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Abstract

In this thesis, the growth structural and optical properties of FS-GaN with

ZnO template buffer layer have been investigated. The objective of this thesis is to

fabricate the high quality FS-GaN substrate by using ZnO sacrificial layer.

In the chapter 1, the fundamental GaN properties, problems in the

fabrication of FS-GaN substrate, and many application of the GaN are introduced.

In the chapter 2, the principles of hydride vapor phase Epitaxy (HVPE), scanning

electron microscopy (SEM), high resolution X-ray diffraction (HR-XRD), and

photoluminescence (PL) are explained. In the chapter 3, ZnO polarity was

determined for the growth of GaN on ZnO. In the chapter 4, the high quality GaN

film growth was achieved by using ZnO sacrificial layer and optimization of

growth condition. And in the chapter 5, a new self-separation method by using

chemical etching of ZnO template was developed. And the quality of GaN was

characterized in terms of structural and luminescence properties. Finally, the

results found from this thesis are summarized and concluded in the chapter 6.
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Chapterl. Introduction

1.1) Introduction to III-Nitrides semiconductors
1.1.1) Application of GaN

Epitaxial GaN and its alloys with Al and In are emerging wide-gap
semiconductors well suited for the fabrication of semiconductor devices including
light emitting diodes and lasers and high power, high temperature and high
frequency electronic applications.[1-2] There are two fundamental reasons to
choose nitrides for blue-light sources. Foremost is the large bandgap associated
with the Al-Ga-In-N system, which encompasses the entire visible spectrum as
shown FIG. 1.1 The GaxIn; 4N ternary alloys, represented in the FIG. 1.1 by the
lower segment of the nitride triangle, have bandgap ranging from 0.65e¢V ~1.0eV
for InN to 3.4eV for GaN.[3-4] The other main advantage of the nitrides over other
high-bandgap semiconductors is the strong chemical bond which makes the
material very stable and resistant to degradation under conditions of high electric
currents and intense light illumination. Furthermore, a great advantage of GaN,

InN and AIN materials is that all these direct band gap semiconductors can be

9



applied to optical devices, which are luminous over the entire visible to ultraviolet
spectrum by making ternary compounds of I1I-nitrides such as InGaN and AlGaN.
The development of GaN-based optical devices is expected to have an

enormous effect on display and lighting technology.

7 T T T T ] T T T T T
- ® Direct Bandgap b
6 AING ® Indirect Bandgap
; = N
L 5 ]
> I oMgs .
@ 4+ N
c MgSe
“é Ultraviolet GaN. ZnS® @
T 3
o L - . AP e ®ZnSe |
c ®
s 2| B siC nnen %P AlAs o
| Infrared GaAs® @ CdSe|
1+ InP ]
InN @
0 I~ dsapphire dsic-6H dgaas T
1.6 1.8 2 2.2 2.4 2.6

Chemical Bond Length (E\)

FIGURE 1.1 Bandgap and chemical bond lengths of compound semiconductors that
emit in the visible range of the electromagnetic spectrum. The visible spectrum is

shown as related to the energy gap of the semiconductors.

GaN-based visible light emitting diodes (LEDs) are already commercialized
for a variety of lighting; the application of blue, green and LEDs is full-color
displays, traffic lights, automotive lighting and general room lighting using white

LEDs. [5] In addition, blue laser diodes (LDs) can be used in high storage-capacity
10



digital versatile disks (DVDs) system. [6] Green laser diodes can be used in

portable laser display. AlGaN-based photo-detectors are also useful for solar-blind

UV detection and have applications as flame sensors for control of gas turbines or

for detection of missiles. Those GaN-based optical devices will by more widely

used due to excellent optical properties of GaN. Moreover, with the recent revision

of the band gap of InN at ~0.65eV[3-4], the band gap of the InGaN material

system now rages from the infrared to the ultraviolet region.

This direct and wide band gap range makes the InGaN material system

useful for photovoltaic applications due to the possibility of fabricating not only

high-efficiency multi-junction solar cells based solely on the nitride material

system. Detailed balance modeling indicate that in order to achieve practical

terrestrial photovoltaic efficiencies of greater than 50%, materials with band gaps

greater than 2.4 eV are required [7] addition to the wide band gap range, the

nitrides also demonstrate favorable photovoltaic properties such as low effective

mass of carriers, high mobilities, high peak and saturation velocities, high

absorption coefficients, and radiation tolerance. The III-V nitride technology has

demonstrated the ability to grow high-quality crystalline structures and fabricate

11



optoelectronic devices, which confirms its potential in high-efficiency photo-

voltaics.[8]

1.1.2) Physical properties of GaN

TABLE 1.1 Material properties of GaN

Property Value
RT(300K) energy band gap(eV) 3.44
Lattice constant a-plane (A) 3.18843
c-plane (A) 5.18524
Density(g/cm”) 6.15
Coefficient of thermal expansion at a-axis (10-6/K) 5.59
300K
c-axis (10-6/K) 3.17
Thermal conductivity at 300K (W/cm-"C) >2.1
Infrared refractive index 2.3
Electron affinity (eV) 34
Elastic constants (GPa) Cc11 390+15
C12 145+20
C13 106+20
C33 398+20
C44 105+10
Heat capacity at 300K (J/mol-K) 353
Group of symmetry C6smc

Gallium nitride and other IIl-nitrides have particular material properties

compared with other III-V materials such as GaAs or InP because the metallic

12



atoms are strongly bonded to very small nitrogen atoms. Gallium (*'Ga or Ga) and
Nitrogen ('N or N) form sp3 hybrid orbital among the nearest atoms, and N has a
very small atomic and ionic radii; electrons are very strongly bonded to the
nucleus. Consequently, GaN has ionic as well as covalent bonds and very short and
strong bonds. This is closely related to why GaN has a high melting point, thermal
and chemical stability, wide band-gap and high thermal conductivity as shown in

TABLE 1.1 this table shows a summery of the physical properties of GaN.

1.1.3) Problems in GaN Epitaxy
Although GaN itself is the best choice as a substrate for GaN epitaxy and
device fabrication, commercialization of FS GaN substrate need more times. There
are many difficulties and problems in fabrication of FS GaN substrate because of
high equilibrium vapor pressure of nitrogen in GaN and high melting point of GaN.
Phase diagram of FIG. 1.2 showed that, at pressures above 6 GPa, congruent
melting of GaN happened at about 2,220°C, and to decrease the temperature
allowed the GaN melt to be crystallized. [9] Thus, it is difficult to grow bulk GaN,

and film quality was eventually deteriorated by hetero-epitaxy on foreign

13



substrates.

3,000 -

GaM (L)

2,000

Tempetature ('C)

GaN {wurtzite)

]— L 1 1

0 2 4 B 8 10
Pressure (GPa)

FIGURE 1.2 Phase diagram of GaN. [9]

For these reasons, typically GaN layers are grown on various foreign
substrates such as sapphire (Al,O3), SiC and LiGaO; etc. as shown in TABLE 1.2.
[6] That is, selection of an appropriate substrate is critical. Sapphire, which is the
most commonly used substrate in GaN epitaxial growth, is interesting because this
substrate seems to be unsuitable from the viewpoint of material properties
compared with GaN; sapphire has large lattice misfit over than 16% and thermal
expansion coefficient mismatching with GaN. From these factors, many cracks

were easily generated and only inferior GaN layer with very rough surface

14



morphology was obtained by early GaN research groups. These mismatches

between the sapphire substrate and epitaxial GaN layer induce the generation of a

high density of dislocation in GaN thin films. Sapphire is the most commonly used

substrate for epitaxial growth of the Ill-nitrides as addressed in before section.

However, the large differences in lattice parameter and in linear thermal

expansion rates that occur both within the AlGalnN system itself and relative to

sapphire substrates meant that poor-quality epitaxial films were expected. In the

search for improved properties, Akasaki and Nakamura suggested that a low

temperature (LT) AIN and a LT GaN between sapphire substrate and epitaxial GaN

film.[10-11] Although amorphous and therefore not of as high quality as the

desired film, the buffer layers allowed for continuous coverage of the substrate and

overcame the wetting obstacles related to surface and interface energetics. Aksaki

grew the first smooth surfaces of GaN films in 1986, demonstrating that two-

dimensional nucleation in nitride Epitaxy could be achieved and thereby bringing

about a significant improvement in the electrical and luminescent properties of the

films. LT buffer layers have contributed do improve crystallinity, electrical and

optical properties of GaN layers. However, there still are many obstacles to realize

15



long lifetime and high power devices.

TABLE 1.2 Material properties of substrates for GaN Epitaxy

Crystal Structure Lattice misfit TEC Price (c-plane)
[%] mismatch [%] 10 x 10 mm ($)
GaN Waurtzite 0 0 1295
AIN Wurtzite 3 33
Sapphire (Al,03) Corundum 16 -25 5
SiC (6H) 6H Wurtzite 4 24 220
Si Diamond -17 115
GaAs Zincblende -20 -7
LiAlO, Orthorhombic -1 -21 54
LiGaO, Orthorhombic 1 -23 65
ZnO Waurtzite -2 -13 140

The misfit dislocation act as nonradiative recombination centers and reduce

the quantum efficiency.[12] More important problem in a GaN based devices is

breakdown or failure during operation. The operation of device is strongly

influenced by junction temperature of active-region. Breakdown or failure of

devices occurs in defect area such as nanopipes and threading dislocation (TD),

when heat occurs to device during operation.[13] By such reasons, other buffer

layer such as ZnO, InN as well as LT-AIN and LT-GaN were suggested as useful

technique to get GaN films with low dislocation density.[14-15] Despite a lot of

16




buffer layers have been tried, many TDs that extend along the c-axis of grown

GaN films from the interface between the substrate and epitaxial layer.

1.1.4) Piezoelectric polarization in GaN

It is relatively easy to grow planar c-plane GaN due to its large growth

stability. Nearly all wurtzite Ill-nitride-based devices have been grown

predominantly in the (0001) or c-plane orientation. However, owing to their

P63mc symmetry, wurtzite structures are polar. Since the wurtzite structure has

polar symmetry, the material has a spontaneous polarization in the polar axis

parallel to c-<0001> direction. The addition of strain causes piezoelectric

polarization, which is much larger in value and might be either on the same or the

opposite direction of the spontaneous polarization. Following FIG 1.3 exhibits the

effect of strain and the growth face on the direction of the spontaneous and

piezoelectric polarization. Piezoelectric field is induced since group Ill-nitride

have large piezoelectric constants along c-<0001> direction.

As can be seen from FIG 1.3, if i grown on different faces either Ga-(0001)

face or N-(000-1) face, i seen opposite effects. [16]
17



(a)

Ga - \‘b\ A (Ga) face

[0001] l i I' f\ ’]"
[1120) I—> [1100) B (N) face

GaN v" d!z

-
=

(b) (c)
i AllGa Ff‘-' P‘." InlGa
N T N
AllGa
N InfGa
S oY
N IniGa
AGaN NY Y Y Yy

InGaN

FIGURE 1.3 schematic diagram of crystal structure and of the spontaneous
and piezoelectric polarization fields present in (a) unstrained GaN;
(b) The lattice constants a and ¢ and the A (Ga-terminated) (a) and B
(N-terminated) crystal faces are indicated for GaN.[16]

As a result of the piezoelectric and spontaneous polarizations the optical
properties of Ill-nitrides are strongly affected by the quantum confined Stark effect
(QCSE) as demonstrated in FIG 1.3, leading to shift in emission wavelength and
decrease in intensity. Polarization fields cause the device to perform inefficiently
due to poor electron-hole recombination resulting from electron-hole separation. In

FIG. 1.4 it is shown that the electron and hole wave-functions are separated and

pushed toward the opposite sides of the well.
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FIGURE 1.4 A comparison on between a) polar c-plane GaN/AlGaN SQW band
diagram in the presence of polarization electric and b) m- or a-plane GaN/AlGaN

SQW band diagram in the absence of PE.[17]

The reduced overlap results in a corresponding reduction in radiative
recombination rates. The probability of carriers tunneling out of the well also
increases, resulting in a decrease in carrier lifetimes and broadening of the

absorption spectra. As a result, optical transitions are less intense, and red-shifted.

1.2) Necessity of Free standing GaN substrate
1.2.1) History of GaN substrates and problems of fabrication
Basically, there are many difficulties and problems in fabrication of bulk
GaN because of high equilibrium vapor pressure of nitrogen in GaN and high

melting point of GaN. Phase diagram of FIG. 1.2 showed that, at pressures above 6
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GPa, congruent melting of GaN happened at about 2,220°C, and to decrease the

temperature allowed the GaN melt to be crystallized.[18] By these reasons,

although bulk GaN growth technique has been researched for a long time, these

methods have not produced a bulk GaN ingot.[19-24] In addition, these methods

are less practical for commercial bulk GaN growth owing to limited scalability.

TABLE 1.3 Growth condition and property of bulk GaN

Technique Substrate Pressure Growth Growth rate | TD density | Ref. No
(Technique) (atm) temp. (°C) (um/hr) (/em?)

N2 high Pressure >10,000 >1500 100 (platelet) <10* [19]
Na-flux <50 600~800 10 (platelet) ~10° [20, 21]
Liquid Phase GaN/Sapphre 9.5 ~800 4 10*~10° [22.23]

Epitaxy (LPE) (MOCVD)
Ammonothermal GaN substrate 1900 600~700 ~2 (50pm/day) <10° [24.25]
(HVPE)

TABLE 1.3 shows a property of grown bulk GaN by N, high pressure, Na-

flux, liquid phase epitaxy (LPE) and ammonothermal technique. However, the

growth of GaN crystals with extremely low dislocations has been successfully

achieved by the N, high-pressure growth method, in which the growth of GaN

proceeds in Ga melt. [19] However, the N high-pressure growth method has some

disadvantages in its application to industrial use, such as its necessity for
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extremely high nitrogen pressure (more than 10,000atm) and high growth
temperature (more than 1,500°C) and its relatively low growth rate.

The development of the Na-flux method could lower the required pressure to
grow the GaN single crystals in a solution system.[20-21] In this method, the
addition of Na to Ga melt promotes nitrogen dissolution, which results in the low
pressure (about 50atm) growth of GaN single crystals in Ga-based solution.
However, the Na flux method also involves the following problems; 1) Crystals
grown by this method are easily colored; 2) Growth rate is low, making it difficult
to grow large-size crystals; 3) Nucleation frequency in solution is high. There is
very similar method named LPE with Na-flux.[22-23] Compare with Na-flux
method, LPE used GaN template grown by MOCVD. So, LPE technique is useful
in growth of larger area, but problem in growth rate remains yet. Hydrothermal
growth (high-pressure water solution) of quartz is extremely cost effective; 1
million tons of high-quality quartz has been successfully grown by this technique
each year. Ammonia is a closer match to the physical properties of water than any
other known solvent, and as a nitrogen-based solution, it should be also able to

produce many nitrogen-based compounds (i.e. nitrides).[24] Growth of bulk III-
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nitride crystals by ammothermal method has several advantages over other growth

techniques; (1) simple equipment, (2) process scalability, (3) simultaneous growth

on multiple seed, (4) freestanding high-quality single crystal, (5) lower process

temperatures compared with other bulk GaN growth techniques. However, growth

technology of bulk GaN that use ammothermal methods was studied for about 10

years. But, up to now, in spite of that use expensive GaN substrate by seed, do not

pass over S0um per day in growth rate.

1.2.2) Difficulty in substrate removal technique by HVPE

Enormous effort has been spent in growing single crystal GaN substrates.

Several methods for preparing bulk GaN crystals have been investigated [18-25].

There have been several attempts to prepare bulk GaN crystals such as solution

growth under N, high pressure and Na-flux. However, the size of GaN crystals

obtained in these methods is too small for practical use. Also, up to now, growth

rate of ammothermal method is 50um per a day on GaN substrate, too slow.

A HVPE growth of a thick GaN layer is an alternative and promising

approach for obtaining such substrates. This is because of the growth rate in HVPE
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has reached as high as 100um/hr, and a bulk-like GaN with thickness of several

hundred micrometers has been easily obtained on substrate of 2inch area. The

current largest 3inch FS-GaN substrate obtained by growing a thick GaN layer on

a sapphire substrate using HVPE and separating the grown layer from the sapphire

substrate.[32]

In the GaN LD structure, when using a sapphire substrate, it is difficult to

obtain cleaved mirror facets which are used for the cavities of conventional LDs.

In addition, the thermal conductivity of sapphire (0.5 W/cm'K) is not as high as

that of GaN (1.3 W/cm'K) for the heat dissipation generated by the LDs. So, the

LDs grown on pure GaN substrates which are easily cleaved and have a high

thermal conductivity are described. Because of these reason, FS-GaN substrate

was developed by a polishing technology at first in 1998 by S. Nakamura.[26]

TAPBLE 1.4 shows development history of FS-GaN substrate using HVPE.

As well known, removing GaN from the sapphire substrate is difficult because the

sapphire substrate is robust material with a negligible etching rate for any etchant.

For this reason, various attempts such as mechanical polishing, etchable substrate,

laser lift-off (LLO), void-assisted separation (VAS), and facet-controlled epitaxial
23



lateral overgrowth (FACLEO) have been developed to removing sapphire substrate.

[26-31]

First of all, polishing method is time consuming and GaN layers are often

cracked during polishing. Also, FS-GaN substrate fabricated by wet-etching of Si

wafer is very easy method, but quality of grown GaN on Si is very low due to the

large difference of lattice mismatch between GaN and Si.[34]

TABLE 1.4 Development history of FS-GaN substrate by HVPE

Fabrication technique Substrate for GaN growth Developer (year) Ref
Sapphire polishing Sapphire Nicha (1998) [26]
Chemical etching of Si substrate Si Taejon national Univ. (1998) | [27]
Laser lift-off Sapphire Technishe Univ. (1990) | [28]

Chemical etching of GaAs substrate GaAs Sumitomo (2001) [29]
Void-Assisted Separation Sapphire Hitachi (2003) [30]
Facet-Controlled Epitaxial Lateral Sapphire Sumitomo (2005) [31]

Overgrowth (FCELO)

Kelly et al. demonstrated a LLO technique to separate HVPE grown GaN

layer from sapphire.[28] Wong et al. achieve a LLO technique to separate a 2um

thick GaN layer which bonded onto support Si Substrate.[33] However, GaN

layers close to the lift-off area, where the laser light irradiates, suffer from

damages due to inhomogeneous temperature rise during LLO process.[35]
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Moreover, getting the crack-free, large size FS GaN by the laser lift-off technique

is difficult because of fracturing during laser irradiation.[36]

Compared to a sapphire substrate, a GaAs substrate is advantageous for

device fabrication because it is easy to cleave, to each and to make an ohmic

contact. So, in the case of growing a thick GaN film on GaAs substrate for using of

chemical etching effect, FS-GaN substrate can be obtained by simply etching the

GaAs substrate.[29] But, this process has inherent problems such as decomposition

of GaAs substrate at high temperature for GaN growth and inter-diffusion at a

GaN/GaAs interface. Especially, the as auto-doping from the back-side of the

GaAs substrate was serious problem for the GaN growth.[37]

To solve problems such as cracking by mechanical stress during polishing,

GaN damage from high power laser and as auto-doping from GaAs substrate, VAS

and FACLEO method were developed.

The fabrication process of freestanding GaN wafers by VAS is illustrated in

FIG. 1.5. The process consists of many steps. (a) An undoped 300nm thick GaN

layer was grown on top of a 2-inchg diameter c-face sapphire substrate by

MOVPE. (b) A Ti layer about 20 nm thick was deposited on the GaN layer by
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vacuum vapor deposition. (¢) The Ti-deposited GaN templates were annealed at
1060 °C for 30min under a mixture gas flow of H,:NH; = 4:1. This annealing
converted the Ti layer into a nano-net structure of TiN. Simultaneously, a number
of small voids were formed in the metal organic vapor phase epitaxy (MOVPE)
grown GaN layer. (d) A GaN layer with a thickness of about 300 um was then
grown on the GaN template by HVPE. (e) The GaN layer was easily separated

from the sapphire by a weak force after taking the sample out of the reactor. [38]

300-nm-thick GaN —_’
Sapphire -

{a) MOVPE of thin GaN {b) Ti deposition () Formation of TiN nano-net
on sapphire by thermal annealing with NH;

HVPE-GaN j

300 pm thick (d) Thick GaN growth
t ¢ 2” % ’)\ by HVPE

—

{e) GaN separation from the template

Figure 1.5 Schematic of the VAS process.[38]

Although, VAS technique is very effective method to obtain high quality and
large size GaN substrate, this approaches require complex processes such as a
deposition of mask materials and a growth of GaN template by MOVPE, prior to

the thick-GaN growth by HVPE.
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Next, facet controlled epitaxial lateral overgrowth (FACLEO) technique has

been developed for the self-separated FS-GaN substrate, as shown in FIG. 1.6. The

FACLEO method involves selective area growth (SAG) followed by SiO;

deposition, which is then followed by re-growth by MOVPE or HVPE, as shown

in FIG. 1.6(a). Here, his technique used SAG with GaN such that (11-22) facets

form as the GaN grows laterally. The TDs propagating from the underlying GaN

are bent horizontally, i.e., toward the <11-20> or <1-100> direction, by inclined

facets. After SAG, the side facets are covered by SiO; except for the portion of the

top, as shown in FIG 1.6 (b).

This terminates most of the TDs. GaN is then grown on an uncovered seed

by MOVPE or HVPE, and voids are formed between the masks (FIG. 1.5 (c)). [39]

After the GaN HVPE re-growth, 50- to 100-um-thick layers were separated from

the substrate. The separation occurred at the portion of the seeds for re-growth

during the cooling of the sample after the HVPE re-growth. A thick GaN layer

grown by HVPE can be spontaneously separated from the substrate using the

concentration of the compressive stress at the seeds due to the voids formed

intentionally.
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Figure 1.6 Schematic of the FACLEO structure and cross-sectional SEM image of
grown GaN by using FACLEOQ technique.[37]

The fabricated GaN substrate by using FACLEO technique has very high
quality due to lateral growth effect. But, this technique has very complex process,
such as GaN growth step by MOVPE, SiO, deposition of two times and photo-
lithography of two times, prior to the thick-GaN growth by HVPE.

Conclusively, there are two self-separation methods to obtain GaN substrate
by using voided interface structure. These two methods were known as the most

progressed method. But, there are a lot of difficulties due to complexity of process.

1.3) Proposal and Purpose of this study

Although freestanding (FS)-GaN substrates grown by hydride vapor phase
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epitaxy (HVPE) have been commercialized. Application of FS-GaN to the

fabrication of device such as light emitting diodes and laser diodes are progressing

slowly. This is mainly because FS-GaN substrates are expensive owing to the

difficulty of manufacturing process. Removing of thick GaN layers from the

sapphire substrates are difficult because sapphire substrates are robust material

with a negligible etching rate for any etchant. For this reason, various attempts

such as laser lift-off [26-27], mechanical substrate polishing [28], void-assisted

separation (VAS)[29], and facet controlled epitaxial lateral overgrowth

(FACLEO)[30] have been developed to remove sapphire substrate[26, 30].

However, the laser lift-off technique has a fracturing problem during laser

irradiation [32]. While the other approaches require complex processes such as

deposition of mask materials and growth of GaN template prior to growth of the

thick-GaN by HVPE. Therefore, recently new approaches are developed like as

self-separation of evaporable buffer layer (EBL) [31], and chemical lift-off (Metal-

Nitride) [30], but those method requests to surmount several problems comes from

the narrow growth window of amorphous (NH4Cl) layer and different crystal

structure of metal-nitride template [30-31]. Therefore, more simple and easy way
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for the growth and separation of GaN crystal is important especially for the

practical point of view. I has proposed a simple self-separation technique by using

a sacrificial interlayer made of ZnO that can be easily etched without protecting

cover layer in the HVPE process. Because of its similar material properties

compared to GaN, ZnO is the ideal candidate for that purpose. Same crystal

structure and especially the small lattice mismatch of only about 1.8 % (c-axis) and

0.4% (a-axis), the fact that ZnO can be easily etched makes it very attractive.

However the extreme instability of ZnO in the HVPE atmosphere demands a

protecting cover layer of GaN before growth [32-33].

Consequently, this study proposed a simple one-step approach of obtaining

high quality FS-GaN by using a ZnO sacrificial layer for the direct growth of GaN

without protecting cover layer. ZnO template will be easily etched during heating

up for HT-GaN growth. Therefore i should check out the growth condition for the

fabrication of FS-GaN. And based on the stability of the ZnO with various polarity

should be checked out as well. It could be a reliable solution to solve the critical

problems of FS-GaN substrate fabrication.
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Chapter2. Experimental

2.1) Growth method
2.1.1) Hydride Vapor Phase Epitaxy (HVPE)

As an epitaxy process that works near thermodynamic equilibrium, it is of
particular interest for applications such as selective area growth, overgrowth of
buried structures, and planar growth. The opportunity this process offers to
efficiently manufacture extremely thick and pure compound semiconductor
structures means that it has been recently used primarily in the manufacture of

GaN substrates or template.
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| \

HCI + Carrier
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e
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Reactor tdbe Protecting tu bé Nozzle substrate Susceptor
1
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FIGURE 2.1 Schematic diagram of HVPE system

HVPE is a growth technique involving thermo-chemical reactions at
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atmospheric pressure. The HCI and carrier gases flowing through the tubes, the
materials inside the tube, and the temperature at the point of the reaction determine
the reaction products. The final reaction leaves the desired material, which is
deposited onto a substrate that is usually rotated at the end of the tube. The
temperatures of the reactions and deposition can be independently controlled.
Generally, the heating system is constituted of a multiple zone furnace. The
possibility to separately set the partial pressure of each species, the chlorides and
hydrides being independently produced, allows a systematic approach for
searching the growth conditions.

HVPE system is consisted with a hot wall reactor made of quartz, which is
located in a 6 zone furnace as shown in FIG 2.1. The multi zone furnace was
designed for the optimum control of source and substrate temperatures, and the
delivery of all reactants. The HCI1 and H, carrier gases flowing through the tubes to
Ga source room, the metallic Ga inside the tube. The temperature at the Ga source
zone and GaN growth zone of the reaction were determined at 850°C and 1040°C,
respectively as shown in FIG. 2.1.

The reaction of growth zone leaves the GaN material, which is deposited
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onto a substrate that is rotated at the end of the tube. The epitaxial growth was

conducted at atmospheric pressure. The reactions in the reactor were as follow;

Ga(l) + HCI(g) =GaCl(g) + 1/2H,(9)
GaCl(g) + NH,(g) = GaN(s) + HCI(g) + H,(9)
HCI(g) + NH,(g) = NH,CI()

2.2) Characterization of measurement method
2.2.1) Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) has become one of the most versatile
and useful method for direct imaging, characterization, and studying of solid
surfaces. As the electrons penetrate the surface, a number of interactions occur that
can result in the emission of electrons or photons from (or through) the surface.
Appropriate detectors can collect a reasonable fraction of the electrons emitted,
and the output can be used to modulate the brightness of a cathode ray tube (CRT)
whose x- and y- inputs are driven in synchronism with the x-y voltages rastering
the electron beam. In the way an image is produced on the CRT. When the primary
electrons collide with atoms with atoms of a solid surface in the specimen the

electrons take part in various interactions.
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The principle images produced in the SEM are of three types; secondary

electron images, backscattering electron images, and elemental X-ray maps.

Secondary and backscattering electrons are conventionally separated according to

their energies. They are produced by different mechanisms.

When a high-energy primary electron interacts with an atom, it undergoes

either inelastic scattering with atomic electrons or elastic scattering with the

atomic nucleus. In an inelastic collision with an electron, some amount of energy is

transferred to the other electron. If the energy transfer is very small, the emitted

electron will probably not have enough energy to exit the surface. If the energy

transferred exceeds the work function of the material, the emitted electron can exit

the solid. When the energy of the emitted electron is less than about 50 eV, by

convention it is referred to as a secondary electron (SE), or simply a secondary.

Most of the emitted secondaries are produced much deeper in the material suffer

additional inelastic collisions, which lower their energy and trap them in the

interior of the solid.

Higher energy electrons are primary electrons that have been scattered

without loss of kinetic energy (i.e., eleastically) by the nucleus of an atom,
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although these collisions may occur after the primary electron has already lost
some of its energy to inelastic scattering. Backscattered electrons (BSEs) are
considered to be the electrons that exit the specimen with an energy greater then 50
eV, including Auger electrons.

However, most BSEs have energies comparable to the energy of the
primary beam. The higher the atomic number of a material, the more likely it is
that backscattering will occur. Thus a beam passes from a low-Z (atomic number)
to a high-Z area, the signal due to backscattering, and consequently the image
brightness, will increase. There is a built in contrast caused by elemental
differences. It is usual to define the primary beam current iy, the BSE current iggg,
The SE current isg, and the sample current transmitted through the specimen to
ground isc, such that the Kirchoff current law holds;

1, =lpg +1g +1gc

0 B

These signals can be used to form complementary images. As the beam
current is increased, each of these currents will also increase. The backscattered
electron yield n and the secondary electron yield 8, which refer to the number of

backscattered and secondary electrons emitted per incident electron, respectively,
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are defined by the relationships.
77 - . ’ - .
IO IO
In most currently available SEMs, the energy of the primary electron beam
can rage from a few hundred eV up to 30 keV. The Values of 6 and n will change

over this rage, however, yielding micrographs that may vary in appearance and

information content as the energy of the primary beam is changed.[1]

2.2.2) High Resolution X-ray Diffraction (HRXRD)
2.2.21) Conventional high resolution X-ray
Conventional high resolution X-ray diffraction (HR-XRD) is a powerful tool for
the non-destructive ex-situ investigation of epitaxial layers. The information which
is obtained from diffraction patterns concerns the composition and uniformity of
epitaxial layers, their thicknesses, the built-in strain and strain relaxation, and the
crystalline perfection related to their dislocation density [2].
FIG. 2.2 shows the schematics of X-ray measurement system. It combines a
four-crystal monochromator and a multiple-reflection analyzer crystal to perform

high-resolution measurements for reciprocal lattice scans. A Ge (220) 4-crystal
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monochromator added by the crossed slit attachment is used as an X-ray beam

source.

Xray generator

Asym1 5 Ge(220)
Monochromator

Monochromator
Detector

FIGURE 2.2 Schematic illustration of HRXRD geometry

The Ge 4-crystal monochromator produces a beam with very low divergence

and small wavelength spread. For example, approximate divergence of the Ge

(220) 4-crystal monochromator is 12 arcsec. The crossed slit collimator is designed

to provide a point x-ray source. The slit is variable in width up to 10 nm with a

step of 0.02 mm. The diffracted beam is detected by a double arm attachment

which is used for high resolution application. One arm is a rocking curve

attachment and the second arm carries the channel cut analyzer crystal to convert

to a triple axis mode. A Ge crystal with symmetric (220) reflection was used for
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the analyzer. For the X-ray scans, a beam of parallel and monochromatic x-rays of
wavelength A is incident on a crystal at an angle 0O, Bragg angle, which is
measured between the direction of the incident beam and the crystal plane under

consideration.

2.2.2.2) o scan (rocking curve) and ®-20 scan
Any measurement of lattice spacing is in principle determined by Bragg
law. This equation follows from kinematic diffraction theory and neglects the fact
the that the refractive index of matter for X-ray is less than 1 by a few parts in 10°
and so the incident beam is refracted to an internal angle slightly smaller than the
external one.

In FIG. 2.3, two possible scans for measuring the intensity of Bragg
reflection due to the reciprocal lattice point (hkl) are indicated: (i) Conventional
powder diffraction uses a ®-20 scan for measuring symmetric Bragg reflections.
For such a scan, the detector is rotated twice as fast and in the same direction

around the diffractometer axis as the sample.
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In reciprocal space (Figure 2.4), this conventional motion of sample and

detector corresponds to a change of kg in the following way: the tip of vector k

moves along the reciprocal lattice vector Gpy. During this motion the angle ®

between the incident beam and the sample surface changes. For asymmetric (hkl)

Bragg reflections, ®-20 scan direction runs also radial from the origin (000) of the

reciprocal space along Gy (FIG. 2.3a) (ii) In the w-scan, the detector is fixed in

position with wide open entrance slits and the sample is rotated, i.e. @ changes. In

reciprocal space, this corresponds to a path as indicated in figure 2.8b by bold

arrow. The scan direction is transversal in reciprocal pace. Thus the so-called

rocking curve is obtained. In reciprocal space, this corresponds to a path as shown

in FIG. 2.3. When i consider about rocking curve of heteroepilayers, there exist

difference of diffraction angle between the layer and substrate, which is caused by

tilt or mismatch. Double or mulitiple peaks will therefore arise in the rocking curve.

Peaks may be broadened by defects if these give additional rotations to the crystal

lattice, and there will also be small peaks arising from interference between waves

scattered from the interfaces, which will be controlled by the layer thickness. The

43



material will show different defects in different regions. Table 2.1 summarizes the

influence on the rocking curve of the important parameter [3].

< Ewaldsphere: _ Ewaldspheres

(fixed) ™

a. w0-26 scan

FIGURE 2.3 Ewald sphere construction (for symmetric reflections, i.e. reflecting
planes are parallel to the surface) for the ®»-20 scan geometry. The bold arrow

indicates the movement in the reciprocal lattice
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-2-25 -1-15 045 115
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-2-24 -1-14 0047114 224
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G

“1-10] sample [110]

FIGURE 2.4 Reciprocal space map showing accessible range

for Bragg reflection measurement.
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TABLE 2.1 The effects of substrate and epilayer parameters upon the rocking curve.

Material parameter

Effect on rocking curve

Distinguishing features

Splitting of layer and substrate

Mismatch Invariant with sample rotation
peak
o ) Splitting of layer and substrate ) ) )
Misorientation Changes sign with sample rotation
peak
Broadening invariant with beam size No
Dislocation content Broadening peak shift of peak with beam position on
sample.
) ) Broadening may increase with beam size,
Mosaic spread Broadening peak . )
up to mosaic cell size
Broadening increases linearly with beam
Curvature Broadening peak size, Peak shifts systematically with beam
position on sample
) o Different effect on symmetrical and
Relaxation Changes splitting ] ]
asymmetrical reflection
) ) ) Integrated intensity increases with layer
Thickness Affects intensity of Peak ) o
thickness, up to a limit
) Effects vary with position on o o
Inhomogeneity Individual characteristics may be mapped

sample

2.2.3) Photoluminescence (PL)

Photoluminescence is one of the characterization methods to evaluate the

optical properties of compound semiconductors. PL is a nondestructive method

that gives various information about both intrinsic and radiative recombination

processes associated with imperfections of a crystal induced by impurities or
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dislocations.

The schematic diagram of PL measurement system is shown in Fig. 2.5. As

an optical excitation light source, He-Cd laser with wavelength of 325nm was used

and samples were fixed in a cryostat capable of varying temperature from 10K to

room temperature(RT). Excited light was dispersed by a 32 cm monochromator

with 1200 g/mm grating and detected by a charge coupled device (CCD) camera.

He-Cd laser D n %
(325nm, 3.815eV) U

Spectroscope 0 0 [l
= Filter Lens Lens Cryostat
PC —
CCD

camera

FIGURE 2.5 Experimental setup of the PL. measurement system used in this study.

As electron-hole pairs (EHP) in excess of their equilibrium number are

created in the crystals by the incident laser source, they settle in states near the

minimum of the conduction band (E.) in case of electrons and maximum of

Valence band (E,) in case of hole, respectively. These electrons and holes (carriers)
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are considered to be in quasi-thermal equilibrium states and decay by

recombination via several kinds of transitions showed in FIG. 2.6. E, means the

band-gap of a semiconductor and incident light should have higher energy than

this to excite carrier up to conduction band; GaN has approximate 3.39 eV of

band-gap at room temperature (RT, ~300K).

Generally, photoluminescence by (b) is called free-exciton transition and this

is dominantly observed peak at RT. (c) and (d) are transitions by exciton bound to

neutral acceptor and donor, and (e) and (f) are transitions of (d) and (c¢) induced by

ionized impurities, respectively. Finally, (g) is a transition from a donor to an

acceptor level.

Donor 'y
level

Acceptor
level

e
>

) 4 O .....
E A 4 O A 4 y
() (b) © (d) (© ® ®

FIGURE 2.6 Radiative recombination processes in a semiconductor. Every transition

accompanies an emission of energy as a light with different wavelength.
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Above this, standard transitions are simply explained. However, there exists

more complex kind of peaks in real measurement of PL, due to phonons or

impurities. The myriad of optical transitions that could be and have been observed

in the luminescence spectra of GaN associated with defects was summarized as

shown in TABLE 2.2 [4]

The list shows a schematic description of the related transitions and energy

positions within the gap of the defect. TABLE 2.2 tabulates their nomenclature and

provides brief comments. The energy position of the luminescence lines and bands

may depend on strain in thin GaN layers, temperature, and excitation intensity.

Therefore, in TABLE 2.2 the energy positions corresponding to the strain-

free GaN at low temperature are given.

48



TABLE 2.2 List of main luminescence lines and bands in GaN [4]

Maximum position (eV) Nomeclature Doping Comments
3.478 FX,, FE, X, Undoped
3471 D°X, DBE, D°X, Undoped, Si A few close lines
3.466 A°X, ABE, A°X, Undoped, Mg Best FWHM < 0.1meV
3.44-3.46 TES Undoped Plethora of lines
3.455 ABE Zn A weaker peak at 3.39eV
3.45-3.46 Y, Undoped Correlates with inversion domains
3.41-3.42 Y, Undoped
3.397 Be e-A type
3.387 FX,-1LO, FE-LO Undoped
3.38 DBE-LO Undoped
3.38 Be DAP type
3.37-3.38 Y; Undoped
3.375 ABE-LO Undoped
3.364 ABE-LO Zn
3.35-3.36 Y, Undoped
3.34 Ys Undoped
3.30-3.32 Y Undoped
3.295 FX,-2LO, FE-2LO Undoped
3.288 DBE-2LO Undoped
3.283 ABE-2LO Undoped
3.28 UVL Undoped e-A type
3.272 ABE-2LO Zn
3.27 DBE DBE in cubic GaN
3.26 UVL Undoped, Si DAP type
3.1-3.26 UVL Mg e-A and DAP
3.21-3.23 Y, Undoped
3.16 Shallow DAP in cubic GaN
3.08 Yg Undoped
3.0-3.05 BL C Broad
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Chapter3. Comparison of GaN on Zn-polar/O-polar ZnO

3.1) Introduction

Although freestanding (FS)-GaN substrates grown by hydride vapor phase
epitaxy (HVPE) have been commercialized. Application of FS-GaN to the
fabrication of device such as light emitting diodes and laser diodes are progressing
slowly. This is mainly because FS-GaN substrates are expensive owing to the
difficulty of manufacturing process. Removing of thick GaN layers from the
sapphire substrates are difficult because sapphire substrates are robust material
with a negligible etching rate for any etchant. For this reason, various attempts
such as laser lift-off [1-2], mechanical substrate polishing [3], void-assisted
separation (VAS) [4], and facet controlled epitaxial lateral overgrowth (FACLEO)
[5] have been developed to remove sapphire substrate [1,6]. However, the laser
lift-oft technique has a fracturing problem during laser irradiation [7]. While the
other approaches require complex processes such as deposition of mask materials
and growth of GaN template prior to growth of the thick-GaN by HVPE. Therefore,

recently new approaches are developed like as self-separation of evaporable buffer
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layer (EBL) [6], and chemical lift-off (Metal-Nitride) [5], but those method

requests to surmount several problems comes from the narrow growth window of

amorphous (NH4CI) layer and different crystal structure of metal-nitride template

[5-6]. Therefore, more simple and easy way for the growth and separation of GaN

crystal is important especially for the practical point of view.

A simple self-separation technique by using a sacrificial interlayer made of

ZnO have proposed that can be easily etched without protecting cover layer in the

HVPE process. Because of its similar material properties compared to GaN, ZnO

is an ideal candidate for that purpose. Same crystal structure and especially the

small lattice mismatch of only about 1.8 % (c-axis) and 0.4% (a-axis), the fact that

ZnO can be easily etched makes it very attractive. However the extreme instability

of ZnO in the HVPE atmosphere demands a protecting cover layer of GaN before

growth [7-8].

First of all, the effect of ZnO polarity for GaN on ZnO growth will be

described based on the chemical stability of ZnO polarity, surface morphology and

crystalline.
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3.2) Experimental details

250nm thick single crystal ZnO layer grown on c-plane sapphire was

prepared by plasma assisted molecular beam Epitaxy (PA-MBE). The polarity of

ZnO is controlled by using a MgO buffer. Polarity controlled ZnO was grown on c-

sapphire substrate for HVPE film GaN growth by PA-MBE [9]. GaN films about 4

um were grown on Zn-/O-polar ZnO templates with one-step growth method based

on HVPE. In HVPE growth, HCI] gas was reacted with metallic Ga to form GaCl,

and then the GaCl gas was transferred into the growth region to react with NH3 I

used N, as a carrier gas in order to protect ZnO from etching in HVPE growth

atmosphere. According to GaN on Zn-polar ZnO and O-polar ZnO were compared

to the characteristics of GaN layers after growth.

3.3) ZnO etching rate of GaN after growth
FIG 3.1 shows a ZnO etching rate of sample-A; (Zn-polar ZnO) and
Sample-B; (O-polar ZnO template) after GaN growth at the same growth
conditions. Sample-A and sample-B show respective ZnO etching rates about

50nm and 180nm during the GaN growth. The etching rate of sample-B is about
53



4times higher than the Sample-A. That reveal higher chemical stability of sample-

A than sample-B.
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FIGURE 3.1 ZnO etching rate of GaN after growth of
sample-A(GaN/Zn-polar ZnO/c-Al,O;) and sample-B(GaN/O-polar ZnQO/c-Al,O3)

3.4) Surface morphology and PL Intensity

FI1G..3.2 shows the PL spectra measured at room temperature for sample-A

and sample-B. Sample-A has 2.15 times higher emission intensity than the sample-

B. And a clear signal from the GaN at 3.44 eV could be detected from the PL

spectrum, as well as a peak related to ZnO at 3.34eV. The broad luminescence

band at around 2.9¢V is typical for Zn doped GaN [10], probably a result of gas

phase diffusion during growth. [8]
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The inset of Figure 2 shows a plan view SEM images of sample-A and sample-

B Sample-A shows relatively smoother surface morphology than Sample-B.

286 eV He-Cd 325nm |

PL Intensity (a.u.)

2.0 25 30 35
Photon energy (eV)

FIGURE 3.2 RT measurements of sample-A(GaN/Zn-polar ZnO/c-Al,O;) and sample-
B(GaN/O-polar ZnO/c-Al,0O5) and inset plane view SEM images of sample-A and
sample-B indicated (a)-(b) and (c)-(d) each other S0pm and Spm and 50pm and Spm.

3.5) Conclusion

The effect of Zn-/O-polar ZnO on chemical and crystallinity of GaN layers
has been investigated. Zn-polar ZnO revealed the chemical stability, smooth
surface morphology and buffer crystallinity than O-polar ZnO after GaN growth.
So based on these results, I decided to grow GaN on Zn-polar ZnO template for the

application of freestanding GaN substrate.
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Chapter4. Optimization of growth condition for high quality

GaN grown on ZnO template

4.1) Introduction

FS-GaN substrates are expensive owing to the difficulty of manufacturing
process. Hence, more simple and easy way for the growth and separation of GaN
thick film is crucial for the practical point of view. A simple self-separation
technique was proposed by using a sacrificial interlayer made of ZnO without
protecting cover layer in the HVPE process [1-2].

This requires special growth sequences for the fabrication of FS-GaN. So, I
have optimized the growth condition. The growth condition of GaN on Zn-polar
ZnO template layers will be mentioned in this chapter. I have investigated and will

explain on the effect of growth temperature and V/III flow ratio in chapter 4.

4.2) Experimental details
My prepared 250nm thick single crystal ZnO layer as described in the

section 3.2). GaN films about 4um were grown Zn-polar ZnO template on
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substrate with one-step growth method based on HVPE. In HVPE growth, HCI gas
was reacted with metallic Ga to form GaCl, and then the GaCl gas was transferred
into the growth region to react with NHj3 I used N, as a carrier gas in order to
protect ZnO from etching of growth condition optimized growth temperature to
750°C from 1050°C and change of flow rate of V(NH;)/III(HCI) ratio to 10 from

80 then identified with growth conditions.

4.3) Effect of the growth temperature for GaN on ZnO growth
4.3.1) ZnO etching rate after GaN growth
Growth conditions was optimized for the direct growth of GaN on ZnO
template. Because, ZnO can be easily etched by growth temperature and HCl and
NH; which are commonly used in the HVPE growth of GaN.[3] First of all, I
optimized the growth temperature for GaN grown on Zn-polar ZnO template.
TABLE 4.1 shows the growth temperature (a)-(d) from 1050 °C to 750 °C,
ZnO etching rate and GaN growth rate. As the growth temperature increasing, ZnO
etching rate increased too. The ZnO etching rate is expected about more than

36.16nm/min in the 1050°C. Because the prepared ZnO template was almost
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eliminated so exact etching rate was not evaluated. GaN growth rate was increased
by increasing the Ga source supplying. However GaN growth rate between (b) and
(c) looks like similar. Because, the partial pressure of GaCl is almost similar over

than 800°C [4].

TABLE 4.1 Growth temperature dependence on
ZnO etching rate and GaN growth rate

T, ZnO etching rate GaN growth rate
(growth temperature) (nm/min) (nm/min)
(a) 750 °C 6.03 440.96
(b) 850 °C 10.23 162.5T
(c) 950 °C 18.91 780.25
(d) 1050 °C 36.16 il

4.3.2) Surface morphology
FIG. 4.1 shows the surface morphology of samples. Generally, GaN growth
temperature is over the 1000 °C in HVPE method [5]. Nevertheless, in this study,
GaN film was grown below 1000 °C for the direct growth of GaN on ZnO FIG. 4.1
(a) and (b) show similar morphology. But FIG. 4.1 (c) shows rough surface with
many pits. Eventually, FIG. 4.1 (d) GaN growth was not achieved due to high
vapor pressure of ZnO. This result indicates that the growth of GaN on ZnO is

possible in low temperature range from 750 °C to 850 °C.
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The eftects of growth temperature on the crystallinity of a 4um thick GaN
films were investigated by high resolution X-ray diffraction (HRXRD). The full
width at half maximum values (FWHM) of (0002) X-ray m-rocking curves were

measured for the evaluation of structural quality of GaN layers.

FIGURE 4.1 SEM images of GaN grown on Zn-polar ZnO with various
GaN growth temperature and growth temperature of GaN was
(a) 750°C, (b) 850°C, (c) 950°C and (d) 1050°C respectively.

4.3.3) Evaluation of structural property by HRXRD
FIG. 4.2 (a) shows that the FWHM of (0002) X-ray ®-rocking curves
(XRC). The crystallinity of GaN film was poor at 750°C. but improved at the
growth temperature of 850 °C or 950 °C. The FWHM values are less than those of

ZnO template layer. And FIG. 4.2 (b) shows that similar growth rate for 850 °C and
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950 °C. Because GaCl has similar partial pressure from 800 °C to 1000 °C.[3]
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FIGURE 4.2 XRD measurement results for the omega scans on the GaN.

4.3.4) Room temperature (RT) of PL spectrum

— ®RT Z.86 eV -
He-Cd 325nm
B 2.74 -‘Ir |
p— |
= Tg #S0°C
& - .
Z
E ) ]
| TE sS0™C i
i Tg 750°C
1.5 2.0 2.5 3.0 3.5

FPhoton energy (eV)

FIGURE 4.3 PL measurement results at room temperature (RT)

FIG. 4.3 shows the PL spectra measured at room temperature. GaN grown at
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850°C shows the strongest PL intensity at around 2.9 eV. The broad luminescence
band at around 2.9e¢V was observed for Zn doped GaN [6], because of gas phase

diffusion during growth. [7]

4.4) Effect of the V/III ratio for GaN on ZnO growth

4.4.1) ZnO etching rate after GaN growth

The V/III ratio was optimized. Source supplying was carefully controlled to

be reached simultaneously on a Zn-polar ZnO template surface. The V/III ratio is

defined as a flow rate of V(NH;)/III(HCI).

TABLE 4.2 V(NH;)/III(HCI) ratio and ZnO etching rate and GaN growth rate

V/II ratio ZnO etching rate GaN growth rate
(NH3/ HCI) (nm/min) (nm/min)

(a) 10 10.05 680.69

(b) 30 9.02 1002.01

(c) 50 9.61 760.59

(d) 80 10.52 640.74

TABLE 4.2 shows V/III ratio ZnO etching rate and GaN growth rate. As

V/III ratio increasing, negligible change of ZnO etching rate was observed. The

GaN growth rate is not strongly depend on the V/III ratio. Also, the GaN growth
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rate is strongly depend on the V/III ratio. But, the GaN growth rate is affected by

the pressure of reactor.(the difference in atmospheric pressure due to weather

change; 30mTorr)

4.4.2) Surface morphology

FIG. 4.4 shows surface morphology of GaN after growth by using cross-

sectional SEM images.

FIGURE 4.4 SEM images of GaN grown on Zn-polar ZnO with
various flow V(NH;)/III(HCI) ratio. The flow ratio was
(a) 10, (b) 30, (c) 50 and (d) 80, respectively.

It is clear that the surface morphology and ZnO etching rate are independent

on V/III ratio. The effects of V/III ratio on the crystallinity of GaN films were

investigated by high resolution X-ray diffraction (HRXRD). The full width at half
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maximum values (FWHM) of (0002) X-ray w-rocking curves were measured for

the evaluation of GaN layers as with the effects of growth temperature study.

4.4.3) Evaluation by HRXRD

FIG. 4.5(a) shows that the FWHM variation of (0002) X-ray w-rocking

curves (XRC) along with V/III ratio.
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FIGURE 4.5 XRD measurement results for the omega scans on the GaN.

When the V/III ratio is larger than 10, the FWHM values of GaN is narrower

than the ZnO template layer, when the V/III ratio is 50 and 80, XRC FWHM was

considerably narrower than that of ZnO. FIG 4.5(b) shows that Growth rate is not

strongly depend on V/III ratio. Because the GaN growth rate was similar for all
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samples, the crystal quality of GaN was attributed to the V/III ratio change.

4.4.4) Room temperature (RT) of PL spectrum

FIG. 4.6 shows the PL spectra measured at room temperature. Luminescence
band at around 2.9 eV dominate the spectrum. Higher V/III ratio is preferred in
terms of PL intensity. The broad luminescence band at around 2.9¢V is assigned to
an acceptor bound exciton (Zn doped GaN) [6] Based on the morphology, XRC,
and PL results, I determined optimum V/III ratio as 50 for HVPE GaN on Zn-polar

ZnO template.
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FIGURE 4.6 PL measurement results for room temperature (RT)
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4.5) Conclusion
The effects of growth temperature and V/III flow ratio on surface
morphology and chemical stability and crystallinity of subsequently grow GaN
films by HVPE have investigated. As a result growth temperature of 850°C and the
V/III ratio of 50 are determined as the optimum growth condition for the direct

growth of GaN on ZnO template.
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ChapterS. Fabrication of Freestanding GaN substrate

5.1) Introduction

Although there are many approaches to obtain the free-standing GaN (FS-
GaN) substrate by HVPE method, removing processes of the sapphire substrate
from a thick GaN film is normally difficult so, self-separation technique is the
most promising method for the fabrication of GaN substrate because it can make
GaN substrate with more laser size and high quality.

By such reasons, void assisted self-separation (VAS) [1] and facet-controlled
epitaxial lateral overgrowth (FACELO) [2] technique have been developed. But,
these techniques need some complex processes such as Ti [1] or SiO, [2]
deposition on MOCVD GaN template, prior to the thick GaN growth by HVPE.
Therefore, recently new approaches are developed like as self-separation of
evaporable buffer layer (EBL) [3], and chemical lift-off (Metal-Nitride) [2], but
those method requests to surmount several problems comes from the narrow
growth window of amorphous (NH4Cl) layer and different crystal structure of

metal-nitride template [2-3]. Therefore, self-separation technique by using ZnO
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chemical etching is simpler than VAS and other lift-off methods.
In this chapter, I will discuss about the self-separation and fabrication of

thick GaN which was directly grown on ZnO template.

5.2) Experimental details

In the chapter 3 and 4, I described on the direct growth of GaN on ZnO
template. The ZnO layer was removed in The HVPE reactor, NH4 gas atmosphere
(850°C to 1 minute) was conducted by etching. And then the H, gas atmosphere
(900°C to 1 minute) was conducted by etching. And finally, H, gas atmosphere
(1000 °C to 1 minute) was conducted to remove the ZnO template. By this process
removes the ZnO sacrificial layer. Consequently, 4um-thick Freestanding GaN
film was obtained. And, GaN layer was re-grown under the GaN growth condition
(Tg: 1050°C, V / 11l ratio ~ 50).[4] And, the property re-grown Freestanding GaN

substrate was compared.

5.3) Fabrication sequence of the self-separated FS-GaN substrate

FIG. 5.1 shows the production process for FS-GaN. First of all, FIG. 5.1(a);
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the growth condition of GaN film grown on Zn-ZnO template was confirmed. GaN
film grown on Zn-polar ZnO template was prepared. FIG 5.1(b); ZnO was
removed by chemical 3-step gas phase etching. (Stepl: NH,4 gas atmosphere at
850°C for Iminute, Step2: H, gas atmosphere at 900°C for Iminute, Step3: H, gas
atmosphere at 1000 °C for 1 minute). Re-growth of Freestanding GaN was
conducted under the (Growth temperature of 1050°C, and V / III ratio of ~ 50.[4]
For sample-(a), 80 um-thick GaN was re-grown, and for sample-(b), 400 um-thick
GaN was re-grown on the GaN template. Bending was observed from the sample-

(a) but, from the sample-(b) bending was not appeared.

) b ©

FIGURE 5.1 Fabrication sequence of the Self-separated FS-GaN substrate

by chemical etching.

5.4) Evaluation by HRXRD

FIG. 5.2 shows that X-ray rocking curve of FS-GaN (0002). Sample-(a) and
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Sample-(b) show narrow FWHM of 936 arcsec and 972 arcsec, respectively.
Although, the thickness is differ, FWHM values of two samples are similar to each

other.

[ FS-GaN (80um) (a)] | Fs-GaN (400um) (b)
L T, :1080°C 1 [Tgi1080% 0

972 arcsec

-—936 arcsec E

XRD Intensity(a. u.)

1 o
o0

16.5 17.0 175 18.0 16.5 17.0 17.5 18.0
o - scan (deg.) o -scan (deg.)

FIGURE 5.2 X-ray rocking curve of Freestanding GaN with the thickness of
(a) 80pm and (b) 400pm

5.5) Low temperature Photoluminescence (PL) properties
The low-temperature (12K) PL spectra taken from the top-surface of the
final free standing samples as shown in FIG. 5.3. Sample-(b) shows less intensity
at the 2.9 eV and the UV peak at 3.364 eV dominate the spectrum indicating

higher optical quality of sample-(b).
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FIGURE 5.3 PL measurement results for Low-temperature (LT) 12K in the
Freestanding GaN of thickness at (a) 80pm and (b) 400pm

5.6) Temperature dependence Photoluminescence (PL) properties
FIG. 5.4 shows temperature dependant of PL spectra of sample (a) and sample-
(b). The PL spectra were measured in the temperature range of 15K to 300K.
Sample-(a) shows strong deep level emission at low temperature, but it disappeared

above 250K. But, deep level intensity was less intense than sample-(b), also it

disappeared from 80K.
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FIGURE 5.4 Temperature dependent PL. measurement
results for (a) 80pm and (b) 400pm

5.7) Conclusion

A new technique of fabricating free-standing GaN substrate by direct growth
on ZnO template has been developed. The free-standing GaN film grown on Zn-

polar ZnO template is demonstrated by HVPE without an assistance of GaN

protecting cover layer.
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Chapter6. Summary and conclusion

This thesis will contribute to solve the critical problems of fabrication of FS-
substrate, complexity of fabrication process and difficulty in fabrication of GaN
substrate. This thesis has introduced ZnO sacrificial layer to fabricate FS-GaN and
has demonstrated the growth of high quality FS-GaN. In the chapter 3, The effect
of Zn-/O-polar ZnO on chemical and crystalline properties of GaN grown GaN
layers has been investigated. Zn-polar ZnO is apt to grow high quality GaN in
terms of chemical-stability, smooth surface morphology and better crystallinity of
overgrown GaN. In the chapter 4, The effects of growth temperature and V/III
ratio on the surface morphology, chemical stability and crystallinity of
subsequently grown GaN films have been studied. Optimum growth condition for
GaN on ZnO formation; growth temperature of 850°C and V/III ratio of 50 has
been determined. In the chapter 5, A new self-separation method by using ZnO
template, directly grown GaN in HVPE and chemical etching has been developed.
I succeed to obtain freestanding GaN film by HVPE without an assistance of GaN

protecting cover layer.
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As a result, self-separation technique by ZnO template layer for the
fabrication of FS-GaN substrates has been developed. The thick GaN film grown
on the ZnO template layer was separated from the c-sapphire substrate by gas
phase chemical etching. This thesis proved that direct growth of GaN on ZnO

template is useful to fabricate next-generation FS-GaN substrate and devices.
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Appendix A

A-1. Physical properties of ZnO
(0001) direction O,atom Zn atom

Features of ZnO oGNS
- Wurtzite structure
- UV-bandgap—> UV applications ( A

- Non-toxicity = cosmetics, medicine @

(0001) direction
FIGURE A.1 The ZnO crystal structure

- Transparent material = solar cell

A-2. Polarity control

PAMBE(Plasma Assisted Molecular Beam Epitaxy) growth of (Zn-polar

(0001) and O-polar (000-1) ZnO by changing the MgO layer thickness. [1-2]

Zn-polar ZnO layer (Zn-face)
Surface is composed of Zn atoms with one dangling bond and three occupied
Zn-0O bond Zn atoms, forming electropositive centers, tend to bond with electron

negative N atoms.

O-polar ZnO layer (O-face)
Surface is composed of O atoms with one dangling bond and three occupied O-

Zn bonds. The difference of electron negativity between N and O is small.
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Wurtzite MgO

(Wetting layer)

c-Sapphire
(2)

FIGURE A.2 Schematic of atomic arrangement of ZnO on c-plane sapphire
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Wurtzite MgO
(Wetting layer)

c-Sapphire

with MgO buffer layer thickness (a)O-polar ZnO( tyizo < 3nm)
and (b) Zn-polar ZnO (tvgo > 3nm) [1-2]

[1] T. Suzuki, H.J. Ko, A. Setiawan, J.J. Kim, Ko. Saitoh, M. Terauchi, T. Yao,

Mater. Scien. Semicon. Processing 6 (2003) 519

[2] H. Kato, M. Sano, K. Miyamoto, T. Yao, J. Cry.. Growth 275 (2005) €2459
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