Growth and characterization of nonpolar a-plane GaN
and ohmic contacts of nonpolar p-type a-plane GaN

Ji-Su Son

CONTENTS
Chapter 1. Introduction

Chapter 2. Growth of nonpolar a-plane GaN layer with various techniques

Chapter 3. Ohmic contact of nonpolar p-type a-plane GaN layer

Research Achievements

Chapter 1. Introduction
Practical light has contributed to the development of the human race, enabling humans to
continue working at night. Therefore, humans could save time and become more productive
because of the presence of artificial light. Historically, humans invented the first lamp around
at 70000 BC. In the 7th century BC, terracotta lamps were manufactured by the Greeks. After
developing the central burner, which is part of an oil lamp, lamp design was much improved
in the 18th century.1) Until the 18th century, olive, fish, nut, and similar oils were used as
lighting fuels. However, these were improved with the invention of new light lamps, such as
gas, and oil lamps. The incandescent light bulb, which is a form of electric light, began to be
used in the AC 19th century. Over the last 100 years, light lamps, such as incandescent and
fluorescent lamps, have become indispensable in our daily life.
From 2000 year, energy and environmental issues came to the fore in our daily life. To save
power and limit carbon dioxide emissions, the most energy-efficient and environmentallyfriendly light sources, such as solid-state light-emitting diodes (LEDs), have been rapidly
investigated, as shown in Fig. 1.

Figure 1 Evolution of lighting technologies with luminous efficacy over 200 years.2)
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1.1 History of blue light-emitting diode

The first LEDs were accidentally discovered by Henry Joseph Round in 1907 using SiC
(carborundum).3) In 1938, Juza and Hahn reported the first GaN material in the form of a
powder, which was produced by reacting liquid Ga metal with NH3.4) At that time, the GaN
material did not receive attention owing to the technical problems with its growth. However,
Maruska and Tietjen succeeded in growing a single-crystal GaN layer on sapphire substrates
by hydride vapor phase epitaxy and investigated the band-gap energy (3.39 eV) and directtransition band structure of the GaN metarial in 1969.5) In the early 1970s, the ﬁrst blue LED
having a metal–insulator–semiconductor (MIS) structure was reported by Pankove et al.6)
Despite the remarkable development of GaN-based LEDs, research activities could not be
carried out for a while because of the poor crystal quality of the GaN layer.
Akasaki and Amano finally reported GaN with high crystal quality grown using a low-te
mperature AlN buffer layer.7) They also demonstrated the first p-type conduction in Mgdoped GaN layers by low-energy electron-beam irradiation in 1989.8) The first blue LEDs
with candela-class brightness and having with an InGaN/AlGaN double heterostructure were
achieved by Nichia Chemical Industries Corporation in 1993.9)
Owing to these technical revolutions, GaN-based LEDs have become an essential form of
general lighting today.
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1.2 Crystallography of GaN material

Nowadays, GaN has various prospects for applications in visible and ultraviolet LEDs,
high-power devices, and microwave devices. This is because GaN has a very wide bandgap
(3.39 eV direct gap at room-temperature), high thermal stability, high thermal conductivity,
and high electron saturation velocity.10) GaN exhibits a polytype wurtzite structure, which is
the most thermodynamically stable form of GaN. This wurtzite structure consists of Ga and N
pairs stacked in an ABABAB sequence. Figure 1.2 shows the unit cell of the wurtzite
structure and the atomic arrangement of Ga-face GaN. The Bravais lattice constant of the
wurtzite structure is defined by the lattice parameters a and c, as shown in Fig. 1.2 (a).
The GaN surface is terminated by Ga atoms in GaN growth by metal organic vapor phase
epitaxy (MOVPE). Figure 1.2 (b) shows the growth surface of GaN grown on a polar c-plane
sapphire substrate. The (0001) Ga face has a Ga atom that combines with three N atoms. On
the other hand, the (000-1) N face has N atoms that each combine with three Ga atoms.11) It is
wellknown that Ga-face GaN is not as chemically active as N-face GaN.12)

Figure 1.2 (a) Wurtzite structure of GaN. (b) Atomic arrangement of Ga-face GaN.10)
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1.3 Historical survey of nonpolar GaN growth

Despite notable achievements in LED performance, conventional c-plane GaN LEDs suffer
from strong internal fields induced by the spontaneous and strain-induced piezoelectric
polarizations in the c-direction. These polarization-related fields exhibit the quantumconfined Stark effect (QCSE), which can decrease the transition probability in c-plane GaNbased quantum well (QW) structures.13-16) Nonpolar crystal orientations have emerged as
promising candidates to overcome this problem.
In the late 1990s, theoretical calculation showed that GaN orientations along the [1-100]
(m-plane) and [11-20] (a-plane) directions could avoid internal electrical fields by growing
QWs.17,18) In 1974, Pankove and Schade first reported nonpolar GaN samples grown by
chemical vapor deposition.19) In 1976, Sano and Aoki reported nonpolar a-plane (11-20) GaN
growth by hydride vapor phase epitaxy (HVPE).20) Waltereit et al. reported the growth of the
first nonpolar m-plane (1-100) GaN/AlGaN QWs on LiAlO2 by molecular beam epitaxy
(MBE). They demonstrated the absence of polarization-induced electrostatic fields in QWs in
2000.14) In 2002, the first a-plane GaN21) and AlN22) layers grown on SiC substrates by
MOVPE were reported. The first a-plane InN layers were grown on r-plane sapphire
substrates by MBE in 2003.23) The first UV LED-based a-plane InGaN/GaN MQWs were
grown on r-plane sapphire substrates in 2003.24) After these first achievements of nonpolar
GaN growth by different methods, many groups have become the advancement of absorbed
in research on nonpolar-based LEDs.
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1.4 Nonpolar GaN

Figure 1.3 shows schematic views of polar c-plane and nonpolar a- and m-planes of the
wurtzite structure. Most of the commercial LED devices today are based on wurtzite nitrides
grown in the polar [0001] (c-axis) growth direction. Nonpolar planes in the wurtzite crystal
are perpendicular to the [0001] polar direction, as shown in Fig. 1.3. There are two surfaces
perpendicular to the c-axis, which form nonpolar (11-20) and (1-100). These two surfaces are
the most preferable because these is no spontaneous polarization field.25)

Figure 1.3 Schematics of polar c-plane and nonpolar a- and m-planes.

Figure 1.4 Atomic configurations of polar c-plane and nonpolar a-plane.
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Figure 1.4 shows the atomic arrangements of the (a) polar and (b) nonpolar surfaces
viewed along the [1-100] direction. In the case of polar growth on a sapphire substrate, the
GaN surface is determined by Ga or N atoms. On the other hand, on the nonpolar GaN
surface, Ga and N atoms always exist at the same time, as shown in Fig. 1.4 (b).

Figure 1.5 (a) Stick representation of sapphire r plane. (b) Atomic arrangement of sapphire r-plane with GaN aplane overlaid.26)
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It is wellknown that uniformly oriented nonpolar a-plane GaN layers can be grown on rplane sapphire substrates owing to a good lattice match. Figure 1.5 shows the theoretical
lattice match of a nonpolar a-plane GaN layer grown on an r-plane sapphire substrate. In the
case of sapphire the r-plane, a rectangular grid of oxygen ions with an O2- ion within each
rectangle is contained, as shown in Fig. 1.5 (b).26) The lattice mismatch between the a-plane
GaN layer and the r-plane sapphire substrate is 1.1% along the c-direction and 16.1% along
the m-direction.27) The Ga polarity has a 4-5 times faster growth rate than the N polarity in the
a-plane GaN layer.28) These cause a rough surface, poor crystalline quality, and
noncoalescence, while planar a-plane GaN layers are grown on planar r-plane sapphire
substrates.
The lattice and thermal mismatches between the r-plane sapphire substrate and the a-plane
GaN layer result in the presence of compressive strain, which affects the fundamental
material properties such as surface cracks and LED device characteristics. Nonpolar GaN in
the presence of strain is particularly anisotropic because the sapphire and GaN layers along
the [0001] and [1-100] directions have in-plane anisotropies owing to the different lattice
matchings and thermal expansion coefficients.29,30) The stress-strain relationship in the
nonpolar a-plane GaN layer can be expressed as a simple relationship among between the
three strain components:31,32)
C

C

εyy = − C11 𝜀𝑥𝑥 − C13 𝜀𝑧𝑧
12

12
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1.5 Motivation of nonpolar GaN

Over the past few years, nonpolar GaN LEDs have been attracting attention as promising
candidates for removing the QCSE, which arises from strain caused by the lattice mismatch
between InGaN and GaN layers and is markedly present in polar GaN LEDs owing to the
large piezoelectric field in the QWs.33) Thus, the strained polar InGaN/GaN region exhibits
the band bending phenomenon, as shown in Fig. 1.6 (a). This phenomenon can reduce the
oscillator strength of excitons in the active areas and decrease the radiative recombination
efficiency. As a result, the QCSE causes the degradation of LED performance owing to the
low transition probability in the active areas.13-16)
The QCSE in GaN-based heterostructures can be eliminated by using nonpolar orientations
such as a-axis [11-20] and m-axis [1-100]. Figure 1.6 shows polarization-related band
diagrams for wurtzite heterostructures. Polarization charges do not affect the planar
heterointerfaces such as QWs grown on nonpolar GaN layers since the polar axis lies within
the growth plane of GaN layers. Therefore, nonpolar GaN layers are promising for LED
devices owing to the elimination of the QCSE and the increase in quantum efficiency. In
addition, nonpolar GaN layers have the benefits of direct linearly polarized light emission35)
and high hole concentration in the p-type GaN layer.36) The polarized light emission induced
can increase the efficiency of applications that require polarized light emission.34)
Despite these strong merits, the performance of nonpolar GaN-based LEDs is still worse
than that of conventional polar GaN-based LEDs. This is mainly attributed to the poor
crystalline quality of nonpolar GaN layers with a high defect density such as threading
dislocations and basal stacking faults. To fabricate a high-efficiency nonpolar LED, it is
8

essential to investigate the methods of improving the crystalline quality and quantum
efficiency.

Figure 1.6 Schematics of polarizations and energy band diagrams of (a) polar c-plane InGaN/GaN QW structure
and (b) nonpolar a-plane InGaN/GaN QW structure.34)
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1.6 GaN growth technique: metal organic vapor phase epitaxy (MOVPE)

The epitaxial growth technique in III-V compound semiconductors is classified into liquidphase epitaxy (LPE), vapor-phase epitaxy (VPE), and molecular beam epitaxy (MBE). In
1958, VPE and MBE were invented for epitaxial growth. However, VPE could not be used in
Al-containing compounds and it was difficult to grow materials by MBE with high vapor
pressure. LPE was invented for high-purity epitaxial growth at low temperatures in 1963. The
LPE growth technique limited the substrate area and had poor control over the growth of very
thin layers. In 1968, MOVPE was invented for the mass production of high-crystallinequality epilayers with a fast growth rate.
Manasevit et al. grew GaN and AlN layers on sapphire substrates by MOVPE in 1971.37)
Amano et al.8) and Nakamura et al.38) demonstrated marked improvements in AlN and GaN
buffer layers, which led to the development of n- and p-type doping processes. In general, the
growth of III-V compound epilayers is carried out by introducing alkyls for group III and
hydrides for group V onto heated substrate inside a vacuum chamber.39)
In GaN growth by MOVPE, group III alkyl metal organic (MO) sources use trimethyl
gallium

(TMGa),

trimethylindium

(TMIn),

trimethylaluminum

(TMAl),

and

bis

cyclopentadienylmagnesium (Cp2Mg) as precursors o f Ga, In, Al, and Mg elements,
respectively. Silane (SiH4) is used as a precursor of the Si element. Ammonia (NH3) is used
as a precursor of N.
Figure 7 shows a schematic diagram of the MO source bubbler in the MOVPE system. The
flow rate (F) of the MO source can be controlled by adjusting the temperature (T), pressure
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(P), and carrier gas flow rate (Fcarrier) on the basis of the following equation.
𝑚𝑙
Fcarrier (𝑚𝑖𝑛)
𝑚𝑜𝑙
PMO
F(
)=
∗
𝑚𝑜𝑙
𝑚𝑖𝑛
PBubbler
22400 (
)
𝑚𝑙

Figure 7 Schematic view of conventional MO source bubbler used in MOVPE.

The gas-phase reactions of TMGa and NH3 have been studied under various conditions. In
low-temperature growth (<150 °C), TMGa and NH3 react to form the adduct trimethylgallium
monamine (TMGa:NH3).40-42)
(CH3)3Ga + NH3

(CH3)3Ga:NH3

TMGa:NH3 has a moderate melting point of 31 °C and a low vapor pressure of approximately
1 Torr at room temperature.43) The energy of this Ga-N coordination bond is 21.1 kcal/mol
(theoretical) and 18.5 kcal/mol (experimental).44)
In general, the GaN layer is grown at approximately 1050 °C owing to the low cracking
efficiency of NH3. The high-temperature gas-phase reactions between TMGa and NH3 can be
described as39)
11

Ga(CH3) 3(v) + NH3(v)

GaN(s) + 3CH4(v).

Figure 8 Schematic representation of chemical reaction of GaN growth on r-plane sapphire substrate using
MOVPE system.45)

Figure 8 shows the growth mechanism of an a-plane GaN layer on an r-plane sapphire
substrate using the MOVPE system. TMGa and NH3 molecules are introduced into a hightemperature MOVPE reactor by H2 carrier gas. TMGa and NH3 are mixed and diffused. Some
TMGa and NH3 molecules are decomposed by pyrolysis and a gas-phase reaction in the hightemperature reactor. Ga and N atoms diffuse to the growth surface of the substrate, and the
precusors migrate to the growth site on the substrate, as shown in Fig. 8.
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1.7 Problems of nonpolar a-plane GaN grown on r-plane sapphire by
MOVPE

Sapphire substrates are commonly used for growing GaN-based LED epitaxial layers
owing to the capability of the mass production, scaling-up of the wafer size in fabrication, the
low price, and their stable chemical, mechanical, and thermal properties. Therefore, growing
nonpolar a-plane GaN-based LED epitaxial layers on r-plane sapphire substrates is the most
appropriate method of fabricating a commercial nonpolar-based LED device. However, when
nonpolar a-plane GaN layers are grown on r-plane sapphire substratea, the epitaxial layers
have a high defect density owing to the large lattice mismatch and the difference in the
thermal expansion coefficient between GaN and sapphire.
For the [0001]GaN direction:
𝑓[0001] =

𝑇[0001]𝐺𝑎𝑁 −𝑇[0−110]𝐴𝑙 𝑂
2 3
.
𝑇[0−110]𝐴𝑙 𝑂
2 3

For the [1-100]GaN direction:
𝑓[1−100] =

𝑇[1−100]𝐺𝑎𝑁 −𝑇[0001]𝐴𝑙 𝑂
2 3
.
𝑇[0001]𝐴𝑙 𝑂
2 3

The lattice mismatch of a-plane GaN and r-plane sapphire is f[0001] = 1.1% and f[1-100] = 16.1%.
In addition, the thermal expansion at room temperature is 25-30% higher for GaN than for
sapphire, which can lead to considerable expansion of the GaN lattice with respect to the
sapphire lattice.46)
The lattice misfit between the GaN layer and the sapphire substrate is generally the origin
of the defect formation. In the case of nonpolar a-plane GaN grown on r-plane sapphire,
structural defects such as dislocations and stacking faults are major cause of the degradation
13

of nonpolar-based LED devices.
The dislocations can act as nonradiative recombination centers as well as current short-cut
paths causing the degradation of the LED device lifetime. In general, dislocations are
characterized by Burgers vectors, which represent the atomic displacement. In the case of
a-plane GaN, partial dislocations (bp=1/3<1-100>, 1/2<0001>, and 1/6<2-203>), screw
dislocation (bs=1/3[11-20]), pure edge dislocation (be=[0001]), and perfect mixed dislocation
(bs=1/3<11-23> and bm=1/3<-12-10>) are generally revealed by transmission electron
microscopy (TEM) measurements.46) Typical dislocation densities such as those of perfect
and partial dislocations are in the range of 1010 cm-2.47)
In high-quality polar c-plane GaN, stacking faults can hardly be observed, which are
usually associated with poor nucleation layer condition. Stacking faults have a tendency to
basal plane stacking faults (BSFs) in nonpolar-based GaN.48)
The BFSs are of three common: the intrinsic I1 type (stacking sequence
ABABABCBCBCB), I2 type (stacking sequence ABABABCACACA), and the extrinsic E
type (stacking sequence ABABCABAB). In the case of a-plane GaN, the intrinsic I1 type is
easily formed during epitaxial growth. The intrinsic I1 type is a lowest energy BSFs with
formation energy of 1.81 × 10-2 J/m2.49) When an a-plane GaN layer is grown on an r-plane
sapphire substrate, typical BSF densities are in the high 105 cm-1 range.50-53) The intrinsic I1
type BSFs are terminated by Frank–Shockley partial dislocations (PDs) with Burgers vector b
= 1/6<20-23> according to the results of TEM measurements.54, 55)

14

1.8 Ohmic contact problems of nonpolar p-type a-plane GaN layer

Theoretically, an n-type GaN layer can achieve an Ohmic contact with low-work-function
metals. On the other hand, the p-type GaN layer requires high-work-function metals to form
an Ohmic contact.56) Tsai et al. reported that polar and nonpolar p-type GaN layers can form
an Ohmic contact by using a metal with a work function higher than 4.5 and 7 eV,
respectively.57) In case of the nonpolar surface, the relaxtion can cause a surface dipole layer,
which increases the work function of ~2 eV. This indicates that a nonpolar p-type GaN layer
can not form an Ohmic contact by using currently existing metals. It is wellknown that
platinum (Pt) has a highest work function of 5.32 eV.
So far, only two groups have reported good Ohmic contact behavior in a nonpolar p-type
GaN layer.

Haeger reported a near-Ohmic contact using Pt (7 nm)/Pd (7 nm)/Au (100 nm)

layers. The specific contact resistance of the nonpolar p-type GaN on the m-plane bulk was
~5 × 10-3 Ωcm2.58) Oya and Yokogawa reported a low-contact-resistance p-type electrode for
nonpolar m-plane GaN using Mg (7 nm) as the electrode material. The specific contact
resistance was reduced to 8 × 10-4 Ωcm2.59)
Improving the Ohmic contact of nonpolar-based p-type GaN layers is still a challenging
task to enhance the performance of nonpolar-based LED devices.
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Chapter 2. Growth of nonpolar a-plane with various
techniques

2.1 Background

III-nitride research has mainly focused on the epitaxial growth and properties of c-plane
GaN layers and devices. Low-temperature (LT) AlN1, 2) and GaN3) buffer layers were used to
improve the quality of c-plane GaN on sapphire substrates in groundbreaking studies. These
studies were indispensable and set standards for the growth of high-quality polar c-plane GaN
layers. The growth of c-plane GaN layers on (0001) SiC substrates has also been facilitated
by low-temperature buffer layers.4-6) However, these heterostructures and optoelectronic
devices are strongly impacted by piezoelectric and spontaneous polarization effects. To avoid
polarization-related effects, the use of nonpolar GaN planes such as {1-100} m-planes and
{11-20} a-planes has been suggested. Since 2000, several research groups have improved the
crystal quality of nonpolar GaN using different epitaxial growth techniques. Waltereit et al.
and Craven et al. demonstrated considerable progress in nonpolar GaN layer growth by
molecular beam epitaxy (MBE) and metal organic chemical vapor deposition (MOCVD).7, 8)
To optimize buffer layer conditions of a-plane GaN, nucleation layer was studied by
temperature dependence growth and time dependence growth. After optimizing nucleation
layer, undpoed GaN layer was also studied by temperature dependence growth. From these
results, multi buffer layer was investigated to obtain high-quality a-plane GaN layer.
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2.2 Growth of nucleation layer
2.2.1 Experimental details

To obtain a high-quality a-plane GaN layer, the first step in the study of a-plane GaN
growth is to investigate the nucleation layer. Various nucleation layers such as LT GaN, hightemperature (HT) AlGaN, and HT GaN have been used to reduce the amount of extended
defects in the a-plane GaN layer.9) We considered an HT nucleation layer, which provides
nucleation sites for initial GaN growth on the surface. It is wellknown that the HT nucleation
layer is effective for froming large nuclei, which result in a fully coalesced high-quality aplane GaN layer.10)
(11-20) a-plane GaN nucleation layers were grown on (1-102) r-plane sapphire substrates
tilted -0.2° off-axis in the c-axis [0001] direction in a mixed atmosphere of N2 and H2 using a
NIPPON SANSO 2 in. MOCVD system based on a face-up horizontal reactor.
Trimethylgallium (TMGa) and ammonia (NH3) were used as the source materials of Ga
and N, respectively. Before the growth of a-plane GaN nucleation layers, r-plane sapphire
substrates were annealed for nitridation in a 6 standard liter per minute (SLM) flow of pure
NH3 at 1050 °C and 75 Torr for 5 min. Various growth times were adopted from 2 to 9 min to
control the nuclei shape, size, density, and thickness. The flow rates of TMGa and NH3 were
75 µmol/min and 1.5 SLM (V/III ratio: 893), respectively. For comparison with the HT
nucleation layer, an LT nucleation layer was also deposited at 550 °C and 75 Torr for 6 min.
The surface morphologies of the nucleation layers were characterized by atomic force
microscopy (AFM) and scanning electron microscopy (SEM).
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2.2.2 Results and Discussion

Figure 2.1 shows AFM images of the HT nucleation layer. Three-dimensional nucleate
islands were formed on the r-plane sapphire substrates. The samples were scanned in a 2 × 2
μm2 area by tapping-mode AFM measurements. To obtain nuclei with a regular shape and
isotropic morphology. The nucleation growth time was increased from 2 to 9 min. In the case
of 2 min nucleation, hardly any GaN nuclei could be found on the surface. On the other hand,
for the 3 min growth time, irregular nuclei with anisotropic shapes were clearly observed
along increased root mean square (RMS) surface roughness. However, these shapes of the
nuclei result in a high density of partial dislocations, which are bounded basal plane stacking
faults. The partial dislocations originate from the in-plane anisotropic strain in c- and mdirections.11)
To confirm the large area of the GaN nuclei, each sample was characterized by plan-view
SEM measurements, as shown in Fig. 2.2. GaN nuclei could not be observed by plan-view
SEM measurements after 2 min growth owing to the low density of GaN nuclei on the
surface. The thickness and nuclei shape increased and became more regular with increasing
growth time. Nuclei with the most regular and isotropic shape and ~110 nm thickness were
observed after 6 min growth. When the growth time was increased more than 7 min, the
nuclei became large and the grains elongated owing to the coalescence of nuclei, and the
nuclei shape became irregular in the c-direction.
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Figure 2.1 2 × 2 μm2 AFM images of GaN HT nuclei grown on r-plane sapphire substrates with various growth
times from 2 to 9 min.
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Figure 2.2 Plan-view and cross-sectional SEM images of GaN nuclei grown on r-plane sapphire substrates with
various growth times from 2 to 9 min.
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Figure 2.3 AFM and SEM images of nucleation and undoped GaN layers grown on r-plane sapphire substrates
at 550 and 1050 °C.

To confirm the effect of the HT nucleation layer on an undoped a-plane GaN layer was
grown on an r-plane sapphire substrate. Figure 2.3 shows AFM and SEM images of
nucleation and undoped GaN layers grown on r-plane sapphire substrates at 550 and 1050 °C.
One sample was grown on an r-plane sapphire substrate using an LT nucleation layer at
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550 °C for 6 min. The other sample was grown on an r-plane sapphire substrate using an HT
nucleation layer at 1050 °C for 6 min, which is the optimized nucleation condition of a-plane
GaN. In the case of the LT nucleation sample, very small nuclei were observed by AFM
measurements. The diameters of the nucleate islands were approximately 50 nm (LT
nucleation layer) and 500 nm (HT nucleation layer). After undoped GaN growth using the
nucleation layer, the morphology was decorated by crystallographic pits on the LT nucleation
layer. On the other hand, no crystallographic pits were observed on the HT nucleation layer
by plan-view SEM measurements. Bird’s-eye view SEM images also showed that the
undoped GaN grown on the LT nucleation layer could not fully coalesce during the 3D-2D
growth. This indicates that the HT nucleation layer leads to 3D-2D growth more easily and
effectively produces a fully coalesced a-plane GaN layer.

2.2.3 Summary

To obtain an optimum nucleation layer for a high-crystalline-quality a-plane GaN layer, an
HT nucleation layer was adopted instead of an LT nucleation layer. The obtained results of
experiments are summarized as follows.
 The HT nucleation layer is effective for forming large nuclei, which lead to 3D-2D
growth more easily and effectively produce a fully coalesced a-plane GaN layer.
 Nuclei with a regular and isotropic shape were observed after 6 min of nucleation
layer growth. This implies the reduction of anisotropic stress.
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2.3 Growth of multi buffer layer

2.3.1 Experimental details

To produce a high-quality a-plane GaN layer on an optimized nucleation layer, three steps
of the multi buffer layer technique (MBL) were employed. Figure 2.4(a) shows a schematic
of the MBL. Figure 2.4 (b) shows the process sequence of growth of a-plane GaN using the
MBL. The MBL, which is modified from two-step growth process,12) involves the growth of
the following layers: a first buffer layer (BL1) to promote three-dimensional (3D) growth, a
second buffer layer (BL2) as an interlayer between BL1 and the third buffer layer (BL3), and
BL3 to promote two-dimensional (2D) growth. In general, the migration distance and
instability of surface adatoms are dependent on temperature13) and pressure.14) The Ga- to Npolar wing growth ratio can be adjusting by the V/III ratio.15,16) BL1 was grown at 1125 °C
and 450 Torr for 15 min 30 s. The flow rates of TMGa and NH3 were 200 µmol/min and 3.8
SLM (V/III ratio: 850), respectively. BL2 was grown at 1050 °C and 75 Torr for 25 min. The
flow rates of TMGa and NH3 were 190 µmol/min and 4 SLM (V/III ratio: 940), respectively.
BL3 was grown at 1160 °C and 75 Torr for 45 min. The flow rates of TMGa and NH3 were
190 µmol/min and 5 SLM (V/III ratio: 1175), respectively.
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Figure 2.4 (a) Schematic of multi buffer layer on r-plane sapphire substrate. (b) Process sequence of a-plane
GaN using multi buffer layer.

The crystal quality of the a-plane GaN layer was characterized by high-resolution X-ray
diffraction (XRD) measurements employing Au Kα1 (1.27634 Å ) as the X-ray source. The
microstructure of the a-plane GaN layer was examined by SEM and transmission electron
microscopy (TEM). Cross-sectional observation of the specimen was performed at 300 kV
using a TEM system.

2.3.2 Results and Discussion

Figure 2.5 shows bird’s-eye view and plan-view SEM images of the a-plane GaN layer.
The experiments were proceeded with each buffer step to investigate the mechanism of the
full coalescence. BL1 was employed in the 3D growth mode. This 3D growth mode assists in
improving the GaN crystal quality along the m-axis direction.17) From the bird’s-eye view of
BL1, we observed vertically grown large GaN islands with a very rough morphology. BL2
was the intermediate layer used to reduce the density of threading dislocation (TD)18) and
28

enhance the coalescence of the large GaN islands. The surface became smooth during lateral
growth. The a-plane GaN layer was fully coalesced in BL3 with a high lateral growth rate.

Figure 2.5 Bird’s-eye view and plan-view SEM images of each buffer layers.

Figure 2.6 (a) shows the growth mechanisms of one- and two-step modes. The MBL is
modified from the two-step growth process. The TDs, which propagate along the growth
direction from the substrate to the surface, could not be reduced laterally only growth mode
such as one-step growth, as shown in Fig 2.6 (a). However, the TDs can bend over during
3D-2D growth and may be annihilated in the plane of the wafer.19) To confirm the effects of
two-step growth in the a-plane GaN layer, two samples were prepared using one- and twostep modes, as shown in Fig. 2.6 (b).
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Figure 2.6 (a) Growth mechanisms of one- and two-step modes. (b) SEM, AFM, and XRD results of one- and
two-step modes.

The bird’s-eye view showed slightly rough and observable pits on the surface in the onestep sample. The RMS surface roughnesses were 1.8 nm (two-step) and 2.5 nm (one-step) in
the 10 × 10 μm2 AFM images. The submicron pits are associated with TD terminations.20)
The submicron pit densities of the two- and one-step samples were ~4.2 × 109 and ~6.7 ×
1010 cm-2 , respectively. These results imply that the two-step growth is very effective for the
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termination of TDs. The in-plane anisotropy of full widths at half maximum (FWHM) of the
(11-20) X-ray rocking curve was plotted from a phi scan of each specimen. The FWHM of
the one-step sample was almost double along the m-axis direction that of the two-step sample.
This indicates poor a-plane crystal quality owing to the high density of TDs.

Figure 2.7 Cross-sectional TEM image of two-step sample along [1-100] using g=11-20 under weak-beam
condition.

Figure 2.7 shows a cross-sectional TEM image of the two-step sample. When g = 11-20,
via the |g·b| criterion in TEM imaging (g is the diffraction vector and b is the Burgers vector),
several types of TDs can be observed in the contrast such as partial dislocations (b = 1/5 <2023>) and prismatic stacking faults (R = 1/2 <10-11>). The two-step (3D-2D) growth
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transition mode can be observed, when viewed along the c-direction using g = 11-20 under
the weak-beam condition.21) As explained by the schematic of two-step growth, TDs can be
much reduced during the two-step (3D-2D) growth transition, as shown in Fig. 2.7. This is
good evidence that the improved crystal quality, smooth surface, and low pit density the aplane GaN layer is related to the reduced TD density.

2.3.3 Summary

The effects of an a-plane GaN layer using the MBL has been investigated. The MBL was
deposited on the regular and isotropic shape of nuclei by three layers. The obtained results of
experiments are summarized as follows.
 This MBL is modified from a two-step (3D-2D) growth mode. In comparison with
that for the one-step (2D) growth mode, the XRC FWHM the along c- and m-axis
directions was reduced in the two-step growth mode.
 In particular, the XRC FWHM of the one-step sample was almost double that of the
two-step sample along the m-axis direction. The surface roughness was decreased
from 2.5 nm (one-step) to 1.8 nm (two-step) in the 10 × 10 μm2 AFM images.
 The cross-sectional TEM image showed that dislocations confined to the c-plane
were annihilated and bent by the 3D-2D growth transition.
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3.1 Background

Despite the multi buffer layer (MBL), the crystal quality of the a-plane GaN layer was not
sufficient to fabricate an a-plane GaN LED device. This poor crystal quality of the a-plane
GaN layer mainly originates from defects such as threading dislocations (TDs) and basal
stacking faults (BSFs). In general, the TD density in GaN heteroepitaxially grown on
sapphire or SiC substrates is in the range of 109-1010 cm-2. To reduce the amount of these
defects in the epitaxial layer, the SiNx interlayer technique was investigated. In 1996, a
mixture of silane and ammonia treated on a sapphire substrate was formed to act as an
antisurfactant, which inhibits the GaN layer from wetting and modifies the three-dimensional
(3D) mode.1) This technique was used for GaN growth on sapphire2), SiC3), and Si4)
substrates. SiNx was deposited on substrates before the growth nucleation layer. The formed
SiNx reduced the density of nucleation sites. After introducing SiNx, many research groups
investigated the SiNx interlayer technique in GaN epilayers to block the propagating TDs
along the growth direction from the substrate to the surface.5-8) Also, the SiNx interlayer
technique was commonly used in a-plane GaN layer growth9-11) owing to several merits of
the SiNx interlayer technique, which is in situ method, inexpensive, and saves time.

Figure 3.1 Schematic of SiNx interlayer technique mechanism.
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In general, the SiNx interlayer is inserted during GaN growth for several minutes. A
microscale SiNx mask9) is formed by the inserted SiNx interlayer, as shown in Fig. 3.1. The
GaN is grown on the nucleation sites, which are on the uncovered SiNx mask area. Over the
SiNx mask area, a reduction of the TD density of the GaN layer can be expected by the
bending phenomenon.
To block the propagating TDs, the coverage and location of the SiNx mask are important
parameters for the GaN growth on nucleation sites. However, in the case of the conventional
inserted SiNx interlayer, the coverage of the SiNx mask can only be adjusting the insertion
time of the SiNx interlayer. If the insertion time of the SiNx interlayer is unoptimized, the
morphology of the GaN layer becomes rough and pits form owing to the low density of
nucleation sites.
In this chapter, the extremely thin multi SiNx interlayers were partially deposited by a
various-loop system on the 2nd with various numbers of loops and the 3rd buffer layers to
improve the crystalline quality of the a-plane GaN layer.

3.2 Experimental details

To overcome the problem concerning the conventional SiNx interlayer insertion, we
considered extremely thin multi SiNx interlayers as nanomasks. The multi SiNx interlayers
were partially deposited on the second and third buffer layers with various loop times, as
shown in Fig. 3.2 (a). The undoped a-plane GaN layers were grown on r-plane sapphire
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substrates using the MBL. Dilute monomethylsilane (SiH3CH3) was used as the source
material of Si. Then, the extremely thin multi SiNx interlayers were inserted by flowing
SiH3CH3 and NH3. 7-µm-thick a-plane GaN layers were obtained by the MLB. The 1st buffer
layer was grown at 1125 °C and 450 Torr for 7 min 30 s. The flows rate of TMGa and NH3
were 105 µmol/min and 1.5 SLM (V/III ratio: 640), respectively. The 2nd buffer layer was
grown at 1050 °C and 75 Torr for 35 min. The flow rates of TMGa and NH3 were 190
µmol/min and 4.5 SLM (V/III ratio: 1060), respectively. The 3rd buffer layer was grown at
1160 °C and 75 Torr for 65 min. The flow rates of TMGa and NH3 were 190 µmol/min and 5
SLM (V/III ratio: 1175), respectively.
Figure 3.2 (b) shows a schematic of the multi SiNx interlayer insertion of a-plane GaN
layers during MLB growth. The multi SiNx interlayers were deposited by flowing from 6.4 to
19.4 nmol/min on the second and third buffer layers. The reactor pressure was kept at 75 Torr
for the deposition of multi SiNx interlayers, which were treated from 20 to 25 s and inserted
from 7 to 10 times for the 1-loop system. Five samples, which had various insertion times of
the multi SiNx interlayers, from 1 to 5 loop systems, were grown.
The surface morphology was observed by Normarski optical microscopy (OM) and
tapping-mode atomic force microscopy (AFM). The crystalline quality with respect to the inplane beam direction was evaluated by high-resolution X-ray diffraction (XRD)
measurements. Transmission electron microscopy (TEM) was employed to analyze the
microstructural properties.
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Figure 3.2 (a) Process sequence of a-plane GaN using multi SiNx interlayers. (b) Schematic of multi SiNx
interlayer insertion of a-plane GaN.
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3.3 Results and Discussion

Figure 3.3 shows the surface morphologies of a-plane GaN layers with various SiNx
interlayer loop numbers, which were observed by Nomarski OM and AFM. All the samples
showed a striped and arrowheaded characteristic feature of the nonpolar a-plane GaN layer,1214)

which shows strong in-plane anisotropy. AFM images clearly revealed elongated striations

along the [0001] direction owing to the replication of the substrate morphology onto the
surface, the presence of stacking faults,15) and markedly different adatom sticking coefficients
at the various low-index step edges.16)

Figure 3.3 Normarski OM and AFM (at 10 × 10 μm2) images of a-plane GaN layers using different SiNx
interlayer loop times.

Many crystallographic triangular pits were observed on the surface of the sample with no
SiNx interlayer inserted. Typical morphological defects under unoptimized growth conditions
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have been considered.17-20) The crystallographic triangle pits commonly consisted of vertical
{000-1} and inclined {10-11} facets.21) When one SiNx interlayers were inserted in the 2nd
buffer layer, surface pits were reduced comparing with no SiNx sample. However, we still
observed triangle pits. When more than two SiNx interlayers were inserted, no pits could be
observed on the samples by Normarski OM measurements. The broken circles indicate the
observable pits in the Normarski OM images. These results indicate that inserting a SiNx
interlayer in the 2nd buffer layer, which is the 3D-2D growth transition layer, has a worse
SiNx mask effect than inserting a SiNx interlayer in the 3rd buffer layer. This implies that the
SiNx interlayer should be inserted during lateral growth. Furthermore, the size and shape of
striations and the arrowheaded morphology along the c-axis changed with the numbers of
SiNx interlayer loops. The black lines in the Normarski OM images indicate the size and
shape of striations and the arrowheaded morphology. When the SiNx interlayer was inserted
more than four times, the size and shape of striations and the arrowheaded morphology were
larger and sharper than those of other samples.
Figure 3.4 shows the trends of the root mean square (RMS) roughness and pit densities of
a-plane GaN layers using different numbers of SiNx interlayer loops. The RMS roughness
and submicron pit density of the planar (no SiNx) sample were 3 nm at 10 × 10 μm2 and ~1.2
× 109 cm-2, respectively. As mentioned above regarding the Normarski OM results, when
multi SiNx interlayers were inserted in the 3rd buffer layer with two loops, the RMS
roughness and submicron pit density were reduced owing to blocked TDs in SiNx mask area.
On the other hand, samples with more than four loops showed rough surface morphologies
and a strong arrowheaded characteristic feature on the surface. The inserted multi SiNx
interlayers near the surface probably generate many uncoalesced facets owing to the low
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density of nucleation sites. The other possible mechanism is the etching of the GaN layer
during the deposition of SiNx interlayers at the high temperature (1160 °C).22)

Figure 3.4 Trends of RMS and pits densities of a-plane GaN layers using different numbers of SiNx interlayer
loops.

The axis-dependent structural anisotropy was studied. FWHM of the X-ray rocking curve
(XRC) are plotted in Fig. 3.5 as a function the azimuthal angle. Generally, for the a-plane
GaN layers, the omega FWHM along the c-axis (0°) were lower than those along the m-axis
(±90°). This indicates that a higher density of defects was expected in the m-direction, and
the in-plane anisotropic stress can be related to the lattice matching between the c- and maxis.23) In the case of the sample with no SiNx interlayer, the XRC FWHMs were 817 arcsec
along the c-axis and 1443 arcsec along the m-axis. However, after inserting the SiNx
interlayer loop, the XRC FWHM anisotropy of the a-plane GaN layer was significantly
reduced, and the XRC FWHM were decreased to 514 arcsec along the c-axis and 885 arcsec
along the m-axis in three insertion loop times. The XRC FWHM of the samples with over
four insertion loops were increased similarly to these with under two insertion loops. These
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high FWHM are in accordance with the high dislocation density in planar a-plane GaN.24)
This implies that an excessive number of SiNx interlayer loops extend defects. Excessive
SiNx interlayer loops might cover almost a-plane GaN surface and result in a small number
of GaN seed regions. This phenomenon might yield extended defects during coalescence.

Figure 3.5 FWHM of XRC peaks plotted as a function of number of SiNx interlayer loops.

TEM was used to study the TD density with the optimal number of insertion loops of the
SiNx interlayer. Cross-sectional TEM specimen observations were performed at 300 kV. In
Fig. 3.6, cross-sectional TEM images using g = 11-20 under a weak-beam condition show
the microstructure of the SiNx interlayer loop with three insertion. Figure 3.6 (a) and 3.6 (b)
show significant blocking (indicate by broken circles) of the extended defects between the
GaN and the SiNx interface. In the 3rd buffer layer, we observed more blocked TDs from the
partially existing nanomask.
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In addition, for the optimal number of SiNx interlayer loops, it is observed that TDs were
also bent. The SiNx interlayer induced marked partial bending behavior of the vertically
propagating TDs in the sample. The TD density was reduced from ~(1.2±0.2) × 1010 to ~7.2×
109 cm-2 in the a-plane GaN layer with SiNx interlayer with three insertion loops. Figure 3.7
shows bright-field plan-view TEM images of the a-plane layer with no SiNx interlayer and
the SiNx interlayer loop with three insertion loops as observed with g = 1-100. The BSF
density was remarkably not reduced by optimal multi SiNx interlayers loop, as shown in Fig.
3.7. The BSFs density was reduced from ~8.1× 105 to ~6.3× 105 cm-1 in the a-plane GaN
layer with the SiNx interlayer with three insertion loops. This indicates that partially
deposited multi SiNx interlayers could not significantly reduce the density of partial
dislocations.25)
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Figure 3.6 Cross-sectional TEM images of a-plane GaN layer with the SiNx interlayer loop with three insertions
viewed along [1-100] using g = 11-20 under weak-beam condition. (a) The broken line indicates the area in
which TDs are eliminated. (b) Magnification of rectangular area in Fig. 6. (a).

Figure 3.7 Bright-field plan-view TEM images of a-plane layer with no SiNx interlayer and the SiNx interlayer
loop with three insertions as observed with g = 1-100 to observe BSFs.
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3.4 Summary

To improve the crystalline quality of the a-plane GaN layer, multi SiNx interlayers, which
were obtained by an in situ method, were investigated using a SiNx nanomask. The obtained
results of experiments are summarized as follows.
 The extremely thin multi SiNx interlayers were partially deposited by a various-loop
system on the 2nd with various numbers of loops and the 3rd buffer layers.
 In the optimal condition sample with the SiNx interlayer with three insertion loops,
TDs were blocked and bent between the GaN and the SiNx interface used as an
extremely thin nanomask.
 After the insertion of multi SiNx interlayer loops, the XRC FWHM anisotropy of the
a-plane GaN layer was significantly reduced along the c-axis. The smooth surface
morphologies were obtained.
 However, the BSF and TD densities and XRC FWHM anisotropy of the a-plane GaN
layer along the m-axis are still too high to fabricate a high-efficiency a-plane GaN
LED device. This indicates that unintentionally deposited SiNx masks can not
effectively control the defects. In general, vertically propagating TDs can be reduced
by bending and blocking behavior during the lateral overgrowth of GaN on the mask.
 However, in the case of the SiNx mask, the SiNx mask was deposited on an irregular
location by the loop system. This might yield GaN seed regions of various sizes
during the lateral overgrowth of GaN. These GaN seed regions of various sizes can
serve act as a channel of TDs. Therefore, GaN seed regions of uncontrolled size can
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not control the channel of TDs.
 Although the multi SiNx interlayer technique introduced the possibility of using a
nanomask, the location and size of the mask could not be controlled during the
deposition of the SiNx interlayer. We need to investigate adjustable mask techniques.
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4.1 Background

Nonpolar GaN layers grown on hetero-substrates generally contain a high density of
threading dislocations (TDs) (>1010 cm-2) and basal stacking faults (BSFs) (> 106 cm-1)1-4) due
to large anisotropic lattice mismatch and thermal expansion coefficients in the parallel and
perpendicular to the c-axis.5-8) These high defects density significantly deteriorate the LED
device performances. In order to reduce these microstructural defects, we investigated the
multi SiNx interlayers technique. However, this technique was not enough to reduce the
defects. To more effectively reduce the defects, we focus on silicon dioxide (SiO2) mask
technique. The epitaxially laterally overgrown GaN (ELOG) is one of the most effective
techniques to reduce the defects density.9-13) However, this conventional ELOG method have
critical drawbacks, which are complex process of the mask fabrication and epitaxial growth,
as shown in Fig. 4.1 (a). The conventional ELOG method must stop the reactor during growth
process to fabricate the SiO2 mask, as shown in Fig. 4.1 (b). After certain amount of regrowth
time, the overgrown GaN obtains coalescence, and a few defects are generated in the
coalescence boundary. This process leads to time-consuming and disadvantageous in terms
of cost because of the regrowth process. To overcome the drawbacks of process, we
investigated epitaxy on the patterned insulator on the sapphire substrate (EPISS) method.14)
From this method, we could reduce the steps of growth process using the SiO2 mask, as
shown in Fig 4.1 (a).
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Figure 4.1 Arrangement of the fabricated mask.

Figure 4.2 (a) Growth process of conventional ELOG and EPISS method. (b) Schematic of conventional ELOG
and EPISS method.
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4.2 Experimental details

Nonpolar a-plane GaN layers were grown on silicon dioxide-patterned r-plane sapphire
substrates with -0.2°-off-axis tilted in the c-axis [0001] direction by metal-organic vapor
phase epitaxy. Trimethylgallium and ammonia (NH3) were used as the source materials of
Ga and N, respectively. Before the growth of a-plane GaN layers using a multi-buffer layer
(MBL) technique, which is a modification of the two-step growth process at a high
temperature (HT),15) first we prepared the substrates. A 150-nm-thick SiO2 layer was directly
deposited on the r-plane sapphire substrate by sputtering. Conventional stripe-patterned
ELOG a-plane GaN layers show strongly anisotropic behavior, which is possibly due to the
large mosaic tilt of the wing and window by Jung et al.16)
To optimize pattern of the SiO2 mask for a-plane GaN layer ELOG technique, patterns
consisting of circles, squares, and hexagons were designed. In figure 4.1, the SiO2 mask wid
th (M) and the window width (W) of the mask were varied from 5 µm to 8 µm and from 1
µm to 3 µm, respectively. The patterns were transferred onto the SiO2 layer using
conventional photolithographic techniques. The SiO2 layer was etched by reactive ion
etching to avoid undercutting caused by BHF wet etching. Figure 4.2 (b) shows schematic
image of EPISS method.
A 120-nm-thick nucleation layer (NL) was grown at an HT of 1050 °C in a mixed
atmosphere of nitrogen and hydrogen. Subsequently, a 10-µm-thick a-plane GaN layers
consisting of the following layers were grown: a first buffer layer (BL1) to promote threedimensional (3D) growth, a second buffer layer (BL2) as an interlayer between BL1 and the
third buffer layer (BL3), and BL3 to promote two-dimensional (2D) growth. To obtain fully
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coalesced GaN layers, we controlled the thickness of BL1 using different V/III ratio and
growth time.
By performing epitaxy on the patterned insulator on the sapphire substrate (EPISS), the
crystal quality of the a-plane GaN layers was characterized by high-resolution X-ray
diffraction (XRD) measurements, employing Au Kα1 (1.27634 Å ) as the X-ray source. The
microstructure of the a-plane GaN layers was examined by transmission electron microscopy
(TEM). Cross-sectional and plan-view observations of the specimens were performed at 300
kV and 200 kV TEM systems, respectively.

4.3 Results and Discussion

To obtain fully coalesced GaN layers on silicon dioxide-patterned r-plane sapphire
substrates using MBL, first we optimized growth condition of buffer layers. Figure 4.3 (a)
shows the a-plane GaN layer with EPISS using previous MBL condition as explained in the
MBL technique part. In the MBL technique part, we used the BL1 was grown at 1125 °C and
450 Torr for 15 min 30 sec. The flow rates of TMGa and NH3 were 200 µmol/min and 3.8
SLM (V/III ratio: 850), respectively. After growth of the BL1, the a-plane GaN layer was
vertically grown on in the window area, as shown in Fig. 4.3 (a). In this step, the a-plane
GaN layer could not cover the SiO2 mask area. Even though the a-plane GaN layer was
grown by BL2 and BL3, which were 2D growth mode, the a-plane GaN layer was not fully
coalesced. The SiO2 mask area was still observed by plan-view images. The SEM images of
BL3 shows faster Ga-polar wing growth than N-polar wing. This behavior can also be
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observed in the conventional ELOG in a-plane GaN.17) If the a-plane GaN layer is deposited
on the the window area by nonoptimized condition, the a-plane GaN layer can not obtain a
fully coalescence and generate crystallographic pits owing to different growth rate of Ga- and
N-polar. Ga polarity are 4-5 times faster than N polarity in a-plane GaN.17)
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Figure 4.3 (a) The each step of a-plane GaN buffer layers on silicon dioxide-patterned r-plane sapphire
substrates using previous MBL condition as explained in the MBL technique part. (b) a-plane GaN layers on sili
con dioxide-patterned r-plane sapphire substrates using modified BL1 condition.

Figure 4.4 Process sequence of a-plane GaN on silicon dioxide-patterned r-plane sapphire substrates to
optimize MBL condition.

The optimization process of the a-plane GaN layer on silicon dioxide-patterned r-plane
sapphire substrates was modified, as shown in Fig. 4.4. The growth temperature, pressure,
and ambient were fixed in the BL1, 2, and 3. We were only changed V/III ratio for BL1 by
reduction of NH3 flow rate. Figure 4.3 (b) shows the a-plane GaN layers (BL3) on silicon di
oxide-patterned r-plane sapphire substrates using modified BL1 condition. The coalesced aplane GaN layers were obtained by reduction of V/III ratio. It indicates that the a-plane GaN
layers on silicon dioxide-patterned r-plane sapphire substrates can obtain the coalescence in
fast growth mode of BL1. In figure 5, we demonstrate the coalescence process using low
V/III ratio in BL1.
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Figure 4.5 (a) depicts a schematic showing the structure of the a-plane GaN layer grown on
a silicon-dioxide-patterned r-plane sapphire substrate. Figure 4.5 (b) shows scanning electron
microscopy (SEM) images of the coalescence process of the a-plane GaN layer by the MBL
technique. Bird’s-eye view SEM images of NL show a well-formed HT-NL in the window
area. It is known that an HT-NL increases the crystalline quality of a-plane GaN and can
prevent NL growth on the SiO2 mask.14) The 3D growth mode of BL1 layer was clearly
observed by SEM measurements. During 3D-2D growth the TDs can bend over during 3D2D growth and may annihilate in the plane of the wafer, as shown in the schematic. While aplane GaN layers were directly grown on the silicon-dioxide-patterned r-plane sapphire
substrate up to BL2 (the interlayer), some of the surface still did not coalesce perfectly. To
achieve fully coalescent a-plane GaN layers with high flatness BL3 was grown with a V/III
ratio of 1175 at 1160 °C. Details of the MBL growth conditions are described in MBL
experiments part. During the fully coalescent a-plane GaN layers, TDs were much reduced in
the wing region and a few defects are generated in the coalescence boundary.
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Figure 4.5 (a) Schematic diagram of a-plane GaN layer using EPISS technique. (b) SEM images of fully
coalesced a-plane GaN layer by MLB.

SiO2 masks with three different shapes were fabricated on r-plane sapphire substrates in
an attempt to optimize the surface of the coalesced a-plane GaN layers. The patterns had a 7
µm mask width and 3 µm window width. Figure 4.6 (a) shows Normarski optical
microscopy (OM) images of fully coalesced 10-µm-thick a-plane GaN layers with regular
hexagonal, circular, and square patterns. The OM images of the three samples revealed a
smooth surface with striations and an arrow-headed morphology, which are natural features
of a-plane GaN layers along the c-axis direction, without any observable pits.18)
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Figure 4.6 Fully coalesced 10-µm-thick a-plane GaN layers grown on regular hexagonal, circular, and square si
licon-dioxide-patterned r-plane sapphire substrates: (a) optical microscopy images, (b) 10 μm × 10 μm AFM
images, and (c) plan-view SEM images.

However, a significant number of submicron pits were observed by tapping-mode atomic
force microscopy (AFM). 10 μm × 10 μm AFM images of the samples with different patterns
are shown in Fig. 4.6 (b). Regions with a high density of submicron pits are marked in Fig.
4.6 (b) by dashed circles. The pit densities of the regular hexagonal, circular, and square
patterns were ~6.5 × 107 cm-2, ~5 × 108 cm-2, and ~3.5 × 108 cm-2, respectively; there was a
significant improvement in the surface morphology for the regular hexagonal pattern. The
sample with the regular hexagonal pattern had a lower density of submicron pits than those
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with the regular circular and square patterns. The root mean square surface roughnesses of the
fully coalesced a-plane GaN layers with the regular hexagonal, circular, and square patterns
were evaluated to be 1.15 nm, 1.98 nm, and 1.75 nm, respectively. Figure 4.6 (c) shows planview SEM images of each sample. A high density of crystallographic defects, including a
high density of striations, an arrow-headed morphology, and a high density of pits, which are
typical morphological defects under nonoptimized growth conditions,19-21) was observed in
the a-plane GaN layers with the circular and square patterns. It is noted that the optimized
patterns shape of mask width is a highly effective parameter for controlling the different
growth rates of the Ga- and N-polar wings and the wing tilt during the growth of a-plane
GaN layers. From these results, we believe that a regular hexagonal pattern, which yields aplane GaN layers with a smooth surface morphology and a low density of crystallographic
defects, is the most suitable pattern for the EPISS technique.
To determine the optimal widths of the mask and window in the hexagonal pattern, aplane GaN layers were grown on silicon-dioxide-patterned r-plane sapphire substrates with
patterens of various sizes. The in-plane anisotropy of full widths at half maximum (FWHM)
of the (11-20) X-ray rocking curve (XRC) was plotted from a phi scan of each specimen. In
Figs. 4.7 (a), (b), and (c), W and M indicated the window and wing regions, respectively.
Figure 4.7 (a) shows the crystal quality of fully coalesced a-plane GaN layers with regular
hexagonal SiO2 patterns obtained by XRD analysis. Overall, the samples with 3 μm window
width show relatively poor crystal quality and strong anisotropic behavior, as shown in Fig.
4.7 (a). Also, the samples with a 2 μm window width show much higher crystal quality and
less anisotropic behavior than those with a 3 μm window width for the same mask width. To
further improve the crystal quality and reduce the anisotropy of a-plane GaN layers, regular
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hexagonal patterns with a 1 μm window width were fabricated with various mask widths.
As shown in Fig. 4.7 (c), the fully coalesced a-plane GaN layer with a regular hexagonal
pattern having a 6 μm mask width and a 1 μm window width had the lowest XRC FWHM
and the least anisotropic behavior; the FWHM was only 597 arcsec along the c-axis direction
and 457 arcsec along the m-axis direction. This indicates that optimizing the pattern shape
and size can lead to improved crystalline quality through the reduction of defect density.
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Figure 4.7 The FWHM of XRC of a-plane GaN layers grown on r-plane sapphire substrate with regular
hexagonal SiO2 patterns as a function of in-plane beam orientation (a) 3 μm window, (b) 2 μm window, and (c)
1 μm window with various sizes of mask.

To verify the reduced density of surface pits for the optimized a-plane GaN layer with a 6
μm mask width and 1 μm window width, AFM measurements were conducted over an area
of 10 × 10 μm2. Figure 4.8 shows AFM images of a-plane GaN layers with a 6 μm mask
width and different window widths. The boundaries between the window and mask are
marked with dashed lines. Different density of submicron pits on the surface, which are
generated by dislocation terminations at the surface,10) were clearly observed in the mask and
the window, as shown in Fig. 4.7. The pit densities of Figs. 4.8 (a), (b), and (c) were ~1 × 108,
~3 × 108, and ~3.7 × 108 cm-2, respectively.
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Figure 4.8 10 × 10 μm2 AFM images of a-plane GaN layers with 6 μm mask (a) and 1μm window (b) and 2 μm
window (c) and 3 μm window.
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Figure 4.9 Low-temperature (36 K) panchromatic cathodoluminescence (CL) mapping images of a-plane GaN
layers with 6 μm mask (a) and 1μm window (b) and 2 μm window (c) and 3 μm window.
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Figure 4.9 shows panchromatic cathodoluminescence (CL) mapping images of the three
samples in Fig. 4.8. The CL images were obtained at a cryogenic temperature (36 K) using an
accelerating voltage of 5 kV. The plan-view CL mapping images revealed high luminescence
intensity in the mask region with the regular hexagonal patterns and a high dislocation
density in the window region as expected from the results in Fig. 4.8. Note that for the same
SiO2 width mask, the nonoptimized patterns have a smaller area of luminescence on the SiO2
pattern, as shown in Fig. 4.9.

Figure 4.10 Low-temperature (36 K) CL sprectra of wing (6μm) and window (1μm) areas.

Figure 4.10 shows low-temperature (36 K) CL spectrum of wing (6 μm) and window (1
μm) areas. The donor-bound excitons (D0X), stacking faults, and donor-acceptor pair (DAP)
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transitions related peaks were located at 3.454, 3.324, and 3.238 eV in the wing area,
respectively. In the window area, we clearly observed D0X at 3.454 eV and stacking faults
related peaks at 3.369 and 3.315 eV. The peaks in range 3.315-3.369 eV probably are
associated with basal and prismatic stacking faults and partial dislocations.22) The D0X
emission was suppressed in window area due to a high number of dislocations and stacking
faults.14)

Figure 4.11 Plan-view SNOM image of fully coalesced a-plane GaN layer using SiO2 mask.

Figure 4.11 shows plan-view scanning near-field optical micro-spectrometer (SNOM)
mapping image at 20 × 20 µm2 using 405 nm size of fiber-optic probe to check the optical
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intensity value in the window and the mask areas. The SiO2 mask areas as wing show high
intensity of optical property, however, the maskless areas as window show low intensity of
optical property. This indicates that crystal quality of GaN on the mask area is much higher
than GaN on the maskless area.
The microstructure of an optimized a-plane GaN layer with 6 μm mask width and 1 μm wi
ndow width was observed by TEM. Figures 4.12 (a) and (b) show bright-field (BF) planview TEM images of the window and mask regions using g=1-100. The BSF density
decreased from ~5.7 × 105 cm-1 in the window region to ~1.8 × 105 cm-1 in the mask region;
the lower density in the mask region is probably due to the reduced density of partial
dislocations terminating BSFs. Figure 4.12 (c) shows a dark-field (DF) cross-sectional TEM
image along the [0001] direction using g=11-20. We observed several voids on the SiO2 mask
and at the edge of the SiO2 mask. The effects of these voids have been reported in several
papers.23-26) The formation of voids should be effective for dislocations reduction by
dislocation bending phenomena and improvement of the light output power of LEDs by
light scattering around the voids. Moreover, the various sizes of voids were observed in
different mask sizes. Larger voids were obtained by large scale mask such as 8 µm. However,
large masks such as 7 and 8 µm have a tendency of poor crystalline quality, as shown in Fig.
4.7. As expected from Fig. 4.9 (a), we observed that the TD density was reduced from ~1 ×
109 cm-2 in the window region to ~2.1 × 108 cm-2 in the mask region. In case of the SiNx
technique, we obtained TDs density of ~7.3 × 109 cm-2. From this results, we believe that the
lateral overgrowth-based technique is more effective to obtain high-crystalline quality aplane GaN.

66

Figure 4.12 Plan-view TEM images in the BF mode (g = 1-100) of a-plane GaN layers with 6 μm mask and
1μm window (a) mask region, (b) window region, and (c) cross-sectional TEM image along [0001] (g = 11-20)
in the DF mode.
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4.4 Summary

In this chapter, we investigate the characteristics of nonpolar a-plane GaN layers directly
grown on optimized silicon dioxide-patterned r-plane sapphire substrates. To optimized
growth conditions of a-plane GaN layers with silicon dioxide-patterns, the several shapes
and sizes of patterns were considered onto the SiO2 layer. The obtained results of experiments
are summarized as follows.
 The regular hexagonal patterns of 1 μm window and 6 μm mask were designed
as the result of the optimization process. We achieved fully coalescence and
smooth surface of high crystalline quality a-plane GaN layers.
 The XRC FWHM values were measured as 597 arcsec along c-axis direction and
457 arcsec along the m-axis direction, respectively. BSFs and TDs density were
reduced from ~5.7 × 105 cm-1 and ~1 × 109 cm-2 in window region to ~1.8 × 105
cm-1 and ~2.1 × 108 cm-2 in mask region, respectively. Nonpolar a-plane GaN
layer with optimized silicon dioxide-patterns can decrease anisotropic behavior
and defect density of a-plane GaN layer.
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Chapter 3. Ohmic contact of nonpolar p-type a-plane GaN
layer
5.1 Background

From 2000, the number of publications per year focused on nitrides with nonpolar (a- and
m-plane) surfaces has increased, showing the strong increase in research activity. Waltereit et
al. demonstrated nonpolar m-plane GaN (1-100) on LiAlO2 (110) formed by molecular beam
epitaxy.1, 2)
Ling et al. reported an output power of 55 µW and a forward voltage of 3.34 V at 20 mA
using nonpolar a-plane (11-20) green GaN LEDs grown on r-plane (1-102) sapphire
substrates.3) Hwang et al. demonstrated an output power of 720 µW and a forward voltage of
3.36 V at 20 mA using high-crystalline-quality nonpolar a-plane blue GaN LEDs grown on rplane sapphire substrates.4) Jung et al. reported high-brightness nonpolar a-plane InGaN/GaN
LEDs formed using patterned lateral overgrowth epitaxy. The light output powers of
InGaN/GaN LEDs were measured to be 7.5 and 20 mW at drive currents of 20 and 100 mA,
respectively.5) Kim et al. reported an output power of 28 mW at 20 mA using nonpolar mplane GaN LEDs grown on bulk GaN substrates.6) In spite of the great improvement in the
crystalline quality of nonpolar GaN, the performance of nonpolar GaN LEDs needs to be
further improved to reach that of conventional c-plane GaN LEDs.
To improve the performance of nonpolar GaN LEDs, n- and p-type Ohmic contacts are one
of the most urgent issues in the research field of nonpolar GaN LEDs. It is well known that
nonpolar GaN LEDs have serious problems such as a high forward voltage drop, current
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crowding, and poor heat dissipation.7)
Presently, few reports on nonpolar n-type ohmic contact have been published. Ti- and Nibased Ohmic contacts are generally used as n-type Ohmic contacts.8-10) The minimum
specific contact resistance of ~10-5 Ωcm2 was achieved. This value is comparable with that of
a conventional c-plane n-type Ohmic contact.11-14)
On the other hand, a nonpolar p-type GaN Ohmic contact has only been reported by
Haeger15) and Oya and Yokogawa.16) Haeger reported a near-Ohmic contact using Pt/Pd/Au
layers. The specific contact resistance of nonpolar p-type GaN on m-plane bulk was ~5 × 10-3
Ωcm2.15) Oya and Yokogawa reported a low-contact-resistance p-type electrode for nonpolar
m-plane GaN using Mg as the electrode material. To form a high-quality Mg layer, they
developed a pulsed electron beam evaporation process in which Mg metal contained in a
crucible in a vacuum is irradiated with pulses from an electron beam. The specific contact
resistance was reduced to 8 × 10-4 Ωcm2.16) In the case of a conventional p-type GaN Ohmic
contact, many research groups have reported Ohmic contacts using Ni,17) Ni/Au,18-21)
Ni/Pt/Au,22) Pt/Ni/Au,23) Pd/Ni/Au,24) Ni/Pd/Au,25) Pd/Au,26) and Pt/Pd/Au.27)
In general, a p-type GaN layer and any metal with a higher work function should form an
Ohmic contact to a p-type GaN layer.28)
Figure 5.1 shows the energy band diagrams for the metal to p-type GaN interface.29-31) The
Ohmic and rectifying characteristics of the contact depend on the work function of the metal
(qφm) and that of the GaN (qφG). Figures 5.1 (a) and (b) show the formation of a depletion
region and an accumulation layer near the surface of GaN, respectively. This indicates that if
qφm is larger than qφG, p-type GaN layer can form an Ohmic contact.
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Figure 5.1 Energy band diagrams of metal to p-type GaN layer contacts. qφm is the work function of the metal.
qφG is the work function of the GaN. qx is the electron affinity of the GaN. qφBp is the Schottky barrier height of
the p-type GaN layer.

Tsai et al. reported the electronic structures of polar and nonpolar GaN surfaces.32) The
band structure of a c-plane (0001) surface has no energy gap around EF. The valence band is ~3
eV broader than those of the m- and a-plane surfaces owing to the array of dipole layers in GaN-N bilayers.
This surface has a work function of 4.5 eV and is semimetallic. The m-plane (10-10) and aplane (11-20) surfaces are semiconducting in contrast to those of polar surfaces. The valence
band maxima (VBM) relative to the vacuum level are ~-7 eV. The relaxtion of nonpolar
surfaces can generate a surface dipole layer, which increases the work function by ~2 eV.32)
According to first-principles calculations performed by Tsai et al., polar and nonpolar p-type
GaN layers can form an Ohmic contact by using a metal with a work function higher than 4.5
and 7 eV, respectively. However, no metal has a work function larger than 7 eV.33)
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5.2 Experimental details
Nonpolar a-plane p-type GaN layers on r-plane sapphire substrates were formed by metal
organic vapor phase epitaxy. A thin GaN nucleation layer was initially grown on sapphire at a
high temperature (1050 °C), followed by a 4.5-µm-thick undoped GaN layer utilizing a twostep growth method34) and a 1-µm-thick Mg-doped p-type GaN layer at 950 °C. Subsequently,
a 20-nm-thick Mg-doped p-type GaN layer with a high Mg concentration (> 1 × 1020 cm-3)
was deposited on the p-type GaN layer, as shown in Fig. 9.2. Trimethylgallium, ammonia,
and bis-magnesium were used as Ga, N, and Mg sources, respectively. The samples were
activated at 725 °C in air ambient for 5 min by rapid thermal annealing (RTA). Evaluation by
Hall measurement using the van der Pauw method indicated that the hole concentration was
1.3 × 1018 cm-3 at room temperature.

Figure 5.2 Schematic view of p-type a-plane GaN layer structure.

Prior to metal deposition on the p-type GaN layer, the samples were cleaned, as shown in
Fig. 5.3. First, the activated p-type GaN layers were cut into pieces of 1 × 0.5 cm2. Airexposed samples were ultrasonically cleaned in acetone and methanol for 5 min with 100%
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power. After basic organic cleaning, the samples were rinsed in deionized water (D.I. water)
for 5 min and dried by N2 blowing.
For more thorough organic cleaning, piranha solution was prepared. We prepared a typical
mixture, which was a 3:1 ratio of concentrated sulfuric acid to 30% hydrogen peroxide
solution. The samples were immersed in boiling piranha solution at 110 °C for 10 min. The
samples were again rinsed in D.I water for 5 min and dried by N2 blowing. Subsequently, to
remove the surface oxides formed on p-type a-plane GaN layers, aqua regia and hydrogen
fluoride solution were used for 5 min because substrate etching in the chemical solution
occurs through repeated formation and dissolution of oxides.35) The samples rinsed in D.I
water were fabricated by the transmission line method (TLM) and conventional
photolithography. The patterned samples were directly set in an E-beam evaporator. The
metals were deposited under a high-vacuum condition. After the metal deposition, the
photoresist was lifted off. The samples were annealed under various temperature, time, and
ambients by RTA.
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Figure 5.3 Experimental procedure of Ohmic contact formation of p-type a-plane GaN layers.

To measure the specific contact resistance of the p-type Ohmic contact, TLM was used, as
shown in Fig. 5.4. TLM patterns are commomly used for determining the electrical quality of
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planar Ohmic contacts.

Figure 5.4 TLM patterns for Ohmic contact characterization.

Figure 5.5 Schematic view of method of measuring resistance.

The measurement was carried out, as shown in Fig. 5.5. A constant current was passed
between two adjacent pads using two probes. The probes were used to measure the voltage
drop using a digital voltmeter, enabling the total resistance between the pads to be obtained.
The process was repeated and the total resistance was plotted on a linear graph as a function
of pad spacing. The current (I) flow between the contact pad and the other pad introduces a
voltage drop of Vi.36)
78

𝐿

𝑉𝑖 = 𝐼 (𝑅𝑐 + 𝑊𝑖 𝑅𝑠ℎ + 𝑅𝑐 ),

𝐿

𝑉𝑖 = 𝐼 (2𝑅𝑐 + 𝑊𝑖 𝑅𝑠ℎ ),

1

2

where Rsh is the sheet resistance of the semiconductor material.
To determine the value of 2Rc, the total resistance Rt,i=2Rc+Rsh(Li/Wc) is plotted as a function
of Li, which is the distance between two adjacent contacts. The slope dRt/dLi is the Rsh/W, as
shown in Fig. 5.6.

Figure 5.6 TLM measurement plot to determine 2Rc and LT.

Rc can be given in the dimension of Ωmm. Rc (Ωmm) = Rc (Ω).d (mm). Other equations of the
TLM are equations 3, 4, and 5:37)
𝑅𝑐 ≈

𝑅𝑠ℎ 𝐿𝑇

𝐿𝑇 =

𝑊𝑐
𝐿𝑥
2
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,

,

3
4

𝜌𝑐 = 𝑅𝑠ℎ 𝐿2𝑇 ,

5

where 𝑅𝑐 , 𝐿𝑇 , and 𝜌𝑐 are the contact resistance, transfer length, and specific contact
resistance, respectively.

5.3 Results and Discussion
Figure 5.7 shows the current-voltage (I-V) characteristics of various metal contacts on ptype a-plane GaN layers. First, we attempted to find suitable Ohmic metals for p-type a-plane
GaN layers. Reference metals, which have already been proved to have good Ohmic contacts
in p-type c-plane GaN layers,22-27) were used, as shown in Fig. 5.7. The samples were
annealed at 425 to 625 °C in O2 ambient for 5 min. The I-V characteristics were measured
along the c-axis and m-axis to estimate the effects of BSFs. However, all samples exhibited
completely non-Ohmic behavior along the c-axis and m-axis.
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Figure 5.7 Current-voltage characteristics of various metal contacts on p-type a-plane GaN layers alloyed at 425
to 625 °C for 5 min.

Figure 5.8 Current-voltage characteristics of Ni (20 nm)/Au (200 nm) contacts on p-type c- and a-plane GaN
layers alloyed at 525 °C in O2 ambient for 5 min.
81

Ni/Au metallization layers are most common alloys used to obtain low resistance contacts
in p-type c-plane GaN layers.18-21) This is because many research groups have reported a clear
mechanism and evidence of good Ohmic behavior for these layers. The production of Ga
vacancies near the surface of GaN results in a reduction of contact resistivity because Ga
vacancies act as acceptors in the GaN layer.35,

38, 39)

To enhance the production of Ga

vacancies near the interface between the p-type GaN layer and metals, the samples are treated
by oxidation annealing. Oxygen atoms incorporated into the interfacial area may getter Ga
atoms, forming Ga oxide (Ga2O3) during the high temperature annealing.40) Jang et al.
reported the oxidation mechanism for Ni/Au contacts. When samples of Ni/Au contacts are
annealed under O2 ambient, NiO is formed by the preferential outdiffusion of Ni to the
contact surface. Ga atoms are dissolved in the Au contact layer and the O atoms are
incorporated during the outdiffusion of Ga atoms from the GaN layer, leaving Ga vacancies
under the contact.40)
Figure 5.8 shows the I-V characteristics of Ni/Au contacts on p-type c- and a-plane GaN
layers. We prepared a conventional polar c-plane p-type GaN layer as a reference sample.
Ni (20 nm)/Au (200 nm) contacts were deposited on p-type GaN layers by an E-beam
evaporator and annealed at 525 °C in O2 ambient for 5 min. Ni/Au contacts produced a
specific contact resistance of ~10-4 - ~10-6 Ωcm2 at ~500 °C in O2 or air ambient.20, 41, 42) In
the case of the c-plane p-type GaN layer, perfect Ohmic contact behavior was observed with
a low specific contact resistance of 5 × 10-3 Ωcm2, as shown in Fig. 5.8. On the other hand,
the nonpolar a-plane p-type GaN layer still exhibited non-Ohmic contact behavior. However,
the Ni/Au metallization resulted in more Ohmic contact behavior than the other
metallizations, as shown in Fig. 5.8. This indicates that the nonpolar a-plane p-type GaN
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layer also has the possibility of forming an Ohmic contact using Ni/Au metallization.
To approach Ohmic behavior and obtain high transparency, we considered the use of triple
layers of Ni/Au/ITO. ITO is typically a solid solution of In2O3 (90%) and SnO2 (10%) and is
one of the most commonly used transparent conducting oxides. Ni/Au-based semitransparent
electrodes have problems of the absorption of an amount of light emitted from LEDs and the
low refractive index of electrodes. An ITO-based Ohmic contact with high transparency
(>80%) and low specific contact resistance (~10-3 - ~10-5 Ωcm2) has been reported.43-45)
We use thin layers of Ni and Au metals to obtain high transparency. Ni (5 nm)/Au (5
nm)/ITO (100 nm) contacts were deposited on nonpolar p-type GaN layers. The samples
were annealed at 500 to 600 °C in O2 ambient for 5 min. When the sample was annealed at
500 °C, we obtained the near-Ohmic behavior. On the other hand, when the samples were
annealed at higher than 525 °C, the I-V characteristics of the contacts changed from nearOhmic to non-Ohmic, as shown in Fig. 5.9. These results might be correlated with the
optimal microstructure at 500 °C. When the samples were annealed at more than 550 °C, NiO
could not easily form during the annealing process. It is wellknown that surface NiO can play
a role in the reduction of contact resistivity with a good Ohmic contact in a Ni/Au-based
contact at 500 °C. NiO can prevent the outdiffusion of N atoms released from the
decomposed GaN layer.46,

47)

The formation of N vacancies, which is thermodynamically

favorable at GaN layers, causes the contact degradation. This is effectively prevented by the
NiO layer under optimal annealing conditions. We observed a specific contact resistance in
the annealed sample at 500 °C. The specific contact resistance was 7 × 10-1 Ωcm2 along the caxis and 2 × 10-2 Ωcm2 along the m-axis. The anisotropic conductivity mainly arises from
carrier scattering by BSFs.48)
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To confirm the mechanism of Ni/Au/ITO metallizations, the sample, annealed at 500 °C
was analyzed by X-ray photoelectron spectroscopy (XPS) measurements. Depth profiles were
obtained by XPS by alternating an acquisition cycle with a sputter cycle, during which
material was removed from the sample using an Ar+ source. To eliminate crater wall effects,
the data were acquired from a small region (300 × 1400 µm2) in the center of the sputter area
(4 × 4 mm2). Zalar rotation was used to minimize the roughening of the samples due to ion
bombardment. The sputter rate was calibrated using SiO2. The XPS data were quantified
using relative sensitivity factors and a model that assumes a homogeneous layer. The analysis
volume was the product of the analysis area (spot size or aperture size) and the depth of
information. Photoelectrons were generated within the X-ray penetration depth (typically
many microns), but only the photoelectrons within the top three photoelectron escape depths
were detected. The escape depths were on the order of 15-35 Å , giving an analysis depth of
~50-100 Å . Typically, 95% of the signal originates from within this depth.
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Figure 5.9 Current-voltage characteristics of Ni (5 nm)/Au (5 nm)/ITO (100 nm) contacts on p-type a-plane
GaN layers alloyed at 500 to 600 °C in O2 ambient for 5 min.

Figure 5.10 XPS depth profiles of the Ni (5 nm)/Au (5 nm)/ITO (100 nm) contacts on as-deposited and annealed
p-type a-plane GaN layers.

Figure 5.10 shows XPS depth profiles of the Ni (5 nm)/Au (5 nm)/ITO (100 nm) contacts
on as-deposited (as-dep) and annealed p-type a-plane GaN layers. The surface of both
samples was composed of In, Sn, and O (ITO). Using the point at which In reached ½ its
maximum value, this layer was approximately 53.7 nm thick on the as-deposited sample and
approximately 87 nm thick on the annealed sample. Both samples had layers of Au and Ni
beneath the ITO cap layer; however, significant differences were observed between the
samples. On the as-deposited sample, the Au layer existed between the ITO and Ni layers, as
shown in Fig. 5.10. However, both the Au and Ni layers were thicker on the annealed sample
than on the as-deposited sample. Additionally, the Ni layer was found at a shallower depth
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than the Au layer. This was because Ni and Au outdiffused to the ITO layer and also
indiffused into the nonpolar p-type GaN layer after annealing under O2 ambient.

Figure 5.11 XPS depth profiles (Ni2p) of the Ni (5 nm)/Au (5 nm)/ITO (100 nm) contacts on annealed p-type aplane GaN layers.

Figure 5.11 shows XPS depth profiles of the Ni2p atom in the Ni (5 nm)/Au (5 nm)/ITO
(100 nm) contacts on annealed p-type a-plane GaN layers. The maximum Ni concentration
was found at a depth of 92 nm and the thickness of this layer was 16 nm. Nickel was found as
a combination of Ni oxides and Ni0 and the interface with ITO. As the levels of Ni decreased,
only Ni0 was observed. This characteristic is similar to the results of Jang et al.40) The total
oxide layer was thicker on the annealed sample, in good agreement with the observation of
NiOx on that sample. Using the point at which O reached ½ its maximum value, the oxide
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layer on the as-deposited sample was 53 nm (roughly equivalent to the In thickness). On the
annealed sample, the oxide layer was 95 nm thick.

Figure 5.12 XPS depth profiles (Ga2p3) of the Ni (5 nm)/Au (5 nm)/ITO (100 nm) contacts on as-deposited and
annealed p-type a-plane GaN layers.

Figure 5.12 shows XPS depth profiles of the Ga2p3 atom in the Ni (5 nm)/Au (5 nm)/ITO
(100 nm) contacts on as-deposited and annealed p-type a-plane GaN layers. GaN was found
beneath the Au and Ni layers on both samples. Figure 5.12 shows selected sputter cycles
from the beginning of the GaN layer for the as-deposited and annealed samples. Very low
levels of GaOx were found at the Ni/GaN interface on the as-deposited sample. Higher levels
of GaOx (relative to GaN) were found at the metal/GaN interface on the annealed sample.
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This is in good agreement with both the higher levels and deeper penetration of O on that
sample.

Figure 5.13 Ga3d core level for the Ni (5 nm)/Au (5 nm)/ITO (100 nm) contacts on as-deposited and annealed
p-type a-plane GaN layer interface regions.

Figure 5.13 shows the Ga3d core level for the Ni (5 nm)/Au (5 nm)/ITO (100 nm) contacts
as-deposited and annealed p-type a-plane GaN layer interface regions. The GaN surface
Fermi level can be determined from the energy position of the Ga3d-based core level peaks in
the photoemission spectra. Generally, this is one of the most accurate means of determining
the shifts in the surface Fermi level position. The results for the annealed Ga3d core level
peak, which is ~0.7 eV closer to the valence band edge, lead to a much smaller surface barrier
height. This indicates that a shift of the surface Fermi level toward the valence band edge can
reduce the band bending in the p-type GaN layer.49-51)
Figure 5.14 shows the transmission spectra of the as-deposited and annealed samples. The
transmittance of each sample was normalized by that of the sapphire substrate obtained by
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UV-VIS 2450 spectrophotometer measurements.

Figure 5.14 Transparency of the Ni (5 nm)/Au (5 nm)/ITO (100 nm) contacts on as-deposited and annealed ptype a-plane GaN layers.

The measured transmittance at 490 nm was 7.8% and 89% for the as-deposited and annealed
samples, respectively. This is a high transmittance for the annealed sample compared with
conventional Ni/Au or Ni/ITO.52) Note that the light output power of the LED may be
improved using high transmittance metal contacts.
Figure 5.15 shows the light output power-current-voltage (L-I-V) characteristics of the
nonpolar a-plane InGaN/GaN LED with different p-electrodes. All samples used Ti (30
nm)/Al (100 nm)/Ti (20 nm)/Au (150 nm) contacts on n-type a-plane GaN layers. The insets
in Figs. 5.15 (a), (b), and (c) show the I-V characteristics of the contacts on p-type a-plane
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GaN layers.
Figure 5.15 (a) shows the L-I-V characteristics with Cr (20 nm)/Ni (20 nm)/Au (200 nm)
contacts on the p-type a-plane GaN layer. The light output power was much lower than that
of the other contacts and a high device operating voltage was observed owing to the nonOhmic contact on the p-type a-plane GaN layer. However, Ni/Au metallization shows Ohmic
contact behaviors in comparison with Cr/Ni/Au metallization, as shown in Fig. 5.15 (b). The
light output power was more enhanced in comparison with that for Cr/Ni/Au metallization.
Nevertheless, the device operating voltage was still very high and the light output power also
decreased by over 60 mA. In general, a non-Ohmic contact degrades the performance of LED
devices. Because the current can not be spread effectively on the p-type layer. This current
crowding results in poor light output power at a high current and voltage.18)
Figure 5.15 (c) shows the L-I-V characteristics with Ni (5 nm)/Au (5 nm)/ITO ( 100nm)
contacts on the p-type a-plane GaN layer. This metallization resulted in the most Ohmic
contact. The light output power was gradually enhanced from 10 to 100 mA. Even though the
device operating voltage was slightly higher than that of a conventional polar c-plane LED
with a good Ohmic contact, the device operating voltage was much lower than that of the
other metallizations, as shown in Fig. 5.15.
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Figure 5.15 L-I-V characteristics of nonpolar a-plane InGaN/GaN LED with different p-electrodes (a) Cr (20
nm)/Ni ( 20nm)/Au ( 200nm), (b) Ni ( 20nm)/Au ( 200nm), and (c) Ni (5 nm)/Au (5 nm)/ITO ( 100nm).
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5.4 Summary
The Ohmic contact of nonpolar p-type a-plane GaN layers was investigated using several
metal contacts. The obtained results of experiments are summarized as follows.
 The Ni (5 nm)/Au (5 nm)/ITO (100 nm) contacts on the p-type a-plane GaN layer
exhibited the most Ohmic contact at 500 °C in O2 ambient for 5 min. The specific
contact resistance was 7 × 10-1 Ωcm2 along the c-axis and 2 × 10-2 Ωcm2 along the
m-axis. The measured transmittance at 490 nm was 89%.
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