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Abstract

In recent decades, the I1I-nitrides become an interesting class of wide band-gap materials
and play an important role in semiconductor devices. GaN-based light emitting devices have
attracted great attention in last-decade due to‘its importance in solid state lighting applications.
The=GaN-based device are full color LED displays, white LEDs and high capacity storage
devices. However, GaN-LEDs still require-further improvement of optical output power. To
successfully fabricate high efficient LED depends on the high quality GaN epilayer with low
defect density. In previous work, we demonstrated that the defect selective passivation
method could reduce defect density and enhance LED performance. In this thesis, we simplify
the process of defect selective passivation technique by spin-coating silica nanospheres on
GaN surface to block the propagation of dislocations. Moreover, we apply defect selective
passivation technique to fabricate high efficient LED. The analysis of photoluminescence,
cathodoluminecence and electroluminescence show the crystal quality of GaN epilayer is

improved.
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Chapter 1 Introduction
1.1 Development of I11-nitrides materials

Group of IlI-nitrides, aluminium nitride (AIN), gallium nitride (GaN) and indium nitride
(InN), have been considered as a promising material for semiconductor devices applications
since 1970, especially for the development of blue- and UV-light emitting diodes. Since last
decade, the Ill-nitride becomes more and more important and find itself in a wide range of
applications, [1-7] such as high-power transistors, high-frequency devices. InN and AIN can
be alloyed with GaN. These wurtzite Ill-nitrides' direct band-gaps ranges from 0.7 eV for
InN [8], to 3.4 eV for GaN, and to 6.2 eV _for-AIN [9]. In other words, the devices using
I11-nitrides could be activated-at wavelength ranging from-infrared to ultraviolet.

One important category of application is the GaN-based light emitting diode used for blue
light, UV, and white (color-mixing) light LEDs; it allows high output power with small
physical volume. When electricity is passed through GaN-based LEDs, the devices emit
visible light. Generally, the emitted light is monochromatic and the advantages of the device

include: low power requirement, high efficiency, and long lifetime.



1.2 Characteristics of Gallium Nitride (GaN)

GaN is a direct and wide band-gap semiconductor commonly used in bright light-emitting
diodes since the 1990s. The compound is a very hard material that has a Wurtzite crystal
structure. Its wide band gap (3.4eV) affords it special properties for applications in
optoelectronics, high-power and high-frequency devices. For example, GaN is the substrate
which makes violet (405 nm) laser diodes possible, without use of nonlinear optical
frequency-doubling. Due to low sensitivity to ionizing radiation (like other group 11 nitrides),
it is a suitable material for fabricating solar cell arrays for satellites. Moreover, GaN
transistors can operate at hotter temperatures.and work.at much higher voltages than gallium
arsenide (GaAs) transistors, they make ideal power amplifiers at microwave frequencies.

GaN is a mechanically stable material with large heat capacity. In its pure form it resists
cracking and can be deposited in thin film on sapphire or silicon carbide, despite the
mismatch in their lattice constants. GaN can be doped with silicon (Si) or with oxygen to
n-type and with magnesium (Mg) to p-type; however, the doping atoms change the way the
GaN crystals grow, introducing tensile stresses and making them brittle. GaN compounds also
tend to have a high spatial defect frequency, on the order of a hundred million to ten billion
defects per square centimeter.

High crystalline quality GaN has led to the commercialization of high-performance blue

LEDs and long-lifetime violet-laser diodes, and to the development of GaN-based devices



such as UV detectors and high-speed field-effect transistors.

1.3 Motivation

Even though great progress has been made in the past few years, the GaN-based LED is
still not as cost-effective as the traditional light source. One of the key issues is the low ouput
power efficiency caused by defects or other problems during the epitaxial growth. In order to
improve device performance, researchers are actively investigating various approaches. The
overall performance of a LED can be decided by internal quantum efficiency and light
extraction efficiency. The devices are often epitaxially grown on foreign substrates such as
sapphire or silicon carbide (SiC) because a large-size commercial grade native substrate is
still not available at a low cost. The as grown GaN .epilayer has high threading dislocation
(TD) density typically in the range ‘of 108~10*® cm™ owing to the mismatches in lattice
constants and thermal expansion coefficients between GaN and sapphire. These defects are
nonradiative recombination centers and are detrimental to optoelectronic device performance.
For this reason, the reduction of TD is of great importance for the development of GaN based
devices.

There are several epitaxial growth methods to improve crystal quality. A very commonly
used one is the epitaxial lateral overgrowth technique (ELOG).[10,11] Strips of SiO, mask

along specific crystal direction are deposited on GaN surface, followed by epitaxial growth.



The growth starts from the window regions and grows vertically as well as laterally to cover

the SiO, strips until obtaining planar surface over whole wafer. The lateral growth above

mask area bends the propagation direction of threading dislocation and results in significantly

lower defect density. The defect density is, however, still high at window regions and

coalescent boundaries. Another approach is to use patterned sapphire substrate for epitaxial

growth,[12,13] but the reduction in TD defect density is often not as effective as ELOG

method. Other methods use in situ SiNy or ex situ TiNy porous insertion layers,[14,15] where

GaN nucleates from the pores of the inserted layer and lateral overgrowth on top of it.

Recently, defect reduction methods using. defect selective etching followed by metalorganic

chemical vapor deposition (MOCVD)[16] or hydride vapor phase epitaxy[17] regrowth have

also been reported.

In previous letter, Lo et al.[18] demonstrate a TD reduction method by self-aligned defect

selective passivation (DSP) without the need of photolithography and use it to fabricate a high

efficiency light emitting diodes (LED). The defect selective passivation is done by defect

selective etching, SiO, passivation at etch pits, and epitaxial over growth.

However, this technique requires complicated processes and expensive equipment such as

depositing the SiO, thin film by PECVD and removing the SiO; film on GaN surface by

chemical mechanical polishing. In this study, we demonstrate the use of silica nanospheres as

a mask to block the propagation of TDs in GaN epitaxial layer growth. The process of



selective defect passivation by self-assembled silica nanospheres was performed through a

simple spin-coating method and without photolithography patterning steps or expensive

equipment. The proposed method has good potential to reduce the density of threading

dislocations by blocking the propagation of TDs.
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Chapter 2 Theories
2.1 The physical mechanisms for light emitting diodes
2.1.1 Internal quantum efficiency & Non-radiative recombination center

For the double heterostructure active region, the injected current provides a generation
processes as well as carrier leakage provides recombination term. The process of a certain
steady-state carrier density in the active region could be compared to that a reservoir analogy,
which is being simultaneously filled and drained, as shown in Fig.2.1. In Fig.2.1, there are
n, = (eLV) electrons per second per unit volume being injected into the active region. The 7,
is the fraction of terminal current that generates carriers in the active region and V is the
volume of active region.

Thus, the rate equation is determined as

dn-—

E_Ggen_Rre (2'1)

where Ggen is the rate of injected electrons and Rrec is the rate of recombining electrons
per unit volume in the active region. The recombination process is accompanied with
spontaneous emission rate Rsp, nonradiative recombination rate Rnr, and carrier leakage rate
RI, as depicted in Fig. 2.1. Carrier leakage rate, R, is occurred when the transverse or lateral
potential barriers are not sufficiently high. Thus, total recombination rate is expressed as

below

Rrec =R, + R, + R, (2-2)



It is common to describe the natural decay processes by a carrier lifetime, 1. In the absence

of photon generation term, the rate equation for carrier density is,

an_ E,whereE =R, +R, +R, (2-3)
dt ¢ T P

The carrier rate equation in the equivalent be expressed as

dn I n
— =Ggen—Rrec = (—) —— 2-4
pralSlt )7 (2-4)

The spontaneous photon generation rate per unit volume is exactly equal to the spontaneous
electron recombination rate, Rsp, since by definition every time an electron-hole pair
recombines radiatively, a photon is generated. Under steady-state conditions, (dn/dt =0), the
generation rate equals the recombination rate,

E)=D_R 4R +R (2-5)
eV r sp nr |

The spontaneously generated. optical power, Psp, is obtained by multiplying the number of
photons generated per unit time per unit volume, Rsp, by the energy per photon, hv, and the
volume of the active region V. Then

P —hvxVxR, = i 2-6
sp T VXV X sp_ninr? (')

where the radiative efficiency, 7, , is defined as

Rsp

= 2-7
Rsp +R, +R, (2-7)

nr
Usually, the 7, depends on the carrier density and the product of 7iz, is the internal

efficiency, 7,,. Thus according to Eq (2-6), the internal quantum efficiency is defined as:

_ Psp/(hv) _ ]
int |/e — il (2 8)

9



Internal quantum efficiency:

(the number of photons emitted from active region per seond) (2-9)
(the number of electrons injected ind LED per seond)

IQE =

Thus the internal quantum efficiency is related to 7, , the fraction of terminal current that
generates carriers in the active region, and to 7, ,the fraction of rates between radiative
recombination to total carrier’ recombination. According to Eq (2-8), we can enhance the
internal quantum efficiency of LEDs by either increasing radiative recombination rate, R, or
decreasing nonradiative recombination rate, Ry, and carrier leakage rate, R;.

The possible recombinant paths of injected electrons and holes are shown in Fig. 2.2.
Typically, material defect — including defects that extend over some distance of the material
such as threading dislocation and more localized point defects such as vacancies and
impurities — act as centers of nonradiaive recombination. Thus the overall goal in this stage is
to enhance the radiative recombination‘rate and suppress the nonradiaive recombination rate.
Therefore, significantly improvements of grown-layers quality associating with appropriate

design of LEDs structure is the main thought to improve the internal quantum efficiency.

2.1.2 The limits of light extraction efficiency
A cross section schematic diagram of typical LED structures is shown in Fig. 2.3(a). The
most serious problem with rectangular cubic may be that the photons generated at a point in

10



the active region will be trapped inside the GaN and sapphire region as shown in Fig. 2.3(b),
due to the continued total internal reflections off the chip wall as illustrated in Fig. 2.4.
Assume that the angle of incidence in the semiconductor at the semiconductor-air interface is
given by 0;. Then the angle of incidence of the refracted ray, 0,, can be derived from Snell’s
law

n,sing, =n,siné, (2-10)
Where, ns and na are the refractive indices of semiconductor and air, respectively. The critical

angel 6. for total internal reflection is obtained using 6,=90°, using Snell’s law, one obtains.

sing, = (ﬁJsin 90°,6, =s i ﬁl(n—aj (2-11)
n n

S S

The angle of total internal.reflection defines the light-escape cone as shown in Fig. 2.5.
Light emitted into the cone can escape from the semiconductor, whereas light emitted outside
the cone is suffered from total internal reflection. The surface area of the escape cone is given
by the integral

Area = [dA= [" 27rsing,d6 = 2ar* (1-cos 6,) (2-12)

Assume that light is emitted from a point-like source in the semiconductor with a total

power of Psource. Then the power that can escape from the semiconductor is given by

2 f—
P _p 2ar- (1 czzosec)
Anx

escape source

(2-13)

Where 4xr? is the entire surface area of the sphere with radius r. The calculation indicates that

only a refraction of the light emitted inside a semiconductor can escape from the
11



semiconductor. This fraction is given by

Pescap:ezmz(l_cogc)
P Anr?

source

New = (2-14)

Expanding Eq. (2-14) into power series and neglecting higher than second-order term yields

2
Mext :llzl_(l_ ; J} :19‘72 zln—a!na =Lng =nNg, =2.45 (2-15)
n

2 2 4
According to Eq. (2-15), only a few percent (~4%) of the light generated in the semiconductor

can escape from a planar LED.

2.2 Key issues for realizing high efficiency LEDs
2.2.1 Quality issues of GaN epitaxial layers

The GaN-baced material-and devices are often epitaxially grown on foreign substrate,
such as silicon, silicon carbon (SiC).or sapphire. These substrates must be used because
wafers of GaN are very expensive and not easily accessible like other common
semiconductors. The nucleation layer, a layer grown at lower temperature, is used to initiate
oriented growth on the substrate, followed by epitaxial growth on this layer at higher
temperature. The as grown GaN epitaxial layer has high threading dislocation density (TDD)

"1%m™ due to the mismatched in lattice constants (16%) and

typically in the range of 10
thermal expansion coefficients (39%) between GaN and sapphire, resulting in defect-mediated

nonradiative recombination of electron-hole pairs and reduced mobility because of carriers

trapped by the center of defect. These threading dislocation densities need to be drastically
12



reduced because dislocations quench light emission of LEDs. These dislocation defects can be
reduced by substrate patterning technique such as epitaxial lateral overgrowth (ELOG) [1], or
pattern sapphire substrate [2], above approaches depend on spatial filtering, terminating, and
turning of threading dislocation, so they do not reach the active region of active region. In this
thesis, we report the defect passivation model to effectively block threading dislocation from
the substrate to the active region. In particular, defect selective passivation structure not only
block the propagation of threading dislocation but also can act as light scattering sites to
improve LEDs light extraction efficiency, similar to the use of patterned GaN/sapphire

interface to reduce light trapped by total internal reflection.

2.2.2 Light extraction of GaN,LEDs

Limitations in light extraction come from total internal reflection at interfaces and light
absorption within the device or in the packaging. The generation of light in active region of an
LED is most captured with GaN and sapphire by the guided modes. It is due to the high
contrast refractive index at the GaN(n=2.45)/air(n=1) and GaN/sapphire(n=1.78) interfaces,
resulting in total internal reflection that traps light in the high refractive index and in sapphire
substrate. To improve the light extraction efficiency, there are several methods reported, such

as patterned sapphire substrates, surface texturing, and air-void formation by nano-patterning.

13



2.3 Wet etching
2.3.1 Defect properties on GaN surface

Successful fabrication of GaN-based devices depends on the ability to grow epilayer on
substrates such as sapphire or silicon carbide, with a low density of defects.[3,4] A high
density (10°~10" cm®) of threading dislocations results from the lattice constant and
thermal expansion coefficient mismatch in the nitride film.[5-7] We knew that these defects
have influence on both the electrical and optical properties of the material.[8,9] Therefore, the
availability of reliable and quick methods to investigate the defects and dislocations in GaN is
of great interest.

Wet-chemical etching is a cammonly used technique for surface defect investigation due to
its advantage of low cost and“simple experimental procedure. Hot phosphoric acid (H3PO,)
and molten potassium hydroxide (KOH) have been shown to etch pits at defect sites on the
c-plane of GaN.[10-13] The following segments was presented by P. Visconti and co-workers.
Kozawa et al.[10] found etch pits tentatively ascribed to dislocations using molten KOH to
etch metalorganic chemical-vapor deposition (MOCVD) GaN samples. However, the etch-pit
density (EPD) was 2x10° cm’, while the dislocation density found by transmission electron
microscopy (TEM) was 2x10° cm? Hong and co-workers[11,12] related the
hexagonal-shaped etch pits formed by H3PO,4 etching on MOCVD GaN samples to nanopipes
(open-core screw dislocations). EPD is hundreds or thousands times lower than the

14



dislocation density evaluated by TEM. Lu[13] investigated etch pits formed on MOCVD GaN
samples by molten KOH etching. By atomic-force microscopy (AFM) and TEM analyses,
they attributed the origin of etch pits. Besides, the origin of etch pits is still controversial and
the obtained EPD (in the range 4x10°~1x10® cm™) is lower than the dislocation density
(10°~10'° cm™) found by TEM. The etch pits size varies even in the same sample. The shapes
of etch pits are well correlated with types of defects, and the etch pits density (EPD) may
correspond to the density of defects. However, for GaN, the density, types, and distribution of
defects vary significantly due to growth-related conditions, which makes it difficult to reach
an agreement about the origin .0f the etch. pits; and it can be even more difficult for test

techniques.

2.3.2 Etching process in molten KOH

The discrepancy of etching characteristics in Ga-face (+c GaN, Ga-polarity) and N-face (-c
GaN, N-polarity) has been specifically investigated as illustrated in Fig. 2.6. Some reports
showed that gallium nitride could be etched in the aqueous sodium hydroxide (NaOH)
solution but etching ceased when the formation of an insoluble coating of presumably gallium
hydroxide (Ga(OH)s) [14,15]. For further etching, it would need removing of the coating by
continual jet action. Various aqueous acid and base solutions have been tested for etching of
GaN were list in Table 2.1 [16-18]. The undetermined etch rate (nm/min) was because it
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various from sample to sample and differences in the defect density. According to the research
reports in recent years; the common cognition related to gallium nitride etching process was
that the most of gallium nitride could be etched rapidly in N-face. The reason for the
face-dependent gallium nitride etching process has been studied by Li et al., who utilized the
X-ray photoelectron spectroscopy (XPS) to examine the surface chemistries before and after
etching process in aqueous KOH solutions for both Ga- and N-face gallium nitride. The
conclusion is that the different etching results in Ga- and N-face gallium nitride crystals are
due to the different states of surface bonding. Besides, the most important is the etching
process only dependent on the polarities; not.on the surface morphology, growth condition
and which atoms form the surface termination layer. The GaN chemical etching reaction with
KOH could be described as the following formula [19]:

2GaN +3H,0—* _,Ga,0, + 2NH, (2-11)
Here, the molten KOH act as a catalyst and a solvent for the resulting Ga203 (Fig. 2.7 (d)) as
well. The mechanism about etching N-face gallium nitride substrate was illustrated in Fig. 2.7.
The hydroxide ions (OH") were first absorbed on the gallium nitride surface (Fig. 2.7 (b)) and
finally react with Ga atoms once the OH" ions with sufficient kinetic energy as shown in the
Fig. 2.7 (c). The etching could be started at step (c) if the surface was Ga-terminated. The
inertness of Ga-face GaN was ascribed to the hydroxide ions would be repelled by the
negatively-charged triple dangling bonds of nitrogen near the surface. Thus, if the Ga-face
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GaN was Ga-terminated, the etching process stops after the first gallium atom layer was

removed. In contrast, for the N-face GaN, every nitrogen atom bears a single dangling bond to

prevent the hydroxide ions attacking from Ga atoms.

Table. 2.1 Various chemicals etch GaN.[20]

Temperature  Etch rate  Eiching planes

Chemical ("C) {pm/min) observed

Acetic acid (CH;COOH) 30 < 0.001 None
Hydrochloric acid (HCI) 50 = 0.001 None
Mitric actd (HNO5) 81 <20.001 MNone
Phosphoric acid (H3POy) 108-195 0.013-3.2 [1012},{1013}
Sulphuric acid (H;50) 93 =2 (0.001 MNone
Potassium hydroxide (KOH),  150-247 0.003-2.3 [10f0}41011}

molten
50% KOH in H,O 83 < 0.001 None
10%-50% KOH in ethylene  90-182 0.0015-1.3 11010}

glycol
{CH,0HCH,OH)
50% NaOH in H;0 100 < 0.001 None
20% MNaOH in ethylene glycol 178 0.67-1.0  None
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Fig. 2.1 Schematic analogy carriers injected into active regions and depletion through
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Fig. 2.2 Radiative and non-radiative recombination in active region. [21]
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Fig. 2.4 Total internal reflection in GaN-based LED. [21]
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Fig. 2.6 Illustration of different polarity, (a) Ga-face (+¢c GaN, GaN polarity ), (b) N-face (-c
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terminated layer with one negatively charged dangling bond on each nitrogen atom; (b)
absorption of hydroxide ions; formation of oxides; (d) dissolving the oxides. [23]
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Chapter 3
3.1 Scanning electron microscopy (SEM)

The scanning electron microscope is built of the following parts:
(i)  The electron gun
(i)  The system of three-stage electromagnetic lens is used to demagnify (focus, condense)
the electron beam diameter to 5~10 nm at the specimen.
(ili)  Detectors may detect electrons, X-ray or cathodo-luminescent (CL) light.
(iv)  The microscope column is evacuated to 107 torr.
Fig. 3.1 shows that schematic diagram of a scanning.electron microscope (SEM). Two pairs of
deflection coils are shown in the SEM- column. This double deflection allows the scanning
beam to pass through the final-aperture. Four pairs are actually used, for double deflection in x

and y directions.

Electron gun ——)

L~ Electron heam

First condensor lens—

7z Ij\//
Second condensor Iens—;x></lEj‘ D/

Deflection coils

—1 X-ray detector

Objective lens

EX
I

Backscatter | ra—

electron detector

Sample —4%
| Secondary

Vacuum pump electron detector

Fig. 3.1 Schematic diagram of a scanning electron microscope (SEM).[1]
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SEM is a technique which forms an image of microscopic region of the specimen surface.
An electron beam from 5~10 nm in diameter is scanned across the specimen. The interaction
of the electron beam with the specimen produces a series of phenomena such as:

(i) backscattering of electrons of high energy
(i) secondary electrons of low energy

(iii) absorption of electrons

(iv) X - ray

(v) visible light (cathodoluminescence, CL)

Fig. 3.2 indicates that any of these signals can be continuously monitored by detectors.

Frimary electron
beam

Transmutted | L/
elactrons

o =
gl
-
S
Zn
o

Fig. 3.2 Information that can be generated in the SEM by an electron beam striking the
sample.[2]
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3.2 Cathodoluminescent spectroscopy (CL)

Cathodoluminescence (CL) is a SEM-based technique that can be used for analyzing the
characteristic of semiconductor materials and devices. CL is the emission of light as the result
of electron or “cathode-ray” bombardment. SEM-based and CL can provide information on
the concentration and distribution of luminescent centers, distribution and density of
electrically active defects, and electrical properties including minority carrier diffusion

lengths and lifetimes.

Fig. 3.3 JSM-7000F SEM and CL System.
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3.3 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very
high-resolution type of scanning probe microscopy (SPM) instead of optical imaging one. In
1986, the AFM was invented by Gerd Binnig, Christoph Gerber, and Calvin F. Quate. The
AFM is one of the foremost tools for imaging, measuring, and manipulating matter at
the nanoscale. A very tiny, pyramidal probe is attached on the cantilever. The tip must be very
tiny (single atom size) with sharp angle for large-area scan.

The AFM utilizes a sharp probe moving over the surface of a sample in a raster scan. When
the probe is approaching sample surface, attractive (van der Waals force) or repulsive force
(Coulomb repulsion) between-tip and sample is formed and detected. Forces between the tip
and the sample lead to a deflection of the cantilever according to Hooke's law. The interaction
force causes cantilever to shift along z-axis and thus the topology of sample is obtained. The
small probe-sample separation (on the order of the instrument’s resolution) makes it possible
to take measurements over a small area. To acquire an image the microscope-scans the probe
over the sample while measuring the local property in question. The resulting image
resembles an image on a screen in that both consist of many rows or lines of information
placed on above the other. Unlike the traditional microscopes, scanned probe system do not
use lenses, so the size of the probe rather than diffraction effect generally limits their
resolution.

28



Followings are the operating mode of AFM, shown as the Figs. 3.4[(a)-(c)]:

1. Contact mode: The Interaction mainly comes from repulsive force between tip and sample.
It is easy to obtain atomic-scale resolution, but easy to damage surface of sample.

2. Non-contact mode: The Interaction mainly comes from van der Waals force between tip
and sample. The tip never touches sample surface; resolution is lower (~50 nm). The
surface of samples is preserved.

3. Tapping mode: The tip touches the surface of samples periodically. The resolution could

be as high as contact-mode. The surface of samples could be damaged sometimes.
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Figures. 3.4[(a)-(c)] Operating mode of AFM (a) contact mode, (b) non-contact mode, (c)
tapping mode.[2]
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3.4 Micro photoluminescence spectroscopy (u-PL)

Photoluminescence (PL) spectroscopy has been used as a measurement method to detect
the optical properties of the materials because of its nondestructive characteristics. PL is the
emission of light from the material under optical excitation. Reducing the laser beam spot size
to micrometer by beam expanders and objective lens is the so-called p-PL. Fig 3.5 illustrates
the photoluminescence process. The laser light source used to excite carriers should have
large energy band gap than the semiconductors. When the laser light absorbed within the
semiconductors, it should excite the carriers from the valence band to the conduction band.
Then, is produces the electrons.in the conduction band and the holes in the valance band.
When the electron in an excited state returns to the initial state, it will emit a photon whose
energy is equal to energy difference between the excited state return and the initial state,

therefore, we can observe the emission wavelength peak from PL spectrum.
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Fig. 3.5 Interband transitions in photoluminescence system.[3]
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3.5 Electroluminescence spectroscopy (EL)

Electroluminescence (EL) is an optical and electrical phenomenon in which a material
emits light in response to an electric current passed through it, or to a strong electric field
across the material. This is different from light emission resulted from chemical reaction
(chemiluminescence), or other mechanical action (mechanoluminescence).

Electroluminescence is the result of radiative recombination of electrons and holes in the
material such as semiconductor. The excited electrons release their energy as photons — light.
Prior to recombination electrons and holes are separated either as a result of doping of the
material to form a p-n junction such as LED, or-through excitation by impact of high energy
electrons accelerated by a strong electric field (as with the phosphors in electroluminescent

displays).
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Chapter 4 Result and discussion
4.1 Fabricate LED on the GaN epilayer of defect selective passivation

Figs. 4.1[(a)-(d)] shows the previous process flow of defect selective passivation. In Fig.
4.1(a), the molten KOH or hot H;PQO, selectively etch defect sites and form hexagonal pits on
GaN surface. To block the propagation of threading dislocation, a 500nm SiO, film was
deposited on the GaN in Fig. 4.1(b) Then, the SiO, thin film on the flat surface is removed by
chemical mechanical polishing (CMP). Meanwhile, the SiO, in the defect pits still remain
untouched as shown in Fig. 4.1(c). The exposed GaN flat surface provides the seed layer for
epitaxial regrowth, which grows in-both vertical-and lateral direction to cover over the SiO;
passivated pits as shown in Fig. 4.1(d).

The previous process of DSP method is complex and expensive equipment. In this thesis,
we do something different from previous process. Figs. 4.2[(a)-(c)] show the schematic of the
simplified process. First, the GaN wafers with native pits (NPs) are chosen shown as Fig.
4.2(a). Then we use the SiO, nanospheres as mask to block defect pits in GaN epitaxial
growth. The process of defect selective blocking by self-assembled silica nanospheres
performed through the spin coating method without expensive setup.

The LED structure with 2um Si-doped n-GaN, 12pairs of InGaN/GaN multi-quantum
wells(MQWs), and 30nm Mg doped p-GaN were grown on the template. The QW emission
wavelength is at 440nm. A LED without DSP process, a LED coated 40nm silica nanospheres
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on GaN defect pits, and a LED coated 100nm silica nanospheres on GaN pits denoted as

sample A, B, C, respectively.

4.2 Analysis of defect selective passivation process

Wet chemical etching is commonly used for estimating defects density and defect types. In
order to reveal the etched pits from dislocation in GaN and look for any consistency among
the various chemical etches, we have used hot H3PO, and molten KOH as defect etchants in
GaN, which produce hexagonal-shaped etch pits. By varying the time and temperature, the
etching process produces a pitted surface. that clearly reveals the size and density of the pits
that we need to know. Fig. 4.3-shows that the properties of etch pits depend upon the solution
temperature and etched time. \When immersing specimen in solution at long time and high
temperature, there are often several pits clustered together. Moreover, chemicals overetch the
GaN plate.

Surface morphology of samples was characterized by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The SEM image of the GaN sample etched by H3PO,
for 2 min at 240 °C is shown in Fig. 4.4[(a),(b)]. The etch pits, with a density of about
9.58x10° cm™, are of hexagonal shape and their size ranges from 1.50 to 1.88um in diameter.
Etch pits might be related with threading screw dislocations or nanopipes (open core
dislocations)[1,2].
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Figure 4.5[(a),(b)] shows that the surface morphology of the GaN sample grown by the
same run immersed in molten KOH for 2min30sec at 300°C. The size of the etch pits is about
1um, and the density of etched pits is 10° cm™. The EPD of the sample etched by KOH is ten
times higher than that found for the H3PO4-etched sample. Three different shapes of the etch
pits were identified with three types of defects originated from screw-, edge-, and mixed-type
TDs, respectively. It has been realized that dislocation etch pits etched by molten KOH to
identify the origin and mechanism of etch pits in GaN layer[3].

Fig. 4.6(a) indicates that the the defect pits density of GaN with native pits is

approximately 10°~10° cm™. Then the Fig. 4.3(b) shows that a pit is filled with nanospheres.

—Si0
EPSSL ] (m“ EPs i ’
“—TD “~TD

Sapphire Sapphire
(a) (b)
S0
— EPs._,
~EP3 7 L
I*—TD | «—TDs
Sapphire Sapphire

(c) (d)

Figs. 4.1[(a)-(d)] Schematic diagrams of defect selective passivation process.

36



;Si0; nanospheres

NPSJ‘ m NPs l NPs L
“—TD T «—TDs

Sapphire Sapphire Sapphire

(a) (b) ()

Figs. 4.2[(a)-(c)] Schematic diagrams of simplified defect selective passivation process
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Fig. 4.3 Optical microscopy image of GaN surface etched at varied time and temperature.
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Fig. 4.4 SEM image of GaN surface etched by H;PO,4. Low (a) and high (b) magnification
images.
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Fig. 45 SEM image of GaN surface etch molten KOH. Low (a) and high (b)
magnification images.
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Figs. 4.6[(a),(b)] SEM image of GaN surface spin-coated nanospheres. Low (a) and high (b)
magnification images.
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4.3 Analysis of DSP-LED performance
4.3.1 Optical properties analysis of LED grown on DSP epilayer

Photoluminescence(PL)

A LED without DSP process, a LED coated 40nm silica nanospheres on GaN defect pits,
and a LED coated 100nm silica nanospheres on GaN pits denoted as sample A, B, C,
respectively. The LED structure with 2um n-GaN, 12pairs of InGaN/GaN multi-quantum
wells(MQWs), and 30nm p-GaN were grown on the template. The room temperature
photoluminescence spectra at 10mW pumping power are shown as Fig. 4.7. The MQWs
emission wavelength ranges about at 440nm. The intensity of sample B and C are two or three
times than that of sample A. From the result, we think that the crystal quality of GaN epilayer

grown with DSP process has been effectively improved.

—a— Reference

40000 - —e— 40nm
—A— 100nm

PL Intensit

400 420 440 460 480 500

Wavelength (nm)

Fig. 4.7 Photoluminescence spectrum
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Cathodoluminescent (CL)

The optical characteristic is investigated by SEM cross section and cathodoluminescent
images as shown in Figs. 4.8[(a)-(f)]. These images are taken by simply switching detection
mode from scattering electron detection to cathodoluminescent detection under the same
magnification condition and thus have one to one location correspondence. Comparing to the
cross section CL image of different samples, A, B and C, respectively, the DSP methed
minimizes the propagation of threading dislocations.

CL plane-view images as observed in Figs. 4.9[(a)-(c)]. The dark spots are corresponding
with dislocations. We estimate the density of dark points on different samples, 8.24x10" cm™
at sample A, 5.24x10° cm™ at-sample B and 2.94%10° cm™ at sample C. It clearly reveals that
the nanospheres effectively block the propagation of threading dislocations but also reduce
the density of defect pits. The threading dislocation defects are the strong non-radiative
recombination centers[4]. The significant increase in CL intensity demonstrates that the loss
of excited carriers due to non-radiative recombination is greatly reduced in the defect

passivated layer as a result of reduction in TD density.

4.3.2 Electrical properties analysis of LED grown on DSP epilayer
LED chips with size of 300x300 pm? were fabricated from the defect selective passivation
epi-wafer. The electrical characteristics are compared with a reference-LED going through the
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same fabrication process except for the defect passivation structure. The light-current (L-I)

and voltage-current (V-I) curves of LEDs are shown in Fig. 4.11. Furthermore, the optical

power was collected by an integrating sphere to make sure that radiation in all directions was

collected. The L-I curve in Fig. 4.11 indicates that the optical output power of DSP-LEDs are

much higher than that of reference-LED. The silica masks not only block the propagation of

threading dislocation but also act as light scattering sites which reduce light trapped by total

internal refection (TIR) to enhance light extraction efficiency. Between the reference-LED

and DSP-LED passivated by 40nm SiO; nanospheres, the output power of DSP LED exhibits

46%, 39%, 25% and 18% enhancement at 50mA, 100mA, 150mA and 200mA, respectively.

Meanwhile, the output power-exhibits 45%, 38%, 25% and 17% enhancement at respectively

50mA, 100mA, 150mA and_200mA, when comparing reference-LED and DSP-LED

passivated by 100nm SiO, nanospheres.

Fig. 4.12 shows the reverse voltage versus current characteristics of DSP-LEDs and

ref-LED. The leakages come from the non-radiative recombination of screw type dislocations.

As observed in Fig. 4.12, we believe that the defect passivation process does not introduce

more screw defects[5]. As the above mentioned, the defect selective passivation method can

reduce threading dislocations and improve GaN epilayer quality.
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Figs. 4.8[(a)-(f)] [(a)-(c)] SEM and [(d)-(f)] CL cross section image of the defect selective
passivatied epi-wafer under the same magnification.

42



CL 10.0kV  X3,500 1pm_ WD 14.3mm

: %
-
-
* ®
.
® ~
- -
- -
+ -
B
*
.
*
-
-
= —
NCTU CL 100kV  X3,500 1pm WD 14.3mm
(b) Sample B
-
B
¥
£
NCTU CL 100kV  X3,500 1um— WD 14.2mm

(c) Sample C
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Fig. 4.11 L-I and V-I curve of DSP-LEDs and ref-LED.
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Chapter 5 Conclusion & Future work

In summary, we successfully simplify the process of defect selective passivation technique
by choosing the GaN wafer with native pits and spin-coating silica nanospheres on GaN
surface. This technique can effectively not only block the propagation of threading
dislocations but also improve the crystal quality of GaN epilayer. Eventually, we use the GaN
epilayer dealt with defect selective passivation technique to fabricate high efficient LED.

There are some further studies listed in the following:

1. Exploring additional chemical solution that is complementary to KOH in defect selective
etching to increase the coverage rate of defect selective passivation. Same passivation
process needs to be investigated before sending the  wafer back to MOCVD for GaN
epitaxial growth.

2. To measure the beam profile of LED at the operating current is the other further work. Try

to change the size of nanospheres if the divergent angle of the LED is identified.
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