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Chapter 1 Introduction 

The pyramid-like structures on Ⅲ-Ⅴ compound semiconductors 

surfaces have been widely discussed. These structures are formed 

spontaneously1-6 or artificially7-12, and they all have particular optical and 

electrical properties. For example, some researches have studied the 

emission characteristics on artificial pyramid-like structures7-11 with the 

aid of spatial resolution spectrum, and results showed that the emission 

on apex and sidewall are quite different. In addition to the optical 

property, the electrical characteristics were also studied, such as field 

emission property, that showed good stability as the emitter. Besides the 

artificial pyramid-like structures, other studies focused on the 

spontaneously-formed pyramid-like structures, including the formation 

mechanism13-16, the optical properties17-19, and the electrical properties20. 

In this thesis, we studied two types of hillocks on the AlxGa1-xN 

(x=0.12) thin film with different morphology. We utilized atomic force 

microscopy (AFM) and the scanning electron microscopy (SEM) to 

characterize the structure profile and morphology. Through the 

measurements of micro- photoluminescence (µ-PL) and micro-Raman 

(µ-Raman) spectra, we investigated the optical characteristics of the 

hexagonal hillock structures on AlxGa1-xN thin film. Finally, we carried 
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out the composition analysis by using the energy dispersive x-ray 

spectrometer (EDX) to verify our interpretation of the spectra. 

  There are five chapters in the thesis, including this chapter 

“ Introduction ”. In chapter 2, we briefly describe the structure, optical 

transitions, and Raman scattering of Ⅲ-Nitride semiconductors. In chapter 

3, we give details of the sample preparation, the experimental setup and 

operation procedures. In chapter 4, we show the results of the surface 

morphology, photo-luminescence, Raman scattering, and EDX 

measurements of hillocks and discuss these features in the context of 

compositional variation. Finally, in chapter 5, we summarize the presently 

available data and propose a reasonable explanation for the observed 

transitions. 
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Chapter 2 Theoretical Backgrounds 

2-1 Wurtzite Structure and Related Raman Tensor 

  The wurtzite structure is similar to the basic zinc-blende (ZB) structure 

as shown in Fig. 2-1-1, each group-Ⅲ atom is coordinated by four 

nitrogen atoms. Alternatively, each nitrogen is also coordinated by four 

group-Ⅲ atoms (like a tetrahedron). The main difference between these 

two structures is in the stacking sequence of the closest packed diatomic 

planes, the stacking sequence is ABABAB⋯ in the <0001> direction for 

the wurtzite structure, and ABCABC⋯ in the <111> direction for the ZB 

structure. Therefore, the phonon dispersion curves for the wurtzite may 

be deduced from those for the ZB by folding the Brillo uin Zone (BZ) 

along the ?  (111) direction. Group theory (i.e. the point group vC6 ) 

predicts the following irreducible representations at the G-point for the 

wurtzite structure in BZ : 

))()(),(),((2 1211 iaBREIREIRA drprp +++=Γ  

Among these, one 1A  and one 1E  are acoustic vibration while the 1B  

mode is silent. The 2E  modes are Raman-active, the 1A  and the 1E  

modes are both Raman and infrared active. Concerning the polar modes 

( 1A and 1E ), they are split into the LO and TO modes due to the long range 

Coulomb field, so that there are six Raman-active phonons.  
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                          (a) The Zinc-Blende structure  

 

 
 

                          (b) The Wurtzite structure 
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Fig. 2-1-1 The common structures of Ⅲ-Ⅴ compound 

semiconductors 
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However, for non-polar modes ( 2E  and 1B ), which can be associated 

with the back-folded BZ edge at X point of the corresponding ZB 

structure, Al, Ga and N atoms vibrate in anti-parallel directions. The two 

2E  non-polar normal modes can couple to each other, since they belong 

to the same representation of the vC6  group. 

The Raman tensors for the vC6  point group are expressed by the 

susceptibility matrix 
↔
χ  in the following forms: 
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The scattering probability is formed by taking the product of the 

susceptibility matrix 
↔
χ  with the incident 

→

iε  and scattered 
→

sε  

polarization vectors in the form 
→↔→

⋅⋅ si εχε . It is non-zero for Raman active 

modes with particular combinations of 
→

iε  and 
→

sε . By using the tensor 

calculation, the Raman selection rules of the hexagonal Ⅲ-N are shown 

in the Table 2-1-1. 
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       Phonon modes 
Polarization 
configuration 

 

A1 

 

E1 

 

E2 
( )z yy z  2a  0 2d  
( )z yx z  0 0 2d  
( )y xx y  2a  0 2d  
( )y xz y  0 2c  2d  
( )z yy z  2a  0 2d  
( )z yx z  0 0 2d  

The table was calculated from the susceptibility and the incident and 

scattered polarization vectors. 

 

 

Scattering configuration                    Allowed  modes  

( )z yy z                                    2( )E TO ， 1( )A LO  

( )z yx z                                        2( )E TO  

( )y xx y                                        1( )A TO  

( )y xz y                                        1( )E TO  

( )z yy z                                    2( )E TO ， 1( )A TO  

( )z yx z                                    1( )E TO ， 1( )E LO  

Raman selection rules for optical phonons in wurtzite crystal. 

 

 

 

 

 

 

Table 2-1-1 The selection rule for hexagonal structures. 
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2-2 Photoluminescence in Semiconductors 

  As the laser beam irradiates a semiconductor, electrons and holes can 

be created if the photon energy is larger than the semiconductor band gap. 

The electrons and holes may be scattered and then redistribute near the 

conduction band minimum and the valence band maximum, through the 

process called “ Thermalization ”. Under the quasi-thermal equilibrium, 

electrons and holes may recombine and produce photons. If the defects or 

impurities exist in the semiconductors, the electron-hole pairs may 

recombine and create photons via the levels formed by defects and 

impurities, these levels are often called “radiative centers”. Furthermore, 

defects and impurities may also create “ non-radiative centers ”, at which 

the electron-hole pairs are absorbed but do not emit photons, so that the 

emission efficiency will be reduced. Two types of recombination are 

described as follows :  

(A) Radiative Transition 

(I) Band to Band Transition 

  In perfect semiconductors, the excited electrons and holes will 

accumulate at the conduction band and valence band extrema. As shown 

in Fig. 2-2-1, electron-hole (e-h) pairs will recombine radiatively with 

high probability (in the direct band gap semiconductor). The  
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  (a) Direct transition 

    

(b) Indirect transition 

 
 
 

Fig. 2-2-1 The schematic representation of direct and  

indirect transitions.  
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recombination rate can be expressed as : 

∫= nphdhRR ~)()( νν  

the rate is proportional to the electron-hole concentration. But in the 

indirect band gap semiconductors, the transition must involve an 

additional particle – “phonon” (in order to satisfy the momentum 

conservation rule). Thus, the transition probability will be reduced, and 

the emission efficiency is lower than the direct band gap semiconductors. 

Most of Ⅲ-Nitrides (such as GaN、InGaN、AlGaN) are the direct band 

gap semiconductors. In our studies, we observed the band-to-band 

transition of AlGaN. 

(II) Exciton Transition 

  In high quality semiconductors, the Coulomb interaction between the 

conduction band electrons and the valence band holes will result in the 

formation of the bound electron-hole pairs, that is the so called 

“ exciton ”, as shown in Fig. 2-2-2. The exciton is analogous to 

“positronium atom” – an electron bound to a positron, and this 

quasi-particle (exciton) is electrically neutral. In most Ⅱ-Ⅳ、Ⅲ-Ⅴ 

semiconductors, the exciton radius (Bohr radius) is large in comparison 

with the length of the lattice unit cells, they are called “ Wannier 

excitons ”. Beside this, if the radius of the excitons is on the order of or  
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Fig. 2-2-2 A pair excitation in the scheme of valence and   

conduction band in the exciton energy diagram for a direct 

semiconductor 
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smaller than an atomic unit cell, these are called “ Frenkel excitons ”. In 

order to obtain the exciton’s energy levels, one may write the linear 

combination of electron and hole Bloch functions as follows: 

)()(),(),(
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hole in the valence band with wave vector 
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inserting these functions into the two-particle dingeroSchr
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one may get the exciton’s eigen-energy (total exciton energy with a 

principal quantum number “n”) as : 
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where gE  is the energy gap of semiconductor , the second term exhibits 

the exciton’s energy levels with the exciton Bohr radius 
2

2
0

em
a

r
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last term is the center-of-mass energy. rm  and M are the reduced mass 

and the total mass, respectively. So the exciton may dissociate into a free 
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electron-hole pair and recombine with the photon energy : 

222
0

42 1
2 n

em
Eh r

g ⋅−= hε
ν  

In our previous studies, the additional transition line was attributed to the 

localized excitons. 

(III) Donor Acceptor Pair Recombination (DAP) 

  The impurities present in the semiconductors may form the donor 

(positive) or the acceptor (negative) levels in the energy gap. The 

electrons and holes created by the laser excitation may be bound to the 

donor (D+) and the acceptor (A-) to form the neutral donor (D0) and 

acceptor (A0). If the neutral donor electron and the acceptor hole 

recombine, as expressed by : 

−+ ++→+ ADhAD ν00  

it can emit photon with an energy : 

DA
ADgDAP R

e
EEEhE

⋅
++−==

ε
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where gE  is the energy gap of semiconductor, DE  and AE  is the 

binding energy for the electron to the donor and the hole to the acceptor. 

DAR  is the distance between the donor and the acceptor. If the DAR  

increases, the transition probability will reduce, so does the PL intensity. 

(B) Non-Radiative Transition 
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  There are several transitions that compete with the radiative transition 

and thus reduce the emission efficiency.  They are described as follows : 

(I) The e-h pair is scattered by the phonon or carriers and loses its 

energy. 

(II) The e-h pair recombines at defect, dislocation, grain boundary or 

surface, and loses its excess energy, the so-called “cascade 

process”. 

(III) The e-h pair loses its energy via the “ Auger process ” that involves 

the core level transitions. 

All the non-radiation transitions will compete with radiation transitions, 

the more the non-radiation transition, the lower the PL intensity. 
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2-3 Raman scattering  

  Photons may be scattered inelastically by the optical and acoustic pho- 

nons, when an optical phonon was involved in the scattering, the process 

is called the Raman scattering. This effect was firstly discovered by Sir 

C.V. Raman in the molecular light scattering. The photon frequenncy is 

shifted after interacting with a phonon. If the phonon creates in the 

interaction, the photon energy would be shifted toward lower frequency, 

the so called “Stokes process”. On the other hand, if the phonon is 

absorbed in the interaction, the photon energy would be shifted toward 

higher frequency, it is the “Anti-Stokes process”. All these processes must 

obey the energy and the momentum, conservation laws. 

phononiR

phononiR

kkk
→→→

±=

Ω±= hhh ωω
 

where Rωh  and 
→

Rk  are the scattered photon energy and momentum, 

iωh  and 
→

ik  are the incident photon energy and momentum, phononΩh  

and phononk
→

 are the phonon energy and momentum, respectively. Because 

the phonon frequency can be expressed as36 : 

M
k

k phonon
)(

)(

→
→

=Ω
λ  

where )(
→
kλ  is the force constant with wave vector 

→
k  and 

→
k  is a 

function of lattice constant. If the strain or the composition changes, the 
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lattice constant will also change and affect the phonon frequency. 

According to the shift of the phonon frequency, we may analyze the 

crystalline structure. 

From the scattered photons, one may obtain a lot of information about 

the semiconductor structure, orientation, symmetry, even the doping 

concentration via the scattered Raman intensity, shift, linewidth, and the 

line shape.  
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2-4 Scanning electron microscopy (SEM) and Energy 

dispersive x-ray spectrometer (EDX) 

  In optical microscopy, we obtain the magnified morphology of the 

sample via the photon collected by the lens. But in electron microscopy, 

the electron is accelerated by the high voltage, then the electron beam is 

converged and focused by the electric-magnetic lens. The beam would 

scan over the sample by the scanning coil, when the electron beam strikes 

the sample, one obtains the electron signals. As the electron beam scans 

over the sample, the electron signals from each region are recorded, and 

one can get the sample morphology through calculation.  

  When the electron beam strikes the sample, secondary electrons、

backscattered electrons、Auger electrons、x-ray、cathodoluminescence etc.  

would be excited. For the image, we operated at the “ Secondary Electron 

Image ” (SEI) or “ Backscattered electron image ” (BEI) modes, that were 

described as the following: 

(I) Secondary Electron  

  When the atoms on the surface are collided by the incident electrons, 

the weak-bonding electrons would be released, electrons’ energy were 

lowered by 50eV, they are called secondary electrons. Because 

low-energy electrons are created only near the surface, these are sensitive 
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to the changes of the surface, so one can get high spatially-resolved 

images.  

(II) Backscattered Electron  

  When the incident electrons are collided with the atoms elastically, the 

electrons escape from the surface with the same or less energy, these 

electrons are called backscattered electrons. The number of scattered 

electrons changes with different elements, when the atomic number of  

the element increases, the backscattered electrons would increase, so the 

region with higher atomic number would become brighter on the image. 

It can be utilized for the atomic qualitative analysis. But the scattered 

electrons come from the deeper region, so the electron beam was 

scattered more dispersively, and the spatial resolution is worse than 

secondary electron mode.  

  When the focused electron beam strikes the sample, the x-ray would 

also emit. Because each element has its characteristic x-ray line, we can 

analyze the peak position to resolve the element. The x-ray can excite the 

electrons and holes in the detector, so that the carriers would contribute to 

the electrical pulse. We may transfer the signals into the multi-channel 

analyzer and plot the spectrum for analyzing the element. The processes 

are described as follows:  
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(1) Find the element that we want to analyze using a standard sample 

(2) Under the same conditions, record the peak position of the 

characteristic x-ray from the standard sample and our sample. 

The background intensity of the standard sample is needed, too.  

(3) Correct the “ dead time ” of the system to get the peak intensity. 

(4) Get the net intensity by subtracting the background intensity: 

STD
i

unk
iunk

i
unk
i I

I
KC =≈  

for unk
iC  ：the weight ratio of element i in our sample, 

   unk
iK  ：relative peak intensity of the element i, 

    unk
iI  ：net peak intensity of the element i in our sample, 

    STD
iI  ：peak intensity of the standard sample, 

and “unk” means unknown sample. 
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Chapter 3 Experiments 

3-1 Sample preparation 

     The AlxGa1-xN thin film sample, obtained from the “Chung-Shan 

Institute of Science and Technology ”, was grown by the Low Pressure 

Metalorganic Chemical Vapor Deposition (MOCVD) system. The system 

( AIXTRON 200 ) was equipped the horizontal quartz reactor, with the 

radio- frequency (RF) as the heating source. The AlxGa1-xN thin film was 

deposited on the (0001) sapphire, by using Trimethylgallium ( TMGa) 、 

Trimethylaluminum (TMAl)、Ammonia (NH3) as the Ga、Al、N sources, 

and the high- purity H2 as the carrier gas. Prior to growth, the substrate 

was sent to the reactor and thermally cleaned under the hydrogen ambient  

at 1120 ℃ for 10 minutes. In order to minimize the lattice mismatch 

between the thin film and sapphire, we deposited an aluminum nitride 

( AlN ) buffer layer about 25nm and then aluminum gallium nitride 

( AlxGa1-xN ) thin film about 0.7 µm.  
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3-2 Atomic Force Microscopy (AFM) 

  The basic operational principle of atomic force microscopy is to bias 

the cantilever with AC and DC voltages, when the AC signal was tuned to 

the resonance frequency of the cantilever, the cantilever will vibrate at     

larger and clearer amplitude. One may move the probe with sharp tip on 

the cantilever to the sample surface. If the distance between the tip and 

the sample is reduced, the attractive and repulsive forces will make 

effects on the probe, that may change the amplitude or the displacement 

of the cantilever. Then, one may direct the laser spot on the cantilever, 

and detect the reflective signals from the cantilever.  From the reflective 

signals, we may analyze the sample surface. Traditionally, one may 

operate the AFM system in three modes to obtain the sample morphology. 

We introduce these modes as follows, with the diagrams shown in Fig. 

3-2-1. In our experiment, we operated the AFM in semi-contact mode. 

(I) Contact Mode  

     In this mode , the cantilevers touches the surface and scans over the  

sample. Via the electrical feedback loop, the piezoelectric scanner 

enforces the cantilever with a constant force. As the surface height 

changes, the system will detect the deflection signals of the cantilever and 

then it modulates the scanner’s height to keep the constant force 
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The diagram shows the operation of the AFM system 

    

  

 Probe chip      Cantilever of the probe         Tip 

 

 

Fig. 3-2-1 AFM system and Probe   
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condition. The modulation of the scanner’s height will be recorded and 

processed by the controller and the software, and finally provides us with 

the sample’s morphology.  

(II) Non-Contact Mode 

  In order to avoid the destruction from the probes, non-contact mode  

is preferred. It vibrates with a small amplitude and utilizes the long range 

Van der Waal’s force between the tip and sample. But the long range force 

is not sensitive to the changes of the height, it needs advanced mo- 

dulation technology to enhance the signal to noise ration (S/N). In the 

ambient environment, the non-contact mode’s resolution is only about 

50nm. If we want to obtain the better images, the system must be loaded 

into the vacuum chambers. 

(III) Semi-Contact Mode 

  The semi-contact mode is improved from the non-contact mode, the 

amplitude of the cantilever is enlarged , and the height between the tip 

and the sample is reduced. Through the special modulation technology,  

the changes of surface height affecting the cantilever’s amplitude may be 

recorded, and one may obtain the morphology through the software 

analysis. It is also more sensitive to interact with surface, that is more 

suitable to characterize the surface distribution of the magnetic and 
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electric filed、elasticity and viscosity. 

  Beside the morphology measurements, the AFM system can also be 

utilized for other researches, such as the micro I-V measurements, 

spreading resistance distribution, or the nano-lithography. All the new 

functions are still under developing. 

Our Scanning Probe microscopy ( SPM ) system was manufactured by 

the “ Molecular Devices and Tools for Nano Technology “ ( NT-MDT )  

in Russia. The AFM system we used was Solver P47H, that can be 

operated in multi-modes, such as AFM for morphology measurements, 

lateral force microscopy for the friction distribution, and MFM, EFM, 

SKM, etc. In this study, we obtained the hillock’s profile from the AFM 

system which can be operated in contact mode, non-contact mode, and 

semi-contact modes. In order to obtain the better images, we utilized the 

semi-contact mode to obtain the morphology. The AFM probes were also 

from the NT-MDT. They have a cantilever about 50 or 80 µm, and a sharp 

tip with a radius of curvature about 10 nm.  
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3-3 Micro-PL system 

  The Micro-PL system incorporated an Olympus BH2 optical 

microscope. The system is shown in Fig. 3-3-1. The He-Cd laser operated 

at 325nm (Omnichrome 2074-M-A02) is the light source. The beam was 

reflected by an UV mirror and then incident into the microscope, passing 

through a beam splitter and focused by the near-UV objective lens sets 

( Mitutoyo NUV 100X , N.A.=0.5). The focused spot is detected by a 

color CCD camera ( Sony Exwave HAD ), with a diameter ≦ 3 µm. The 

luminescence signals from the laser beam were collected by the objective 

lens, then reflected by the beam splitter, through the long pass filter to cut 

off the laser signals. Finally, the PL signals were sent into the optical fiber, 

and dispersed by the monochrometor ( ARC Pro 500) and detected by the 

photomultiplier tube (PMT Hamamatsu R955). As the entrance and exit 

slits of the monochromator were both set to 50 µm, the spectral resolution 

was about 0.2 nm. All signals were processed by the LabView-based 

software.  

 

 

 



 29 

 

 

 

 

 

Fig. 3-3-1 µ-PL system 
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3-4 Micro-Raman system 

The HR800 Micro-Raman system was manufactured by Jobin-Yvon 

corporation. The system is shown in Fig. 3-4-1. It consists of an Olympus 

BX-41 confocal microscope, a Raman spectrometer, and a liquid nitrogen 

cooled CCD detector. The laser beam (at 488nm) from the Coherent 

Innova 90C-A6 multiline visible laser, and reflected by five UV mirrors, 

and then incident into the system. To cut off the laser plasma line, an 

inteference filter (at 488 nm) was inserted. After reflecion by a mirror and 

a notch filter ( at 488 nm ), the beam was guided into the microscope, and 

focused by the objective lens ( Olympus 100X N.A.= 0.9 ), with the spot 

size on the sample about 2 µm. The Raman signals from the sample and 

the laser signals reflected by the sample were both collected by the 

objective lens. However, after the notch filter,  only the Raman signals 

passed and were guided into the Raman spectrometer. This Raman 

spectrometer is equipped with a single grating ( 2400 g/mm ), with the 

spectral resolution better than 0.4 cm-1. Finally, the dispersed Raman 

signals will be collected by the CCD detector ( UV coating open 

electrode chip and CCD-3000v controller ).  All the data were processed 

by the commercial software ‘Labspec’. 
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Fig. 3-4-1 µ-Raman system 
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3-5 Field Emission SEM and EDX 

  In the experiments, we utilized the JSM-6500F field emission SEM 

manufactured by the Japan Electron Optics Laboratory (JEOL). The    

electron beam was emitted from the Schottky emitter, which was operated 

at 1800K. The electrons obtain the thermal energy and jump across the 

barrier (but not via the tunneling), and then escape from the tip. The 

spatial resolution is 1.5nm at 15kV and 5nm at 1kV, the magnification is 

between 10~500,000 X. This SEM is also equipped with the energy 

dispersive spectrometer manufactured from the Oxford Instrument, it can 

detect signals of the element with the atomic number between 5~92. 
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Chapter 4 Results and Discussion 
In this chapter, we present experimental results of the pyramid-liked 

structure – hexagonal hillocks on AlxGa1-xN. The AFM image of the 

morphology of hillocks, the spatially resolved µ-PL and the µ-Raman 

spectra are analyzed to elucidate the photo-carriers recombination 

mechanism and the phonon distribution. The SEM images of hillocks, 

and the EDX equipped on SEM were measured for qualitative element 

analysis. 

4-1 Morphology of hillocks 

  As shown in Fig. 4-1-1 and Fig.  4-1-3, the AFM images exhibit the 

morphology and profile of two types of hillock. The first type looks like a 

truncated pyramid, it has a quasi-flat top and the angle between the 

sidewall and plane region is about 55°; the second type looks like a ger, it 

has two-step sidewall and an obtuse apex, the angle between plane region 

and bottom sidewall is about 20° while the upper sidewall is about 13°. 

The significant difference can also be observed in the SEM images of Fig. 

4-1-2 and Fig. 4-1-4. Some reports indicated that the control of growth 

condition21 will affect the formation shape. And the strain on surface also 

plays an important role of the pyramid-like structures13-16. 
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Fig. 4-1-1 

AFM image and profile of flat top hillocks 
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Fig. 4-1-2 

SEM image and side view of flat top hillocks 
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Fig. 4-1-3 

AFM image and profile of two step hillocks 
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Fig. 4-1-4 

SEM image and side view of Two steps hillocks 
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4-2 Micro-PL spectra of hillocks 

  To investigate the behavior of photo-excited carriers and recombination 

mechanisms of hillocks, we show the µ-PL spectra which were taken at 

different locations across the hillocks and their optical images under the 

microscope. All spectra were acquired at room temperature, and the 

spectral resolution is about 0.2nm. In Fig. 4-2-1 and Fig. 4-2-2, we can 

observe the near-band-edge emission (NBE) at ~340nm (3.6eV) on the 

plain region and as close to the edge of the flat top hillock. However, we 

noticed that inside the hillocks, another emission is emerging at ~350 nm 

(3.5 eV). The near-band-edge emission (~340nm) does not shift, while 

the extra peak (~350nm) appears only inside the hillock. This extra peak 

is stronger than the NBE, and belongs only to the hillocks. The main 

features are also observed in the two step-sidewall hillocks in Fig. 4-2-4 

and 4-2-5. This phenomenon had been observed by Robins and 

Wickenden17, but they did not provide a clear explanation. Our 

observation differs from the progressive shift in strained samples22-23. 

Previously, we attributed the emission to the localization effect of some 

acceptor-like states24. From this investigation, we have come up with an 

alternative interpretation that the emission may be attributed to Al 

fluctuation. 
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If the optical properties of the hillock are dominated by the Al fraction 

fluctuation, we may estimate the Al fraction in the plain region and inside 

the hillocks. From the μ-PL spectra, the peak position can be converted 

into photon energy as: 

)(
1240

)(
nm

eVEg λ
=  

By substituting it into the empirical formula, one obtains Al fraction “x” : 

)1()1()(1 xxbExExxE AlN
g

GaN
g

NGaAl
g

xx −⋅⋅−⋅+⋅−=−  

We used the following constants35,38 : 

Band gap of GaN : )(42.3 eVEGaN
g =  

Band gap of AlN : )(2.6 eVE AlN
g =  

Bowing parameter : )(3.1 eVb =  

By plotting the PL peak position of Fig. 4-2-2 and Fig. 4-2-5 in Fig. 

4-2-3 and Fig. 4-2-6, the peak position at 342 nm and 352 nm 

corresponds to an Al fraction of ~12.5% and ~6.5%, respectively. 
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Fig. 4-2-1 and Fig. 4-2-2 

Optical image and spatially resolved µ-PL spectra  

of flat top hillock 
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Fig. 4-2-3 Al fraction estimated from µ-PL spectra 

（Flat Top hillocks） 

-6 -4 -2 0 2 4 6
0

4

8

12

16

20

 

 
A

l f
ra

ct
io

n
 f

ro
m

 µ
-P

L
 (

%
)

Position from the center (µm)



 42 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Fig. 4-2-4 and Fig. 4-2-5 

Optical image and spatially resolved µ-PL spectra  

of two steps hillocks 
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Fig. 4-2-6 Al fraction estimated from µ-PL spectra 

（Two steps hillocks） 
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4-3 Micro-Raman spectra of hillocks 

  Besides the photoluminescence, we also used the µ-Raman scattering 

to investigate the distribution of the Raman modes. In Fig. 4-3-1 and Fig. 

4-3-2, we show the optical image and spatially-resolved Raman spectra. 

In the plain region, the E2 mode frequency is ~574 cm-1, but it shifts 

toward ~570 cm-1 in both two types of hillocks. The full width at half 

maximum (FWHM) is ~ 6cm-1 in the plain region, and decreases to ~ 4.5 

cm-1 inside the hillocks. According to the experimental results, the 

phonon frequency softening and FWHM reduction of the E2 mode, may 

be attributed to the Al fraction variation.32-33 In the Davydov et al’s 

study32, they indicated that the E2 phonon frequency will increase 

monotonically with the Al fraction in AlxGa1-xN. The E2 frequency of 

GaN and AlN is 567.6 cm-1 and 610 cm-1, respectively34,25. By using a 

linear approximation: 

)1()()()( 2212 xGaNExAlNENGaAlE xx −×+×=− , 

one may obtain the Al fraction. Since the E2 phonon frequency in the flat 

region is ~574 cm-1 and ~570 cm-1 inside the hillocks, we estimated that 

the Al fraction in the flat region is ~ 8% but only ~4% inside the hillocks. 

In addition to the E2 mode, we also observed another Raman peak at ~542 

cm-1 inside the flat top hillock, but none in the two-step sidewall hillocks. 
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Flat Top Hillock 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-3-1 

Spatially resolved Raman spectra 
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Flat Top Hillock 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Magnified spectra of Fig. 4-3-1 

（Between 550-600 cm-1） 
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Flat Top Hillock 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Spatially resolved E2 Raman frequency and its FWHM 
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Two-Steps Hillock 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4-3-2 

Spatially resolved Raman spectra 
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Two-Steps Hillock 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Magnified spectra of Fig. 4-3-2 

（Between 550-600 cm-1） 
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Spatially resolved E2 Raman frequency and its FWHM 
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According to other studies, the additional peak near the E2 mode may 

be due to the mixed crystal – such as cubic or hexagonal phase 

contributing to Raman signals27. In Liu et al.’s report29, they found some 

surface irregularities on cubic GaN, and some of them exhibit both cubic 

TO mode ( ~552 cm-1 ) and hexagonal A1 (TO) ( ~530 cm-1 ), E2 (TO) 

( ~560 cm-1 ) from the µ-Raman measurements. They attributed the 

additional Raman signals to the hexagonal GaN sitting on or being 

embedded into the cubic GaN layer. Thus, they can observe the hexagonal 

GaN signals on cubic GaN. Besides the above suggestion, another 

possibility is that the forbidden Raman modes (A1 (TO) or E1 (TO)) 

appear in the 
−
zxxz )(  scattering geometry. In Kuball et al.’s study30, they 

have found the forbidden Raman signals in the window region of GaN 

ELO ( Epitaxial Laterally Overgrown ) structure. They proposed that the 

high-defect density in the windows region may breakdown the Raman 

selection rule, so that the forbidden Raman signals can occur. Hao et al. 

also observed the forbidden Raman signals on the ELO GaN structure at 

coalescence edges, they assigned the observation to the superposition of 

backscattering and right angle scattering from the coalescence edges. But 

in our studies, the forbidden Raman signals arise only in the flat top 

hillocks, but not in the two-step hillocks. Because the flat top hillocks do 
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not have the declining edge that assist scattering from different 

polarization Raman modes, and the two-steps hillock has declining edges, 

and yet no additional Raman signals were detected, they implied that the 

extra Raman peak can’t result from the declining edge that brings about 

the right angle scattering. From the above discussion and Davydov et al.’s 

report25, we suggest that this additional Raman peak at ~542 cm-1 is the A1 

(TO) mode that should only arise in the 
−
yzzy )(  and 

−
yxxy )(  scattering 

configurations. 

By comparing the results in Figs. 4-3-3 and 4-3-4, the estimation of Al 

fraction from the E2 Raman mode is lower than the results of PL spectra. 

Because the strain reflects the distance between the atoms, that eventually 

changes the phonon frequency, so does the E2 peak position shifts, in the 

Raman measurements, 

The strain may result from the doping of impurity, the thickness of  

thin film, cracks on the surface, or the composition fluctuation, etc. The 

composition fluctuation may be the main cause for the E2 shift but other 

effects can’t be completely ruled out, so that there is some discrepancy 

between the estimations from µ-PL and µ-Raman measurements. 
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4-4 EDX analysis of hillocks 

  In order to check our analyses from the µ-PL spectra and µ-Raman 

spectra,  we utilized the X-ray micro analysis – EDX to analyze the Al 

fraction inside the hillock and on the plain region. In Fig. 4-5-1 and Fig. 

4-5-2, we show the SEM images and element analysis of the flat top and 

two-step sidewall hillocks. The Al fraction is obtained from the ratio of 

integrated Al signals to the sum of Al and Ga signals:  

Al fraction (%) 
)()(

)(
IntegratedGaIntegratedAl

IntegratedAl
+

=  

The results show that Al fraction inside the hillock is about 5~6%, but 

about 13~14% on the plain region. O’Donnell et al30 had observed the In 

and Ga fraction fluctuation on the hexagonal InGaN hillock-like 

structures and such fluctuation also caused changes in the CL emission 

line. They had also found that when the In fraction increases, the 

luminescence efficiency decreases. They claimed that the higher the In 

fraction is, the lower the emission efficiency can be found on the CL 

image. In our studies of µ-PL and EDX, because the lower Al-fraction 

structure (hillock) have stronger luminescence intensity from the µ-PL 

spectra, this implies that the more the Al fraction, the lower the emission 

efficiency. 
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Fig. 4-5-1 

Spatially resolved Al fraction of flat top hillock 
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Fig. 4-5-2 

Spatially resolved Al fraction of flat top hillock 
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This phenomenon can be observed both in K. P. O’Donnell and our 

studies. Similarly, SATO et al.31 also reported that composition 

inhomogeneity on InGaN surface will contribute to different emissions in 

CL measurements. However, in L. H. Robins and D. K. Wickenden’s 

study17, they observed that the hexagonal hillock on AlxGa1-xN had 

additional emission but did not give a clear explanation. Based on our 

measurements, the hillock itself is a low-Al-fraction structure, whether 

the flat top or the two step sidewall hillocks. Thus, the Stokes-like 

emission at ~350nm on hillocks is very likely due to the lower 

Al-composition-AlxGa1-xN. 
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Chapter 5 Conclusion 

  In this thesis, we had studied spontaneously formed hexagonal hillocks 

on the AlxGa1-xN (x~0.12) thin film from the SEM images and the AFM 

profiles. We also utilized the µ-PL and the µ-Raman scattering to 

characterize the optical properties of hillocks. Besides, quantitative 

analysis on the hillocks by the EDX was also carriered out. 

  From the SEM images and the AFM profiles, two types of hillocks 

with different morphology were observed. The first type is a truncated 

hexagonal pyramid with a flat top. The angle between the side-wall and 

the flat region is about 55?, and the diameters of these hillocks are about 

2~6 µm. The second type hillock looked like a canopy, it has two-step 

sidewall and an obtuse apex. The angle between the first sidewall and the 

flat region is about 20?, and the angle between the second sidewall and the 

first sidewall is about 13?.  

  In the µ-PL spectra, we found both two types of hillocks emitting 

strong luminescence line at ( ~350nm ), that is red shifted by ~ 10nm with 

respect to the plain region emission ( ~340nm ). In order to understand 

the transition mechanism of the Stokes-like emission, we performed the 

µ-Raman scattering. From the spectra of both hillocks, the E2 mode 

Raman shift is about 570 cm-1 that is red shifted from that on the plain 
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region at 574 cm-1 by 4 cm-1. The FWHM of E2 mode is less than 5 cm-1 

inside the hillocks but increases to 6 cm-1 in the plain region. 

The softening of the E2 Raman frequency and the reduction of FWHM 

implied that the composition of Al may be reduced. In addition to the E2 

Raman mode, another Raman feature at about 542 cm-1 appeared only in 

the flat top hillocks, that is likely the forbidden A1 (TO) Raman mode. We 

believed that the orientation of the flat top hillocks may differ from the 

two-step sidewall hillocks, so that under the same scattering configuration, 

one exhibited the forbidden Raman mode but another did not. 

  In order to examine the hypothesis of composition fluctuation, we 

utilized the EDX to analyze the composition fraction of Al on the hillock 

structures. The EDX data indicated that Al fraction is about 6-7 % inside 

both types of hillocks, but about 12-13% in the plain region. The results 

agreed well with that from the µ-PL spectra but slightly higher than that 

from the Raman spectra. However, all the results show that the Al fraction 

is reduced inside the hillocks. 
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