

the scattering plane. In classical optics these two case are named π polarization and σ 
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polarization. Since the σ polarization is always perpendicular to R, the sin term is always 

unity. But for the π polarization, sin (E0, R) = |cos2θ|. We can denote the sin term as 

polarization factor C and C can be written as 

. 

 

FIG. 2-4 Scattering of x-rays by a single electron 

 

Since laboratory x-rays are often nonpolarized, meaning both polarization states will 

have the same probability of occurring which can be written as 

  𝐸𝜎
2̅̅̅̅ = 𝐸𝜋

2̅̅̅̅ =
𝐼0

2
,                         (2-8) 

and based on equation 2-7 we can calculate intensity of scattered beam at distance R as  

      𝐼(𝑅) = (
1

4𝜋𝜀0𝑅
)
2

(
𝑒2

𝑚𝑐2
)
2

(𝐸𝜎
2 + 𝐸𝜋

2cos22𝜃),       (2-9) 

and it is finally rewritten as  

 ,                       (2-10) 

Ð

2

2cos1
)(

2

2

2

0




R

r
IRI e
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re is the classic radius of the electron re = e2/(4πε0mc2), the amount is 2.82×10-15 m. If we 

compare this number with laboratory setups which is of the order of 10-1m, we can neglect 

it. So it is almost impossible to detect that extremely small intensity.  

When X-rays encounters an atom, equation 2-10 also hold for the scattering from 

atomic nuclei and due to larger mass of nuclei, the intensity is even smaller. So we only 

need to consider Z electrons in the atom. For now we just assume that Z electrons are 

confined to the origin of the atom and so we can substitute re with Zre in equation 2-10. 

Hence, we have a description of the x-ray scattering from an atom. 

In the next step we need to consider what the scattering will look like if it occurs for 

a whole group of atoms that are arranged in a periodically ordered array like a crystal lattice. 

Figure 2-5 illustrates a monochromatic x-ray beam scattered by a cubic crystal. The 

incoming x-ray beam is parallel to the [100] direction of the crystal. In a cubic system, the 

atom positions can be described by the lattice vector rn1n2n3=n1ac1+ n2ac2+ n3ac3 with c1, 

c2 and c3 being unit vectors of the three orthogonal directions. ni is any integer from 0 to 

Ni, and a is the lattice constant. 
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FIG. 2-5 Scattering of x-rays by a simple cubic crystal 

     

    We can take the origin of the crystal r000 as the reference point, and so the scattered 

field at point R is 

 ,                             (2-11)    

while every atoms in the crystal can be scattered by the x-rays and an atom at the point 

rn1n2n3 would then cause a scattering intensity to be measured at R of the strength 

 .     (2-12) 

Because rn1n2n3 (10-10m) are much smaller than the distances to the point of intensity 

measurement R-rn1n2n3 (10-1m), and it can be replaced by R in denominator and sin term 

in equation 2-12. 

Equation 2-12 can be rewritten as 

iKRe e
R

Zr
CERE  0)(

)(

00
321

321

321

3210 ),(sin)( nnnnnn rRiK

nnn

nnn

eriK
erRE

rR

Zr
eERE
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,                 (2-13)     

   and if we add up all the N1×N2×N3 atoms in the crystal and we end up with 

.               (2-14) 

We often denote (K-K0) as scattering vector Q and it has a magnitude of 4πsinθ/λ, and we 

can rewrite the summation term in equation (2-14) and the field amplitude of the scattered 

beam is proportional to  

.                        (2-15)      

This expression can be converted by evaluating each of the three terms by the formula 

of the geometric sum and we get the so-called interference function 

 ,        (2-16) 

where the course of the function sin2Nx/sin2x is illustrated in Figure 2-6. 

 

FIG. 2-6 Course of the function sin2Nx/sin2x 
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According to this figure we can find that only when x is integral multiples of π, the 

function reach its maximum of N2. So, the necessary condition to realize the highest 

intensity at R according is 

   𝜍(𝑄) →𝑚𝑎𝑥 ⇔ {

𝑎𝑄𝑐1 = 2𝜋ℎ
𝑎𝑄𝑐2 = 2𝜋𝑘
𝑎𝑄𝑐3 = 2𝜋𝑙

,                (2-17) 

where h, k, l are arbitrary integers. 

The relation between lattice vector rn1n2n3 and scattering vector Q for constructive 

interference condition in equation (2-17) was derived by M. von Laue, and this equation is 

so also called the Laue condition. 

We can rewrite the Laue condition and obtain 

.
                (2-18) 

Since the magnitude of Q is 4πsinθ/λ and we can finally get  

 

,      (2-19) 

where dhkl is the interplanar spacing of (hkl) plane. This equation is called Bragg equation 

and was applied by W.H. Bragg and W.L. Bragg in 1913 to describe the position of x-ray 

scattering peaks in angular space. 

     Both the Laue condition and the Bragg equation describe the relation between the 

lattice vector and the scattering vector for an x-ray reflection to occur. There is a more 

visualized view to derive the Bragg equation as shown in Figure (2-7). 
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FIG. 2-7 Visualization of the Bragg equation 

 

Constructive interference occurs when the phase difference equals integral multiples 

of wavelength λ and we can write 

,                               (2-20) 

and this equation is valid for any lattice structure . 

 

2.5 Intensity of Bragg Reflections 

During the derivation of the Laue condition, the charge distribution is confined at the 

lattice point rn1n2n3. This result can be generalized by rewrite the sum in equation (2-15) 

to a continuous limit,  

,
                                    (2-21) 

where ρe(r) is the electronic charge distribution of the scattering object.   
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2.5.1 Atomic Form Factors 

Formula 2-21 can be applied to atoms by inserting the square the electronic wave 

function for the charge density ρe(r). We can thus define an atomic form factor f by 

.
                                (2-22) 

In the limit of Q=0 the integration just runs over the charge distribution and yields the 

number of electrons of the atom Z.  

For Q≠0, the atomic form factor is a function of Q or sinθ/λ and the integration of f is 

too complicate and we won’t include the calculation process here. 

Figure 2-8 displays the result of the calculation. For low scattering angles f can reach 

values close to atomic number Z, but a steep decrease with increasing sinθ/λ is clearly seen.   

 

 

FIG. 2-8 Atomic form factors of some metallic atoms 
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2.5.2 Structure Factor 

Formula 2-21 can also extend to a unit cell, and the quantity is then denoted as the 

structure factor F that is given by 

,
                               (2-23) 

We can rewrite this integration as a sum of N individual atoms in the unit cell  

.                           (2-24) 

The integration over the charge distribution of individual atoms are given by atomic form 

factors fn of the nth atom. Accordingly, the structure factor can be written as 

.                                (2-25) 

As mentioned above, the scattering intensity reaches its maximum only when the Laue 

condition is satisfied. Combining the equation 2-17 we can get 

,
               (2-26) 

and the structure factor F can then be written as 

.                        (2-27) 

The structure factor thus depends on the Miller indices of the reflection, the position 

of the atoms in the unit cell and the atomic scattering factor. In monoatomic lattices the 

atomic form factor is the same for all atoms and can be placed in front of the sum. For 

simple cubic structure N=1 and x=y=z=0 and thus F=f for all hkl reflections. 

For face-centered cubic (fcc), (xn yn zn) = (0 0 0), (0 1/2 1/2), (1/2 0 1/2), (1/2 1/2 0) 

and equation 2-27 yields 
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.   (2-28) 

It means that Bragg reflections are only observed for fcc lattice if all Miller indices are 

either even or odd. 

The structure factor of the bcc lattice can be obtained in the same way and results in  

.            (2-29) 

For diamond structure like Si, there are 4 more atoms in the fcc-cubic with (xn yn zn) 

= (0 0 0), (0 1/2 1/2), (1/2 0 1/2), (1/2 1/2 0), (1/4 1/4 1/4), (1/4 3/4 3/4), (3/4 3/4 1/4), (3/4 

1/4 3/4) we take them into equation 2-27 and we end up with                   

     .              (2-30) 

There are accordingly less reflections to observe in the diffraction pattern of diamond-

structured materials like Si than that of fcc-structured ones. 

The material that we are going to characterize in the following chapter is GaN, and it 

can have different crystal structures as wurtzite or zinc-blende. GaN applied in 

semiconductors are usually wurtzite and it is a member of the hexagonal crystal system as 

shown in Figure 2-9.  
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FIG. 2-9 Hexagonal wurtzite unit cell structure 

 

There are two Ga atoms in the unit cell with position (0 0 0) and (1/3 2/3 1/2) while the 

two N atoms lies at (0 0 u) and (1/3 2/3 1/2+u), u is 3/8.  

The structure factor for wurtzite structure ends up with 

 .     (2-31) 

Structure factor is of great significance because even though the Laue condition is 

satisfied for diffraction, the distribution of atoms in unit cell can cause destructive 

interference during scattering and no intensity will be detected. For illustration, no 

diffraction will be detected for wurtzite GaN (111) planes. The intensity for (111) plane can 

be calculated by equation 2-31 and it end up with 0. 
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2.5.3 Absorption Factor 

    Just like light and sound, when x-rays passing through matter, they suffer from an 

attenuation of intensity caused by their absorption. Intensity I0 that enters into the sample 

will be exponentially damped to an amount I0exp(–2μl) after a path of 2l. The parameter μ 

is called the linear attenuation coefficient and depends on the wavelength of the radiation 

used, the chemical composition of the sample and its density. The inverse of μ would give 

a penetration depth for normal incidence τ1/e = 1/μ that specifies the path length for which 

the intensity I0 drops to 1/e of its initial value. The dimensions of the attenuation coefficient 

are m–1 or μm–1. Often, the value of the mass absorption coefficient μm is listed in various 

tables that can be converted into μ = ρ μm by multiplication with the mass density ρ. 

The absorption coefficient for GaN is illustrated below in Figure 2-10[11]. 

 

FIG. 2-10 Absorption coefficient of GaN of different energy 

     

The energy of Cu Kα radiation can be easily calculated as hc/λ=8keV, and the absorption 

coefficient reads 51.94cm2/g. Since the density of GaN ρ=6.15g/cm3, the linear 

attenuation coefficient yields µ=314 cm-1, and penetration depth τ1/e =31.3 µm. 
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Figure 2-11 illustrate the absorption effect for a thin-film sample in a symmetric 

scan. For any x-ray beam that has traveled through a sample to become scattered into the 

detector the primary intensity has been reduced by the factor exp(–2μl). The reduction of 

intensity of the total x-ray beam is the sum over all possible paths of the beam within the 

limits of 0 to lmax, it is noticed that path l can be expressed by depth variable z as l = 

z/sinθ and the maximum of z is the thickness of the film t. 

 .            (2-32) 

 

 

FIG. 2-11 Schematic representation of the absorption effect for a thin film sample 

 

For infinitely thick sample, t→∞ and result yields 1/(2μ). In the following the 

absorption factor is denoted by the ratio of the absorption for a sample of finite thickness 

with respect to an infinitely thick sample  

    ,                              (2-33) 
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and since we already calculated the linear attenuation coefficient of GaN in this section. 

If we plot equation 2-33 with different thickness t in software Origin and we can get 

Figure 2-12. 

 

FIG. 2-12 Absorption factor A of GaN of different thickness plotted by Origin 

 

It is seen from the plot that A approaches unity when the film is thicker. Accordingly, the 

absorption factor depends on the product of both angle and thickness. 

 

2.5.4 Multiplicity 

    The multiplicity factor arises from the fact that in general there will be several sets 

of hkl-planes having different orientations in a crystal but with the same d and F 

(structure factor) values. For instance, in cubic system there are 8 equivalent (111) planes 

while 6 equivalent (200), so it is evident that the multiplicity mh will enter the expression 

of a Bragg reflection intensity as a scaling factor. 
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2.5.5 Geometry Factor 

    The spreading of the Bragg peak over a circular segment of the {li} sphere as 

discussed above introduces a further θ dependency into the diffraction pattern of a 

θ/2θ scan. The effect is visualized in Figure 2-13 where the set of all diffracted intensity 

for scattering angle 2θ is symbolized by a cone of opening angle 4θ. The circumferences 

of the intensity rings scale with sin2θ causing a dilution of intensity by 1/sin2θ. There 

also arise a variety of scattering vectors Q that lie on a cone. The scattered intensity will 

scale with their density, which is sin(π/2-θ) = cosθ. The geometry factor is the product of 

both density functions and it is finally obtained as G = cosθ/sin2θ = 1/(2sinθ). [12] 

 

FIG. 2-13 Scattering in {li} frame to derive the geometry factor G 

 

2.5.6 Preferred Orientation 

It is a characteristic structural feature of thin polycrystalline films that certain 

crystallographic lattice planes can occur with a greater probability than others. This 

phenomenon is termed preferred orientation or texture and denoted as texture factor Th. 

For a random orientation Th=1. [13] 
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2.5.7 Diffracted Beam Intensity 

When we combine all the factors mentioned above together, the intensity of Bragg 

diffraction ends up with  

 ,                    (2-34) 

where SCF is scaling factor that lumps together all instrument settings like scan velocity, 

slit width, electron classic radius, wavelength of the x-ray and etc. L is the Lorentz factor 

induced by the integration calculation process of Ih and won’t be discussed here. We often 

denote Lp= =  as the Lorentz-polarization factor. 

Equation 2-34 shows the relation between the diffraction intensity and diffraction 

angle. If we define the material (for example Si), texture,and thickness of layer, we can 

actually calculate the relative diffraction intensity at certain diffraction angle. 

For illustration, if we have a random oriented Si sample with 10µm thickness, the 

calculated diffraction intensities are shown in Table 2-1. 

 

Table. 2-1 Normalized diffraction intensity for random orientation Si from calculation 

 

Intensity values of Si measured from experiment is displayed in Figure 2-14. [14] We 

can see that the relative intensity from calculation of (111), (220) and (400) planes pretty 

match the measurement result.  
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FIG. 2-14 XRD pattern of polycrystalline Si 

 

2.6 Reciprocal Lattice 

    Every periodic structure has two lattices associated with it. The first is the real space 

lattice, and this describes the periodic structure. The second is the reciprocal lattice, and 

this determines how the periodic structure interacts with waves like x-ray. In the section, 

we will discuss how the Bragg diffraction happens in the reciprocal space. 

 

2.6.1 Definition of Reciprocal Lattice Vector 

The Laue condition 2-17 can be rewrite as integral multiples of 2π describe 

the relation of scattering vector and lattice vector. If we denote QL as K, rn as R, then this 

relation can rewritten as  

 .                                  (2-35) 

 nL rQ
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Mathematically, we can describe the reciprocal lattice as the set of all vectors K that 

satisfy such reciprocal relation for all lattice point vector R. That is why reciprocal space 

is also called K space. 

Just like any lattice vector in the real space can be expressed as 

R=rn=n1ac1+n2ac2+n3ac3=n1a1+n2a2+n3a3, the reciprocal lattice vector can also be 

expressed as K=hb1+kb2+lb3 , While the bi can be expressed by ai as 

          

          

          .                                    (2-36) 

Based on these equations, we can easily derive that b1 is perpendicular to the plane defined 

by a1 and a2 and the magnitude of b1 will decrease with increasing a1. In another word, the 

reciprocal space vector is perpendicular to its real space vector’s normal plane and its 

magnitude is inversely proportional to the magnitude of its real space vector. 

The transfer process from a 2D real lattice to reciprocal lattice is shown in Figure 2-

15. We can see that b1 is perpendicular to a2 and b2 is perpendicular to a1. 
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FIG. 2-15 Transfer from crystal lattice to reciprocal lattice 

 

2.6.2 Diffraction In Reciprocal Space 

    Reciprocal lattice has following properties: 

(1) A vector Khkl draw form the origin of the reciprocal lattice to any point in it having 

coordinates hkl is perpendicular to the plane in the crystal lattice whose Miller indices are 

hkl  

(2) The length of the vector Khkl is equal to the reciprocal of the spacing d of (hkl) 

planes, or   

 .                                        (2-37)     

The important thing to note about these relations is that the reciprocal lattice array of points 

completely describes the crystal, as shown in Figure 2-16, each reciprocal lattice point is 

related to a set of planes in the crystal and represents the orientation and spacing of that set 

of planes.                
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FIG. 2-16 (h0l) planes in real space and (h0l) point in reciprocal space 

 

Since Laue condition can be written as equation 2-35, diffraction in reciprocal space 

can then easily expressed as Q=Khkl , which is visualized in Figure 2-17 

We can then derive the Bragg law in reciprocal space by 

  .                (2-38)    

 

FIG. 2-17 Visualization of Laue condition in reciprocal space 
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2.7 Different Scan Techniques in X-Ray Diffraction Measurement 

2.7.1 θ/2θ scan 

θ/2θ scan is often used for measuring the Bragg reflection of a thin film. The working 

principle of a θ/2θ scan is visualized in Figure 2-18 in the hemisphere of the sample 

reference frame. The sample is positioned in the center of the instrument and the probing 

x-ray beam is directed to the sample surface at an angle θ. At the same angle the detector 

monitors the scattered radiation. The angle 2θ is defined as the angle between the extended 

incoming beam and the exit beam. The sample coordinate vectors s1 and s3 lie in the 

scattering plane defined by K0 and K. During the scan the angle of the incoming and exiting 

beam are continuously varied, but they remain equal throughout the whole scan and the 

scattering vector Q is always parallel to the substrate normal s3. [15] 

 

FIG. 2-18 Schematic representation of a θ/2θ scan 

 

During the scan, only crystal planes that are parallel to the sample surface will show 

diffraction. Because the reciprocal vector of the other planes lie in a different direction 

from Q and thus can’t satisfy the Bragg law.  
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Figure 2-19 is a θ/2θ scan of GaN/AlGaN on sapphire form 30~45 degree. (002) 

planes of GaN, AlGaN and sapphire are parallel to the sample surface and diffraction peaks 

show up at 34.6, 34.9 and 41.5 degree respectively.   

 

FIG. 2-19 θ/2θ scan pattern of GaN/AlGaN on sapphire 

 

2.7.2 Omega scan/Rocking curve 

    A rocking curve (omega scan) produces observed intensity from planes that are not 

perfectly parallel. In a rocking curve scan, the detector is set at a specific Bragg angle and 

the sample is rock in a small angle as shown in Figure 2-20. For ω angles exceeding these 

limits the incoming/exiting beam would decline beneath the sample surface and no 

scattering information from the thin film would be collected. [16] 
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FIG. 2-20 Schematic representation of a rocking curve scan 

 

A perfect crystal will produce a very sharp peak, observed only when the crystal is 

properly titled so that the crystallographic direction is parallel to the diffraction vectors. As 

red curve in Figure 2-21 shows, rocking curve from a perfect crystal will inevitably have 

some width due to instrumental broadening and the intrinsic width of the crystal material. 

 

FIG. 2-21 Rocking curve of Copper with and without defects 
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Defects like mosaicity, dislocations and curvature shown in Figure 2-22 cause 

disruptions in the perfect parallelism of crystal planes. Some of the planes are tilted and 

the sample need to rock certain angles to fit the diffraction vector which cause the 

broadening of the rocking curve. [17] 

We often use full width at half maximum (FWHM) to define the broadening of the 

peak. In high resolution rocking curve measurements, the FWHM of a perfect single crystal 

can be less than 100 arcsec. FWHM value of rocking curves can be a good reflection of 

crystalline quality, and dislocation density calculation by FWHM analysis will be discussed 

later. 

 

FIG. 2-22 Defects like Mosaicity and curvature 

 

2.8 Reciprocal Space Mapping 

2.8.1 Coordinates Set Up In the Reciprocal Space 

    It was already shown in case of a symmetric θ/2θ scan that the scattering vector Q has 

only a nonzero component in the direction of the substrate normal that may be denoted by 

Qz in the sample reference frame {si}. During a rocking curve scan, however, there also 

occurs a nonvanishing in-plane component Qx for all angular positions ω except for the one 

point where ω = 0. 

Qx and Qz can be derived from Figure 2-20 as 
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  .                          (2-39) 

In section 2.2.3, we visualize the Laue condition in reciprocal space in a much simpler 

form and it is more convenient do analysis in Qx Qz coordinate than in instrumental 

coordinates ω and 2θ. 

 

2.8.2 Different Scan in Reciprocal Space 

    Symmetric θ/2θ scan in (Qx Qz) plane is visualized in Figure 2-23(a), where the 

different configurations during the θ/2θ scan are symbolized by varying gray scales of the 

vectors involved. We can see that the scan will proceed along the Qz direction. 

 

 

FIG. 2-23 Representation of (a) symmetric θ/2θ scan, (b) rocking curve scan and 

            (c) asymmetric ω/2θ scan in (Qx Qz) plane 

 

The rocking curve in (Qx Qz) plane will look different. According to Equation 2-39, 

the rocking curve scan will be a circular line because the magnitude of Q remain constant 

as shown in Figure 2-23(b). 

θ/2θ in asymmetric plane is also called radial scan. The scan is a line along Q 

direction as shown in Figure 2-23(c). 
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2.8.3 Accessible Region in Reciprocal Space 

    The reciprocal lattice of a single atom cubic system is shown in Figure 2-24 

 

 

FIG 2-24 Reciprocal space of a single atom cubic crystal 

 

We can take h as Qx direction l as Qz direction and based on Equation 2-39, and the 

accessible region for data collection can be represented by a hemisphere in Q space 

having -2K ≤ Qx ≤ 2K and 0 ≤ Qz ≤ 2K and obeying Qx
2 + Qz

2 ≤ 4K2.  

The area of reflection is divided from the areas of transmission by two other 

hemispheres of radius K that are centered at Qx = -K and K as shown in Figure 2-25, 

because incident angle and reflected angle should not be smaller than 0. The diffraction 

will not be detected in these areas. 
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                FIG. 2-25 Accessible region in reciprocal space 

     

The accessible area includes an array of points representing the Miller indices of those 

Bragg reflections that can be observed.  

 

2.8.4 Reciprocal Space Mapping Measurement 

    Reciprocal space mapping is performed such that the Bragg reflection under 

investigation is fully mapped in a confined area in Q space. This means that the reflection 

is not only monitored by one rocking curve crossing it, but the whole area in the vicinity 

of the reflection is included in the measurement. Reciprocal space maps may be obtained 

by joining together successive one-dimensional scans in Q space for which different 

procedures are possible. One way of mapping consists in performing various rocking 

curves with increasing scattering angle 2θ. This is shown schematically in the Q space 

representation in Figure 2-26.(a).  Another technique makes use of successive radial 

scans (see Figure. 2-26(b)). In both cases an intensity map of the Q area around the Bragg 



35 

 

reflection is obtained. These maps deliver further structural information of epilayers to 

that obtained by rocking curve scans alone. 

 

FIG. 2-26 Two different ways to measure RSM (a) subsequent rocking curve scan or 

         (b) subsequent radial scans 

 

2.8.5 Lattice Mismatch and Strain 

One of the most important applications of RSM is analyzing the mismatch and 

relaxation in the epitaxial layers. Epitaxial growth is general in semiconductor device 

fabrication and happens when a single crystalline layer is deposited on another single 

crystalline substrate with the same crystal orientation and close lattice constant. The 

difference of lattice constant can cause lattice mismatch.  

Define the lattice constant of layer as aL and substrate aS, then the lattice mismatch 

can be defined as ,  for  the layer has larger lattice constant and 

during epitaxial growth, the layer will be compressed to the same lattice constant as the 

substrate and induce compressive strain to the film as shown in Figure 2-27.  
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FIG. 2-27 Compressive strain induced when grow Si1-xGex on Si 

For , the layer has smaller lattice constant and will induce tensile strain in 

epitaxial growth as shown in Figure 2-28. 

 

FIG. 2-28 Tensile strain induced when grow Si1-xCx on Si 

 

The strain component and are defined as  

 .                             (2-40) 

Based on theory of elasticity,  

                                 (2-41) 
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with , where cij are the elastic constants, for wurtzite GaN, c13=106±20 Gpa and 

c33=398±20 Gpa. We then end up with DGaN=0.533. 

 

2.8.6 RSM of Epitaxial Layers 

Strain induced by lattice mismatch will accumulate during epitaxial growth. If the 

strain cannot be relaxed by the generation of dislocations, it will finally be released by the 

formation of cracks on the layer surface. 

RSM is a powerful method to determine in-plane and out-plane lattice constant by 

convert the Qx,Qz value back to real space parameters, by the relations 

    .                                      (2-42) 

    Epitaxial layers in reciprocal space are shown in Figure 2-29 below. For a fully 

strained layer of Si1-xGex on Si, the in plane lattice constant of the layer is compress to be 

same as the substrate and out plane lattice constant increase simultaneously. So in the 

reciprocal space, the reciprocal lattice point of Si1-xGex will move right and down from its 

relaxed position for asymmetric planes. 
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FIG. 2-29 Epitaxial layers in reciprocal space with fully relaxed (left) 

                 and fully strain (right) 

 

The degree of relaxation is defined as  

  ,                      (2-43) 

where a(L) and a0(L) are measured and relaxed in plane lattice constant of layer, a0(S) is 

relaxed in plane lattice constant of substrate.  

    The reflection of a fully strained layer in located on a perpendicular line, and the 

degree of relaxation R=0. 

The reflection of a fully relaxed layer in on a line through the substrate reflection and 

(000), and the degree of relaxation R=1. 

Reflections of partly relaxed layers are on the relaxation line (see Figure 2-30), and 

the relaxation line can be drawn by the equation , where D=0.533 for GaN.  
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FIG. 2-30 Relaxation line 

 

2.9 Dislocations in Epitaxial GaN Layers 

During epitaxial growth of GaN, the strain caused by lattice mismatch will accumulate 

and then relaxed by forming dislocations. Carriers like electrons will confined at 

dislocations and affect the performance of device. So the characterization of dislocation 

density in GaN layer is of vital importance. 

The most direct way to determine the dislocation density is transmission electron 

microscopy (TEM), but this process is destructive and time taking. A more convenient way 

to analyze dislocation density is using high resolution x-ray rocking curves.  

Highly imperfect layers are often described as mosaic crystals which can be 

characterized by mean tilt and twist angles and the average size of the mosaic blocks. The 

tilt describes the rotation of the mosaic blocks out of the growth plane, and the twist their 

in-plane rotation. [17] As shown in Figure 2-31, the screw threading dislocations (TD) with 

Burgers vector bs=[0001] will cause tilt of (002) plane, while the density of edge TD with 
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be=  will distort (002) plane and twist planes perpendicular to (002) plane, like 

(100) plane. 

 

 

FIG. 2-31 Tilt and twist caused by different Burger’s in GaN 

 

For GaN epilayers, the mean tilt angle was shown to almost linearly depend on the 

rocking curve FWHM of (002) plan. While the twist depends on the rocking curve 

FWHM of (100) plane. [18] However, the (100) plane is in the same direction of growth 

and diffraction of (100) plane can’t be observed. A skew symmetric diffraction geometry 

is applied [19]. As shown in Figure 2-32. By measuring different reflections with 

increasing lattice plane inclination, one can extrapolate to lattice planes with Ψ=90º  
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FIG 2-32 Sketch of skew geometry x-ray diffraction, Ψ is the inclination angle 

 

    After we extrapolate and get the FWHM of (100) plane β(100), we can denote twist as 

Δωe=β(100). Tilt is equal to the FWHM of (002) plane, written as Δωs=β(002) 

Then the edge and screw dislocation density can be calculated by 

 .                             (2-44) 

 

2.10 X-Ray Reflectivity 

2.10.1 Refractive Index for X-Rays 

     The refractive index n can be denoted as  

n=1- ,                                   (2-45) 

where , re is the classic radius of the electron and ρe is is electron density 

(number per nm3), it is related to the density and the density of the material. [20]  
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2.10.2 Total External Reflection and Critical Angle 

    If refraction and reflection of x-rays under small incidence angles are considered in 

the formalism of geometrical optics, it turns out that below a critical angle the effect of 

total reflection will occur. The critical angle is denoted by αc. The effect is similar to 

geometrical optics, where a light beam changes from an optically dense medium into a 

less dense one and which can be applied to confine a light beam in a glass fiber.  

According to Snell’s law of refraction, the sine of the incoming and outgoing angles 

is proportional to the refractive indices of the two media at the interface of which the 

transition occurs. The Snell’s law can be written as 

 ,                             (2-46) 

where αt and α are the angles of transmitted and incident beam, respectively. For total 

external reflections, both angles may be assumed very small such that the cosine function 

can be approximated as cos x=(1- x2/2) 

    .                          (2-47) 

    Total reflection, i.e., αt = 0, will be observed for all angles of incidence for which 

the condition α2 ≤ 2δ is fulfilled. The critical angle αc is thus defined from this condition 

and it holds 

.                            (2-48) 
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2.10.3 Reflectivity of a Single Layer 

Figure 2-33 displays a schematic beam trace figure, the phase difference Δ between 

the two beams is given by the relation 

    .                              (2-49) 

While the phase shift is related via 

 .                      (2-50) 

 

FIG. 2-33 Schematic representation of reflected and refracted beams for the derivation of 

their phase difference Δ 

 

A maximum is observed whenever the phase difference is a multiple of the wavelength, 

Δ = mλ. The evaluation proceeds by assigning an index m to each oscillation maximum and 

forming the square 

 .                         (2-51) 

It is evident from equation 2-51 that the distance between two adjacent fringes can be 

written as  

 .                         (2-52) 
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So by analyzing the fringes of XRR pattern will directly yield the film thickness t, 

while analyzing the critical angle will yield the density and composition of the material. 

The effect of roughness is shown in Figure 2-33, roughness will make the XRR patter 

steeper and increase the amplitude of high angle fringes. 

 

                FIG. 2-34 Effect of roughness in XRR measurement 
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3. EXPERIMENT 

3.1 Introduction of the X-Ray Diffractometer  

    Measurements are taken on the Bruker D8 Discover high-resolution x-ray 

diffractometer (HR-XRD). The diffractometer configuration in shown in Figure 3-1 

   

 

FIG. 3-1 Bruker D8 Diffractometer Configuration 

 

The working voltage and current is set at 40kV and 40mA, and the warming up time 

is around 30 minutes. After the x-ray is generated in the x-ray tube, a laterally graded 

multilayer mirror also named Goebel mirror can reduce the divergence of the beam.   

A rotary absorber is used to control the intensity of the x-ray beam, 4 absorbers are 

put 90 degree from each other and during alignment of instrument, the absorber is always 

set at the maximum value. 
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Before the x-ray finally reaches the sample surface, a monochromator is used for high 

resolution purpose. It is made from (220) single crystalline Ge, and it can eliminate the Kα2 

spectrum from the x-ray and reduce the divergence of the X-ray beam to only a few arc-

seconds. The length (L) of the X-ray beam on the sample is: L=h/sin(ω), where h is the 

height of X-ray beam determined by the slit and ω is the incident angle.  

The receiving side optics are also applied to limit the width and divergence before it 

enter the detector. Analyzer crystals are often applied to limit the divergence and height of 

diffracted x-ray beam. 

The sample is loaded to the sample holder, and a close view of experiment equipment 

with sample loaded in shown in Figure 3-2. The source of the x-rays comes from the right 

part and enters the detector on the left side. 

The sample can move in seven freedoms as shown in Figure 3-2. 1~3 are three 

orthogonal coordinates that can adjust the position of the sample. Before measurement, the 

sample is always needed to be aligned in order that the x-ray beam shoot at the center of 

the sample. 

5 and 6 are rotating coordinates of ω and 2θ respectively. These two coordinates are 

extremely precise and the increment of each scan step can be as low as 0.0001º. The x-ray 

source is put at a fixed position. The changing of ω is obtained by rotating sample surface 

in coordinate 5.  

4 is a rotating coordinates of inclination Ψ angle also known as Chi angle. During Chi 

scan, sample surface is rotating around its center and lattice planes that are inclined to 

sample surface can be brought to the scattering direction. Chi angle is of vital importance 

to find diffraction of asymmetric planes. 
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The sample can also rotate in the plane of its surface, shown as 7. This type scan is 

also known as in-plane Φ scan. Φ scan are often applied to determine the in-plane 

orientation and symmetry of the lattice 

 

FIG. 3-2 Bruker high resolution x-ray diffractometer with sample loaded 

 

3.2 Sample Description 

The GaN samples for characterization can be divided into two groups. 

The first group of GaN samples is deposited on sapphire. As shown in Figure 3-3, all 

of them are circular shape with 2 inch size and the transparent substrate is sapphire with c 

plane orientation. 
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FIG. 3-3 GaN on sapphire samples 

 

The green sample on the left is a 2 inch Green LED, it is a junction of p-GaN and n-

GaN with a superlattice structure of InGaN/GaN acting as multiple quantum wells (MQW) 

in between. The estimated structure is shown in Figure 3-4(a). 

    The glass like sample in the middle is a 2 inch GaN on sapphire (denoted as GaN A). 

The glass like sample with darker color on the right is a 2 inch HEMT on sapphire (denoted 

as HEMT A) The structure of HEMT A is shown in Figure 3-4(b). 2 dimension electron 

gas (2DEG) is formed at the interface of GaN and AlGaN due to band structure, and 1~3 

nm GaN cap is on the top. 

 

FIG 3-4  Sketch of (a) Green LED  (b) HEMT on sapphire structure 
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    The second group of GaN samples is HEMT deposited on Si. As shown in Figure 3-

5, HEMT on Si all have mirror like surfaces. The small triangle shape on the left is one 

piece of 6 inch HEMT on Si (denoted as HEMT B). The circular shape in the middle is a 2 

inch HEMT on Si (denoted as HEMT C). The large triangle shape on the right is a piece of 

4 inch HEMT on Si (denoted as HEMT D). 

 

FIG. 3-5 GaN on Si samples 

 

    GaN cannot be deposited directly on Si due to wetting problems and lattice mismatch. 

A buffer layer made of AlN and AlGaN with different Al composition is applied. The 

structure of HEMT on Si share the structure shown in Figure 3-6, like HEMT A, all the 

HEMT on Si also have a GaN cap on the top. 

 

FIG. 3-6 Sketch of GaN on Si with buffer layer 
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3.3 HR-XRD measurement 

3.3.1 Symmetric θ/2θ Scan  

    For samples of GaN on Sapphire, θ/2θ scans are taken in the range of 30º ~ 45º, to 

detect both the GaN peak around 34.6º and sapphire peak around 42º. For samples of GaN 

on Si (111), θ/2θ scans are taken in the range of 28º ~ 38º to include the Si (111) peak 

around 29º. 

    All the samples are aligned on the GaN peak first before we run the symmetric scan.  

During scan, increment is set at 0.005º per scan type with scan speed is 0.1 sec/step.  

 

3.3.2 Skew Geometry Rocking Curve Measurement 

Planes with different inclination angles are selected for skew geometry rocking curves. 

Rocking curves for GaN (002), (105), (103), (102), (101) and (201) are measured at 

inclination angle Chi = 0º, 20.32º, 31.26º, 42.76º, 61.72º, 74.7º respectively. (The 

diffraction parameters are obtained from the Software XRD Wizard). The increment of 

each step is 0.005º with scan speed 1 sec/step. After measurements, FWHMs are plotted 

against Chi and extrapolated.  

 

3.3.3 RSM measurement 

RSM is measured for all HEMT samples and Green LED. The accessible region for 

GaN in reciprocal space is shown in Figure 3-7. Parameters are set to make the scan area 

(black area in Figure 3-7) cover enough Q space. 
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FIG 3-7 Accessible region for GaN in XRD Wizard 

 

The dark line in Figure 3-8 represents ω/2θ scan in reciprocal space. Radial scan at 

different ω angle form a 2D map that cover the area around diffraction point. 

 

FIG.3-8  Scan area in XRD Wizard 

 

 Symmetric plane (002) and asymmetric plane (104) are selected for RSM.  
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3.4 XRR Measurements 

   XRR measurements are taken for all HEMT samples. During measurement the 

monochromator Ge 220 is removed, and only Geobel Mirror is chosen for the incident 

beam optics because high intensity of x-ray is needed. Since the incident angle ω is very 

small during measurement, smaller slit of 0.2 mm is inserted since the length of x-ray 

L=h/sin(ω)  

    Additional slit of 1mm is also inserted in front of the detector. The range of XRR scan 

is from 0.1 to 6 º, increment 0.005º per step and 0.4 sec/step. 

 

3.5 Simulation by Software LEPTOS 

   1. HEMTs and Green LED composition simulation  

   2. XRR simulation for top AlGaN thickness and interface roughness 
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4. RESULTS AND DISCUSSION 

4.1 Symmetric θ/2θ Scan 

4.1.1 GaN on Sapphire 

    (1) θ/2θ Scan of GaN A is shown in Figure 4-1. 

 

FIG. 4-1 θ/2θ Scan of GaN A 

   The sharp and intense peak at 41.4º corresponds to single crystalline sapphire substrate 

with c plane orientation. The smooth and more intense peak at 34.6º indicates that single 

crystalline wurtzite GaN with (002) orientation is epitaxial grown on the sapphire substrate. 

The peak around 38º is the diffraction of the aluminum sample holder. 

The single crystalline wurtzite GaN is also confirmed by in-plane Φ scan of (102) 

plane. As shown in Figure 4-2, diffraction occurs at 60 intervals indicate a 6-fold symmetry 

of the wurtzite structure. 
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FIG. 4-2 Φ scan of (102) plane 

 

    (2) θ/2θ Scan of HEMT A is shown in Figure 4-3. 

 

FIG. 4-3 θ/2θ Scan of HEMT A 
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In addition to the (002) GaN peak and c plane sapphire peak, the peak around 35º is 

the (002) diffraction of the top AlxGa1-xN layer in the HEMT structure. No buffer layer is 

observed. 

Since the position of the AlxGa1-xN depends on both Al composition x and relaxation 

degree during epitaxial growth. Asymmetric RSM measurement to determine the 

relaxation degree is necessary before we can simulate the Al composition. 

     (3) θ/2θ Scan of Green LED is shown in Figure 4-4. 

 

FIG. 4-4 θ/2θ Scan of Green LED  

     

As we can see, the periodic peak distribution indicates a superlattice structure of 

InxGa1-xN/GaN. These perfect peaks are labeled from -3 to +2. The 0 order peak is not that 

obvious because InxGa1-xN with a relative low In composition will have a close lattice 

constant to GaN according to Vegard’s Law. Diffraction of these similar lattices is merged 

with each other as shown in the figure. 
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Since the angular position of the superlattice peaks are depend on both In composition 

and relaxation degree, we cannot apply Vegard’s Law to calculate the In composition. 

Vegard’s Law is based on the assumption that all the lattice are fully relaxed. In order to 

get the In composition, we need to obtain the degree of relaxation by RSM first. 

 

4.1.2 GaN on Si 

(1)  θ/2θ Scan of HEMT B is shown in Figure 4-5. 

 

     FIG. 4-5 θ/2θ Scan of HEMT B 

 

As we can see from this figure, many small peaks with intensity of 103 show up due 

to induced buffer layer. The estimated buffer layer structure is AlxGa1-xN with gradually 

decreased x value. The simulation of this structure will be included after the RSM 

measurement. 
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The peaks at positions less than 34 or higher than 36 correspond to thickness fringes 

of top AlGaN layer. We can simulate the thickness based on these information. The sharp 

and intense peak at 28.4º represents the perfect single crystal Si wafer with (111) orientation.  

Intense peak at 34.6º indicates that single crystalline GaN with (002) orientation is 

deposited. The peak at around 36º is the AlN (002) diffraction and the peak around 35º is 

the top AlGaN layer. 

 (2) θ/2θ Scan of HEMT D is shown in Figure 4-6. 

 

FIG. 4-6 θ/2θ Scan of HEMT D  

 

As we can in this Figure, similar pattern is observed in HEMT B, indicating that they 

have similar buffer layer structure. The peaks after 36º correspond to the thickness fringes 

of top AlGaN layer. 

(3)  θ/2θ Scan of HEMT C is shown in Figure 4-7. 
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FIG. 4-7 θ/2θ Scan of HEMT C 

    The Si peak intensity is relatively low in this figure, since it is aligned on the GaN 

peak, it means the GaN (002) plane is a little tilted to the Si (111) plane. Top AlGaN layer 

peak is around 35º and the peak close to 34.6º is the AlGaN in the buffer layer. The peak 

at 36.1º correspond to the AlN in the buffer layer.  

 

4.2 Rocking Curve and Dislocation Density (DD) Calculation 

    6 rocking curves of 6 different Chi angle planes are measured for each sample. The 

rocking curve of HEMT C (002) plane is shown in Figure 4-8 and the other 35 rocking 

curves figure will not be illustrated here. 
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FIG. 4-8 Rocking curve of HEMT C 002 plane 

 

36 FWHM values with different Chi angles are listed as shown in Table 4-1. The Software 

applied here is Origin. Figure 4-9 shows the plot of these data. 

 

Table 4-1 FWHM values for different Chi angles 
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FIG. 4-9 FWHM plotted against Chi by Origin 

     

A monotonic increase of FWHM is observed for each sample. Same trend is noticed 

for HEMT B and HEMT D indicating they have a similar buffer layer structure. HEMT B 

has the highest (002) and (201) FWHM, which means the highest screw DD and edge DD, 

while the best crystalline quality is obtained from GaN A. 

Interestingly, HEMT A (002) FWHM is found around only 350 arcsec which is almost 

the same as Green LED. However, a much higher edge DD in HEMT A indicates a huge 

in plane misorientation and they are more sensible to planes with larger inclination angle. 

A comparison of 2 inch HEMT A and HEMT C is made in Figure 4-10. A better 

rocking curve of symmetric plane is observed in HEMT A meaning a less screw DD for 
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HEMT on sapphire. However a much higher edge DD shows that without buffer layer, GaN 

on sapphire will have huge in-plane misorientation. 

  

  FIG. 4-10 Comparison of 2 inch HEMT on different substrate 

  

Linear fit by Origin is applied to each sample. After extrapolating the fit line and intersect 

with Chi=90º, the in-plane twist is obtained. A more accurate way to get the twist value is 

to calculate it by adding 90×slope to the tilt value. We can read the slope value from the 

linear fit result.  
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FIG. 4-11 Linear fit of:  (a) GaN A  (b) Green LED 

As shown in Figure 4-11 (a), The fitted slope for GaN A is 1.18 and  

Twist: (100) FWHM=292.4+1.18*90 = 398.6 arcsec 

Tilt: (002) FWHM= 300.2 arcsec. 

 

Based on equation 2-44, 

.

 

 

As shown in Figure 4-11 (b), the fitted slope for Green LED is 1.88 and  

Twist: (100) FWHM=351.3+1.88*90 = 520.5 arcsec 

Tilt: (002) FWHM= 351.3 arcsec 

ρe=1.44×109/cm2 

ρs=2.48×108/cm2. 
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FIG. 4-12 Linear fit of : (a)HEMT A  (b)HEMT C 

 

As shown in Figure 4-12 (a), the fitted slope for HEMT A is 11.6 and  

Twist: (100) FWHM=348.54+11.6*90 = 1392.54 arcsec 

Tilt: (002) FWHM= 348.54 arcsec 

ρe=1.02×1010/cm2 

ρs=2.44×108/cm2. 

 

As shown in Figure 4-12 b, the fitted slope for HEMT C is 1.86 and  

Twist: (100) FWHM=581+1.86*90 = 748.1 arcsec 

Tilt: (002) FWHM= 581 arcsec 

ρe=2.97×109/cm2 

ρs=6.78×108/cm2. 
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FIG. 4-13 Linear fit of  (a) HEMT B  (b) HEMT D 

 

As shown in Figure 4-13 (a), the fitted slope for HEMT B is 10.83 and  

Twist: (100) FWHM=762.1+10.83*90 = 1736.8 arcsec 

Tilt: (002) FWHM= 762.1 arcsec 

ρe=1.60×1010/cm2 

ρs=1.17×109/cm2. 

 

As shown in Figure 4-13 (b), the fitted slope for HEMT D is 6.00 and  

Twist: (100) FWHM=695.95+6*90 = 1236 arcsec 

Tilt: (002) FWHM= 695.95 arcsec 

ρe=8.12×109/cm2 

ρs=9.73×108/cm2. 

    Table 4-2 combined all the data together and a ratio of  is shown. 
screw

edge
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Table. 4-2 Concluded data of DD calculation 

 

    We can conclude form this table that  

    (1) Size effect: 6 inch epitaxial HEMT B has the highest DD.  

(2) Buffer layer effect: A 42 times higher edge DD is observed in HEMT A and 4.4 

times higher edge DD in found in HEMT C.  

(3) Substrate effect: GaN A has smaller DD than HEMT C. 

(4) The range of DD is from 108 to 1010 and this high of DD always coincides with a 

relaxation in RSM. 

 

4.3 RSM  

Figure 4-14 shows HEMT A RSM of a: (104) asymmetric plane  b: (002) symmetric 

plane. A fully relaxed line is drawn in Figure (a) by drawing a line from origin to the 

diffraction peak point. The white ellipse stand for the AlGaN (104) diffraction and lie on 

the fully relaxed line. The relaxation degree for HEMT A is 1. 
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FIG. 4-14 RSM of HEMT A  (a) 104 (b) 002 

 

Figure 4-15 shows HEMT B RSM of a: (104) asymmetric b: (002) symmetric. A fully 

relaxed line is drawn in figure a. As we can see, the diffraction ellipse of AlGaN with 
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different compositions in (002) RSM merged together in (104) RSM and form a green strip 

lied on the fully relaxed line. The relaxation degree for HEMT B is also 1. 

 

 

FIG 4-15 RSM of HEMT B (a) 104  (b) 002 

 

    Figure 4-16 shows HEMT C RSM of a: (104) asymmetric  b: (002) symmetric. A 

fully relaxed line is drawn in figure a, the dark green ellipse stands for the AlGaN (104) 
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diffraction while the light blue ellipse stands for the AlN (104) diffraction. GaN and AlGaN 

layers are slightly off the fully relaxed line. The relaxation degree for HEMT C is 

considered as 1. 

 

FIG. 4-16 RSM of HEMT C  (a) 104  (b) 002 

 



69 

 

Figure 4-17 shows HEMT D RSM of a: (104) asymmetric  b: (002) symmetric. A 

fully relaxed line is drawn in figure a. As we can see, the diffraction ellipse of AlGaN with 

different compositions in (002) RSM merged together in (104) RSM and form a green strip 

lied on the fully relaxed line. The relaxation degree for HEMT D is 1. 

 

 

 

FIG 4-17 RSM of HEMT D (a) 104  (b) 002 
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Figure 4-18 shows Green LED RSM of a: (104) asymmetric  b: (002) symmetric. 

Based on the geometry shown in Figure 2-30, relaxation lines are drawn by the equation

, where D=0.533 for GaN, and D for InGaN with low In composition 

doesn’t change much. The relaxation degree for Green LED is estimated as 0.9. 

 

 

FIG. 4-18 RSM of Green LED  (a) 104  (b) 002 

D
 tantan 
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4.4 Composition Simulation by XRD  

Simulations are run by LEPTOZ on 4 HEMT samples and Green LED. The relaxation 

degree is set as 1 for all 4 HEMT samples and 0.9 for Green LED. 

Figure 4-19 shows the simulation result of HEMT A, a 25nm Al0.33Ga0.67N layer is 

achieved. As we can see, no buffer layer is observe and GaN is directly grown on sapphire 

in HEMT A. 

 

 

 

                    FIG. 4-19 Simulation result of HEMT A 
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Figure 4-20 shows the simulation result of HEMT B, Al0.24Ga0.76N is deposited on 

GaN and the buffer layer consists of AlN, Al0.72Ga0.28N, Al0.48Ga0.52N. The thickness 

information is not reliable.  

 

 

 

FIG. 4-20 Simulation result of HEMT B 
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    Figure 4-21 shows the simulation result of HEMT C, top Al0.26Ga0.74N layer and buffer 

layer made of AlN and Al0.11Ga0.89N is achieved. The thickness information is not reliable 

cause the fringes are not fit. 

 

 

FIG. 4-21 Simulation result of  HEMT C 

 

     Figure 4-22 shows the simulation result of HEMT D, Al0.33Ga0.67N is deposited on 

GaN and the buffer layer consists of AlN, Al0.88Ga0.12N, Al0.59Ga0.41N. The thickness 

information is not reliable. 
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FIG. 4-22 Simulation result of HEMT D 

 

Figure 4-23 shows the simulation result of Green LED. The simulation ends up with 

5 period of GaN/In0.32Ga0.68N with thickness 16.2 and 2.5nm respectively. The simulation 

result is quite reliable because the bandgap of In0.32Ga0.68N lies exactly in the range of green 

light wavelength. [21] 
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FIG. 4-23 Simulation result of Green LED from -3 to +1 satellite peaks   

 

    In conclusion, by XRD simulation, only HEMT A is found with no AlN buffer layer. 

GaN is directly deposited on sapphire. This difference is also the main reason for extremely 

high in-plane misorientations, and edge dislocations found in 2 inch HEMT A as we 

discussed in section 4.2. 
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4.5 Simulation by XRR 

Figure 4-24 shows the XRR simulation of HEMT A, a 34 nm Al0.22Ga0.78N layer and 

a 3nm GaN cap are achieved. The roughness between the AlGaN/GaN interface is around 

0.9 nm. 

Figure 4-25 shows the XRR simulation of HEMT B, a 19nm Al0.36Ga0.64N layer and 

a 1nm GaN cap are achieved. The roughness between the AlGaN/GaN interface is nearly 

0. 

Figure 4-26 shows the XRR simulation of HEMT C, a 22nm Al0.34Ga0.66N layer and 

a 2nm GaN cap are achieved. The roughness between the AlGaN/GaN interface is around 

0.4 nm. 

Figure 4-27 shows the XRR simulation of HEMT D, a 21nm Al0.3Ga0.7N layer and a 

2nm GaN cap are achieved. The roughness between the AlGaN/GaN interface is nearly 0. 
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FIG. 4-24 XRR Simulation result of HEMT A 

 

 

FIG. 4-25 XRR Simulation result of HEMT B 
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FIG. 4-26 XRR Simulation result of HEMT C 

 

 

 

FIG. 4-27 XRR Simulation result of HEMT D 
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4.6 Comparison of XRD Simulation and XRR Simulation 

The XRD simulation result of HEMT A is compared with XRR simulation, shown in 

Table 4-3. The top one is XRD simulation while the bottom one is XRR simulation. 

 

Table 4-3 XRD simulation compared with XRR simulation of HEMT A 

 

 

    As we can see here XRD and XRR simulation are not perfectly consistent with each 

other. Usually we take the composition result from XRD simulation and thickness result 

from XRR simulation. Then we end up with our final simulation results and they are 

illustrated by schematic drawing in next chapter.  
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5. SUMMARY 

1. (002) single crystalline wurtzite GaN is observed in every sample. 

2. 6 inch sample HEMT B has the highest threading DD. 

3. GaN A with AlGaN buffer layer has the best crystal quality in GaN layer. 

4. HEMT A has huge in-plane misorientation due to directly grow without buffer layer. 

5. AlGaN buffer layers are characterized for the other HEMTs. 

6. In0.32Ga0.68N/GaN supperlattice structure is observed in Green LED, with thickness 16.2 

nm and 2.5nm. 

7. Top AlGaN layers and GaN cap are characterized by XRR. 

Based on the characterization result, the schematic structures of 4 different HEMTs are 

shown in Figure 4-28, 4-29, 4-30 and 4-31. 
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FIG. 5-1 Schematic structure of HEMT A 

 

 

FIG. 5-2 Schematic structure of HEMT B 
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FIG. 5-3 Schematic structure of HEMT C 

 

 

FIG. 5-4 Schematic structure of HEMT D 
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    In this thesis, x-ray techniques are employed for structural characterization of GaN-

based LEDs and HEMTs including: 

1. Symmetric θ/2θ scan for buffer and MQW structures. 

2. Rocking curves for threading dislocation density. 

3. Reciprocal space map for strain status. 

4. X-ray reflectivity for surface layer thickness and roughness. 

    It can be concluded that x-ray techniques can provide precise and reliable structural 

characterization. They are powerful tools for materials characterization and optimization 

for III-N-based solid-state lighting and power electronics.  
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