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CHAPTER I
INTRODUCTION

1.1 Overview

Group IlI-nitride semiconductors, including gallium nitride (GaN),
indium nitride (InN) and aluminum_ nitride (AIN) have been received much
attention and been investigated for many.years as highly promising candidates
for applications in opto-electronic and photowvoltaic devices, giving the visible
and ultra-violet emission operating: at high temperature [1, 2, 3, 4] high
breakdown voltage [5] and+high pressure conditions [6]. Generally, these nitride
semiconductors crystallize #in - Wurtzite (hexagonal) structure, which is
thermodynamically Stable” phase and commercially available [7]. On the other
hand, GaN is also crystallized in Zinchlend (cubic) structure, which is metastable
phase but has been intensively investigat_ed [8, 9, 10]. It is due to the advantages
of the cubic crystal compared to the hexagonal crystal. For instance, the cubic
crystal is easier to be doped or aIonéd',‘,gasier to be cleaved in the device
processing and compatible with the GaAs‘-:based devices. Besides, the cubic
crystal has higher crystallographic symmretr'y', which results in superior electronic
properties such as htgher electron mobility, Iower phonon scattering and lower
electron effective mass. Therefore, the quality of cubic phase GaN (c-GaN) films

have been improved and developed in various growth conditions [8, 11, 12].

1.2 Material“problems

To,control crystal-structure, commonly,-C-GaN.films have,to be grown on
cubic substrates,“such ‘as gallium “arsenide’ (GaAs) 13,14, 15, 16, 17] and
gallium phosphide (GaP) [18, 19, 20]. It was found that highly luminescent c-
GaN films were grown on GaAs (001) substrates at relatively high growth
temperature of 900°C [8, 9, 10]. However, GaAs substrate surface is very
unstable at such high growth temperature (900°C), which is much higher than an
As desorption temperature at ~615°C [21, 22]. This results in a formation of the
(111)-steps, which relate to the formation of stacking faults (SFs), on the GaAs
(001) surface. It is well known that correlation between c-GaN and hexagonal



phase GaN (h-GaN) exists along the <111>.gan and <0001>p.gan Crystal
orientations. When c¢-GaN (111) plane is rotated 60° along the [111] direction,
then the crystal structure of GaN is modified to be hexagonal structure with
(0001) plane, as shown in Fig.1. As a result, both decomposition of As, which
creates the (111)-steps on the GaAs (001) surface, and metastable phase of c-
GaN have taken to immediate formation of hexagonal structure among the cubic
structure. This results in formation of planar defects such as SFs (Fig. 1.3), twins
and hexagonal phase inclusions which depend on the density of the hexagonal

phase layers inserted in the c-GaN crystal along the (111) plane.

[0001]

Side view Top view Side view Top view

Cubic structure, (Zincblende) . , Hexaganal structure (Wurtzite)

Figure_1.1: Schematic illustrations of GaN ¢€rystal structures, (left-top) cubic
structure, (right-top) ‘hexagonal structure, (left-bottom) lcubic structure along the
[111] direction and (right-bottom) hexagonal structure along the [0001]
direction. Note that the difference between these two crystal structures is only a
rotation 60° along cubic [111] and hexagonal [0001] directions.



1111  (111)

[0001]

!

[10-10] |

Cubic structure Hexagonal structure

Figure 1.2: Two dimensional Schematic illustrations of GaN crystal structure,
(left) cubic structure along [110] directionand (right) hexagonal structure along
[10-10] direction

[001]
[-110]
(110] [-1101<—I
[110]

]

#

ng fault Cubic structure

(Hexagonal - -
structure )

Cubic structure Stacx.

Figure 1.3: Two dimensional Schematic illustrations of stacking fault; an
insertion of one monolayer of hexagonal structure amang cubic structures

The planan defectsycam be) classified, by a-number of hexagonal phase

layers inserted.in cubic structure along the (111)plane, such as

(1)SFs; 1an, insertion of \one monolayer of  hexagonal Structure among
cubic structures, which there are identical crystal orientations.

(2) Twins; an insertion of a half monolayer of hexagonal structure among
cubic structure, which are different crystal orientations.

(3) Hexagonal phase sub-domain; the extension of SFs to be a single
crystal of hexagonal structure.



Therefore, suitable cubic substrate and growth conditions are required to obtain
c-GaN films with higher cubic phase purity. Sanorpim et al. [24] reported on a
reduction of SFs and twins, which is likely resulted from their annihilation and
termination within the c-GaN crystal due to the dominance of the lateral growth
of the stable (311)A facets. This motivates us to investigate the structural
characteristics of c-GaN film grown on the (311) oriented GaAs substrate. Since,
it is expected to show a smoother surface and lower density of extended defects

within the c-GaN grown film.

1.3 Objectives and organizatien-of the thesis

The aim of the thesis is to Investigate, analyze and assess the crystal
quality of c-GaN films*grown on GaAs (001) and GaAs (311) substrates by
metalorganic vapor phase epitaxy/(MOVPE). To understand the defect formation
at the c-GaN/GaAs (004) interface, the-c-GaN films grown with different growth
temperatures of GaN Jbuffer layer were selected. The focus is on the
microstructures of c-GaN films analyzed using transmission electron microscopy
(TEM); Electron Diffraction (ED), Bright-Field" (BF) and Dark-Field (DF)
images. To compare with the c-GaN films grown on GaAs (001) surface,
microstructures of c-GaN film on GaAs (311) substrate also investigated by

TEM. The goal is to find the optimum growth conditioh.to grow pure c-GaN.
The thesis is organized as follows

Chapter 2 reviews principle af transmission electron microscopy,
including advantages; limitation;and interpretation off TEM results. In addition,
preparation of “thin film semiconducting specimen for TEM_ measurement is

described.

Chapter 3 gives a growth procedure and growth conditions of c-GaN
samples used in this work. Besides, optimization of the polishing process for

preparation of cross-sectional specimen is demonstrated.

Chapter 4 focuses on the results investigated by TEM. We interpret the
results obtained from ED patterns, BF and DF images and higher resolution BF-

TEM images. Surface and interface morphologies of c-GaN/GaAs (001) primary



investigated by cross-sectional scanning electron microscopy (SEM) are
described. Then, a deep insight in the micro-structural analysis using TEM is
described in term of the growth temperature of GaN buffer layer. Finally, the

film quality of c-GaN on GaAs (001) substrate is provided.

Chapter 5 focuses on the c-GaN films grown on the GaAs (311) substrate
with the optimum growth conditions of c-GaN on GaAs (001). Microstructures
of the films investigated by SEM and TEM are demonstrated and discussed in
details. Then, we try to verify the reason for defect formation in c-GaN crystal
based on the investigational results gained from c-GaN films grown on both the
(001) and (311) substrate surfaces.

Finally, Chapter 6.@ives the conclusion of the thesis.



CHAPTER I1i

TEM and interpretation

2.1 TEM system

Optical microscope, which is a toolto.magnify the scale of materials, has
a resolution of about 250 nm, limited by wavelength of visible light. The light
microscope is widely used«because it is in the simplest form and easy to operate.
Indeed, the restriction gi“instrument is a limitation of image resolution, which
restricts observations of /micro-structures of material. Thus, when the
observations are insthesatoric Tevel, the light microscope is undesirable.
However, micro-nanostrugture of.matérials, which are an important issue to
manipulate physical properties of materia'ls";' 1s still reaching to investigate. That
IS @ major reason why transmisston elect-féh‘rlnicroscopy (TEM) is undertaken.

TEM is the premier tgol for structural characterization of materials in
nano-scale due to its high and ultra-high resolution, which is lower than 0.5 nm,
and higher magnification of more than 100,000 times depending on an
accelerating voltage:~Also, the operating modes ‘of TEM, such as electron
diffraction (ED) pattern{ diffraction contrast making_images of defects, high
resolution HR-TEM, are much useful. However, . TEM system is much expensive
and need the skills to prepare sample and interpret the results.qn this chapter, the
systemand, principle jof TEM, operating mode, jpreparation ' of specimen,
interpretation and other techniques are described.

To improve the image resolution and magnification, TEM uses electron
instead of light because the wavelength of electron is lower than that of light.
The lower wavelength of electron in TEM gives the image with higher resolution

and higher magnification according to [26]
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" psing’ (2.1)

where 6 is the resolution, p is a refractive index of the medium (specimen), £ is
an angle of collection of the magnifying lens which is very small and 1 is the
wavelength of electron. All of these parameters are affected on the resolution of
the microscope.

Electron gun

Acceleration tube

) (]
1st condenser lens !
2nd condenser lens ! 2
Condenser aperture LE= : \
assembly -

Goniometer 1
. —1 ' o Objective aperture
Specimen holders= f _
B =
i

Objective lens —
Selected field aperture—— : )

P & Sit-+—— Intermediate lens
Prajector lens

Binocular ——=—

b & WM T e+ Small flieréséent
Vigwing port /_ screen
s Large fluorescent
: screen
Camera chamber
P

Figure 2.1: The main features of a conventional transmission electron
microscope [25]



Figure 2.1 shows the main features of a conventional TEM system, which
consists of three components. First component is the illumination system or the
source of electrons. There are two types of electrons source in the TEM. The first
type is thermionic source that produces electrons when heated. Another is a
field-emission source that produces electrons when an intense electric field is
applied. In Thailand, TEM uses only the thermionic source because even though
the field-emission source could give increased efficiency but its operation cost is
twice compared to a conventional TEM operating with the thermionic source. A

comparison of the conventional electrons sources is shown in Table 2.1.

Table 2.1: The comparisen of electron sources; thermionic tungsten filament,

thermionic Lanthanum Hexaboride (LaBg) and field emission [26]

: Electrons Sources
Topic of the v 4
comparison T_hermlomc.Tungsten Thermionic:LaBg Field Emission
Filament _

Operating 10°£10° 109 107 107 - 10710

vacuum(mbar)

Operating
temperature 2700 1700 300

(K)

Brightness 4 5 5 ¢ 7 9
(AlcmPsster) 10*=-10 10°=10 10" -10
Source Size 5 4 1

(nm) 1x10 2x10 <1x10
Energy i i )
Spread (eV) 1-5 0.5-3 0.2-0.3

Probe Current

Stability (% 0.1-1.0 0.2-2.0 2-10
per minute)

Operating

Life (hrs) 200 1000 3000
Cost (8USD) 15 600 3000

Second component is an objective lens/stage, which is an important

feature in TEM. The electrons moving from the source interact with specimen
and get through the specimen showing the beam-specimen interaction on the

back focal plane. This creates an electron diffraction (ED) pattern and selected-



area electron diffraction (SAD) pattern. The ED pattern consists of a bright
central spot accumulating the direct electrons and a diffracted spot accumulating

the diffracted electrons in each crystal plane.

Third component is the imaging system. When an aperture is inserted into
the back focal plane of objective lens to choose bright central spot, then the
aperture is blocking the diffracted beam and the direct beam go through to form
image on the image plane. The image resulting from the direct beam is called “a
bright-field (BF) image” whereas the diffracted spots were chosen the image

resulting from their diffracted beams are called “a dark-field (DF) image”.

When the uniform electron beam transmits the specimen, its amplitude
and phase can be changed.~The uniform electron beam intensity will be
transformed into a non_uniferm electrons beam intensity, which is observed on
the viewing screen as aJdiffraction contrast. The difiraction contrast is usually
consisted of amplitude contrast and phase contrast, which actually contribute to
the image. Generally, the amplitude coh_trasts are attributed to a mass-thickness
contrast and a diffraction contrast. Thé_; mass-thickness contrast is the most
important in which of non crystaliine nﬁtér_j_als such as polymers. On the other
hand, the diffraction contrast is the mf)"str;important in which of crystalline
materials. So that the diffraction contrasf is used as a tool to investigate, identify
and distinguish structures of crystalline materials and, extended defects in the
crystal. Obviously, a diffraction-contrast imaging has been applied to

complementary characterization in modes of BF and DF images.
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Figure 2.2: Schematic ill tra:tfiéi_wf-bft ent electron beam and the
diffracted electron beam in T,EM[:ZG],Wtance between the direct
diffracted beams tgfth _‘
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2.2.1 Ihdexing of diffraction spots

A AL ARN AV E.) Y7

the electron beams diffracted from any (hkl) planes are represented as a pattern

e diffracted spots.

of bright spots on the viewing screen, as shown in Fig. 2.3. It is known that each
diffraction spot gives information of the corresponding diffracted plane.

Therefore, the indexing diffraction spots are needed.
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Figure 2.3: Electron diifraction patté"m obtained from c-GaN crystal along the

i

[110] zone axis .

:;f F

To index the diffracted spots, We start with the elastically scattered
vl ok

electrons which obey Bragg’s pdh}jition. 2l

il

2dusin(e), E S, (2.2)

which 4 is wavelengih of electrons, @is Bragg’s angl,ég,_n is an integer; when n =
1, dna becomes an interplanar spacing of (h k I) planes. In the case of cubic

structure, the interplanar spacing of (h k I) planes can be determined as follow

a
d = e 2.3
Vh2+k2+12 (23)
where a is a lattice constant of cubic lattice. When ‘the Bragg-angle & is very
small, sin(#) can be approximated to be 6. Then, Bragg’s equation can be

rewritten as

2d6 = 4

or 20 = (2.4)

Q>
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As shown in Fig. 2.2, when the diffracted angle is very small or R «< L, we get

20 - 2 2.5
= 7 (25)
Then, equating the right hand side of Eq. (2.4) and Eqg. (2.5) gives
F. 2 26
L a (2.:6)
Rd /=) LA
For the cubic structure
w
- N T 2.7)
NOEEW ' '
:
s <8 AR LA
Finally, we obtain "R == ;\/hz+k2+l2 . (2.8)

From Eq. (2.21), the distance R is dlrect|y (depending on VhZ+k?+12. To index
the diffracted spots, for example two of dlffractlon spots A and B are selected to
measure the distance from'thg, rdl-rect tranjs,m_;j;ted beam to the diffraction spots A
(Ra) and B (Rg), as shown in_l_:_ig;_2.4.

L3 Direct . 9\

'transmitted Fm m

Figure 2.4: Distance between the direct transmitted beam and diffraction spot A

and spot B indicating as Ra and Rg, respectively.
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Table 2.2: The ratios of the reciprocal lattice spacing Ra/Rg

R Spot A

{hki} [ {111} [ {222} | {200} | {400} | {220} | {311}

11| 1 2 | 115 | 231 | 1.63 | 1.91

{222y 050 | 1 | 058 | 1.15 | 0.82 | 0.96

Spot B [ {200} | 0.87 | 178/, 1 2 | 1.41 | 166

{400}/ 043 | 087 =050 1 [ o071 | 0.83

{2207 0617 122 | 074 | 141 | 1 | 117

(314F" 052/ 04 | 0.60.["1:21 | 085 | 1

In Fig. 2.4, distances™ fram ‘the central spot, which is represented the direct
transmitted beam parallel to the [110] zot]e axis, to the diffraction spots A and B
are Ra and Rg. The distanCes are known as the magnitude of reciprocal vectors

Ra and Rg. From Eq. (2.21), the ratio of ,tﬁterfeciprocal lattice spacing (Ra/Rg) as

Ra \/hA2+kA2+lA2
o = : (2.9)

\/h32+sz+lBZ

Theoretical-ratios of the reciprocal spacing of spots A and B diffracted
from (hkl) planes in the cubic lattice are summarized in Table 2.2. After the

measure of distances'between the directed transmitted-bheam and the spot A spot

. R . ) .
B, the ratios of R—A, are taken to compare with the theoretical ratios in Table 2.2.
B

Finally, the indexing of spots A and B is confirmed by the scalar product to
examine the angle & between the reciprocal vectors Ra and Rg. The scalar

product is

RaRs = [R4lIRglcos (8) (2.10)
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If the measured angle is corresponding to the calculated angle, the indexing will
be accepted. Finally, the camera length, the electron wavelength and the
measured spacing (R) are known then the lattice constant of the specimen can be
determined by using the approximation of angle to calculating equation (2.8).
Furthermore the diffraction spots shown on the diffraction pattern are indicated
the quality of crystal plane. When the specimen is a high quality crystal plane
which is perfectly parallel plane in real space, the diffraction spots diffracting
from their planes are shown as a single sharply round spots whereas when the
diffraction spots are shown with streak ‘between any diffraction spots, there are
represented that these spots are diffracted.from the low quality crystal plane
which is unparallel plané €orresponding to the formation of some planar defects.
The formation of streak_is'modification to the shape of reciprocal lattice points
arising from the shape®of crystal defects. The intensity distribution at a
reciprocal lattice point is apising from the shape of stacking faults as shown in
Fig.2.5. ‘

Incident beam ——
Electron

Ewa;g's-fp?gre w‘cﬁon pattern
Stacking fault — : 4 :

\
X

\
X
"‘Reciprocal \

Thin foil lattice points

ARRRAIR

Figure 2.5:'Streaking. of reciproecalclattice points arising fram precipitate plates

lying parallel to the incident beam [27]
2.2.2 Diffraction-contrast imaging

Since in the operating mode of diffraction contrast; the electron
diffraction pattern are shown in the back focal plane, the aperture is inserted to
select the ED. If the bright central spot is selected, the image resulting from the

direct beam will be demonstrated as BF-image on the main screen phosphor. BF
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image contains planar defects information and the orientation information related
to the selected area diffraction (SAD). In which resulting in a small part of the
whole part of specimen and projecting 3-D specimen into 2-D image so the
interpretation need to be careful. The imaging contrast represent in the strong or
weak contrast refer to the density (number per unit area) of electrons hitting the
detector not confusing with bright or dark.

If the diffracted spot is selected after the specimen, the image resulting
from the selected spot will be demonstrated as DF-image on the main screen
phosphor. DF image contains the specific.orientation information resulting from
the electrons in the strongly excited hkl beam was diffracted by a specific set of
hkl planes and so the area that-appears bright in‘the DF image is the area where
hkl planes are at the Bragg s condition.



CHAPTER 111

Experiments

In this chapter, the growth information and growth conditions of c-GaN
on GaAs (001) and (311) substrates, the procedure of specimen preparation both
plan-view and cross-section TEM specimen are described. The specimen
preparation are optimized in each diamond.grind sizes; 9, 6, 3, 1 and 0.5 pum. and
controlled a speed of polishing; 60, 100 and 130 revolutions per minute (RPM)
and observed by scanming €lectron microsecopy. (SEM). Subsequently, the
macroscopic characterization’of c-GaN on GaAs (001) and (311) is characterized
by SEM and the micrgseopic characterization is characterized by plan-view TEM

analysis.

3.1 MOVPE growth

In this work, all the c-GaN films',\)\(e’re grown on GaAs (001) and (311)
oriented substrates by metalorganic vabo; phase epitaxy (MOVPE) at the
laboratory of Prof. .Dr.Kentaro Onabe, the University of Tokyo, Japan. The
growth was performed with a low-pressure (160 Torr) MOVPE (an ULVAC
system MPM-254). The.MOVPE system consists of the horizontal growth
reactor with a‘water-cooled cold wall. Radio frequency (RF)was used to heat the
graphite subsector. There is no rotation of the substrate in this system. The
reactor of‘MOVPE 'system used- in!this study is'showniin Fig:{3: 1.
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Figure 3.1: The hori/zM’M[:él reactor of MOVPE system at the University of
Tokyo, Japan; 2010 f 4 | 4

A schematic diagr;(Fn of,ggéwth E)gst_,@m as shown in Fig. 3.2. High purity
of Trimethygallium ﬁMGa)._’Was uﬁgd as the precursor of Ga and
Tertiarybutylasine (TBAs)’arTi:I%i_;i'-dime@fﬁ‘ydrazine (DMHYy) were used as the
precursor of N. the Vtemperatu_re—-_i(;_f bubblﬁ?:hj‘—‘IMGa and DMHy were controlled
at -10°C and 10°C-J§spectively. Pd-diffused H; as theijc.?lrrier gas take the bubble

of metalorganic qu’u{.ds to the reactor and the precurs‘b‘?s are decomposed above

the substrate surface#n the hot region. -

After chemical cleaning of the GaAS substrate surface, a 100-nm-thick
GaAs buffer layer was grown at 650°C to prepare the epitaxial surface, then an
approximately-20-nmsthickdow-temperature,GaNcnucleation-layen was grown at
575°C with concentration of group V/I1l ratio "'0f '100-"Finally, the c-GaN layer
was deposited with different growth temperatures of 900, 930 and 960°C. The
other samples are the same procedure: a 100-nm-thick GaAs buffer layer was
grown at 650°C to prepare the epitaxial surface then GaN nucleation layer was
grown with different growth temperature of nucleation layer 550, 575 and 600°C
with V/111 ratio of 100. And the c-GaN layer was deposited at 900°C as shown in
Fig. 3.2. Typical growth rate was 6 pum/hour examined by scanning electron

microscopy (SEM) with V/I1I ratio was maintained at 25.
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20nm|  GaN bufier layer 550,675,600 °C

‘|UI'HI GaAs bufier layer 850 °C

Figure 3.2: Sample model of c-GaN grown on GaAs (001) substrates with (left)
different growth temperature 900, 930 /gnd 960°C and (right) different growth
temperature of nucleation layer 550, 575_{1;6 0°C.

S

—

— < S—

3.2 Preparatioro/.EM sgecimen

-

The specimen p 'fOf 'FEM depends on type of materials. In this

research, the specimen i Qonduc}JnQ materials which is hard and takes a

long time to prepare. The se |coeructng specimen must be thin relatively with

electron transmit the speci en and tﬁéjelectron intensity falls on the screen
enough to form the inter eta.ble ‘image Ejﬁﬂera’lly there is the axiom of TEM
that “thinner is better”. The thlckness of‘sgeplmen should be < 100 nm which is
possible to opera&eiln TEM. In case of ngh_Refczjutlon TEM (HR-TEM)

performed in atonﬁ?-level which is showing on th;..iattice imaging need the

specimen thickness </50 nm. This thickness is not_much important when the
electron beam voltage dnerease but the specimen is risky damaged by electron
beam. Otherwise, in" the specimen ' préeparation process there are essential
conditions to beware of type of abrasive, grind size of diamond lapping film

related.to pelishing speed, polishing force and polishing time-and lubricant.

Ordinarily, there are two types of specimen preparation; plan-view

preparation and cross-sectional preparation which are described as follows
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3.2.1 Cross-sectional TEM specimen

The cross-sectional preparation of the semiconducting materials are
prepared to study morphology of film epilayers including the interface through
the surface, the formation of planar defects, dislocations and some defects maybe
embedded in film layer and the information of phase distribution and phase
transition. Especially, the cross-sectional preparation process extremely depends
on the properties of film and substrate materials. In this research, the film and
substrate materials are GaN and, GaAs, respectively. The hardness of single-
crystal at room temperature GaN shows<higher hardness than GaAs so the
preparation process must-be carefully and.need the great skills to get the
thickness in nano-scale. with the smooth surface and completely whole layers.
The preparation process invelves cutting, clamping, polishing and precision ion

polishing process.

Cutting process

First of all, the specimen surface is cleaned by acetone. Then the
specimen is cut by a diamond pén to the width of specimen below 1 mm. or the
specimen is cut by a diamend-wheel saw and stuck on a microscope slide by
Kenji glue and heated in a hot oven at 80°C for 30 minutes. Then the specimen is
cut by the diamond-wheel saw as shown in Fig. 3.3 0 the width of specimen is

below 1 mm

Clamping process

After the specimen was cut, the two pieces of cut specimen which was
wiped the specimen surface by acetone are stuck film’s side together by high
performance epoxy resin: M-BOND 610 glue. The stuck specimen as shown in
Fig. 3.4 is clamped by a clamping holder and heated by a hot oven at 170°C for
24 hours.
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speed&diamond wheel saw.

¥ i

Figure 3.4: Sample model of the“two pieces of'specimen are stuck by M-BOND

glue
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Figure 3.5: (left) Thespeg [ lished by the 9'pm diamond lapping film on
the polisher, (right-top) Samp! " mod E#t e clamped specimen is stuck on a
triangular shaped glass right-below) g the diamond grind size of

diamond lapping films.

Figure 3.6: Precision lon Polishing system (PIPs)
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Polishing process

After 24 hours of heating the clamped specimen, waiting for its cooled
down then the clamped specimen is stuck by Kenji glue on a triangular shaped
glass (as shown in Fig. 3.5 (right-top)), polished by abrasive sand paper disc to
get rid of the sharpness of glass which is risky damaging the specimen, and
heating at 80°C for 30 minutes again. Then the specimen is polished by the
diamond lapping film (as shown in Fig: 3.5 (right-below)) with 9 pum diamond
grind size to decrease the specimen thickness..Next the specimen is polished by
6 um diamond grind size-thatwe are polishing-until the scratch of the previous
diamond grind size is disappear and then changing to the smaller diamond grind
size until 0.5 pum. While.we_are polishing with 0.5 um diamond grind size, the
specimen should be appreximately a half of its original thickness. After that turn
the specimen over and the polishing process is running again and starting 9 to
0.5 um diamond grind 8ize which the othér surface is extremely thin making the
polishing with difficulty and carefulneés’."‘The specimen is polished until the

specimen thickness is approximately 50 pm

Precision iefipolishing process

When the thinnest specimen could be tried t0 polish, a suitable copper
grid is stuck on_the_polished specimen-with M-BOND_glue and heating the
polished specimen-with capperi grid at'170°C for.2 hours. Then taking a while to
cool down and using acetone to take apart the,specimen on cepper grid from the
triangular shaped.'\glass. Finally, the specimen on copper.'grid is milled by
Precision lon Polishing system (PIPs) as shown in Fig. 3.6 which can control ion
beam angle, time and voltage depending on the specimen thickness. The milled

specimen on copper grid is readily to TEM operation.
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3.2.2Plan view TEM specimen

The plan-view preparation of semiconducting materials is prepared to
study surface morphology, dislocations planar defects and microstructural
defects in the direction normal to the layer surface. The plan-view preparation
process is the same as the cross-sectional preparation in the process of cutting
and PIPs. However, the clamping is not necessary whereas the polishing process
is still running which the film’s side of specimen is stuck on the triangular shape
glass by Kenji glue, heated a B% 0 minutes and polished until the

specimen thickness is app out turn over the other side. In

the case of plan-view pwe{ry t e substrate from the film and
finally, we keep only the fi stuck Wular shape glass.

Figure 3.7: The surface of GaAs substrate surface, using as the specimen to

optimize polishing process, without any polishing.
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60 RPM 100 RPM 130 RPM

6 um |
3 um

1um
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1, 3, 6 and 9 um) and various speeds of the polisher (60, 100 and 130 rpm).

3.3 Optimization of polishing process

Before the c-GaN preparation process will be really started, the optimize

polishing which is relatively observed with different diamond grid size of



25

diamond lapping film and speed of polisher is needed to learn skills and
determine suitable speed of polisher. In details, GaAs substrates are stuck on the
triangular shape glass, prepared as the plan-view TEM specimen preparation and
polished by the diamond films with 9, 6, 3, 1 and 0.5 um of diamond grind size
and the speed of polisher; 60, 100 and 130 RPM, then the surface of specimen is
observed by scanning electron microscopy (SEM). First of all, Fig. 3.7 showing
the surface of GaAs substrate, without any polishing, is perfectly smooth as
shown in SEM image then Fig. 3.8 as shown in series of SEM images
demonstrating the surfaces of specimen which are polished. It can be observed
that the specimen is rough with facets resulitng from the scratches of diamond
grid size. For the specimen_is polished by 9 and 6 um diamond films, the
roughness of surface is deereased with increasing the speed of polisher. This may
result from the scratches which are clearly seen in the factors of size and
direction. The slow spegd of polisher has an influence to control the specimen
which is directly affeCted‘on'the surface and the GaAs perfect smooth surface is
still affected. For the middle size of diaﬁr_lond grind, the highest speed is resulting
in the smoothest surface which'is obviouéjy"'-seen. Finally, the fine diamond grind
size is compatible with /100 RPM of_i__'sfpgrgd polisher which the surface of
specimen has less the scratch and less any"_réughness. The results are reasonable
in each conditions of polishing both the ’ef'f_ézz-t of previous surface and the effect
of the friction happening between the fine diamond grind size and the surface are

shown on the SEM imaging in each process.



CHAPTER IV

Microstructural Characterization of
c-GaN on GaAs (001)

4.1 Sample Structure and @/ywth Conditions

According to roles.of the low temperﬁ;e buffer layer, which is used as

the the protection Iay_;,.m‘-—substr te surface._and the nucleation layer, the

optimum growth conditi :he low-temperature grown GaN buffer layer (LT-

Secondly, a 20-nm-thick f;LT GaN bﬁﬁﬁn was grown at temperature in the
range of 550-600°C. FlnaIIyJ @1 D3 meﬁIi_Ck c-GaN f|Im was grown on top at
900°C [29, 30, 31, 32]

- i

Figure 4.1: Schematic drawing of c-GaN sample grown on GaAs (001) substrate
with different growth temperatures of LT-GaN buffer; 550, 575 and 600°C.
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T,(buff.) = 550°C

Figure 4.2: SEM images showing a cross-section of the c-GaN films grown on
GaAs (001) substrates with different growth temperatures of LT-GaN buffer;

550, 575 and 600°C.
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4.2 Morphologies of Surface and Interface

The GaAs substrate surface is still smooth (as shown in Fig. 3.7) until
deposition of high-temperature of c-GaN films layer. A low sublimation point of
As is causing the GaAs substrate surface degradation at high substrate
temperature affecting on the GaN main layer. The GaAs pre-layer is needed as a
protection layer to protect As thermal decomposition and expand to improve the
GaN main layer and to reduce the effects of residual oxygen on the GaAs surface
affecting on the nitride layer [29]. The GaAs buffer layer is usually grown at
600-700°C and 200 nm thick [30]. After the GaAs pre-layer is deposited, the LT-
GaN buffer layer is depositing to maintain an automatically GaAs smooth
surface and Trampert et ale[31] and Brandt et al. [32] found that GaN nucleates
in the cubic phase on auiematically smooth 100 nm-thick GaAs (001) pre-layer.
The degradation of GaAs surface at the GaN/GaAs interface has taken to seeds
of formation of stpuctural ‘defects; stacking faults (SFs), twins, hexagonal
inclusions, dislocatiops (DTs) etc.. The GaN Dbuffer layer working as the
nucleation layer grown at° low-temperature: 550, 575 and 600°C are
characterized and compared which one crarh"i,r‘nprove the GaN main layer grown at
high temperature (~900°C) and relatively caﬁ protect the GaAs surface from the
thermal decomposition: Figure 4.1 demonstratés, the~ SEM images of cross-
section of the c-GalNfilms grown on GaAs (001) substrates with different growth
temperatures of LT- GaN buffer; 550, 575 and 600°C. For the T4 (buff.) = 550°C
voids can be observed at the GaN/GaAs interface. The occurrence of such voids
is considered(to relate the deposition of*GaN buffer layer-with low temperature
and high growth rate. The formation of GaN buffer layer is non-uniformity like a
mountain while, the GaN-maindayer is growing; thereyis an influence of thermal
energy 1o" recognize "the GaN"buffer layer.” The ‘remains’ which were not
rearranged are resulting in these voids. For the Ty (buff.) = 600°C correlation
between the deposition of GaN buffer layer with high temperature and the
uniformity of these layers evidence there are voids not like a mountain shape can
be observed at the GaN/GaAs interface. The rearrangement of GaN buffer layer
with low growth rate has migrated to be single crystal and have the uniformity
although the GaN buffer layer maybe not covered the GaAs surface which is
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Figure 4.8 TEM:mages showing plah=view micrographs antd ED patterns of the
c-GaN films grown with different growth temperature of GaN buffer layer; (a),
(e) 550°C, (b), (f) 575°C and (c), (d), (g) 600°C.

imperfection of the protection layer. When its imperfection occurs, the V-shape
voids causing from thermal decomposition of As can be observed. As the results
c-GaN with the Ty (buff.) = 575°C is predicted to be a candidate growth
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temperature of GaN buffer layer affecting on the quality of cubic phase GaN
main layer and is supported by the plan-view TEM images as shown in Fig. 4.3

and the cross-sectional TEM analysis will be describing in topic 4.3

Figure 4.3 shows the plan-view TEM micrographs and electron diffraction
(ED) patterns of c-GaN grown on GaAS (001) substrates with different growth
temperature of GaN buffer layer. For the T4 (buff.) = 550°C shown in Figs. 4.3
(a) and (e) high density of stacking faults (SFs) and dislocations (DTs) are
observed. The SFs are clearly seen and glongated along the [111] direction. The
existence of SFs and DTs are consistent“with_the voids which were found in
cross-section SEM images. For the Tg(buff.) = 600°C shown in Figs. 4.3 (c), (d)
and (g) the mixing zone are observed such as there-are a high density of SFs and
DTs as shown in Fige=4.3 (€¢) which is probably found hexagonal inclusions and
the another zone containsOnly the DTs as shown in Fig. 4.3 (d) where the SFs
are invisible. For the T, (buff) = 575°7C as shown in Figs. 4.3 (b) and (f) is
showing the wide SFs which are observed that. these broad lines are not
expanding to the GaN /surface.« The DTs are less found than the others

temperature. TR

4.3 Generatioh of defects ine=GalN with different growth

temperature of GaN buffer layer

The specimen; c<GaN/grown/on; GdAs’ (001) substrates with different
growth temperature of GaN buffer layer; 550, 575 and 600°C were prepared by
the cross-sectional. TEM.-preparation, process, and characterized by, TEM analysis

as follows:
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icfographs and ED patterns of c-GaN layers

Figure 4.5: Cross-sectional TEM micrographs and ED patterns of c-GaN layers
grown on GaAs (001) substrates with growth temperature of GaN buffer layer at
550°C have taken at the GaN/ GaAs interface.
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The ED pattern shown in Fig. 4.5 (c) demonstrated different type of single
diffraction spots which include the high intensity of streaking. These intensity
are indicated that the high density of SFs become dense into the hexagonal phase
single crystal. As showing on the micrographs (in Figs. 4.5 (a) and (b)) the SFs
which are generated from the GaN/GaAs interface and the generation of SFs
refer to the direction of hexagonal inclusions increasing with the thickness of
films layer. The formation of these defects is caused by the imperfection of

surface in the GaN buffer layer.

N/
7~

TE—

D
c-GaN=——>~. | Stackiag faults

® (220) *

SN 11 1@ 1IN
¢ (111) ® (111) »
« (002) »

Figure 4.6: Cross-sectional TEM micrographs and ED patterns of c-GaN layers
grown on GaAs (001) substrates with growth temperature of GaN buffer layer at
575°C
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For the growth temperature of GaN buffer layer grown at 575°C, the
selected-area diffraction (SAD) pattern at the GaN/GaAs interface as shown in
Fig. 4.6 (b) showed no diffraction types of single diffraction spots so the GaN
close to the GaN/GaAs interface has the cubic structure. The micrograph (in Fig.
4.6 (a)) is characterized by a pyramid like structure showing (1-11) and (-111)
facets which represent the SFs close to the GaN/GaAs interface.

For the highest growth temperature of GaN buffer layer, obviously the
planar defects have a highest density than the growth temperature of GaN buffer
layer grown at 550°C and 575°C. These. defeets looking like penetrating into the
GaN surface and voids have V-shape (in-Fig."4.8) which were caused by the
thermal decompositionsef As..The TEM micrograph (in Fig. 4.7 (a)) is clearly
seen separating zones«@as insFigs. 4.7 (b), (c), (d) and (e) which are characterized
by the horizontal stripes and the stripes of planar defects. Corresponding to the
ED pattern in each zone, Figs 4.7 (b) SAD near the GaN surface there is no the
streaking of diffraction/Spots so GalN has the pure cubic structure, Fig. 4.7 (c)
SAD in the middle of GaN main layer h‘ear,- the stripes of planar defects there is
the streaking of diffraction spots.dense into the diffraction spots of hexagonal
phase single crystal indicating GaN hasitﬁé-" cubic structure and the hexagonal
phase inclusions, Fig. 4.7 (dy SAD in the "s_tfipes of planar defects is showing the
streaking of diffraction spots and the diffraction pattern of hexagonal phase
single crystal, then the crystal orientation of h-GaN 1S growing up along the [1-
11] direction so the Fig. 4.7 (d) zone is the mixing region of c-GaN/h-GaN, and
Fig. 4.7 (e) SAD  near.the GaN/GaAs. interface. there.are the streaking of
diffraction spots and hexagonal phase inclusions.
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Figure 4.7: Cross-sectional TEM (a) microraph and (b), (c), (d) and (e) ED
patterns of c-GaN layers grown on GaAs (001) substrates with growth

temperature of GaN buffer layer at 600°C.
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In order to verify the{,@g@ﬁgnce Qﬁ_j&hg_glanar defects, the dark-field (DF)
cross-sectional TEHI\H/} images of c-GaN grown on_Gﬁgs (001) substrates with
different growth téh?_gerature of GaN buffer IayeTE—JS50°C (in Fig. 4.9 (a)),
575°C (in Fig. 4.9 (B)), 600°C (in Fig. 4.9 (c)) which have taken from the
diffracted spot (in Fig¥ 4:40 (a)) in theddiffraction pattern of hexagonal phase

single crystals shawn'in Fig. 4.10 (b) have been used to apalysis. In bright-field
(BF) TEM image, the dark-constrast region related to the_specimen and the
bright-constrast region related to the direct electron beam is-alling on the main
screen phorphos or meaningless. On the otherhand in the DF-TEM image, the
bright-constrast region related to c-GaN films which is diffracted from the
selected diffraction plane so the DF-TEM image is advantage to investigate and
characterize the existence of the hkl planes of c-GaN such as {111} facets are

identified the existence of SFs.
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Figure 4.9: Dark-field (DF) images of ¢-GaN on GaAs substrates with different
growth temperature of GaN buffer layer at.(a) 550°C, (b) 575°C and (c) 600°C
taken from the (1-100) of hexagonaIJdiffraction spots near the (1-1-1) of cubic

diffraction spots
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Figure 4.10: ED pattern of (b) cubi¢ single crystal and hexagonal single crystal
showing (a) the (1-100) of hexagenal diffraction spots near the (1-1-1) of cubic
diffraction spots taken to form DF images in Fig. 4.9

Figure 4.9 represent the existence of SFs. Obviously in the Figs. 4.9 (a)
and (c) a high density of SFs is observed and the formation of SFs is generated
from the GaN/GaAs interface and penetrating into the GaN surface. For the
growth temperature of GaN buffer layer at 575°C there is a density of SFs less
than another. So the amount and the distribution of such extended defects



37

seriously affects on the crystalline quality resulting from the DF-TEM images
are confirmed that the optimum temperature of the growth temperature of GaN
buffer layer is 575°C to obtain the higher quality of the c-GaN layers.

4.4 Growth conditions of c-GaN on GaAs with different
growth temperature of film epilayer

According to the A{;tﬁéga//@position occurs at high growth

temperature, the grow@r'atu‘rp of ‘GaN" films layer is the important
..mldﬂ'(” the op mperature to grow cubic GaN

lw‘k'u}“.firstly, a 100 nm of GaAs
) ibstrate at%ext a 20 nm thick of GaN

5.um %f cubic GaN films grow at

parameter that we are
films phase purity.

buffer layer grows o

Figure 4.11: Sample model of c-GaN grown on GaAs (001) substrates with
different growth temperature of films layer 900, 930 and 960°C.
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4.5 Microstructural investigation of c-GaN on GaAs
(001) substrate with different growth temperature of film

epilayer

The specimen; c-GaN grown on GaAs (001) substrates with different
growth temperature of filmsepilayer 900, 930 and 960°C were prepared by the
cross-sectional TEM preparation process and characterized by TEM analysis as
follows:

Figures 4.12 (a) and (d) present a cross=sectional TEM micrograph and an
ED pattern of c-GaN layer grown at 900°C. We found that stacking faults are
characterized by a high density of pyramid like structure showing the (1-11) and
(-111) facets (Fig. 4.12#(a)) with an angle of 54.7° inclined from the (001)
substrate surface. It is seen in the ED pattern in Fig. 4.12 (d) that there is a weak
streak connecting the (111) reciprocal lattice points to the (002) and (220)
points. Noted that no single diffraction‘spots related to hexagonal phase, which

are expected to appear near the (111) spoté,'Was observed.

ﬁ nm €-GaAs (00

: (002) 7
(onz)

. o e = . . « 5 | = 2
* (111) & {111} um' —y o (111) % {ll‘ll/- o
”[llu] ‘ (22p) t S0 ] (220) ‘r“ (110~ (220)4
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Figure 4.12: Cross-sectional TEM micrographs and ED patterns of c-GaN layers
grown on GaAs (001) substrates with growth temperature of films epilayer; (a),
(d) 900°C, (b), (e) 930°C and (c), (f) 960°C with key-diagrams. The arrows

indicate the positions of diffraction spots for the hexagonal phase single crystal.
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These demonstrated an incorporation of only SFs with extinction of hexagonal
phase single crystal in the c-GaN layer grown at 900°C.

For higher growth temperature of 930°C, the ED pattern shown in Fig.
4.12 (e) exhibited a different type of diffraction spots as indicated by arrows.
These extra spots are connected with the streak lines through the cubic (111)
spots. Such different ED pattern represents a mixed cubic/hexagonal phase in the
grown layer. It is also clearly seen in TEM micrograph shown in Fig. 4.12 (b)
that microstructures, which are consisted of the (1-11) and (-111) faceted
pyramid like features as the same in the layer grown at 900°C. This demonstrates
an existence of hexagonal phase singie_erystal regions associated with a
generation of SFs alongthe <111> directions.

For the highest growih temperature; 960°C the obvious streak lines
connected between the diffraciion spots becomes more intense compared to the
layers grown at lower growth temperatures. Intensity of the extra diffraction
spots is significantly“incieased as shown in Fig. 4.12 (f), indicating the present
of single crystal h-GaN in the c-GaN matrix. TEM micrograph shown in Fig.
4.12 (c) illustrates higher density of SFs,'v'v-hich Is indicated by an increase in a
density of line contrasts paraliel o {11"1;}‘,p_lanes. Looking like these lines are
started from the (111)-steps on the GaN/GaAs interface and penetrating into the
layer. a

Since, the GaAs substrate surface IS very unstable at such high growth
temperatures, it is evidenced that the hexagonal inclusion is initiated from the
formation of SFs, which is related to, the formation of (111)-steps on the
substrate surface during the grawth' at relatively high| temperatures (>900°C).
Even though, to prevent from thermal decomposition, a two step growth process
with a“low=temperatare-grownybufferalayer ~was jused ~for-wetting the GaAs
substrate. However, it "is  difficult to completely suppress the thermal
decomposition of the substrate surface at growth temperature higher than 900°C,
because the buffer layer itself is very thin (~20 nm) and is not homogeneous. As
shown in Fig. 4.13 (a), the formation of mixed cubic/hexagonal structures in c-
GaN layer grown at 960°C exhibited mixed ED patterns, which consist of
different types of diffraction patterns related to the cubic (open circles) and
hexagonal (open parallelogram and open triangles) structures. It is clearly seen
in the Fig. 4.13 that the c-GaN {111} and h-GaN (0002) diffraction spots are
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Figure 4.13: (a) ED pattern of c-GaN layer grown at 960°C showing mixed
cubic/hexagonal structure. The key-diagrams show diffraction patterns for
hexagonal structures orientated along (b) [1-11] (open triangles) and (c) [-111]

directions indicated as the open triangles parallelograms, respectively.



41

overlapped. The implications of our observation are as followings. Along [110]
zone axis, there are hexagonal sub-domains with different crystal orientations;
(1-11)c.gan // (0002)h.gan @nd (-111)c.gan // (0002)n.can. Thus, an in-plane
epitaxial relationship between hexagonal phase single crystal and c-GaN is
[110]c.can // [11-20]h.can- Indeed, the crystal orientation of h-GaN is grow up
along both the [1-11] (Fig. 4.13 (b)) and [-111] (Fig. 4.13 (c)) directions. In the
above discussion, thermal decomposition of As atoms from the GaAs (001)
surface is believed to be a key factor in the formation of {111} facets. Due to
metastability of the c-GaN crystal, the hexagonal phase is often unexpectedly
constructed on {111} facets in the cubic-layer. This is due to the fundamental
difference between cubic and hexagonal structures, which is rotated 60° about
the cubic <111> and hexagonal <0001> axes. Thus, the cubic {111} planes can

accommodate the growth'of hexagonal structure along the <0001> directions.

4.6 Summary

The c-GaN layers grown on GaAs (001) substrates at various growth
temperatures (900-960°C) and various growth temperature of GaN buffer layer
(550-600°C) were investigated by cross-sectional TEM micrographs, ED patterns
and DF technique to'analyze effects of growth temperature on micro-structures.
At the lowest temperature (900°C) and at the growth temperature of buffer layer
at 575°C, there is less stacking faults and less intensity of the streak lines
connecting the {111} réciprocal points toithe (002) and (220) diffraction spots in
the ED pattern. There is no diffraction spots related to hexagonal structure was
observed; only cubic single diffraction spots are seen. With.increasing growth
temperature to 930-960°C and ithe growth temperature-of buffer fayer at 550 and
600°C, the single diffraction spots related to hexagonal structure were clearly
observed in the ED pattern. Our results demonstrated that a region contained the
high density of SFs can be accommodated to become seeds of hexagonal phase
inclusions. Using ED patterns in TEM, the epitaxial relationship between layer
and hexagonal phase sub-domains was determined to be (111)c.gan //(0001)h-Gan
and (110)¢-gan // (11-20)h-Gan.



CHAPTER YV

Microstructural Characterization of
c-GaN on GaAs (311)

5.1 Sample Structure and G/rowth Conditions

/

According to the resulis and discuSsiﬁﬁ_:Qf c-GaN films grown on GaAs
(001) substrates, we f@.thatﬁthe"optimum'tErﬁPerature to grow cubic GaN
phase is the growth M e of k:-GaN films_layer 900°C and the growth
temperature of LT-G)%;(r_ layer 575°C and Sanorpim et al. reported a
reduction of SFs and twin ich is ﬁl&ly resulted from their annihilation and
termination within the c-Ga rystal Qge,to the deminance of the lateral growth

of the stable (311)A
characteristics of c-Ga

h|5* moti‘Vates us to mvestlgate the structural of

..-'J' L

GaAs (311) substrate

Figure 5.1: Schematic drawing of c-GaN sample grown on GaAs (311) substrate
with growth temperature of c-GaN films layer 900°C and growth temperatures of
LT-GaN buffer 575°C.
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5.2 Morphologies of Surface and Interface

— . —

Fum BEES. 11

Figure 5.2: SEM images showing cross-section and surface of the c-GaN films
grown on GaAs (311) substrate with growth temperature of c-GaN films layer
900°C and growth temperature of LT-GaN buffer layer 575°C
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Figure 5.2 shows SEM images illustrating cross-section and surface of the
c-GaN films grown on the GaAs (311) oriented substrates. Obviously, both the
surface of c-GaN films layer and the GaN buffer layer are smoother than both
surfaces of c-GaN films grown on GaAs (001) substrates. As the discussion in
topic 4.2, the deposition of high-temperature (~900°C) of c-GaN films layer and
the low sublimation point of As are causing the As thermal decomposition which
bring to the generation of (111) step on the GaAs (001) grown layer. In which
the GaAs (311) grown surface is used as the substrate, it is difficulty of the
generation of the (111) step on the GaAs (311) grown surface. There is no voids
at the GaN/GaAs interface and any defeCis“are invisible. In macroscopic, it
seems to be the c-GaN grown on GaAs (311) substrate is higher quality than the
c-GaN grown on GaAs (001)-substrates. Thus, the TEM analysis was used to
investigate the structural€haragteristics and the extended defects.

Plan-view TEM¢migrographs anc;:l_.-ED pattern (in Fig. 5.3) are representing
the surface of c-GaN films ‘related to the formation of planar defects and
dislocations. The plan-view TEM micrograph as shown in Fig. 5.3 (a) is noticed
there are threading dislocations.appearing.on the GaN surface. For Fig. 5.3 (b)
the occurrence of stacking faults (SFs) is :Q);b‘§érved and the dislocations (DTs) are
still remaining relating to -the ‘ED patt’e’m; These defects are diffracting and
showing in form of the bigger spots such as the diffracting spots from (02-2) and
(0-22) planes.



45

(242)

(224) ~ (242)

Figure 5.3: Showing plan-view micrographs and ED pattern of the c-GaN films
grown GaAs (311) substrate.
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5.3 Microstructures in c-GaN on GaAs (311)

The specimen; c-GaN grown on GaAs (311) substrate with growth
temperature of films layer 900°C and growth temperature of LT-GaN buffer
layer 575°C was prepared by the cross-sectional TEM preparation process and

characterized by TEM analysis as follows:

Figure 5.4 presents a cross-sectional TEM micrograph and ED pattern of
c-GaN films grown at 900°C and GaN buffer layer grown at 575°C on GaAs
(311) substrate. From the cross-sectionalsTEM micrograph (Fig. 5.4 (a)) we
found that the existence of SEs lying on the (111) facets with an angle of 29.5°
inclined from the (311).subsirate surface. -Moreover, the GaN surface is
noticeable decomposed«corresponding to the metastability of cubic GaN phase
and these lines are obServed and distributed on the c-GaN films layer. The
amount and distribution of such defre‘i'::ts seriously affects on the crystalline
quality since the occurrence ofithe (111x) lines is probably breaking into the (111)
planes decomposition. However, we observed that there is a weak streak
connecting the {111} spots to the (—112_)1_spot and there is no different type of
single diffraction spot so the GalN films has the cubic structure without the

hexagonal inclusions.
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Figure 5.4: Cross-sectional TEM micrograph and ED pattern of c-GaN layers
grown on GaAs (311) substrates with growth temperature of GaN films layer
900°C and growth temperature of LT-GaN buffer layer 575°C.



48

5.4 SFsin c-GaN on GaAs (311)

Figure 5.5: Cross-sectional TEM (a) micrograph and (b) ED pattern of c-GaN
films layer grown on GaAs (311) substrates with growth temperature of films
layer 900°C and growth temperature of GaN buffer layer 575°C. Dark-field (DF)
images of the diffracted spots taken from , (d) (1-112), (e) (-1-31) and
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Figure 5.5 shows a cross-sectional TEM micrograph in Fig. 5.5 (a) bright-
field (BF) image, Fig. 5.5 (b) ED pattern of c-GaN films layer grown on (311)
surface and dark-field (DF) images have taken in selected ares diffraction as BF-
TEM image from the diffraction spots of Figs. 5.5 (c¢) (311), (d) (1-11), (e) (-1-
31) and (f) (-2-20). In order to verify the existence of the (111) lines distributed
in c-GaN films layer, the (111) planes decomposition and the SFs, we are
concentrating to the DF-TEM image from the (1-11) diffraction spot (in Fig. 5.5
(d)). The bight contrast region is demonstrating the (111) lines and the GaN
surface at the decomposition region lying.on (111) facets. Besides, the other
spots such as (311), (-1-31) and (-2-20) are representing the diffracting planes as
the bright contrast region which we follow up to investigate and predict the

formation of planar defecis:

5.5 Discussion

The c-GaN layers grown on GaAs (311) substrates at growth temperature
of c-GaN films layer 900°C and growth temperature of LT-GaN buffer layer
575°C were investigated by SEM, plan-view TEM micrographs and ED pattern
and cross-sectional, TEM micrographs and ED patterns to analyze effects of
substrate surface OR micro-structures: Ihere 1S no- voids at the GaN/GaAs
interface in which we found that the SFs generated from the (111) step on
substrate surface. Although the thermal As decomposition is decomposing from
the (311) oriented surface,yitiis difficalttoform they(21l)-step surface. There is
less SFs and less intensity of the streak lines connecting the {111} reciprocal
points .to .the .(-112) .diffraction spot. in.the ED. pattern.. No“ diffraction spots
related to hexagonal structuie ‘was observed; only cubic single diffraction spots
are seen. Our results demonstrated that there is no a region contained the high
density of SFs can be accommodated to become seeds of hexagonal phase
inclusions. However, the GaN surface decomposition is demonstrated and

affecting to the quality of cubic GaN films.
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5.6 Summary

The c-GaN grown on GaAs (311) substrate with growth temperature of c-
GaN films layer of 900°C and growth temperature of LT-GaN buffer layer of
575°C was investigated by cross-sectional TEM micrographs, ED patterns and
DF technique to investigate the microstructural characterization of c-GaN on
GaAs (311) substrate and assess with the microstructural characterization of c-
GaN (001) substrate. The results from c-GaN grown on GaAs (311) substrate
represent there is no voids, less SEs, less the intensity of streaking connecting to
the diffraction spots and these results demonstrate the better quality of c-GaN
grown on GaAs (311) substrate is more-than c-GaN grown on GaAs (001)

substrate with identical grewth conditions.



CHAPTERVI
CONCLUSIONS

In the thesis, the author described. a study of the structural characterization of
the c-GaN (001) and (311) films grown on.GaAs (001) and (311) substrate by
MOVPE. Transmission electron microscopy((:EM) were mainly used to investigate
the structural modification, crystal quality and structural defects of the c-GaN films
including the c-GaN (001).and (311) films grown on GaAs (001) and (311) substrates,
respectively. The discussion was focused on the different of growth conditions,
especially the various growth‘temperature of ¢-GaN films layer and various growth
temperature of LT-GaN buffer layer 6f the c-GaN (001) films on GaAs (001)
substrates and the c-GaN (341) films.on éaAs (811) substrate. The main results and
conclusions obtained in this research work ai"fea'-summarized as follows:

(1)  The lowest iemperature (96§5Q) of c-GaN (001) films has a cubic
structure with no stacking faults (SFs), hexﬁéoﬁnal inclusions and the streaking lines
connecting the {111} reciprobal points to the(E)OZ) and (220) diffraction spots in the
ED pattern even at the:GaN/GaAs interface . '

@) The 575°C growth temperature of GaN buffer layer with 900°C growth
temperature of c-GaN (001) films layer has,the highest cubic phase purity and less of
planar defects!

3) The c-GaN (311) films grown on GaAs (311) substrate with growth
temperaturerof-e-GaN«(311)films layerat: 900°C and growth-temperature of GaN
buffer layer at 575°C has a cubicC structure with less SFs, less weak Streaking lines in

ED pattern and no any voids at the GaN/GaAs interface.
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