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CHAPTERI
INTRODUCTION

1.1 Gallium Nitride

The physical properties of GaN make it an attractive semiconductor for many
electronic and optoelectronic devices [1-4]. Its wide, direct band gap energy makes it
suitable for short wavelength emitters such as light emitting diodes (LEDs), laser
diodes (LDs) and detectors. The wide band gap energy and good thermal stability of
GaN is also advantageous for high temperature and high power electronics [5]. GaN
can form solid solutions with AIN and InN, making a wide range of band gap energy
(0.8-6.2 eV), as shown in Fig. 1.1. This ability of GaN and its alloys is essential for
producing specific wavelengths for emitters, and for creating hetero-junctions with
potential barriers into the device structures. Heat dissipation in devices is facilitated

by high thermal conductivity of GaN compared with Si and GaAs [6].

Commonly, GaN exhibits two polytypes, thermodynamically stable
hexagonal structure (wurtzite structure: h-GaN) and metastable cubic structure
(zincblend structure: c-GaN). Figures 1.2(a) and 1.2(b) show schematic illustration of
the cubic structure and the hexagonal structure, respectively. These structures of GaN
are strongly dependent on the substrate symmetry as well as growth condition.
Actually, h-GaN, which is a stable phase, has been successfully grown on various
substrates, such as sapphire, SiC and Si [7]. On the other hand, just only few research
group work with metastable c-GaN. Although, the growth of metastable c-GaN
layers is performed using cubic substrate such as GaAs, Si, 3C-SiC, and MgO [8-11].
However, the growth of high quality c-GaN layer is still difficult. It is due to
metastablility of c-GaN, the hexagonal phase is often unexpectedly introduced in the



60 200
~ 50 250
hr &
[
% 40 30 3
g; 3
2 30 400 %§
[£3]
G b
op ~—
E 20 600 ‘g
o 1000
2000
10000

0o - —
4.5 5.0 5.5 60 6.5

Lattice constant a (A)

Figure 1.1: Relationship between bandgap energy and lattice constants of binary
compound semiconductors. The blue line indicates the relationship for their alloys
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Figure 1.2: Schematic illustration of GaN crystal structures, (a) cubic (zinc blend)
structure, (b) hexagonal (wurtzite) structure, (c¢) cubic structure along <111>
direction and (d) hexagonal structure along <0001> direction [12].



cubic layer. Several research groups reported that most of hexagonal phases has
generated on the cubic {111} planes as a formation of planar defects, such as stacking
faults, twin and hexagonal phase inclusion. This is due to the fundamental difference
between cubic and hexagonal structures, which is merely a 60° rotation along the
hexagonal <0001> (Figs.1.2(c) and 1.3(b)) and cubic <111> (Figs. 1.2(d) and 1.3(a))
directions. Thus, the cubic {111} plane can accommodate the growth of hexagonal
structure along <0001> direction. Three possible models of the generation of
hexagonal structure in the cubic structure are shown in Fig. 1.4. The description of

each model is described as the following.

(1) Stacking faults on cubic {111} planes is an insertion of 1 monolayer of
hexagonal structure between two cubic structures, which are identical crystal

orientation (Fig. 1.4(a)).

(2) Twins in cubic {111} planes are formed by the insertion of %2 monolayer of
hexagonal structure between two of cubic structures, which are different crystal

orientations (Fig. 1.4(b)).

(3) Hexagonal phase subdomain generated on the cubic {111} planes is an
extension of stacking faults to be a single crystal of hexagonal structure (Fig. 1.4(c)).
Density and distribution of such planar defects seriously affect on both the crystalline
quality and electronic properties of c-GaN. Thus, it will be helpful for the epitaxial
growth to measure an amount of the mixed structural phases and to analyze their

formation mechanism for future device improvements.

In addition, the crystal growth of c-GaN is a lack of suitable substrates. Table
1.1 summarizes the lattice constant and thermal expansion coefficients of c-GaN and
some prospective substrate materials [14]. As shown in Table 1.1, there is a large
difference of lattice constants and thermal expansion coefficients between c-GaN and
the substrate materials. This large mismatch in the lattice constants and thermal
expansion coefficients exist in GaN/GaAs while these mismatchs result in strain
relaxation, which leads to generation of defects. To improve the quality of ¢c-GaN
grown film, it is necessary to study the affecting parameters, such as growth methods,

growth conditions, substrate material, etc.



(b) Hexagonal structure

Figure 1.3: Two-dimensional atomic models of crystal structure for GaN along (110)

cross-section, (@) cubic structure and (b) hexagonal structure [12].
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Substrate Lattice Lattice mismatch Thermal expansion
materials constants () (%) coefficients (<10 K"
c-GaN 4.52 [13] 0 3.17 (7]
3c-sic 3.3596 [13] 3.68 3.9[13]
Si 5.430[13] 16.8 3.59 [13]
GaAs 5.653 [13] 20.0 6.0 [13]
Mgo 4.216 [13] 7.21 10.5 [13]

Table 1.1: Lattice constants, lattice mismatch and thermal expansion coefficients for

substrate materials of c-GaN

1.2 Objectives and organization of the thesis

The objectives of this thesis is to investigate and analyze the strain, film quality
and generation of crystal defects in the c-GaN layer grown on GaAs (001) and on
GaAs (311) substrate by metal organic vapor phase epitaxy (MOVPE) using high

resolution x-ray diffraction and Raman scattering technique.
The thesis is organized as follows:

Chapter II: We describe the characterization techniques, including high

resolution X-ray diffraction (HRXRD) and Raman scattering, and their principles.

Chapter III: We inform the sample details of cubic GaN layers on GaAs (001)
and GaAs (311) substrates. Subsequently, results of basic characterizations using

scanning electron microscopy (SEM), atomic force microscopy (AFM) were shown.

Chapter IV: Strain in c-GaN films on (001) GaAs and (311) GaAs substrates
has been established.

Chapter V: The hexagonal phase generation in the c-GaN layers grown on
GaAs (001) and GaAs (311) is discussed.

Finally, Chapter VI gives summary of the thesis.



CHAPTER II

CHARACTERIZATION
TECHNIQUES AND THEIR
PRINCIPLES

In this chapter, we discuss on characterization techniques, including high
resolution X-ray diffraction (HRXRD) and Raman scattering, and on their principles.
We then show how to derive the crystal structures, lattice constants, strains and

vibrational property of ¢-GaN.

2.1 High resolution X-ray diffraction

It is well known that the epitaxial structures exhibit a high degree of
crystalline perfection. However, there are still some deviations, which usually occur
in epitaxial layer, from the perfect crystal. The measurement of such deviations is

necessary in order to evaluate the crystal quality of the grown layers.

High resolution X-ray diffraction (HRXRD), which is known as an important
technique that has a high accuracy, is commonly used to analyze crystal properties of
the epitaxial layer, such as lattice constants, crystal orientations, strain, etc.
Measurement is performed by projecting the X-ray beam onto the sample. The

diffraction condition occurs according to Bragg’s law
Zdhusin (03) = /1, 2.1

where dpy is the lattice plane spacing of the (hkl) plane, 6p is Bragg’s angle and 4 is
the wavelength of X-ray (K,;: 4=1.5406 A). Despite the implication that the



HRXRD technique is only applicable to very high perfection material, Tlafford et al.
[15] reported that it is also highly appropriate to relatively poor epitaxy materials such
as GaN.

2.2 Scan modes in HRXRD

2.2.1 20/®-scan mode

In HRXRD measurement, most frequently used mode is 26/ -scan, which is
used to clarify variations of lattice plane spacing. For epitaxial layer, only the lattice
plane spacing parallel to the film surface is usually measured. The HRXRD
measurement setup in the 28/w-scan mode is shown in Fig 2.1(a). The diffraction
pattern is collected by varying the incident angle & of the incoming X-ray beam and
the scattered angle 26, while the specimen is fixed. Then, the scattered X-ray intensity
is measured as a function of the scattering angle "2 ". After, we obtain the values of

duu by using Eq. 2.1, the lattice constant for cubic structure can be determined by

dy,=—2 2.2

JR+ k2 +12

For the strained epitaxial layer, it is found that the cubic structure will transform to

tetragonal structure. Thus, lattice constants can be determined by

a, a,
d, = + .
VR + kAP
2.3

2.2.2 ® -scan mode

Since, we have a set of samples comprising a GaN layer on a GaAs (001)
substrate. The aim of the investigation is to determine the hexagonal phase inclusion
in cubic phase GaN (c-GaN) by measuring a single reflection with the rocking

technique or called “w-scan”. The measurement of a rocking curve is performed in the



Source Detector

Figure 2.1: Schematic illustrations of the HRXRD measurements in (a) 26/ w-scan
and (b) w-scan [16].
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conditions that the X-ray source and detector are fixed at the position of 26. On the
other hand, the specimen is tilted along the w—axis (see in Fig. 2.1 (b)) in the vicinity
of the Bragg angle 6. Therefore,  is defined as the difference between the incident
and the reflection angles in to the specimen for a certain detection position. The
HRXRD measurement in w-scan mode is shown in Fig. 2.1(b). For the fixed value of
268, the value of w is restricted to a range between -6 to +6. Thus, the peak position
in the w-scan mode refers to the inclination of epitaxial plane from the film surface.
This allows us to obtain the diffraction from the tilted planes related to hexagonal
phase structure in the cubic crystal. In addition, the full width at half maximum

(FWHM) in the w-scan mode reflects to the variations of crystal directions [16].
2.2.3 X-ray reciprocal lattice space mapping

Two-dimensional scan composed of 28w - and @ - scans give reciprocal
lattice space mapping (RSM), which is used to characterize all the planes tilted from
the film surface. According to our aim that is to determine the hexagonal phase in c-
GaN layer, possible incorporation models of hexagonal phase GaN (h-GaN) in the c-
GaN layer are classified in two different ways as shown in Fig. 2.2; (a) h-GaN (0002)
/I GaAs (002) or c-GaN (002) and (b) h-GaN (0001) // GaAs (111) or c-GaN (111).
To detect all the diffraction from the hexagonal phase structure, the w—scan mode is
done for the fixed 260 of each crystal planes, including (0002) and (10-11) planes.(I
will present in Chapter V.) For the figure 2.2(a) the h-GaN (0002) generate on (002)
plane in ¢-GaN and hexagonal (10-11) plane are tiled from c-GaN (001) plane about +
7°. In this case, the <0001> axes of hexagonal structure in the layer is a hexagonal
structure with the [0001] direction perpendicular to the GaAs (001) surface. On the
other hand, for the w-scan profile of the h-GaN (10-11) planes is necessary to observe
the h-GaN <0001> parallel to the <111> axes of the GaAs crystal or c-GaN.
According to the crystal geography, the angles between the GaAs (001) and GaAs
(111) planes and between hexagonal GaN (0002) and hexagonal GaN (10-11) planes
are 54.7° and 61.8° respectively. Therefore, the X-ray RSMs mode in HRXRD
measurements is highly applicable to record all the crystal phases shown in Fig. 2.2.
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h-GaN (10-11)
- J

<= h-GaN (0001)

c-GaN (002)

c-GaN (111)

(@) (b)

Figure 2.2: Possible incrporation models of hexagonal phase in c-GaN layer
classified in two different ways: (a) h-GaN (0002) // GaAs (002) or c-GaN (001) and
(b) h-GaN (0001) // GaAs (111) or c-GaN (111).

2.3 Determination of strain

The continuation of the substrate crystal lattice will be associated with the
incorporation of strain into the epitaxial layer. In this case, the layer of c-GaN distorts
along the growth direction to produce a tetragonal distortion as shown in Fig. 2.3. The
value of dyy can be represented as in Equation 2.3. In order to analyze the lattice
parameters parallel (a,) and normal (a;) to the substrate surface, both symmetric
(002) and asymmetric (113) reflections were measured by the (002) 28 w-scan and the

(113) reciprocal space mapping modes [14].

The symmetric (002) 2@/ w-scan was performed to examine the value of a, for
GaN strained layers. From the separation between the GaN and GaAs reflection
peaks, a, can be calculated using Bragg’s law. To determine the value of ay,
asymmetric (113) reciprocal space mapping mode, as shown in Fig. 2.4(b), was
performed. It is known that the inclination between the asymmetric plane of substrate
and that of the epitaxial layer is commonly observed to be tetragonal distortion, as

shown in Figure 2.4. The angle y between the (001) plane (113) of the strained layer
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Figure 2.3: Strain (right) and relaxed (left) layers for (a) compressive and (b) tensile
strain. a;, a;, and ag are the fully relaxed lattice constants, lattice constant of layer and
lattice constant of substrate, respectively.
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[001]

ay
(a) (b)

Figure 2.4: (a) Two dimensional lattice structure of compressive strain, (b) Three
dimensional lattice structures under compressive strain

[1-10]

is give by [17]
w=tan"(N2.a,/3.a,). 24

For the fully relaxed layer, such as GaAs, ai. = ay = a,. Thus, v become a constant

value of tan™\( V2 /3). Due to the tetragonal lattice distortion of the strained GaN layer
(ay # ay), the tilted angle Ay between the GaAs (113) and GaN (113) plane is

represented, assuming that the GaAs substrate is under full relaxation, as follows [14]
AY =Wns =V inoas =Wo —¥, =tan” (V2/3)~tan"' (2.4, /3.a,). 2.5

In the experiment set up, the value of @ indicates a combination of the incident angle
@ and the inclination angle (offset angle) between sample and stage holder of the
instrument set up. Thus, with the fixed value of 28, the value of Aw is equivalent to .
the tilted angle (Ay) between the (001) plane and (113) of the strained layer.
Therefore, the high-resolution mapping technique can be applied to determine both
the tilted angle Ay and actual Bragg angle of the grown layer. In addition, the mosaic

structure within the layers can also be observed.
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The fully relaxed lattice constant (a,) can be deduced from the following:
a, —a,=2c,/cy,)(a,—a,), 2.6

where ¢)) and ¢ are elastic stiffness constants. Then, strain in the epitxial layer can

be calculated using

g, =79 000, 2.7
a

r

where, €, is represent in-plane strain (Strain of ay;), which is in the direction that
parallel to the substrate surface. The diagram of strain determination is shown in Fig.

2.5.

To find strain (al, a, a)
I

X-ray reciprocal space

n :
e Of\ it i mapping of (113) reflections

sin® = A
(002)
Ap=tan” — tan_](éxai)
= seg it s fhdsaic o 3a
L 002
/ -8 == )a - ,
C12 Cll aJ_ ar 2(("12/C11)(a// ar) 1" a//

Figure 2.5: Diagram of strain determination
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2.4 Determination of the hexagonal phase inclusion

In order to precisely investigate how and what extent h-GaN included in the c-GaN
layers, X-ray RSMs were performed. The epitaxial relationship between the h-GaN
and c-GaN is hexagonal (0001)//cubic (111). Furthermore, it is known that there are
four equivalent [111] axes in the cubic structure. (1-11) and (-111) planes along the
[110] direction or azimuth axis and (111) and (-1-11) planes along the [1-10] azimuth
axis (show in Fig. 2.6) [18, 19]. In order to collect the diffraction peaks from all the
hexagonal phase inclusion generated on the four similar {111} planes from cubic
structure, the tilted angle between the cubic (002) and hexagonal (10-11) reflection in
the c-GaN layers about £7°, as shown in Fig. 2.6, is confirmed [16] More details of
determination of hexagonal phase inclusion in c-GaN layer will be discussed later in

Chapter IV.

2.5 Raman scattering

C. V. Raman was awarded the Nobel Prize in 1930 for his discovery of
inelastic light scattering from molecules. The process which now carries his name
refers to scattering from high frequency excitation such as vibrational modes of
molecules. It refers specifically to inelastic scattering from optical phonons. The
process is identical to the inelastic scattering of X-rays and it is also similar to the

inelastic scattering of neutrons by a crystal.

Inelastic light scattering can be subdivided into two types, Stokes scattering
and anti-Stokes scattering. Stokes scattering corresponds to the emission of phonon,
while anti-Stokes scattering corresponds to phonon absorption. The interaction shown
in Figs. 2.7 (a) and (b) is Stokes and anti-Stokes process, respectively. Mostly Stokes

scattering is used. Conservation of energy and momentum during the interaction
requires that: @ = w; £ ws and k=kitk, , where w, and k. are frequency and wave

vector of the incident photon, respectively. s and k. are frequency and wave vector
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Figure 2.6: Schematic views of similar {111} planes in the cubic crystal and
crystalline relationship between c-GaN (002) and h-GaN (10-11) for the (a) [110]
and (b) [1-10] azimuth axes.

of the scattered photon, respectively. The + signs correspond to phonon emission
(Stokes scattering), while the - signs correspond to phonon absorption (anti-Stokes

scattering), Thus the light is shifted down in frequency during a Stokes process and up
in frequency in the anti-Stokes process. The frequency difference between incident
photon and scattered photon is called “Raman frequency” or “Raman shift”. Thus the
main use of inelastic light scattering is to measure phonon scattering. Raman

scattering experiment requires a monochromatic light source, typically a laser, a
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Figure 2.7: Schematic representation of Raman scattering of a phonon with a)

emission and b) absorption of a phonon [22].
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Figure 2.8: Schematic drawing of Raman scattering system
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Structural Phonon frequencies (cm™)
phases b-TO b-LO ~TO o
568 [31] 733 [21]
h-GaN 568.9 [34] 735.3 [34]
567 [32] ;
553 [21] 739 [21]
c-GaN 551 [32] 740.3[34]
- 740 [34]

Table 2.1: Phonon frequencies of GaN crystals including both hexagonal and cubic
crystal lattices (h-TO and c-TO are transverse optical mode of hexagonal and cubic
structure, respectively. And h-LO and c¢-LO are longitudinal optical mode of
hexagonal and cubic structure, respectively.)

spectrometer and a sensitive photon-counting detector such as a photo multiplier tube
or a multi- channel charge couple device (CCD) [20, 21]. Experimental apparatus
used to record Raman spectrum is shown in Figure 2.8. The specimen is excited with
a laser light, and the scattered phonons are collected and focused into a
monochoromator. The signals are recorded using a sensitive photon-counting
detector. Raman spectra are usually plotted in term of the intensity of the scattered
photons versus the Raman shift in wave number unit (cm™), which is a standard for

las

vibrational studies. The unit of “cm™” is used to clarify the energy shift of the

scattered photons. Raman shift of 1 cm™, corresponds to the energy shift of ~1/8 meV

[23].

The scattering geometry is commonly written as ki (eie5) ks, which is so
called Porto notation [23]; where kiand k, are the directions of incident and scattered

photons; e; and e; are the polarizations of incident and scattered photons, respectively.
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The simplest scattering geometry is the backscattering. From the conservation of

wavevector, the wavevetor k must be along the [001] direction also for backscattering
from a (001) surface of cubic crystal. The longitudinal optical (LO) phonon is
polarized in the z direction (or [001] direction), while the transverse optical (TO)

phonon is polarized in x-y plane (or (001) plane). Thus, the scattering geometries for

backscattering from the (001) surface of cubic crystal are z(x, y)z or z(y,x)E .

Recently, Raman spectroscopy has proved to be a power tool for the
investigation of material properties such as doping concentration, crystal orientation
and defect identifications, etc. X. L. Sun et al. [24] have used Raman spectroscopy to
clarify the spatial distribution of the hexagonal and cubic phases in the GaN layers
grown on 3C-SiC (001) substrates. They confirmed that the occurrence of optical
phonon mode from hexagonal phase can be spectrally separated from the phonon
mode of the cubic phase. Their result uniquely showed the presence of the hexagonal
phase subdomain. In this study, Raman spectroscopy is used to clarify the spatial
distribution of the hexagonal and cubic phases in the c-GaN films grown by MOVPE.
The expected results are summarized in Table 2.1. For c-GaN, the frequency of the
optical phonon is splitted into ¢-LO and ¢-TO components [25] associated with the
incident photons. On the other hand, for h-GaN the LO and TO phonons are
represented as the h-LO and h-TO phonons, respectively.

In this study, the Raman scattering measurements were carried out at room
temperature using the Renishaw Ramanscope RM1000 at the Gem and Jewalry
Institute of Thailand (Public Organization), Chulalongkron University. A 514.5-nm
line of an Ar" laser is used as a monochoromatic high frequency light source. The
optical penetration depth, skin depth, d = 1/2a; where « is the absorption coefficient
of GaN is estimated to be about 70 nm [26]. The laser beam is focused on the sample
with the spot sized of ~2 um. The Raman spectra were obtained in the backscattering

geometry z(x,y) 3 and recorded in the range of 250-800 wave number (cm™).



CHAPTER III

Materials and Experiment

In this chapter, we provide the sample details of cubic GaN films on GaAs
(001) and GaAs (311) substrates, which were used in this study. Subsequently, the
basic characterizations using scanning electron microscopy (SEM), atomic force
microscopy (AFM) were done and described. High-resolution X-ray diffraction
(HRXRD) sets up for characterization the c-GaN films on the GaAs (001) and GaAs
(311) substrates.

3.1 Sample details

All the c-GaN layers used in this study were grown on GaAs (001) and GaAs
(311) substrates by metalorganic vapor phase epitaxy (MOVPE) at laboratory of Prof.
Dr. Kentaro Onabe, the University of Tokyo, Japan. The growth experiments were
performed by low-pressure MOVPE using an ULVAC system MPM-254. This
system employs the horizontal growth reactor with a water-cooled cold wall. RF
power was used to heat up the carbon subsector. However, no substrate rotation is
available in this system. Figure 3.1 shows a schematic diagram of our growth
apparatus. High purity trimethylgallium (TMGa) was used as the group III precursors.
Tertiarybutylasine (TBAs) and DMHy) were used as the group V precursors. The
temperature-controlled bubblers of TMGa and DMHy were maintained at -10°C and
10°C, respectively. Pd-diffused H, was used as the carrier gas to bubble the metal-
organic liquids and deliver them to reactor. These column III and V precursors enter
the reactor and are decomposed in the hot region above or on the substrate surface

itself.
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Figure 3.1: Schematic diagram of MOVPE system. A typical system consists of four
major parts, gas-handling system, reactor chamber, heating system (RF coil) and exhaust

gases treatment system.

3.1.1 c-GaN on GaAs (001)

The sample structure of c-GaN grown on GaAs (001) substrate is shown in
Fig. 3.2. After the growth of the around 100 nm-thick GaAs buffer layer was grown
by metal organic vapor phase epitaxy (MOVPE) at 650°C, then a 20 nm-thick GaN
buffer layer was deposited at substrate temperatures in the range of 530-600°C.
Finally, the c-GaN main layer was grown at 900°C. The V/III ratios for the c-GaN
buffer layer and main layer were divided in to two series. First, V/III ratios for the c-
GaN buffer layer and epitaxy layer were 100 and 25, respectively. Another, the V/III

ratios for the c-GaN buffer layer and main layer were 50 and 12.5, respectively.
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900°C
| 550-600°C
650°C

Figure 3.2: (a) Schematic illustration of sample structure for c-GaN film grown on
GaAs (001) substrate. (b) Example of c-GaN grown layer on GaAs (001) substrate
measured by SEM.

V/II ratios Nominal
Sample No. Tg buff. (°C) thickness
Buffer : layer i
1 100:25 550 1.50
2 100:25 575 2.05
3 100:25 600 128
4 50:12.5 530 1.61
5 50:12.5 550 8.87
6 50:12.5 575 255

Table 3.1: Growth condition of the c-GaN on GaAs (001), in this table rTg is growth
temperature.
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Growth time of the main c-GaN layer was 20 mins for all the samples. Growth
conditions of all the samples are summarized in Table 3.1 An overview of structural
properties (morphology and crystal structures) of these c-GaN films were obtained by
SEM and HRXRD measurements. A GaAs pre-layer is usually necessary to improve
GaN main layer and provides an atomically smooth substrate surface before
deposition of low-temperature c-GaN buffer layer [6]. This also reduced the effects of
residual oxygen on the GaAs surface which affects on the nitride layers [6]. The
growth temperature for a GaAs pre-layer is usually about 600-700°C and the thickness
is typically 200 nm [27]. During the MOVPE growth, the presence of As ambient
pressure is known to protect the surface from degradation at high substrate
temperature and to enhance subsequent c-GaN growth [28]. It is known that the best
c-GaN films are commonly produced when a thin GaAs layer is ﬁrst deposited and
then followed by the low-temperature GaN nucleation layer. This layer helps to
maintain an atomically smooth surface, which is critical for minimizing generation of
defects. Trampert et a/ [29] and Brandt et a/ [30] found that GaN nucleates in the
cubic phase on atomically smooth 100 nm-thick GaAs (001) pre-layer. An atomically
roughening of the GaN/GaAs interface generate structural defects, such as dislocation,
stacking faults etc. The use of buffer layer of GaN grown at low-temperature, which
acts as a nucleation layer, improves the quality of high-temperature GaN layer.
Moreover, an initial deposition of GaN is usually conducted at relatively low-
temperature (550-650°C) compared to that for the growth of GaN main layer. As a
result, this film can protect the GaAs surface from thermal decomposition at relatively

high growth temperatures (>700 °C).

Figure 3.3 shows cross-sectional SEM images of the c-GaN films on GaAs
(001) substrates grown at different growth temperatures. It is clearly seen that the
thickness of c-GaN layers is in the range of 1.5 um depending on growth condition.
Number of voids were clearly observed at the GaN/GaAs interface. The reason for
occurrence of such voids is considered to relate to desorption of As-atoms from the
GaAs surface at high growth temperature (900°C). This situation is similar for the
GaP substrate [7]. Correlation between of size and density of the voids and the growth
condition V/III ratio 100:25 (sample No. 1, 2 and 3) decreased with increasing the
temperature of GaN buffer layer. In addition the size and density of the voids of the
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V/II ratios [buffer layer: main layer]
[100:25] [50:12.5]

T, (buff.)=550°C T, (buff.)= 530°C

T, (buff.)= 575°C T, (buff.)= 550°C

T, (buff.)= 600°C T, (buff.)= 575°C

Figure 3.3: SEM images showing cross-section of the ¢-GaN films grown at different
growth temperatures of GaN buffer layer and different V/III ratios for the ¢-GaN buffer
layer (100 and 50) and the c-GaN main layer (25and 12.5).
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V/II ratios [buffer layer: main layer]

[100:25] [50:12.5]

T, (buff.)= 600°C T, (buff.)= 575°C

Figure 3.4: SEM images show surfaces of the c-GaN films grown at different
growth temperatures of GaN buffer layer and different V/III ratios for the c-GaN
buffer layer (100 and 50) and the c-GaN main layer (25 and 12.5).
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V/III ratios [buffer layer: main layer]

[100:25] [50:12.5]

T, (buff.)= 550°C

250.0 nm

0.0 m

7S

T, (buff.)= 575°C

s .3 10.0

T, (buff.)= 600°C T, (buff.)= 575°C

2.5 5.0

Figure 3.5: AFM images show surface morphologies of the ¢-GaN films grown at
different growth temperatures of GaN buffer layer and different V/III ratios for the c-
GaN buffer layer (100 and 50), c-GaN main layers (25 and 12.5).
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growth condition V/III ratio 50:12.5 (samples No. 4, 5 and 6) were less than the
growth condition V/III ratio 100:25.

Figures 3.4 and 3.5 respectively show the SEM and AFM images of surface
morphology of the c-GaN films on GaAs (001) substrates grown under different
growth conditions. It can be observed the film is rough with facets. This may result
from the voids, which the decomposed of GaAs between the surface of GaN buffer
layer and GaAs substrate has an influence on the rough of the c-GaN film. As shown
in these figure, the roughness of surface morphology of films decreased with
increasing the temperature of GaN buffer layer as shown in the growth condition V/III
ratio 100:50 (sample No. 1, 2 and 3) and the growth condition V/III ratio 50:12.5
(samples No. 4, 5 and 6).

Figure 3.5 shows the AFM images of surface morphology of the c-GaN films
on the GaAs (001) substrates. For condition V/III ratio 100:50 (samples No. 1, 2 and
3), surface root mean square (RMS) roughness of the films decreases with an
increasing the growth temperature of GaN buffer later. On the other hand, the surface
RMS roughness of the films grown under the growth conditions with V/III ratio of
50:12.5 (samples No. 4, 5 and 6) increases with an increasing the temperature of GaN

buffer layer.

3.1.2 c-GaN on GaAs (311)

c-GaN layer was grown on GaAs (311) substrate, which has al00 nm-thick
GaAs buffer layer grown from TMGa and AsH; at 650°C on the GaAs (311)
substrate. Then, GaN buffer layer was deposited for 2 mins at temperatures in the
range of 530-600°C. Finally, c-GaN epitaxial layer was grown at 900°C. The V/III
ratios for the c-GaN buffer layer and epitaxial layer were 100 and 25, respectively and
the V/III ratio for the c-GaN buffer layer and epitaxy layer were 50 and 12.5,
respectively. The growth time was 20 mins. The thickness of the grown c-GaN layers
was 1.5 um. Sample structure is shown in Fig. 3.6: growth condition and thickness of
all the samples of c-GaN on GaAs (311) are summarized in Table 2.2. An overview
of surface morphology of ¢-GaN grown films was obtained by SEM and AFM

measurements, as shown in Figs. 3.7-3.9. Figure 3.7 shows cross-sectional SEM



(b)
900°C _
650°C : .

Figure 3.6: (a) Schematic illustration of sample structure of c-GaN film grown on
GaAs (311) substrate. (b) Cross-section sample structure recorded by SEM.

V/II ratios Nominal
Sample No. Tg buff. (°C)
Buffer : layer thickness (jm)
7 100:25 550 3.33
8 100:25 575 3.38
9 100:25 600 225
10 0:21.5 530 1.64
11 50:1.25 550 1.48
12 50:1.25 575 1.64

Table 3.2: Growth conditions and thicknesses of the c-GaN layers on
GaAs (311) substrates.
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Figure 3.7: SEM images show a cross-section of the ¢-GaN films grown at
different growth temperatures of GaN buffer layer and the V/III ratios for the c-
GaN buffer layer, epitaxial layer.
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Figure 3.8: SEM images surface morphology of the c-GaN films grown at different
growth temperatures of GaN buffer layer and the V/III ratios for the ¢c-GaN buffer,
epitaxy layer.



31
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Figure 3.9: AFM images surface morphology of the c-GaN films grown at different
growth temperatures of GaN buffer layer and the V/III ratios for the c-GaN buffer layer,
epitaxial layers.
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images of ¢c-GaN films on GaAs (311) buffer and main layers. It is clearly seen that
the voids were observed at the GaN/GaAs interface only the sample 8 (at 550°C, V/III
ratios: 50 and 12.5). This indicates that flatter interface without generation of any

voids can be obtained by use of the GaAs (311) substrate.

Figures 3.8 and 3.9 respectively show SEM and AFM images of surface
morphology obtained from c-GaN films on GaAs (311) substrates. It can be observed
the film is rougher than the c-GaN films on GaAs (311).As shown the Figs. 3.8 and
3.9, the growth condition V/III ratio 100:25, growth temperature of GaN buffer layer
is 575°C (sample No.8). Films are rougher than any films in the same condition. AFM
images of surface morphology of the c-GaN films on the GaAs (311) substrates. As
shown in figure, it is seen that in order condition V/III ratio 100:25 (sample No. 7, 8
and 9). The surface root mean square (RMS) rough of the films much more than c-

GaN films on GaAs (001) substrate.

3.2 High resolution X-ray diffraction measurements

In this study, HRXRD measurements were performed using the Bruker-AX8
D8 DISCOVER at Scientific and Technology Research Equipment Center (STREC),
Chulalongkorn University. Figure 3.10 shows the HRXRD instrument with a
conventional Cu target operated at 40 kV and 40mA. The CuK, radiation is
monochoromatized into the wavelength of K (A=1.5406 A with AX/A = 3x107 [13])
by a four-crystal Ge (022) channel-cut monochoromator. In addition, a two-crystal Ge
(022) channel-cut analyzer was placed in front of the detector to restrict the angular

acceptance of the detector.
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Figure 3.10: High resolution X-ray diffraction instrument installed at Scientific and

Technology Research Equipment Center, Chulalongkorn University.

3.3 Raman scattering spectroscopy measurements

Micro-Raman scattering used in this study were done with the Renishaw ramascope
RM1000 at the Gem and Jewelry Institute of Thailand, Faculty of Science,
Chulalongkorn University (Fig. 3.11). Raman spectra were recorded at room
temperature in backscattering geometry on the (001) growth surface of samples. The
scattering configuration of z(x, y); is used, where x, y and z correspond to the (100),
(010) and (001) crystal directions, respectively. The spectral range was set at the wave
number of 250 - 700 cm™". The Ar*514.5-nm laser line was used as an excitation light
source. The excitation laser beam was focused by a microscope lens system yielding a

spot size ~ 2 - 4 um in diameter. Raman spectroscopy set up is shown in Fig. 2.8.

In the case of GaAs, the optical penetration depth (d = 1/a ; where o is the

absorption coefficient) is about 100 nm for a photon energy of 2.41 eV (or 514.5-nm
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Figure 3.11: Raman spectroscopy system at the Gem and Jewelry Institute of
Thailand (Public Organization), Chulalongkorn University.

wavelength, corresponding to the green line of Ar' laser) [26]. Thus, Raman
scattering with incident light wavelength 514.5 nm is a great technique to study the
regions of thin GaN films with thickness as thin as 100 nm. The number of samples
used in this study is 12 samples. Raman spectra were recorded from five different

areas (five spots) for each sample.



CHAPTER 1V

Anomalous Strain in ¢c-GaN

In this chapter, strain in ¢-GaN films on (001) GaAs and (311) GaAs substrates was
investigated via high resolution X-ray diffraction (HRXRD). GaAs substrates have
been mostly used as a substrate material for c-GaN. A large mismatch in the lattice
parameters and thermal expansion coefficients results in a residual strain, which
induces generation of defects that degrade layer quality. Thus, measurement and
analysis of the residual strain is of great interest. It is known that the buffer layer, the
growth temperature, the V/III ratio, and the thickness are the key parameters that
control the lattice and the strain of hexagonal GaN [6, 42]. In this study, thus, 26/w-
scan and reciprocal space mapping modes in HRXRD were selected as a techniques to
measure the lattice parameters and strain of c-GaN layers grown on (001) GaAs and

(311) GaAs substrates with different growth conditions and thicknesses.

4.1 Strains in c-GaN on GaAs (001)

Six ¢-GaN samples with different thicknesses, V/III ratios of ¢-GaN buffers
and main layers, and growth temperatures of buffer layer were investigated to clarify
the lattice parameters and strain in ¢c-GaN. Details and initial investigational results of
all the samples, such as layer thicknesses and surface morphologies, were
demonstrated in Chapter III. To calculate the strain, as described in Chapter II, the
fully relaxed lattice constant (a,) should be known first. It can be deduced from Eq.

2.6 that 1s:

a, —a,=2c,/cy)(a,—a,). 4]

where a; and a, are the perpendicular and in-plane lattice parameters, which were
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measured using symmetric (002) reflections and asymmetric (113) reflections,
respectively, and ¢ and c|, are the elastic constants. Eq. 4.1 can be applied to
calculate a “relaxed” lattice constant, provided the value of ¢y)/c); is known. Here we
take c)/c12 to be 0.57955 [39]. While, remarkable variations exist in the elastic
constants reported [40, 41], fortunately, they had little effect on the calculated values
of a,. The discrepancy in those calculated values obtained based on different elastic
constants will be discussed later. The in-plane strain, which is in the direction that
parallel to the GaAs substrate surface, which is the (001) plane, was calculated by

g, =B =% 1000, 4.2

a

r

To determine the value of a,, 28/@w-scans of symmetric (002) reflection were
performed. Figure 4.1(a) shows a typical result of (002) 28/a-scan recorded from
sample No. 3 (V/III ratio of ¢c-GaN buffer layer = 100 at growth temperature = 600°C,
V/III ratio of c-GaN main layer = 25 at growth temperature = 900°C). Two diffraction
peaks detected at 26 = 31.6263° and 39.9781° were identified as (002) GaAs and
(002) c-GaN orientations, respectively. The results from HRXRD determine that the
GaN layers used in this study had cubic structure with (001) surface parallel to the
GaAs (001) substrate surface. Moreover, reciprocal space map (RSM) of symmetric
(002) reflection was performed to examine an orientation tilting of the ¢-GaN (002)
plane. Figure 4.1(b) shows the RSM of the symmetric (002) reflection obtained from
the same sample as used in Fig. 4.1(a). The various colors of the contour line
represent the different intensities of X-ray diffraction. Red contours refer to the high
intensities, but on the other hand blues contours refer to relatively low intensities.
Since this sample mainly consists of the ¢c-GaN and GaAs crystalline structures, thus,
there exist only two Bragg reflections, one of the (002) GaAs substrate and one which
is due to (002) c-GaN layer are observed, as indicated by arrows. Since, Ao = 0,
indicating that no crystal tilting was observed. Thus we can conclude that the epitaxial

relationship was shown that (001) c-GaN is parallel to (001) GaAs crystal.

The peak position was obtained by fitting a Gaussian function to the
experimental data. Figure 4.2 shows Gaussian fitting result of (002) ¢c-GaN, which
was used to determine peak position (002) c-GaN diffraction to be 26 =39.9781°,
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(a)

GaAs (002)
(31.6263°)

c¢-GaN (002)
(39.9781")
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Figure 4.1: (a) A typical high resolution X-ray diffraction (002) 26w scan of c-GaN
film on GaAs (001) substrate grown with V/III ratios of c-GaN buffer and c-GaN

main layers of 100 and 295, respectively, at growth temperature of buffer layer of
600°C; (b) Reciprocal space map of (002) c-GaN.
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Figure 4.2: The (002) c-GaN peak positions fitted by Gaussian-line shape.

Using Eq. 2.3, the perpendicular lattice parameter, a,, was determined to be
4.5068 A indicating small compressive strain, whereas the c-GaN layer was fully
relaxed with lattice constant of 4.503 [14]. Errors originated by fitting and their effect

on the determination of lattice parameters will be discussed later.

In order to determine the in-plane lattice parameters, a,, reciprocal space map
(RSM) of asymmetric (113) reflection was preformed. Figures 4.3(a) and 4.3 (b) show
the RSM and 26 o scan of the asymmetric (113), which was observed from the
sample used in Fig. 4.1. It is found that the c-GaN layer was almost relaxed on GaAs.
This makes a possible observation of asymmetric (113) reflections from substrate and
layer in the same measurement, as shown in Fig. 4.3(b). However, the small
inclination, which is clearly visible in Fig. 4.3(a) and 4.4 (a), arises due to a small tilt
of Aw = -0.0243° of the (113) plane with respect to that of the GaAs substrate. As
shown in Fig. 4.4 (b), the values of Aw were obtained from Gaussian fitting result of

(113) reflection in ®-scan mode. Using the calculated value of g, and Eq. 2.5,
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Figure 4.3: (a) Reciprocal space map of the (113) reflection of c-GaN film on GaAs
(001) substrate (the same sample used in Figs. 4.1 and 4.2). (b) Diffraction peaks
268-» scan of (113) reflection.
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Figure 4.4: (a) Reciprocal space map of the (113) reflection of only the c-GaN

region and (b) the (113) reflection of w-scan fitted by Gaussian-line shape.
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Samples Thickness

No. Aw (um) ay(A) as(A) a, (A) &/

1 -0.0942 1.50 4.4904 4.5094 4.4992 | -2.0x107
2 -0.0658 2.05 4.4955 4.5088 45016 | -1.4x10°
3 -0.0243 1.28 4.5018 4.5068 45041 | -0.5x10™
4 -0.0379 1.61 4.5022 4.5098 4.5057 | -0.8x10”
5 +0.0517 8.87 4.5178 4.5072 45129 | +1.1x10”
6 -0.0871 2.55 44939 4.5120 45023 | -1.9x107

Table 4.1: Measured Aw, thickness, in-plane and perpendicular lattice constants of c-
GaN on GaAs (001) with different growth conditions. The in-plane strain g, was

calculated by (a/-a,)/a,.

Aw =tan”' (+2/3)-tan"' (2 .4, /3.a,), 43

thus, we can determine the in-plane lattice parameter to be a, = 4.5018 A. It is clearly
visible that the perpendicular parameter is larger than in-plane lattice parameter,
indicating that strain in this c¢-GaN layer is compressive, which is contrary to the
expected tensile strain caused by the large lattice mismatch (~20%) between c-GaN
layers and GaAs substrates. Table 4.1 summarized all determined parameters,
including Aw, thickness, a,, a/, a, and g,. It is found that relationship between Aw
and g, is linear dependent. As shown in Fig. 4.5, we can distinguish the situation of
strain in c-GaN into tensile and compressive strain regions. Almost ¢c-GaN layers are
under compressive strain situation, excluding the layer with the highest thickness of

8.87 pm (sample No. 5).

This unusual strain in the c-GaN layers shows that the residual strain in the
layer was not dominated by the resulting lattice-mismatch strain. It is known that
GaAs substrates and GaN layers also have thermal mismatch. After growth of ¢c-GaN

main layer at 900°C, the sample’s temperature was cooled down to room temperature.
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Figure 4.5: Aw variation of g, for growth temperature (a) V/III ratio 100:25 and (b)
V/II ratio 50:12.5 of ¢c-GaN on GaAs (001).

The difference of thermal expansion coefficients between c-GaN and GaAs results in
compressive stresses. In the following, we estimate the strain ¢ induced by the thermal

mismatch. This strain is given as [14]

e=AT(a, ~a,), 44

where a, and o, are thermal expansion coefficients of GaAs and c-GaN, respectively.
AT is difference between room temperature and the growth temperature, which is
typically about 900°C. We take AT, a, and o, as 875 K, 6.0x10° K™ and 3.17x10°®
K™' [14], respectively, and obtain this strain value to be 2.5x107. Compared with the
residual strain in c-GaN layers shown in Table 4.1, this value is larger. Thus, this
expects that the compressive strains observed in this work come from the difference
of thermal expansion coefficients. But, we cannot assume that the resulting lattice-
mismatch strain was relieved with the growth proceeded. If the residual strain was
totally composed by thermal mismatch strain, it will be only dependent on the

thickness of films (the growth temperature is the same for all samples). However, this
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was not the case and the direct dependence of residual strain on the thickness of films
was not found as seen in Fig. 4.6. Therefore, it is believed that the residual strain is a
combination of the tensile strain induced by lattice mismatch and the compressive
strain induced by thermal mismatch. The residual tensile strain counteracts part of the
compressive thermal mismatch strain. Together, the compressive strain was also
relaxed as the film thickness increased (as in the case of sample No. 8, which has
layer thickness of 8.8 um). Thus, we cannot identify the contributing factor. However,
the tensile stresses caused by lattice mismatch are not completely relieved with
increasing thickness, and have a complicated dependence on the growth conditions

concerned in this thesis.

Now, we discuss the factors which may influence the precision of lattice

constants.

(i) cia/cyy affects the lattice parameters according to Eq. 4.1. The accurate value of
c12/cyy is still not obtained yet. As is shown in Table 4.2, the reported c|2/c|; values
ranged from 0.634869 to 0.48659 [39, 40, 41]. However, the difference between the
calculated lattice parameters induced by c»/ci) is less than 0.0013 A. It is very
possible that the precise value of c¢|»/c) is in the region of 0.634 869-0.486 59, and
the errors induced by ¢)»/c; may be estimated to be 0.0013 A.

(ii) Diffraction angles will also affect on the lattice constants. We can determine the
lattice constant, which is simply related to the Bragg angle of the measurement and

the accuracy Aa in the peak position as

Aa =a, cot(6)AB 4.5

where a, is the relaxed lattice constant, and 0 is the diffraction angle of c-GaN. With
the instrument used in our study, the precision in determining the peak position is 0.06
arc min for a typical peak width value of 1.2 arc min. The absolute peak was obtained
by a Gaussian-line fit. The fitting errors are 0.006-0.024 arc min. According to Eq. 4.5,

the errors of lattice constants are less than 0.0008 A.
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Figure 4.6: Thickness variation of ¢, for growth temperature (a) V/III ratio 100:25
and (b) V/III ratio 50:12.5 of ¢c-GaN on GaAs (001)

Sample | %M 128 a (A) 28] a (A) 28] i
No. | (c1o/c1=0.57955) | (c1o/c11=0.63489) | (c1/c11=0.48659)
1 4.4992 4.4988 4.5001 0.0013
2 4.5016 4.5013 4.5022 0.0009
3 4.5041 4.5040 4.5043 0.0002
4 4.5057 4.5056 4.5060 0.0004
3 4.5129 4.5131 4.5124 0.0007
6 4.5023 4.5019 4.5030 0.0011

Table 4.2: Calculated fully “relaxed” lattice constants of all the samples using the
different published elastic constants of c-GaN. Value of A represents the statistical
discrepancy between the maximum and minimum of calculated values using the

different reported elastic constants of c-GaN.
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Taking into account all these factors, we may come to the conclusion that the
error of lattice constants is approximately 0.0021 A. However, different c-GaN layers
have different crystal qualities and variant lattice constants, as shown in Table 4.2.
We used the average values of the computed relaxed lattice parameters to estimate
those of hypothetical perfect crystal of cubic GaN. Finally, the fully relaxed lattice
parameter was obtained to be 4.5045 + 0.0021 A. It is in fair agreement with the
theoretical value of 4.503 A, which was calculated by assuming that hexagonal GaN

forms a cubic lattice and by using its measured Ga-N bond distance

4.2 Strains in c-GaN on GaAs (311)

In this seétion, we try to explain strains in c-GaN layers on GaAs (311)
substrates grown with different growth conditions based on the method of X-ray
diffraction as in the case of ¢c-GaN on GaAs (001) substrate. In this case, unlike c-
GaN on GaAs (001), symmetric reflections (Aw=0) for the c-GaN layer and the GaAs
substrate can be measured from (311) and (200) planes. The (200) reflection is known
as symmetric reflections due to Aw=0. However, the c-GaN (200) plane is tilted from
the c-GaN (311) plane by about 25.2°, while Aw is kept at 0. The diffracted intensities
by 26/®w-scan mode were recorded and after the c-GaN layers were rotated around the
axis parallel to the surface of GaAs (311) substrate and the plane of incident and

reflected X-ray beams.

As an example, HRXRD 26/w-scans of the (311) and (200) reflections
measured from sample No. 8 (V/III ratio of c-GaN buffer layer = 100 at growth
temperature of 575°C, V/III ratio of c-GaN main layer = 25 at growth temperature of
900°C) are shown in Fig. 4.7. Single peak diffractions from the c-GaN layer are
clearly observed and any other peaks including hexagonal GaN are not observed in
each reflection. This result suggests that the GaN layers had cubic structure with
epitaxial relationship of ¢c-GaN (311)//GaAs (311) and c-GaN (200)//GaAs (200).
Compared to c-GaN on GaAs (001), c-GaN layer on GaAs (311) shows equivalently
crystal quality: FWHM values of the c-GaN on GaAs (311) in 268/®-scan is 8.67
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Figure 4.7: Diffraction peak 28 -w scans of (a) (311) and (b) (200) reflections from
c-GaN layer grown on GaAs (311) substrate with V/III ratios of c-GaN buffer and

c-GaN main layers of 100 and 25, respectively, and growth temperature of c-GaN
buffer layer was 575°C (sample No. 8).
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arc min (Fig. 4.8), which fairly equivalent to that of c-GaN layer on GaAs (001) (8.57
arcmin, see in Fig. 4.2). However, it is noted that X-ray diffracted intensity from c-
GaN (311) (c-GaN on GaAs (311)) is much lower than that of c-GaN (002) (c-GaN
on GaAs (001)), due to the lowering of structure factor. Although, this is also
observed for the c-GaN (200) reflection obtained from c-GaN on GaAs (311)
substrate, but reason is different. Since, in the case of c-GaN on GaAs (311) substrate,
the irradiated volume of tilted c-GaN (200) is much lower than that in the case of c-
GaN on GaAs (001), that the c-GaN (002) is in-plane with the substrate surface. To
calculate the lattice spacings of c-GaN on GaAs (311), the peak position was obtained
by fitting a Gaussian function to the experimental data obtained from both (311) and
(200) reflections. Figure 4.8 shows Gaussian fitting results of (311) and (200) c-GaN
reflections, which were respectively used to determine peak positions of (311) and
(200) diffraction peak to be 26 = 69.106° and 41.698°. With using Bragg’s law (Eq.
2.1), the values of lattice spacings, dag and d3;|, were determined to be 2.164 A and
1.359 A, respectively, which were indicated a small compressive strain. The values of
lattice spacing of the fully relaxed c-GaN layer were d,3;; = 1.3577 A and d, 0 =
22515 A.

The strain, which is in the direction that parallel to the GaAs (311) and GaAs
(200), was calculated by

d,, —d
Enil i =) 000 4.2.

r hkl

Here, (hk/) index as (311) and (200) were used in our calculation. Tables 4.3 and 4.4
summarized all the determined parameters, including thickness, d2go, d3;1, €200 and &3,
calculated using “relaxed” lattice constants obtaining from theoretical (Table 4.3) and
experimental values (Table 4.4), respectively. It is clearly seen that the values of dsy
and ds; of c-GaN layers are smaller and larger than those of the relaxed c-GaN layer,
indicating that strain in this c-GaN layer is also compressive as observed in the ¢c-GaN
layer on the GaAs (001) substrate. This is contrary to the expected tensile strain
caused by the large lattice mismatch between c-GaN layers and GaAs substrates. We

believed that the strain in c-GaN on GaAs (311) is compressive induced by the
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Figure 4.8: The peak positions of (a) c-GaN (311) and (b) c-GaN (200) reflections
of the sample used in Fig. 4.7 fitted by Gaussian-line shape.
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Tg Thickness
Samples buff
o (um) dap (R) ds1; (A) &1 £200
No. €C)
7 550 3.33 1.359 2.138 +0.000 -0.050
8 575 3.38 1.359 2.164 +0.000 -0.039
9 600 2.25 1.359 2.090 +0.000 -0.072
10 530 1.64 1.359 2.166 +0.000 -0.038 |
11 550 1.48 - - - -
12 575 1.64 - - - -

Table 4.3: Measured values of dzgpand d3;; of c-GaN on GaAs (311) with different

growth conditions. The &9 and &3;; was calculated by (d200-d; 200)/d; 200 and (d;;-
d, 311)/d, 31, respectively. In the calculation here, a,= 4.503 A, d, 200 =2.2515 A and
d, 311 = 1.3577 A were used.

Tg Thickness
Sa;nzles buffer (um) d200 (R) ds11 ) &1 200
(°C)
7 550 3.33 1.359 2.138 +0.000 | -5.1x10
8 575 3.38 1.359 2.164 +0.000 | -3.9x10%
9 600 2.25 1.359 2.090 +0.000 | -7.2x10™
10 530 1.64 1.359 2.166 +0.000 | -3.8x10™
11 550 1.48 - - - -
12 575 1.64 - - - -

Table 4.4: Measured values of d»p9 and d3;; of c-GaN on GaAs (311) with different

growth conditions. The &9 and &3;; was calculated by (dpo-d; 200)/dr 200 and (d3;;-
d, 31/)/d, 311, respectively. In the calculation here, a,= 4.5045 A, d, ;00 = 2.2522 A and
d,3;; = 1.3582 A were used.
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thermal mismatch strain during the cooling down process. Thus, we propose the same

explanation of this anomalous strain as in the case of c-GaN on (001) substrate.

4.2 Summary

We investigated the difference in lattice constants and strain of c-GaAs layers grown
by MOVPE on GaAs substrates using HRXRD with regard to the influence of growth
conditions, including V/III ratio and growth temperature of an intermediate c-GaN
buffer layer and V/III ratios of c-GaN main layer, and substrate surface orientations.
A c¢-GaN buffer layer directly grown on the GaAs substrates used to modify the
quality of upper c-GaN layer. In our samples, compressive strain existed in the c-GaN
layers. It was found that growth temperatures of 575°C trends to reduce the residual
strain of the c-GaN layers grown on both the GaAs (001) and GaAs (311) substrates.
However, with a buffer we cannot identify types of strain, since strain type is changed
with thickness. Actually, the strain of c-GaN layers is compressive due to thermal
mismatch strain and is induced during the cooling down process. Additionally, this
residual strain is not only dependent on the layer thickness, thus on the other hand, the
tensile strain induced by the mismatch in lattice constants of ¢c-GaN and GaAs also
contributed to the total strain in the studied c-GaN layers. Therefore we concluded
that the residual compressive strain appears as the result of interaction between lattice
mismatch and thermal mismatch. We also determined the fully “relaxed” lattice

constants of c-GaN to be 4.5045 + 0.0021 A.



CHAPTER V

Hexagonal Phase Generation

in ¢c-GaN

In this chapter, we report that the ratio of cubic to hexagonal components in ¢c-GaN
layers on GaAs (001) substrates. It can be estimated from the ratio of integrated X-ray
diffraction intensities of the cubic (002) (I..go2) and hexagonal (10-11) (I5_;0.;;) planes
measured using w-scan extracted from RSM in HRXRD, as far as the h-GaN is grown
with [0001] axis parallel to the cubic [111] direction. We tried to estimate the
dependence of hexagonal phase inclusion in c-GaN layer on GaAs (001) substrate on
the growth condition by this method. The hexagonal generations was also confirmed
by the results of Raman scattering. Correlation between amounts of hexagonal
inclusion estimated using HRXRD (Hxrp) and the ratio of integrated Raman
scattering intensities of cubic related transverse optical (c-TO) phonon (I..7p) and
hexagonal related h-TO phonon (I5.70) modes. This correlation was used to estimate
an amount of hexagonal phase inclusion (Hraman) in the c-GaN layers on GaAs (311)
substrates via Raman scattering due to a lack of X-ray diffraction from hexagonal (10-
11) plane.

5.1 Hexagonal phase generation in c-GaN on GaAs (001)

Figure 5.1 shows the (002) 26/w -scan profiles of the c-GaN films on GaAs (001)
substrates. Growth conditions: V/III ratios of c-GaN buffer (V/III=100) and main
(V/II1=25) layers are indicated as red solid lines and V/III ratios of ¢c-GaN buffer
(V/11I=50) and main (V/III=12.5) layers are indicated as blue solid lines. The cubic
(002) diffractions are clearly observed at 20 ~ 40°, whereas the hexagonal (0002)
diffractions are absent. The diffraction peaks related to h-GaN (10-11) were also
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Figure 5.1: (002) 26/® scan profiles of the c-GaN films on GaAs (001) substrates
grown with different growth conditions (see details in Chapter III).

observed for some layers, excluding samples No. 2 and 3. This demonstrates that the
GaN grown films have cubic structures and prefer to have hexagonal (10-11) grains
parallel to the GaAs (001) substrate. Thus, it cannot be concluded that no generation
of hexagonal crystal in these c-GaN films as described in Chapter II. The way to
prove this situation is measured the RSM around the (002) reflection and try to cover
the reflection from h-GaN (10-11) [18].

5.1.1 Detection of an inclined hexagonal-phase

In order to detect the inclined hexagonal phase subdomains in the c-GaN
films, X-ray RSMs were performed. Figure 5.2 shows the X-ray RSMs around the
(002) diffraction point measured along the [110] and [1-10] azimuth axis from sample
No.4 (V/III ratio of c¢-GaN buffer layer = 50 at 530°C, V/III ratio of main layer =
12.5). The related diffractions from different plane are labeled in the figure 5.2. The
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Figure 5.2: Typical (002) X-ray reciprocal space mappings of the GaN films growth
condition GaN buffer layer 550°C and V/III ratio 100:25 and the growth condition
GaN buffer layer 575°C and V/III 50:12.5 measured along the [110] azimuth axis.
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cubic (002) and hexagonal (10-11) peaks of GaN are clearly seen. The tilted angle
between the cubic (002) and hexagonal (10-11) reflections in the c¢-GaN layers is
about £7°. This result indicates that the c-GaN layers found to contain some amount
of inclined hexagonal-phase subdomains. The intensity of h-GaN (10-11) reflection is
smaller than that of the [1-10] azimuth, suggesting a lower amount of the inclined
hexagonal-phase subdomains in the [110] azimuth. The hexagonal (10-11) peaks as
seen in Figure 5.2 are analyzed. The hexagonal phase presented in the c-GaN layer is
mainly generated on the cubic (111) surface, which is shown schematically in Figure
2.5. The orientation of hexagonal phase subdomains are in the direction of

[00011//[111].

In addition, the shape characteristic of the hexagonal (10-11) peaks can be
clarified. As an example, it is clearly seen in Figure 5.2 that there is a streak
connecting the ¢-GaN (002) reciprocal lattice point to the h-GaN (10-11) points. This
diffraction pattern indicates that there are a few hexagonal phases with different
lattice constants and crystal orientations. Since, the atomic arrangement (0001)
surfaces are the same as those of the cubic (111) surfaces. For this reason, there are
three possible way as to interpret the structural modifications of c¢-GaN along the

<111> directions.

1. The streak consists of (10-11) diffraction peaks of h-GaN with
different lattice constants. The strain relaxation in h-GaN domain will vary with the
size of h-GaN subdomain. For smaller h-GaN subdomain, the lattice constant and
orientation will be close to those of ¢-GaN. For larger h-GaN domains, they will
approach to those of h-GaN.

2. The domain boundaries between h-GaN and c¢-GaN are deformed
regions with its crystalline structure changing gradually cubic to hexagonal
structures, namely stacking faults.

3. The layer may contain layer-like c-GaN/h-GaN material. From this
reasons, we obtain that the average lattice plane spacing would vary from c-GaN to

that of h-GaN due to the different amounts of hexagonal phase inclusion.
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5.1.2 Estimation of hexagonal phase inclusion

The intensity of the h-GaN (10-11) reflections varies on the growth cenditien,
suggesting variation of amount of hexagonal phase inclusion in the c-GaN layers. In
order to give a quantitative estimation of an amount of hexagonal phase inclusion, we
calculated the integrated XRD intensities of the cubic (002) and hexagonal (10-11)
diffractions measured by the @ - scan [19]. Figures 5.3 show the @ -scan profiles of c-
GaN (002) planes (268 = 40.01°) and h-GaN (10-11) planes (26 = 34.56°) of sample
No. 4. The red circles and solid blue lines are the experimental and the Gaussian fitted
curves, respectively. The integration data of each diffraction peaks was calculated

from area under the Gaussian fitted curves as shown in Figures 5.3.

It has been well known that XRD peak intensities are usually different for
different lattice planes [36]. However, there is no report on the XRD intensity of c-
GaN compared with that of h-GaN, owing to a lack of a high quality thick c-GaN
layer. Thus, we calculated the theoretical XRD intensities of the @~ scan for both the
c-GaN (002) and h-GaN (10-11) planes. The integrated XRD intensity / is expressed
as [19]:

I=1y x|F(hkD)|2x P x V x L, x N° x ™™, Iy

where I, P, V, L, N and ¢’ are the incident X-ray intensity, multiplicity factor,
irradiated volume, Lorentz polarization factor, number of unit cell per unit volume

and temperature factor, respectively.

If there are N atoms in unit cell, the coordinates of the n-th atom are defined as
(Xm ¥Yn zn) and £, is the atomic scattering factor for the n-th atom, then structure factor

Flun can be expressed as

N
Fy =Y fyexpl2ri(hx, + ky, +12,)], 5.2
n=|
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Figure 5.3: w-scan profile of the ¢-GaN (002) (26 = 40.01°) and h-GaN (10-11)
(26 = 34.56°) diffraction peaks extracted from the X-ray RSM measured along the
[110] and [1-10] azimuth axis of sample condition GaN buffer layer 530° and
V/II ratio 50:12.5 (sample No. 4). The red circles and blue solid lines are the
experimental and the Gaussian fitted curves, respective. The integration data of

each diffraction peaks was calculated from the area under the Gaussian fitted

curves.
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the value of f,, which is corresponded to scattering strength of n-th atom, depends on
both @ and A of incident X-ray beam [37]. Table 5.1 shows atomic scattering factors
of Ga and N atoms [35], which are used in our calculation. For low scattering angles,
the atomic scattering factor can be seen to reach values close to the atomic number as
seen in Fig. 5.4. According to the coordinate of all the atoms, the structure factor can
be calculated. In the case of epitaxial layer, P = 1. The Lorentz polarization factor can

be denoted as

3 1+ cos? 20

L =——,
sin” @cosé

p

5.3

where @is being Bragg’s angle of the (#k/) reflection. In addition, as the temperature
of the crystal is increased, the intensity of the Bragg reflected X-ray decreases as an
exponential decay. This is so called temperature factor. Debye and Waller showed

that the temperature factor depends on the Boltzmann constant (kz), temperature (7)),

mass of an atom (M), lattice phonon frequency (@) and reciprocal lattice vector (G,

where |G| = 1/dyy = sin@/A) and it can be denoted as follows [38].

-2M

kT,
e =exp(— G, 5.4
p( Vo )

2

the exponential factor “2M” is so called Debye-Waller factor.

As a result, the calculation values of the relative XRD intensities from one
plane for several GaN planes are shown in Table 5.2 [19]. The « values, which are
the ratio of the integrated XRD intensity from the summation of those from the
hexagonal (10-11) planes to the cubic (002) plane, were calculated to be 1.07 for
GaN.To estimate the amount of hexagonal phase inclusion in the c-GaN layer, Eq. 5.1

is simplified. Thus, the irradiated volume is

I
V= > — 55
Iox| F(hkD)|" xPx L,x N” xe
So, the volume ratio of hexagonal phase to cubic phase can be expressed as
1, I x| F(hkl)|} xP.x L, x N> xe " 56

Yy
V., I I,_x|F(hkl)|,>xB,xL, ,xN,xe, "’
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Ség?; A Atomic scattering factor [f (sin@/2)]
0.0 | 0.1 02 ( 03 | 04 [ OS5 | 06 | 0.7 | 08 | 09 1.0
Ga 31 | 278|233 (193|165 |145| 12,7 | 11.2 | 10 89 | 79
N 7 5.8 4.2 3 23 [ 19 | 165|154 | 149 | 1.36 | 1.29

Table 5.1: Atomic scattering factors for Ga and N atom, which used in our calculation

[35].

Atomic factor f(sin6/A)

0.0 02 0.4 0.6 08 1.0
sin B/A(A™)

Figure 5.4: Atomic scattering factor for Ga and N atom as a function of sin@/A.
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Structures Planes 6 (deg.) 1(10° cps.) Moz =0
(111) 172 18.8 2.35
(002) 20 7.98 1
Cubic (220) 28.9 4.86 0.61
311 34.5 2.10 0.26
(222) 36.3 1.33 0.17
(10-10) 16.1 7.60 0.95
(0002) 17.3 18.5 2.32
Hexagonal (10-11) 18.4 8.47 1.07
(10-12) 24.2 1.63 0.20
(11-20) 28.9 4.84 0.61

Table 5.2: Theoretical XRD intensities from several cubic and hexagonal phase for

GaN crystal.

where # and ¢ denote hexagonal and cubic phase structure, respectively. Finally, the
amount of hexagonal phase inclusion in the total volume, (V})r, can be calculated

using

V), % =%x100% = /, =—x100%,, 5.7
1+V, 1V I, +al.
where « is the weight number. I, and I. are the integrated XRD intensities from
hexagonal (10-11) planes and the averaged integrated XRD intensities from cubic
(002) planes, respectively. In our work, we use the value of & = 1.07 for the
GaNcrystal, thus, hexagonal phase inclusion (Hxrp) determined by Eq. 5.7 become:
H = _ — X 1000/ B
w1071 ’ 58
From Eq. 5.8, we demonstrate that the amount of hexagonal phase inclusion in the c-
GaN layer can be estimated using the ratio of integrated XRD intensity from the cubic
(002) plane to the summation of those from the hexagonal (10-11) planes measured
by @ -scan. Then, Eq. 5.8 was used to estimate volume ratio of hexagonal phase,
namely hexagonal phase inclusion. As shown in Table 5.3, hexagonal phase inclusion
amounts of 25-92% was established. It is found that amount of hexagonal phase

inclusion is sensitive on the growth temperature of buffer layer. While, less influence

of V/III ratio was observed.
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Sample Thickness | V/III ratios T, buffer Hxgrp (%): HRaman
No. (um) Buff.: layer () c-phase purity (%) (%)
1 1.50 100: 25 550 25:75 17
2 2.05 100: 25 575 32:68 18
3 1.28 100: 25 600 36 :64 20
4 1.61 50: 12.5 530 27:73 18
5 8.87 50: 12.5 550 26:74 24
6 2.55 50: 12.5 575 85:15 68

Table 5.3: Amounts of hexagonal phase inclusion determined by HRXRD (Hxgrp) and
Raman scattering (Hraman) in c-GaN layers on GaAs (001) substrates with various
growth conditions.
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Figure 5.5: Ix0.11)/Ic02 as a function of hexagonal phase inclusion (%) of c-GaN
layers on GaAs (001) substrates for (a) [1-10] azimuth and (b) [110] azimuth axes.
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In addition, as shown in Fig. 5.5, we found out that the generation of hexagonal phase
inclusion in ¢-GaN exhibits anisotropic characteristic. Only the {111} planes that
perpendicular to the [1-10] direction is preferred hexagonal phase generation. Since,
integrated intensity of hexagonal (10-11) obtained from the [110] azimuth axis is less

sensitive to amount of hexagonal phase inclusion.

5.1.3 Correlation between vibrational properties and hexagonal
phase generation

In this part, we evaluated the possible impact of the growth conditions on the
vibrational properties in the c-GaN layers using Raman spectroscopy. Raman
scattering with incident light wavelength 514.5 nm is used to study the regions of thin
c-GaN layers at room temperature. The number of samples used in this study are 6
samples. Raman spectra were recorded from 3 different areas (3 spots) for each
sample. Figure 5.6 shows Raman spectra of the c-GaN layers on GaAs (001)
substrates grown under V/III ratios of buffer and main layers are 100 and 50 (red line)
and 50 and 12.5 (blue line). The Raman intensity is normalized with respect to the
cubic-LO Raman intensity for each sample and the base lines are subtracted. The
black- and green-dash lines are indicated the characteristic phonon frequencies of
cubic [21] and hexagonal [21] structures of the GaN crystals, respectively. For
reference, values of these characteristic phonon frequencies for both the cubic and
hexagonal c-GaN crystals have already presented in Table 2.1. It is found that the
cubic LO phonon is clearly observed in all the c-GaN layers. On the other hand, as
expected, the occurrence of the h-GaN related Raman features near 568 [31] due to
the incorporation of hexagonal phase was clearly observed as shown in Fig. 5.6. This
phonon mode is connected to transverse optical phonon (h-TO). Compared to the c-
GaN layer grown with lower V/III ratios, Raman spectra exhibit a less influence of
hexagonal phonon mode for the c-GaN films grown with V/III ratios of buffer layer
and main layer of 100 and 50 (samples No. 1, 2 and 3). The results demonstrate that
the difference in the Raman spectra is in connection with the different amounts of
hexagonal phase inclusion in the c-GaN films. Based on HRXRD and Raman
scattering measurements, the grown c-GaN layers also contain some amount of

inclined hexagonal subdomains.
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Figure 5.6: Raman spectra of the c-GaN films on GaAs (001) substrates grown with
different growth conditions. Green-dotted lines and black-dotted lines indicate the

characteristic phonon frequencies of c-GaN and h-GaN phase, respectively.

Under these observations, thus, we found correlation between amount of hexagonal
phase inclusion and the intensity ratio of integrated Raman scattering intensities of c-
TO phonon (I..70) and h-GaN related h-TO phonon (I.70) modes (Ix.r0/l..70) as a
linear dependence as shown in Fig. 5.7. Noted that the integrated Raman intensities of
¢-TO and h-TO obtained by subtracting the base lines and then fit the spectrum with

Gaussian-line shape, as shown in Fig. 5.8.

It is known that the integrated intensity of ¢c-TO (I..7p) in c¢-GaN layer is
proportional to the cubic phase component and that of h-TO (I;.7p) is proportional to
the hexagonal phase component. Then hexagonal phase inclusion (Hraman) from the
Raman scattering measurements can be calculated as follows;

Ih—TO
H g = ——2— x100% - 59

Raman 1
n-ro T 1o 10
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Figure 5.7: 1,70 /1..70 ratio as a function of hexagonal phase inclusion in c-GaN layers
on GaAs (001): (a) V/III ratios of buffer and main layers are 100 and 25, respectively,
and (b) V/III ratios of buffer and main layers are 50 and 12.5, respectively.
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Figure 5.8: Raman spectra of the c-GaN films on GaAs (001) substrates grown
with V/III ratios of buffer and main layers are 100 and 25, respectively, at growth
temperature of buffer layer of 575°C. Red circle, blue-dashes line and blue solid

line are represented an experiment, fitting and total fitting, respectively.
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We represent the hexagonal phase inclusion determined by using HRXRD as
Hxrp. The Hxrp and Hgaman, Were found to have a linear relationship as shown in Fig.
5.9. In this figure, the data points are assuming equal scattering probability for cubic
and hexagonal related phonon modes. But the difference between Hraman and Hxrp
indicates that scattering probability for the cubic-related phonon mode lower than that

of the hexagonal related phonon mode.

The average Hraman calculated using the Eq. (5.9) as a function of Hxgp is
displayed in Fig. 5.9. The data points were obtained giving the best fit; Hraman =
2.4+0.5Hxgrp. Table 5.3 shows Hxrp and Hraman calculated for each c-GaN layers. We
show that a linear dependence of Hraman on Hxrp, may provide a useful calibration
method to determine the hexagonal phase inclusion in ¢-GaN layers by using Raman
spectroscopy technique. Thus, we applied this method to estimate amount of
hexagonal phase inclusion in ¢c-GaN layer on GaAs (311) substrates, which will be

discussed later in the next section.

5.2 Hexagonal phase generation in c-GaN on GaAs (311)

It is well known that there are four similar {111} planes in the cubic
noncentrosymmetric structure; (111) and (1-1-1) planes are along the [1-10] axis and
other (1-11) and (-111) planes are along the [110] axis. However, as we described in
Chapter II, we can observe only the symmetric (311) and (200) reflections of ¢c-GaN
layers grown on GaAs (311) substrates due to limitation of HRXRD instrument. This
makes a lack of X-ray diffraction from the hexagonal (10-11) planes connected with
the four similar {111} planes in cubic structure. Thus, the method used to estimate an
amount of hexagonal phase inclusion as reported in previous section cannot used to
estimate for the case of layer on GaAs (311). Raman scattering becomes very valuable
in proven generation of hexagonal phase in ¢-GaN layers on GaAs (311) substrates.
For example, our report in previous section showed a useful calibration method to
determine the hexagonal phase inclusion in c¢-GaN layers by using Raman

spectroscopy technique.
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Figure 5.9: Hraman as a function of the Hxrp, from our experiment. The data points

are average data obtained from 3 spots on the sample. Error bars are standard

deviations.

Figure 5.10 shows room-temperature Raman scattering spectra of the c-GaN
layers on GaAs (311) substrates grown under V/III ratios of buffer and main layers
are 100 and 25 (red line) and 50 and 12.5 (blue line). The Raman intensity is
normalized with respect to the cubic-LO Raman intensity for each sample and the
base lines are subtracted out. The black- and green-dotted lines are indicated the
characteristic phonon frequencies related to cubic and hexagonal structures of the
GaN crystals, respectively. The c-LLO phonon is also clearly seen for all the c-GaN
layers as observed in the case of c-GaN on GaAs (001). As we expected, the
occurrence of the h-TO phonon mode near 568 [31] due to the incorporation of
hexagonal phase is seen in Fig. 5.10. Compared to the c-GaN layer on GaAs (001),
Raman spectra exhibit a stronger intensity of h-TO phonon mode. The result suggests
that the difference in the Raman scattering intensity is in connection with the different

amounts of hexagonal phase inclusion in the ¢c-GaN films.
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Figure 5.10: Raman spectra of the c-GaN films on GaAs (001) substrates grown with

different growth conditions. Red-dotted lines and black-dotted lines indicate the

characteristic phonon frequencies of c-GaN and h-GaN phase, respectively.

To determine amount of hexagonal phase inclusion in c-GaN layers on GaAs
(311) substrates, Eq. 5.9 was used. Figure 5.11 show the integrated Raman intensities
of ¢-TO and h-TO obtain by subtracted out the base lines and then fited the spectrum
with Gaussian-line shape. All determined results of I.1o/Ic.to and Hraman are listed in
Table 5.4. Unfortunately, compared to c-GaN layers on GaAs (001) substrates, larger
amounts of hexagonal phase inclusion were established for c-GaN layers on GaAs
(311) substrates. As shown in Table 5.3, hexagonal phase inclusion amounts of 25-
85% was obtained by this method. The results surprised us that the generation of
hexagonal phase in c-GaN layer on GaAs (311) is less influenced by the growth

conditions. This is due to an insufficient of the layer quality.

Our results demonstrated that not only the substrate surface influenced on the
generation of hexagonal phase in c-GaN layers. The growth conditions play as a key

to reduce the amount of hexagonal phase inclusion in the c-GaN grown layer
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Figure 5.11: Raman spectra of the c-GaN films on GaAs (311) substrates grown with
V/III ratios of buffer layer = 100 and main layer = 25 and at growth temperature of
buffer layer = 575°C. Red circle, blue-dashes line and blue solid line is experiment,
fitting and total fit, respectively.

Estimated
hexagonal
Sample | V/III ratios | T, buffer | Thickness | In.to/Ic-to | Hraman phase
No. layer (°C) (um) (%) inclusion
Buffer:laye
r (%)
7 100:25 550 3.33 0.85 46 87
8 100:25 i 3.38 0.99 50 052
b 100:25 600 229 0.96 48 912
10 50:12.5 530 1.64 NoData | NoData | No Data
11 50.12.5 550 1.48 0.65 40 75
12 50.12.5 575 1.64 0.84 46 87

Table 5.4: Ratios of I.70/1..r0 and Hraman for c-GaN layers on GaAs (311) substrates
with different growth conditions. Hexagonal phase inclusion was estimated using

linear fit, Hraman = 2.4+0.5Hxrp, obtained from Fig. 5.9.



68

5.3 Summary

The hexagonal phase inclusion in the c-GaN layers has been investigated by high
resolution X-ray diffraction (HRXRD). We have proposed an X-ray RSM applied in
the determination of the (10-11) planes of h-GaN in c-GaN layers on GaAs (001)
substrates. It has clearly observed the c-GaN layers with the amounts of hexagonal
phase inclusion up to Hxrp = 92%. The lowest amount of hexagonal phase inclusion
is 25%. The amount of hexagonal phase inclusion in c-GaN layers on GaAs (311)
cannot be determined by HRXRD measurement. On the other hand, Raman scattering
have seen proven to be a very sensitive method for measuring an existence of
hexagonal phase in c-GaN layer on both GaAs (001) and GaAs (311) substrates. It
was found that, all the c-GaN layers used in this study exhibit high incorporation of
hexagonal phase GaN. The hexagonal phase inclusion in the c-GaN layers determined
by Raman spectroscopy technique, Hraman, €xhibits a linear dependence on the Hxgp.
The best fit yields Hraman = 2.4+0.5 Hxrp. A linear dependence of Hraman On Hxrp,
provides a useful calibration method to determine the amount of hexagonal phase

inclusion in c-GaN layers by using Raman spectroscopy technique.



CHAPTER VI

Conclusion

In this thesis, strain and hexagonal phase inclusion in MOVPE grown c-
GaN layers on GaAs (001) and GaAs (311) substrates have been investigated. The
goal of this thesis is to compare the strain and hexagonal phase generation in the c-
GaN layers grown on the GaAs (001) and the GaAs (311) substrates, emphasized on
the effect of growth conditions, such as V/III ratios of c-GaN buffer and c-GaN main
layers and the growth temperature of buffer layer. High resolution X-ray diffraction

(HRXRD) and Raman scattering spectroscopes on ¢c-GaN layers are described.

Strain in c-GaN layers grown on GaAs (001) substrates was measured by a
high resolution X-ray diffraction method using 26/w-scan and RSM modes. Residual
strain in the grown layers was in compression, contrary to the predicted tensile strain
caused by a large lattice mismatch between c-GaN and GaAs substrates (~20%). It
was also found that the relief of strain in the GaN films has a complicated dependence
on the growth conditions. We interpreted this as the interaction between the lattice
mismatch and thermal mismatch stresses. The fully relaxed lattice constants of cubic
GaN are determined to be 4.5045+0.021 A, which is in agreement with the theoretical
prediction of 4.503 A.

Then, the lattice spacings and residual strain of c-GaN layers grown on
GaAs (311) substrates were reported. In our samples, compressive strain existed in the
GaN layers. The tensile stresses caused by lattice mismatch are not completely
relieved with increasing thickness, and also have a complicated dependence on the
growth conditions. As the case of c-GaN layers on GaAs (001) substrates, they
partially counteract the compressive strain formed upon cooling due to the mismatch
of thermal expansion coefficients. The residual compressive strain emerges as the

result of interaction between lattice mismatch and thermal mismatch.
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The c-GaN layers have been studied by Raman scattering spectroscopy. It was
found that, c-GaN layers have a component of hexagonal phase. And, in all the
hexagonal incorporating films, a hexagonal phase-related transverse optical (h-TO)
phonon is observed at Raman frequency of 568 cm™. The ratio of integrated Raman
scattering intensities of ¢c-TO phonon and h-GaN related h-TO phonon modes (1,.70/1..
10) is proportional to the hexagonal phase inclusion. The hexagonal phase inclusion in
the c-GaN layers determined by Raman spectroscopy technique (Hgraman), €xhibits a
linear dependence on the hexagonal phase inclusion (Hxrp) determined using
HRXRD. The best fit yields Hraman = 0.5 Hxrp +2.4. A linear dependence of Hgaman On
Hxrp, provides a useful calibration method to determine the hexagonal phase

inclusion in c-GaN by using Raman spectroscopy technique.

HRXRD and Raman scattering spectroscopes are also used to investigate
the hexagonal phase generation in the c-GaN layers grown on GaAs (311) substrates.
Unfortunately, an existence of hexagonal phase cannot be confirmed by HRXRD due
to the limit of the instrument. Thus, RSM in HRXRD cannot be used for estimate
amount of hexagonal phase in c-GaN on GaAs (311) substrates. But, a strong intensity
of h-TO Raman spectra indicated a large incorporation of hexagonal phase in the c-
GaN layers. Thus, we applied this method to estimate amount of hexagonal phase
inclusion in c-GaN layer on GaAs (311) substrates and found out that incorporation of
hexagonal phase in c-GaN layer on GaAs (311) is higher than in the case of the c-
GaN layer on GaAs (001).

As shown by these results, the hexagonal phase generation in the c-GaN
layers grown by MOVPE is in connection with the generation of stacking faults
and/or hexagonal phase subdomains. The growth conditions, such as growth
temperatures and the V/III ratios of the cubic buffer layer are mainly affecting
parameters, which results in the generation of hexagonal phase and strain of the c-
GaN layers. The results obtained here can not only be to interpret the c-GaN layers;
but also be extended to explain the structural properties of other novel semiconductors.
Hopefully, the obtained information is very useful to the full fill understanding of the
hexagonal phase formation mechanism for further device improvemens. Further work
is still necessary to fully clarify the affecting parameters on the hexagonal phase
generation in the growth of epitaxial cubic IlI-nitride films.
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