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ABSTRACT

GaN-based light-emittingdevices have recently attracted much attention for their
versatile applications and the rapid growth of market demand. Nowadays, the
high-brightness GaN-based LEDs have already successfully applied in the handset
keypad, LCD backlighting, camera flash light and full-color outdoor display since
their commercial introduction in 1993. These devices are expected to change our life
style and will save human beings from serious energy crisis. However, the light output
efficiency is still insufficient as compared to that of a conventional light source. In
order to fulfill the requirements of applications to solid-state lighting, there are
remained many technologies limiting the performance of devices to be improved such
as crystal quality, p-type ohmic contact, emission extraction, thermal management,

etc.



In the dissertation, several approaches are utilized to improve light output
efficiency of GaN-based LEDs including employing a lower absorptive current
spreading layer and surface structure modifications. In Part 1, indium tin oxide (ITO)
is employed to replace conventional Ni/Au contacts on p-GaN attributed to its high
transparency characteristic. However, it is difficult to form an ohmic contact of ITO
on p-GaN due to the large work function difference between ITO and p-GaN.
Therefore, a thin p-type Ing1GagoN layer is inserted as an intermediate layer to reduce
the Schottky barrier height between ITO and p-GaN, because p-Ing;GagoN is
supposed to have a narrower band-gap than p-GaN. The transport mechanism of ITO
ohmic contacts on p-GaN is characterized and investigated. Based on the variation of
the contact resistivity with respect to’'the ambient temperature, the dominant transport
mechanism of ITO/p-GaN interfaces varies with- the post alloying temperature. The
dominant transport mechanism has a ‘tendency from thermionic-field emission to
thermionic emission as rising”alloyed temperature from 400°C to 600°C. From the
X-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD), and secondary ion
mass spectroscopy (SIMS) results, the out-diffusion of gallium atoms and the
formation of Ga-O bonds would introduce the gallium vacancies and increase the net
concentration of carriers beneath the contact, which would make the ITO/p-GaN
contact reveal ohmic characteristics.

Although ITO contacts does not reveal as good ohmic property as Ni/Au contacts,
the contact resistivity is 2.6 x 107 ohm-cm” at a current density of 27 A-cm™
equivalent to that of 350 um-sized LEDs, and it is low enough for the application of
LEDs. GaN-based LEDs with ITO contacts exhibit the forward voltage of 3.43 V at

an injection current of 20 mA. The forward voltage is a little higher than the
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conventional LEDs by 0.2 V, but the external quantum efficiency and power
conversion efficiency are raised by 46% and 36%, respectively. As for the life test,
LEDs with ITO contacts annealed at 500°C exhibit a similar reliability as the LEDs
with conventional Ni/Au contacts. Therefore, ITO contacts with a thin p-Ing;GagoN
intermediate can make GaN-based LED highly bright and reliable in practice.
GaN-based LEDs are fabricated on insulating sapphire substrates, and mesa
structures with lateral current conduction are utilized in the devices. However, the
lateral current conduction could result in a severe current crowding phenomenon near
either n-type or p-type electrode and thus impacts on the reliability of devices. Hence,
it is necessary to handle the lateral current conduction to alleviate local hot spots
formation as device operated. GaN-baséd:LEDs with various quarter wavelength
thicknesses of ITO films are-fabricated andicharacterized. Chips with various thick
ITO films show nearly coincident output power-current curves and exhibit an
enhancement of 30% as compared ‘with Ni/Au.contacts. At a current of 20 mA, the
forward voltage is around 3.45, 3.42, and 3.32 V for devices with 60, 180, and
300-nm-thick ITO contacts, respectively. Thus, the power efficiency of LEDs with
thicker ITO contacts is higher than with thinner ITO contacts due to the less power
consumption. Moreover, from the simulation of current density distribution in devices,
the LEDs with 60nm-thick ITO contacts present a worse distribution and it is
considered to cause a severe current crowding issue and introduce local hot spots as
device operated. Consequently, LEDs with 60nm-thick ITO contacts suffered an
output power degradation of 48% after 1008-hour stress. On the other hand, LEDs
with 300nm-thick ITO contacts exhibits a stable output after 1008-hour stress with

merely 27% decay. Therefore, it is very important to handle the lateral current
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conduction especially for devices with conductive oxide materials of low
conductivity.

In Part 2, two surface structure modifications were proposed to increase the light
extraction coefficient. First, a feasible method for fabricating micro-LEDs with ITO
contact is demonstrated. In comparison with the conventional structured LEDs, the
self-aligned micro-net ones are a least 10% brighter in the normal direction and 25%
higher in the ratio of luminescence to total output power without sacrifice of operating
voltage and leakage current. Moreover, the peak value of external quantum efficiency
can be increased by 5% by varying the dimensions and the density of the holes at low
current driving. With higher normal luminescence and external quantum efficiency,
LEDs with such a structures’are ‘quite useful in surface-mounting and
low-power-consuming devices.

Secondly, a simple way-to increase extraction efficiency of GaN-based LEDs
without taking any other extra’processing step is presented. A mesa structure formed
by dry etch is utilized in GaN-based LEDs, and the exposed n-GaN surface could
reveal various morphologies, such as smooth surface, nano-rods or hexagonal cavities
dependent on various etching conditions. LEDs with smooth morphology and
hexagonal cavities on exposed n-GaN layers are fabricated and characterized. Both
LEDs with various morphologies on n-GaN show very similar electrical properties. It
means that the dry etching condition to reveal hexagonal cavities on n-GaN surface
would neither do damage on the sidewalls of mesas nor deteriorate the n-type ohmic
contacts. At 20-mA-current injection, the LEDs with hexagonal cavities on n-GaN
exhibit higher normal luminescence and output power by 27% and 13% in

comparison with LEDs with smooth surface. The enhancement is mainly attributed to
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that photons guided laterally through the air-GaN-sapphire structure are partially

interfered and extracted into the air through the hexagonal cavities.
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Chapter 1

Introduction

GaN-based light emitting diodes (LEDs) have recently attracted much attention
for their versatile applications and the rapid growth of market demand. Nowadays, the
high-brightness GaN-based LEDs have already successfully applied in the handset
keypad, LCD backlighting, camera flash light and full-color outdoor display since
their commercial introduction in 1993. These devices are expected to change our life
style and will save human beings from serious energy crisis. However, the light output
efficiency is still insufficient as compared to that. of a conventional light source. In
order to fulfill the requirements .of solid-state lighting, there are remained many
technologies limiting the applications”of-devices to be improved such as crystal
quality, p-type ohmic contact, emission.extraction, thermal management, etc. In this
thesis, the works will concentrate on the light output efficiency enhancement of
GaN-based LEDs by several approaches including employing a lower absorptive
current spreading layer and structure modifications to increase the extract coefficient.

The dissertation is consisted of 8 chapters. After the short introduction in this

chapter, some basic properties regarding to the GaN-based LEDs are briefly
introduced in chapter 2. Some of the most important properties of Ill-nitride
materials are surveyed in the first section. Then, the process technologies specially
developed for the materials including epitaxy, metallization of ohmic contacts, and
dry etching are introduced, and finally the common structure of GaN-based LEDs is
shown in the last section.

Chapter 3 presents GaN-based LEDs with lower absorptive indium tin oxide (ITO)

-1-



films as current spreading layers in comparison with the conventional LEDs with
higher absorptive Ni/Au layers. However, it is difficult to form an ohmic contact of
ITO on p-GaN due to the large work function difference between ITO and p-GaN.
Therefore, a thin p-type Ing 1GagoN layer is inserted as an intermediate layer to reduce
the Schottky barrier height between ITO and p-GaN, because it is supposed to have a
narrower band-gap than p-GaN. The ITO contacts on p-GaN reveal ohmic property
with a thin intermediate layer of p-Ing;GagoN. The -electrical and optical
characteristics of the ITO-contact LEDs are demonstrated and in comparison with that
of the conventional Ni/Au-contact LEDs. The reliability results of the GaN-based
LEDs with ITO and Ni/Au contacts are also discussed in this chapter.

Chapter 4 investigates the ohmic contact formation of indium tin oxide (ITO)
contacts on p-type GaN. The ITO: contacts reveal ohmic characteristics but not as
good as the conventional Ni/Au-contacts. The'variation of the contact resistivity with
respect to temperature measurementiis utilized.to justify the transport mechanism of
this contact. The XPS, XRD and SIMS.analyses are also introduced to understand the
formation mechanism of the ohmic contacts.

Chapter 5 discusses the influence of the various thicknesses of ITO films on the
performance of GaN-based LEDs. GaN-based LEDs are fabricated on insulating
sapphire substrates and mesa structures with lateral current conduction are utilized in
the devices. The lateral current conduction could result in a severe current crowding
phenomenon near either n-type or p-type electrode and thus impacts on the reliability
of devices. It is necessary to handle the lateral current conduction to alleviate this
effect. Here LEDs with quarter wavelength thicknesses of ITO films are fabricated
and characterized.

Chapter 6 presents a feasible method for fabricating micro-LEDs with ITO contact.

The sidewalls in micro-LEDs are important in the extraction of light from the mesa

.



structure. A higher ratio of the total surface-area, including the top and sidewall areas,
to the light-emission-area is desired, because then more pathways are available by
which the generated photons can escape. In this chapter, a simplified method of
fabricating micro-LEDs with ITO contacts on p-GaN and SiO«Ny protection layers is
demonstrated to increase the light extraction area and shorten the optical paths. The
micro-net LEDs are also characterized and compared with the conventional structures.

Chapter 7 presents a simple way to increase extraction efficiency of GaN-based
LEDs without taking any other extra processing step. Proper dry etching condition
would result in smooth, hexagonal pits or nano-rods morphology. GaN-based LEDs
with exposed hexagonal-pits n-GaN were fabricated and characterized in this work.
The photons guided laterally through the air—GaN-—sapphire structure are partially
interfered and extracted through the hexagonal cavities into the air. Therefore, optical
performance of LED is improved, by utilizing this'approach in comparison with the
conventional structure.

Finally, the summaries of this ‘thesis and a“suggestion for the future work are

addressed in chapter 8.



Chapter 2

I[II-nitride Semiconductors, Process Technologies, and

GaN-based LEDs

In this chapter, some basic properties regarding to GaN-based light emitting
diodes (LEDs) are briefly introduced. Some of the most important properties of
[II-nitride materials are surveyed in the first part. Then, the process technologies
specially developed for the materials including epitaxy, metallization of ohmic
contacts, and dry etching are introduced,, and finally the common structure of

GaN-based LEDs is presented.

2.1 Physical Properties of I1I-Nitride Semiconductors

2.1.1 Crystal and band structure

The II-nitride semiconductors (AIN, GaN and InN) crystallize preferentially in
hexagonal wurtzite structure. The cubic zinc-blende phase of GaN is metastable and is
observed only for heteroepitaxial layers on a cubic substrate like GaAs. Though cubic
nitrides are expected to have possible technical advantages in electrical properties,
high crystal quality cannot be easily achieved due to the metastability of the cubic
form. The wurtzite nitrides have provided the best results to date for optoelectronic

application, and this study is mainly concerned with the material.



The wurtzite crystal structure is shown in Figure 2.1(a). There are two
interpenetrating hexagonal close-packed structures, displaced from each other along
the c-axis by u. The lattice constants appropriate to this structure are given in Table
2.1 for nitrides. The lattice constants vary strongly with the chemical compositions,
leading to a large lattice mismatch for heterojunctions; e.g. 2.5% for GaN/AIN, 11%

for InN/GaN.

(@) (b)

Fig. 2.1 (a) Wurtzite crystal structure [1]. (b) Schematic band structure of wurtzite

GaN along the k, direction and in the k, - ky plane near I point [2].

Table 2.1 Lattice constants of wurtzite nitrides at room temperature [3]. For an ideal

closed packed hexagonal structure c/a=1.633 and u=0.375.

Lattice Parameters AIN GaN InN
a(A) 3.110+£0.002  3.1892+0.0009  3.540+0.008
c(A) 4.978+0.002  5.1850+0.0005 5.8+0.10
c/a 1.601 1.626 1.611
u/c 0.38 0.376 0.377




The band structures of the group-III nitrides have direct band gaps at the center of
the Brillouin zone (I' point). The band gap energies of wurtzite nitrides at 5 K and
room temperature are given in Table 2.2. Therefore, these materials including their
ternary alloys could in principle cover almost all the visible and near-ultraviolet
regions of the spectrum as schematically depicted in Fig. 2.2. The bandgap of ternary
alloys AlyGa; N and InyGa, 4N is given by [4]:

Eg(AliGa;«N) = XE4(AIN) + (1-x)E4(GaN) — bix(1-x) (1.1)

Ey(InyGa;«N) = XE4(InN) + (1-x)E4(GaN) — box(1-x) (1.2)

Where E, is the bandgap energy and by, b, are the so-called bowing parameters.

AIN

(=

Bandgap Energy (eV)
-

0.3 0.32 0.34 0.36

Lattice Parameter a (nm)

Fig. 2.2 Schematic diagram of bandgap energies of wurtzite nitrides in a function of

the lattice constant. The colorful area indicates the visible spectra region.



Table 2.2 Bandgap energy of wurtzite nitrides at 5 K and room temperature [5]-[8]

AIN GaN InN
E, (5K) eV 6.28 3.50 1.91
E, (300K) eV 6.20 3.44 0.7 (1.89)

The band structure over a small k range around band extreme is concentrated on
because the electric and optical properties are generally governed by this local E(k)
relationship. Figure 2.1(b) shows the schematic band structure near I' point of
wurtzite GaN. The low symmetry of the wurtzite structure affects the band structure,
in particular, the valence band. The valence bands in hexagonal semiconductors are
split into three separate sub-bands; heavyshole((HH), light hole (LH), and crystal-field
split-off hole (CH) bands. The relative energies of the valence band maxima are

determined by a combination of ‘spin-orbit.splitting and axial crystal field strength.

2.1.2 General physical properties

Compared with other semiconductor materials, I1I-Nitrides are also characterized
by other superior properties, such as high breakdown field, high peak velocity of
electron carriers, high thermal conductivity [9]-[13]. Table 2.3 shows the comparison
of some important characteristics between GaN and other semiconductors. These
unique properties make this material suitable for high-power and high-frequency

devices particularly operating at elevated temperature.



Table 2.3 Comparison of semiconductor material properties at 300 K

Property Si GaAs GaN
Bandgap E, eV 1.12 1.42 3.40
Breakdown field Eg MV/cm 0.25 04 4.0
Hole mobility p, cm?/V's 450 400 30
Electron mobility p. cm’/V's 1500 8500 1300
Peak velocity vy 107 cm/s 1.0 2.0 3.0
Thermal conductivity yr W/em K 1.5 0.5 4.3
Relative dielectric constant &, 11.8 12.8 9.0

2.1.3 Internal electrical field

An important characteristic of the nitrides that influences the device properties is
the presence of strong internal electrical fields inside the epitaxial structures. Wurtzite
nitrides have a non-centrosymmetric crystal“structure with a polar axis along the
c-axis. Therefore, the misfit strain in" heterostructures grown along the c-axis can
generate an electric moment due to the piezoelectric effect [14]-[16]. In addition to
the strain-induced polarization, theory predicts that the spontaneous polarization is
very large in the nitrides even if the material is at zero strain [15]. Indeed, the wurtzite
structure has the highest symmetry compatible with the existence of spontaneous
polarization (or pyroelectric field with reference to its change with temperature) as
shown in Fig. 2.3 [17], [18]. The calculated spontaneous polarization for AIN, GaN,
and InN is summarized in Table 2.4. According to the calculation, the field resulting
from the spontaneous polarization has a fixed orientation which is parallel to the

[0001]-direction.



C
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(a) (b)

Fig. 2.3 (a) Spontaneous polarization induced by the nonideality of the tetrahedral
structure of GaN; (b) Crystal structure of GaN with Ga-face polarity and spontaneous

polarization

Table 2.4 Calculated spontaneous polarization for III-V wurtzite nitrides [15]

AIN GaN InN
P, C/m’ -0.081 -0.029 -0.032

2.1.4 Polarity

When three of the bonds on a Ga atom with tetrahedral coordination face towards
the substrate, the polarity is typically called Ga-face. In contrast, when three bonds
face in the growth direction, the material is termed N-face, as shown in Fig. 2.4. There
are four possible surface structures in wurtzite IlI-nitrides, considering both the
termination atom and the crystallographic polarity, e.g. Ga-terminated N-face polarity.
Although the terms Ga- and N-face, Ga- and N-termination have been used as a sign

-9.



of polarity, it is very complicated to distinguish the polarity from the termination
atoms, though Seelmann-Eggebert et al. do use ‘termination’ to represent the polarity
[19]. Furthermore, since AIN, InN and their alloys also need to be considered, the
polar structure with the three bonds of IlI-atom facing toward the substrate is defined

as +c polarity and the opposite as —c polarity.

(a) +c GaN (b) -c GaN

44
el
'y
»

¥
“E

-

dd
des
)

substrate

Fig. 2.4 Schematic illustration of GaN wurtzite crystal structure exhibiting the
polarity along the c-axis. GaN with Ga-face (+c) polarity on left side and GaN with
N-face (-c) polarity on right side. When the direction of the three bonds of the
II1-element is towards the substrate, the polar structure is defended as +c polarity. On
the other hand, when that of these bonds are upward against substrate, it is defined as

having —c polarity.

Yang et al. exhibited the difference between Ga- and N-face by using

UV-photoelectron emission microscopy (PEEM) [20]. It was indicated that the
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emission threshold of the N-face region is lower than that of the Ga-face region, and
the phenomenon can be explained by the model of the surface band bending induced
by the polarization bound surface charges as shown in Fig. 2.5. The much higher
threshold energy at Ga-face than N-face surface would make Ga-face more chemical

inert than N-face GaN.

(a) (b)

EV«‘:IC

Eth

7=0 Z (depth)

Fig. 2.5 Energy band diagrams for (a) Ga-face and (b) N-face GaN. The quantities ¢,
Xs, Em , and Ly are the surface electron affinity, work function, photo-threshold
energy, and space charge layer, respectively. The arrows represent the directions of

spontaneous polarization, Ps, , and the internal electric field, E [20].
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2.2 Processing Techniques for III-V Nitride Semiconductors

In order to utilize the excellent properties of III-V nitride semiconductors and
fulfill the devices, various processing techniques have been developed specifically for
these materials. In this section, these techniques including epitaxy, ohmic contacts

formation, and high-density-plasma etching will be introduced.

2.2.1 Epitaxial Growth

[II-nitrides decompose into the group-III element and nitrogen before they start to
melt because of the extremely high-melting temperature. This would make it difficult
to grow crystals from the nitrides.in the melt. The growth of GaN crystals from
gallium solution requires again, high’temperature (1400 — 1500°C) and elevated
nitrogen vapor pressure (10 kbar)." The.lateral size of bulk single crystals of GaN is
therefore limited to up to several millimeters. The difficulty in the growth of bulk
substrate material results in epitaxial growth on foreign substrates like sapphire
(a-Al,O3) and silicon carbide (6H-SiC).

The nitride semiconductors grown on sapphire or SiC substrates by metal-organic
chemical vapor deposition (MOCVD) are commercially available [21]-[23]. The
major precursors include tri-methyl or tri-ethyl forms of Ga, Al, and In. Silane (SiHy)
and Cp,Mg are used as n-type and p-type dopant sources, respectively. The growth
condition is set at the temperature of around 1000°C and under the pressure of about
100 torr. Owing to the lattice mismatch between sapphire substrates and GaN
semiconductors, a thin buffer layer is usually grown directly on the substrate at a low

temperature of 500°C to serve as a template of nucleation [24]. However, the densities
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of the threading dislocations in these materials are still in the range of 10’ ~ 10" cm™,
which is on the order of million times higher than that of other semiconductors, like Si
or GaAs. The lateral epitaxial overgrowth (LEO) can be employed to further reduce
the dislocation density by about 5 orders [25]-[27]. In addition, a few of bulk GaN
substrates with low defects are successfully produced by metal organic hydrogen
chloride vapor phase epitaxy [28]-[31].

The growth of the ternary nitrides is more complex than that of GaN. In particular,
the growth of InGaN is complicated by numerous problems. Due to the thermal
instability of InN, In incorporation is expected to be elevated by the reduction of the
growth temperature, which can be achieved at the expense of a diminished crystalline
quality. Further more, the large lattice mismatch between InN and GaN produces
considerable internal strain in theInGaN alloy due to a crystalline lattice distortion,
which leads to phase separation and immiscibility' [32]-[35]. The existence of large
compositional fluctuation may be encouraged.by the miscibility cap in this system
[32].

The as-grown p-type GaN layer has very few carriers because the Mg-dopants are
trapped by hydrogen atoms which come from the reactive sources and carrier gases.
To obtain the real p-type GaN layers, these Mg-H bonds must be broken after an
activation process, which is performed by a post thermal annealing at 500 ~ 700°C
under a pure nitrogen atmosphere [36]. However, there is only about 1% of the Mg
atoms ionized at room temperature owing to the deep acceptor level of around 170
meV above the valence band edge [37]. The typical mobility of holes is as low as 20
cm?/Vs, just allowing the realization of p-n junctions. A record value of 150 cm*/Vs

was ever obtained by compensating the scattering atoms [38].
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2.2.2 Metal Contacts

Metal-Semiconductor (MS) junctions are of great importance since they are
present in every semiconductor device. They can behave either as a Schottky barrier
or as an ohmic contact dependent on the characteristics of the interface.
Low-resistance, thermally stable ohmic contacts to GaN are crucial for obtaining good
performance of light emitting diodes. This section will primarily focus on the
formation of ohmic contact on GaN.

Unlike the cases of Si and GaAs, the Fermi level at the interface between the GaN
semiconductor and the metal would be unpinned due to the substantial ionic
component of the bonds in GaN [39]. Therefore, the Schottky barrier height (e®y),
which is the difference between the semiconductor band edge and the Fermi level at
the junction, can be evaluated as follows.

edy, = ed, — ey, for n-type GaN, (1.3)

edy, = E; — (e®yy, — €y), for p-type GaN (1.4)

Where e®,, represents the work function of the contact metal, and ey (= 4.1eV) is the
electron affinity of GaN.

A metal-semiconductor junction results in an ohmic contact (i.e. a contact with
voltage independent resistance) if the Schottky barrier height, @, is zero or negative.
In such case, the carriers are free to flow in or out of the semiconductor so that there
is a minimal resistance across the contact. For n-type GaN, this means that the work
function of the metal must be close to or smaller than the electron affinity of GaN (~
4.1 eV). For p-type GaN, it requires that the work function of the metal must be close
to or larger than the sum of the electron affinity and the bandgap energy. However, the
work function of most metals is less than 6 eV, and the sum of the electron affinity

and the bandgap energy (~ 3.4 eV) is about 7.5 eV. It can be problematic to find a
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metal that provides a good ohmic contact to p-type GaN.

For n-type GaN, choosing the metals of low work functions and increasing the
doping concentration of n-type GaN can provide a good ohmic contact. At first, Al
and Au ohmic contacts to GaN were used. These contacts yielded specific contact
resistances of 10 and 10° Qcm?, respectively. [40] The use of Ti in ohmic contacts
to GaN resulted in much smaller contact resistance. Lin et al. [41] described an Al/Ti
ohmic contact to n-GaN with a specific contact resistance of 8x10° Qcm®. Later, Fan
et al. [42] reported on the Al/Ni/Al/Ti contact to n-GaN and obtained the specific
ohmic resistance as low as 9x10® Qcm? after alloy at a proper temperature. The
mechanism of obtaining such a low contact resistance was shown to be the formation
of TiN, which leads to a large concentration of N vacancies (that behave as donors in
GaN) near the surface [43]. The.dependence ‘of.the specific contact resistance on
doping was studied by Khan et al.' [44]. Welter. et al. [45] studied ZrN/Zr ohmic
contact to GaN that showed a promising-thermal stability with a reasonable specific
contact resistance of 2x10™ Qcm? for n=GaN with the electron concentration of 7x10"’
cm™. These contacts exhibited excellent thermal stability in evacuated quartz tubes at
600°C for 1000 hours. Holloway et al. [46] reviewed the results obtained for ohmic
contacts to GaN. A low contact metallization for ohmic contacts was reported in [47].

As for p-type GaN, it is a great challenge to form low-resistivity ohmic contacts
due to the following reasons.

(a) According to the equation of (1.4), the work function of the metal should be
close to 7.5 eV. However, most metal exhibits a work function being lower
than 6 eV.

(b) The carrier concentration in p-type GaN is low due to the deep ionization level
of the Mg acceptor. There are only 1% of dopants ionized in p-GaN and this

low hole concentration can not lead to a tunneling junction at the metal/p-GaN
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interface.

(c) There is a tendency for the preferential loss of nitrogen from the GaN surface
during processing, which may produce surface conversion to n-type
conductivity.

A bilayer metal film of Ni/Au on p-type GaN is most common structure adopted for
GaN-based optoelectronic devices. Ni/Au layer is deposited on p-GaN by an e-beam
evaporator and subsequently annealed at 500-700°C. The typical contact resistance is
around 107-107 Qcm? [48], [49]. Although the contact resistivity is not low enough,
it is allowable for application in LEDs. It was also found that the specific contact
resistance of Ni/Au could be reduced to 4x10°Qcm? after annealing in an oxygen
ambience [50]-[52], but both the reliability and the reproducibility were disputable
[53], [54]. Furthermore, Aly15GaegsIN/GaN strained superlattices were fabricated to
enhance the surface carrier cencentration, so the -contact resistance was reduced

effectively with the traditional Ni/Au=contact-method'[55], [56]

2.2.3 High-density-plasma Dry Etch

Due to the inert properties of III-Nitrides, it is difficult to etch GaN with wet
chemicals. It was only found that GaN could be etched at practical rate with molten
salts such as KOH or NaOH at temperatures above 250°C. Although the technique of
photochemical etching has been developed for nitrides [57], the difficult procedure of
adding electrodes to spread current and selectivity over polarity of GaN restricts its
application. It is much easier to etch N-polarity than Ga-polarity GaN owing to the
much lower photo threshold energy of N-polarity GaN as mentioned in section 1.1.4.

However, the epitaxial quality of N-polarity material is always poorer than
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Ga-polarity one, and it is necessary to utilize Ga-polarity materials to fabricate
devices with high performance.

Dry etching is the most practical and feasible method. Especially, the
high-density plasma (HDP) etchers, which use inductively coupled plasma (ICP) or
electron cyclotron resonance (ECR) techniques to generate the plasma sources with
10"~10"cm™ densities, can provide higher etching rates than the typical reactive ion
etcher (RIE) without serious damages on the GaN surface [58], [59]. A variety of
reactive gases have been investigated for GaN etching. Some special recipes can
improve the etching selectivity among different epi-layers [60]. The chlorine-based
gas mixtures are usually adopted owing to fair volatilities of gallium chlorides.
Methane (CH4) is also added in the mixture in order to etch the epi-layer containing

indium content.

2.3 GaN-based light emitting diodes

In general, one excites electron-hole (e-h) pairs by an external source of energy in
a semiconductor, and they are in non-equilibrium state. In most cases, the electrons
and holes will relax to quasi-thermal equilibrium distribution through a thermalization
process such as carrier-carrier and carrier-phonon interaction. In the final step, the e-h
pairs recombine, and their energy is released. Radiative recombination produces
emission of photons and the non-radiative recombination release the energy to crystal
lattice in the form of heat.

As shown in Fig. 1.6, the GaN-based LED is schematically illustrated. N-type,
multi-quantum wells and p-type GaN is epitaxially grown on sapphire substrates in

sequence by MOCVD, and processed by dry etching to expose the n-GaN layer
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followed by metallization to form the transparent ohmic contacts on p-type GaN as a
current spreading layer. P- and n-electrode are both formed on etch type of GaN.
Finally, the sapphire substrates were thinned to about 90um by polishing and were

scribed and sliced into chips.

transparent
contact layer

n-electrode

Sapphire substrate

Fig. 2.6 Schematic diagram of (-?_[e'iN-be[ls'_ééll—L_EPs on sapphire substrate
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Chapter 3

Highly Reliable GaN-Based Light-Emitting Diodes

Formed by p-Ing ;GayoN/ITO Structure

3.1 Introduction

Group III-Nitride semiconductors have attracted much attention for their
versatile applications recently [1], [2]. A high-brightness GaN-based light emitting
diode is an interesting issue because of,its.important role in full-color display and
lighting applications [3], [4]. Following thé, successful demonstration of p-type
conductivity on Mg-doped GaN" by post-growth thermal annealing in nitrogen
ambience, blue and green LEDs ‘become-real and commercially available [5].
However, poor conductivity of p-GaN layer still limits the current spreading, and it is
necessary to deposit a conductive layer for current spreading. This layer should not
only form good ohmic contacts to p-GaN but also be transparent to the emitted light
from the active layer. In the past, much work focused on materials and methods to
form good contacts to p-GaN [6]-[8]. Among these studies, Ni/Au is usually used as a
semi-transparent current spreading layer due to its good contact characteristics.
However, Sheu et al. [9] showed that the transmittance of semi-transparent Ni/Au
films for blue LEDs is only about 60% to 85% in the 450-550 nm wavelengths. To
improve the transmittance, it is feasible to replace the conventional Ni/Au contact by
a better transparent conductive contact. Nowadays transparent conductive oxide

materials (TCO), such as indium-tin-oxide (ITO), aluminum-doped-zinc-oxide (AZO)

_24 -



and cadmium-tin-oxide (CTO), are widely applied to optical electrical devices [10],
[11]. There are also several studies [12]-[15] discussing the applications of ITO to
GaN-based LEDs. Margalith et al. [12] obtained the Schottky but not Ohmic
characteristics of the ITO/p-GaN interface after thermal annealing. This result could
be attributed to a large work function difference between ITO and p-GaN. In order to
improve the contact characteristics, some authors added an interfacial layer such as Ni
or NiO before ITO deposition by a little sacrifice of transparency [13]-[15]. In this
chapter, we demonstrate a thin p-Ing;GagoN layer as an intermediate between ITO
and p-GaN to form a nearly ohmic contact. The LEDs with this structure exhibit

excellent reliability under a 50-mA current stress.

3.2 Experimental

The InGaN-GaN multi-quantum=-wells (MQWs) LED wafers were grown on
c-face sapphire substrates by a metal-organic chemical vapor deposition (MOCVD)
system. The epitaxial structure comprised 4-um-thick n-GaN, 0.1-um-thick
InGaN-GaN (MQWs) active layer, and 0.1-pm-thick p-GaN, as shown in Fig. 3.1 (1).
Moreover, the carrier concentrations of the p-GaN and n-GaN were 5 x 10'7 cm™ and
3 x 10" cm™, respectively. A wafer with a peak wavelength at 465 nm was chosen
and cut into 4 pieces. One piece was prepared for the conventional LEDs with Ni/Au
contact, and the other three were re-loaded into the same MOCVD chamber to grow a
10-nm-thick p-Ing ;GagoN layer for LEDs with ITO contacts.

GaN-based LEDs (300 pm x 300 pm) and the corresponding transmission line
model (TLM) structures for p-type ohmic contact characterization with different

conducting layers were fabricated as shown in Fig. 3.1. First, inductance coupled
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plasma (ICP) etcher was used to form mesa structures and then these samples were
immersed in H,SO4:H,0O, and NH4OH:H,O solutions to remove resist and native
oxides. Next, ITO (280 nm) was deposited on the p-Ing;GagoN/p-GaN samples by
E-beam evaporator at 300°C in oxygen ambience with a partial pressure of 5 x 10™
Torr, and the Ni/Au (4 nm/4 nm) was deposited on the p-GaN sample by E-beam
evaporator with a base pressure of 2 x 10°® Torr. The p-Ing 1GagoN/ITO contact
samples were subsequently annealed at 500°C and 600°C in nitrogen ambience. As for
the Ni/Au contact sample, it was annealed at 540°C in nitrogen ambience to achieve
the optimal ohmic contact to p-GaN. Cr/Au (0.08 pm/0.8 pm) metallization was
employed for the n-type contact layer, p- and n- bonding pads. TLM structures were
used to measure the contact resistivity of the conducting layers on p-GaN. The pad
size is 300 pm x 80 um and the’spacings were'.2, 3, 4, 6, 8, 15 and 20 um. The
current-voltage characteristics were' measured at.room temperature by an HP-4156
analyzer with a current source.

After measuring, these samples were subsequently polished, scribed and sliced
into chips. We chose 10 chips per sample to package into TO-Can forms. A Keithley
2430 source meter was connected with an integrating sphere to measure the
current-voltage and current-power characteristics of these LEDs. During the reliability
testing, these chips with TO-Can form were stressed by a 50-mA current injection at
room temperature and relative humidity of 40%.

In order to truly exhibit the effects of absorption, internal reflection and
interference of the conducting films on GaN-based LEDs, the p-i-n GaN with a
double-side-polished sapphire substrate was used in the transmittance measurement.
The transmittance spectra of these samples were measured by Hitachi U3010

spectrophotometer.
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Fig. 3.1 The process flow diagrams of (a) GaN-based LEDs fabrication and (b) TLM
structure formation: (1) epitaxial structure (2) lithographic patterning (3) ICP etching
to expose n-GaN layer (4) ITO deposition and patterning, (5) bonding pads

metallization (6) SiO; protection layer.
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3.3 Results and Discussion

Figure 3.2 shows the transmittance of the p-i-n GaN/sapphire, ITO and Ni/Au
layers deposited on p-i-n GaN/sapphire samples with different annealing temperatures.
Due to the great difference of optical index between GaN and air, the blank sample
with p-i-n GaN/sapphire structure exhibits relatively poor transmittance. The curves
of ITO samples annealed at 500°C and 600°C are nearly coincident, and the light
transmittance at 465 nm is 83% while Ni/Au sample shows only 61% due to the high
extinction coefficient of Ni and Au. It is supposed that ITO can extract more light

than the conventional Ni/Au layer does.
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Fig. 3.2 Transmittance spectra of the blank p-i-n GaN/sapphire, the ITO and Ni/Au
films deposited on p-i-n GaN/sapphire under different annealing conditions. (n , @
470 nm = 1.8, n. . @ 470 nm = 2.5)
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Figure 3.3 presents the current-voltage characteristics of different contacts on
p-GaN. The Ni/Au sample exhibits a linear ohmic property, while the sample of
p-Ing 1GagoN/ITO shows a nearly linear ohmic characteristic after annealed at the

temperature of 500°C, which is the optimal condition.
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Fig. 3.3 1-V characteristics of p-Ing;GagoN/ITO contacts annealed at 500°C, 600°C
and Ni/Au contact annealed at 540°C on p-GaN. (The spacing between two electrodes

1s 2 um)

As shown in Fig. 3.4, the contact resistivity of Ni/Au contact decreases from 8 x
107 ohm-cm® to 3 x 10” ohm-cm” with increasing the current density from 0 to 50

A-cm™. As for the p- Ing 1GagoN/ITO contact samples, the contact resistivity reduces
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from 2 x 10™ ohm-cm? to 2.5 x 10 ohm-cm? with raising the current density from 0
to 50 A-cm™. The results imply that both the interfaces of p-GaN with Ni/Au and
p-Ing 1Gay oN/ITO contacts are not ideal ohmic contacts, but the former exhibits better
contact property than the latter. Moreover, this figure also indicates that the contact
resistivity is 2.6 x 107 ohm-cm” under a current density of 27 A-cm™, which is
equivalent to a current of 20 mA applied during the normal LED operation. This
result shows that the p-Ing;GagoN/ITO contact is good enough to be used in LED

application.
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Fig. 3.4 Contact resistivities as functions of injection current density.

The electrical characteristic is shown in Fig. 3.5. The forward voltage increases
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and the dynamic resistance decreases with elevating the injected current. At the
current of 20 mA, the forward voltage and the dynamic resistance are 3.43 V and 17.1
ohm chips with p-Ing;GagoN/ITO contacts annealed at 500°C, respectively. On the
other hand, the conventional chips with Ni/Au contacts show 3.21 V and 14.8 ohm.
The ITO contact LEDs exhibit a little bit higher but acceptable forward voltage and

dynamic resistance by 0.2 V and 2.3 ohm in comparison with the conventional Ni/Au

contact LEDs.

5 120
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ITO LED, 600°C
—w— Ni/Au LED, 540°C - 100

Forward Voltage (V)
(wyo) aauessisay olweuid

0 20 40 60 80 100

Forward Current (mA)

Fig. 3.5 The forward voltage and dynamic resistance as functions of injection

current of GaN-based LEDs with p-Ing 1Gag9N/ITO and Ni/Au contacts.

Figure 3.6 shows the optical properties of LEDs with different contacts. The

output power increases with raising the injected current. But the power efficiency of
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ITO contacts and Ni/Au contacts LEDs has a maximum value of 8.12% and 5.83% at
3-mA-current injection, respectively, and then decreases with elevating the injected
current. At the current of 20 mA, the output power and power efficiency are 4.30
mW and 6.26% for chips with 500°C-annealed p-Ing;GagoN/ITO contacts in
comparison with that of 2.95 mW and 4.60% for the conventional Ni/Au contacts
LEDs. It is estimated that LEDs with p-Ing;Gag9N/ITO contacts can enhance the
external quantum efficiency and power efficiency by about 46% and 36% at 20 mA,
respectively. This improvement is definitely attributed to the high transparent contacts
and relatively low contact resistance. The electrical and optical characteristics of

LEDs with ITO contacts are summarized in table 3.1 compared with the previous

works.
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Fig. 3.6 The output power and power efficiency as functions of injection current of

GaN-based LEDs with p-Ing ;Gag9N/ITO and Ni/Au contacts.
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Table 3.1 GaN-based LEDs of different ITO contacts are compared with that of

Ni/Au contact.

Margalith et *Pan et al.
Group Lin et al. [14] This study
al. [12] [15]
Structure ITO ITO ITO/Ni ITO/NiOx ITO/p-InGaN
a little
Contact Property Schottky ohmic ohmic nearly ohmic
Schottky
AV +2V +0.39V +0.02V +0.04V +0.2V
Enhance of external
**N. A. 42% 25% 38% 46%
quantum efficiency
Enhance of power
**N. A. 27% 25% 36% 36%

efficiency

* Data from Pan et al. is compared with Ni/Au oxides contacts.

** N. A. means “Not Available™

From the results of life test shown in Fig. 3.7, the conventional Ni/Au samples

would suffer the output power decay of 27% after 1008-hour stress and the

500°C-annealed ITO samples showed a similar decay of 25%. However, the light

power was deteriorated by 36% for the p-Ing ;GagoN/ITO samples annealed at 600°C.

This result is probably due to the poor contact property which will induce a severe

heating effect under high current injection. Besides, the surface morphology of 600°C

ITO films seemed to contain a lot of pits and defects.
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Fig. 3.7 Room temperature life test of degradation of output power from GaN-based

LEDs with p-Ing.1GagoN/ITO and"Ni/Au contacts:

3.4 Summary

This chapter presented highly transparent and nearly ohmic contacts of
p-Ing1GagoN/ITO on p-GaN and exhibited the excellent reliability of the
p-Ing 1GayoN/ITO contact LEDs. The contact resistivity is 2.6 x 102 ohm-cm” at a
current density of 27 A-cm™, and this value is low enough for the application of LEDs.
GaN-based LEDs with p-Ing;GagoN/ITO contacts were also fabricated and the
forward voltage was 3.43 V at a current injection of 20 mA. Although the forward

voltage was a little higher than the conventional LEDs by 0.2 V, the external quantum
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efficiency and power efficiency were raised by 46% and 36%, respectively. As for the
life test, LEDs with p-Ing;GagoN/ITO contacts annealed at 500°C exhibits a similar
reliability as the conventional Ni/Au LEDs do. Therefore, p-Ing;Gay9N/ITO contacts

can make GaN-based LED highly bright and reliable in practice.
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Chapter 4

Investigation of ITO ohmic contact to p-type GaN

4.1 Introduction

GaN-based LEDs have become commercially available since Nakamura et al. [1]
successfully demonstrated the activation of Mg-doped GaN by post-growth thermal
annealing in nitrogen ambience. However, the poor conductivity of p-GaN still limits
the current spreading due to the low concentration of carriers. It is necessary to
deposit a conductive layer on p-GaN to spread eutrent uniformly, and this conductive
film should not only form ohmic.contacts te p-GaN but also be transparent to the
emitted light from the active layer. Thete-were-many works focusing on materials and
methods to form good ohmic contacts te. p-GaN in the past [2]-[6]. Among the studies,
Ni/Au films were commonly used as the semi-transparent current spreading layers
due to their good contact characteristics to p-GaN. Kim et al. [5] presented the micro
formation mechanism of Ni/Au contacts on p-GaN. Ga atoms diffused out from the
GaN substrate and dissolved into Ni-Au solid solution would lead to the generation of
Ga vacancies below the contact. The net concentration of holes below the contact
increased, and therefore the contact resistivity was reduced. However, it was also
shown that the transmittance of semi-transparent Ni/Au films for blue LEDs is only
about 60% to 85% in the 450-550 nm wavelengths by Sheu et al. [7]. In order to
reduce the absorption of the semi-transparent film, it is feasible to replace the
conventional Ni/Au contact by a more transparent conductive material. There are also

several researches [8]-[12] discussing the applications of ITO to GaN-based LEDs.
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Margalith et al. [10] showed Schottky characteristics of the ITO/p-GaN interface after
thermal annealing. This result could be attributed to a large work function difference
between ITO and p-GaN. In order to improve the contact properties, some authors
added an interfacial layer such as Ni or NiO prior to ITO deposition by a little
sacrifice of transparency [9]-[11], and the interfacial material could provide ohmic
contact between ITO and p-GaN. LEDs with that kind of contact structure would have
a moderately higher forward voltage but a large enhancement in external quantum
efficiency and power efficiency. However, very little information is available about
the mechanism of forming ITO ohmic contacts on p-GaN.

In this chapter, the contact structure of ITO/p-Ing1Gag9N/p-GaN is utilized for
investigation. X-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD), and
secondary ion mass spectroscopy (SIMS) measuréments are employed to characterize
the chemical and physical preperties of' the interface. The mechanism of ohmic

contact between ITO and p-GaNis clarified-by-these results.

4.2 Experimental

The contact structure of ITO/p-Iny;GagoN/p-GaN was utilized for investigation.
The InGaN—-GaN multi-quantum-wells (MQWs) LED wafers were grown on c-face
sapphire substrates by a metal-organic chemical vapor deposition (MOCVD) system.
The epitaxial structure comprised 4-pum-thick n-GaN, 0.1-um-thick InGaN-GaN
(MQWs) active layer, 0.2-um-thick p-GaN, and a 10-nm-thick p-Ing ;Gag 9N top layer.

Transmission line model (TLM) structure was employed to electrically
characterize p-type contacts. The pad size was 280 um x 75 pum and the spacings

between the pads were 10, 20, 30, 40 and 65 pm. The TLM structures with ITO and
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Ni/Au contacts were formed as shown in Fig. 4.1. First, an inductively coupled (ICP)
plasma etcher was used to form a mesa structure with n-GaN layer revealed. Thus,
p-GaN layer is isolated and the current crowding effect of TLM patterns is prohibited.
Then the sample was immersed in H,SO4 and NH4OH solutions to remove resists,
organic contaminants and native oxides. Next, ITO or Ni/Au films was deposited and
patterned on p-GaN layer as contacting materials by E-beam evaporation, respectively.
For the deposition conditions, ITO (300 nm) film was prepared at 300°C in oxygen
ambience with a partial pressure of 2 x 10™ Torr, and Ni/Au (4 nm/4 nm) films were
evaporated with a base pressure of 3 x 10° Torr. The ITO contact samples were
subsequently annealed at 400°C, 500°C and 600°C in nitrogen ambience, and the
Ni/Au contact sample was annealed at 540°C in the nitrogen ambience to achieve the
optimal ohmic contact to p-GaN..Cr/Au (0.08 um/0.8 um) metallization films were
employed for the probing pads-on.contacting matertals. A semiconductor parameter
analyzer HP-4156 was used to measure the-curtent-voltage characteristics. In order to
identify the current transport mechanism of ITO/p-GaN contact, the dependence of
the specific contact resistivity on temperature was also evaluated from 25°C to 277°C.
There are also samples with ITO/p-Ing ;GagoN/p-GaN contacts prepared for SIMS,
XPS and XRD measurements to investigate the formation mechanism. XPS depth
profiling was used to monitor the binding energy of depth from the ITO film surface
to p-GaN. This analysis was performed by a Thermo VG ESCALAB250 electron
spectroscopy system with an energy resolution better than 25 meV, and the Ar" beam
sputtering with 3KeV and 3uA was utilized in situ etching to p-GaN. SIMS
measurement was carried out by a Cameca IMS-4f mass spectrometer system with
Cs’ beam. XRD was examined by a Rigaku RU-H3R diffractometer system with Cu

K, radiation.
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Fig. 4.1 The process flow diagrams TLM structure formation: (a) epitaxial structure
(b) lithographic patterning (c) ICP etching to expose n-GaN layer (d) ITO deposition

and patterning, (e) bonding pads metallization (f) SiO, protection layer

4.3 Results and Discussion

Figure 4.2 shows the transmittance spectra of the blank p-i-n GaN/sapphire, ITO
and Ni/Au films deposited on p-i-n GaN/sapphire under different annealing conditions.
The transmittance of the blank sample shows only around 75% in the visible spectrum

region due to the great reflection at the interface resulted from the large difference of
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indices between GaN (n,= 2.4) and the air. The spectra of ITO samples annealed at
400°C, 500°C and 600°C are nearly coincident, and the transparency is all above 85%,
which is higher than that of Ni/Au sample. Thus, the ITO film is considered more
transparent than Ni/Au film and is suitable to be an optical medium between GaN and
the air. Besides, the refractive index (n, = 1.9) ranges between GaN and the air.
Therefore, LEDs with ITO contact are supposed to be able to extract more light than

the conventional LEDs with Ni/Au contact.

100
80 |
S
= 60}
[}
(&)
c
<
€ a0}
(2}
S —a—|TO, 400°C
= —e— 170, 500°C
20 —A—|TO, 600°C
—w— Ni/Au, 540°C
—&— Blank p-i-n GaN
0 1 " 1 " 1 " 1 " 1 " 1

350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 4.2 Transmittance spectra of the blank p-i-n GaN/sapphire, the ITO and Ni/Au

films deposited on p-i-n GaN/sapphire under different annealing conditions.

Figure 4.3 demonstrates the current-voltage relationship of TLM pads with a
10-um-spacing, and the curves are measured with a voltage source from -5 Vto 5 V
at room temperature. The ITO contact samples annealed at different temperatures
reveal ohmic characteristics, and the resistance between pads increases while arising

annealing temperature from 400°C to 600°C for a fixed duration time. Although the
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Ni/Au contact still shows better performance than ITO contact, the linear
current-voltage characteristic makes it possible to apply ITO to the GaN-based LEDs

with a quite low voltage drop at the interface.
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Fig. 4.3 I-V characteristics of ITO/p-GaN contaets annealed at 400°C, 500°C and

600°C and Ni/Au contact annealed at 540°C on p-GaN.

From the transport theory of metal-semiconductor junction, the specific contact
resistivity of a metal-semiconductor contact dominated by thermionic emission,

thermionic field emission or field emission is given by the following simple formulas,

K 9 o
=——exp(— Thermionic Emission
Pe AT p( T ) ( )
Pe R exp(qE&) (Thermionic Field Emission)
0

Pe * eXp(\c/]z—B)

where k is the Boltzmann constant, A" is the Richardson constant, T is the

(Field Emission)
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temperature and ¢, is the Schottky barrier height. The specific resistivity of
metal-semiconductor contact dominated by thermionic emission is exponentially in
inverse proportion to the temperature, while the specific resistivity of
metal-semiconductor dominated by field emission is less dependent on the
temperature. So the variation of the specific contact resistivity related to the inverse
temperature represents the tendency of the electrical transport mechanism to

thermionic emission or to field emission.
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Fig. 4.4 Specific contact resistivities of different contacts on p-GaN as functions of

the temperature.

Figure 4.4 shows the temperature dependent specific contact resistivity of the
different temperature annealed ITO/p-GaN contacts. The specific resistivities of
400°C, 500°C, and 600°C-annealed samples decrease from 2.1 x 1072, 4.5 x 107, and

1.3 x 10" ohm-cm? at room temperature to 3.7 x 103, 7.1 x 102, and 1.9 x 102
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ohm-cm” at 277°C, respectively. The variation of 600°C-annealed sample is larger
than the other temperature annealed samples. It is supposed that the dominant
transport mechanism of ITO/p-GaN structure tends from thermionic field emission to
thermionic emission while varying the annealed temperature from 400°C to 600°C. As
for the conventional Ni/Au contact, the transport mechanism is also dominated by
thermionic field emission.

In order to investigate the chemical properties of constituents in depth, the
500°C-annealed ITO/p-GaN ohmic contact is analyzed by XPS with different
sputtering times. Figure 4.5 demonstrates the binding energies of Ga 2p3,, and O 1s as
functions of sputtering times. The peak of Ga 2p3,, varies from 1117.1 eV in the bulk
p-GaN to 1117.9 eV around the ITO/p-GaN interface region. The chemical shift is
due to the different partial-ionicities with O and N, which are bound with GaN in the
bulk and the interface region, sespectively. For the-O 1s peak, the binding energy
shifts from 530.1 eV in the ITO film to,930:3 eV-at the interface of ITO/p-GaN.
Similarly, the peak shift is also resulted from the different partial-ionicities with In
and Ga, which are bound with ITO in the ITO film and the interface region,
respectively. The Ga-O bonding is speculated to form at the interface and supposed to
be helpful to form ohmic contacts by the previous study [9]. The formation of gallium
oxide would result in gallium vacancies and increase the net concentration of holes
below the contact, which can enhance the probability of carrier tunneling. Thus, the

contact property could be improved by the formation of gallium oxide.
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Fig. 4.5 XPS depth profiling of 500°C-annealed ITO contact on p-GaN with different

sputtering times: (a) 0 (b) 120 (€) 210 (d) 300 (e) 390-(f) 480 seconds.

Figure 4.6 shows the X-ray diffraction’results of the bare GaN and the GaN
samples with ITO contact by thermal treatments. The peaks are all positioned with
respect to the fixed Al,O3 (006) peak and the intensities are normalized by the GaN
(002) peak intensities in the 6/20 scans. The as-deposited ITO film on p-GaN is
preferentially oriented along (222) and (400) crystallographic directions. As the
annealing temperature is raised, the ITO (222) peak intensity increases but the ITO
(400) peak diminishes after annealing. Therefore, the polycrystalline ITO film
exhibits a preferential facet of (222) on GaN after annealing. The interfacial Ga-O
bonding, which is observed by XPS, does not form a crystalline phase that can be

detected by x-ray scan.
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Fig. 4.6 XRD of the native p-i-n GaN and ITO films deposited on p-GaN with

different annealing temperatures.

Figure 4.7 presents the SIMS profiles of the ITO/p-GaN samples. In comparison
with the as deposition ITO sample, there is no significant diffusion observed when the
samples are annealed at the temperature below 500°C. However, the interdiffusion of
gallium and indium atoms becomes apparent as the ITO sample is annealed at 600°C.

This serious interdiffusion phenomenon could be the main cause that leads the contact
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to poor ohmic characteristics when the contact is annealed at the same temperature.

Counts (a. u.)

Sputtering Time (a. u.)

Fig. 4.7 SIMS profiles of ITO films deposited on p-GaN with different annealing

temperatures: (a) as-deposited (b) 400°C (c) 500°C (d) 600°C.
From the results of XPS and SIMS, gallium oxides and gallium vacancies are
formed in the interfacial region and the schematic drawings are shown in Fig. 4.8 to

illustrate the contact interface structures before and after annealing.
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Fig. 4.8 Schematic drawings of the contact interface structures (a) before annealing

and (b) after annealing.

4.4 Summary

In this chapter, the formation‘of ohmi¢ coentacts. at the interface of ITO/p-GaN is
investigated. The specific contact resistivity 4.5 x 10> ohm-cm” was obtained while
annealing ITO/p-GaN contacts™at 500°C.Based on the variation of the contact
resistivity with respect to temperature, ‘the dominant transport mechanism of
ITO/p-GaN structure tended from thermionic field emission to thermionic emission as
increasing annealing temperature from 400°C to 600°C. From the XPS, XRD and
SIMS results, the outdiffusion of gallium atoms and the formation of Ga-O bonds
would introduce the gallium vacancies and increase the net concentration of carriers
beneath the contact, which would make the ITO/p-GaN contact reveal ohmic
characteristic. However, the excess interfacial reaction and interdiffusion would result
in the contact deterioration when the annealing temperature increased to 600°C.
Therefore, ITO contacts can make GaN-based LED highly bright and reliable in

practice as presented in chapter 3.
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Chapter 5

Influence of ITO films thickness on the performance of

GaN-based light-emitting diodes

5.1 Introduction

GaN-based LEDs are fabricated on insulating sapphire substrates and mesa
structures with lateral current conduction are utilized in the devices [1], [2]. However,
the lateral current conduction could result.in a severe current crowding phenomenon
near either n-type or p-type electrode andithus, impacts on the reliability of devices.
Therefore, it is necessary to handle the lateral current conduction to alleviate this
effect. There are many studies discussing-the-modeling of lateral current transport in
GaN-based LEDs [3]-[6]. Kim et al. demonstrated that the finite resistance on both
sides of the p-n junction should be taken into consider [6]. The total series resistance
is categorized into the lateral resistance components of the n-GaN layer and the
current spreading layer, and the vertical component of p-GaN layer and the p-type
contact. Based on the model, the current density across the active layer can distribute
uniformly by proper design of LED structure and contact geometry and thus the
reliability of devices can be improved.

Indium tin oxide (ITO) film is utilized as a current spreading layer to replace the
conventional Ni/Au contacts owing to its excellent optical characteristics [7], [8].
However, the resistivity of ITO films is much higher than that of Ni/Au films by at

least 3 orders and that would limit the current spreading uniformly. Therefore, it is
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necessary to reduce the sheet resistance of ITO film by increasing it thickness to have
a uniform current injection. Here we will discuss the influence of varying thickness of

ITO films on the performance of GaN-based LEDs.

5.2 Experimental

GaN-based LEDs (350 um x 350 um) and the corresponding transmission line
model (TLM) structures for p-type ohmic contact characterization with different
conducting layers were fabricated. The epitaxial structure was shown in the previous
chapters. The samples were processed by dry etching to expose n-GaN layers and
followed by metallization to form the ohmic. contacts on each type of GaN
respectively. ITO and Ni/Au films are deposited and alloyed on p-GaN layers as
transparent p-type electrodes. Figute S.l-shows /the optical refractive index and
extinction coefficient spectra of ITO. films. It-exhibits refractive index of 1.85 at 465
nm and optical bandgap energy of 3.35 eV. In order to reduce the reflection at the
interface of ITO/p-GaN, the quarter-wavelength thick ITO films were utilized and the

thickness is shown below,

to = 4 x (Odd Number) (nm)
4xn

Therefore, the thickness of ITO films for the emission wavelength at 465 nm is
estimated to be around 60, 180, 300 nm, etc. TLM structures were used to measure
the contact resistivity of the conducting layers on p-GaN. The chips are packaged into
TO-Can forms, and an IS system is connected with Keithley 2430 source meter to
measure the current-voltage and current-power characteristics of these LEDs. During

the reliability testing, these chips with TO-Can form are stressed by a 50-mA current
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injection at room temperature and relative humidity of 40%.

Various thick ITO films were also deposited on the p-i-n GaN with
double-side-polished sapphire substrates to measure the transmittance, and the
measurement was performed by Hitachi U3010 spectrophotometer. The sheet

resistance of these conducting films was also measured by a four-point measurement

after alloying.
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Fig. 5.1 The refractive index and extinction coefficient spectra of ITO films.

5.3 Results and Discussion

Figure 5.2 presents the transmittance of the various thick ITO and Ni/Au layers on

p-i-n GaN/sapphire samples with a following alloying process. The curves of samples
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with various thicknesses of ITO films annealed at 500°C all show around 80% at 465
nm, while Ni/Au sample shows only 60% due to the high absorption of Ni and Au
metal layers. It is supposed that devices with various thicknesses of ITO films can

have higher light extraction than with conventional Ni/Au contacts.
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Fig. 5.2 The transmittance of the double sides polished p-i-n GaN/sapphire samples

with various thicknesses of ITO layers and with Ni/Au layers.

Figure 5.3 shows the scanning electron microscope (SEM) pictures of ITO films
after 500°C alloyed. The grain size of 180 nm- and 300 nm-thick ITO films are very
close but much larger than that of 60 nm-thick ITO film. It is considered that ITO
grains grow to a saturated size during evaporation. The grain size and boundary
density might influence the resistivity of materials, and thus the sheet resistance of

films does not linearly proportional to the inverse of films’ thickness.
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(k) (c)
Fig. 5.3 SEM pictures of (a) 60 nm (b) 180 nm (¢) 300 nm-thick ITO films.

Figure 5.4 shows the specific contact resistivity of different layers on p-GaN and
the sheet resistance of p-GaN measured by TLM structures. From the results, the
contact resistivity of ITO/p-GaN with various thicknesses of ITO films does not have
a great difference from each other, and it éhows_ a value of around 0.1 ohm-cm2.

Although the value is an order higher th‘a‘,n‘ that of N1/Au layers contact on p-GaN, the

]

ohmic contact of ITO/p-GaN i§ acceptable for the application of LEDs. The contact
properties of conductive layers’-on ri)—GaN Wiﬂl Ni/Au layer and with various

thicknesses ITO layers are summarized in Table 5.1,

Table 5.1 Summary of the contact characteristics of conductive layers on p-GaN with

Ni/Au layer and with various thicknesses ITO layers. (t, is about 200nm)

60 nm ITO 180nm ITO 300nm ITO Ni/Au
1; (ohm/sq) 117.0 31.5 20.1 259
r. (ohm-cm?2) 0.103 0.131 0.121 0.009
I's p-GaN (0hm/sq) 690513 895349 691878 983412
1, (ohm-cm) 13.81 17.91 13.84 19.67
rp*tp 0.00028 0.00036 0.00028 0.00039
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Fig. 5.4 Specific contact resistivity and p-GaN sheet resistance of various contacts on

p-GaN.

The forward current increases with'elevating the-applied voltage as demonstrated
in Fig. 5.5. At the current of 20" mA,. the forward voltage and the corresponding
dynamic resistance are around 3.45, 3.42, 3.32,3.20 V and 21.7, 18.8, 17.2, 16.6 ohm
for chips with 60-, 180-, 300-nm-thick ITO and Ni/Au contacts, respectively. All the
LEDs with ITO contacts present a forward voltage by at least 0.12 V higher than that
with Ni/Au contacts due to the poorer contact properties. The chips with 300nm-thick
ITO contacts exhibit the lower forward voltage and dynamic resistance as compared
with chips with ITO contacts of other thickness. Therefore, the extra spreading
resistance coming from the transparent conductive layers would result in higher series

resistance and operation voltage.
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Fig. 5.5 The current-voltage: characteristics of GaN-based LEDs with various

thicknesses of ITO layers and Ni/Au layers.

Figure 5.6 shows the output power-current characteristics of LEDs with different
contacts. The curves of LEDs with various thicknesses of ITO films are nearly
coincident and exhibit an increase of around 30% in comparison with the curve of
Ni/Au contacts LEDs. The great enhancement is mainly attributed to the higher
transparency of ITO films than Ni/Au films. The chips with various thicknesses of
ITO films show similar output power characteristics; hence the output power is
independent of uniformity of current distribution but dependent on the transparency of

conductive layers.
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Fig. 5.6 The output power-current.characteristics. of GaN-based LEDs with various

thicknesses of ITO layers and Ni/Au layets:

From the results of reliability test shown in Fig. 5.7, the conventional Ni/Au
samples would suffer the output power decay of 22% after 1008-hour stress and the
300nm-thick ITO samples underwent a similar decay of 27%. However, the 60
nm-thick ITO contacts chips did not reveal a stable output power even though the
samples had already suffered a degradation of 48% after 1008-hour stress. This
phenomenon is probably due to the non-uniform current distribution which would
induce local hot spots under high current injection. Besides, the dynamic resistance of
the 60nm-thick ITO sample is higher than the others, and thus there is more heat

generated while the devices are stressed at high current driving.
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Fig. 5.7 Room temperature reliability test of eutput power degradation of GaN-based

LEDs with various thick ITO and Ni/Au layers-contacts.

Figure 5.8 shows the schematic LED structure with lateral transport geometry. In
this structure, important distributed components of the total series resistance can be
categorized into the lateral resistance components of the n layer (rs) and the
transparent electrode (rt), and the vertical component of the p layer (rp) and the p
contact (rc). As a result of derivation, the distribution of current density across the p-n

junction is as following,

P P
3(x)= 3(0)exp| T X , Lot
-l P Pn
Pu Py >
(pc +toto - t, ot
tn tt
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Where J(0) is the reverse saturation current density at the mesa edge.

p-pad =

t W W L,
P I I 2
<r < f P
n-pad ) J P ;
- Ty, ! -
n r
-y MW W :
| dx g d "
I -
| |
x=0 x=/

Fig. 5.8 Equivalent LED circuit with a p pad as a physical ground [6].
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The calculated current density distribution of the GaN-based LED is shown in Fig.
5.9. Parameters used in the calculation are given by py/t, = 25 ohm/sq, tp = 200 nm,
and other parameters are shown in table 5.1. The LED with 60nm-thick ITO contact
exhibit a worse current distribution and it would cause a serious current crowding
problem introducing local hot spots as devices operated. Therefore, the performance
of devices would be degraded under high current stress once the local hot spots are

formed.

5.4 Summary

This chapter investigates the influence of various thicknesses of ITO films on the
performance of GaN-based LEDs..LEDs with: quarter wavelength thicknesses of ITO
films are fabricated and characterized:" LEDs-with various thicknesses of ITO films
show nearly coincident output power-current eurves and exhibit an increase of 30% as
compared with Ni/Au contacts devices. At a current of 20 mA, the forward voltage
are around 3.45, 3.42, and 3.32 V for chips with 60 nm, 180 nm, 300nm-thickness
ITO contacts, respectively. Although LEDs with various thicknesses of ITO films
exhibit similar external quantum efficiencies, the power efficiencies are raised with
increasing the thickness of ITO layer due to the difference in series resistance. From
the current distribution simulation in devices, the LEDs with 60 nm ITO contacts
present a worse result and it would cause a serious current crowding problem
introducing local hot spots as devices operated. As a result, the LEDs with 60 nm ITO
contacts suffered an output power degradation of 48% rafter 1008-hour stress but still

did not reach a stable status.
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Chapter 6

Brightness enhancement of ITO/GaN LEDs by

self-aligned micro-net structures

6.1 Introduction

Group Ill-nitride semiconductors have recently attracted much attention for
solid-state lighting applications [1], [2]. Increasing the external quantum efficiency is
very important in fabricating high-brightness. GaN-based light-emitting diodes (LEDs).
In contrast to p-type GaAs or InP semiconductors, the low concentration of holes
limits the conductivity of p-type GaN semiconductor.-Top-emitting LEDs depend on a
conductive film deposited on the p-GaN ‘layer to spread the current uniformly. This
conductive layer should not only form'an ohmic contact with p-GaN but also be
transparent to light emitted from the active layer. Ni/Au films are often used as
semi-transparent current spreading layers because they exhibit good contact
characteristics with p-GaN. However, Sheu et al. [3] showed that the transmittance of
Ni/Au films is only 60% to 80% at wavelengths of 450-550 nm. The conventional
Ni/Au contacts can be replaced with more transparent conductive materials to reduce
the absorption of the current spreading layers and thus increase the external quantum
efficiency of LEDs. Numerous studies [4]-[7] have addressed the application of
indium-tin-oxide (ITO) to GaN-based LEDs. The transmittance of ITO films exceeds
85% in the visible spectrum region, and LEDs with ITO contacts are now

commercially available. Several works [8]-[10] have discussed improving the light
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extracted from LEDs using micron-scale structures. Choi et al. [9], [10] demonstrated
that the sidewalls in micro-LEDs were important in the extraction of light from the
mesa structure. A higher ratio of the total surface-area, including the top and sidewall
areas, to the light-emission-area is desired, because then more pathways are available
by which the generated photons can escape. However, LEDs with ITO contacts are
normally encapsulated by epoxy materials after packaging and the refractive index of
ITO (n;= 1.9 @ 460 nm) differs from that of epoxy material (n,= 1.5 @ 460 nm).
SiOxNy (n, = 1.67 @ 460 nm) passivation can be introduced to act as an optical
medium to reduce the reflection at the interface because its refractive index is just
between that of ITO and epoxy materials. In this article, ITO is applied to the
micro-LEDs with SiOxNy passivation and the process is simplified by self-aligned

method to increase the light extraction area and shorten the optical paths.

6.2 Experimental

The InGaN-GaN multi-quantum-wells (MQWs) LED wafers were grown on
c-face sapphire substrates by a metal-organic chemical vapor deposition (MOCVD)
system. The epitaxial structure comprised 4-um-thick n-GaN, a 0.1-um-thick
InGaN-GaN (MQW:s) active layer, and 0.1-um-thick p-GaN as shown in Fig. 6.1 (a).
Additionally, the carrier concentrations of the p-GaN and n-GaN were 5 x 10'” cm™
and 3 x 10" cm™, respectively. A wafer with a peak wavelength at 465 nm was
cleaned in H,SO4 and NH4OH solutions to remove organic contaminants and native
oxides. The simplified self-alignment process was performed as depicted

schematically in Fig. 6.1. The ITO (280 nm) and SiO; (400 nm) films were initially

deposited on p-GaN by e-beam evaporation and plasma enhanced chemical vapor

-64 -



deposition (PECVD) systems. Arrays of square- and hexagonal-hole of various
dimensions were patterned on the SiO,/ITO/GaN structure. After Si0, was reactively
etched with CHF3/O, plasma, the photoresist was removed by O, plasma and
ITO/GaN was subsequently reactively etched using inductively coupled Cl./Ar
plasma. After a micro-net structure was formed, the samples were immersed in
buffered oxide etch (BOE) solution to remove the SiO, mask and then annealed at
500°C in the nitrogen ambient to produce ohmic contacts. Cr/Au (0.08 um/0.8 pum)
metallization was employed for the n-type contact layer, and the p- and n- bonding
pads. The samples were passivated with SiOxNy (210 nm) film by PECVD. Reactive
gases, SiHa, N>O, NH; and N,, were supplied inside the reactor chamber and their
flow rates were 5, 20, 20 and 355 sccm. The temperature, pressure and RF power
during deposition were 250 °C, 500-mTorr and 100 W. Figure 6.2 shows the refractive
index spectra of SiON, and I'TO films measured by N&K Analyzer. The refractive
indices of SiO«Ny and ITO films ate1.67-and 1.87 at the wavelength of 470 nm,
respectively. After the front-end “process had .been completed, the samples were
polished, scribed and diced into chips. Finally, each kind of chip with its own
micro-net structure was packaged into TO-Can forms. The scanning electron
microscopy (SEM) pictures of diced devices are taken by the model of JEOL
JSM-6380. An IS CAS-140B system integrated with a Keithley 2430 source meter
was used to measure the current-voltage and current-power characteristics of these
LEDs. The luminescence was obtained in conformity with CIE (International
Commission on Illumination) specifications, and the total power was measured by

collecting all directional light inside an integrated sphere.
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Fig. 6.2 The refractive index spectraof ITO-and SiOxNy films.

6.3 Results and Discussion

Figure 6.3 shows the SEM pictures of the fabricated devices. It can be seen clearly
micro-net structures with holes arrays on the active regions of the devices. It should
be noted that although the original mask pattern was square and hexagonal holes
arrays, the observed micro-net structures have some erosion at the sidewalls of holes.
Such a discrepancy could be attributed to the side etching of oxide mask and ITO

films during pattern transfer.
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Fig. 6.3 The SEM pictures of ('5!' X 'ﬁ'
¥
with (b) 5-um square (¢) 10-um square (d) 5-um hexagonal (e) 10-um hexagonal holes

arrays.

Figure 6.4 plots the forward current-voltage characteristics of the micro-net LEDs
with arrays of square and hexagonal holes with 5 and 10-um-dimensions. The LED
with the conventional structure exhibits a forward voltage of 3.2 V and a micro-net
structure of 3.3 V when a 20-mA-current is injected. The forward voltage of the
micro-net LEDs may have been slightly higher because of the additional contact
resistance resulted from the reduction in effective ohmic contact area of ITO with

p-GaN.
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Fig. 6.4 Measured forward voltages as a-function of the injected currents of

GaN-based LEDs with self-aligned micto-net-and conventional structures.

Figure 6.5 plots the current-luminescence and current-power relationships of
LEDs. When a 20mA-current is injected, the LEDs with the micro-net structures have
a similar output power but a 10% better normal luminescence than the conventional
LEDs. Figure 5.6 also plots the ratio of normal luminescence to output power of the
LEDs with different structures versus the injected currents. The ratio represents the
concentration of the extracted light in the axial direction. Notably, the LEDs with
arrays of 5-pm hexagonal holes structure reveal a 25% higher ratio at a 50-mA current,
which is equivalent to a current density of 100 A/cm?, than the conventional ones. It
might be attributed to the larger sidewall area provided by the micro-net structure and
thus increase the scattering probability of the photons extracted through the sidewalls

in the axial direction.
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As shown in Fig. 6.7, the emission image reveals the higher intensity of light
extracted from the sidewall than the top-surface of the micro-net structure. Therefore,
more extracted light from micro-net LEDs would normally propagate than that from
conventional LEDs. Table 6.1 summarizes the electrical and optical characteristics of
the micro-net and the conventional LEDs. When the LEDs with various structures

were negatively biased at 5 V, the devices exhibited almost the same leakage level.

Fig. 6.7 Emission images of LEDs with micro-net structures.

Figure 6.8 plots the relationship between the external quantum efficiency and the
driving current. The external quantum efficiency of LEDs with micro-net structures
exceeds that of the conventional LEDs by approximately 5%. The dimensions and the
density of the holes can be varied to maximize external quantum efficiency of the
LEDs at an operating current of 3 mA. This structure is quite useful for increasing the

output power at low current.
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Fig. 6.8 External quantum efficiencies:as functions of the injection currents of

GaN-based LEDs with self-alighed micro=net and conventional structures.

Table 6.1 Comparative data for LEDs with various structures (Forward and reverse

12

11
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i With 5-um hexagonal hole
Conventional LEDs
1 R 1 1
0 5 10 15

Current (mA)

characteristics of LEDs obtained with a 20-mA injection current and a —5 V bias).

Dimension Forward Voltage Luminescence Output Power

L/PO Reverse Current

Shape of Holes
(um) V) (mcd) (mW) (cd/W) (nA)
Square 5 331 44.2 4.48 9.9 0.56
Square 10 3.34 43.5 4.66 93 0.46
Hexagon 5 3.29 45.5 4.62 9.8 0.49
Hexagon 10 333 44.4 4.67 9.5 0.54
Conventional None 3.24 39.3 4.48 8.8 0.54
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6.4 Summary

This chapter proposes a feasible method for fabricating micro-LEDs with ITO
contact. The self-aligned micro-net LEDs are a least 10% brighter than the
conventional structure in the normal direction without loss of operating voltage and
leakage current. The ratio of luminescence to total output power is increased by 25%
at a current density of 100 A/cm’. Additionally, the peak value of external quantum
efficiency can be increased by 5% by varying the dimensions and the density of the
holes at a low current of 3 mA. With higher normal luminescence and external
quantum efficiency, LEDs with such a structure are quite useful in surface-mounting

and low-power-consuming devices.
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Chapter 7

Improved Light Output Power of GaN-based
Light-Emitting Diodes by Exposing N-type GaN with

Hexagonal Cavities

7.1 Introduction

GaN-based light emitting diodes (LEDs) have recently attracted much attention
for their versatile applications and the'rapid growth of market demand. Nowadays, the
high-brightness GaN-based LEDs have already: successfully applied in the handset
keypad, LCD backlighting, camera flash light and full-color outdoor display since
their commercial introduction in“1993 [1], [2]. However, even though the brightness
of LEDs continues increasing, the light output efficiency is still quite low as
compared to that of a conventional light source. Therefore, a better way of extracting
more light from the devices or chips must be taken into consider immediately. It is
well known that the external quantum efficiency is much smaller than the internal
quantum efficiency for the current GaN-based LEDs. The large discrepancy between
the two quantum efficiencies is due to the low light extraction efficiency, and the total
internal reflection phenomenon must be mainly responsible for that. There is a large
difference in refractive index at the interfaces of GaN-Air (2.5-1) and of
GaN-Sapphire (2.5-1.8), and that would lead the critical angles [0, = sin™'(ny/n;)] to
23° and 46° at these interfaces, respectively. Only the generated photons that strike

these interfaces at angle within the critical angles can escape to the surrounding air,
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others would be reflected back into devices. As a result, the majority of the generated
photons are guided laterally through the air-GaN—sapphire waveguide structure and
finally trapped in the semiconductor.

Several approaches have been proposed to solve this problem, including
surface-roughening [3], [4], GaN growth on a patterned sapphire substrate [S]-[7],
and the integration of two-dimensional photonic crystal patterns [8]-[10]. The idea
behind these approaches is to interfere with the total internal reflection phenomenon
using either the scattering or diffraction of light. Among these approaches, forming
photonic patterns on the top of GaN devices is more difficult due to the precise
sub-micron size controlling techniques. Huh et al. presented a method of making
p-GaN micro-roughened to increase the light output efficiency by providing photons
more opportunities to face escape cone. However, there are also some researches
showing that the electrical characteristics of p-GaN would be deteriorated by dry
etching [11].

In this chapter, a simple way to ictease.extraction efficiency of GaN-based LEDs
without taking any other extra processing step is presented. A mesa structure formed
by dry etch is utilized in GaN-based LEDs, and the exposed n-GaN surface could
reveal various morphologies, such as smooth surface, nano-rods or hexagonal cavities
dependent on etch conditions. LEDs with hexagonal cavities on exposed n-GaN layers
are fabricated and characterized. The photons guided laterally through the
air—-GaN-sapphire structure would be partially interfered and extracted into the air
through the hexagonal cavities. Therefore, the external quantum efficiency and power

efficiency are enhanced.
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7.2 Experimental

The InGaN-GaN multi-quantum-wells (MQWs) LED wafers were grown on
c-face sapphire substrates by a metal-organic vapor phase epitaxy (MOVPE) reactor.
The epitaxial structure consisted of 4-um-thick n-GaN, 5 pairs of InGaN-GaN
(MQWs) active layer, 0.2-um-thick p-GaN, and a 10-nm-thick p-Ing ;GagoN top layer.
Moreover, the carrier concentrations of the p-GaN and n-GaN were 5 x 10'7 cm™ and
3 x 10" cm™, respectively. A wafer with a peak wavelength at 460 nm was chosen
and cut into two pieces. One piece was prepared for the LEDs with a smooth etched
surface, and the other one was for LEDs with a hexagonal-pits etched surface.

Si0, layer was initially deposited on wafers by plasma enhanced chemical vapor
deposition (PECVD) system as an‘etching mask;and the samples were subsequently
etched to expose the n-type -layer for electrode-and cutting street regions by
inductively coupled plasma (ICP) etcher.Proper tuning the working pressure, RF and
ICP power of etching condition would make the surface smooth or hexagonal-pits
morphology. The parameters of ICP etching utilized in this research are listed in table
7.1. Then, the samples were immersed in BOE, H,SO4 and NH4OH solutions in
sequence to strip SiO, mask, organic contaminants and native oxides followed by the
deposition and patterning of indium tin oxide (ITO) films. The ITO films were
evaporated on p-GaN layer as transparent conductive layers at 300°C in oxygen
ambience with a partial pressure of 2 x 10 Torr by e-beam evaporation system. After
patterning, these samples were subsequently annealed at 500°C in nitrogen ambience
to achieve the optimal ohmic contact to p-GaN. Cr/Au (0.08 pm/0.8 um) metallization
films were employed for the n-type contact layer, p- and n- bonding pads. SiO,
protection layer was deposited on the samples and patterned. Finally, the sapphire

substrates were thinned to 90 um thick by polishing, and the samples were scribed

-78 -



and sliced into chips. 10 chips from each kind of samples were chosen to package into
TO-Can forms.

The current-voltage (I-V) measurements were performed at room temperature by
an HP4156 semiconductor parameter analyzer in wafer form. An IS CAS-140B
optical analyze system was connected with a Keithley 2430 source meter to measure
the current-power and current-luminescence characteristics of chips. Scanning
electron microscopy (SEM) was used to justify the surface morphology of the

exposed region and was performed by the model of JEOL JSM-6380.

Table 7.1 List of ICP dry etching conditions

Cl,/CHs  Work pressure RF Power ICP Power Etch Rate

Morphology .
(sccm/scem) (mT) (W) (W) (nm/min)

Smooth 80/4 5 100 150 220

Hexagonal Pits 80/4 20 30 800 105

7.3 Results and discussion

Figure 7.1 shows the SEM and the microscopic emission pictures of the LEDs
with smooth and hexagonal-pits n-GaN. The emission images are taken when the
LEDs are operated under 0.1 mA-current-injections. From the SEM pictures, it can be
clearly seen that the chip indeed reveals hexagonal pits on the exposed n-GaN layer
by chemical reaction dominant dry etching. When the diodes are turned on, light spots
can be observed in the diode with hexagonal-pits n-GaN layer but not in the diode
with smooth layer. Therefore, the photons guided laterally through the
air—-GaN—-sapphire structure are partially interfered and thus the photons can extract
through the hexagonal cavities into the air.
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Figure 6.2 plots the current-voltage characteristics of the LEDs with different
exposed n-GaN surface. Both LEDs with smooth and hexagonal-pits n-GaN surface
exhibit very similar forward and reverse electrical properties. The I-V curves of the
smooth and hexagonal-pits devices are nearly coincident. From the result, the
different dry etching condition to reveal hexagonal pits n-GaN would not do damage
on the sidewall of mesas and deteriorate the n-type ohmic contacts, otherwise, the
LEDs with hexagonal-pits n-GaN would show leakage current under reverse biased

and a higher forward voltage as a current injected.
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Fig. 7.2 (a) Forward and (b) reverse current-voltage characteristics of the LEDs with

different n-GaN morphologies.
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Figure 7.3 plots the current-luminescence and current-power relationships of
LEDs. The LEDs with hexagonal-pits n-GaN exhibits the normal luminescence of
64.8 mcd and the output power of 5.45 mW at a 20-mA-current injection. The normal
luminescence and the output power are enhanced by 27% and 13% respectively in

comparison with that of LEDs with smooth surface.
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Fig. 7.3 Current-luminescence and current-power characteristics of the LEDs with

different n-GaN morphologies.

Figure 7.4 also plots the ratio of normal luminescence to the output power of the
LEDs with different n-GaN morphologies versus the injected currents. The ratio
represents the concentration of the extracted light in the axial direction. The LEDs

with hexagonal-pits n-GaN normally reveal a 12% higher ratio than that with smooth
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surface. Therefore, the LED with hexagonal-pits n-GaN is more suitable for the
application in surface mounting devices (SMD). The brightness improvement might
be attributed to the increased scattering probability of the photons extracted through

the exposed n-GaN region in the axial direction.
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Fig. 7.4 Ratios of normal luminescence to output power the LEDs with different

n-GaN morphologies.

Figure 7.5 schematically shows the possible paths of the photon guided laterally
through the air-GaN-sapphire waveguide structure with roughened n-GaN. For a
LED with rough n-GaN surface, the guided photons can escape the semiconductor
through the hexagonal cavities. Therefore, the n-GaN with hexagonal-pits
morphology can improve the probability of escaping the photons outside from the

LEDs, thus, resulting in an increase in the light output power and luminescence.
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Fig. 7.5 Schematic diagram showing possible extraction paths of the photons laterally

guided in the air-GaN-sapphire waveguide structure through hexagonal cavities.

7.4 Summary

In summary, we propose a simple: way to increase extraction efficiency of
GaN-based LEDs without taking any other extra processing step. Proper dry etching
condition would result in smooth, hexagonal pits or nano-rods morphology. In this
study, we employed the dry etch techniques to expose n-GaN with hexagonal pits
rather than nano-rods morphology, because n-type bonding pads on n-GaN with a
nano-rods surface would cause a peeling problem. From the current-voltage
measurement results, LEDs with different n-GaN morphologies both show very
similar electrical characteristics. The different dry etching condition to reveal
hexagonal-pits n-GaN would neither do damage on the sidewalls of mesas nor
deteriorate the n-type ohmic contacts. In the optical measurements, the LEDs with

hexagonal-pits n-GaN exhibit the normal luminescence of 64.8 mcd and the output
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power of 5.45 mW at a 20-mA-current injection. The normal luminescence and the
output power normal luminescence are enhanced by 27% and 13% respectively in
comparison with that of LEDs with smooth surface. Therefore, the power efficiency is
increased by 13% by utilizing dry etching techniques to form hexagonal cavities in

the exposed n-GaN layer.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

In Part 1, indium tin oxide (ITO) is employed to replace conventional Ni/Au
contacts on p-GaN attributed to its high transparency characteristic. However, it is
difficult to form an ohmic contact of ITO on p-GaN due to the large work function
difference between ITO and p-GaN. A thin p-type Ing1GaooN layer is added as an
intermediate layer to reduce theSchottky barrier .height between ITO and p-GaN
because p-Ing;GaooN is supposed to have a narrower band-gap than p-GaN.
According to the variation of “the contact-resistivity with respect to the ambient
temperature, the dominant transport: mechanism of ITO/p-Ing;GagoN/p-GaN
interfaces varies with the post alloying temperature. The transport mechanism has a
tendency from thermionic-field emission to thermionic emission as rising alloyed
temperature from 400°C to 600°C. From the XPS, XRD and SIMS results, the
out-diffusion of gallium atoms and the formation of Ga-O bonds would introduce
gallium vacancies and increase the net concentration of carriers beneath the contact,
which would make the ITO/p-Ing 1GagoN/p-GaN contact reveal ohmic characteristic.

Although ITO contacts with p-type Ing;Gag9N intermediate layer does not reveal
as good ohmic property as Ni/Au contacts on p-GaN, a contact resistivity of around
2.6 x 107 ohm-cm” at a current density of 27 A-cm™ is shown and the value is low

enough for the application of LEDs. GaN-based LEDs with ITO contacts exhibit the
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forward voltage of 3.43 V at an injection current of 20 mA. The forward voltage is a
little higher than the conventional LEDs by 0.2 V, but the external quantum efficiency
and power efficiency are raised by 46% and 36%, respectively. As for the life test,
LEDs with ITO contacts annealed at 500°C exhibit a similar reliability as the LEDs
with conventional Ni/Au contacts. Therefore, ITO contacts with p-Ing;GagoN
intermediate layer can make GaN-based LED highly bright and reliable in practice.
GaN-based LEDs with various quarter wavelength thicknesses of ITO films are
fabricated and characterized. Chips with various thicknesses of ITO films show nearly
coincident output power-current curves and exhibit an enhancement of 30% as
compared with Ni/Au contacts. At a current of 20 mA, the forward voltage is around
3.45, 3.42, and 3.32 V for devices with 60, 180, and 300-nm-thick ITO contacts,
respectively. Thus, the power efficiency of LEDs with thicker ITO contacts is higher
than that of devices with thinner ITO contacts because of the lower forward voltage.
Moreover, from the simulation-of curtent-density; distribution in devices, the LED
chips with 60nm-thick ITO contacts present.a worse uniformity and it is considered to
cause a severe current crowding phenomenon and to introduce local hot spots when
devices are operated. Consequently, the LED chips with 60nm-thick ITO contacts
suffered an output power degradation of 48% after 1008-hour stress and the situation
still went worse. On the other hand, LEDs with 300nm-thick ITO contacts exhibits a
stable output after 1008-hour stress with merely 27% decay. Therefore, it is necessary
to handle the lateral current conduction to alleviate local hot spots formation as
devices operated especially for the conductive oxide material with low conductivity.
In Part 2, two structure modifications are proposed to increase the light extraction
coefficient. First, a feasible method for fabricating micro-LEDs with ITO contact is
demonstrated. The self-aligned micro-net LEDs are a least 10% brighter than the

conventional structure in the normal direction without sacrifices of operating voltage
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and leakage current. The ratio of luminescence to total output power is increased by
25% at a current density of 100 A/cm®. Moreover, the peak value of external quantum
efficiency can be increased by 5% by varying the dimensions and the density of the
holes at a low current of 3 mA. With higher normal luminescence and external
quantum efficiency, LEDs with such a structure are quite useful in surface-mounting
and low-power-consuming devices.

Secondly, a simple way to increase extraction efficiency of GaN-based LEDs
without taking any other extra processing step is presented. Different dry etching
conditions would result in smooth, hexagonal pits or nano-rods morphology. LEDs
with hexagonal cavities on exposed n-GaN layers are exhibited and characterized.
From the current-voltage measurement results, chips with different n-GaN
morphologies both show very similar electrical.characteristics. The different dry
etching condition to reveal hexagonal-pits n-GalN would neither do damage on the
sidewalls of mesas nor deteriorate “the-n-type ohmic contacts. In the optical
measurements, the LEDs with hexagonal-pits-n-GaN exhibit the normal luminescence
of 64.8 mcd and the output power of 5.45 mW at a 20-mA-current injection. The
normal luminescence and the output power normal luminescence are enhanced by
27% and 13% respectively in comparison with that of LEDs with smooth surface.
Therefore, the power efficiency is increased by 13% by utilizing dry etching
techniques to form hexagonal cavities on the exposed n-GaN layer. The photons
guided laterally through the air—GaN-sapphire structure are partially interfered and

extracted into the air through the hexagonal cavities.
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8.2 Future Works

The work presented in this dissertation is concentrated on the output power
enhancement of GaN-based LEDs. There are substantial issues that are unresolved
and some that were not investigated in this study. For high performance GaN-based
light-emitting devices to be realized to the applications of solid-state lighting, further
investigation must be conducted with the suggestions presented below.

Further investigation of the ohmic contact formation of ITO on p-GaN by adding
a thin p-InGaN layer should be conducted. Although the formation of Ga-O bondings
is confirmed, the role of p-InGaN is still not analyzed and discussed. After a more
detailed understanding of p-InGaN is achieved, a better interface of ITO/p-GaN could
be obtained and the corresponding:specific contact.resistivity would be reduced by the
optimization of the intermediate Jayer. Optimization of the electrical and optical
characteristics of GaN-based LEDs with-ITO.contacts present in this dissertation is a
next step. ITO deposited by e-beam evaporation system is a kind of polycrystalline
structure. The quality of ITO films would strongly affect the characteristics of
transparency and electrical resistivity, and the post alloying condition would also
influence the contact property of ITO on p-GaN. Therefore, it is necessary to optimize
the evaporation condition of ITO films and the post alloy condition of ITO/p-GaN
interfaces. Hence, the power conversion efficiency of GaN-based LEDs would be
increased attributed to the less power consumption and high-brightness GaN-based
LEDs can be obtained in the future.

In order to fulfill the requirements of solid-state lighting, one possible way to
enhance the output power is to increase the extraction coefficient of LED chips just
like studied in this dissertation. The other possible way to increase the LED output

power is to increase the size of LED chips. Large size high power GaN-based LEDs
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operated under high current injection would generate sufficient luminescence. Hence,
high power LEDs with ITO contacts and surface structure modification should be

fabricated and characterized in the future.
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