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Growth and physical properties of group

[1I-nitrides on S1 substrates

Student : Jui-Tai Ku Advisors : Dr. Wu-Ching Chou

Institute of Electrophysics

National Chiao Tung University

ABSTRACT

In this dissertation, the growth-of GaN nano-rods, InN nano-rods, In-polar and
N-polar InN films on Si(111) substrate by molecular beam epitaxy (MBE) were
studied. The x-ray diffraction (XRD), photoluminescence (PL) and Raman scattering
were used to investigate the physical properties.

The morphology of GaN (InN) nano-rods can be manipulated by the control of
N/Ga (In) ratio and growth temperature. From slightly N-rich condition to highly
N-rich condition, the aspect ratio of Ill-nitride nano-rods increases. The results of
XRD and Raman scattering measurements, show that IlI-nitride nano-rods were
strain-free single crystals. Using GaN nano-rods as buffer layer, strain-free GaN film
on Si substrate is realized. It is clearly demonstrated that the critical diameter of GaN

nano-rods is around 80 nm for the overgrowth of strain-free GaN. In the case of InN



film overgrowth on InN nano-rods, film delimitation and cracking occurs during

growth was observed. It is due to the poor adhesion between the rod and the Si

substrate. Compare to the InN film grown on AIN/Si(111) substrate, low-temperature

PL measurement shows that the emission peak energy of InN red shifts from 0.83 eV

to 0.75 eV, and the full width at half maximum (FWHM) reduces from 150 meV to

110 meV. It implies that the InN film quality has been greatly improved. In addition,

the lattice polarity of InN can be controlled by the thickness of initial Al-layer that

was deposited prior to AIN buffer layer. A change from N-polar to In-polar was

observed when Al-layer exceeded one monelayer. The lattice polarity of InN was

determined by chemical wet etching method. In the case of N-polar InN, the surface

became rough and pyramids after etching. In contrast, In-polar InN remained smooth

surface.
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Chapter 1

Introduction

In recent years, the energy band gap of indium nitride (InN) has been verified to
be 0.7 eV and 0.65 eV at low temperature and room temperature, respectively [1-3].
Therefore, the band-gap energy of InN, gallium nitride (GaN), aluminum nitride
(AIN), and their alloys, covers from 0.65 to 6.2 eV, i.e. from infrared to deep
ultra-violet. Thus, IlI-nitrides could be potentially used as optical devices operating in
the visible and UV region. They also could be operated in high power and
temperature due to their high thermal stability and melting point. Recently, I1I-nitrides
based bright light emitting diodes (LEDs) and laser diodes (LDs) have been fabricated.
Due to their high thermal stability, the solid state lightening devices can be operated
at high brightness and long lifetimes. Moreover, the power consumption is about
15~20% of the conventional lightening devices. As a result, the solid state lightening
devices become the main stream in next generation illumination.

Due to the lack of suitable substrates, most of the IIlI-nitrides based devices
have been grown on foreign substrates, such as sapphire, silicon carbide (SiC) or

silicon (Si). IlI-nitrides based devices grown on sapphire and SiC have been



demonstrated good quality. However, the growth of IlI-nitrides on Si has attracted

considerable commercial interest in recent years. The advantages of Si substrates

include their low cost, large size, high crystalline quality and the potential for mature

device processing and device integration with Si circuits.

Si is a non-polar semiconductor. Whereas, II-nitrides wurtzite structures have

two kinds of lattice polarities: cation (Al, Ga, In) polarity and anion (N) polarity.

Because of large bond ionicity and crystalline asymmetry in c-axis. The direction of

spontaneous polarization is from the cation atom to the nearest neighbor anion atom

along the c axis, as shown in Fig. 1-1.

The main issue for polar [Il-nitrides grown on non-polar Si substrate is lattice

polarity control. It was found that the surface morphology, chemical behavior, optical

and electrical properties of Ill-nitrides are strongly dependent on the film polarity

[4-7]. Several approaches, such as growth mode, substrate type, substrate nitridation,

and variation of buffer layers, have been applied to control the polarity of IIl-nitrides

film. In the case of GaN films, which were grown on sapphire by MBE technique

using low-temperature-GaN, high-temperature-GaN, and low-temperature-AIN buffer

layer, exhibit N-polarity. Ga-polarity was observed for films grown on

high-temperature-AIN buffer layer. Compare to the studies of polarity control for

[II-nitrides grown on sapphire substrate, the study of polarity control for Ill-nitrides



grown on Si substrate is immature.

In addition to the polarity control, II-nitrides grown on Si substrate faces

another important issue, large difference in the thermal expansion coefficients and

lattice constant between Si and IlI-nitrides, which usually result in the residual strain

and generation of misfit dislocations at the hetero-interfaces. This leads serious

problems of wafer bending and crack formation, which will affect both the electrical

and optical properties.

In order to solve part of these problems, growth on patterned Si substrates was

proposed [8]. However, the time-consuming etching process to produce the patterned

substrates and high-cost are"the major drawbacks. To overcome these problems, K.

Kusakabe ef al. [9] have developed a novel and promising technique for the growth of

GaN film on sapphire substrate by radio frequency plasma assisted MBE (RF-MBE).

They have introduced a self-organized GaN nano-columns (NCs) structure as a buffer

layer for subsequent GaN coalescence overgrowth. The cross-sectional SEM image of

the overgrown GaN on NCs is shown in Fig. 1-2. The results of XRD and Raman

scattering measurements suggest that GaN NCs effectively reduce the residual strain

and reveal the free-standing properties of GaN films with 2.7 pm thickness. Recently,

a numbers of groups have used this approach to improve the GaN films quality on

sapphire substrates [10-15]. On the contrary, there are only two reports on the Si(111)



substrates thus far [16,17].

Recently, InN has successfully grown on Si substrates by using different

growth technologies [18-27], e.g. insertion of different types of buffer layer between

the Si substrate and InN epilayers. However, the quality of InN epilayers grown on Si

substrates is still not good enough as compared with that grown on sapphire substrates

by MBE [28]. Furthermore, the effect of polarity control on the crystal quality of InN

film grown on Si(111) substrate by MBE is still not very clear. In this thesis, the

coalescence overgrowth of GaN, InN nano-rods and the control the film polarity of

InN on Si substrates are investigated.

This dissertation is ‘divided into six chapters.  Chapter 1 introduces the

background and motivation "of \this study. Chapter 2 describes the experimental

technique of MBE and the characterization 'methods. The epitaxial overgrowth of

GaN nano-rods and InN nano-rods on Si(111) substrate are reported in Chapter 3 and

Chapter 4, respectively. In Chapter 5, the effect of polarity control on the physical

properties of InN thin films on Si(111) substrate is studied. Finally, Chapter 6

concludes this study.
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Fig. I-1 Atomic arrangement of two kinds of lattice polarities of III-nitrides:

(a) cation ( Al, Ga, In )-polarity and (b) anion ( N )-polarity.



Fig. 1-2 A cross-sectional SEM image of overgrown GaN on NCs [9].



Chapter 2

Experimental details

In this chapter, we describe the plasma-assisted molecular beam epitaxy
(PA-MBE) system used for growth of group-III nitride materials and various
measurement techniques that were used to characterize the crystalline structure and
optical properties. The measurements include x-ray diffraction, photoluminescence

spectroscopy and micro-Raman spectroscopy.

2.1 Molecular Beam Epitaxy (MBE) system

The MBE system is the ULVAC radio-frequency plasma-assisted MBE system
with liquid nitrogen cryo-panels cooling, as shown in Fig. 2-1. The MBE system
consists of a load-lock chamber and a growth chamber. The load-lock chamber was
maintained at 1.5x10 torr by using a dry rotary pump and a turbo molecular pump.
The growth chamber was pumped down to a base pressure of 1.0x10™'? torr by a
combination of dry rotary pump, turbo molecular pump, ion pump and titanium

sublimation pump. The ULVAC reflection high energy electron diffraction (RHEED)



system was used to monitor the growth process. The filament current is set at 1.7A
and the electron beam voltage is 20 kV. The group-IIl sources of aluminum (Al),
gallium (Ga) and indium (In) were supplied by standard Knudsen effusion cells and
the partial pressure of three different species is shown in Fig. 2-2. The group-V source
of nitrogen radicals were generated in a ULVAC (RFS-1305A) radio frequency (RF)
plasma source system with a frequency of 13.56 MHz and maximum of 500 W power.
The optical emission spectrum of nitrogen plasma source is shown in Fig. 2-3. The
emission lines at 745 and 821 nm are attributed to one of the 3s4P-3p4S0 and
35*P-3p*P’ transitions of atomic nitrogen, respectively. The intensity of emission

shows linear dependence on the RF-power (Fig: 2-4).

2.2 X-ray diffraction
Crystal with hexagonal structure can be described by in-plane lattice constant a

and out of plane lattice constant c¢. The spacing d between the (4, k, [) planes can be

2 2 2
written as: ? =— 4 (M) +% (1)

Where, 4, k, [ are the Miller indices. By using Bragg’s law; eq. (1) can be

1 4 WW+hk+k’. [I° 4sin’é@
PO A A R
d c A

written as: (2)

Where, 4 is wavelength of the x-ray. The lattice constants can be determined by

XRD 6#-26 measurement. In this study, the Bede DI HRXRD system equipped with a



X-ray source of Cu Ka; line with the wavelength of 0.1540562 nm was used to

determine the crystal quality and lattice constants of group-III nitrides grown by MBE.

2.3 Photoluminescence

The 325 nm line (3.815 eV) of a He-Cd laser (Kimmon IK5552R-F) was used as

the excitation light source for GaN (3.4 eV) PL measurement, and the emission from

the GaN was analyzed by a SPEX 1403 double grating (1800 grooves/mm grating)

spectrometer equipped with a thermal electric-cooled photomultiplier tube. An Ar+

laser operating at 488 nm (2.54 eV) was used- as the-excitation light source for InN

(0.7 eV) photoluminescen¢e measurement, The PL “signal was analyzed by a

SPEX-270M (600 grooves/mm grating) spectrometer detected using a liquid nitrogen

cooled extended-InGaAs photodiodes detector equipped with lock-in amplification

and a cutting wavelength at 2400 nm. The PL measurement system set-up is shown in

Fig. 2-5 and Fig. 2-6. The schematic diagram of PL measurement systems includes the

reflection mirrors, focusing lenses and sample cooling system. The samples were

mounted on the copper holder and cooled in a closed-cycle refrigerator at a

temperature near 10 K.



2.4 Micro-Raman scattering spectrometry

In this study, micro-Raman scattering was used to evaluate the residual strain of
group-III nitrides. The micro-Raman scattering system set-up is shown in Fig. 2-7.
The measurement at room temperature was carried out in backscattering geometry
along the z direction (parallel to the c-axis of group-III nitrides). The 488 nm line of
an Ar+-ion laser was used as the excitation source and focused through a microscope
(Olympus BX41) objective into a spot of around 1 um in diameter. The spectra were
obtained using a Horiba Jobin<Yvon  iHR550 (2400 grooves/mm grating)
spectrometer equipped with a'multichannel LLN,-cooled charge-coupled device (CCD)
of 1024 x 256 pixels. The pixel size of 26 % 26 um” yields spectral resolution is 0.8

cm .
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Fig. 2-1 The picture of major components of the ULVAC radio-frequency

plasma-assisted molecular beam epitaxy system.
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Chapter 3

Overgrowth of GaN thin film on GaN nano-rods

In this chapter, strain-free GaN thin film overgrowth on GaN nano-rods is
realized by MBE on Si substrate. The strain-free condition was identified by the
strong free A exciton (FX,a) PL peak at 3.478 eV and the E2 high phonon Raman shift
of 567cm™. The red-shift of<PL peak energy and phonon Raman energy with
increasing the diameter of ‘nano-rod result from the tresidual tensile stress in the
overgrowth GaN layer. The residual tensile stress is. generate from the nano-rods
coalescence process. The density/diameter of GaN nano-rods increases/decreases with
the growth temperature and the N/Ga ratio increase. It is clearly demonstrated that the
critical diameter of GaN nano-rods is around 80nm for the overgrowth of strain-free

GaN.

3.1 Growth of GaN nano-rods
3.1.1 Growth procedure of GaN nano-rods

The vertically c-axis-aligned GaN nanorods were grown on 2-inch p-type

18



Si(111) substrates by MBE system. Before growth, the Si(111) wafers were
chemically cleaned by 10% HF to remove surface native oxides without rinsing in DI
water to suppress oxide formation. After the chemical cleaning procedure, the Si
substrate is mounted to substrate holder then loaded into the load-lock chamber. Prior
to GaN nano-rods growth, the Si substrate was heated to 830°C to remove the residual
oxide in the substrate. In this case, a clear ( 7 X 7 ) surface reconstruction RHEED
pattern was observed, as shown in Figs. 3-1 (a) and (b). After the thermal desorption,
GaN nano-rods were then directly grown on Si (111) substrates under the nitrogen
rich condition without any buffer layer. In order to investigate the effect of growth
temperature and N/Ga ratio, one series of samples was designed and the detailed
growth conditions are listed .an' Table 3-1. The variation of N/Ga flux ratio was
adjusted by the beam equivalent pressure (BEP) of Ga. During the growth, the RF
plasma power and nitrogen flow rate were kept constant at 500 W and 4.0 sccm,

respectively.

3.1.2 Influence of growth parameters on GaN nano-rods
Fig. 3-1 (c) and (d) shows the surface reconstruction RHEED patterns of GaN
nano-rods after the growth. The observation of in situ RHEED pattern shows that

GaN nano-rods are single crystals and the crystal axis oriented perpendicular to the
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Si(111) substrate plane. The three-dimensional growth morphology of GaN nano-rods

can be identified by the spotty RHEED pattern. In contrast to GaN growth on sapphire,

the observed RHEED patterns show that the GaN lattices do not rotate by 30° with

respect to the Si surface. In other words, [11-20] direction of GaN is parallel to the

[-110] direction of the Si (111) surface, and the [-1100] direction of GaN is parallel to

the [11-2] direction of the Si (111) surface [8].

Fig. 3-2 (a) to (c) shows the plan and the tilted view SEM images of the GaN

nano-rod with growth temperature from 800 °C to 860 °C. The morphology of the

GaN nano-rod grown on Si(111) depends strongly on-the growth temperature. At the

low growth-temperature (800 °C), the migration of Ga ad-atoms are substantially

suppressed. As a result, the initial nucleation seed density of nano-rods increases and

the distance between the individual nano-rods decreases. Consequently, individual

nano-rod coalesces into nano-rod bundles as shown in Fig. 3-2 (a). It is further

confirmed by the spotty RHEED pattern as shown in Fig. 3-3 (a). In contrast, at high

growth-temperature (830°C or 860°C), the migration of Ga ad-atoms is enhanced and

excess ad-atoms could be re-evaporated from Si(111) surface. Therefore, the

coalescence phenomenon of individual nano-rod is absent and clear hexagonal

surfaces are observed, as shown in Fig. 3-2 (b) and (c). Furthermore, at high

growth-temperature, GaN nano-rods of twisted crystallographic alignment were
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grown. As a result, the superposition of the elliptical RHEED patterns from incident
electron beams of directions along the [-1100] and [11-20] azimuth of the hexagonal
phase are observed [29], as shown in Fig. 3-3 (b) and (c).

The density/diameter of GaN nano-rods increases/decreases as growth
temperature increases, as shown in Fig. 3-2 (a) to (c). The high growth-temperature
increases the surface mobility of ad-atoms, which leads to easier formation of small
nucleation seeds. On the other hand, the height of GaN nano-rods increases with the
growth-temperature because the size of nucleation seed is smaller and the migration
length of surface ad-atoms is enhanced at high temperature. When equally providing
the Ga and N atoms, the height of GaN nano-rod with smaller nucleation seed is
higher than the height of GaN nano-rod with larger nucleation seed.

Fig. 3-4 (a) to (c) shows tilted and plan view SEM images of the self-assembled
GaN nano-rod grown on Si(111) with different Ga BEP from 2.8x10°® to 2.0x107 torr
at growth-temperature of 830 °C. By decreasing the Ga BEP from 2.0x107 to 2.8x10™®
torr, the density/diameter of GaN nano-rod increases/decreases. In addition, the height
decreases as the Ga BEP of GaN nano-rod decreases. This phenomenon is due to the
sufficient surface energy of surface ad-atom to incorporate and re-evaporate at high
growth-temperature. However, decreasing the Ga atom reduces the probability of

coalescence and increases/decreases the density/diameter of the GaN nano-rods. On

21



the other hand, the height of GaN nano-rods decreases as the Ga BEP decreases. This

is because the GaN nano-rod increases but without enough Ga atom, the height of

GaN nano-rod would be decreased.

3.1.3 X-ray analysis

Fig. 3-5 show XRD patterns of the vertically aligned GaN nano-rods grown

under the different growth conditions. The diffraction peak at 34.56 degree is indexed

as (0002) of the wurtzite GaN structure, indicating that the single crystal GaN

nano-rods are preferentially oriented in the ¢-axis direction. From the diffraction peak

position of GaN (0002), the"c-axis lattice constant of GaN nano-rods is estimated to

be 5.185+0.001 angstrom. This value of c-axis lattice .constant is identical to that of

free-standing GaN layer, indicating that GaN nano-rods exhibit the free standing

properties.

3.1.4 Raman measurement

Fig. 3-6 show the room-temperature Raman spectrum of the vertically aligned

GaN nano-rods grown under the different growth conditions. The Raman peak

position of £2 mode is known to be sensitive to the residue stress in the GaN film [30].

According to the previous report [31], the E2 mode of free-standing and
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homo-epitaxially grown GaN appears at 567.0£0.1 cm'. If this value is a reference
for an strain-free GaN, we can conclude that the all of GaN nano-rods are strain-free
and in agreement with our XRD measurement. The measured wurtzite GaN E2 high

mode at 567 cm™ also support that GaN nano-rods are strain-free.

3.1.5 Conclusions of GaN nano-rods

The morphology of GaN nano-rods strongly depends on growth condition, i.e.
growth temperature and N/Ga ratio. As the growth-temperature increases, the density
of GaN nano-rods increases, the diameter of GalN nano-rods decreases and the height
of GaN nano-rods increase. As the BEP of the Ga increases from 2.8x10™ to 2.0x10”
torr, the density of GaN nano-rods reduces whereas the diameter of GaN nano-rods
increases. As a consequence, we can control the density and diameter of GaN
nano-rods by growth-temperature and N/Ga ratio. From the results of XRD and

Raman measurements, one can conclude that all GaN nano-rods are strain-free.

3.2 GaN thin film overgrowth on GaN nano-rods
3.2.1 Growth procedure of GaN thin film
The GaN nano-rods of different diameters and the overgrowth GaN layers were

grown sequentially on the Si (111) substrates by ULVAC RF-MBE system with liquid
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nitrogen cryo-panel cooling. The 2-inch Si (111) wafers (p-type doping) were
chemically cleaned by 10% HF without rinsing in DI water to suppress oxide
formation. A clear Si (7x7) surface reconstruction was observed by the reflection
high-energy electron diffraction (RHEED) at a substrate temperature of 830°C. The
GaN nano-rods were then directly grown on Si (111) substrates at 850°C without any
buffer layer under different III/V ratios to control the diameters of GaN nano-rods.
During the growth, the RF-plasma power and nitrogen flow rate were kept constant at
500 W and 4.0 sccm, respectively. The variation of III/V flux ratio was adjusted by
the gallium flux. The gallium flux was varied from 9.0x10®, 2.0x107 to 3.7x107 torr
for samples F, G, and H, respectively. The respective rod diameters of 60, 80, and 90
nm were investigated by JEOL JSM-7001F scanning electron microscopy (SEM).
After the growth of GaN nano-rods, the gallium flux was increased to 9.7x107 torr to
enhance the lateral growth rate for the growth of the overgrowth GaN layers. The
surface morphologies and crystalline quality of GaN nano-rods are studied by SEM
and X-ray diffraction spectrum analysis, respectively. Photoluminescence and

micro-Raman scattering are used to characterize the optical properties.

3.2.2 Structural properties

Fig. 3-7 shows the cross-sectional and top-view SEM images of overgrowth
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GaN with different rod diameters. The diameters are (a) 60nm, (b) 80 nm and (c) 90

nm, respectively. The N-rich nano-rod layers and the Ga-rich overgrowth layers can

be clearly identified from the cross-section SEM images of Fig. 3-7. As the Ga flux

was increased, the lateral overgrowth was enhanced. For sample F, the overgrowth

GaN forms irregular terraces and without fully coalescence as shown in Fig. 3-7 (a).

By increasing the diameters of nano-rods, the gaps between the nano-rods decrease.

The GaN terraces merge together to show better surface morphology in Fig. 3-7 (b)

and (c). The cross-sectional SEM image of sample G shows that the film is not

continuous in lateral direction;.and from boundaries gaps. From the top-view SEM

image, one can see the spacing gradually shrunk as the diameter of nano-rods was

increased and the area of the terrace was also increased, as show in Fig. 3-7 (b). The

further increasing diameter of nano-rods results in continuous morphology in

cross-section of sample H as shown in Fig. 3-7 (c¢). In Fig. 3-7 (¢), the top-view SEM

image shows that the overgrowth layer in sample H is not completely continuous,

with pronounced trenches and some pits.

3.2.3 Optical properties

Fig. 3-8 show the low-temperature (10 K) normalized PL spectra of three

samples. Because the low PL probing depth at 325 nm excitation [32,33], the signals
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is primarily from the overgrowth layer. All three spectra are dominated by the strong
narrow near-band-edge (NBE) excitonic emission near 3.47 eV and a weak broad
emission from 3.32 eV to 3.42 eV. No deep-level emission or yellow-band transition
at 2.3 eV was detected. The two main peaks of the weak emission band are assigned
to the excitons bound to surface defect (Y, ) and the shallow donor-acceptor pair
( DAP ) located on surface (Y¢) [34]. The broad emission is relatively weak in sample
H, which has smooth surface morphology. It implies that the density of surface
defects is small for the smooth surface.

In order to further identify the emission mechanism, the temperature-dependent
PL experiments at temperature range from 10 to 120 K are presented in Fig. 3-9. In
Fig. 3-9, the weak shoulder at-3.485 ¢V is attributed to the free B exciton transition
(FXg). The strongest peak at 3.478 eV is identified as the free A exciton transition
(FX4a). The peak at 3.472 eV results from the recombination of exciton bound to
neutral donor (D”X). The energy red-shift with temperature of FX, follows the
Vashini’s equation. For D’X peak, the intensity decrease abruptly due to the thermal
excitation to higher energy FX,a state. The thermal quenching of the donor-bound
exciton (D"X) peak occurs at 80—100 K [35]. For sample F and G, the energy position
of FXa at 3.478 eV implies that the overgrowth GaN is strain-free [36]. The FX4

stronger than DX also show that the overgrowth GaN is high quality with low density
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of defects, which was only observed in high-quality single-crystal nano-rod [37]. On
the other hand, the PL spectrum of sample H was dominated by the D’X transition at
3.466 eV, shown in Fig. 3-9 (c). Compare with the energy position of DX of sample
F and G, the energy of D’X for sample H red-shifts 6 meV. This indicates that the
overgrowth GaN of sample H has tensile strain. By using the value of the
proportionality factor K= 21.2 meV/GPa [38] for the strain-induced PL peak shift, a
residual stress of 0.28 GPa built in the overgrowth layer can be estimated.

The tensile strain in these specimens was also investigated by the micro-Raman
spectroscopy by measuring the frequency pesition of the E,-high phonon mode. The
normalized E,-high mode of these specimens measured at room temperature is shown
in Fig. 3-10. The peak of Raman shift in sample F, Gand H are 567.0 cm™, 567.0 cm™
and 565.7 cm™, respectively. The energy positions of E,-high peak for sample F and
sample G are at 567.0 = 0.1 cm’, which is believed to be the Ej-phonon from
strain-free GaN [39]. The energy difference in the Raman shift between sample H and
sample F (and sample G) is 1.3 cm™. The residual stress could be calculated based on
the stress coefficient of 4.24 cm'GPa' [39]. The estimated residual stress in the
overgrowth GaN layer of sample H is 0.30 GPa, which is quite consistent with the
result of PL spectral shift. The red-shift of PL peak energy and Raman shift value in

sample H is due to the residual biaxial tensile stress in the c-plane of GaN [38,40].
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3.2.4 X-ray analysis

This residual stress can be further checked by measuring the X-ray 26-scan of
(0002) diffraction. The respective peak positions of XRD for samples F, G, and H are
at 34.560°, 34.560°, and 34.574°, as shown in Fig. 3-11. The calculated c-axis lattice
constant of sample F, G and H which are 5.1844 A, 5.1844 A and 5.1824 A,
respectively. The c-axis lattice constant of sample F and sample G are 5.1844 A are
very close to the strain-free value of ¢o= 5.185 A. The smaller c-axis lattice constant
of sample H indicates the existence tensile strain in the c-plane of GaN. The in-plane
stress (o) of GaN grown on Si can be idescribed by the lattice strain (&) from the
relationship c=Mg, where M is the biaxial elastic modulus of GaN. When the
hexagonal GaN is bi-axally stressed on Si, its in-plane lattice deformation (g,) is
associated with out-of-plane lattice (&) change as described by the relationship e~ -
2(C13/Cs3) €4, Where e, = (¢ - ¢9) / ¢o and Cy3, Cs3 are elastic constants of GaN [41].
The in-plane biaxial stress in sample H can be calculated by using M = 449 GPa, Ci3
=103 GPa, and C33= 405 GPa [42], respectively. The estimated biaxial tensile stress
in the c-plane of sample H is 0.24 GPa, which is quite consistent with the results of
PL and Raman measurements. Therefore, we consider that the tensile stress is
generate from the coalescence process [43]. From the results of PL, Raman and XRD

measurement, one can conclude that residual strain will exist in the GaN overgrowth
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on GaN nano-rods of diameter larger than 90 nm. This indicates that only suitable

diameter of GaN nano-rod can use as a buffer layer for overgrowth strain-free GaN

layer.

3.3 Conclusions

In summary, we have demonstrated the growth of high quality coalescence

overgrowth GaN nano-rods on Si (111) substrate with RF-MBE. By using the

temperature-dependent PL experiments and micro-Raman spectroscopy, the critical

diameter of GaN nano-rods for strain-free- GalN overgrowth is around 80-90 nm. The

residual stress which exists“in GaN overgrown on GaN nano-rods with 90 nm of

diameter is about 0.3 GPa.
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Table 3-1 The growth conditions of GaN nano-rods

Growth Temp. BEP G, N, plasma Growth time
°O) (Torr) (W/scem) (min)
Sample A 800 2.0x107 500/4.0 120
Sample B 830 2.0x107 500/4.0 120
Sample C 860 2.0x1077 500/4.0 120
Sample D 830 7.1x10™ 500/4.0 120
Sample E 830 2.8x10° 500/4.0 120
Sample F 850 9.0x10® 500/4.0 120
Sample G 850 2.0x107 500/4.0 120
Sample H 850 3.7x107 500/4.0 120
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@ Si[11-2] (b) Si[-110]
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(©) GaN[-1100] (d) GaN[11-20]

- Si(111) i

Fig. 3-1 Evolution of RHEED patterns for the growth process of vertically aligned
GaN nano-rods grown on Si(111) substrate. (a) and (b) are clean Si(111) - (7 %X 7))
reconstruction surface after thermal desorption. (¢) and (d) are RHEED patterns of
GaN nano-rods after the growth. The incident electron beam directions are along
Si[11-2] ( || GaN [-1100]) and Si[-110] ( || GaN [11-20]) directions, respectively. ()

is a schematic diagram of the crystal axes of GaN(0001) on Si(111)[8].
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Fig. 3-2 SEM images in the tilted (left) and plan (right) views of the vertically
aligned GaN nano-rods grown on Si(111) at the same V/III ratio with growth
temperature at (a) 800°C, (b) 830°C, and (c) 860°C, respectively. The scale bar

represents 1um.
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Fig. 3-3 RHEED patterns of GaN nano-rods with growth temperature at (a) 800°C, (b)

830°C, and (c) 860°C, respectively. The incident electron beam directions are along

the [-1100] azimuth (left pattern) and [11-20] azimuth (right pattern).
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Fig. 3-4 SEM images in the tilted (left) and plan (right) views of the vertically
aligned GaN nano-rods grown on Si(111) at growth temperature 830°C with BEP of
(a) Ga=2.0x107 torr, (b) Ga= 7.1x10™® torr and (c) Ga = 2.8x10™® torr, respectively.

The scale bar represents 1pum.
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Fig.3-5 X-ray 0-260 scans of GaN nano-rods grown with different growth

parameters.
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Fig. 3-6 Raman spectra for GaN nano-rods grown with different growth parameters.
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Fig. 3-7 SEM images in the cross-sectional ( left ) and top ( right ) view of the

overgrowth sample. The diameters of samples are (a) 60nm, (b) 80 nm and (c) 90 nm,

respectively. The scale bars are 1 um.
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Fig. 3-8 Low-temperature (10 K) normalized PL spectra of three samples.
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Fig. 3-9 Temperature-dependent PL spectra of three samples at temperature range

from 10 to 120 K.
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Fig. 3-10 Room-temperature normalized Raman scattering spectra of three samples.
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Fig. 3-11 X-ray 26-scans of the symmetric (0002) diffraction for three samples.
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Chapter 4

Overgrowth of InN thin film on InN nano-rods

In this chapter, we studied the spontaneous growth of InN nano-rods on Si(111)
substrate by MBE. The morphology of InN nano-rods mainly affected by the N/In
ratio and the growth temperature. The coalescence-overgrowth of high quality InN
film on InN nano-rods, which. were grown-on Si(l11) substrate, is demonstrated.
However, due to the poor adhesion between the nano-rods and the Si substrate, film
delimitation and cracking occurs during growth. From-the result of PL measurement,
we found that the InN film quality has been improved comparing to the InN films

grown on AIN buffer and Si(111) substrate.

4.1 Growth of InN nano-rods
4.1.1 Growth procedure of InN nano-rods

The InN nano-rods and the overgrowth InN layers were grown sequentially on
Si(111) substrates by MBE system. The 2-inch Si(111) wafers (p-type doping) were
chemically cleaned by 10% HF before loading into the MBE chamber. Surface oxides
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were subsequently removed in situ by heating the substrate to 830 °C. The substrate
temperature was lowered to 480-510 °C for the growth of InN nano-rods. The InN
nano-rods were directly grown on Si(111) without any buffer layer under different
III/V ratio and substrate temperature. After the growth of InN nano-rods, the indium
flux was increased to 4.61x107 torr to enhance the lateral growth rate. The substrate
temperature was then increased to 560°C to improve the surface migration ability of
indium ad-atom for the overgrowth InN thin film. During the growth, the RF-plasma
power and nitrogen flow rate were kept constant at 500 W and 4.0 sccm, respectively.
The variation of III/V flux ratio was adjusted by the indium flux. In this study, the
indium flux was varied from 4.40x10” to 6.77x107 tort The growth parameters for
the investigated samples are.given in Table 4-1./ The surface morphologies and
crystalline quality of GaN nano-rods are studied by SEM and X-ray diffraction
spectrum analysis, respectively. The optical properties are characterized by the

photoluminescence measurement.

4.1.2 Influence of growth parameters on InN nano-rods

Fig. 4-1 shows the RHEED patterns of the growth process of the InN nano-rods
grown on Si(111) substrate. The clear 7x7 RHEED pattern [Fig. 4-1(a)] indicate a
clean Si(111) substrate surface. The InN nano-rod was then grown on Si directly. Fig.
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4-1(d) shows the RHEED patterns of InN nano-rods after growth. The result indicates
that the crystal lattice of InN nano-rod corresponds to the wurtzite-type single crystal.
In addition, the nano-rod growth direction (rod axis) is along the wurtzite c-axis and
well aligned vertically. The spotty ring-like RHEED feature is a consequence of
three-dimensional growth morphology and twisted crystallographic alignment
between individual nano-rods in the growth plane.

In order to obtain the optimum growth-condition, the growth of InN nano-rods
was controlled by the growth temperature and the In-flux. The dependence of the InN
nano-rods morphology on In flux‘is shown.in Fig. 4-2 and Fig. 4-3. These samples
have been deposited at 480°°C for 120 min. At low growth-temperature and lower
In-flux (BEP,=4.40x 10" torr), the nano-rods grow with a lower aspect ratio, i.e. like
nano-disk. This phenomenon is due 'to the migration ability of In atom at
low-temperature was suppressed. As the In-BEP increases to 1.45x10® torr the
density and aspect ratio of InN nano-rods is increasing and but the height of nano-rods
is still short [Fig. 4-2 (a) and (b)]. Further increase of the In-flux to 4.85x107® torr
results in a high density of short columns [Fig. 4-2 (c)]. When the In-flux increases to
1.31x107 torr, high density of longer nano-rods were produced, as shown in Fig.
4-3(a). However, due to the lower growth-temperature, the InN nano-rods are not
separate obviously. As the In-flux increases further, the InN nano-rods were merged
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and result in rough surface as shown in Fig. 4-3 (b). The morphologies of InN grown
at low-temperature and higher In flux, closely compact InN island structures were
formed as shown in Fig. 4-3 (¢).

Fig. 4-4 show the well-separated InN nanorods grown at high
growth-temperatures (510 °C), with appropriate In-flux. The individual InN nano-rod
shows a distinct hexagonal rod shape. This phenomenon is caused by the sufficient
surface energy of surface ad-atom to incorporation and re-evaporation at high

growth-temperature.

4.1.3 X-ray analysis

Fig. 4-5 shows the XRD pattern of the InN nano-rods grown at 510°C with
BEP;,=1.31x10" torr. We observed two diffraction peaks indexed as Si(111) substrate
and wurtzite InN(0002), indicating that InN nano-rods are single crystal and
preferentially oriented in the c-axis direction. From the diffraction peak position of
InN(0002), we can estimate the c-axis lattice constant of InN nano-rods is 5.700 A.
This value of c-axis lattice constant is close to the free-standing InN layer [44],
indicating that InN nano-rods exhibit nearly free-standing property. Due to the high
aspect ratio of the nano-rod structure, the residual strains are likely to be localized at
the interface between the substrate and nano-rods. This makes the nano-rod structures
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are strain-free.
4.2 InN thin film overgrowth on InN nano-rods
4.2.1 Growth procedure of InN thin film

The successful experience of strain free and high quality GaN-layer overgrowth
on GaN nano-rods encourages us to try this approach to growth high quality InN layer
on Si substrate. However, InN-layer overgrowth on InN nano-rods results in
significant film delimitation and cracking, as shown in Fig. 4-6. It is due to the poor
adhesion between the rod and the Si substrate [as shown in Fig.4-4(a)]. When the
layer is almost fully coalesced,.tensile stress-of approximately 0.2 GPa [45] has been
observed by Abhishek Jain et al.. The tensile stress results in crack propagation along

the interface between substrate-and rods.

4.2.2 Optical properties

Fig. 4-7 shows the PL spectrum of InN layer overgrown on InN nano-rods.
With comparison to the InN layer grown on the AIN/Si(111) substrate at the same
growth-condition. It was found that the emission peak energy of InN red shifts from
0.83 eV to 0.75 eV, and the FWHM reduces from 150 meV to 110 meV. It implies

that the film quality of InN-overgrown on InN nano-rods is effectively improved.
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4.3 Conclusions

In summary, we have demonstrated the growth of coalescence overgrowth InN
nano-rods on Si(111) substrate with RF-MBE. Due to the poor adhesion between the
rod and the Si substrate, film delimitation and cracking occurs during growth was
observed. However, the result of PL measurement indicates the InN film quality has

been improved comparing to that of InN film grown on AIN/Si(111) substrate.
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Table 4-1 The growth conditions of InN nano-rods

Growth Temp. BEP, N, plasma Growth time

°O) (Torr) (W/scem) (min)
Sample A 480 4.4x10” 500/4.0 120
Sample B 480 1.4x10° 500/4.0 120
Sample C 480 4.8x10°8 500/4.0 120
Sample D 480 1.3x107 500/4.0 120
Sample E 480 3.0x107 500/4.0 120
Sample F 480 6.7x1077 500/4.0 120
Sample G 510 4.8x10° 500/4.0 120
Sample H 510 1.3x1077 500/4.0 120
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Fig. 4-1 RHEED patterns for the growth process of InN nano-rods on Si(111): (a)

Si(111)—(7x7) reconstruction surface; (b) After 30 sec InN nano-rods growth

reconstruction surface; (¢) After 30 min InN nano-rods growth; (d) The ending of InN

nano-rods growth.
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Fig. 4-2 SEM images in the top ( left ) and cross-sectional ( right ) view of the InN
nano-rods grown on Si(111) at growth temperature 480°C with BEP of (a) In =
4.40x10” torr, (b) In = 1.45x10™ torr and (c) In = 4.85x10™ torr. The scale bar

represents 500 nm.
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Fig. 4-3 SEM images in the top ( left ) and cross-sectional ( right ) view of the InN
nano-rods grown on Si(111) at growth temperature 480°C with BEP of (a) In =
1.31x107 torr, (b) In = 3.06x107 torr, and (c) In = 6.77x10” torr. The scale bar

represents 500 nm.
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Fig. 4-4 SEM images in the top ( left ) and cross-sectional ( right ) view of the
vertically aligned InN nano-rods grown on Si(111) at growth temperature 510°C with
BEP of (a) In=4.85x10" torr and (b) In= 1.31x107 torr. The scale bar represents 500

nm.
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Fig. 4-5 X-ray diffraction pattern of InN nano-rods of sample H, indicating that the

nano-rods are single crystal wurzite structure.

53



Fig. 4-6 SEM images of the cracking InN layer after overgrowth on InN nano-rods:

(a)top view and (b) cross-sectional view of the InN cracking layer. The scale bar

represents 1um.
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Fig. 4-7 Normalized PL spectrum of InN layer overgrowth on InN nano-rods and InN

layer growth on AIN/Si(111) substrate at the same growth conditions.
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Chapter 5

Polarity control of InN thin film on Si(111) substrate

In this chapter, polarity control of In- and N-polar InN layers grown on Si(111)
substrate by MBE were studied. We found that the lattice polarity of InN can be
controlled by the thickness of initial Al-layer that were deposited prior to AIN buffer
layer. A change from N-polar to In-polar was observed when Al-layer exceeded one
monolayer (ML). In this study, the lattice polarity of InN was determined by wet
chemical etching. In the case of N-polar InN, the sample’s surface became rough and
pyramids appeared after etching. On the other hand, the surface of In-polar InN

remained smooth and pits appeared after etching.

5.1 Growth procedure

All specimens studied in this chapter were grown on Si(111) substrates by MBE
and the growth process was monitored by RHEED. The 2-inch Si(111) wafers (p-type
doping) were chemically cleaned by 10% HF to remove surface native oxides. After
the chemical cleaning procedure, the Si substrates were mounted to substrate holder
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then loaded into the load-lock chamber. Before growth, the Si substrates were
thermally desorbed at 830°C until a clear 7 x 7 surface reconstruction RHEED pattern
was observed, as shows in Fig. 5-1 (a). It indicates that the native oxides have been
completely dissolved from the Si(111) substrate surface. The Al pre-seeding layer was
then deposited on Si surface with various deposition time and temperature prior to
AIN buffer layer growth. After AIN buffer layer grown at 850°C, the substrate
temperature was lowered to 440-580 °C for the growth of InN layers. The BEP of Al
flux is 3.49x10™ torr was obtained by heating Al cell at 1000°C. The BEP of In flux is
4.61x107 torr by heating In cell'at 800°C. The Nitrogen flow rate/plasma power for
growing AIN buffer layer and InN epilayer on Si were 0.7sccm/250W and
1.5sccm/500W, respectively. In order to study the influence of the initial thickness of
Al-layer on the lattice polarity, two samples were designed. The thickness of Al-layer
of Sample A and B were 0.6ML and 1.0 ML, respectively. The polarity of InN films
were determined by chemical wet etching, 90 min at room temperature using 10 mol/l

KOH solution [46].

5.2 Results and Discussion
In this section, the effects of thickness of the initial Al-layer and the lattice
polarities of AIN buffer on the film quality of the subsequently grown InN layer were
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discussed. Recently, X. Y. Liu et al. [47] investigated the polarity of GaN layer grown
on Si(111). It was found that the polarity depends on the thickness of initially
deposited Al-layers before the growth of AIN buffer layer. Above 1.3 ML of Al-layer,
the Ga-polar film is obtained. Otherwise, the film is N-polar.

According the previous study of polarity control of GaN [47], the InN polarity
was also controlled by adjusting the thickness of Al initial deposition layer. Fig. 5-1
shows the real time RHEED patterns of Sample A surface under the Al beam
exposure of 0, 10 and 20 sec at 850°C. Fig. 5-1 (a) is the clean Si (111) 7x7 pattern at
the substrate temperature of 850°C. After Al exposure of 10 sec with the BEP of
3.49x10°® torr, / 3x,/ 3 pattern appeared, as shown in Fig. 5-1 (b). In previous report,
v 3%y 3 phase of Al on Si (111) was observed with the Al coverage of 1/3 ML and
each Al atom terminates three Si dangling bonds [48]. After Al exposure of 20 sec,
sharp streaks accompanying sub-streaks were observed. The pattern remains the same
after long exposure to Al beam [Fig. 5-1 (c)]. The pattern was attributed to the
so-called Al/Si (111) y-phase, which indicates the saturated phase with the coverage
of 0.6 ML Al-layer [49]. Fig. 5-1 (d) shows the streaky RHEED pattern of AIN buffer
layer grown on Si(111) at 850°C. The streaky RHEED pattern suggests a
two-dimensional growth mode and a smooth surface. Subsequently, the substrate
temperature was decreased to 560°C for the growth of InN film. Fig. 5-1 (e) shows the

58



streaky RHEED pattern of InN film.

According to the phase formation diagram of Al on Si (111), only 1 ML of

Al-layer can be deposited on Si(111) surface for the temperature above 600°C [50]. In

order to deposit more than 1 ML on Si (111), low-temperature-growth below 600 °C

is required. Fig. 5-2 (a) and (b) show RHEED patterns of Sample B surface under the

Al beam exposure of 0 and 60 sec at 600 °C, respectively. Compared to the clean

surface of Fig. 5-2 (a), the 77 fractional diffraction streaks disappeared completely in

Fig.5-2(b). It implies the formation of Al islands when the Al beam exposure

exceeding 60 sec, thickness of Al-layer is more than 1-ML. After the growth of 60 sec

Al-layer, the growth of AIN was started. RHEED pattern obtained after 200 sec of

AIN deposition at 600 °C was.shown in Fig. 5-2°(c). It.is more diffusive as compared

to the sharp streak patterns observed on the AIN buffer. After 200 sec of low

temperature AIN deposition, 60 min of AIN buffer growth was started by increasing

the temperature up to 850°C. Fig. 5-2 (d) shows the spotty RHEED pattern of AIN

buffer layer grown at 850°C, which indicates the three-dimensional growth mode and

rough surface. Subsequently, the growth temperature was decreased to 460C for the

growth of InN layer. Fig. 5-2 (e) shows the RHEED pattern after the growth of InN

layer at 460°C.

The polarities of InN layers were studied by etching in 10 mol/l KOH solution
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for 90 min at room temperature. After etching, polygonal structures were observed in

sample A, as shown in Fig. 5-3(b). However, for sample B, the sample surface was

more smooth after etching, as shown in Fig. 5-4(b). The appearance of polygonal

structures was attributed to the N-polarity. On the other hand, smooth surface is the

character of In-polarity InN. Therefore, we concluded that the polarity of InN layers

can be changed from N-polarity to In-polarity by increasing the thickness of Al initial

deposition layer prior to the growth of the AIN buffer layer.

In order to understand the change of lattice polarity on the initially deposited

Al-layer, the following growth:mechanism is-proposed. The selection of AIN polarity

is schematically shown in Fig. 5-5. The polarity of AIN grown on the Al covered

surface depends on bonding configuration among N atoms and Al atoms. If the N

atom takes position A, Al polarity occurs; if the N atoms take position B, N polarity

occurs. When a N atom enters position B, it needs to cooperate three Al atoms.

Therefore, the formation of the N-polarity bonding configuration seems kinetically

unfavorable process on the Al covered surface [51].

5.3 Conclusions

In summary by controlling the thickness of initially deposited Al-layer prior to

AIN buffer layer, we demonstrated that the polarity of InN thin films on Si(111)
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substrate by PA-MBE. The InN thin film changed from N-polar to In-polar when Al

layer exceeding one ML. The lattice polarities of InN layers were determined by

chemical wet etching. N-polar InN surface is rough and pyramid structure exist after

etching. However, the surface of In-polar InN is smooth.
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Si[-110] Si[11-2]
(a) Si(111) 7 X 7 (Sub. Temp.=850°C)

(b) Al~10 sec (Sub. Temp.=850°C)

(c) Al~20 sec (Sub. Temp.=850°C)

InNN[ 11-20 ] INN [ -1100 ]
(e) InN~ 2hr (Sub.Temp.=560°C)

Fig. 5-1 RHEED patterns of Si (111) at 850 °C exposed to Al beam for (a) 0 sec, (b)
10 sec, (c) 20 sec, (d) after 60 min AIN growth and (e) after 2hr InN deposition at
560°C. The incident electron beam directions are along Si[11-2] ( || AIN [-1100]) and

Si[-110] ( || AIN [11-20]) directions, respectively.
62



Si[-110] Si[11-2]
(a) Si(111) 7 X 7 (Sub. Temp.=600°C)

(b) Al~60 sec (Sub. Temp.=600°C)

(c) AIN ~200sec (Sub. Temp.=600°C)

AIN[ 11-20 ] AIN [ -1100 ]
(d) AIN ~60min (Sub. Temp.=850°C)

InNN [ 11-20 ] InN [ -1100 ]
(e) InN~ 2hr (Sub.Temp.=460°C)

Fig. 5-2 RHEED patterns of Si (111) at 600 °C, exposed to Al beam for (a) 0 sec, (b)
60 sec, (c) after 200 sec AIN deposited, (d) after 60 min AIN growth and (e) after 2hr
InN deposition at 460°C. The incident electron beam directions are along Si[11-2]

(|| AIN [-1100]) and Si[-110] ( || AIN [11-20]) directions, respectively.
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Fig. 5-3 The SEM images of sample A before and after etching in a 10 mol/l KOH

solution at room temperature.
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Before etching

After etching

Fig. 5-4. The SEM images of sample B before and after etching in a 10 mol/l KOH

solution at room temperature.
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Al polarity N polarity

Fig. 5-5. Polarity selection process of AIN on the Al layer.
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Chapter 6

Conclusion

In this dissertation, the spontaneous growth of GaN and InN nano-rods on
Si(111) substrate by PA-MBE were studied. In the case of GaN nano-rods, the
morphology of nano-rods strongly affected by the N/Ga ratio and the growth
temperature. The density/diameter of GaN.nano-rods increases/decreases with the
growth temperature and the N/Ga ratio increase. From the results of XRD and Raman
measurements, one can conclude that nano-rods are strain-free single crystals.

For the case of InN nano-rods, we 'demonstrate that vertically aligned InN
nano-rods can be grown on Si(111) by PA-MBE. From the results of XRD one can
conclude that nano-rods are strain-free single crystals.

In addition, strain-free GaN overgrown on GaN nano-rods on Si substrate is
realized. The strain-free condition was identified by the strong free A exciton (FXa)
photoluminescence (PL) peak at 3.478 eV and the E2 high phonon Raman shift of
567cm™. It is clearly demonstrated that the critical diameter of GaN nano-rods is
around 80nm for the overgrowth of strain-free GaN. The blue-shift of PL peak energy
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and phonon Raman energy with decreasing the diameter of nano-rod result from the

strain relaxation of overgrowth GaN.

On other hand, InN overgrowth on InN nano-rods on Si (111) substrate, exhibit

film delimitation and cracking occurs during growth. Due to the poor adhesion

between the rod and the Si substrate, However, from the result of PL measurement,

we found that the InN film quality has been enhanced compare to the growth on

AIN/Si(111) substrate.

Furthermore, In- and N-polar InN layers grown on Si(111) substrate by MBE

were investigated. We found that the lattice polarity of InN can be controlled by the

thickness of initial Al-layer that were deposited prior to AIN buffer layer. A change

from N-polar to In-polar was observed when Al-layet exceeded one monolayer (ML).

In this study, the lattice polarity of InN was determined by chemical wet etching

method. In the case of N-polar InN, the sample’s surface became rough and pyramids

appeared after etching. On the other hand, In-polar InN remained smooth surface.
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