Chapter 1 Introduction

The pyramid-like structures on - compound semiconductors

surfaces have been widely discussed. These structures are formed

spontaneously™® or artificially’*

, and they all have particular optical and
electrica properties. For example, some researches have studied the
emission characteristics on artificia pyramid-like structures™ with the
ad of spatial resolution spectrum, and results showed that the emission
on apex and sdewal are quite different. In addition to the optica
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
spontaneoudy-formed pyramid=like structures, including the formation

18 the optical properties'’™*®, and the electrical properties®.

mechanism'

In this thess, we studied two types of hillocks on the Al,Ga,.,N
(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 (mPL) and micro-Raman

(mRaman) spectra, we investigated the optical characteristics of the

hexagonal hillock structures on Al,Ga,.,N thin film. Finaly, we carried



out the compostion anaysis 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  -Nitride semiconductors. In chapter
3, we give detalls 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. Findly, in chapter 5, we summarize the presently
avallable data and propose a reasonable explanation for the observed

transitions.



Chapter 2 Theoretical Backgrounds
2-1 Wurtzite Structure and Related Raman Tensor

The wurtzite structure is sSimilar to the basic zinc-blende (ZB) structure
as shown in Fig. 2-1-1, each group- aom is coordinated by four
nitrogen atoms. Alternatively, each nitrogen is aso coordinated by four
group- 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 Brillouin Zone (BZ)
adong the ? (111) direction. Group theory (i.e. the point group C,,)
predicts the following irreducible representations at the G-point for the
wurtzite structure in BZ :

G=2(A(R,.1,)+E,(R,,1,) + E,(Ry) + B,(ia))

Among these, one A andone E, areacoustic vibration whilethe B,
mode is slent. The E, modes are Raman-active, the A and the E,
modes are both Raman and infrared active. Concerning the polar modes
(A andE,), they are split into the LO and TO modes due to the long range

Coulomb field, so that there are six Raman-active phonons.



(b) The Wurtzite structure

http://www.univ-lemans.fr

Fig. 2-1-1 The common structuresof - compound

semiconductors
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However, for non-polar modes (E, and B,), 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
E, non-polar normal modes can couple to each other, since they belong

to the same representation of the C,, group.

The Raman tensors for the C,, point group are expressed by the

susceptibility matrix c in the following forms:

éa 0 Op
A mode P a 0
0 0 by
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The scattering probability is formed by taking the product of the

susceptibility matrix ¢ with the incident e and scattered e,

. . . ® « ® . A
polarization vectorsin theform |e xcxe|. It is non-zero for Raman active

modes with particular combinations of éi and ei. By using the tensor
calculation, the Raman selection rules of the hexagonal ~ -N are shown

inthe Table 2-1-1.



Phonon modes

Polarizati

configuration A1 E1 E2
z(yy)z a’ 0 d?
z(yx)Z 0 0 d?
y(xx)y a’ 0 d?
y(x2)y 0 c? d?
z(Wy)z a’ 0 d?
z(yx)z 0 0 d?

The table was calculated from the susceptibility and the incident and

scattered polarization vectors.

Scattering configuration Allowed modes
2(yy)z E,(TO) A(LO)
z(yx)Z E,(TO)
y(Ox)y A(TO)
y(2)y E,(TO)
2(W)z E.(TO) A(TO)
2(yx)Z E,(TO) E(LO)

Raman selection rulesfor optical phononsin wurtzite crystal.

Table 2-1-1 The selection rule for hexagonal structures

10



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 te
conduction band minimum and the valence band maximum, through the
process caled “ 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 “ nonradiative 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 asfollows:
(A) Radiative Transition
(1) Band to Band Transition

In perfect semiconductors, the excited eectrons 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

1



Fhoton emission

(a) Direct transition

Fhonen intermction

4 LA

Fhoton emission

(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 :
R=R(hn)d(hn) ~np

the rate is proportiona to the electron-hole concentration. But in the
indirect band gap semiconductors, the transtion must involve an
additional particle — “phonon” (in order to satisfy the momentum
conservation rule). Thus, the trangtion probability will be reduced, and
the emission efficiency is lower than the direct band gap semiconductors.
Most of  -Nitrides (suchas GaN InGaN AlGaN) are the direct band
gap semiconductors. In our studies, we observed the band-to-band
transition of AlGaN.
(11) 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 7, as shown in Hg. 2-2-2. The exciton is anaogous to
“pogitronium atom” — an electron bound to a positron, and this
guasi-particle (exciton) is electricaly neutra. In most - -
semiconductors, the exciton radius (Bohr radius) is large in comparison
with the length of the lattice unit cdls, they are called “ Wannier

excitons”. Besdethis, if the radius of the excitonsis 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 €ectron and hole Bloch functions as follows:

o ® ® . ® . ®
Y (r) =& T (k) ()4 . (5)

Kh

® ® . ®
where f (k. k,) is the expanson coefficient, ] cf?e(re) is the Bloch

®

function for an eectron in the conduction band with wave vector k. &

e

®

position r

e

®
and | s (r,) represents the the Bloch wave function for a

hole in the valence band with™ wave vector li@h at position Fi . By

inserting these functions into the two-particle- Schr odinger equation :

hz - hZ - e2
N¢ - Np = P
2m, 2m,

e0 r.e- rh

(_

))y (re’rh) :Ey (re’rh)

one may get the exciton's eigen-energy (total exciton energy with a

principa quantum number “n”) as:

C

n? 1 nPK¢
- x— +
2maZ n> 2M

E,=E

n g

where E, isthe energy gap of semiconductor , the second term exhibits

2
the exciton's energy levels with the exciton Bohr radius a, :%, the
m e

I

last term is the center-of-mass energy. m 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 :

m/et 1

hn = E._ - X—
° 2e2n* n?

In our previous studies, the additional transition line was attributed to the
localized excitons.
(111) Donor Acceptor Pair Recombination (DAP)

The impurities present in the semiconductors may form the donor
(pogitive) 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 (D°) and
acceptor (A%. If the neutral’ donor-eectron and the acceptor hole
recombine, as expressed by

D°+A°® hn +D* + A’
it can emit photon with an energy :

eZ

exR;,

Epawe =hn =E, - (E; +E,) +

where E; is the energy gap of semiconductor, E, and E, is the
binding energy for the electron to the donor and the hole to the acceptor.
R,, IS the distance between the donor and the acceptor. If the R,
increases, the trangition probability will reduce, so does the PL intengty.

(B) Non-Radiative Transition
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There are severd trangtions that compete with the radiative transition
and thus reduce the emission efficiency. They are described as follows :
()  The eh pair is scattered by the phonon or carriers and loses its

energy.

(1)  The eh par recombines at defect, dislocation, grain boundary or
surface, and loses its excess energy, the so-called “cascade
process”.

(111) Theeh pair loses its energy viathe “ Auger process” that involves
the core level transitions.

All the nonradiation 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 indlastically by the optical and acoustic pho-
nons, when an optical phonon was involved in the scattering, the process
is caled 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 te interaction, the photon energy would be shifted toward
higher frequency, it isthe “ Anti-Stokesprocess’. All these processes must
obey the energy and the mamentum, conservation laws.

AW R AW, AW 0o

® ® ®
kR = ki + K phonon

where nw, and I?R are the scattered photon energy and momentum,

aw, and ﬁi are the incident photon energy and momentum, #w,

phonon
and iphonm are the phonon energy and momentum, respectively. Because

the phonon frequency can be expressed as™ :

\AKE;) = l_glfz

phonon M
where | (ﬁ) 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 anayze the
crystalline structure.

From the scattered photons, one may obtain alot 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 eal cul ation.

When the electron beam dtrikes 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” (SEl) 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 eectrons would be released, electrons’ energy were
lowered by 50eV, they are caled secondary electrons. Because

low-energy electrons are created only near the surface these are sensitive



to the changes of the surface so one can get high spatialy-resolved
Images.
(1) Backscattered Electron

When the incident electrons are collided with the atoms elagtically, 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 dectron beam strikes the sample, the x-ray would
also emit. Because each element has its characteristic xray 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 electrica 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“ deadtime” of the system to get the peak intensity.

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

unk
I i

Ciunk » Kiunk —

I iSTD
for c'™  theweight ratio of element i in our sample,

K" relative peak intengity of the eement i,

1" net peak intengity.of the element t.in our sample,

15 peak intengity of the standard sample,

and “unk” means unknown sample.



Chapter 3 Experiments

3-1 Sample preparation

The Al,Ga.,N thin film sample, obtained from the “Chung-Shan
Ingtitute of Science and Technology ”, was gown 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 Al,Ga,,N thin film was
deposited on the (0001) sapphire, by using Trimethylgallium ( TMGa)
Trimethylaluminum (TMAI): Ammonia(NHs) asthe Ga Al N sources,
and the high- purity H, as:the carrier gas. Prior to growth, the substrate
was sent to the reactor and thermally cleaned under the hydrogen ambient
a 1120  for 10 minutes. In order to minimize the lattice mismatch
between the thin film and sapphire, we deposited an aluminum nitride
( AIN ) buffer layer about 25nm and then aluminum galium nitride

( Al,GayN ) thin film about 0.7 pm.
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3-2 Atomic For ce 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
sgnals, we may andyze:the sample surface. Traditionally, one may
operate the AFM system in three:modesto 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.

(1) Contact Mode

In this mode , the cantilevers touches the surface and scans over the
sample. Via the eectrica 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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Fig. 3-2-1 AFM system and Probe

25



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.
(1) 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 Wad'’ s force between the tip and sample. But the long range force
IS not sengtive to the changes of the height, it needs advanced mo-
dulation technology to enhance he signal to noise ration (S/N). In the
ambient environment, the non-contact mades resolution is only about
50nm. If we want to obtain the better images, the system must be loaded
into the vacuum chambers.
(111) 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 senditive to interact with surface, that is more

suitable to characterize the surface distribution of the magnetic and
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eectric filed dasticity and viscosity.

Beside the morphology measurements, the AFM system can aso be
utilized for other researches, such as the micro [-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 Russa. 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 dso
from the NT-MDT. They have a cantilever about 50 or 80 um, and a sharp

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

The Micro-PL system incorporated an Olympus BH2 optica
microscope. The system is shown in Fig. 3-3-1. The He-Cd laser operated
at 325nm (Omnichrome 2074-M-AQ2) 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 adiameter 3um. 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. Findly, 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
dits of the monochromator were both set to 50 um, the spectral resolution
was about 0.2 nm. All signas were processed by the LabView-based

software.
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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 amirror and
anotch filter ( a 488 nm ), the beam was guided into the microscope, and
focused by the objective lens ( Olympus. 100X N.A.= 0.9 ), with thespot
size on the sample about 2-nm, The Raman signals from the sample and
the laser signas 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 gmm ), with the
spectral resolution better than 0.4 cm’. Finaly, the dispersed Raman
signas 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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3-5 Field Emission SEM and EDX

In the experiments, we utilized the JSM-6500F field emisson SEM
manufactured by the Japan Electron Optics Laboratory (JEOL). The
electron beam was emitted from the Schottky emitter, which was operated
a 1800K. The electrons obtain the thermal energy and jump across the
barrier (but not via the tunneling), and then escape from the tip. The
gpatial 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 e ement:with the atomic number between 5~92.
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Chapter 4 Resultsand Discussion

In this chapter, we present experimental results of the pyramid-liked
structure — hexagonal hillocks on Al,Ga,.,N. The AFM image of the
morphology of hillocks, the spatially resolved p-PL and the p-Raman
gpectra 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. 41-3, the AFM images exhibit the
morphology and profile of two typesof hillock. The first typelookslike 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 aso be observed in the SEM images of Fig.
4-1-2 and Fig. 4-1-4. Some reports indicated that the control of growth
condition™ will affect the formation shape And the strain on surface dso

plays an important role of the pyramid-like structures™*®,
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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 p-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 Fg. 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 insidethe 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
Wickenden™, but they did not provide a clear explanation. Our
observation differs from the progressive shift in strained samples®?.
Previoudy, we attributed the emission to the localization effect of some
acceptor-like states™. From this investigation, we have come up with an

dternative interpretation that the emisson may be atributed to Al

fluctuation.



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 p -PL spectra, the peak position can be converted
into photon energy as:

E,(eV) = %
By subgtituting it into the empirical formula, one obtains Al fraction “Xx” :
E, N (X) = (1 x)xES™ +xxE;™ - bxxX(1- X)
We used the following constants®™® :
Band gap of GaN : E;*" =3.42(eV)
Band gap of AIN : E;"™ =6.2(eV)
Bowing parameter : b=1.3(V)

By plotting the PL peak position of -Fig. 42-2 and Fig. 4-2-5 in Fg.

4-2-3 and Fig. 4-2-6, the peak podtion a 342 nm and 352 nm

corresponds to an Al fraction of ~12.5% and ~6.5%, respectively.
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Optical image and spatially resolved p-PL spectra
of flat top hillock
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4-3 Micro-Raman spectra of hillocks

Besides the photoluminescence, we dso used the p-Raman scattering
to investigate the distribution of the Raman modes. In Fg. 4-3-1 and Fig.
4-3-2, we show the optical image and Fatialy-resolved Raman spectra.
In the plain region, the E, mode frequency is ~574 cm’, but it shifts
toward ~570 cmi’ in both two types of hillocks. The full width at half
maximum (FWHM) is ~ 6cmi™ in the plain region, and decreases to ~ 4.5
cm” inside the hillocks. According to the experimental results, the
phonon frequency softening and FWHM reduction of the E, mode, may
be attributed to the Al frattion Vériation > In the Davydov et al's
study®, they indicated that the E, phonon frequency will increase
monotonicaly with the Al fragtion in-AlLGa,.,N. The E, frequency of
GaN and AIN is 567.6 cm*and 610 cm™, respectively®**. By using a
linear approximation:

E,(Al Ga, N)=E,(AN)" x+E,(GaN)" (1- x),

one may obtain the Al fraction. Since the E phonon frequency in the flat
region is ~574 cm* and ~570 cm™* 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 E, mode, we also observed another Raman peak at ~542

cm* insidethe flat top hillock, but nonein the two-step sidewall hillocks.
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According to other studies, the additional peak near the E, mode may
be due to the mixed crystal — such as cubic or hexagonal phase
contributing to Raman signals®’. In Liu et al.’s report®, they found some
surface irregularities on cubic GaN, and some of them exhibit both cubic
TO mode ( ~552 cm™* ) and hexagona A, (TO) ( ~530 cmi'), E, (TO)
( ~560 cm* ) from the p-Raman measurements. They attributed the
additional Raman signals to the hexagonal GaN ditting 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
possihility is that the forbiddenRaman modes (A, (TO) or E; (TO))
appear inthe z(xxz scatéring geometry. In-Kuball et al.’s study™, they
have found the forbidden Raman signals-in the window region of GaN
ELO ( Epitaxia Lateraly 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 Gal structure at
coalescence edges, they assigned the observation to the superposition of
backscattering and right angle scattering from the coal escence 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
report™, we suggest that this additional Raman peak at ~542 cmi*is the A;
(TO) mode that should only arise in the y(z)y and y(xx)y scattering
configurations.

By comparing the results in Figs, 4-3-3 and 4-3-4, the estimation of Al
fraction from the E;, 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. doesthe E, 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 E shift but other
effects can't be completely ruled out, so that there is some discrepancy

between the estimations from p-PL and p-Raman measurements.
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4-4 EDX analysisof hillocks

In order to check our analyses from the p-PL spectra and p-Raman
spectra, we utilized the X-ray micro analyss — EDX to anadyze 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 Gasignals:

Al fraction (%) - Al(Integrated)
Al(Integrated) + Ga( Integrated)

The results show that Al fraction inside the hillock is about 5~6%, but
about 13~14% on the plain region @"Donnéll et al* 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 aso 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 p-PL and EDX, because the lower Al-fraction
structure (hillock) have stronger luminescence intensty from the p-PL
gpectra, this implies that the more the Al fraction, the lower the emission

efficiency.
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This phenomenon can be observed both in K. P. ODonnell and our
studies. Similarly, SATO et al.®* aso 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
study™’, they observed that the hexagona hillock on AlGa. N 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
emisson a ~350nm on hillocks is very likely due to the lower

Al-compositiontAl,Ga,_yN.



Chapter 5 Conclusion

In this thes's, we had studied spontaneoudy formed hexagona hillocks
on the Al,Ga,.,N (x~0.12) thin film fromthe SEM images and the AFM
profiles. We aso utilized the p-PL and the p-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
hexagona pyramid with a flat top. The angle between the side-wall and
the flat region is about 557 and thédiameters of these hillocks are about
2~6 um. The second typehillock looked like a canopy, it has two-step
sidewall and an obtuse apex. The angle between the first sdewall and the
flat region is about 207 and the angle between the second sidewall and the
first sdewall is about 137?

In the p-PL spectra, we found both two types of hillocks emitting
strong luminescence line a ( ~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
p-Raman scattering. From the spectra of both hillocks, the E, mode

Raman shift is about 570 cm™ that is red shifted from that onthe plain
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region at 574 cmi* by 4 cm*. The FWHM of E, mode is less than 5 cm*
inside the hillocks but increases to 6 cmi* in the plain region.

The softening of the E; Raman frequency and the reduction of FWHM
implied that the composition of Al may be reduced. In addition to the E
Raman mode, another Raman feature at about 542 crmi* appeared only in
the flat top hillocks, that islikely the forbidden A, (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 anayze the composition fraction of Al on the hillock
structures. The EDX data indicated that-Al fraction is about 6-7 % insde
both types of hillocks, but about 12-13% in the plain region. The results
agreed well with that from the p-PL spectra but dlightly higher than that
from the Raman spectra. However, al the results show that the Al fraction

is reduced inside the hillocks.
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