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Frontispiece
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A single I1I-nitride colour-tunable micro-light emitting diode. The bottom bar is
the calculated (see later) emission colour at different operating currents. Repre-
sentative optical images of the device operated at 0.1, 1, 10, 90 mA (from left to
right), respectively, are displayed.

[TI-nitride 405 nm microstructured-image light emitting diode displaying the logos
of Institute of Photonics (left) and University of Strathclyde (right).



Abstract

The research work presented in this thesis focuses on the mechanisms and de-
velopment of novel III-nitride microstructured light emitting diodes (LEDs). In
particular, we focus on micro-sized LEDs (‘u-LEDs’) and LEDs containing micro-

scale emission images i.e. ‘microstructured-image LEDs’.

[II-nitride pu-LEDs, which are devices with dimensions less than 100 pm, show im-
proved device performance and novel potential applications compared with broad-
area LEDs. The internal electric field in III-nitride materials, which is mainly
caused by the strain due to lattice mismatch with the substrate, is a serious issue
for III-nitride LEDs. As the strain can be relaxed in micro-scale structures, the
performance of u-LEDs can be improved. In this work, we have investigated the
strain relaxation process in IIl-nitride micro-pillars as a function of pillar diame-
ter by high-spatial-resolution cathodoluminescence. The results of this study give
a guideline for further design of p-LEDs with high efficiency. The internal elec-
tric field can also be screened by injection of carriers, leading to a blue-shift of
the emission wavelength for III-nitride LEDs. Due to the high operating current
density that p-LEDs can sustain, the magnitude of this blue-shift is remarkably
increased for p-LEDs. Based on this characteristic, colour-tunable pu-LEDs have
been demonstrated in this work, which offers a simple way to achieve multi-colour
displays. In order to further improve the performance of u-LEDs, we have also
developed Pd-based contacts to p-type GaN and investigated the current-density
dependent specific contact resistivity. At high current densities, the u-LEDs with
optimized Pd-based contacts have better electrical performance compared with de-
vices using oxidized Ni/Au contacts. The optimized Pd-based contact also leads

to improved optical power for blue LEDs in flip-chip configurations.

[TI-nitride microstructured-image LEDs are devices in which micro-scale emission
patterns are created in single LEDs. These devices offer a simple approach to the
display of high-resolution images. CHFj3 plasma treatment is a novel technique
used for the fabrication of these devices. This plasma treatment can locally mod-
ify the electrical properties of p-type GaN and define the emission image. An

application of these devices for maskless image writing is demonstrated.
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Chapter 1

Introduction

This thesis focuses on the mechanism and development of novel III-nitride mi-
crostructured light emitting diodes (LEDs). As such, the first chapter presented
here functions as a general introduction to LEDs especially for those fabricated
from III-nitride materials. The motivations of the work presented in the thesis are
also introduced in this chapter. In section 1.1, the historical development and fur-
ther prospects of LEDs are summarized. The basic working principles of LEDs are
described in section 1.2. Section 1.3 focuses on the I1I-nitride materials and related
growth processes, which provides the basic background for III-nitride LEDs. The
[TI-nitride LEDs are introduced in section 1.4. Besides the general properties of
[II-nitride LEDs, two formats of devices, micro-LEDs and novel microstructured-
image LEDs, are specifically introduced in subsections 1.4.1 and 1.4.2, respectively.

Finally, an outline of this thesis is given in section 1.5.

1.1 Development of light emitting diodes

The light emitting diode (LED) is a semiconductor electroluminescent light source.
It is considered that the first LED was invented by the British experimenter H. J.
Round in 1907 using a crystal-metal-point-contact structure fabricated from SiC
[1]. A yellow light was thus produced when a SiC crystal was touched by a metal
electrode. In 1928, a detailed investigation of the luminescence phenomenon of
the first LED was reported [2]. It was proven that the light emitted from the
device is not generated by the black-body light emission resulting from heat glow

(incandescence) but in response to the passage of an electric current or to an

1
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electric field. The phenomenon where a material emits light when electricity is

passed through it is called electroluminescence.

The SiC and II-VI semiconductors were well-known materials for LED fabrication
until the 1950’s, when the III-V compound semiconductors were postulated and
demonstrated [3, 4]. These novel man-made III-V compounds attracted great
attention from the mid 1950’s and accelerated the development of LEDs with
different emission wavelengths. The first infrared (IR) (~870 nm) LED based
on GaAs was reported in 1962 [5]. In the same year, the first commercial red
LED based on GaAs;_,P, was offered by General Electric Corporation [6]. The
subscript notations (z, 1 —z) of the material here describe the relative composition
of an alloy, which are adjustable depending on the target emission wavelength.
Then the emission spectra of LEDs were extended from the red to green region
by N-doped GaAsP LEDs [7]. Green LEDs were also achieved by using N-doped
GaP [8].

Along with the development of high-performance red-to-green LEDs, a lot of work
was concentrated on extending the emission spectra of LEDs to blue and ultra-
violet (UV) wavelength regions. IIl-nitride materials were considered as possible
candidates for UV and blue emission. However, due to the low crystal qual-
ity and the inability to produce p-type doping in GaN [9], the development of
ITI-nitride materials was not successful until the late 1980’s. Thus, prior to the
1990’s, the commercial blue LEDs on the market were based on SiC. However, the
best electrical-to-optical power-conversion efficiency of blue SiC LEDs was only
0.03 % [10]. This value is very low and, hence, limited the application of blue
SiC LEDs. The breakthroughs in IIl-nitride materials began from 1986, when the
crystal quality of a GaN film was significantly improved by the incorporation of
an AIN nucleation layer at a low growth temperature before the deposition of the
main GaN film [11]. The incorporation of an AIN or GaN nucleation layer at a
low growth temperature is now a standard process to grow high-quality I1I-nitride
films with a low density of defects. In addition, Mg acceptors in GaN were ac-
tivated by electron-beam irradiation [12] and post-growth annealing [13], which
resulted in p-type GaN being achieved. These breakthroughs opened the door to
the development of high-performance I1I-nitride LEDs [14] and laser diodes (LDs)
[15]. The main work reported in this thesis concerns microstructured LEDs fab-
ricated from IIl-nitride materials. Thus, a detailed introduction of the III-nitride

materials and related LEDs will be given in sections 1.3 and 1.4, respectively.
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In the past twenty years, great effort has been made to improve the performance
of LEDs with different emission wavelengths. T'wo important parameters are used
to evaluate the performance of LEDs: internal quantum efficiency (IQE, or 7;,;)
and external quantum efficiency (EQE, or 7). The IQE is defined as the ratio
of the number of photons emitted by the LED active region to the number of
injected charge carriers. As we will discuss in subsection 1.2.1, the injected charge
carriers recombine either radiatively to emit photons or nonradiatively to release
in form of heat in semiconductors. Thus, the IOE of LEDs can be determined by
the radiative recombination lifetime (7,.) and noradiative recombination lifetime
(Tpr) as [16]:

7_—1

Mint = T :LT;# (1.1)
The EQE refers to the ratio of the number of photons emitted by the LED into
free space to the number of injection charge carriers. So the EQE of LEDs can be

expressed as:

Next = Nint X Nextraction (12)

where the Negiraction 18 light extraction efficiency (LEE). The LEE is thus the ratio
of the number of photons emitted into free space to the number of photons gener-
ated in the LED active region. Nowadays, high-performance LEDs with emission
wavelengths covering the entire visible spectrum have been commercialized. In-
visible UV and IR LEDs are also available on the market. Figure 1.1 shows the
EQE versus emission wavelength for high-performance LEDs based on two I1I-V
material systems, along with the human-eye response [V(A)]. As shown, in the
green-to-yellow emission region, the achieved EQE is relatively low, where the
human eye is the most sensitive. This low EQE in the green-to-yellow emission

region is referred as the ‘green gap’ or ‘green-yellow gap’.

As the high-performance LEDs have become available, different applications of
these devices continued to emerge. Thanks to their low energy consumption, long
lifetime and mechanical robustness, LEDs are attractive in different application
fields. Figure 1.2 shows some examples of various LED applications in our daily
life. Of these applications, the white-light LED lamps used in home and office
lighting are arguably the most important. Compared with conventional lighting
using incandescent and fluorescent lamps, the LED lighting technology is able
to generate white light more efficiently. It is anticipated that the efficiency of
LED-based white-light sources will eventually be, respectively, up to 63 % and

90 % more than that of fluorescent and incandescent sources [18]. Figure 1.3
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FIGURE 1.1: EQE versus emission wavelength for high-performance LEDs
based on III-nitride and III-phosphide materials. After [17].

shows a comparison of the luminous efficacy of conventional light sources with
that expected for LED lighting technology in the near future. Here, the luminous
efficacy is the conversion efficiency from optical power to luminous flux, which is
measured in the unit of Im/W. The lumen (Im) is the unit of luminous flux which
represents the power as perceived by the human eye. Furthermore, the low energy
consumption and long lifetime are additional advantages for the LED lighting
technology. All of these advantages will lead to huge economic and environmental
benefits when the white-light LED lamps replace the fluorescent and incandescent

ones in coming years.

FIGURE 1.2: Typical applications of LEDs in our daily life: (a) Osram 100 W
white-light LED lamp; (b) LED-based traffic light; (¢) LED headlights in the
Audi A8; (d) Samsung ES9000 LED back-lit television.
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Figure 1.4(a) schematically shows the typical package of a low-power LED. Such
an LED is usually a single chip of area around 300 x 300 pm?. It is bonded to a
metal frame with leads for the anode and cathode via thin gold wires. The epoxy
dome is used to protect the LED and is shaped as a lens to direct the output
light. The refractive index of this epoxy (~1.5) also improves the LEE of the
LEDs. These low-power LEDs are normally used as indicator lights for consumer
electronics. On the other hand, a high-power packaged LED, as shown in Figure
1.4(b), consists of multiple LEDs to increase the total output power. In order to
prevent the LEDs being damaged due to excess heat generated during operation,
an additional thermal heat sink is required. These high-power LEDs are intended

for general illumination used such as in home and office lighting.

Epoxy dome—

Bond wire ——, Lens
LED
Cathode (-) —— LEDs
Bond wire. — - Si submount
Anode / Thermal heat
(+) «~—— Cathode (-) & sink
PC Outer
broad package
(@) (b)

FIGURE 1.4: Schematic packages of (a) low-power and (b) high-power LEDs.
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1.2 Operating principles of light emitting diodes

As mentioned in the last section, LEDs are fabricated from different semiconduc-
tors. Based on solid-state energy band theory, the periodic atomic arrangement
in a semiconductor crystal leads to the energy band structure of a semiconductor
which can be visualized as having a valence band and a conduction band separated
by a bandgap. The bandgap represents the forbidden energy region between the
valence and conduction bands. A semiconductor has two types of free carriers,
namely electrons and holes. Free electrons are located close to the minimum of
the conduction band while the holes are close to the maximum of the valence
band. The recombination of electrons and holes leads to the possible emission of
photons. The value of the bandgap, F,, determines the energy and, hence, the
wavelength () of photons emitted from the semiconductor. This relationship can
be expressed as:

E,=FEc—LEy = % (1.3)
where F¢ is the energy of the conduction band minimum, Fy is the energy of
the valence band maximum, A is Planck’s constant and c is the speed of light in
a vacuum. When the electrons recombine with holes, the excess energy (~E,)
can be released either by the emission of photons or as heat for increasing lattice-
atom vibrations. These two processes correspond to the radiative and nonradiative
recombinations in a semiconductor, which will be discussed in subsection 1.2.1 in

detail.

Intrinsic semiconductors are pure semiconductors without impurity atoms and no
lattice defects in the crystal [19]. For the intrinsic semiconductors, under external
excitation, the number of generated free electrons in the conduction band is equal
to the one of free holes in the valence band. So the intrinsic semiconductors are
neutrally charged and their conductivity is relatively low. In order to modify the
conductivity of semiconductors, some impurities (dopants) can be intentionally
induced into semiconductors. This process is known as doping. In general, the
dopants can be classified as donors and acceptors. A donor can generate a free
electron in the conduction band without generating a hole in the valence band.
Inversely, an acceptor can produce a hole to the valence band without creating
an electron in the conduction band. The semiconductors doped with donors are
so-called n-type semiconductors, in which the electrons are majority carriers while

the holes are minority carriers. On the other hand, the semiconductors doped
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with acceptors are so-called p-type semiconductors. For p-type semiconductors,
the majority carriers are holes and the minority carriers are electrons. The basic
form of an LED is a p-n junction, which is formed at the interface of p-type and
n-type semiconductors. The detailed introduction of the p-n junction will be given

in subsection 1.2.2.

There are two general categories of semiconductors, namely, direct and indirect
bandgap semiconductors. Figure 1.5 shows the simplified band structures of direct
and indirect bandgap semiconductors and related band-to-band electron transition
processes. The band-to-band electron transition process may result in the photon
emission via electron-hole recombination. The horizontal axis in this figure is the
crystal momentum, which is directly proportional to the electron wavenumber k.
The crystal momentum represents the allowed momentum of electrons within the
crystal structure. For direct bandgap semiconductors, as shown in Figure 1.5(a),
the bottom of the conduction band and the top of the valence band coincide in
k-space. Thus, the electron transition may occur directly without a change of
momentum. For indirect bandgap semiconductors, the bottom of the conduction
band does not coincide with the top of the valence band in k-space [Figure 1.5(b)],
which leads to an indirect electron transition. This indirect electron transition
occurs with a change of momentum and, thus, requires the assistance of a lat-
tice vibration (phonon) to conserve momentum. Consequently, the probability of
direct electron transitions is much higher than that of indirect electron transi-
tions. Thus, the efficiency of LEDs fabricated from direct bangap semiconductors
is much higher than that of devices fabricated from indirect bandgap materials.
Thus the indirect bandgap of SiC results in the low efficiency of blue SiC LEDs as
mentioned previously. Besides the material selection, subsection 1.2.3 will discuss

the other concepts and designs to achieve high-efficiency LEDs .
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FIGURE 1.5: Band structures of (a) direct and (b) indirect bandgap semicon-
ductors and related band-to-band electron transition processes. After [20].

1.2.1 Radiative and nonradiative recombination processes

As mentioned above, electrons and holes recombine either radiatively or nonradia-
tively in a semiconductor. The radiative recombination process of electrons and
holes results in the emission of photons. On the other hand, during the nonradia-
tive recombination process, the excess energy of electrons is released in the form of
heat and, thus, is converted to the vibrational energy of lattice atoms. For LEDs,
the radiative recombination process is clearly the preferred one. However, the non-
radiative recombination process cannot be totally eliminated. Figure 1.6 shows the
band diagram illustrating the radiative recombination process and two dominant
nonradiative recombination processes with different physical mechanisms. The

Er; in the figure represents the intrinsic Fermi level for the semiconductor.



Chapter 1.Introduction 9

I
e Electrons e e ee

A EC

Radiative Nonradiative | Nonradiative

recombination | recombination| recombination
--]-"-"-"-"=-""-"7-"~-"~—"—="~""°|/~-~"~"~="~"~"~""|-"~"~"-- Ex

Photon
Er
v l v

Ev

(a) (b) G

FiGure 1.6: Band diagram illustrating electron and hole recombination pro-
cesses: (a) radiative recombination; (b) nonradiative recombination via defect
level; (c) nonradiative recombination via Auger recombination. The vertical axis
represents energy and the horizontal axis is space (for illustrative purposes).

Process (a) in Figure 1.6 illustrates the radiative recombination in a semiconductor.
Clearly, the radiative recombination process depends on the density of available
electrons and holes. Thus, the radiative recombination rate (R,.q) is expected to
be proportional to the product of electron and hole densities (n and p), that is

R,aq < np. By using a proportional factor, the R,..q can be expressed as [16]:
R,.q = Bnp (1.4)

Equation 1.4 is the bimolecular rate equation. The proportionality factor B is the

bimolecular (radiative) recombination coefficient and has the unit of cm3s™1.

For nonradiative recombination, there are several different physical mechanisms.
Processes (b) and (c) in Figure 1.6 represent two dominant nonradiative recombi-
nations in semiconductors, which are caused by crystal defects and Auger recom-
bination respectively. The crystal defects are unavoidable in real semiconductors
and include unwanted foreign atoms, native defects and dislocations. All of these
defects may lead to different energy levels within the bandgap of semiconductors,
represented by the trap level Ep denoted in the process (b) of Figure 1.6. These
energy levels are efficient recombination centres which may result in nonradiative
recombination. Furthermore, these trap-level-assisted recombination centres are

more effective when they are close to the middle of the bandgap [16]. It has been
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found that the recombination rate of trap-level-assisted nonradiative recombina-
tion processes (Ryrqpnr) is strongly dependent on the capture rate of the minority
carriers and minority carrier density in the semiconductor. So Rygpnr can be
expressed similarly to Equation 1.4 but dependent on the doping type of the semi-

conductor. For n-type semiconductors (n > p), the equation can be written as:

Rtrap,nr = App (15)

And for p-type semiconductors (p > n), it is:
Rtrap,nr = Ann (16)

In both equations, the proportionality constant A is the trap-level-assisted non-

radiative recombination coefficient and has the unit of s=1.

Another important
nonradiative recombination mechanism is Auger recombination. The Auger re-
combination process involves three carries. In this process, the resultant energy
(~E,) generated via the electron-hole recombination is transferred to another elec-
tron or hole. This resultant energy is dissipated by the excitation of electrons high
into the conduction band or the excitation of holes deep into the valence band. It
can be found that the Auger nonradiative recombination rate (Raygernr) 1S pro-
portional to the square of the carrier density, since two carriers of the same type

are required. So the Raygern, corresponding to the two Auger processes shown as

process (c) in Figure 1.6 are given as [16]:
RAuger,nr = Cnn2p (17)

and
RAuger,nr = Cpnp2 (18)

where the proportional constant C'is the Auger recombination coefficient and has
the unit of cm~%s~!. The process described by Equation 1.7 is more likely to
happen in n-type semiconductors, while the process described by Equation 1.8 is

dominant in p-type semiconductors.

Based on above introduction to the radiative and nonradiative recombination pro-
cesses in semiconductors, the following subsection will describe how an LED is

designed to realize radiative recombination by the injection of carriers.
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FIGURE 1.7: (a) Simplified geometry of a p-n junction; (b) p-n junction under
zero bias, showing the depletion region; (c¢) band diagram of a p-n junction
under zero bias.

1.2.2 P-n junction

The basic structure of an LED is the p-n junction, as shown in Figure 1.7(a). The
entire p-n junction is a single-crystal material in which one region is of heavily
doped p-type semiconductor and the adjacent region is of heavily doped n-type
semiconductor. If a p-n junction consists of a single material, it is known as a
p-n homojunction. The so-called heterojunction employs two semiconductor ma-
terials with different bandgap energy. In this subsection, the general introduction
of a p-n junction is given based on the p-n homojunction. A discussion of the

heterojunction will be given in the next subsection.

For an unbiased p-n junction, there is a large density gradient for both electrons
and holes. Therefore, the majority carriers (electrons) in the n-type region diffuse
to the p-type region and the majority carriers (holes) in the p-type region diffuse to
the n-type region. This diffusion results in a region which is depleted of any free
carriers around the interface between p-type and n-type semiconductors. This
region is known as the depletion region, as denoted in Figure 1.7(b). In the

depletion region, the free carries are absent and the only charges are from ionized
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FIGURE 1.8: (a) P-n junction under forward-bias conditions; (b) band diagram
of a p-n junction under forward-bias conditions.

dopants, such as positively charged donors in the n-type region and negatively
charged acceptors in the p-type region. These charges produce a potential across
the depletion region, which is known as the diffusion voltage (Vp). The direction
of Vp is opposite to that of electron and hole diffusion. In a thermal equilibrium
state therefore, the diffusion of carriers is balanced by Vp. From Figure 1.7(c), it
can be found the eVp actually represents the barrier that the free carriers must
overcome to reach the regions with the opposite conductivity type, where e is the

elementary charge.

When an external bias voltage is applied to the p-n junction, the external poten-
tial is mainly dropped across the depletion region. This is because of the high
resistance of this depletion region. So the external bias voltage can be used to
intentionally change the potential across the depletion region. Under reverse-bias
conditions, the potential will be increased and will further impede the diffusion
of carries. Oppositely, under forward-bias conditions, as shown in Figure 1.8,
the potential across the depletion region will be decreased and, thus, the carriers
will be injected into regions with the opposite conductivity type and the current
will increase. This will lead to the recombination of electrons and holes generat-
ing photons. Clearly, in order to produce light emitted from the p-n junction, a

forward-bias voltage needs to be applied.
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1.2.3 Double heterostructure and quantum well structure

Figure 1.9(a) shows the carrier distribution in a p-n homojunction under forward-
bias conditions. The L,, and L, in this figure respectively represent the diffusion
length of minority carriers. With the value of several micrometres, the diffusion
length is the average distance over which a minority carrier diffuses before recom-
bination. From this figure, it can be seen that the minority carriers distribute
over a long distance (diffusion length) in the adjacent region before recombina-
tion and, thus, the density of minority carriers is relatively low in that region.
As discussed in subsection 1.2.1, the R,..4 is proportional to the carrier density
(Equation 1.4). So, the R, in the p-n homojunction is relatively low, which is

the main disadvantage of LEDs based on p-n homojunctions.
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FIGURE 1.9: Band diagrams of (a) a p-n homojunction and (b) a p-n hetero-
junction under forward-bias conditions. After [16].

In order to achieve the high R,.4, currently all high-performance LEDs employ
p-n heterojunctions. A p-n heterojunction normally has two semiconductor ma-
terials with unequal bandgap energy. The small-bandgap semiconductor is used
for the active region and the larger-bandgap one is used for the barrier region. If
the structure consists of two barrier regions, this structure is known as a double
heterostructure. In the double heterostructure, as shown in Figure 1.9(b), the
small-bandgap active region is sandwiched between two heavily doped p-type and
n-type barrier regions with the larger bandgap. This leads to the result that in-
jected carriers are confined in the active region by means of the barriers. So the
thickness of the active region (Wpy) is the region in which the carriers recom-

bine. The thickness Wpg can be much smaller than the diffusion length of the
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carriers. This results in a much higher carrier density in the double heterostruc-
ture compared with that in a homojunction. Consequently, the R,.q in the double

heterostructure is significantly increased compared with that in the homojunction.

When Wpy is sufficiently small and comparable to the de Broglie wavelength of
the carriers, quantum confinement of carriers takes place. The active region of
the double heterostructure then becomes a quantum well (QW). In the QW, the
carriers are confined in one crystal direction. In this direction, the permitted
energy levels no longer form a continuous energy band, and the carriers can only
occupy quantized energy levels with discrete energy values. The quantized energy
values of carriers can be simply calculated (for appropriate situations) by the one-
dimensional infinite-well-approximation method. In this method, a potential well
is viewed as being sandwiched between two potential barriers with infinite height.
The carriers are confined in the well by these two potential barriers. The quantized

energy values calculated by this method are given by:

o h? [(n+1)

2
= =0,1,2,3--- 1.9
o |2 =0, (19)

Low
where m* is the effective mass of the carriers and Lgw is the width of the QW.
Figure 1.10 shows the typical ‘band edge’ band diagram of a QW. The £y, and
Eyp, in the figure are the ground-state energy (lowest-state energy, when n =
0) of electrons and holes, respectively. From this figure, it can be found the
emission energy of the QW (E, ow) is different from either bandgap energy of
two semiconductors used for the barrier and well. Furthermore, as illustrated in
Equation 1.9, E, ow can also be intentionally changed by the careful alteration
of Low. Moreover, because Loy is smaller than Wpp, R,qq further increases in
the QW compared with that in the double heterostructure. The active region
of most LEDs consists of several closely-spaced QWs, which is referred to as a

multi-quantum well (MQW) region.
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1.3 III-nitride materials

The microstructured LEDs investigated and developed in this thesis are all fabri-
cated from LED wafers based on IIl-nitride materials. In order to provide a basic
background of III-nitride LEDs, this section will give a general introduction to the

III-nitride materials.

[II-nitride materials have three basic binary alloys: AIN, GaN and InN. Under
normal ambient conditions, the stable crystal of these materials has a hexagonal
wurtzite structure [21]. Some other crystal structures for these materials can be
achieved under special conditions [22]. The LED materials used in this work are
all III-nitride materials with the wurtizite structure. Table 1.1 summarizes the
important properties of these binary alloys with the wurtzite structure at room

temperature (RT).

Parameter Unit AIN | GaN | InN
Lattice constant ag A 3.112 | 3.189 | 3.545
Lattice constant ¢ A 4.982 | 5.185 | 5.703

Bandgap energy E, eV 6.28 | 3.425 | 0.77
Electron mobility g, | cm?/Vs | 300 | 1500 | 3200
Hole mobility p, | cm?/Vs | 14 30 | N/A

TABLE 1.1: Important properties of binary alloys from IIl-nitride materials at
RT. The lattice constants are cited from Ref. [21] and the other parameters are
cited from Ref. [16].
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FIGURE 1.11: Bandgap energy versus lattice constant ag of ITI-nitride materials
at RT. After [16].

The isomorphous nature of I1I-nitride materials results in the formation of ternary
and quaternary alloys maintaining a wurtzite structure. The bandgap energy of
these ternary and quaternary alloys can be tuned by altering the relative amount of
the individual materials making up the alloys. Figure 1.11 shows bandgap energy
versus lattice constant ay of IIl-nitride materials at RT. From this figure, it can
be seen that the bandgap energy of III-nitride materials spans a wide range, i.e.
from deep-UV to near-IR. Furthermore, the In,Ga;_,N ternary alloys, which are
represented as the lower side of the triangle in Figure 1.11, have direct bandgaps
covering the whole visible spectrum. This makes In,Ga;_,N ternary alloys exciting
and attractive materials for the development of visible-light LEDs. Nowadays,
high-performance blue and green LEDs are all based on these In,Ga;_,N ternary
alloys. However, it is difficult to achieve a high-indium-content In,Ga;_,N ternary
alloy with high radiative efficiency. The possible reason of this difficulty will be

discussed later.

The majority of commercial ITI-nitride LED wafers are grown epitaxially by metal-
organic chemical vapour deposition (MOCVD). In MOCVD, the crystal growth is
by chemical reactions, rather than by the physical deposition of materials. Dur-
ing the MOCVD growth process, the substrate is exposed to one or more volatile
metal-organic precursors. These precursors react and/or decompose on the sub-
strate surface to deposit the desired materials and, in turn, form epitaxial films.
However, the chemical bond energy of Ill-nitride materials is relatively strong

compared with other III-V materials [23]. This leads to the requirement of high
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growth temperatures (~1000 °C) for ITI-nitride materials. Thus, the choice of sub-
strates is limited to those that are stable at these high temperatures. The most
commonly used substrate is sapphire. Some other substrates, such as SiC and
Si [24, 25], have also been demonstrated for the growth of III-nitride materials.
Since the LEDs presented in this thesis are all fabricated from III-nitride LED
wafers grown on sapphire substrates, we will focus on III-nitride materials grown

on sapphire substrate in this section.

Figure 1.12(a) shows the crystal orientation of sapphire. The III-nitride materials
are normally grown on a c-plane (0001) sapphire substrate in the c-axis crystal
direction ([0001] orientation). In order to align with the sapphire unit cell, the
unit cells of Ill-nitride materials need to be rotated by 30 ° with respect to the
c-axis of sapphire. This rotation leads to a large lattice mismatch between the
sapphire substrate and III-nitride materials. Figure 1.12(b) shows an example
of the atomic arrangement of an AIN film grown on a c-plane (0001) sapphire
substrate. The lattice mismatch between AIN and sapphire is also emphasized
in this figure; the lattice mismatch between these two materials is around 15 %.
Such a large lattice mismatch results in a low-quality III-nitride film with a high
density of dislocations for growth on the c-plane (0001) sapphire substrate. The
early Ill-nitride films were therefore typically rough and fractured, with many
hillocks observed on their surface. Fortunately, it was demonstrated that the
quality of ITI-nitride films grown on the c-plane (0001) sapphire substrate can be
improved if the growth is performed in two steps [11, 26]. In the first step, a thin
GaN or AIN nucleation layer (~20 nm) is deposited on the sapphire substrate at
a low temperature (~500 °C) and then followed by a thermal annealing process
[27]. In the second step, the main ITI-nitride film is grown at higher temperatures
(~1000 °C). The initial buffer layer is believed to promote the lateral growth of
the main film and relax the strain caused by the lattice mismatch between the
[II-nitride film and the sapphire substrate. This two-step growth process leads to
a smooth Ill-nitride film with a lower density of dislocations when grown on the

c-plane (0001) sapphire substrate.
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FIGURE 1.12: (a) Crystal orientation of sapphire; (b) atomic arrangement of
an AIN film grown on a c-plane (0001) sapphire substrate. After [27].

As was mentioned in subsection 1.2.1, dislocations are nonradiative recombina-
tion centres which greatly reduce the radiative efficiency of semiconductors. In
order to achieve a IIl-nitride material with high radiative efficiency, the density
of dislocations needs to be low. The deposition of a buffer layer has proven to
be an effective process to reduce the density of dislocations and the mechanism
for the dislocation reduction is explained as shown in Figure 1.13. It was found
that the initial layers grown on the c-plane (0001) sapphire substrate, including
the buffer layer and faulted zone, are highly dislocated. As previously mentioned,
these layers are grown at a low temperature and subsequently annealed. During
the thermal annealing process, the dislocations undergo a self-annihilation pro-
cess, which leads to the lower densities of dislocations in the layers subsequently
deposited (the semi-sound and sound zones, as denoted in Figure 1.13). Although
the deposition of a buffer layer greatly reduces the density of dislocations, the
typical value of the dislocation density in III-nitride materials grown on the c-
plane (0001) sapphire is still on the order of 10% to 10° cm™2. This value is much
higher than that typical in other materials. It has been proven that the radiative
efficiency of GaAs will be limited if the density of dislocations is on the order of
10* em™2. Surprisingly, ITI-nitride materials grown on the c-plane (0001) sapphire
substrate show high radiative efficiency despite such a high density of dislocations.
This phenomenon indicates the radiative efficiency of III-nitride materials is not
sensitive to dislocations. Some research results have been proposed to explain this
phenomenon, although none of them is generally accepted. One possible explana-
tion is that the energy levels generated by dislocations are outside the bandgap
of II-nitride materials, as shown in Figure 1.14(a). This leads to the fact that
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these energy levels are not effective nonradiative recombination centres. Another
possible reason for the high radiative efficiency of III-nitride materials are compo-
sitional fluctuations, as shown in Figure 1.14(b). The compositional fluctuations
result in localized potential minima and, thus, an inhomogeneous bandgap of the
[TI-nitride materials. The carriers are confined in these localized potential minima
and prevented from diffusion to dislocations. This explanation is especially plausi-
ble for III-nitride ternary and quaternary alloys. Furthermore, when a IIl-nitride
LED is operated at different currents, the inhomogeneous bandgap of QWs also
leads to a band-filling effect in which the emission wavelength keeps blue-shifting
accompanied by a broadening of the full width at half maximum (FWHM) of its
emission spectrum. This is because the injection carriers fill the localized poten-
tial minima of the QWs first, which results in a longer emission wavelength and a
narrow FWHM. When these localized potential minima are fully filled by injected
carriers, further injected carriers will be distributed in higher energy states and,
thus, the emission wavelength becomes shorter. In turn, the FHWM of emission
spectrum becomes broader. This phenomenon is considered to be the one of pos-
sible reasons for the tuning of colour-tunable micro-LEDs (u-LEDs) developed in
this work. The detailed discussion of these colour-tunable pu-LEDs can be found

in chapter 4.
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FIGURE 1.13: Dislocation structures of a GaN film grown on a c-plane (0001)
sapphire substrate. After [16].
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FIGURE 1.14: Band diagrams illustrating two possible explanations as to why
ITII-nitride materials are not sensitive to dislocations: (a) energy levels generated
by dislocations are outside the bandgap; (b) carrier confinement resulting from
compositional fluctuations. After [16].

In addition to the high-quality III-nitride crystal films, the n-type and p-type dop-
ing in III-nitride materials is also important for developing III-nitride devices. As-
grown GaN layers are always n-type with an electron concentration of ~10*¢ cm™3.
This is mainly attributed to the high density of N vacancies in the GaN layer.
These N vacancies are believed to act as shallow donors and, hence, result in the
n-type doped GaN layer [27]. The intentional and controllable n-type doping in
the GaN layer can easily be achieved by introducing Si dopants [28]. The achiev-
able electron concentration of intentionally doped n-type material is on the order
of 10* ecm™3. However, p-type III-nitride material with a high hole concentration
has barely been achieved. Mg is a good p-type acceptor for III-nitride materials.
However, the holes cannot be effectively produced by Mg acceptors in these ma-
terials. This is probably due to the Mg being compensated by n-type defects (N
vacancies) or passivated with H atoms. The H atoms are normally induced during
the MOCVD growth process and they can chemically deactivate the p-type doping
by forming a Mg-H complex. Thus, the acceptors in the as-grown Mg-doped GaN
layer are not electrically active. The most common method for the activation of
acceptors in the Mg-doped GaN layer is high-temperature post-growth thermal
annealing [13]. This thermal annealing process normally takes place in a Ny am-
bient at temperatures above 600 °C. During the thermal annealing process, the
chemical bonds of Mg-H complexes are broken. Furthermore, the small H atoms
can be driven out of GaN since they can easily escape through the interstitial sites
of the crystal structure. Although a p-type GaN layer can thus be achieved, its

hole concentration is relatively low, on the order of 10'7 ecm™3. This is attributed
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to the high activation energy of Mg acceptors. The activation energy of Mg accep-
tors in GaN was found to be 170 meV [29], which is much larger than the thermal

energy at RT. Therefore, only a small percentage of the acceptors are ionized.

1.4 IIlI-nitride light emitting diodes

Following the achievement of high-quality III-nitride materials with appropriate
n-type and p-type conductivities, various devices based on these materials have
been developed. Due to the highest radiative efficiency of In,Ga;_,N ternary
alloys being in the near-UV, blue and green regions, I1I-nitride materials are espe-
cially important for optoelectronic devices such as LEDs and LDs in these regions.
Figure 1.15 shows the typical layer structure of a commercial In,Ga;_,N/GaN-
based LED wafer grown on a c-plane (0001) sapphire substrate. As shown, the
MQW region comprising In,Ga;_,N wells and GaN barriers is used as an active
region for high radiative efficiency light emission. In a commercial LED wafer, the
MQW region is normally capped with an electron blocking layer (EBL). The EBL
is a region with the higher bandgap energy to prevent the electrons overflowing or
escaping the MQW region [16]. A p-type wider-bandgap Al,Ga;_,N ternary alloy
is normally used as the EBL in the In,Ga;_,N/GaN-based LED wafer.

- I G
p-type GaN ’ e (typical 7-10 nm)
Electron blocking layer I

I
L, In,Ga;,N
] (typical 3 nm)

Sapphire

FIGURE 1.15: Typical structure of a commercial In,Ga;_,N/GaN-based LED
wafer grown on a c-plane (0001) sapphire substrate.

As shown in Figure 1.15 and mentioned in the last section, sapphire is commonly
used as the substrate for Ill-nitride LED wafer growth. Due to the electrically
insulating nature of the sapphire substrate, the n-type and p-type ohmic contacts

of the LED are normally made on the same side of the device. Thus, part of the
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LED wafer needs to be etched away to expose the n-type material. The etching
process of I1I-nitride materials is relatively complicated and a related introduction
can be found in chapter 6 of this thesis. The most common configuration of
III-nitride LEDs is shown in Figure 1.16(a). This is the most straightforward
LED configuration in which the light is directly extracted through the top p-type
material; this is the so-called top-emission configuration. However, in order to
achieve uniform current injection and a low contact resistance, a p-type ohmic
contact serving as a current spreading layer needs to be deposited on the p-type
nitride semiconductor surface. Furthermore, a thick metal pad for wire bonding is
also necessary. Both of them absorb the light and, thus, reduce the optical power
of LEDs with top-emission configurations. In order to overcome this problem,
devices with a flip-chip configuration have been developed as shown in Figure
1.16(b). In this configuration, although the n-type and p-type ohmic contacts are
still made on the same side of the device, the device is inverted and the light
is extracted through the transparent sapphire substrate rather than through the
p-type material. Thus, the thickness of p-type ohmic contact and bonding pad
can be increased — a thicker p-type ohmic contact reducing the contact resistance
and a thicker bonding pad acting as a reflective mirror. Furthermore, the optical
power of LEDs with flip-chip configurations can be further improved by using a
p-type ohmic contact with a high reflectivity. Figure 1.16(c) and (d) show the
other two LED configurations, i.e. vertical-injection thin film [30] and thin film
[31]. For these two configurations, the sapphire substrate of the IIl-nitride LEDs
needs to be removed by advanced technologies such as laser lift-off [32]. The III-
nitride LEDs presented in this thesis are all with either top-emission or flip-chip
configurations. The fabrication process of III-nitride LEDs and related techniques

will be introduced in detail in chapter 2.
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FIGURE 1.16: Four configurations of III-nitride LEDs: (a) top-emission; (b)
flip-chip; (c) vertical-injection thin-film; (d) thin-film. All III-nitride LEDs
presented in this thesis are based on first two configurations. After [33].

In the past twenty years, extensive scientific and technological efforts has been
devoted to IIl-nitride LEDs. At present, the commercial blue and green LEDs
on the market are all based on Ill-nitride materials. Dazzling blue In,Ga;_,N
LEDs with a record EQE of 75.5 % have been reported [34]. Furthermore, these
high-performance blue LEDs also promote the development of white-light LEDs.
A common white-light LED combines a phosphor wavelength converter and a blue
In,Ga; N LED. The phosphor commonly used for the wavelength conversion is
Ce-doped YAG [35]. Figure 1.17(a) shows the typical structure of a white-light
LED lamp. As shown, a blue LED is surrounded by the YAG phosphor. Thus, a
fraction of the blue light generated by the LED will be absorbed by the phosphor
and, in turn, re-emitted as secondary (longer-wavelength) emission light. The
typical emission spectrum of the white-light LED lamp is shown in Figure 1.17(b).
This spectrum consists of the blue emission from the LED and the secondary
(longer-wavelength) phosphorescence. Both emissions are mixed to generate white
light.
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FIGURE 1.17: (a) Schematic structure and (b) emission spectrum of a typical
white-light LED lamp. After [16].

Although great success has been achieved for ITI-nitride LEDs, there are still some
problems limiting their performance and applications. In the following parts, three

main problems will be briefly introduced.
Polarization effect

As was introduced in section 1.3, the IIl-nitride materials are commonly grown
on a c-plane (0001) sapphire substrate along the [0001] direction. Due to the
non-centrosymmetric nature of the wurtzite structure for Ill-nitride materials, a
polarization effect exists in the III-nitride materials grown on the c-plane (0001)
sapphire substrate. The polarization effect can be further classified into two types
as an intrinsic spontaneous polarization effect and a strain-induced piezoelectric
polarization effect. Both polarization effects result in the separate distribution
of the positive and negative polarization charges at two different surfaces of the
[II-nitride materials and, thus, lead to an internal electric field. However, for
the spontaneous and piezoelectric polarization effects, the directions of resultant

internal electric fields depend on different conditions.

The spontaneous polarization effect is an intrinsic property of the material, and
results from the asymmetry of the atomic bonding in the equilibrium wurtzite
crystal structure. Thus, the direction of the resultant internal electric field (Ej,)
is only dependent on the growth orientation. To give an example, for a GaN film
grown on the c-plane (0001) sapphire substrate along the [0001] direction, the
distribution of spontaneous polarization charges and the direction of the resultant
E,, in the GaN film are shown in Figure 1.18(a). On the other hand, the piezo-
electric polarization effect is induced by the strain applied to the material. So, the

distribution of piezoelectric polarization charges and the direction of the resultant
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FIGURE 1.18: Distribution of polarization charges and the direction of the re-
sultant internal electric field for (a) the spontaneous polarization effect, (b) the
piezoelectric polarization effect under compressive strain and (c) the piezoelec-
tric polarization effect under tensile strain in III-nitride materials.

internal electric field (E,,) are dependent on not only the growth orientation but
also the strain type. The strain in the material can be compressive or tensile. In
the case of compressive strain, the material is laterally compressed. For example,
for InN grown on a relaxed GaN buffer layer along the [0001] direction, the larger
lattice constant ag of InN as shown in Table 1.1 makes the InN layer compres-
sively strained. The resultant piezoelectric polarization effect is shown in Figure
1.18(b). In the case of tensile strain, the material is expanded along the lateral
direction. For example, when growing AIN on a relaxed GaN buffer layer along the
[0001] direction, the smaller lattice constant ag of AIN leads to a tensile-strained
AIN layer. The resultant piezoelectric polarization effect for this case is shown in
Figure 1.18(c).

The spontaneous polarization effect in III-nitride materials is relatively weak.
However, the ternary alloy materials such as In,Ga;_,N and Al,Ga;_,N have
a large lattice mismatch (the difference of the lattice constant ay as mentioned) to
GaN. Therefore, the strain-induced piezoelectric polarization effect always needs
to be considered for III-nitride LEDs. The MQW region in an LED wafer consists
of at least two different III-nitride materials. The lattice mismatch between these
two materials leads to the pronounced piezoelectric polarization effect and thus to
a larger E,. in the MQW region. One consequence of this £, for a QW structure
is shown in Figure 1.19. As shown, the £, tilts the energy bands, resulting in a
triangular-shaped QW, which reduces the effective bandgap energy by the amount

of eE,. Low [36]. It also leads to a spatial separation of the electrons and holes
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FIGURE 1.19: Band diagram illustrating the effect of an internal electric field
for a QW structure. After [37].

towards opposite sides of a QW. This separation not only prevents the efficient ra-
diative recombination but also leads to a broadening of the FWHM of the emission
spectrum. These effects for the QW caused by an electric field are the so-called
quantum-confined Stark effect (QCSE) [37].

The lattice mismatch between In,Ga;_,N and GaN becomes larger as the indium
content increases. This results in the increase of the £, in the In,Ga;_,N QW
emitting longer-wavelength light. This is one of possible reasons for the low effi-
ciency of yellow-to-red In,Ga;_,N LEDs. Meanwhile, this E,. is also considered
as an explanation for the efficiency droop observed for I1I-nitride LEDs, which
will be introduced later. Furthermore, when IIl-nitride LEDs are under electrical
operation, the polarization charges can be compensated by the injected carriers
and, thus, the F,, is screened. This effect flattens the energy band and, in turn,
leads to a blue-shift of the emission wavelength and a narrowing of the FWHM
for the emission spectrum. This blue-shift of the emission wavelength is generally

undesirable for applications where a constant emission wavelength is required.

Many methodologies have been proposed to suppress or eliminate the influence of
the polarization effect in I1I-nitride materials. The most common way is to make
the QW very thin [16]. In this way, the separation of electrons and holes caused by
the polarization effect in the QW can be minimized. It has also been reported that
the heavily n-type doped quantum barriers for [1I-nitride QWs can minimize the

influence of the polarization effect [38]. When III-nitride LEDs are under electrical
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operation, the free electrons in the quantum barrier can also be injected into the
QW. These carries can improve the screening effect of the internal electric field
caused by the polarization effect. In order to completely remove the polarization
effect in IIl-nitride materials, the growth of nonpolar III-nitride LED structures

was also proposed [39].

Since the strain caused by the lattice mismatch between different III-nitride ma-
terials is directly responsible for the piezoelectric polarization effect, some studies
have been carried out to investigate the strain relaxation process in different-
sized structures of IIl-nitride materials. It has been proven that the strain caused
by lattice mismatch can be partly or fully relaxed in micro-/nano-scale structures
40, 41]. In order to understand the strain relaxation process in such smaller struc-
tures, a characterization technique with high spatial resolution is essential. Photo-
luminescence (PL) is the most commonly used technique to characterize the strain
relaxation process in micro-/nano-scale structures. However, the spatial resolution
of this technique is relatively low, the best being, to our best knowledge, around
500 nm at RT. The localized strain relaxation processes in micro-/nano-structures
can barely be observed at such resolution. Thus, in our work, a high-spatial-
resolution cathodoluminescence (CL) technique was employed to investigate the
strain relaxation process in I[II-nitride micro-pillars with different diameters. These
micro-pillars were fabricated from a yellow-green Ingo5Gag75N/GaN-based LED
wafer. By the detailed CL measurements with a high spatial resolution (~100 nm),
different localized strain relaxation processes were observed at the pillar edge and
centre, respectively. We also optimized a simulation model for the strain relaxation
process by considering the strain in the QWs and the whole-wafer bending. These
experimental and simulation results on different-sized micro-pillars were then used
to explore the size effect on strain relaxation. This size effect study provides a use-
ful guideline for the design of high-performance p-LEDs. The detailed description
of this size-dependent strain relaxation for III-nitride micro-pillars can be found

in chapter 3.

The other work relevant to the polarization effect in this thesis is the colour-
tunable p-LEDs presented in chapter 4. As previously introduced, the emission
wavelength of I1I-nitride LEDs is blue-shifted at different operating currents due
to the screening effect of the internal electric field. This blue-shift becomes larger

in I1I-nitride LEDs with longer-wavelength emissions due to the larger internal
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electric field in these devices. The large blue-shift can be used to change the emis-
sion colour of the LEDs. Thus, colour-tunable LEDs are developed from an amber
Ing 40GageoN/GaN-based LED wafer. Our study demonstrates that this colour
tunability can be enhanced by the p-LEDs, which show an emission colour from
amber to green at different operating currents. This enhanced colour tunability
is due to the much higher operating current density that the u-LEDs can sustain,
which is a special property of these micro-scale LEDs and will be discussed in
subsection 1.4.1. In contrast to other techniques for colour tunability, such as
mechanical packaging of different colour components [42], colour conversion by
different materials [43-45] and alternative growth methodologies for III-nitride
materials [46, 47], the colour tunability of these p-LEDs is dependent on the in-
trinsic propertise of III-nitride materials and u-LEDs. So, it offers a much simpler

method to achieve the colour-tunable device and an LED multi-colour display.
Ohmic contact to p-type GaN

An ohmic contact is a metal-semiconductor contact in which a potential barrier
at the interface does not manifest itself [48]. In other words, the ohmic contact
is a non-rectifying junction without additional resistance. So the current-voltage
(I-V) characteristic of an ohmic contact should be linear and symmetric under
reverse-bias and forward-bias conditions. In principle, under electrical operation,
the voltage drop across an ideal ohmic contact should be much smaller than the
one dropped across the semiconductor layer. This means the contact resistance
of an ohmic contact should be much lower than that of the semiconductor layer.
Producing ohmic contacts with a low specific contact resistivity (p., in the unit
of Qecm?) to both n-type and p-type GaN is essential for ITI-nitride optoelectronic
devices such as LEDs and LDs. A large voltage drop at a metal/GaN interface
limits the electrical and optical performance of devices. So the high-quality ohmic

contact is extremely important especially for high-power I1I-nitride LEDs.

It has been demonstrated that the creation of ideal ohmic contacts to n-type GaN
is straightforward [48]. However, achieving an ideal ohmic contact with a low
pe to p-type GaN is challenging. Generally, in order to form an ohmic contact
to p-type GaN, there are two basic strategies. The first one is to eliminate the
potential barrier between the metal and the p-type GaN layer by an appropriate
metal selection. Figure 1.20(a) shows the band diagram of the ohmic contact to
p-type GaN formed by this strategy. In this figure, the ®,, is the work function of

metals and y; is the electron affinity of the semiconductors. Both parameters are
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measured in unit of eV. As shown, if the ®,, of metal is larger than the sum of
xs and E, of p-type GaN [48], there is no potential barrier for holes flowing from
the p-type GaN layer to the metal and, thus, an ohmic contact to p-type GaN is
formed. The values of E, and x; of p-type GaN is 3.4 ¢V and 4.1 eV, respectively.
So, a metal with a ®,,, larger than 7.5 eV can form the ohmic contact to p-type GaN
by this strategy. However, the application of this strategy is limited by the absence
of appropriate metals having such a large ®,,,. The other strategy is narrowing the
potential barrier region to be tunnelling-enabled. It can be attained by a heavily
doped p-type GaN layer. The related band diagram of this strategy is shown in
Figure 1.20(b). As shown, because the ®,, of the metal is smaller than 7.5 eV, a
potential barrier exists at the interface between the metal and the p-type GaN layer
preventing the flowing of holes. Fortunately, the holes still can pass through this
barrier by quantum mechanical tunnelling and the tunnelling probability increases
as the width of the potential barrier region (W) decreases [49]. Furthermore, it
has been found that W, can be reduced as the doping concentration in the p-type
GaN layer is increased [49]. Thus, with increasing doping concentration in the
p-type GaN layer, the tunnelling probability of holes through the barrier increases
as well. This leads to the result that, in principle, an ohmic contact can be
formed to the heavily doped p-type GaN layer. However, as described previously,

heavy doping in p-type GaN with a hole concentration exceeding 10'® cm ™3

is very
difficult. This is mainly due to the high activation energy of deep Mg acceptors
and the formation of Mg-H complexes in the p-type GaN layer, as was described

in section 1.3. Thus, the applicability of this strategy is also limited.
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FI1cure 1.20: Band diagrams illustrating two strategies to achieve an ohmic
contact to p-type GaN: (a) metal with a larger ®,,; (b) heavily doped p-type
GaN layer. The E,,. is the vacuum energy level.

Due to the fundamental problems of p-type GaN as mentioned, it is difficult to
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form an ideal ohmic contact with a low p. to p-type GaN. So it is not surprising
that nonlinear I-V characteristics are obtained for the metal contacts to p-type
GaN. The high p.. of contact to p-type GaN limits the electrical performance of I11-
nitride LEDs, especially for the devices with a smaller contact area on the p-type
GaN layer, i.e. u-LEDs. Additionally, the nonlinear I-V characteristics show that
the p. of the contact to p-type GaN is dependent on the injection current density.
Although there are quite a lot of studies on the development of ohmic contacts to
p-type GaN and the related mechanisms, less work has been done to compare the
pe of different contacts to p-type GaN as a function of injection current density.
For the p~-LEDs which will be introduced in subsection 1.4.1, their smaller contact
area on the p-type GaN layer leads to a lower junction temperature and, thus, a
wider operation current-density region. However, this smaller contact area also
increases the total resistance contributed from the p. of the metal contact to p-
type GaN. Thus, a proper selection of the metal contacts to p-type GaN for these
devices, with a consideration of the current-density dependent p., is important.
This has motivated our work concentrating on Pd-based contacts to p-type GaN.
Besides the optimization of the fabrication process of Pd-based contacts to p-type
GaN, a methodology has been introduced to compare the p. of different contacts
to p-type GaN as a function of injection current density. The device performance
of u-LEDs with different contacts to p-type GaN are also compared. The details

on this work can be found in chapter 5 of this thesis.
Efficiency droop

It has been found that the efficiency of III-nitride LEDs is generally highest at a low
operating current density (around 10 A/cm?). As the current density further in-
creases, the efficiency gradually decreases. This phenomenon is known as efficiency
droop and has been observed in both visible-light In,Ga;_,N LEDs [50] and deep-
UV Al,Ga;_,N LEDs [51]. Furthermore, the efficiency droop occurs even without
the self-heating effect during LED operation. Figure 1.21 shows the typical char-
acteristic of efficiency droop for a blue In,Ga;_,N LED grown on a c-plane (0001)
sapphire substrate. In order to exclude the influence of the self-heating effect, the
data plotted in the figure are all measured under pulsed driving conditions with a
repetition rate of 1 kHz and a duty cycle of 0.1 % [52]. As shown, the EQE of this
device peaks at an operating current density of around 10 A/cm? and then falls
by half at 100 A/cm?. III-nitride LEDs are intended for high-power applications
such as for lighting in home and office. This leads to the fact that these devices
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FIGURE 1.21: Light intensity and related EQE of a blue In,Ga;_,N LED,
showing the efficiency droop phenomenon. The EQE in the figure is normalized
to the peak value. After [52].

need to be operated in a current-density region of 100-1000 A /cm?. Clearly, the
efficiency droop limits the performance of I1I-nitride LEDs at these high operat-
ing current densities. So, understanding the mechanism of efficiency droop and
mitigating its effects are especially important for III-nitride LEDs. Many different
mechanisms have been proposed to explain this phenomenon. However, different
experimental conditions and applied models result in the fact that none of them
has been generally accepted. Here, the two dominant explanations postulated for

efficiency droop are summarized.

The first explanation for efficiency droop is the nonradiative Auger recombination
process, which was introduced in subsection 1.2.1. This hypothesis was first pro-
posed by Shen et al. [53]. In their work, through lifetime studies on the quasi-bulk
In,Ga;_,N layers, they concluded that the Auger recombination coefficient (C') in
the In,Ga;_,N layer is on the order of 1073° cm®s~!. As shown in Figure 1.22, the
simulated IQE of III-nitride LEDs with different Auger recombination coefficients
[54], this value is high enough to dominate the LED performance at high operat-
ing current densities and to result in the observed efficiency droop. However, this
value is not consistent with the one obtained from a theoretical calculation for
the direct band-to-band Auger losses in blue In,Ga;_,N/GaN QWs which is on
the order of 10734 cm®s~! [55]. It has motived several works concentrating on the
theoretical investigation of other relevant Auger processes such as phonon-assisted

Auger recombination [56] and indirect Auger recombination [57]. Most recently,
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the Auger electrons emitted from a Ing13GaggaN/GaN LEDs under electrical in-
jection were directly measured by electron emission spectroscopy [58]. This seems
to confirm the hypothesis that nonradiative Auger recombination is the dominant
mechanism of efficiency droop. Another possible explanation for efficiency droop
is carrier leakage, in which the carriers cannot be confined in the MQW region for
radiative recombination. There are many forms of carrier leakage such as carrier
tunnelling through defect levels [59] and carriers not being captured by the QW
[60]. The most common form is considered to be the overflow and escape of elec-
trons in the MQW region. As described earlier, the EBL is normally introduced
into the commercial III-nitride LED wafers to prevent the overflow and escape of
electrons. However, due to the polarization effect in III-nitride materials, the EBL
is often unable to perform its function efficiently. Figure 1.23 shows the simulated
band diagrams of a blue In,Ga;_,N LED with (blue) and without (red) the po-
larization effect. It can be seen that the polarization effect reduces the conduction
band difference between the EBL and the last GaN barrier. This leads to the fact
that the EBL cannot efficiently block the electrons. Meanwhile, this figure also
shows that the quantum barriers on the n-side of each QW are higher than those
on the p-side which further promotes the escape of electrons [61]. It has been
proven that efficiency droop can be reduced by decreasing the polarization effect

in ITI-nitride materials [62].
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FicUure 1.22: IQE plots with different Auger nonradiative recombination co-
efficients C. After [54].
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FIGURE 1.23: Simulated band diagrams of a blue In,Gaj_,N LED with (blue)
and without (red) the polarization effect. After [54].

1.4.1 III-nitride micro-light emitting diodes

In this subsection, we focus on introducing IIl-nitride p-LEDs. The conventional
broad-area LEDs have dimensions over a few hundred micrometres. The p-LEDs
are devices with an emission area of less than 100 ym in each dimension. Thus,
a pu-LED has a much smaller emission area compared with a broad-area LED. A
few hundred, or even thousand, individual u-LEDs can be produced in the same
area as a single broad-area LED. The first III-nitride pu-LED was demonstrated
in 2000 by Jin et al. [63]. In their work, disc-shaped p-LEDs with a diameter of
12 pm were fabricated as shown in Figure 1.24. This device was fabricated from an
In,Ga;_,N/GaN-based LED wafer with the emission wavelength of 408 nm. Since
there were no electrical bonding pads for this first u-LED, the device was only
operated by a probe station. In order to overcome this limitation, an insulating
layer was deposited between each p-LED and electrical bonding pads were further
made on this insulating layer. In 2001, a 10 x 10 blue In,Ga;_,.N pu-LED array was
developed in this way [64]. As show in Figure 1.25(a), each disc-shaped (12 pm
in diameter) p-LED element in this array has its own p-contact pad and, thus,
can be individually addressed. This pu-LED array could be used to demonstrate a
simple semiconductor display as shown in Figure 1.25(b). However, the addressing
scheme used in this p-LED array (two contacts per pixel) is impractical for a

larger number of elements. The matrix-addressing scheme provides a simple way
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to control each element in a large p-LED array. In the matrix-addressing scheme,
row and column electrodes are used to operate u-LEDs in the array. This means
that if there are m x n elements in an array, only m + n electrodes are required to
control each element. Our group subsequently demonstrated a high-performance
64 x 64 matrix-addressable u-LED array [65]. Figure 1.26(a) shows an optical
image of this u-LED array. Each p-LED element in this array has a diameter
of 16 pm and the pitch between two adjacent u-LED elements is 50 pum. This
matrix-addressable p-LED array can also be controlled via a computer interface
and a driver board for image display, which was developed by our group as well.
The user-friendly graphic user interface (GUI) allows the users to easily operate
this u-LED array for different image outputs. The GUI and an optical image of
corresponding output of this pu-LED array are shown in Figure 1.26(b) and (c),

respectively.

(a) (b)

FIGURE 1.24: (a) Schematic diagram and (b) SEM image of the first III-nitride
u-LED. After [63].
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FIGURE 1.25: Optical images of (a) an individually-addressable pu-LED array
and (b) its output image. After [64].
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FIGURE 1.26: (a) Optical image of a 64 x 64 matrix-addressable u-LED array;
(b) developed GUI for this pu-LED array; (c) optical image of the output from
this u-LED array. After [65].

The p-LEDs are an attractive format of III-nitride LEDs. In contrast to broad-
area LEDs, the u-LEDs employ micro-scale III-nitride structures, which have a
smaller top-surface p-type GaN area but higher surface-to-volume ratio (the ra-
tio of the sidewall-surface area over the micro-pillar volume). These III-nitride
u-LEDs show performance enhancements compared with the broad-area LEDs.
These enhancements mainly comprise three aspects. Firstly, the IQE of I1I-nitride
u-LEDs is improved compared with the broad-area LEDs. This is mainly due to
the partial strain relaxation in micro-scale structures, which can relieve the piezo-
electric polarization effect in III-nitride materials as introduced above. Secondly,
the LEE of IIl-nitride pu-LEDs is higher than that of broad-area devices. Due to
the higher surface-to-volume ratio of u-LEDs, more scattered light can emit from
the sidewall of u-LEDs [66]. Furthermore, as predicted by the simulation, with
the decreasing of the structure size of I1I-nitride materials, the waveguiding effect
of III-nitride materials is more pronounced [67]. At the same operating current
density, it has been found that, due to these two effects, IlI-nitride pu-LEDs pro-
duce a higher optical power density compared with the broad-area LEDs. Thirdly,
the operating current density of III-nitride u-LEDs can be significant higher than
broad-area devices. The smaller top-surface area of the p-type GaN layer of u-
LEDs is able to improve the uniformity of the injection current [68]. Meanwhile,
the higher surface-to-volume ratio can also enhance the thermal dissipation of
pu~-LEDs during the electrical operation [69]. Both effects lead to a low junction
temperature for pu-LEDs compared with broad-area LEDs at the same operating
current density. Thus, the IIl-nitride u-LEDs can be operated at a current den-

sity of several kA /cm?, which is much higher than the operating current density
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of broad-area LEDs. The higher operating current density of IlI-nitride pu-LEDs
enhances the colour tunability of the LEDs presented in chapter 4 of this thesis.
It also motivates the research work presented in chapter 5, which concerns the Pd-

based contacts to p-type GaN and consideration of the current-density dependent

Pe-

Due to the advantages of IlI-nitride p-LEDs, these devices have been widely used
for different novel applications. As introduced, p-LEDs can produce the micro-
scale light patterns with a high optical power density. Thus, these devices are
suitable to act as the light sources for photosensitive samples of interest. One
example of this application is the pu-LED maskless photolithography developed
by our group [70]. In the maskless photolithography, a p-LED is used as a light
source to expose the photoresist and generate micro-scale patterns. Complex pat-
terns can be achieved by well-controlled p-LED exposure and sample movement.
Furthermore, since the optical turn-on/off times of p-LEDs are shorter than those
of broad-area devices [71], u-LEDs are particularly useful for applications which
require short optical pulses or high modulation bandwidths such as visible light
communications [72]. In addition, the compact u-LED array is also a good candi-
date for micro-displays. The pu-LED array has high efficiency, high contrast and
increased brightness. Thus, micro-displays based on u-LED arrays show obvious

advantages over those based on the other technologies such as liquid-crystals.

1.4.2 IlI-nitride microstructured-image light emitting dio-
des

As introduced in subsection 1.4.1, one of the important applications of pu-LED
arrays is as a high-performance micro-display. However, for the display applica-
tion in which only fixed patterns are required, the micro-display based on the
pu-LED array has its own limitations. Firstly, as shown in Figure 1.26(c), the out-
put images of a micro-display normally consist of hundreds of turned-on pu-LED
elements. Thus, in order to achieve a high-quality output image, all the p-LED
elements need to work well and the output power from them should be uniform.
This leads to a relatively challenging fabrication process for the u-LED array with
a large number of elements. Meanwhile, although the matrix-addressing scheme
simplifies the structure of a yu-LED array, a complicated driver board is required

to control each u-LED element to form the desired output images. Furthermore,
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the resolution of micro-displays based on the u-LED array is limited by the pitch
between each pu-LED element. In addition, the non-planar surface of p-LEDs left
by the mesa etching may also lead to a complicated process for further integration
of additional elements to make microsystems. To overcome these limitations, a sin-
gle III-nitride LED containing a complex microstructured image is required. Some
previous studies have demonstrated that the plasma technology modifies the elec-
trical properties of I1I-nitride materials, which can be used to defined the emission
images of I1I-nitride LEDs [73, 74]. Thus, by introducing the plasma treatment as
an additional step in the conventional III-nitride LED fabrication process, novel
microstructured-image LEDs, which contains complex emission images on single

devices, were developed in our work.

Figure 1.27 shows examples of these novel microstructured-image LEDs emitting
at 405 nm. As shown, high-quality complex emission images are achieved by this
novel microstructured-image LED. Here, it is necessary to indicate some important
properties of this device. Firstly, these two emission images are generated by a
single III-nitride LED, thus only one n-type and one p-type contact electrode are
needed to operate this device. So, the driver board for this device is much simpler
compared with the y-LED array. Secondly, the micro-scale emission image can be
achieved by this device and the spacing between any two features on the image
is no longer limited by the device pitch as in the case of the u-LED array. Thus,
the image resolution on this device can be even higher than that of micro-displays
based on the p-LED array. Thirdly, the flat surface of these microstructured
emission images leads to a simple process for the further integration of micro-
elements. These microstructured-image LEDs are fabricated by combining a CHF3
plasma treatment and photoresist patterning. The detailed physical mechanism,
process development, characterization and maskless writing application of these

novel LEDs will be given in chapter 6.
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Ficure 1.27: Novel IIl-nitride microstructured-image LED with an emission
wavelength of 405 nm. The left image is the logo of Institute of Photonics and
the right one is the logo of University of Strathclyde.

1.5 Outline of this thesis

In this chapter, a general introduction of LEDs particularly for the devices based
on III-nitride materials was given. The motivations of the research work presented
in this thesis were also presented in this chapter. Chapter 2 will describe the
experimental techniques used in the work to develop the novel microstructured
LEDs. From chapter 3 to chapter 6, the results achieved in the work will be
presented. The investigation of the strain relaxation process in Ing 25Gag 75N /GaN-
based micro-pillars as a function of pillar diameter will be presented in chapter 3.
Chapter 4 will demonstrate the colour-tunable pu-LEDs fabricated from an amber
Ing 40GageoN/GaN-based LED wafer. Chapter 5 will describe the development of
Pd-based metal contacts to p-type GaN with a consideration of the current-density
dependent p.. The performance of u-LEDs with different contacts to p-type GaN
will also be compared in this chapter. Chapter 6 will present the development of
novel I1l-nitride microstructured-image LEDs and their applications. Finally, the
conclusions of this thesis, along with some future work plans, are given in chapter
7.
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Chapter 2

Experimental techniques for
fabrication and characterization

of microstructured light emitting
diodes

The purpose of the research to be described was to investigate and develop novel
[1I-nitride microstructured light emitting diodes (LEDs). In this chapter, the main
techniques used for microstructured LED fabrication and characterization are re-
viewed and discussed. There are two sections in this chapter. Firstly, the main
steps in the microstructured LED fabrication process are described, including pat-
tern definition, pattern transfer and formation of metal contacts. The techniques
used in each step are also briefly introduced. In section 2.2, two main characteriza-
tion techniques used in the work, namely cathodoluminescence and temperature-
dependent photoluminescence, are presented. These two techniques play an impor-

tant role characterizing both the III-nitride materials and microstructured LEDs.

2.1 Fabrication of microstructured light emitting

diodes

The typical fabrication process of III-nitride light emitting diodes (LEDs) is schemat-

ically shown in Figure 2.1. The basic fabrication process of microstructured LEDs
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Fi1GURE 2.1: Typical process flow for the fabrication of III-nitride LEDs.

is almost the same as this. However, due to the smaller feature size and novel
characteristics of microstructured LEDs, the fabrication process is more challeng-
ing, and some additional steps are introduced. The main steps in the fabrication
process of I1I-nitride LEDs include pattern definition, pattern transfer and forma-
tion of metal contacts. A brief introduction to these steps and related techniques
used in each step will be given in the following subsections. The challenges and
additional steps for the fabrication of microstructured LEDs will be discussed as

well.

2.1.1 Pattern definition

Pattern definition is the most crucial step in the fabrication process of LEDs, since
the design of a device is transferred to the sample through the defined pattern.
In the following parts, the techniques used for pattern definition in our work will
be introduced including conventional photolithography and home-built maskless

image writing based on Ill-nitride LEDs.
Photolithography

Photolithography is a common technique used for pattern definition in the modern
semiconductor industry. It is a patterning process which transfers the designed
patterns from a photomask to photosensitive materials, i.e. photoresist (PR), by
light exposure. The basic process of photolithography is shown in Figure 2.2. The
sample is first coated with a PR layer. This PR layer is then exposed by the light
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FIGURE 2.2: Basic photolithography process for both positive and negative
PRs.

(usually ultraviolet) through the photomask. Based on the design of a device, the
photomask contains different patterns consisting of clear and opaque regions. The
exposure light can pass through the clear regions but is blocked at the opaque
regions. The properties of the exposed PR layer under the clear regions will be
changed due to a photochemical reaction. In the subsequent development process,
the sample is dipped into a suitable developer to remove unwanted PR and to form
a desired PR pattern. Depending on the properties of PRs, the final PR patterns
formed on the sample surface will be either the same as that on the photomask
(positive PR) or a reversed pattern (negative PR). The photolithography process
can be further divided into three main steps, namely PR coating, alignment and

exposure, and PR development.

In these steps, the operation of alignment and exposure plays a critical role in the
photolithography process and also in the whole fabrication process of the LEDs.
This operation determines the success of transferring the designed patterns on the
photomask to the PR layer. Furthermore, for pattern exposure, the wavelength of
the exposure light source is an important parameter to decide the minimum feature
size and quality of final PR patterns. It is well known that the ideal resolution
(R) of an optical system is determined by the wavelength (A) of the light source

and the numerical aperture (NA) of the system, which can be expressed as:

A\
R=h<— (2.1)
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where k; is a system constant. From Equation 2.1, it can be seen that R is improved
by reducing the wavelength and increasing the NA. However, the enhancement of
R results in a reduction of depth of focus (DOF) for the system. DOF is the
distance around focus in which a good R for projected patterns can be obtained.

This is another important property of an optical system and is expressed as:

A
DOF = ky—— 2.2
*(NA)2 (22)
where ko is a system constant. As expressed above, DOF and R always work
against each other. Consequently, in photolithography, it will be more difficult to
achieve high-quality PR patterns with small feature size. This difficulty leads to
a more challenging photolithography process in the fabrication process of micro-

LEDs (u-LEDs) which have dimensions of less than 100 pm.

In our work, the alignment and exposure were performed with a Karl Suss MA6
Mask Aligner (Figure 2.3) in our lab. This mask aligner consists of three main
parts as lamp housing, microscope and alignment stage. The lamp housing ac-
commodates the exposure light source, and in this MA6 mask aligner, the lamp
housing model is UV400. The lamp housing consists of a high pressure mercury
short-arc lamp and a corresponding electrical circuit. The emission wavelengths
of this lamp mainly concentrate between 350 and 450 nm. Figure 2.4 shows the
emission spectrum of a typical high pressure mercury short-arc lamp. With this
multi-wavelength mercury lamp for exposure, the minimum feature size which can
be achieved in this mask aligner is 2 ym. The microscope indicated in Figure
2.3 is used for observing the patterns on both photomask and sample during the
alignment process. The alignment stage of the mask aligner allows the x-y and
angle adjustments of the sample. To achieve a precise alignment for the patterns
on both photomask and sample, the sample position is adjusted carefully by con-
trolling this alignment stage. During the operation of alignment, there is a certain
gap between the photomask and the sample so that the sample can be moved

freely.
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F1GURE 2.3: Image of a Karl Suss MA6 Mask Aligner used for the operation
of alignment and exposure in the photolithography process.

A UV 400
365 436
405

UV 300 546
312-313

—

S

@©

A

>

= 297-302| 334

wn

[

O

p )

£

200 300 400 500 600 700 800
Wavelength (nm)

FIGURE 2.4: Emission spectrum of a typical high pressure mercury short-arc
lamp.

Maskless image writing

Another technique used for pattern definition in my work is home-built maskless

image writing based on IIl-nitride LEDs. As introduced in the previous part, a
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mask aligner and photomasks are normally required for photolithography. How-
ever, the photomask is expensive, especially when high-resolution pattern features
are required. Furthermore, the photomask method is not flexible for trying differ-

ent pattern designs. Thus, maskless image writing has its own advantages.

The idea of LED maskless image writing is based on the laser direct writing tech-
nique [1] which has been widely used to fabricate waveguides and other optical
components in polymers and SiOs [2, 3]. By using LEDs to replace a laser, the
cost of the writing setup can be greatly reduced and a multi-beam writing can be
achieved. In our work, LED maskless image writing was used to directly trans-

fer the complex emission patterns generated from a novel microstructured-image
LEDs to the PR layer.

Figure 2.5 shows the home-built maskless image writing setup. Normally, a com-
plementary metal-oxide-semiconductor driven u-LED array was used as the light
source for writing tests [4]. In our work, a particular microstructured-image LED
was utilized for pattern writing. In this setup, a 4x microscope objective is used
to collect the light emitted from the LED. Another microscope objective is used
for image projection and this objective can be changed so as to get the required
demagnifications for different writing processes. There is a beam splitter used to
image the pattern on the sample surface, which is helpful to adjust the focus of the
projected pattern and the written position on the sample before image writing. A
time-controllable shutter is placed between the LED and the collection objective
to accurately control the exposure time. A minimum exposure time as short as
100 ms can be achieved by this setup. The application of this setup for image
writing with different demagnification factors can be found in section 6.3 of this
thesis and Ref. [5].
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FIGURE 2.5: (a) Image and (b) schematic diagram of a home-built maskless
image writing setup.

2.1.2 Pattern transfer

In the LED fabrication process, the patterns defined in the PR layer need to
be further transferred to the sample. To achieve this pattern transfer, an etching
process is necessary. Generally, the etching can be classified into two types, namely
wet etching and dry (plasma) etching. Both types of etching and related facilities
will be introduced in this subsection. Some typical etching recipes used in my

work will be given as well.
Wet etching

Wet etching refers to a process which dissolves the material on the wafer surface
by a chemical solution. Normally, a suitable selectivity between an etch mask
and the etched materials can be achieved in wet etching, which is determined
by the temperature and concentration of the chemical solution. However, wet
etching normally produces an isotropic etching profile and its etching rate strongly
dependents on the crystallographic plane of materials. Thus, it is hard to achieve

high-quality etching results with small feature size by wet etching.

The common wet etching used in my work is to etch SiOy deposited by plasma-
enhanced chemical vapour deposition (PECVD). The SiO is normally used as an
isolation layer for LEDs or as a hard etching mask on the GaN layer for further dry

(plasma) etching to achieve a better etching selectivity. Almost all the wet etching



Chapter 2. Ezperimental techniques for fabrication and characterization of
maicrostructured light emitting diodes 52

of SiOy is done by a hydrofluoric (HF') acid solution. The chemical reaction of this
process is given by:

Because the high-concentrated HF (typically 49 % HF in water) etches SiOy too
fast at room temperature and also peels off the PR layer used for pattern definition,
buffered oxide etch (BOE) is normally used in our laboratory to achieve a more
controllable SiOy etching process. BOE is a mixture solution which commonly
comprises a 6:1 volume ratio of 40 % NH,F in water to 49 % HF in water. It gives
an etching rate of 100 nm/min for the SiOy deposited by PECVD.

Dry (plasma) etching

In dry etching, the material is exposed to gaseous etchants which dislodge part of
the material from the exposed surface. There are mainly two kinds of reactions in
dry etching, namely, physical ion bombardment and pure chemical etching. Both
reactions are schematically shown in Figure 2.6. Figure 2.6(a) shows the reaction
of physical ion bombardment in which the material is physically dislodged from the
material surface by energetic ions. The etching rate of physical ion bombardment
is relatively low and is mainly dependent on the flux and energy of the ions. The
reaction of pure chemical etching is shown in Figure 2.6(b). In this case, the
material is etched solely by the chemical reaction to form volatile byproducts.
Here, it is necessary to indicate that the byproducts formed must be volatile,
otherwise the non-volatile ones will cover on the etched surfaces which influences
or even interrupts further chemical etching. The etching rate of pure chemical
etching is strongly dependent on the particular chemical reaction of the gaseous

etchants with the etched materials.

Neutral
species

. Volatile

\ products

(@) (b)

lon

FIGURE 2.6: Schematics of two reactions in dry etching: (a) physical ion bom-
bardment; (b) pure chemical etching.
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In the modern semiconductor industry, the common dry etching is plasma etching.
A plasma, which is an ionized gas with an equal number of negative and positive
charges, generates free radicals with highly chemical activity. These radicals can
significantly increase the chemical reaction rate and, hence, enhance pure chemical
etching. The plasma etching can also include physical ion bombardment at the
material surface. In plasma etching, physical ion bombardment may also alter the
chemical properties of the material which accelerates pure chemical etching. In
our work, plasma etching was used for etching SiO, and GaN-based materials in
the fabrication process of Ill-nitride pu-LEDs. This was because of the inappli-
cability of wet etching to structures with such small feature size and because of
its limited applicability to GaN-based materials. In addition, to develop the novel
microstructured-image LEDs, we also utilized a plasma treatment as an additional

step in the conventional LED fabrication process.

We have used two plasma etching tools in our work, namely the reactive ion etching
(RIE) and inductively coupled plasma (ICP) systems. Figures 2.7(a) and (b) show,
respectively, an image of the RIE system in our lab and a schematic diagram of
its processing chamber. The RIE system possesses a capacitively coupled plasma
source. The plasma in the chamber is initiated by applying a radio frequency
(RF) electromagnetic field with a typical frequency of 13.56 MHz. The plasma
density in the RIE chamber is around 1 to 5 x10° em™3, which is relatively low.
The typical processing pressure in the RIE chamber is between 5 to 150 mTorr.
The ion energy, which is directly related to the RF power and processing pressure,
ranges from 30 to 1000 eV. In our work, the RIE system is mainly used for the
plasma etching of SiO,, especially when a small feature size is required. A typical
etching recipe for the SiO, etching is given in Table 2.1, and by using this recipe,
the etching rate of SiOs is 41 nm/min. Furthermore, the plasma treatment used to
fabricate the microstructured-image LEDs was also performed in the RIE system.

The detailed process of this plasma treatment will be presented in chapter 6.
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FIGURE 2.7: (a) Image and (b) schematic diagram of an RIE chamber. The
processing chamber is highlighted by a yellow ellipse.

Pressure | Ar flow | CHF3 flow | RF power | Etching rate
(mTorr) | (sccm) (sccm) (W) (nm/min)
66 15 5 200 41

TABLE 2.1: Etching recipe for SiOs in an RIE system.

The ICP is a modified RIE system with an inductively coupled plasma source which
incorporates a radial inductive coil design. Compared with the plasma source in
the RIE system, the radial inductive coil can generate high-density plasma and,
hence, increase the etching rate. Figure 2.8(a) is an image of the ICP system used
in our lab, and Figure 2.8(b) is a schematic diagram of the ICP processing chamber.
The plasma density in this ICP system is mainly controlled by the coil power, and
the energy of the ions for physical ion bombardment is strongly determined by
the platen power. The typical processing pressure in the ICP chamber is between
1 to 100 mTorr, and plasma density is about 5 x 10*! cm™3. In this work, the
ICP system was used for the plasma etching of GaN-based materials. Two process
recipes were used and they are given in Table 2.2. These two recipes were used with
different purposes in the fabrication process of IIl-nitride p-LEDs. The detailed

investigations of these two recipes can be found in subsection 3.2.1.
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FIGURE 2.8: (a) Image and (b) schematic diagram of an ICP chamber. The
processing chamber is highlighted by a yellow ellipse.

Process | Pressure | Ar flow | Cl, flow | Coil power | Platen power | Etching rate
number | (mTorr) | (sccm) | (scem) (W) (W) (nm/min)

1 7 N/A 40 700 300 943

2 7 10 30 400 200 429

TABLE 2.2: Etching recipes for GaN-based materials in an ICP system.

2.1.3 Formation of metal contacts

In order to achieve fully functional LEDs, the formation of metal contacts to both
p-type and n-type GaN is an important step in the fabrication process. In our
work, different metals need to be deposited on the GaN surface to form metal-
semiconductor contacts. A thermal annealing process is further applied for the
metal contact to p-type GaN to achieve a low specific contact resistivity. A general
introduction to the techniques used for metal deposition and thermal annealing

will be given in the following parts.
Metal deposition

Deposited on the p-type GaN layer, a thin oxidized Ni/Au (10 nm/20 nm) bi-
layer is normally used as the p-type metal contact in our work. A Pd-based metal
contact to p-type GaN has also been developed in this work to enhance the perfor-
mance of [Il-nitride p-LEDs and the details will be presented in chapter 5 of this

thesis. All of these metals are deposited by an electron-beam evaporator in our
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FIGURE 2.9: (a) Image and (b) schematic diagram of an electron-beam evapo-
rator chamber. The processing chamber is highlighted by a yellow ellipse.

laboratory. Figures 2.9(a) and (b) show, respectively, an image of the electron-
beam evaporator and a schematic diagram of its processing chamber. As shown
in Figure 2.9(b), metal deposition in the electron-beam evaporator is performed
in a vacuum chamber. The normal processing pressure of the electron-beam evap-
orator should be below 7.5 x 10~° Torr, which is monitored by a vacuum gauge
in the processing chamber. When the tungsten filament is heated by passing a
high electric current through it, electrons are emitted from the filament. These
electrons form a beam which is directed towards the target material by a magnetic
field. When the electron beam impacts on the target material, the kinetic energy
of the electrons is transferred into thermal energy to heat the target material. The
target material is then melted and turned into vapour which travels to the sub-
strate. On reaching the substrate, the vapour condenses and coats the substrate
surface. Due to the high temperature generated by the electron beam, the holder
of the target material must be cooled by water to prevent it from melting. The
thickness of deposited materials can be measured using a crystal monitor in the

processing chamber.

For n-type GaN, a thick Ti/Au (50 nm/200 nm) bilayer acts as the n-type metal
contact in our work. This bilayer is also used as the additional reflector for LEDs
with flip-chip configurations. These metals are deposited by a magnetron sputter
as shown in Figure 2.10(a). The metal deposition in the magnetron sputter is

also performed in a high-vacuum chamber with a processing pressure lower than
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1 x 107% Torr. As shown in Figure 2.10(b), in the chamber, the target material is
mounted on a plate which is always negatively biased. An insert gas, commonly
Ar, is injected into the chamber and ionized to produce positively charged Ar
ions. When a high direct-current voltage is applied, the Ar ions are accelerated
towards the negatively biased target material. These energetic Ar ions bombard
the target surface and result in the sputtering of atoms from the target material.

These sputtered atoms deposit on the substrate surface forming a thin film.
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FIGURE 2.10: (a) Image and (b) schematic diagram of a magnetron sputter
chamber. The processing chamber is highlighted by a yellow ellipse.

Thermal annealing

Thermal annealing is widely used in the semiconductor fabrication for different
purposes such as doping activation [6], defect recovery [7] and contact formation
[8]. In our work, thermal annealing is mainly used to form a metal contact to p-
type GaN with a low specific contact resistivity. In our lab, the thermal annealing
process is performed in the chamber of rapid thermal annealing (RTA) equipment
as shown in Figure 2.11(a). Compared with a furnace, the RTA can ramp up the
temperature at a higher rate of 75 to 200 °C/s. As shown in Figure 2.11(b), a
tungsten-halogen lamp, which can generate intense heat in the form of infrared
(IR) radiation, is used as a heating element. The vertical array of lamps allows
a uniform heating on the wafer. The wafer temperature is monitored by an IR
pyrometer and controlled by the lamp power. The steady peak temperature of the
RTA in our lab is 1000 °C while the maximum peak temperature is 1300 °C. The
gas inlet allows introduction of different gases such as Ny, air and Ar, so the wafer

can be annealed in different ambients.
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FIGURE 2.11: (a) Image and (b) schematic diagram of a RTA chamber. The
processing chamber is highlighted by a blue ellipse.

Thermal annealing is extremely important to achieve a high-quality metal contact
to p-type GaN for IIl-nitride LEDs, especially for pu-LEDs due to their reduced
contact area on the p-type GaN layer as introduced in subsection 1.4.1. Our
commonly used annealing process is at an optimized temperature of 500 °C in an
air ambient for the Ni/Au bilayer [9]. In this work, we also study the effect of
thermal annealing on Pd-based metal contacts to p-type GaN. The detailed results

of this investigation can be found in subsection 5.2.2.

2.2 Characterization of microstructured light e-

mitting diodes

In order to characterize the microstructured LEDs and investigate the mechanisms
of these devices, some advanced characterization techniques are used in this work.
Among these techniques, cathodoluminescence (CL) and temperature-dependent
photoluminescence (T-PL) play important roles in the III-nitride material and mi-
crostructured LED characterization. In the following subsections, both techniques

and their related setups will be introduced.

2.2.1 Cathodoluminescence

CL is an optical and electrical phenomenon in which photons are emitted from a

luminescent material impinged by an energetic electron beam. CL is one of many
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forms of luminescence and is well explained by solid-state energy band theory.
The energy bands of a semiconductor consists of a valence band and a conduction
band separated by a bandgap. When the high-energy electron beam bombards a
semiconductor, the electrons in the valence band will be excited to the conduction
band. These excited electrons return to the valence band accompanied by an
energy loss leading to the possible emission of photons. The probability of photon
emission and the energy of the photons are strongly dependent on the material
properties such as bandgap energy, defects and purity. So the CL measurement can

provide such information and is widely used for semiconductor characterization.

Compared with other luminescence techniques, the prime advantage of CL is its
high spatial resolution. The spatial resolution of CL is strongly dependent on
the measurement conditions such as the accelerating voltage and electron-beam
current. When an electron beam interacts with a sample, the lateral spread of
electrons in the sample (consequently the CL resolution) is determined by these
beam conditions. The interaction of electrons with a sample can be investigated
by Monte Carlo electron trajectory simulations [10, 11]. Figure 2.12 shows the
typical simulated interaction volumes when 200 representative electrons are in-
jected on a 1 nm spot of the GaN surface at 1, 3 and 10 kV accelerating voltages,
respectively. As shown, the interaction volume is dependent nonlinearly on the
accelerating voltage. Furthermore, it can also be found that, for each interaction
volume, the lateral spreading distance and the penetration depth of the electrons
are approximately equal to each other. This simulation confirms that a low ac-
celeration voltage is required for CL measurements with high spatial resolution.
Thus, for the CL measurements on the quantum wells (QWs) within a I1I-nitride
LED structure, an appropriate sample preparation is necessary, especially when a
high spatial resolution is required. The top p-type GaN layer must be thinned so
as to reduce the accelerating voltage needed to excite QW emission and, in turn,
improve the spatial resolution. An application of CL measurements for the QWs
within an LED structure with high spatial resolution (~100 nm) can be found in
chapter 3. However, the CL technique also presents its own drawback. The dam-
age caused by the electron-beam impingement is an unavoidable problem for CL
measurements. The degradation of material quality is observed when In,Ga;_,N
QWs are exposed to the electron beam [12]. This degradation has been attributed
to increased dislocation mobility following the electron-beam impingement and is
more pronounce when using a low accelerating voltage [12]. To minimize the effect

of this damage, a high accelerating voltage and/or a short acquisition time needs
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100 nm

FIGURE 2.12: Monte Carlo electron trajectory simulations of interaction vol-
umes for (left to right) 1, 3 and 10 kV beams impinging on a GaN layer. After
[13].

to be used in CL measurements. The acquisition time is the period used to collect
the CL signal at each point during a scan. Because the accelerating voltage used
in CL measurements strongly affect the spatial resolution as discussed early, it is
hard to use the high accelerating voltage to minimize the damage of the electron-
beam impingement especially when a high-spatial resolution is required. Thus,
a short acquisition time is necessary. In our work, this time is normally set at

millisecond scale.

The facility for CL measurements used in this work is a home-built detection
system installed on an FEI Sirion 200 ultrahigh-resolution Schottky field-emission
scanning electron microscope (SEM), as shown in Figure 2.13(a). Figure 2.13(b)
illustrates the schematic diagram of the CL setup. As shown, the electron beam
is generated by the electron gun of the SEM and impinges on the sample. The
sample is inclined at 45 °, and the luminescence is collected by a Schwarzschild-
type reflecting objective at right angles to the electron beam. The light is then
coupled directly to the entrance slit of a 1/8 m spectrograph using a paraboloidal
mirror and detected using a cooled electron-multiplying charge coupled device
(EMCCD) detector [13]. Compared with the conventional CL setup which takes
the spectrum at a fixed point or scans the sample at a fixed wavelength, the
EMCCD detector used in our setup enables recording of the full hyperspectral
imaging with low noise at each point under the scanning beam. The hyperspectral
imaging mode enhances the power of CL technique by recoding the full set of
spectroscopic and microscopic information together [14]. By acquiring the whole
spectrum at each scanning point, a large multidimensional dataset is assembled
which can be further manipulated to yield different information as a function of

position [15]. Furthermore, the optical design of our CL setup is also different
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from the conventional CL facility. In this setup, a low-NA reflecting objective
takes the place of large solid angle conic mirrors. This change can enhance the
spatial resolution of CL measurements without additional signal loss. The detailed

discussion on the optical design of this CL setup can be found in Ref. [16].

Electron-beam Spectrograph
SEM
pole- NA0.28 EMCCD
piece reflecting ~ Quartz
objective ~ Vacuum === {=—=
window
/\< /774 Paraboli
i arabolic
T|IteA 3 arabol

sample (45°)

(b)

FIGURE 2.13: (a) Image and (b) schematic diagram of a home-built CL detec-
tion system installed on the SEM (Department of Physics).

2.2.2 Temperature-dependent photoluminescence

Photoluminescence (PL) is another form of luminescence in which photons are
emitted from a luminescent material excited by an external light source. The PL
process can also be explained by solid-state energy band theory as an excitation
of electrons by photons to the conduction band and then return to the valence
band accompanied by photon emission. PL is also a common technique used to
measure the purity and crystal quality of semiconductors. Compared with CL, the
excitation source in PL is replaced by a light beam and there is therefore almost
no damage when the material is irradiated by the excitation light. However, the

spatial resolution of conventional PL is relatively low. The interaction volume of
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PL is mainly dependent on the beam spot size irradiated on the material surface
and the material absorption at the wavelength of the excitation light. The spatial
resolution of conventional PL systems is on a micron scale. Some advanced PL
techniques, such as micro-PL [17] and PL confocal microscopy [18], can enhance
the spatial resolution down to a few hundred nanometres or less at the specific

wavelength.

There are several variations of the PL system to measure different properties of
materials. Time-resolved PL is a direct method to measure the carrier lifetime of
a semiconductor [19]. In this technique, a pulsed light source is used to excite a
semiconductor sample and then the PL decay time, which corresponds to the car-
rier lifetime of the sample, is measured. Another common technique is T-PL which
is used in my work. Since the nonradiative recombination processes are activated
by thermal excitation [20], the luminescence efficiency of a semiconductor can be
obtained by comparing the PL spectrum at low temperature and the one at room
temperature [21]. In addition, the measured temperature-dependent variations of
PL emission peak and spectral width can also provide more information about the
energy band structure of QWs [22]. A detailed analysis of the T-PL spectra of
In,Ga;_,N QWs can be found in section 4.2 of this thesis.

Figures 2.14(a) and (b) show, respectively, the image and schematic diagram of
the home-built T-PL setup used in this work. As plotted in Figure 2.14(b), the
excitation light in this setup is reflected by a dichroic beam splitter and focused
on the sample surface through a reflecting objective. The dichroic beam splitter
is a type of beam splitter with nearly 100 % reflectivity for a specific wavelength
range. For excitation light sources with different wavelengths, different dichroic
beam splitters are used to effectively reflect the excitation light from the light
source to the sample. The luminescence emitted from the sample is collected by
the same reflecting objective. Then the luminescence is coupled directly to the
entrance slit of a 1/8 m spectrograph using a normal plate beam splitter and is
detected by a CCD detector. Because both the excitation light and luminescence
from sample are collected by the same reflecting objective, there is a longpass
filter in front of spectrograph to prevent the excitation light being detected by
the CCD. The longpass filter is an optical component with nearly 100 % trans-
parency for a specific long-wavelength (compared with the emission wavelength of

the excitation light) range. The luminescence emitted from the sample can also
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pass through the dichroic beam splitter and reach another CCD detector with-
out a spectrograph. This detector is used to image the sample with the purpose
of controlling the excitation position on the sample surface. The temperature of
a sample can be controlled between 15 and 300 K using a closed cycle helium

refrigerator in conjunction with a heater.
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FIGURE 2.14: (a) Image and (b) schematic diagram of a home-built T-PL setup
(Department of Physics).

2.3 Summary

In this chapter, the main steps in the fabrication process of I1I-nitride microstruc-
tured LEDs have been introduced in section 2.1 including pattern definition, pat-
tern transfer and formation of metal contacts. The general working principles
and typical processes of the techniques used in each step were presented and com-
mented on. In order to fabricate fully operational microstructured LEDs, these
techniques play important roles. In section 2.2, a brief introduction to two tech-
niques used for microstructured LED characterization, namely CL and T-PL, was
given. In addition to the general working principles, the primary advantages of
both techniques were illustrated and discussed. Because both techniques are per-
formed using home-built facilities, detailed illustrations of their designs were given
as well. These techniques will be used in later chapters for mechanism investiga-

tions of microstructured LEDs.
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Chapter 3

Size-dependent strain relaxation
in In0.25Gao.75N/GaN-based

micro-pillars

In this chapter, size-dependent strain relaxation and its effects on the optical
properties of In,Ga;_,N quantum wells in micro-pillars (u-pillars) is investigated
through a combination of cathodoluminescence (CL) hyperspectral imaging and
numerical modelling. These results provide significant insights into the mechanism
of strain relaxation in In, Ga;_,N/GaN-based p-pillars and also give practical guid-
ance for design and development of novel III-nitride micro-/nano-LEDs. The first
section of this chapter summarizes the previous studies on strain relaxation in
In,Ga;_,N/GaN-based micro-/nano-pillars. Based on these previous results, we
have used the high-spatial-resolution CL hyperspectral technique and a new simu-
lation model to further investigate the strain relaxation in In,Ga;_,N/GaN-based
p-pillars and have obtained some new results. Sections 3.2 and 3.3 describe the
experimental and simulation results of a single-sized p-pillar in detail including the
sample preparation, data analysis and model setting up. Finally, the size effect on

the strain relaxation in p-pillars is investigated and is discussed in section 3.4.
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3.1 Overview of previous research on strain re-
laxation in In,Ga; ,N/GaN-based micro-/n-

ano-pillars

As described in section 1.4, the compressive strain due to the lattice mismatch
between InN and GaN in quantum wells (QWs) is directly responsible for the
piezoelectric polarization effect. The induced polarization effect generates a larger
internal electric field and, thus, quantum-confined Stark effect (QCSE) as the
indium content in the QWs increases. Consequently, for III-nitride light emitting
diodes (LEDs) emitting in the green-to-red region, there is a progressive tendency
for quantum efficiency to decrease as the emission wavelength increases, which is
the so-called ‘green-yellow gap’. Since the strain can be partly or fully relaxed in
In,Ga;_,N/GaN-based micro-/nano-pillars because of the pillars’ free sidewalls,
the investigation of this strain relaxation in micro-/nano-pillars has attracted great

attention.

The fabrication method of In,Ga;_,N/GaN-based micro-/nano-pillars has typi-
cally involved top-down patterning by etching an initially planar epitaxial struc-
ture containing In,Ga; N QWs, although the techniques of directly grown nano-
columnar structures have also been reported [1]. There were a number of previous
studies focusing on strain relaxation in In,Ga;_,N/GaN-based micro-/nano-pillars
[1-10]. The investigations on strain relaxation in In,Ga;_,N/GaN-based pillars
usually focused on photoluminescence (PL) characterization including micro-PL
(u-PL) [8] and confocal laser scanning microscopy [9]. The spatial resolution of the
PL measurements used so far was limited by the size of the excitation beam spot.
To the best of our knowledge, the highest spatial resolution achieved for PL mea-
surement of the strain relaxation in In,Ga;_,N/GaN-based micro-/nano-pillars
has been 500 nm at room temperature (RT) by employing confocal laser scan-
ning microscopy [9]. Due to the low spatial resolution, the PL emission spectrum
of micro-/nano-pillars was normally obtained by fitting. In Ref. [8], a nano-
pillar with a diameter of 300 nm and a height of 2 um was fabricated from an
Ing2GagsN/GaN LED wafer by using Pt as an etching mask. The nano-pillar was
then characterized by pu-PL. However, being limited by the resolution of u-PL, it
was hard to directly measure the emission spectrum of this nano-pillar. Thus, the
emission spectrum of the nano-pillar was achieved by comparing the overall p-PL

spectrum before and after removing the Pt mask as shown in Figure 3.1(a) and
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FIGURE 3.1: Emission spectrum of a nano-pillar (a) with and (b) without the
Pt etching mask measured by u-PL. After [8].

(b) [8], respectively. The emission spectrum of the nano-pillar, which is denoted as
spectrum 3 in Figure 3.1(b), was then obtained through a Lorentzian fitting pro-
cess. Figures 3.2(a) and (b) show the maps of emission intensity and wavelength
for a 2 pm-diameter Ing o5 Gag 75N /GaN-based micro-pillar (p-pillar) with the high-
est spatial resolution at RT [9]. As shown in these figures, the p-pillar presented
a doughnut-shaped emission pattern due to the partial strain relaxation at free
sidewalls. However, this spatial resolution is still not high enough to investigate

the detailed strain relaxation process at a sub-micron scale.

Intensrtg.- (arb. units) 508 w;wg|gngtn[nm]519

FIGURE 3.2: (a) Emission intensity map and (b) emission wavelength map of
a 2 pm-diameter p-pillar taken at RT by confocal laser scanning microscopy.
After [9].
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FIGURE 3.3: (a) In-plane strain distribution in an Ing2Gag gN/GaN nano-pillar
with a diameter of 200 nm simulated by VFF method; (b) in-plane strain distri-
bution in an Ing 25Gag 75N /GaN nano-pillar with a diameter of 200 nm simulated
by FEM. After [8, 9].

Numerical simulations of strain relaxation in the QWs of In,Ga;_,N/GaN-based
micro-/nano-pillars have also been carried out [8, 9]. Yu et al. employed an
atomistic valence force field (VFF) method for strain calculations [8]. VFF is a
microscopic model which determines the positions of each individual atom in the
material by minimizing the elastic energy of the entire structure. In Ref. [9],
the finite element method (FEM), embodying macroscopic elastic theory, was also
used. Analogous FEM calculations have proven to be effective in simulating semi-
conductor nanostructures including InAs quantum dots [11] and nanocolumnar
GaN/Al,Ga;_,N-based disks [12]. As shown in Figure 3.3(a) [8] and (b) [9], the
simulated strain relaxation in In,Ga;_,N/GaN-based nano-pillars by the VFF and
FEM methods is generally the same. The €., in the figure represents the in-plane
strain of different layers. As shown, clear strain relaxation at the pillar edge can be
observed. However, from these figures, it can also be found only the local environ-
ment of the QWs was considered while neglecting the influence from other layers
in both models of VFF and FEM simulations. This assumption becomes increas-
ingly inaccurate when the fill factor of etched pillar mesas (the ratio of mesa area
to total sample area) is very small and the height of the mesa is relatively large.
Limited by the spatial resolution and simulation accuracy, the detailed correla-
tions between spectroscopic results and numerical simulations of strain relaxation

in the QWs of In,Ga;_,N/GaN-based micro-/nano-pillars are hard to achieve.
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3.2 Strain relaxation in Inj.;Gay 731N /GalN-based

micro-pillars characterized by a high-spatial-

resolution cathodoluminescence technique

As summarized in the last section, further improvement of the spatial resolution
of characterization techniques can enable a better understanding of the mech-
anism of strain relaxation in In,Ga;_,N/GaN-based micro-/nano-pillars, which
is critically important to the design and development of novel III-nitride micro-
/nano-LEDs for a wide range of applications [3, 13-15]. To overcome the lim-
itation of PL measurements, cathodoluminescence (CL) hyperspectral imaging
was employed in our work to record spectrally resolved emission and its distribu-
tion on Ing 25Gag 75N/GaN-based p-pillars with spatial resolution of approximately
100 nm. By this method, clear strain relaxation processes were observed and an-

alyzed. The experimental processes and results are shown below.

3.2.1 Fabrication and characterization of In;2;Gag 75N/ Ga-

N-based micro-pillars

A yellow-green Ingo5Gag75N/GaN-based LED wafer (supplied by Peking Uni-
versity, China) was used for p-pillar fabrication in this experiment. This wafer
was grown on a c-plane (0001) sapphire substrate by metal-organic chemical
vapour deposition. The epitaxial structure comprised the following functional
layers: a 2 pum-thick undoped GaN buffer layer; a 2 pm-thick n-type GaN layer;
two Ing10GaggN QWs of 3 nm thickness with 10 nm GaN barrier layers; six
Ing25Gag 75N QWs again of 3 nm thickness and separated by 10 nm GaN barriers;
and finally a 240 nm p-type GaN layer. The first two QWs function as an electron
reservoir layer (ERL) for improving the carrier capture rate [16] and mitigating
the efficiency droop by reducing the overflow of hot electrons [17]. In the context
of this study, their presence also gave an opportunity to compare the effect of
strain relaxation in QWs with different indium contents. As schematically shown
in Figure 3.4, the p-pillars with diameters ranging from 2 to 150 pum were fabri-
cated as followed: the top p-type GaN layer was firstly thinned down to 40 nm by
inductively coupled plasma (ICP) etching using Cly plasma. This step facilitated
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CL measurements with high spatial resolution by reducing the accelerating volt-
age needed to excite the emission of QWs. A 300 nm-thick SiO, layer was then
deposited on the residual p-type GaN layer by plasma-enhanced chemical vapour
deposition. The SiO, layer was then patterned into an array of micro-disks using
photolithography followed by reactive ion etching. Defined by the SiO5 hard mask,
plasma with a combination of Cly and Ar was used to etch Ingo5Gag75N/GaN-
based p-pillars with a height of 1.1 ym which is a typical height for LED structures.
Prior to the CL measurements, the SiO, mask was removed by buffered oxide etch.

The cross-sectional structure of an Ingo5Gag 75N/GaN-based p-pillar is shown in

Figure 3.5.
p- type GaN thin down  sjO, Photolithography
------------------------- deposition
GaN LEDs GaN LEDs ‘ GaN LEDs
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FIGURE 3.4: Process flow for the fabrication of Ing25Gag 75N/GaN-based u-
pillars.
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FIGURE 3.5: Cross-sectional structure of an Ing 25Gag 75N /GaN-based p-pillar.
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As mentioned above and in subsection 2.1.2, two plasma etching recipes, i.e. Cly
plasma and Cly/Ar plasma, were used to fabricate the Ing o5Gag 75N/GaN-based p-
pillars in the ICP system. By using Cl, plasma, pure chemical etching, which gives
the lowest etching damage [18], dominates the plasma etching. This recipe was
employed to thin down the top p-type GaN layer in order to minimize the influence
of etching damage on the CLL measurements. However, when Cl, plasma is used for
pillar etching, the residual byproducts coming from the chemical reaction between
Cl and GaN adhere on the pillar sidewalls which leads to a rough surface. The
scanning electron microscope (SEM) image of a 16 pm-diameter p-pillar etched by
the Cly plasma is shown in Figure 3.6(a). The rough and irregular sidewalls can
be observed for this pillar. Thus, to improve the quality of sidewalls, Ar gas was
introduced in the optimized recipe for pillar etching. The energetic Ar ions can
sputter away the deposited etching byproducts on the pillar sidewalls and increase
the anisotropy of the etching. Moreover, due to the low etching selectivity between
photoresist and GaN (around 1:1) and the diffraction effect in optical exposure,
there is always a hole formed in the pillar centre when the pillar diameter is below
5 pm as shown in Figure 3.6(c). Due to the high etching selectivity between SiO,
and GaN (around 1:4), a SiOy hard mask was used to prevent the formation of
the hole during plasma etching. With the optimized etching recipe and SiOs hard
mask, high-quality p-pillars with different diameters were fabricated and typical
SEM images of pillars with diameters of 16 ym and 2 pym are shown in Figure
3.6(b) and (d), respectively. It can be seen that the top surface of the pillar
is smooth and the etch pits, which may result from preferential etching around
structural defects, are much less. The smooth sidewall is almost perpendicular,
with an inclination angle of about 85 °. The hole is eliminated in the smallest

2 pm-diameter p-pillar as well.
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FIGURE 3.6: SEM images of p-pillars with a diameter of 16 um etched by (a)
pure Cly plasma and (b) an optimized recipe with additional Ar plasma; SEM
images of 2 um-diameter p-pillars (c) with and (d) without a central hole.

The CL technique used here has been introduced in subsection 2.2.1 in detail.
For the CL measurements on p-pillars with different diameters, a low accelerating
voltage of 5 kV and an electron-beam current of 1.5 nA were used to limit the beam
interaction volume down to 100 nm and, hence, improve the spatial resolution of
CL measurements. To avoid the damage of electron-beam impingement, a short

acquisition time of 40 ms is used in these measurements.

3.2.2 Results of cathodoluminescence hyperspectral imag-

ing

Figure 3.7 shows typical CL spectra extracted from the centre and edge of a p-pillar
with a diameter of 16 ym. There are two emission peaks from different-indium-
content In,Ga;_,N QWs visible in the CL spectra, centered at 560 nm (yellow-
green) and at 425 nm (blue). The strong yellow-green emission originates from the
Ing 25Gag 75N QWs, which is also the dominant emission in the electroluminescence

(EL) spectrum of a 16 ym-diameter micro-LED (u-LED) fabricated from the same
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wafer (without thinning down the top p-type GaN layer so as to achieve a good
metal contact to p-type GaN) shown inset. The blue luminescence in both CL
and EL spectra is emitted from the Ing10GaggoN QWs. Compared with the CL
spectra, the EL spectrum at a low operating current of 1 mA (to exclude the self-
heating effect during the LED operation) is similar to that from CL measurements.
The main difference is the relatively weaker blue emission observed in the EL
spectrum. This is due to the heavy effective mass and low mobility of holes in
GaN which limit their migration distance. In contrast, the penetration depth
in CL measurements depends mainly on the accelerating voltage supplied rather
than the diffusion/drift length of carriers, which results in a much pronounced CL
signal emitted from blue QWs. Unlike the area-integrated spectra of EL, CL is
highly spatially-resolved which enables a direct spatial comparison. As plotted,
the yellow-green emission from the edge (the black curve) shows a 7 nm blue-shift
in the emission wavelength and 1.1 times intensity enhancement compared with
that from the centre (the red curve). There is no comparable spectral shift or
intensity enhancement for the blue emission. The spectral shift and enhanced
emission can be largely attributed to the reduction of QCSE by partial strain
relaxation resulting in a flat energy band and an enhancement on the overlap of

electron and hole wavefunctions.
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F1GURE 3.7: Typical CL spectra recorded from the edge and centre of a p-pillar
with a diameter of 16 um, the insert is the EL spectrum of a same-sized y-LED
measured at an operating current of 1 mA.

The CL maps of emission wavelength and intensity corresponding to the yellow-

green and blue QWs of a 16 pm-diameter p-pillar are shown in Figure 3.8. These
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maps were extracted from CL hyperspectral imaging using nonlinear least-squares
peak fitting. The step size of CL scans for these maps is 200 nm. For the yellow-
green QWs, Figure 3.8(a) shows a clear blue-shift ring around the pillar perimeter
with a maximum shift value of 7 nm relative to the centre. Such a ring region is
dominated by higher emission intensities in Figure 3.8(c). Some imperfect areas
may be caused by damage during sample preparation processes. However, Figure
3.8(b) and (d) show no corresponding blue-shift ring and enhanced emission at

the edge of the pillar for the blue emission.
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FIGURE 3.8: Spatially resolved CL maps of a 16 pm-diameter p-pillar: wave-
length distribution in the (a) yellow-green and (b) blue spectral region; corre-
sponded emission intensity maps for (c) yellow-green and (d) blue QWs.

To further illustrate the variation of emission wavelength, line-scans of the emission
wavelength in the two spectral regions are plotted along a typical diameter of the
pillar as shown in Figure 3.9. The longer wavelength data highlight the blue-
shifts reaching 7 nm within a 2 pym region around the pillar edge. Wavelength
fluctuations from the mean value of 3 nm peak-to-peak are seen in the centre area
of the pillar, and their non-systematic distribution suggests that such fluctuations
are from variations in indium content and/or other inhomogeneities in the yellow-
green QWs. This degree of intrinsic variation is considered in choosing a threshold

shift of 3 nm to define the blue-shifted zone whose spatial extent is analyzed in
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later discussion on simulation results and size effect. The line-scan data for the
blue QW emission confirm that any systematic blue-shift towards the pillar edge
is indistinguishable from the fluctuation and thus constrains any such shift to
below 1-2 nm in magnitude. Such a small blue-shift is due to the lower lattice
mismatch between the active layers and barriers, which is consistent with our

previous research [3].
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FIGURE 3.9: Variations of emission wavelengths along the representative pillar
diameters as shown in Figure 3.8(a) and (b).

The higher-magnification (20 nm scanning step size) CL scans were performed at
the edge and centre regions as labelled in Figure 3.8(a) with a 1 x 1 ym? scanning
area in order to have a further understanding of the strain relaxation process.
The fitted wavelength maps of yellow-green QWs are shown in Figure 3.10(a) and
(b) for edge and centre regions, respectively. The emission wavelengths of both
maps are plotted along a typical diagonal as shown in Figure 3.10(c). It can be
seen that the emission wavelength in the edge area shows a much sharper blue-shift
compared with the one in the centre region. A nearly 7 nm shift occurs in the edge
area. However, the blue-shift of the emission wavelength is less than 2 nm in the
centre area which is barely distinguished from the intrinsic wavelength fluctuation
as mentioned above. This indicates that strain relaxation is mainly occurring at
the pillar edge due to the free constraints of the sidewalls. In the centre region of
the pillar, the QWs are still constrained laterally and, thus, the strain relaxation

magnitude is much less.
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FIGURE 3.10: High-magnification wavelength maps for yellow-green QWs at
(a) edge and (b) centre regions as labelled in Figure 3.8(a); (c) variations of
emission wavelengths along the typical diagonals as shown in (a) and (b).

3.3 Finite element method simulation of strain
relaxation in Inj.;Gaj 75N /GalN-based micro-

pillars

Based on the results of CL. measurements shown in the last section, FEM simula-
tion on strain relaxation in Ingo5Gag 75N/GaN-based p-pillars is presented in this
section. To increase the accuracy of the strain simulation, the GaN buffer layer
and sapphire substrate below the emissive QWs which are normally neglected in
previous research are included in our FEM model. Meanwhile, residual strain
in the GaN buffer layer is considered in the simulation as well. The simulation
results show a pronounced strain relaxation around the pillar edge. The calcu-
lated blue-shift wavelength and relaxation region agree well with the experimental

results.
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FIGURE 3.11: Schematic diagram of the basic idea of strain simulation by FEM.
3.3.1 Brief introduction of ANSYS

The strain relaxation in p-pillars is simulated using the ANSYS 11.0 commercial
finite element software package. As shown in Figure 3.11, the basic idea of FEM is
discretization which transfers a complex object into finite elements with a simple
shape. These finite elements are used to replace the original object and each
element is connected by nodes which are considered as hinge joints. For strain
calculation, the reaction between the elements is transferred by nodes, known as
the nodal force which is an internal force. The external force applied on the node
is called a node load. After discretization, a mechanical analysis process is first
carried out on each element to find the relationship between the node force and

the node displacement through Equation 3.1:
{F}° = [K]{0}" (3.1)

where { F'}€ is the matrix of nodal force vectors, [K € is the stiffness matrix and {J}¢
is the matrix of nodal displacement vectors. The superscript e of each matrix in
the equation represents the components of each parameter along different vectors.
Since the selected shape of the elements is normally as simple as a rectangle and /or
a triangle, the mechanical analysis process on each element is feasible. After
this simple process on each element, the mechanical analysis is extended to the
whole structure to form a system of linear equations combining the relationships
between the node loads and the displacements for all nodes. After introducing
proper boundary and initial conditions, the system of linear equations becomes
self-consistent and solvable. From the solutions, the strain and stress of every

element are obtained.
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Based on FEM, the simulation process carried by the ANSYS software could be

generally divided into six parts as follows:
(1) Parameter Definition

In this part, the units of physical dimension, element type, real constants of the

element and material parameters are defined.
(2) Geometric Model Establishment

The establishment of a finite element model can be achieved by using either the
direct or indirect methods. The direct method, which is only applicable to simple
structures, directly defines nodes and elements according to the geometrical shape
of the structures. The indirect method is preferred for complex systems by means
of point, line, surface and volume to create a real structure. The finite element

model is established after element meshing.
(3) Element Meshing

Element meshing is a process to generate nodes and elements. It mainly includes
the following three steps: element attribute definition, mesh control and mesh. The
element attribute definition and mesh control are important steps because they
not only affect the mesh results but also have a great influence on the solution

accuracy.
(4) Load Definition

The loads include the boundary conditions (constraint, support or parameters of
the boundary field) and other external or internal loads. Most of these loads are
applied on the solid model (point, line and surface) or the element model (nodes

and elements).
(5) Solution

There are two types of FEM solutions, namely fundamental and element solutions.
The fundamental solutions are the value of freedom degrees for the nodes. The

element solutions are primarily the centroidal solution values for each element.

(6) Post-processor
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The calculated results could be illustrated through the post processing module of
ANSYS. The illustrated results mainly include a strain or stress distribution and

a deformation diagram.

3.3.2 Simulation process of strain relaxation and related

wavelength shift

The simulation process, results and discussion here mainly focus on the p-pillars
with a diameter of 16 um. For other pillars with different diameters, the simulation
and calculation processes are almost the same. The detailed structure and material
parameters used in my ANSYS model will be given first. In order to include
the influence of neighboring pillars, simulation was performed on a 5 x 1 array
consisting of identical 16 pm-diameter p-pillars. This array had a pitch chosen
to give a fill factor of 26 %, corresponding to the average value for the fabricated
pillar array. The strain distribution calculated for the middle pillar was used to
estimate the spectral shift. The in-plane strain isotropy (e;,=e€,,) for the (0001)
growth orientation allowed the simulation to be simplified to a two-dimensional
(2D) case. The FEM simulation structure of the 16 pm-diameter p-pillar array
is illustrated in Figure 3.12. All the III-nitride layers shown in Figure 3.5 were
included, although the FEM model did not extend through the full thickness of
the sapphire substrate. Detailed analysis of the wafer bowing predicts that a
bending-free plane in the sapphire substrate is at a depth of around 70 pym from
the interface between the GaN layer and the sapphire substrate [19]. Therefore, a
80 pm sapphire thickness was adopted in the model in order to define a practical
boundary condition. Pillar sidewalls were left free from constraints. The interface
between different materials was ‘glued’ by Boolean operation to coincide with the
real state. The plane 182 elements, which are defined by four nodes and used for
a 2D modelling of solid structures, were employed in all models. The size-control-
function was performed during the meshing process. The geometry was meshed
with four-node rectangular elements which have a length of 100 nm in the QW
region so as to get an accurate simulation result. For calculation, a strain variation
with the thickness of the GaN layers as shown in Ref. [20] was used for estimating
the residual strain in the GaN buffer layer below the first blue QW, which has a
great influence on simulation results and will be discussed later in detail, while

pseudomorphic growth was assumed for all QWs. Based on the data from Ref.
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[21] and Vegards law (linear interpolation), elastic constants (C;;) and unstrained
lattice parameters (ag) were calculated for the two relevant In,Ga; N ternary

alloys through Equation 3.2:
Y(In,Gay_,N) =2Y (InN)+ (1 —2)Y(GaN) (3.2)

These calculated values are summarized in Table 3.1. Actual strain simulations for
the In,Ga;_,N were performed by a thermoelastic method accommodated within
ANSYS [11]. The piezoelectric polarization field was then calculated through
Equation 3.3:
PPZ = 9(e3 — eggﬁ)gm (3.3)
Cs3
where e;; are the PZ constant and €, is in-plane strain value calculated from FEM

simulations. The electrostatic field induced by the polarization is

1

Er&o

E=—-—pH (3.4)

where €, is the dielectric constant. The PZ constant e;; was calculated by the

E-first route preferred by Christmas et al. [22] through Equation 3.5:
eij = dixCl; (3.5)

The E-first method here means calculating e;; of pure GaN and InN by Equa-
tion 3.5, and then using Equation 3.2 to get the e;; values of different-indium-
content materials. Finally, by introducing the piezoelectric potential into the
one-dimensional Schrdinger equation [22] the optical transition energy of the QW
was calculated. In this process, the inbuilt p-n junction field and carrier screen-
ing effect were neglected. In later discussion, the calculated emission shifts are
compared with the measured QW emission shift directly, i.e. the Stokes shift is
assumed to be constant. Furthermore, as the pillar sizes are in the micro-scale re-
gion, the alteration of QW transition energies due to lateral quantum confinement,

which is considered in certain nano-pillars [6, 8], can be neglected.



Chapter 3.Size-dependent strain relazation in Ing o5 Gag 75 N/GaN-based
micro-pillars 82

Sapphire (80 um)

FI1GURE 3.12: Illustration of the structure used in the FEM simulation for
p-pillars with a diameter of 16 pm.

Material Cnh Cha Ci3 Cs3 om agp €31 €33
(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (A) | (Cm™2) | (Cm™?)
GaN 390 145 106 398 105 | 3.189 | -0.53 0.89
Sapphire 490 165.4 113 490 145.4 | 4.758 N/A N/A
Ing10GaggoN | 373.3 142 104.6 | 380.6 | 99.3 | 3.225 | -0.525 0.907
Ingo5GagrsN | 348.3 | 137.5 | 102.5 | 354.5 | 90.75 | 3.278 | -0.5175 | 0.9325

TABLE 3.1: RT parameters used for different materials in FEM simulations
and emission energy calculation. The Cj;, ag and e;; for GaN and InN are cited
from Ref. [21].

3.3.3 Results and discussion

Firstly, the distribution of simulated in-plane strain in the sapphire substrate
(€zz,5ap, @ component of the strain tensor) is shown in Figure 3.13. The lateral
distance in the figure is measured from the pillar centre. As plotted, due to
the residual strain in the GaN buffer layer, tensile strain exists in the sapphire
substrate [20]. This strain keeps decreasing along the vertical direction from the
interface between the GaN layer and the sapphire substrate. When the thickness
is above 60 pm, the strain is close to zero. This result not only agrees well with the
experimental results reported in Ref. [19], but also indicates the adopted sapphire

thickness of 80 um for this simulation is thick enough to achieve accurate results.
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FIGURE 3.13: Simulated in-plane strain (€gz sqp) distribution in the sapphire
substrate.

Figure 3.14 illustrates the simulated in-plane compressive strain (e, qw) distri-
bution of (a) yellow-green and (b) blue QWs at the edge of a 16 pm-diameter
pillar. The colour-coded range of the in-plane strain as per the key in the figure
has been set to highlight the strain variations in different-indium-content QWs.
The surrounding materials are shown in gray, as the strain in these regions is
outside the colour-coded range. As plotted in Figure 3.14(a), the simulation re-
veals that €, ow is reduced up to 12.5 %, i.e. from —2.70 x 1072 at the centre
to —2.37 x 1072 at the pillar edge for yellow-green QWs. This change in strain
corresponds to an average blue-shift in the transition wavelength of 7.4 nm, which
agrees well with the experimental result as shown in Figure 3.9. The simula-
tion also confirms that the strain remains almost unchanged in the central 75 %
area of the pillar. Compared with the initial strain in the as-grown yellow-green
QWs (—2.72 x 1072), which is caused by the lattice mismatch and calculated from
strain-free lattice constants, the maximum compressive strain in the pillar centre
is also reduced. Thus, a blue-shift of the emission wavelength at the pillar cen-
tre relative to the as-grown wafer can be calculated as 1.3 nm. This blue-shift is
defined as global blue-shift in later discussion. The calculated width of the blue-
shifted (AX > 3 nm) region at the pillar edge is around 1 pm, which is slightly
smaller than the average result observed in the CL maps. This may be due to
the uncertain residual strain introduced in the GaN buffer layer. The in-plane
compressive strain used in the simulation was —1.34 x 1072 in the GaN buffer

layer, which was interpolated from the experimental value reported in Ref. [20].
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Although this strain is one order smaller than that in the QWs, it significantly
influences the strain transfer and distribution in the whole pillar. Such influences
have been confirmed by repeating the simulation with a series of different assumed
strain values in the GaN buffer layer. While not increasing the magnitude of the
blue-shift at the edge of the pillar, the lower the strain in the GaN buffer layer, the
wider the blue-shift area. Furthermore, by reducing the strain in the GaN buffer
layer, the global blue-shift of the pillar increases, giving better agreement with the
experimental CL results. For the two lower Ing10GagoN QWs [Figure 3.14(b)],
similar phenomena are observed. The €, gw is reduced up to 16.5 % at the pillar
edge and the maximum strain at the pillar center is also slightly relaxed after the
pillar formation. However, the corresponding blue-shift of the blue QWs emission
is less than 2 nm on average, which is barely resolvable against the background
fluctuation in CL maps. Therefore, the size effects of strain relaxation will mainly
focus on the high-indium-content yellow-green QWs, which will be discussed in

the next section.
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FIGURE 3.14: Simulated in-plane strain (e, qw) distribution at the edge of
(a) yellow-green and (b) blue QWs.



Chapter 3.Size-dependent strain relazation in Ing o5 Gag 75 N/GaN-based
micro-pillars 85

3.4 Size effect of strain relaxation in micro-pillars

As shown in section 3.2, high-spatial-resolution CL is a powerful technique for
investigating the strain relaxation process in In,Ga; ,N/GaN-based p-pillars.
Meanwhile, the strain simulation by FEM has also been carried out based on
experimental results. To get further understanding of size effect of strain relax-
ation, such CL measurements and simulations were extended to a series of p-pillars

with diameters ranging from 2 to 150 pm.

Figure 3.15 summarizes the main information obtained through systematic exper-
imental and simulation results on size effect of strain relaxation in high-indium-
content yellow-green QWs. The black data points in Figure 3.15(a)-(d) show the
measured maximum blue-shift at the pillar edge relative to the pillar centre [Fig-
ure 3.15(a)], the width of the blue-shift ring region (defined by AX > 3 nm, as
above) [Figure 3.15(b)], the ratio of this blue-shift ring region to the whole pillar
area [Figure 3.15(c)| and the global blue-shift observed at the pillar centre relative
to a non-patterned wafer [Figure 3.15(d)] as a function of pillar diameter for the
yellow-green QWs. The red data points in these figures are the corresponding sim-
ulation results. All measured data points plotted in Figure 3.15 were derived by
averaging 10 line-scans across different pillar diameters, as previously illustrated
in Figure 3.9. As plotted in Figure 3.15(a), the magnitude of the measured max-
imum shift decreases from 9.3 to 5.6 nm as the pillar diameter increases from 2
to 150 pm and becomes almost constant (around 6 nm) for pillar diameters in
excess of 30 pm. In Figure 3.15(b), the width of the blue-shift ring region at the
pillar edge is observed to reach a maximum value of 2.2 ym for a 20 pm-diameter
p-pillar. However, as shown in Figure 3.15(c), the proportion of this area decreases
continuously as the pillar diameter increases, from 86 % at 2 um to only 3 % at
150 pum. These results confirmed that for the smaller p-pillars studied, the ma-
jority of the volume is significantly strain relaxed, and there is a strong gradient
in the strain relaxation towards the edge. Figure 3.15(d) shows that the global
blue-shift of the emission wavelength decreases with increasing pillar diameter,
starting from a value of 8.2 nm for the p-pillar with a diameter of 2 ym. It can
be seen that over 30 um, the decrease of this global blue-shift of the emission
wavelength becomes slow and a zero global blue-shift is observed for the largest
pillar. Clearly, these CL. measurements confirm that the strain relaxation becomes
dominant when the pillar size is less than 30 pm. It is also notable that by using

high-spatial-resolution CL technique, a blue-shift ring region of the yellow-green
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QW emission at the edge of the pillar was observed even for the p-pillars with a
diameter larger than 10 gm. Such a blue-shift ring region has not been observed

and reported before for such large In,Ga;_,N/GaN-based pillars.
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FIGURE 3.15: Experimental and simulated values for spectral shift parameters
as a function of pillar diameter: (a) the maximum blue-shift of the emission
wavelength at the pillar edge relative to pillar centre; (b) the width of the blue-
shift ring region; (c) the ratio of the blue-shift ring region to whole pillar area;
(d) the global blue-shift of the emission wavelength at the pillar centre.

The red points in Figure 3.15 group show the simulated values for the various pa-
rameters discussed above. For these simulations, the small contribution of strain-
dependent changes in Stokes shift is not considered [5, 23]. Clearly, the variation
trends of the experimental and simulated results are almost the same. The maxi-
mum blue-shift values measured agree very well with the simulation results for the
smaller pillars, while only a slight difference is observed when the pillar diameter is
larger than 16 pm [Figure 3.15(a)]. This suggests that the data collection and pro-
cessing methods aimed at achieving high spatial resolution have successfully met
the challenges of wavelength shift measurements on the smaller pillars imposed
by intrinsic QW inhomogeneities and the strain gradients close to the pillar side-

walls. Nevertheless, some differences between the measured and simulated values
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are observed. A possible explanation for these differences is that the fill factors are
slightly different for the fabricated p-pillars arrays and for the simulation model.
The fit for the smaller p-pillars would be improved by performing the simulations
with smaller fill factors, which would give larger global strain relaxation and wider
blue-shifted regions. Another relevant factor which influences the simulation re-
sults is the strain value assumed in the GaN buffer layer immediately below the

first blue QW, as pointed out in the last section.

3.5 Summary

The strain relaxation processes in p-pillars with diameters ranging from 2 to
150 pm have been investigated by a combination of CL. measurements and FEM
simulations aimed to provide practical guidance for design of IIl-nitride micro-
/nano-LEDs. The previous research on the strain effect of micro- and nano-
structures was reviewed first. Two main obstacles in previous experimental and
simulation processes have been identified and pointed out, i.e. the low spatial res-
olution of PL measurements could not provide the detail observation on the strain
relaxation process especially in small In,Ga;_,N/GaN-based micro-/nano-pillars

and the accuracy of strain simulation is limited by the model structure used before.

In our work, in order to overcome the limitations of PL, the CL techniques was
used to record the spatial distribution of the emission wavelength in p-pillars
with two kinds of different-indium-content In,Ga;_,N QWs so as to investigate
the strain relaxation process. The results demonstrate that the strain relaxation
in these u-pillars is strongly spatial localized and indium content dependent. The
strain relaxation at the pillar centre and edge is dramatically different, resulting in
two blue-shifts. CL maps also show there is a broad ring-shaped strain relaxation
region at the pillar edge of all the investigated pillars. The systematic blue-shift
in low-indium-content QWs is indistinguishable from the wavelength fluctuation
caused by the indium content variation. On the simulation, the models used took
account not only of the strain induced from the lattice mismatch in the QWs but
also the residual strain in the GaN buffer layer. Thus, in our model, both compres-
sive strain in QWs and whole wafer bending are considered at the same time. By
these improvements, the calculated blue-shifts agree well with the values obtained
by CL measurements. The size effect of strain relaxation in In,Ga;_,N/GaN-

based p-pillars has also been investigated in detail. The maximum blue-shift, the
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global blue-shift and the ratio of the blue-shift ring region to whole pillar area
show dramatic increase when the pillar size is below 30 pm. These results give
an insight into the strain relaxation mechanism in these p-pillars and also provide

important guidelines for designing high-efficiency u-LEDs.
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Chapter 4

InO_4OGaO_6ON/GaN-based
colour-tunable micro-light

emitting diodes

The work presented in this chapter focuses on I1I-nitride colour-tunable light emit-
ting diodes (LEDs), especially on micro-LEDs (u-LEDs). Previous research has
demonstrated some different techniques to develop multi-colour displays utilizing
[TI-nitride LEDs, as summarized in section 4.1. Compared with these techniques,
the devices reported here, which show a colour-tunable emission, are simply fab-
ricated from an amber Ing40GaggoN/GaN-based LED wafer grown by pre-strain
technology. To deeply understand the optical properties of the LED wafer with
high-indium-content quantum wells (QWs), the temperature-dependent photolu-
minescence and cathodoluminescence measurements were first carried out on this
wafer as shown in section 4.2. The pu-LEDs were then fabricated from this wafer
and are characterized in section 4.3. It is found the dominant emission peak
of these devices shows a pronounced blue-shift with increasing current, which
leads to a great change of the emission colour from amber to green. Thus, these
colour-tunable p-LEDs offer a range of potential applications such as multi-colour
displays. Compared with broad-area LEDs, further experimental results also in-
dicate the colour tunability is enhanced for p-LEDs. Finally, the mechanisms of
this colour tunability are investigated through pulsed electroluminescence mea-

surements.
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4.1 Colour displays based on III-nitride light em-
itting diodes

Great success has been achieved in inorganic light emitting diodes (LEDs) based on
[TI-nitride materials in the past twenty years, especially in the blue and green emis-
sion regions [1]. Due to the unique properties of I1I-nitride materials such as me-
chanical robustness and long lifetime, I1I-nitride LEDs are considered ideal devices
for different applications at extreme conditions such as high or low temperatures.
Thus, III-nitride LEDs have been widely used as light sources for colour displays
[2-4]. Compared with the liquid-crystal displays and organic LEDs, displays made
by III-nitride LEDs provide superior performance such as higher brightness, space

and power saving, and contrast ratio improvement.

However, conventional inorganic LEDs emit only a single colour that is deter-
mined by the thickness and composition of quantum wells (QWs) in the LED
structure. With the purpose of achieving a multi-colour display, some different
approaches have been demonstrated. The most direct method is to mechanically
package together LEDs with different colours to form a multi-colour unit as re-
ported in Ref. [5]. Normally, ITI-nitride LEDs are used as blue and green emitters
in this method. Since the optical power of Ill-nitride red LEDs is relatively low,
(Al,Gaj_)o.52In048P LEDs are commonly used as the source of red light. How-
ever, the different substrates of these LEDs lead to a complicated packaging process
and a high cost. On the other hand, this method becomes increasingly difficult
when reducing the size of LEDs and increasing unit density. Another common
approach to achieve multi-colour displays is through luminescence down conver-
sion, in which a III-nitride ultraviolet (UV) or blue LED pumps one or more colour
converters, such as phosphor, to generate secondary (longer-wavelength) emissions
[6]. In our previous work, some other colour converters, such as organic polymer
and semiconductor nanocrystals, were also integrated with micro-LEDs (u-LEDs)
to achieve colour down conversion [7, 8]. Figure 4.1 shows a typical result of
colour down conversion achieved in our group. As shown, a blue emission (right
image) is achieved by the combination of a UV Al,Ga;_,N p-LED (left image)
and an organic semiconductor (truxene oligofluorene) through the inkjet printing
technique [8]. However, issues of the converter degradation presently lead to a
low reliability of these hybrid devices, which is the main limitation of this colour

conversion methodology.
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FIGURE 4.1: Optical images of two u-LEDs: a bare UV p-LED (left) and
organic semiconductor integrated on the device (right). After [8].

Recently, the development of a single III-nitride LED with tunable colour emission
has been explored and reported. By controlling the growth temperature and thick-
ness of the QWs, indium-rich quantum dots or phase separation regions can be
achieved in conventional (0001) blue In,Ga;_.N QWs [9, 10], leading to another
longer-wavelength green or amber peak in these blue QWs. At different oper-
ating currents, the dominant emission is changed for the LEDs fabricated from
these wafers, which leads to the tunable colour emission. However, due to the
low repeatability of these growth processes, their application is restricted. Most
recently, a micro-facet GaN LED structure has been obtained by selective growth
through a patterned SiOs growth mask on different substrates [11, 12]. Using this
growth methodology, wurtzite GaN nanorods with different facets can be obtained.
It is also found, under the same growth conditions, that the indium contents of
In,Ga; N QWs deposited on the different facets of this GaN nanorod are very
different [12]. This leads to different emission peaks of these QWs. Figure 4.2(a)
shows the transmission electron microscopy (TEM) image of a GaN nanorod with
In,Ga;_,N QWs grown on two different facets as (0001) and {100} planes [12].
The high-magnification TEM images of QWs grown on (0001) and {100} planes
of this GaN nanorod are shown in Figure 4.2(b) and (c), respectively. Figure
4.2(d) illustrates the energy dispersive X-ray (EDX) line profiles of indium con-
tent in these QWs. The indium contents are estimated to be 0.60 and 0.15 for
the QWs deposited on (0001) and {100} planes, which corresponds to the red and
blue emission peaks respectively. At different operating currents, these spatially
distributed QWs lead to a changed emission colour of LEDs fabricated from this

wafer. However, this technique requires a complicated sample preparation process
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FIGURE 4.2: (a) Low-magnification scanning TEM image of In,Ga;_,N/GaN
nanorod QWs deposited on the (0001) and {100} planes of GaN; high-
magnification scanning TEM images of QWs formed on (b) (0001) and (c)
{100} planes of a GaN nanorod; (d) EDX lines profiles of the indium content of
QWs on (0001) and {100} planes. After [12].

for the micro-facet structure growth which limits its further application.

In our work, we demonstrate a simpler way to obtain the colour-tunable LEDs from
an amber Ing 40GaggN/GaN-based LED wafer. Firstly, the optical properties of
this high-indium-content LED wafer are studied. Then, the u-LEDs are fabricated
and characterized. These devices show an obvious change of the emission colour
from amber to green at different operating currents. It is also found that this
colour tunability is enhanced for u-LEDs compared with broad-area devices. The

mechanisms of this colour tunability are further investigated.

4.2 Optical properties of amber Inj4GajgN/G-
aN-based light emitting diode wafer

The amber Ing 4GaggoN/GaN-based LED wafer used in this work (supplied by
Peking University, China) was grown on a c-plane (0001) sapphire substrate by
metal-organic chemical vapour deposition. The epitaxial structure of this amber
LED wafer is shown in Figure 4.3. It consisted of a 1.5 pum-thick GaN buffer
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p-type GaN (210 nm)

Sapphire

FIGURE 4.3: Epitaxial structure of an amber Ing40GaggoN/GaN-based LED
wafer.

layer; a 4 pm-thick n-doped GaN layer; five periods Ing15GaggN (3 nm)/GaN
(10 nm) QWs with an emission wavelength of 460 nm; seven periods Ing 49Gag goN
(4 nm)/GaN (13 nm) QWs emitting at 620 nm and finally a 210 nm-thick p-type
GaN layer. The first five low-indium-content QWs serve as an electron reser-
voir layer (ERL) [13]. The functions of the ERL have been described in sub-
section 3.2.1. Furthermore, these low-indium-content QWs can also enhance the
indium incorporation into the upper QWs to achieve a longer wavelength by par-
tial strain relaxation during growth [14]. This amber LED wafer was first studied
by temperature-dependent photoluminescence (T-PL). The setup of the facility
used has been introduced in detail in subsection 2.2.2. The amber LED wafer
was excited by a continuous-wave 405 nm wavelength laser diode. The excitation
power was around 40 mW at the top surface of the wafer, and the diameter of the
excitation spot was about 5 ym. The wafer temperature was controlled from 18
to 300 K.

The temperature-dependent PL spectra for this amber LED wafer are plotted in
Figure 4.4. Since upper high-indium-content amber QWs re-absorb the short-
wavelength light and the experimental setup includes a longpass filter to block the
light with the wavelength less than 470 nm, the blue emission from Ing13GaggsN
QWs is barely distinguished in these spectra. For amber QWs, the lowest tem-
perature spectrum (T=18 K) presents a PL emission peaking at 618 nm with a
full width at half maximum (FWHM) around 140 meV. Such a broad linewidth
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FIGURE 4.4: PL spectra at different temperatures for an amber
Ing.40Gag.goN/GaN-based LED wafer.

makes it possible to observe the imposition of a Fabry-Perot interference pattern
related to the GaN barrier thickness. With increasing temperature, the PL in-
tensity decreases greatly due to thermalized nonradiative recombination processes
[15].

The thermal evolution of these PL spectra was first characterized by the spectral
shift and FWHM variation, as shown in Figure 4.5(a). Both peak position and
FWHM plotted here were obtained through a closely Gaussian fitting process. As
shown, when the temperature increases from 18 to 150 K, a red-shift of the PL peak
for amber QWs is observed, followed by a blue-shift above 150 K. This S-shaped
peak shift is normally observed for In,Ga;_,N QWs [16, 17]. This behaviour can be
well explained by the inhomogeneous bandgap of amber QWs, which is caused by
the nonuniform indium distribution in In,Ga;_,N as introduced in section 1.4. As
demonstrated in Ref. [18], for these amber QWs, the photogenerated carriers are
distributed randomly in QWs at the low temperature. These carriers do not have
enough energy to move to the lowest energy state (high-indium-content regions).
As temperature increases (18-150 K), the thermally activated carriers are able to
occupy the lowest energy states, which results in a red-shift of emission peak and
a narrowing of FWHM. Higher temperature (150-300 K) supplies enough energy
for the carriers to overcome the energy difference between different indium-content
regions and populate in higher energy states (low-indium-content regions), leading
to a blue-shift of emission peak while the FWHM increases. In order to get direct

evidence to support this explanation, typical PL spectra at different temperatures
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FIGURE 4.5: (a) Peak position and corresponded FWHM of amber QWs as a
function of temperature; (b) normalized PL spectra at different temperatures
to highlight a high-energy part broadening as labelled by a rectangle.

are normalized and plotted in Figure 4.5(b). It can be found that the great blue-
shift of the emission peak and increase of the FWHM are mainly caused by a
high-energy (short-wavelength) part broadening of the PL spectra above 150 K,
which is highlighted by a rectangle in the figure. This rapid growth on the high-
energy side of the PL spectra with increasing temperature supports the above
explanation and indicates that bandgap inhomogeneity does exist in these amber

QWs.

The evolution of the integrated PL intensities as a function of temperature, nor-
malized to the highest intensity at 18 K, is shown in Figure 4.6. By assuming
no nonradiative recombination occurs at the lowest temperature, the lumines-
cence efficiency at room temperature is estimated as around 1 % for amber QWs.
Furthermore, since the emission peak of amber QWSs presents an S-shaped char-
acteristic as discussed, it is reasonable to consider the thermal quenching of the
PL intensity, I(7), is not only governed by the thermally activated nonradiative
recombination process but also influenced by the carrier confinement in different
indium-content regions. Thus, the data plotted in Figure 4.6 is then fitted by
Equation 4.1 [19]:

I(T =0 K)
(1 + aleiEa/kBT)<1 + &267Econ/kBT)’

7 = (4.1)
where F, is the activation energy of the nonradiative recombination process, E.,,
is the average confinement energy between different indium-content regions, kg7’

is the thermal energy, and a; and as are fitting constants. The red curve in Figure
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FIGURE 4.6: Thermal evolution of integrated PL intensities. Squares: experi-
mental data; solid line: fitting result according to Equation 4.1.

4.6 shows the best fitting result with the values of £, = 10 meV and E.,, =
190 meV respectively. The fitting process also indicates that F, (10 meV) plays an
important role when the temperature is below 150 K. Above 150 K, E., (190 meV)
is dominant and its value is considered as the average energy required for carriers
to be activated from high-indium-content regions to low-indium-content regions in
amber QWs. Furthermore, the fitted value of E,,, for these amber QWs is much
higher than those reported for blue and green In,Ga;_,N QWs [16, 19]. This result

indicates that the bandgap inhomogeneity is much pronounced in amber QWs.

In order to gain a direct insight into the indium distribution in amber QWs, a
cathodoluminescence (CL) scan was performed on this wafer. The measurement
conditions are the same as those we used in subsection 3.2.1, and the scanning
step size is 50 nm in the x-axis and 70 nm in the y-axis. The mean spectrum of
a CL scan over a 10 x 14 um? area is shown in Figure 4.7. As plotted, two dis-
tinct emission peaks, the dominant amber one and an additional green emission,
are observed in this CL spectrum. These two emission peaks are direct evidence
for the bandgap inhomogeneity in amber QWs as concluded from the T-PL mea-
surement. The observation of the green emission is mainly due to the low beam
reaction volume (~100 nm) of CL compared with the excitation volume of PL
which is mainly decided by the spot size of the incident light. By nonlinear least-
squares peak fitting, the CL maps of emission intensity for amber and green peaks
are extracted and shown in Figure 4.8(a) and (b). There is no clear correlation

of intensity distribution between these two maps, which illustrates the random
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FIGURE 4.7: Mean spectrum of a CL scan on an amber Ing40GaggoN/GaN-
based LED wafer over a 10 x 14 ym? area.

indium distribution in amber QWs. The blue emission from Ing15GaggaN QWs
is still absent in this CL spectrum similar with PL results. In section 3.2, a CL
scan was shown as performed on the micro-pillars fabricated from a yellow-green
Ing 25Gag 75N /GaN-based LED wafer with similar QWs structures as this amber
one, and a blue emission from deeper low-indium-content QWs can be clearly ob-
served for that wafer. This difference is probably caused by two reasons. Firstly,
as shown in Figure 4.7, the additional green emission for this amber LED wafer
is quite broad covering from 460 nm, which may lead to the blue emission being
indistinguishable from it. Secondly, unlike the yellow-green wafer, the top p-type
GaN layer of this amber LED wafer was not thinned down before the CL mea-
surement in order to retain the same structure with PL measurements. At a low
accelerating voltage (5 kV) which is same as the one used for previous CL mea-
surements in section 3.2, the electron beam may not be able to be injected into the
low-indium-content QWs below the amber ones in this measurement. This will
result in an absence of blue emission from this amber LED wafer in CL results as

well.
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FIGURE 4.8: Spatially resolved CL maps of emission intensities for (a) amber
and (b) green peaks.

Besides the overall bandgap inhomogeneity as discussed above, the influence of
small indium fluctuations for each individual emission peak was also investigated
based on CL results. As shown in Figure 4.8, the CL map for each peak shows the
intensity inhomogeneity within the micron scale. Three typical CL spectra from
different intensity regions as labelled in Figure 4.8(a) are plotted in Figure 4.9.
As introduced in subsection 2.2.1, our CL measurement records the full emission
spectrum at each scanning point, and the CL maps with different information are
further manipulated from this dataset as a function of position. Thus, the spectra
plotted in Figure 4.9 contain both amber and green emission peaks. As shown in
this figure, this clearly demonstrates that the CL intensity is higher in the region
with a shorter emission wavelength (low indium content) for both peaks. Further
study also demonstrates that this correlation is more pronounced for the domi-
nant amber peak. Previous researches on the UV-to-blue In,Ga;_.N QWs have
indicated the high emission intensity is normally accompanied with a longer emis-
sion wavelength (high indium content) in PL and/or CL measurements, which is
opposite to the results observed here. It appears that the indium-rich regions may
no longer act as effective radiative recombination centres when the indium con-
tent is above a critical value. This phenomenon can be qualitatively explained by
the contribution of a localized large internal electric field in these indium-rich re-
gions. As introduced in section 1.4, since the internal electrical field resulting from
the piezoelectric polarization effect directly depends on the lattice mismatch, it in-
creases with increasing indium content. Although high indium content supplies an
additional energy barrier preventing the transportation of carriers to nonradiative

recombination centres, it also leads to a localized large internal electric field on the
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FIGURE 4.9: CL spectra extracted from regions with different emission inten-
sities. These regions are labelled as A, B and C in Figure 4.8(a).

micron scale and, thus, a longer radiative recombination lifetime. When this effect
is dominant, the emission intensity will be lower. This localized internal electric
field may also increase the delocalization probability of carriers due to their fast
diffusion [20], which leads to similar results as those observed. Another possible
reason of this abnormal correlation between the intensity and the emission peak
can be related to the additional defects generated in indium-rich regions to relax

the large compressive strain between In,Ga;_,N and GaN.

4.3 Colour-tunable micro-light emitting diodes

4.3.1 Device fabrication and general performance

The p-LEDs consisted of an array of 10 x 10 LED elements with flip-chip config-
urations were fabricated from this amber LED wafer. Each disk-shaped pu-LED
mesa structure had a diameter of 40 gm on a 100 pm pitch. The mesa structure
was first etched by Cls-based inductively coupled plasma down to the n-type GaN
layer. After surface cleaning by a dilute HCI solution, a Ni/Au (10 nm/20 nm)
metal bilayer was evaporated on the p-type GaN surface and thermally annealed
in an air ambient at 500 °C to form a semi-transparent metal contact to p-type
GaN. The metallization on the n-type GaN was formed by depositing a Ti/Au
(50 nm/200 nm) metal bilayer, which filled the area between each LED element

and enabled an improved current spreading. Then, a 300 nm-thick SiO, layer was
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FIGURE 4.10: Top-view optical images of a 10 x 10 u-LED array fabricated
from an amber Ing 40Gag 6oN/GaN-based LED wafer.

deposited by plasma-enhanced chemical vapour deposition to isolate each LED
element. After selectively removing SiOy on top of each element, another Ti/Au
metal bilayer was deposited on top of the oxidized Ni/Au bilayer as a reflector.
This bilayer also connects each LED element so as to individually address them.
The top-view optical images of this u-LED array are shown in Figure 4.10. The
electrical performance of the u-LEDs was measured by a semiconductor analyzer
(HP 4155). The optical power of the devices under direct-current (DC) conditions
was measured using a Si detector placed at close proximity to the polished sapphire
substrate. The electroluminescence (EL) spectra were collected with a spectrom-
eter and charge coupled device (CCD) detection system. All the measurements

were performed at room temperature.

Figure 4.11(a) shows the typical current-voltage (I-V) characteristic of a p-LED
fabricated from the amber LED wafer. For this device, the turn-on voltage at
5 mA is 6.2 V and the fitted series resistance is around 175 ). Both of these
values are higher than those obtained from an equivalent LED fabricated from
a commercial blue In,Ga;_,N/GaN-based LED wafer, which may be due to the
poorer crystalline quality of this high-indium-content material. The compressive
strain coming from the lattice mismatch between In,Ga;_,N and GaN rises as the

indium content increases. This strain induces more defects such as dislocations,
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FIGURE 4.11: (a) I-V characteristic and (b) optical power of a u-LED from a
10 x 10 p~-LED array fabricated from an amber Ing 40Gag oN/GaN-based LED
wafer. Note that the output spectrum of this device is shifting and broadening
as current is increased in (b).

and results in the lower material quality. Furthermore, this compressive strain
also generates a larger internal electric field which leads to pronounced quantum-
confined Stark effect (QCSE) in QWs. As discussed in section 1.4, although longer
emission wavelength can be achieved due to the bandgap narrowing caused by
QCSE, the low internal quantum efficiency (around 1 % in this wafer as shown in

the last section) results in the weak optical power as shown in Figure 4.11(b).

The normalized EL spectra of the u-LED at different operating currents are plotted
in Figure 4.12. At a low operating current, a dominant emission peak located at
around 610 nm is observed, which is decorated with a low intensity shoulder in the
green region. As previously discussed, this green shoulder comes from low-indium-
content regions in the amber QWs. As operating current increases, this green
shoulder is barely distinguished due to the increased FWHM and blue-shift of the
dominant emission peak. As labelled by the gray points, the dominant emission
peak shows a continuous blue-shift, even at higher operating currents when the self-
heating effect is much pronounced. On the other hand, the blue emission, which
is absent in both PL and CL measurements, shows a very pronounced intensity
in these EL spectra, being maximized at a mid-range current. This blue emission
is believed to come from the carrier recombination in Ing15GaggaN QWs. Due
to the small migration distance of holes in III-nitride materials, previous research
has demonstrated that only the QW nearest the p-type GaN layer emits light
in blue multiple QWs LEDs under electrical pumping [21, 22]. The observation
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FIGURE 4.12: Normalized EL spectra of a u-LED at different operating cur-
rents. The gray dots are guider to the eyes showing the peak-shift of the domi-
nant emission peak.

of the blue emission in this device demonstrates that the carrier distribution in
this long-wavelength LED is much different from a conventional blue LED. The
mechanisms of the big blue-shift of the dominant emission peak and appearance

of the blue emission will be discussed later in detail.

Due to the substantial blue-shift of the dominant emission peak, the emission
colour of this p-LED is tunable with operating currents. Based on the EL spec-
tra of this device and sRGB colour space standard [23], the emission colours at
different operating currents are calculated and shown in Figure 4.13. As shown,
the emission colour of this device is gradually changed with increasing current,
and nearly white light with a Commission Internationale de 1'Eclairage (CIE)
chromatic coordinate of (0.38, 0.38) is generated at a current of 10 mA. The rep-
resentative optical images of the yu-LED operated at currents of, respectively, 0.1,
1, 10 and 90 mA are also shown in this figure. In addition, the CIE coordinate
curve of this colour-tunable p-LED is calculated according to the EL spectra, and
is plotted as the red curve in Figure 4.14. In order to exclude the contribution
of the blue emission to this colour tunability, the CIE coordinate curve of this
device is re-calculated based on the EL spectra without blue emission (from 350
to 470 nm). The result is plotted as the blue curve in Figure 4.14. Four specific
points, corresponding to the operating currents of representative images in Figure

4.13, are labelled on both curves. The chromatic coordinates at 90 mA are nearly
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FIGURE 4.13: Calculated emission colours of a u-LED at different operating
currents. The representative optical images of this device operated at currents
of 0.1, 1, 10 and 90 mA are inserted as well.
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FIGURE 4.14: Calculated CIE coordinate curves according to the EL spectra of
a colour-tunable p-LED with and without blue emission. Four specific chromatic
coordinates are labelled on both curves.

the same for both results due to an absence of the blue emission at this high cur-
rent. From this figure, it can be concluded that the blue-shift of the dominant
emission peak directly changes the emission colour of this device from amber to
green, and the blue emission makes it possible to generate white light. For the
white light, we comment that its generation is not directly dependent on the ab-
solute intensity of the blue emission but is strongly determined by the intensity

ratio of blue to dominant emissions.

The colour tunability of these u-LEDs offers a range of applications. For in-
stance, a multi-colour display can be achieved by these devices. As shown in Fig-

ure 4.15(a)-(c), the representative emission patterns at amber, green and yellow
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FIGURE 4.15: Emission pattern of ‘IOP’ generated by a COMS-controlled
colour-tunable p-LED array.

colours are generated by the colour-tunable p-LED array which is controlled by
a complementary metal-oxide-semiconductor (CMOS) driver [24]. Furthermore,
this u-LED array also has a potential for optical data transmission in visible light
communications. The particulars of the CMOS driver and visible light communi-
cations are covered in detail elsewhere, and the interested reader can find related
contents in Ref. [24] and Dr. Jonathan McKendry’s PhD thesis [25].

Here, it is necessary to point out that this great colour tunability is a special
property of u-LEDs. In order to highlight this property quantitatively, broad-area
LEDs with 300 x 300 um? emission area were fabricated from the same amber
LED wafer following a similar process. The colour tunability of broad-area and
u-LEDs were compared through the peak shift of the dominant emission peak
and the intensity ratio of blue to dominant emissions. To extract the accurate
peak shift of the dominant emission peak and the intensity ratio of blue to domi-
nant emissions, the EL spectra of both broad-area and u-LEDs were closely fitted
by three Gaussian peaks corresponding to dominant, blue and green emissions,
respectively. The fitted peak positions of the dominant emission peak for both
broad-area and p-LEDs are plotted in Figure 4.16(a) as a function of operating
current. As shown, a blue-shift can be seen at first for both devices, followed by
a slight red-shift caused by the self-heating effect when the current is higher than
40 mA. However, the u-LED exhibits two special characteristics. Firstly, at low
operating currents, for instance, 0.05 mA, the peak position of the u-LED shows a
4 nm blue-shift compared with the one for the broad-area device. This shift can be

attributed to the strain relaxation during the micro-pillar formation as discussed
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FIGURE 4.16: (a) Peak position of the dominant emission peak and (b) intensity

ratio of blue to dominant emissions as a function of operating current for both
broad-area and p-LEDs.

in chapter 3. Considering the higher indium content of this amber wafer and the
40 pm diameter of micro-pillars, this blue-shift agrees well with the prediction.
Secondly, the u-LED demonstrates a much larger total blue-shift of the dominant
emission peak of up to 60 nm at 35 mA, which is about 40 nm more than that
found for the broad-area LED. This large peak shift enables the emission colour of
the p~-LED to change in a wider range from amber to green. On the other hand, as
shown in Figure 4.16(b), the u-LED also shows a higher intensity ratio of blue to
dominant emissions in the current range from 0 to 15 mA. The maximum intensity
ratio is around 65 % at 2 mA for the u-LED. This value is about 2 times higher
than the maximum ratio observed for the broad-area device at 25 mA. Because
of the enhanced blue-shift of the dominant emission peak and the higher intensity
ratio of blue to dominant emissions, the u-LED is preferred for the colour-tunable
device compared with the broad-area device. This enhanced colour tunability is
attributed to the higher operating current density of the u-LED. As introduced
in subsection 1.4.1, the u-LEDs possess a small top-surface area of p-type GaN
[26] and a high surface-to-volume ratio [27], which results in a low junction tem-
perature under electrical operation. Thus the pu-LEDs can be operated at a much
higher current density. In this comparison, at the same operating current, the cor-
responding current density of the fabricated p-LED (40 pm in diameter) is about
70 times higher than that of the broad-area LED. Higher operating current density
can adjust the emission colour more efficiently following different mechanisms of

colour tunability. In the next subsection, the mechanisms of colour tunability in
w-LEDs will be discussed.
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4.3.2 Mechanisms of colour tunability

As mentioned above, the blue-shift of the dominant emission peak is directly re-
sponsible for the colour tunability of the u-LED. Furthermore, the appearance of
the blue emission also influences the emission colour of this device. Thus, it is
necessary to investigate the mechanisms of these two effects. This investigation
is helpful to further optimize the wafer structure and improve the performance of

this colour-tunable device.

Firstly, the blue-shift of the dominant emission peak was investigated. It is well
known that an internal electric field, which is mainly caused by the piezoelectric
nature of Ill-nitride materials and the lattice mismatch between the QWs and
quantum barriers (QBs), exists in In,Ga;_,N QWs. Furthermore, the nonuniform
indium distribution in In,Ga;_,N also leads to the band-filling effect resulted from
an inhomogeneous bandgap. As introduced in sections 1.3 and 1.4, with current
injection, the carriers attempt to fill the low-indium-content regions and /or screen
the internal electric field. Thus, both effects result in a blue-shift of the emission
wavelength. On the other hand, a red-shift of the emission wavelength also occurs
due to bandgap-narrowing caused by the self-heating effect during LED operation.
Thus, the net spectral-shift is a consequence of the competition between the above
effects. With high indium contents, a large internal electric field and a pronounced
bandgap inhomogeneity are expected in these amber QWs, which leads to a large

blue-shift of the emission wavelength as observed.

Nevertheless, it is necessary to quantitatively evaluate the band-filling and screen-
ing effects on the blue-shift of the emission wavelength, and to understand how
they depend on the operating current. As introduced in section 1.3, for the band-
filling effect, a large FWHM broadening with increasing current is expected. In
section 1.4, it was indicated that the screening effect will reduce the FWHM due
to the flat energy band and enhanced overlap of electron and hole wavefunctions.
Thus, the variation of the FWHM of the EL spectra is helpful to characterize the
dependence of these two effects on the operating current. To exclude the influence
of the self-heating effect on the spectral behaviours at different currents, the EL
spectra of the colour-tunable pu-LED were also measured under 100 us current

pulses at 0.1 % duty cycle.

Figure 4.17 shows the spectral behaviour (peak position and FWHM) of the domi-

nant emission peak at different currents. All the results plotted here are extracted
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FIGURE 4.17: Peak position and corresponded FWHM of the dominant emis-
sion peak for a colour-tunable u-LED as a function of pulsed operating current.

from fitted EL spectra measured under pulsed conditions. In order to have a
clear observation, the peak positions are plotted in units of eV in this figure.
It can be seen that, in the current range from 0.05 to 29 mA, there is a sharp
blue-shift (about 55 nm) of the peak position accompanied by a narrowing of the
FWHM. This result indicates that, in this current range, the blue-shift of the dom-
inant emission peak is dominated by the screening effect of the internal electric
field. The operating current of 29 mA corresponds to a high current density of
2309 A/cm? for this u-LED. This value not only implies a large internal electric
field exists in the amber QWs, but also highlights the enhanced colour tunabil-
ity for the pu-LEDs which can sustain a high current density compared with the
broad-area LEDs. Above 29 mA, the FWHM increases associated with a slight
blue-shift of the peak position. Thus, the band-filling effect is considered to be the
main reason for the blue-shift of the dominant emission peak when the operating

current is higher than 29 mA.

On the other hand, the blue emission, which is attributed to the carrier recom-
bination in Ing13GaggN QWs, also makes contributions to the colour tunability
of p-LEDs. In ITI-nitride materials, holes have a high effective mass (1.1mg) and
a low mobility, which make it difficult for holes to be injected into QWs deeper
within the structure. So it is generally agreed that a uniform distribution of holes
is hard to achieve in IIl-nitride multiple QWs. This phenomenon leads to an
accumulation of holes, and consequently most light emission only occurs in the
QW near the p-type GaN layer in blue LEDs [21, 28]. Figure 4.18 shows the
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FIGURE 4.18: Integrated EL intensities of individual dominant and blue peaks
for a colour-tunable p~-LED as a function of pulsed operating current.

integrated EL intensities of individual dominant and blue peaks for this colour-
tunable u-LED as a function of operating current extracted through the Gaussian
fitting process. The observed blue emission in this device indicates that the holes
can be injected into the deeper Ing13GaggeN QWs efficiently even at quite low
operating currents. Compared with the nearly linear increase of the intensity for
the dominant emission, the blue emission shows a decrease of the EL intensity
at high currents. Because the Ing13GaggN QWs are mostly adjacent to the n-
type GaN layer, it is reasonable to assume that the decreased EL intensity of the
blue emission is due to the lack of injected holes in the Ing18GaggoN QWs. This
phenomenon demonstrates the hole distribution between different indium-content

QWs in this colour-tunable p~-LED is strongly controlled by the operating current.

Although more work is still necessary to determine the exact physical mechanisms
controlling the hole distribution between different indium-content QWs, the in-
ternal electric field in the QWs is considered a possible reason. Firstly, the large
internal electric field in amber QWs leads to a longer radiative lifetime for carrier
recombination. As a result, the holes may have more time to escape into deeper
Ing18GaggaN QWs where they recombine radiatively with higher efficiency [29].
Meanwhile, as discussed in section 4.2, because the indium-rich regions in amber
QWs are no longer effective radiative recombination centres, the radiative lifetime
is also increased in these longer-wavelength QWs. Secondly, the carrier capture
rate of In,Ga; N QWs is also governed by the internal electric field. It is well
known that the internal electric field leads to a band bending of In,Ga;_,N QWs
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and, hence, to unequal potential height of QBs. From a semiclassical analysis, the
carrier cannot be captured when propagating through an In,Ga;_,N QW if its en-
ergy loss rate (AE/Axz) is smaller than the potential drop across the In,Ga;_,N
QW, which can be expressed as Equation 4.2 [30, 31]:

AE _ AEgs
Az LQW

(4.2)

where AEgp is the energy difference between QBs and Ly is the width of QWs.
As discussed, the higher indium content in QWs increases the internal electric field
and, thus, the value of AEgp. Therefore, the carrier capture is less likely to happen
in amber QWs, making it is possibly for holes to traverse the amber QWs without
being captured and reach the Ing;5GaggaN wells to generate the blue emission.
However, as operating current increases, the internal electric field in the amber
QWs is gradually screened. It results in a shorter radiative recombination lifetime
and a higher hole capture rate for amber QWs. Consequently, fewer holes are
injected into the deeper Ing13GaggeN QWs resulting in a decreased EL intensity

of the blue emission.

4.4 Summary

In this chapter, we have demonstrated colour-tunable u-LEDs fabricated from an
amber Ing40GaggoN/GaN-based LED wafer. The amber QWs in this wafer were
grown on top of low-indium-content blue QWs which act as an ERL and pre-
strain layers. Compared with the other techniques for multi-colour displays based
on Ill-nitride LEDs, the colour tunability of these devices is mainly due to the
novel characteristics of this LED wafer and our u-LEDs. These colour-tunable

u-LEDs supply a much simpler methodology to achieve a multi-colour display.

The optical properties of the amber LED wafer used were first studied by T-PL and
CL. The amber QWs present an S-shaped peak shift with increasing temperature.
Through a proper fitting process for the thermal quenching of the PL intensity,
a large confinement energy (190 meV) for the carriers in different indium-content
regions was obtained. Both of these results indicate that a pronounced bandgap
inhomogeneity does exist in amber QWs. The further CL results support this
conclusion, in that two distinct emission peaks are found thanks to the high spatial

resolution of CL. In addition, for each emission peak observed in CLL measurements,
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the influence of indium fluctuations was also discussed. It was found that the
indium-rich regions are no longer effective radiative recombination centres for long-

wavelength QWs.

The p-LEDs with flip-chip configurations were fabricated. Although the relatively
poor material quality leads to a degradation of electrical and optical performance
of these devices, the EL spectra of u-LEDs show a large blue-shift of the dominant
emission peak and a blue emission from low-indium-content QWs. The blue-
shift of the dominant emission peak directly changes the emission colour of u-
LEDs from amber to green at different operating currents. The blue emission also
influences the emission colour of these devices. Through a comparison of device
performance between broad-area and u-LEDs fabricated from the same wafer,
micro-scale devices show an enhanced colour tunability. This enhancement is
attributed to the fact that u-LEDs can sustain significantly high current densities
due to their better thermal management. The emission colour can be adjusted
by higher injection carriers more efficiently following different mechanisms. The
blue-shift of the dominant emission peak can be well explained by the band-filling
effect and the screening effect of internal electric field in the amber QWs. Based on
the results from pulsed EL measurements, for yu-LEDs with a diameter of 40 pm,
the latter effect is dominant when the operating current density is lower than
2309 A/cm?, and the former one governs the blue-shift above this current density.
The internal electric field is also believed to affect the hole distribution in these
colour-tunable pu-LEDs, which leads to an efficient injection of holes into the deeper

low-indium-content QWs for the generation of blue light.
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Chapter 5

Performance enhancements of
micro-light emitting diodes by
Pd-based contacts to p-type GalN

The objective of the work presented in this chapter was to further improve the
performance of III-nitride micro-light emitting diodes (u-LEDs) by optimizing
their metal contacts to p-type GaN. An oxidized Ni/Au contact to p-type GaN,
which is highly transparent for visible light, was normally used in previous work.
As summarized in section 5.1, Pd is another commonly used metal for making
ohmic contact to p-type GaN. Its high reflectivity makes it a better candidate for
[II-nitride LEDs with flip-chip configurations. In this work, in order to achieve
a high-quality Pd-based contact to p-type GaN, a systematic optimization of the
fabrication process of Pd-based contacts to p-type GaN including surface cleaning
and thermal annealing was carried out. Due to the fundamental problems of p-
type GaN, the metal contacts to p-type GaN show a nonlinear current-voltage
characteristic in a wider bias region and their specific contact resistivities vary
with the injection current density. Thus, to directly calculate the current-density
dependent specific contact resistivity, a generalized formula for the transmission
line method was introduced and applied as shown in section 5.3. The electrical
properties of the best annealed Pd and oxidized Ni/Au contacts to p-type GaN
are then characterized and compared by this new methodology in section 5.4. To
mimic the structure of LEDs with flip-chip configurations, a reflectivity study of

these metal layers capped with an additional Ti/Au reflector was carried out, and
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the result is also described in section 5.4. Finally, the performance of y-LEDs with

different metal contacts to p-type GaN was characterized and compared.

5.1 Summary of ohmic contacts to p-type GalN

The formation of ohmic contacts with a low specific contact resistivity (p.) to
[TI-nitride semiconductors is technologically important for achieving high-power
optoelectronic devices such as light emitting diodes (LEDs) and laser diodes (LDs).
In principle, as introduced in section 1.4, to achieve a high-quality ohmic contact to
semiconductor, the potential barrier between the metal and semiconductor should
be eliminated or the semiconductor needs to be heavily doped to improve the
tunnelling probability of carriers through the potential barrier. For GaN, which
is an ionic compound [1], the height of the potential barrier directly depends on
the work function (®,,) of the metals [2]. Thus, ohmic contact to n-type GaN
with a low p,. is relatively easier to achieve by using low ®,, metals, such as Ti
(®,,=4.33 eV) and Al ($,,=4.28 V).

However, due to the fundamental problems of p-type GaN as indicated in section
1.4, the creation of an ideal ohmic contact with a low p. to p-type GaN is difficult.
Thus, the fabrication and mechanism of ohmic contacts to p-type GaN have at-
tracted much more attentions and been investigated in detail. In the past decades,
a number of metallization schemes with high ®,,, metals, such as Ni ($,,=5.15¢eV),
Pd (®,,=5.17 eV), Pt (®,,=5.65 V), have been tested with p-type GaN. Further-
more, different processes of surface cleaning for the p-type GaN layer and thermal
annealing for metal layers have been extensively studied as well. The main results
of previous research on ohmic contacts to p-type GaN are summarized in Table
5.1. Of these contacts, oxidized Ni/Au and Pd-based contacts to p-type GaN are
commonly used for ITI-nitride devices because of their low p. (~107¢—10"* Qcm?).
For Ni/Au-based contacts, it is found that p, significantly decreases after a thermal
annealing process at 500 °C in air or Oy ambients [3] compared with annealing
in a Ny ambient [4]. Different mechanisms have been proposed to explain this
improvement. Firstly, it is generally agreed that Ni is oxidized during thermal
annealing in the ambient containing O, to form a semi-transparent p-type NiO
semiconductor on top of the p-type GaN layer. Then, a high-quality ohmic con-
tact with a low p. is achieved between the p-type NiO and the top Au layer.
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Secondly, interfacial reactions between Ni/Au and GaN are found during the ther-
mal annealing process. These reactions lead to the formation of different gallides,
such as GayNiz and AuGay [5]. These interfacial reactions are enhanced when
the sample is annealed in the ambient containing Oy, since the out-diffusion of
Ga atoms is promoted by the incorporated O atoms [6]. The out-diffusion of Ga
atoms creates acceptor-like Ga vacancies in the near-surface region of the p-type
GaN layer. In this region, the hole concentration is increased, which leads to the
pe reduction. For Pd-based contacts, a high-quality contact to p-type GaN can
be achieved even without thermal annealing. Surface cleaning plays an important
role in the formation of Pd-based contacts to p-type GaN [7]. It is considered that
the effective removal of the surface oxidation layer on top of the p-type GaN layer
by surface cleaning is important for the formation of as-deposited Pd contacts to
p-type GaN. Further experimental results show that the surface oxidation layer
can also be eliminated during the thermal annealing process [8], which will further
improve the contact properties of Pd-based contacts to p-type GaN. The forma-
tion of interfacial reaction phrases of Pd gallides, which creates the Ga vacancies
underneath the contacts, is also a possible mechanism to form Pd-based ohmic

contacts to p-type GaN [9].

The proper selection of metal contacts to p-type GaN is extremely important for
achieving high-performance micro-LEDs (u-LEDs) as, for these devices, the con-
tact area of metal contacts to p-type GaN is greatly reduced. Furthermore, the
nonlinear current-voltage (I-V) characteristics of metal contacts to p-type GaN
are often observed in a wider bias region [20]. So the current-density dependent
pe of metal contacts to p-type GaN needs to be considered. This nonlinear con-
tact behaviour becomes even more important for u-LEDs which are operated in
a wider current-density range, as introduced in subsection 1.4.1. On the other
hand, the optical properties of metal contact layers also need to be investigated
for improving LED optical characteristics. The high-transparency nature of the
oxidized Ni/Au bilayer, which is the commonly used metal contact to p-type GaN
for u-LEDs, limits the light extraction efficiency (LEE) of devices with flip-chip
configurations. Thus, in order to achieve high-performance p-LEDs, further stud-
ies and optimization of the metal contact to p-type GaN are required. Pd is
another commonly used material for the metal contact to p-type GaN and shows
a high-reflectivity nature. These attractive properties here motivate a systematic
study for the Pd-based contacts to p-type GaN with a consideration of the current-
density dependent p.. The performance of u-LEDs with different metal contacts
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to p-type GaN is also characterized and compared.

5.2 Optimization of Pd-based contacts to p-type
GaN

In order to achieve a high-quality Pd-based contact to p-type GaN with a low p,,
the optimization of the fabrication process of Pd-based contacts to p-type GaN was
first performed. The optimized processes include surface cleaning with different
acid solutions prior to metal deposition and thermal annealing at different tem-
peratures and in different ambients after metal deposition. The detailed processes

and results are shown in this section.

5.2.1 Effect of surface cleaning

The surface of semiconductors is nearly instantly oxidized when exposed to air.
This generates a surface oxidation layer on top of the semiconductor layer, which
results in an additional potential barrier between the contact metal and semi-
conductor for carrier transport [21]. Thus, the removal of this surface oxidation
layer is necessary to form a high-quality contact. To remove such a surface oxida-
tion layer, a surface cleaning process using different acid solutions has usually been
carried out before metal deposition. For p-type GaN, dilute HCI is the most com-
monly used acid solution [22]. It has been shown that some other acid solutions
can also be used to remove the surface oxidation layer of p-type GaN effectively.
For example, in the previous studies, it was demonstrated that the aqua regia (HCI
3:1 HNOj3) is a more effective solution with enhanced cleaning capability. The sur-
face cleaning process using aqua regia can greatly reduce the p. of as-deposited Pd
contacts to p-type GaN [7, 23]. However, it is hard to reproduce this improvement
on the contact properties resulting from surface cleaning using aqua regia. Thus,
in this work, the systematic study of surface cleaning with different acid solutions

was first carried out.

The samples used in this work were from a commercial blue In,Ga;_,N/GaN-
based LED wafer grown on a c-plane (0001) sapphire substrate by metal-organic

chemical vapour deposition. As shown in Figure 5.1, the epitaxial structure of this
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wafer consisted of a 3.4 pm-thick GaN buffer layer, a 2.6 pm-thick n-doped GaN
layer, eleven periods of In,Ga;_,N (2.8 nm)/GaN (13.5 nm) quantum wells (QWs)
emitting at 450 nm, a 30 nm-thick p-type Al,Ga;_,N electron block layer and a
160 nm-thick p-type GaN with a Mg doping concentration around 2 x 102 ¢cm=3.
Although the LED wafer contains a multi-layer structure and a p-n junction,
it has been demonstrated that the LED wafer can be used to study the contact
properties of metal contacts to p-type GaN [24]. Thus, the top p-type GaN layer of
this LED wafer was used to evaluate the contact properties of Pd-based contacts to
p-type GaN. A circular-transmission line method (C-TLM) was used to determine
the sheet resistance (R;) of p-type GaN, transfer length (L;) and p. of Pd-based
contacts to p-type GaN. The schematic diagram of C-TLM patterns used in our
work is shown in Figure 5.2. The radius of inner disk-shaped electrode was 75 um
for all the patterns, and the spacing between the inner and outer electrodes varied
from 10 to 45 pmm with a 5 um step. To fabricate samples for characterization, the
C-TLM photoresist patterns were defined on the p-type GaN layer by standard
photolithography. Prior to metal deposition, the surface of unpatterned p-type
GaN layers was cleaned by an acid solution for 5 min and rinsed by de-ionized
(DI) water. Five different acid solutions were used in these experiments including
HCI (40 %), aqua regia, diluted HCI with two different concentrations [HCI (40 %)
3:1 DI water or HCI (40 %)1:1 DI water| and HNOj3 1:3 DI water. Finally, a 30 nm-
thick Pd metal layer was deposited on the sample by electron-beam evaporation.
After metal lift-off, the I-V characteristic of each sample was measured by a HP

4155 semiconductor analyzer.
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p-type GaN (160 nm) Doping: 2X 102 cm3

A4

Electron blocking layer (30 nm)

Sapphire

FIGURE 5.1: Epitaxial structure of a commercial blue In,Ga;_,N/GaN-based
LED wafer. The top p-type GaN layer is used to evaluate the metal contact

property.

Semiconductor

FIGURE 5.2: Schematic diagram of the C-TLM patterns used. The blue-colour
region is the metal layer and the white region is the semiconductor layer.

Figure 5.3(a) shows the I-V characteristics of these as-deposited Pd contacts to
p-type GaN cleaned by different acid solutions in a bias region from -0.5 to 0.5 V,
measured on the contact pads with a 10 um spacing. As shown, the sample cleaned
by HCI (40 %) illustrates the best I-V characteristic. The electrical performance
of this sample is even better than that of the sample cleaned by aqua regia which

has been reported as an effective acid solution to achieve as-deposited Pd ohmic
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contacts to p-type GaN [7]. The samples cleaned by HCI (40 %) and aqua regia
show a nearly linear I-V characteristic in this narrow bias region. However, as
shown in Figure 5.3(b), when the bias region is extended to -2 to 2 V, all samples
reveal nonlinear I-V characteristics. This is due to the non-strict ohmic behaviour

of these as-deposited Pd contacts to p-type GaN.

0.6 HCl (40%) i —— HCI (40%)
—e— Aqua regia 21—— Aqua regia
= HCI(409%) 3:1 DI water —— HCI (40%) 3:1 DI water
—v— HCI (40%) 1:1 DI water, |——HCI (40%) 1:1 DI water 47,

|——HNO,1:3 DI water ——HNO, 1:3Dl water  #&

[
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Current (mA) Current (mA)

FIGURE 5.3: I-V characteristics of as-deposited Pd contacts to p-type GaN
cleaned by different acid solutions in the bias regions from (a) -0.5 to 0.5 V and
(b) -2 to 2 V, measured on the contact pads with a 10 pum spacing.

To quantitatively compare the contact properties of as-deposited Pd contacts to
p-type GaN cleaned by different acid solutions, R, L; and p. of each sample were
calculated through a standard C-TLM fitting process. Figure 5.4 shows a typical
fitting process for the sample cleaned by HCI (40 %). Figure 5.4(a) shows the
[-V characteristics of contact pads with different spacings on this sample. Based
on these data, the total resistance (R) of each contact pad is calculated at a bias
voltage of 2 V and plotted as black-square data points in Figure 5.4(b). For the

C-TLM measurement, the R between two contact pads separated by a circular

R:% {hq (;) + Ly <%+%>} (5.1)

where r; and r, are the inner and outer radii of C-TLM contact pads, respectively.

gap is given by:

When the spacing between inner and outer radii is much smaller than r;, Equation
5.1 can be simplified as [3]:

Rs To 2Lt
=2 |n( =2 2
R 2W{n(ﬁ>+ri} (5.2)
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Thus, the data points in Figure 5.4(b) can be linearly fitted by Equation 5.2, and
the best fitting result is shown as the red line in this figure. Through Equation
5.2, the Ry and L; can be calculated by using the slope and intercept of the fitted

line by following equations:

R, = slope x 2 x m = 131717 Q/sq (5.3)
ntercept X ™ X r;
L, = =4.9 um (5.4)
Ry
Finally, the p. can be calculated by [3]:
pe =L} x R, =3.1x 1072 Qem? (5.5)

Here, it is necessary to indicate that, for one sample, the calculated values of L,
and p. are different at different bias voltages. This is due to the nonlinear I-V
characteristics of these as-deposited Pd contacts to p-type GaN. Thus, the bias
voltage for achieved L; and p. needs to be given. A new methodology will be intro-
duced to directly calculate the changed p. for the metal contact to semiconductor

with a nonlinear I-V characteristic in section 5.3.
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FIGURE 5.4: Typical C-TLM fitting process for an as-deposited Pd contact to
p-type GaN cleaned by HCI (40 %): (a) I-V characteristics of contact pads with
different spacings; (b) linear fitting process for the total resistances of contact
pads with different spacings calculated at a bias voltage of 2 V.

Table 5.2 summarizes the calculated contact properties of as-deposited Pd contacts
to p-type GaN cleaned by different acid solutions at a bias voltage of 2 V. These
results clearly illustrate that HCl (40 %) is the most effective acid solution for
surface cleaning to reduce the p. of as-deposited Pd contacts to p-type GaN.
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Furthermore, all samples also have a similar R, which indicates that the possible

damage to p-type GaN caused by the acid solutions can be neglected.

Metal Acid R, L, Pe
solution (2/sq) | (pm) | (Qem?)
Pd HCI (40 %) 131717 | 4.9 | 3.1 x 1072
Pd Aqua regia 136797 | 5.1 | 3.5 x 1072

Pd | HCI (40 %) 3:1 DI water | 131484 | 7.6 | 7.5 x 1072
Pd | HCI (40 %) 1:1 DI water | 157270 | 7.9 | 9.8 x 1072
Pd HNOj3 1:3 DI water 137997 | 89 | 1.1x 107!

TABLE 5.2: Contact properties of as-deposited Pd contacts to p-type GaN
cleaned by different acid solutions at a bias voltage of 2 V.

5.2.2 Effect of thermal annealing

As demonstrated in the last subsection, the p. of as-deposited Pd contacts to
p-type GaN can be reduced after a proper surface cleaning process. However,
compared with the oxidized Ni/Au contact to p-type GaN which was normally used
in my work, the achieved p,. (~1072 Qcm?) is still higher. In order to further reduce
the p. of Pd-based contacts to p-type GaN, experiments of thermal annealing at

different temperatures were carried out in different gas ambients.

The sample structure and characterization technology used in the thermal anneal-
ing experiments were the same as those used for surface cleaning as described in
subsection 5.2.1. The C-TLM patterns were defined on ten samples at first. Prior
to metal deposition, the surface of unpatterned p-type GaN layers was cleaned
by HCI (40 %) for 5 min. Then a 30 nm-thick Pd metal layer was deposited on
the sample surface by electron-beam evaporation. After metal lift-off, nine sam-
ples were annealed at different conditions, i.e. 300 °C, 400 °C and 500 °C in Na,
air and vacuum ambients for 3 min, respectively. One sample without thermal
annealing was used as a reference. The I-V characteristic of each sample was mea-
sured in a bias region from -2 to 2 V. To further understand the effect of thermal
annealing, top-view scanning electron microscope (SEM) images were also taken
for each sample by an FEI Sirion 200 ultrahigh-resolution Schottky field-emission
SEM machine (Department of Physics).
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Figure 5.5 shows the I-V characteristics of Pd-based contacts to p-type GaN an-
nealed at different temperatures in (a) No, (b) air and (¢) vacuum ambients, mea-
sured on the contact pads with a 10 um spacing. As show in these figures, it can
be found that the linearity of I-V characteristics is enhanced as annealing temper-
ature increases in all gas ambients. Meanwhile, in each gas ambient, the sample
annealed at 300 °C generally shows the highest current at each voltage compared
with the others. With further increase of annealing temperature, the electrical
properties of the Pd-based contact to p-type GaN keeps degrading and becomes
even worse than that of the as-deposited Pd contact to p-type GaN. This obser-
vation is in agreement with the results shown in Ref. [17] and will be discussed
later in detail. By the standard C-TLM fitting at 2 V, the contact properties (R,

L; and p.) of each sample are calculated and summarized in Table 5.3.
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FIGURE 5.5: I-V characteristics of Pd-based contacts to p-type GaN annealed
at different temperatures in (a) No, (b) air and (c¢) vacuum ambients, measured
on the contact pads with a 10 ym spacing.
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Acid Gas T R, L, Pe
solution (°C) | (2/sq) | (um) | (Qcm?)
HC1 (40 %) | As-deposited | N/A | 75329 | 6.8 | 3.5 x 1072
HCI (40 %) N, 300 | 82224 | 2.1 [34x 1073
HCI (40 %) N, 400 | 103093 | 2.8 | 7.8 x 1073
HCI (40 %) No 500 | 188400 | 5.7 | 6.1 x 1072
HCI (40 %) Air 300 | 105340 | 3.2 | 1.1 x 1072
HCI (40 %) Air 400 | 127089 | 7.4 | 6.8 x 1072
HCI (40 %) Air 500 | 227669 | 8.8 | 1.8 x 1071
HCI (40 %) | Vacuum 300 | 97020 | 5.1 |2.5x 1072
HCI (40 %) Vacuum 400 | 109611 | 64 |4.4x 1072
HCI (40 %) Vacuum 500 | 190805 | 8.0 |1.2x 107!

TABLE 5.3: Contact properties of Pd-based contacts to p-type GaN annealed
at different temperatures and in different gas ambients at a bias voltage of 2 V.
The T in the table is the annealing temperature.

The calculated p. at a bias voltage of 2 V is plotted in Figure 5.6 as a function of
annealing temperature. As shown, for different gas ambients, the Pd-based con-
tacts to p-type GaN annealed at 300 °C always show the lowest p, compared with
those annealed at other temperatures. Thus, it is necessary to give an explana-
tion for this phenomenon. Compared with the as-deposited Pd contact to p-type
GaN, the lower p. of the Pd-based contacts to p-type GaN annealed at 300 °C can
be explained by two possible reasons. Firstly, it has been demonstrated that the
thermal annealing process can further remove the residual surface oxidation layer
on top of the p-type GaN layer. This leads to a more intimate contact between
Pd and the p-type GaN surface and, hence, a reduction of the p. [8]. Secondly,
Pd can react with mobile excess Ga on the GaN surface to form a variety of Pd
gallides during thermal annealing [25]. This reaction generates the acceptor-like
Ga vacancies leading to a higher hole concentration in the near-surface region of
the p-type GaN layer, which can also reduce the p.. However, when the annealing

temperature is higher than 300 °C, a degradation of the p. is observed.
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FIGURE 5.6: Calculated p. of Pd-based contacts to p-type GaN annealed in
different gas ambients as a function of annealing temperature. All the data are
calculated at a bias voltage of 2 V.

To get a further understanding of this degradation, the surfaces of these Pd-
based contacts to p-type GaN were inspected by SEM. Figure 5.7(b)-(d) show the
typical SEM images of the surface of the Pd-based contact to p-type GaN annealed
at 300 °C, 400 °C and 500 °C in the N, ambient, respectively. A reference of
the as-deposited Pd contact to p-type GaN is also shown as Figure 5.7(a). As
mentioned, Pd can react with Ga to form Pd gallides. As highlighted by black
curves in Figure 5.7(b), the clusters observed in the SEM image of the sample
annealed at 300 °C may be the formed Pd gallides. However, when the annealing
temperature increases to 400 °C, as shown in Figure 5.7(c), these clusters reduce
the size and become less dominant on top of the contact surface. Meanwhile, some
grain boundary regions are also observed as highlighted by the white curves. These
damage regions are more dominant for the sample annealed at 500 °C. As shown
in Figure 5.7(d), these damage regions connect with each other generating cracks
on the top surface. The large lattice mismatch (16 %) between Pd (111) and GaN
(0001) at the interface is considered to result in these damage regions [26]. These
damage regions reduce the effective contact area between Pd and the p-type GaN

layer, which leads to the higher p. of samples annealed at higher temperatures.
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(b)

(d)

FIGURE 5.7: SEM images of Pd-based contacts to p-type GaN with different
thermal annealing processes: (a) without thermal annealing; (b) at 300 °C in
a Ng ambient; (c) at 400 °C in a Ny ambient; (d) at 500 °C in a Ny ambient.
Examples of Pd gallides and damage regions are labelled by the black and white
curves, respectively.

From Figure 5.6, it is also found that the samples annealed in the Ny ambient
have the lowest p. at each temperature compared with the samples annealed in
other ambients. The exact reason of this phenomenon is still under investigation
although the reduction of N vacancies is one possible explanation. As introduced
in section 1.3, the N vacancy is a donor-like defect which reduces the effective
hole concentration of p-type GaN. Compared with the annealing process in other
ambients, the annealing process in a N, ambient may reduce the N vacancies,
resulting in a relatively higher hole concentration of p-type GaN. Thus, a Pd-
based contact to p-type GaN annealed in the Ny ambient has a lower p. compared

with those annealed in other ambients.
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5.3 Generalization of transmission line method

for nonlinear metal-semiconductor contacts

As demonstrated in the last section, the p. of Pd-based contacts to p-type GaN
can be reduced by proper surface cleaning and thermal annealing. However, an
ideal ohmic contact in a wider bias region is still barely achieved. This nonlinear
characteristic is inherent for the metal contact to wider-bandgap semiconductors
such as p-type GaN [27]. This issue has been emphasized in previous work where
the p. of metal contacts to p-type GaN is strongly dependent on the injection
current density [20, 28]. The standard TLM method assumes that the contact
is strictly ohmic and, thus, that p. is identical at any injection current density.
Consequently, this standard method is not suitable to calculate the current-density
dependent p. of a nonlinear contact to p-type GaN. Since the III-nitride p-LEDs
can be operated at a much higher current density as introduced in subsection
1.4.1, the influence of this current-density dependent p. is more pronounced for
them. In this section, in order to directly calculate the p. as a function of injection
current density, a generalized TLM method is introduced. Based on the data of an
as-deposited Pd contact to p-type GaN measured from rectangle-TLM (R-TLM)
patterns, the application of this generalized TLM method is also demonstrated.

Figure 5.8(a) shows the schematic diagram of a rectangular contact pad used in the
R-TLM method. To calculate the p. of a contact at the interface between metal
and semiconductor, the basic transmission line equations consist of two differential
equations. These two differential equations are used to describe the relationships
between the current flowing under the contact pad and the voltage dropped across
the contact interface. The model and parameters used for these two equations
are schematically illustrated in Figure 5.8(b). As shown, the resistance elements

contributed from the semiconductor layer and the contact between metal and

semiconductor are described as RSTd”C and 3%, respectively, where W is the width
of the rectangular contact pad shown in Figure 5.8(a) and dz is the length of a
contact element. Based on these parameters, the basic transmission line equations

are expressed as:

dV R,
and
I V(x)W

W, (5.7)
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FIGURE 5.8: (a) Schematic diagram of a rectangular contact pad used in the
R-TLM method; (b) transmission line model and parameters for a rectangular
contact pad.

where I(z) and V(z) are the current flowing under the contact pad at = and the

voltage dropped across the contact interface at x, respectively.

In the standard TLM method, p. is assumed as a constant parameter. However,
in a general case, it should be dependent on V(z). Thus, Equation 5.7 can be

rewritten as:

o= = = VW V@) =~ (69
where p.(V (x)) is the voltage dependent specific contact resistivity and j.(V'(z)) is
the current density as a function of voltage. Both of these are generally nonlinear.
Then, Equation 5.6 and Equation 5.8 are multiplied by each side and integrated
over the length of the contact pad which varies from x = 0 to x = L, where L is the
length of rectangular contact pads shown in Figure 5.8(a). At x = 0, the injected
current and applied voltage correspond to the total current (I..) and contact voltage
(V.) across the metal and semiconductor layers, respectively. Furthermore, by
assuming L is sufficiently long, the current and voltage at x = L are equal to 0.

This process leads to the relation:

2 V=0
==t [ v (5.9)
s Jv=v,

Then after a differentiation of Equation 5.9 respected to V., we obtain:

R df.

3oV = Vo) = G5 LeVe) g

(5.10)
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In term of resistances, the final presentation of the formula for a generalized TLM

method should be:
_Wvav.

pe(Ve) = R. I, A, _ R,

R.R: (5.11)

where Rc:% and Rz:‘ji‘l/c are, respectively, the common and differential resis-
c c

tances of a single rectangular contact pad in the R-TLM method. In this general-
ized TLM method, since the p. is dependent on the V., the relationship between
the current density and p. can be further obtained by j. = V./p.. For an ideal
ohmic contact, the p. is independent on the V(x), where R. = R}. So, the formula
for this generalized TLM method becomes the common one used for the standard

R-TLM method:
W2
R,

pe = —R? (5.12)
A practical application of this generalized TLM method is demonstrated in the
following. An as-deposited Pd contact to p-type GaN is used for demonstration
because of its pronounced nonlinear characteristic. Since the generalized TLM
method is developed based on R-TLM method, the R-TLM patterns were prepared
on the top p-type GaN layer of the LED wafer. The schematic diagram of these
patterns is shown in Figure 5.9. A large mesa was etched by Cl,-based inductively
coupled plasma first to eliminate the unwanted current flow at the edge of contact
pads. After surface cleaning by HCI (40 %) for 5 min, a 30 nm-thick Pd layer was
deposited on the sample. After metal lift-off, nine Pd contact pads were formed on
the mesa. Each Pd contact pad had the shape of a rectangle with a W of 500 ym
and an L of 250 um. The spacing between two adjacent contact pads varied from
5 to 40 pm with a 5 um step. The I-V characteristics of these contact pads were

measured in a bias region from -5 to 5 V.
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FIGURE 5.9: Schematic diagram of the R-TLM patterns used. The blue-colour
region is the metal layer and the white region is the semiconductor layer.

Figure 5.10(a) shows the I-V characteristics of adjacent contact pads with differ-
ent spacings for the as-deposited Pd contact to p-type GaN. The nonlinear I-V
characteristics can be clearly observed from this figure. To extract the R., R} and
R, for the generalized TLM method (Equation 5.11), the total resistance (R) of
the adjacent contact pads was first calculated by R = V/I at each current. The
calculated R consists of the common contact resistance of two adjacent contact
pads (Ry.) and the resistance of the p-type GaN layer between these two pads
(Rpgap)- Clearly, the latter is proportional to the spacing between the adjacent
contact pads. The calculated results are plotted in Figure 5.10(b). As shown,
the unequal characterization of R is a result of the nonlinear properties of this
as-deposited Pd contact to p-type GaN. The vertical-shift at I = 0 mA between
each curve in Figure 5.10(b) represents the difference of R, g4, arising from the
p-type GaN layer and, thus, can be used to calculate the R, of the p-type GaN
layer. For this sample, this difference is found to be 1381 /5 um giving a value of
138100 €2/sq for the R of the p-type GaN layer. Then the Ry. and its differential

counterpart (Rj,) of any two adjacent contact pads can be obtained by:

v
Rye = T Ry gap = B — Rp gap (5.13)

and 1
Ry, = aI R, gap (5.14)

As show in Figure 5.10, with a maximum bias voltage of 5 V, the two adjacent
contact pads with a 5 ym spacing have the widest operation-current region. Thus,

it is beneficial to use these two contact pads to investigate the current-density
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FIGURE 5.10: (a) I-V characteristics of adjacent contact pads with different
spacings for an as-deposited Pd contact to p-type GaN; (b) calculated total
resistances of adjacent contact pads with different spacings as a function of
injected current, the vertical-shift of each curve at I = 0 mA can be used to
determine the R of p-type GaN.
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FIGURE 5.11: Ry, and R3,_ of two adjacent pads with a 5 pm spacing.

dependent p. for the as-deposited Pd contact to p-type GaN. The Ry, and R;, of
these two pads are calculated and shown in Figure 5.11 as a function of injection
current. As illustrated in Equation 5.11, the experimental results plotted here
need to be further transferred for a single contact pad as R, and R}. Unlike the
ideal ohmic contact where R. = Rf = Ry./2, in this nonlinear contact case, one of
the contacts is a forward-biased Schottky contact and another is a reverse-biased
Schottky contact. Since the contribution from the forward-biased contact is small,
it is reasonable to directly take R. = Ry, and R} = R} [28].
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By using the Ry. and R5, shown in Figure 5.11 and Equation 5.11, the p. of this
as-deposited Pd contact to p-type GaN was calculated at each injected current.
To built the relationship between the p. and current density, the V. corresponding
to the calculated p. is first obtained by V. = Rs.I. Then, the corresponding
current density is further obtained by taking j. = V./p.. Figures 5.12(a) and
(b) show the p. of this as-deposited Pd contact to p-type GaN as a function of
contact voltage and current density, respectively. Both results demonstrate that
pe is strongly dependent on the current voltage and/or injection current density
due to the nonlinear properties of this as-deposited Pd contact to p-type GaN.
As shown in Figure 5.12(b), on increasing the injection current density close to
100 A/cm?; p. becomes much smaller compared with the value at a low injection
current density. This result shows clearly nonlinear characteristics of the metal
contact to p-type GaN which cannot be neglected for I1I-nitride devices, especially
when they are operated at a high current density such as u-LEDs and LDs.
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FIGURE 5.12: Calculated p. of an as-deposited Pd contact to p-type GaN as
a function of (a) contact voltage and (b) injection current density through the
generalized TLM method.

5.4 Comparison of nonlinear metal contacts to
p-type GalN
Using the generalized TLM method described in section 5.3, the p. of the best

annealed Pd contact to p-type GaN, which is achieved by HCl (40 %) surface

cleaning and thermal annealing at 300 °C in a Ny ambient, was characterized and
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is compared in this section with that of the oxidized Ni/Au contact as a function
of injection current density. The structure and fabrication process of the R-TLM
patterns used were the same as those described in the last section. After the
mesa etching and surface cleaning, the metal layers (either 30 nm-thick Pd or
10 nm/20 nm-thick Ni/Au) were evaporated on two samples. Then the metal con-
tact pads on the p-type GaN layer were fabricated by using the lift-off technique.
The sample with Pd metal pads was annealed at the optimized temperature of
300 °C in a Ny ambient for 3 min. The one with Ni/Au metal pads was annealed
at 500 °C in an air ambient for 3 min, which is the conventional thermal annealing
process for the oxidized Ni/Au contact to p-type GaN as introduced in subsection
2.1.3.

Figure 5.13(a) shows the typical I-V characteristics of annealed Pd and oxidized
Ni/Au contacts to p-type GaN, measured on the adjacent pads with a 5 pm
spacing from -5 to 5 V. As shown, nonlinear behaviour is observed in this wider
bias region for both samples. Compared with the annealed Pd contact to p-type
GaN;, the oxidized Ni/Au one shows a more linear I-V characteristic. Furthermore,
the electrical properties of the oxidized Ni/Au contact to p-type GaN are better
than the annealed Pd one in the bias region from -2 to 2 V. However, due to the
nonlinear behaviour, the annealed Pd contact to p-type GaN shows higher currents
than the oxidized Ni/Au one at higher bias voltages. In order to take into account
this nonlinear behaviour, the specific contact resistivities of both contacts to p-
type GaN are compared as a function of injection current density through the
generalized TLM method, as introduced in the last section. The calculated results
for both contacts are shown in Figure 5.13(b). It can be seen that the variation
trends of the current-density dependent p. for these two contacts to p-type GaN
are similar. Both contacts to p-type GaN show a slight decrease of the p. in the low
injection current-density region followed by an abrupt, exponential-like droop with
increasing injection current density. In the low injection current-density region,
the oxidized Ni/Au contact to p-type GaN has a lower p. until the injection current
density reaches 20 A /cm?. Then, the p,. of the annealed Pd contact to p-type GaN

becomes lower in the higher injection current-density region.
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FIGURE 5.13: (a) I-V characteristics of annealed Pd and oxidized Ni/Au con-
tacts to p-type GalN, measured on the adjacent R-TLM pads with a 5 um
spacing; (b) current-density dependent resistivities of annealed Pd and oxidized
Ni/Au contacts to p-type GaN.

In order to investigate the exact influence of this current-density dependent p. on
[II-nitride LEDs, two broad-area LEDs with either annealed Pd or oxidized Ni/Au
contact to p-type GaN were fabricated by using a commercial blue In,Ga; _,N/GaN-
based LED wafer. The epitaxial structure of this wafer has been described in
subsection 5.2.1. These two devices had a 300 x 300 um? emission area. The LED
fabrication process was the same as the one described in chapter 4 except that the
annealed Pd and oxidized Ni/Au contacts to p-type GaN were used for each device
respectively. For Ill-nitride LEDs, the p. of the metal contact to p-type GaN is
believed to have a great influence on their operating voltage and differential resis-
tance (dV/dI) [29]. As the p. increases, a larger voltage-drop across the contact
is expected which leads to a higher threshold voltage and, thus, higher operating
voltages at each current and/or current density. Furthermore, when the device is
operated at high forward currents, it is reasonable to assume the change of dV/dI

is dominated by the change from the p. at different operating current densities.

The current density-voltage (j.-V) characteristics of both broad-area LEDs are
measured and shown in Figure 5.14(a). The calculated differential resistances
above an operating current of 5 mA, corresponding to a current density of 6 A /cm?,
are plotted in Figure 5.14(b) for these two devices. Asshown, the operating voltage
of the broad-area LED with oxidized Ni/Au contact to p-type GaN is lower at each
current density due to the lower p. of the oxidized Ni/Au contact to p-type GaN

in the low operation current-density region. However, the dV/dI of this device



Chapter 5.Performance enhancements of micro-light emitting diodes by Pd-based
contacts to p-type GalN 139

becomes larger than that of the broad-area LED with annealed Pd contact to
p-type GaN when the operating current density is higher than 20 A /cm?. These
results agree well with the results of the current-density dependent p. shown in
Figure 5.13(b) and, thus, endorse the generalized TLM method. Furthermore,
since the u-LEDs can be operated at a much higher current density as introduced
in subsection 1.4.1, it is expected that the p-LEDs with annealed Pd contacts to
p-type GaN should have better electrical performance compared with those with
the oxidized Ni/Au contacts.
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FIGURE 5.14: (a) j.-V characteristics and (b) calculated differential resistances
of broad-area LEDs with annealed Pd and oxidized Ni/Au contacts to p-type
GaN.

Besides the electrical properties, the optical properties of the metal contacts to
p-type GaN are also important for ITI-nitride LEDs, since they strongly affect the
LEE of LEDs with different configurations. The high-transparency nature of the
oxidized Ni/Au bilayer and high-reflectivity nature of the Pd layer lead them to
be suitable for devices with top-emission and flip-chip configurations, respectively.
Nevertheless, in order to mimic the structure of devices with flip-chip configura-
tions, it is still valuable to compare the reflectivity of oxidized Ni/Au and annealed
Pd layers capped with an additional Ti/Au reflector. Thus, two samples were pre-
pared for reflectivity measurements. Figure 5.15 shows a schematic diagram of the
sample structure and the measurement conditions for reflectivity measurements.
The metal layers with 30 nm-thick Pd and 10 nm/20 nm-thick Ni/Au were de-
posited on two sapphire substrates and thermally annealed. The conditions of
the thermal annealing process for Pd and Ni/Au layers were the same as those

used for metal contacts to p-type GaN as described above. Then, a thick Ti/Au
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(50 nm /200 nm) reflector was further capped on annealed Pd and oxidized Ni/Au
layers. The reflectivity of each sample was measured by a UV /Vis spectropho-
tometer (Perkin Elmer Lambda 2). The incident light was passed through the
surface of the sapphire substrate without metal layers. The angle of incidence was

nearly 0 °.

Ti/Au reflector

Pd (300 °C N, annealed)
= or oxidized Ni/Au

Sapphire

Incident light
Reflected light

FIGURE 5.15: Schematic diagram of the sample structure and measurement
condition for reflectivity measurements.

Figure 5.16 shows the reflectivity of each sample at different wavelengths. It can
be found that, from the ultraviolet to green wavelengths, the reflectivity of the
annealed Pd layer capped with the Ti/Au reflector is higher than that of oxidized
Ni/Au bilayer capped with the Ti/Au reflector. Furthermore, due to the high
transparency of the oxidized Ni/Au bilayer, the reflectivity of the sample with
oxidized Ni/Au bilayer is mainly provided by the Ti/Au reflector. Thus, the
sample with oxidized Ni/Au bilayer is preferred when the emission wavelength is
longer than 530 nm. These results provide important information for the selection
of metal contacts to p-type GaN in order to achieve the higher LEE for III-nitride
LEDs with flip-chip configurations emitting at different wavelengths.



Chapter 5.Performance enhancements of micro-light emitting diodes by Pd-based
contacts to p-type GalN 141

60 1 1 1 1 1 1 1
—s=— Pd (300°C N, annealed) capped with Ti/Au

55— Oxidized Ni/Au capped with Ti/Au

Reflectivity (%0)
8¢ 3 &

N
o
1

=
(4]

300 350 400 450 500 550 600
Wavelength (nm)

FIGURE 5.16: Reflectivities of annealed Pd and oxidized Ni/Au layers capped
with a thick Ti/Au reflector though sapphire substrates.

5.5 Performance of micro-light emitting diodes

with different metal contacts to p-type GaN

As presented in section 5.4, compared with the oxidized Ni/Au contact to p-type
GaN, the annealed Pd one has been proven to have the lower p. at injection current
densities above 20 A /cm?. Thus, the annealed Pd contact to p-type GaN is a better
contact candidate for u-LEDs which are operated at higher current densities. Fur-
thermore, the annealed Pd contact to p-type GaN also offers a potential enhance-
ment of the LEE from UV to green wavelengths for ITI-nitride LEDs with flip-chip
configurations. To confirm and compare the electrical and optical performance,
p-LEDs with annealed Pd and oxidized Ni/Au contacts to p-type GaN were fabri-
cated and characterized. These 450 nm p-LEDs were with flip-chip configurations
and an additional Ti/Au bilayer served as a reflector. These disc-shaped p-LEDs
had a diameter of 44 ym. The epitaxial structure of the blue In,Ga;_,N/GaN-
based LED wafer used and the device fabrication process were the same as those
for the broad-area LEDs presented in section 5.4. In addition to the electrical
property, light output power of these p-LEDs under direct-current (DC) condi-
tions were measured using a Si detector placed in close proximity through the
transparent sapphire substrate. By using a high-resolution photomultiplier tube,

the relative external quantum efficiency (EQE) of the u-LEDs was also measured.
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FIGURE 5.17: (a) j.-V characteristics and (b) calculated differential resistances
of u-LEDs with annealed Pd and oxidized Ni/Au contacts to p-type GaN.

To limit the self-heating effect, the p-LEDs were operated under 100 us current
pulses at 0.5 % duty cycle during the EQE measurements.

Figure 5.17(a) shows the j.-V characteristics of p-LEDs with different contacts
to p-type GaN. The differential resistances of these devices above an operating
current of 5 mA, corresponding to an operating current density of 330 A/cm?,
were also calculated and are shown in Figure 5.17(b). As introduced in subsection
1.4.1, the u-LEDs can sustain a much higher operating current density compared
with conventional broad-area LEDs. Although the calculated current-density de-
pendent specific contact resistivities shown in Figure 5.13(b) do not cover such a
wide current-density region, the trends illustrate that the p. of the annealed Pd
contact to p-type GaN should be always lower than the one of the oxidized Ni/Au
contact to p-type GaN at current densities above 20 A/cm?. Thus, it is expected
that the p-LED with an annealed Pd contact to p-type GaN should have supe-
rior electrical characteristics. As shown in Figure 5.17, the u-LED with annealed
Pd contact to p-type GaN presents not only the lower operating voltage at each
current density but also a reduced dV/dI compared with the device with oxidized
Ni/Au contact to p-type GaN. Based on the electrical performance of p-LEDs and
previous broad-area LEDs, it can be concluded that consideration of the current-
density dependent p. of metal contacts to p-type GaN is necessary for IIl-nitride

LEDs, especially when they are operated in different current-density regions.

Figure 5.18 shows the optical power of these two pu-LEDs with flip-chip configura-
tions measured under DC conditions. Compared with the p-LED with an oxidized
Ni/Au contact to p-type GaN; it is found that the p-LED with the annealed Pd
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FIGURE 5.18: Optical power of u-LEDs with annealed Pd and oxidized Ni/Au
contacts to p-type GaN measured under DC conditions.

contact shows a pronounced enhancement in optical power at any operating cur-
rent density. At 7000 A /cm?, which is the roll-over current density of the u-LED
with the oxidized Ni/Au contact to p-type GaN, the device with the annealed
Pd contact shows around 40 % increase in the optical power. This increase is
similar to the reflectivity enhancement measured at around 450 nm as shown in
Figure 5.16. Thus, the enhanced optical power of the pu-LED with the annealed
Pd contact to p-type GaN is mainly attributed to the higher reflectivity of the
annealed Pd layer capped with a Ti/Au reflector. Furthermore, due to the lower
pe of the annealed Pd contact to p-type GaN in this high current-density region,
the self-heating effect for the p-LED with the annealed Pd contact to p-type GaN
is much less. Thus, this u-LED can be operated at a higher current density to
achieve the maximum output power. As shown, the roll-over current density of
the p-LED with the annealed Pd contact to p-type GaN is increased from 7000 to
8000 A/cm? compared with the p-LED with an oxidized Ni/Au contact.

Another characteristic needing to be considered for these two pu-LEDs is the ef-
ficiency droop, as introduced in section 1.4. The possible difference of efficiency
droop between these two devices comes from different annealing temperatures
for annealed Pd and oxidized Ni/Au contacts to p-type GaN. It is well known
that plasma etching induces damage on the etched GaN pillar sidewall [30]. This
plasma damage is more pronounced for u-LEDs,; as they have an increased surface-

to-volume ratio. The shallow and/or deep defect levels resulting from the plasma
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damage supply the carrier transportation paths [31, 32]. The carriers tunnelling
through these defect levels generate the forward leakage current and, thus, re-
duce the effective current for radiative carrier recombination. This phenomenon
is considered as a possible mechanism of the efficiency droop of III-nitride LEDs
[33]. Thermal annealing has been demonstrated as an effective way to recover the
plasma damage for III-nitride LEDs and, thus, reduce the forward leakage current.
It has been shown that the efficiency of damage recovery can be enhanced by in-
creasing of the annealing temperature [34]. Considering different temperatures
used to anneal the Pd (300 °C) and oxidized Ni/Au (500 °C) contacts to p-type
GaN, these two p-LEDs may show different efficiency-droop behaviours. Thus,
the relative EQE of each u-LED was measured and is plotted in Figure 5.19. Each
curve in this figure is normalized to its peak value to exclude the differences of the
LEE between these two devices and the collection efficiency during the measure-
ments. It can be seen that the efficiency droop of the p-LED with the annealed
Pd contact to p-type GaN is comparable to the droop of the u-LED with the oxi-
dized Ni/Au contact. A slight difference can be found when the operating current
density is higher than 2000 A /cm?. It may be due to the difference of annealing
temperature or the measurement error. Based on this result, it can be concluded
that the forward leakage current is not the dominant mechanism of the efficiency
droop for these two devices. Other mechanisms, as discussed in section 1.4, need

to be considered.
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FIGURE 5.19: Normalized EQE curves of y-LEDs with annealed Pd and oxi-
dized Ni/Au contacts to p-type GaN.
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5.6 Summary

In this chapter, as a choice of ohmic contact to p-type GaN, Pd is used to further
enhance the performance of Ill-nitride u-LEDs. To achieve a Pd-based contact to
p-type GaN with a low p., the systematic optimization of the fabrication process
were performed including surface cleaning and thermal annealing. Surface cleaning
by HCI (40 %) and thermal annealing at 300 °C in a Ny ambient proved to be the
most effective way to reduce the p. of Pd-based contacts to p-type GaN.

However, the fundamental problems of p-type GaN result in difficulty to achieve
ideal ohmic contacts to p-type GaN. The nonlinear I-V characteristics of metal
contacts to p-type GaN in a wider bias region demonstrate that the p. of these
contacts is a function of injection current density. So, a generalized TLM method
was introduced to directly calculate the current-density dependent p.. Its appli-
cation was also demonstrated based on the data of an as-deposited Pd contact to
p-type GaN. Then, the specific contact resistivities of the best annealed Pd and
conventional oxidized Ni/Au contacts to p-type GaN were compared as a function
of injection current density. The result illustrates that the p. of the annealed Pd
contact to p-type GaN is lower than that of the oxidized Ni/Au contact when
the injection current density is higher than 20 A/cm?. This finding was validated
by comparing the electrical performance of IIl-nitride broad-area LEDs. Further-
more, to mimic the structure of I1I-nitride LEDs with flip-chip configurations, the
reflectivities of annealed Pd and oxidized Ni/Au layers capped with a Ti/Au re-
flector were compared. The former shows higher reflectivity from the ultraviolet
to green wavelengths and the latter is preferred when the emission wavelength is

longer than 530 nm.

Finally, the performance of p-LEDs with annealed Pd and oxidized Ni/Au con-
tacts to p-type GaN was compared. These 44 pm-diameter devices had flip-chip
configurations and a 450 nm emission wavelength. Since the operating current
density of these p-LEDs is higher, the p. of the annealed Pd contact to p-type
GaN is lower than that of the oxidized Ni/Au contact to p-type GaN. Thus, bet-
ter electrical properties are observed for the device with annealed Pd contact to
p-type GaN. Meanwhile, the higher reflectivity of the annealed Pd layer capped
with the Ti/Au reflector leads to a clear enhancement of the optical power for
the pu-LED with annealed Pd contact to p-type GaN. Furthermore, the efficiency

droop is similar for these two devices with different metal contacts to p-type GaN.
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Thus, the performance of I1I-nitride blue pu-LEDs with flip-chip configurations can
be greatly improved by using the annealed Pd contact to p-type GaN developed
in this chapter.
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Chapter 6

Development and application of
novel microstructured-image light

emitting diodes

In this chapter, the development and application of novel I1I-nitride microstructured-
image light emitting diodes (LEDs) are introduced. Compared with normal III-
nitride LEDs, a complex emission image with micro-scale feature size, which is
produced by combining a CHF3 plasma treatment and photoresist (PR) pattern-
ing, can be achieved for a single microstructured-image LED. In section 6.1, dif-
ferent applications of plasma technology used for IlI-nitride device fabrication are
summarized, and the F-based plasma treatments are considered as a novel process
to modify the electrical properties of p-type GaN. The development of III-nitride
microstructured-image LEDs is described in section 6.2. The CHF3 plasma treat-
ment is proven the most effective process to modify the electrical properties of
p-type GaN. The possible physical mechanisms of this modification are explored
and discussed. Further experimental results indicate that with PR masks, well-
defined localized current injection paths can be created in p-type GaN by the
CHF; plasma treatment. Furthermore, this plasma treatment does not cause dam-
age to the metal layer deposited on top of the p-type GaN layer. By introducing
the CHF3 plasma treatment as an additional step, complex emission images can
be created in single LEDs. III-nitride LEDs containing different microstructured
emission images are fabricated for demonstration, and the spatial resolution of
the CHF3 plasma treatment is also investigated. Finally, an application of these

microstructured-image LEDs, i.e. maskless image writing, is further demonstrated
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in section 6.3. By using this technique, written patterns with nano-scale feature

size can be achieved.

6.1 Applications of plasma technology for III-

nitride devices

Nowadays, plasma technology plays an important role in the fabrication of III-
nitride optoelectronic and electronic devices. Due to the difficulty of wet etching
[II-nitride materials, the main application of plasma technology in III-nitride de-
vice fabrication is plasma etching. It has been found that GaN can only be etched
with a low etching rate by KOH or NaOH at temperatures above 250 °C. The ap-
plication of wet etching is also not compatible with photoresist (PR) patterning.
So the mesa structures of I1I-nitride light emitting diodes (LEDs) and laser diodes
are normally formed by plasma etching. Because the bond strengths of I1I-nitride
materials are much higher than those of the other III-V compound semiconduc-
tors [1, 2], the plasma etching process for [II-nitride materials is complicated and
the etching rate is normally much lower. For Ill-nitride device fabrication, an
anisotropic plasma etching process with high etching rates and smooth etch side-
walls is required. To meet this requirement, different plasma etching techniques
and processes have been developed. For example, [1I-nitride mesa structures have
been fabricated by reactive ion etching (RIE) [3] and inductive couple plasma
(ICP) etching [4]. Furthermore, the effects of plasma chemistry, including reactive
gases (Cly and BCl;) and additional secondary gases (Ar, Oq, Hy and Ns), were
also investigated in detail. However, the plasma damage on mesa surfaces is an
unavoidable problem for plasma etching. This damage leads to the unintentional
degradation of the devices’ electrical and optical properties. This degradation is
more pronounced when the mesa size is reduced down to the micron and nano
scale [5-7].

The plasma technology is also an attractive approach to modify the electrical
properties of semiconductors. In the case of p-type GaN doped with Mg, high-
energy (above several keV) plasma irradiation, such as Ny [8] and Cl; [9] plasmas,
has been found to compensate the p-type doping leading to a higher resistance
of p-type GaN. In Ref. [9], the high-resistance regions in p-type GaN were se-

lectively created by combining Cl, plasma irradiation and PR patterning. This
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work was performed in an ICP system to implant the Cl ions with high energy. It
was proven that high-density N vacancies were created in the regions exposed to
high-energy Cl ions. As introduced in section 1.3, these donor-like defects lead to
a low hole concentration and, thus, to a high resistance of p-type GaN. Although
the localized current injection paths in p-type GaN can be created by combining
this Cly plasma irradiation and PR patterning, the resulting high-density N va-
cancies generate more leakage currents and increase nonradiative recombination
centres. These effects lead to the degradation of quantum efficiency and device re-
liability. Furthermore, in the Cly plasma irradiation, the p-type GaN layer should
be etched by the Cl, plasma because of the high reactivity between Cl ions and
GaN. Thus, Cl, plasma irradiation is less suitable for the fabrication of ITI-nitride
optoelectronic and electronic devices. On the other hand, much less N vacancies
would be generated if the ion energy was greatly reduced, i.e. using a low-energy
plasma treatment. The passivation of p-type GaN by a H, plasma treatment
is one of the common processes used for IIl-nitride device fabrication [10]. As
mentioned in section 1.3, H and Mg ions can easily form Mg-H complexes, which
results in the deactivation of p-type doping and high resistance of p-type GaN.
However, this treatment is not compatible with PR patterning, since it is barely
effective until the processing temperature is above 300 °C. In addition, Ny and N,O
plasma treatments have proven to be effective ways to cure the plasma damage
on GaN surfaces [11, 12], as the N vacancies in GaN can be recovered by N-based
plasma treatments. These treatments can reduce the device leakage current and
improve surface morphology, photoluminescence intensity and contact properties.
However, the N-based plasma treatments cannot be used to selectively passivate
p-type GaN, because the electrical conductivity of p-type GaN cannot be modified

by low-energy N ions.

Recently, F-based plasma treatments attracted great interest for Al,Ga;_,N/GaN
high electron mobility transistor (HEMT) fabrication [13-15]. It was found that
after F-based plasma treatment for an Al,Ga; N layer, the threshold voltage of
an Al,Ga;_,N/GaN HEMT was shifted toward positive bias and the gate-leakage
current was also reduced [13]. The detailed study has demonstrated that the
negatively charged F ions, which induce acceptor-like deep levels in the Al,Ga;_,N
[14], are mainly concentrated on the near-surface region of the Al,Ga; N layer.
A large number of F ions can lead to an upward band bending and, thus, increase
the surface barrier height of Al,Ga;_,N [15]. It is believed that this modification
of the surface barrier height does not depend on the doping type of Ill-nitride
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materials. So a test of the effect of F-based plasma treatments on p-type GaN is
valuable, which offers a potential to further develop a new process for IIl-nitride
LED fabrication.

6.2 Novel microstructured-image light emitting

diodes

6.2.1 Effect of different plasma treatments on p-type GalN

In order to investigate the effect of F-based plasma treatments on the electrical
properties of p-type GaN, a series of plasma treatments for p-type GaN using
different plasma sources was carried out. All the experiments were performed
on the top p-type GaN layer of a commercial blue In,Ga;_,N/GaN-based LED
wafer emitting at 450 nm. The detailed wafer structure has been described in
chapter 5. A co-planar Ti/Au metal electrode, which comprised a circular pad
with a concentric outer electrode separated by a 10 pum spacing gap, was used to
evaluate the effect of different plasma treatments on p-type GaN. The schematic
diagram and fabrication process of this metal electrode are shown in Figure 6.1.
As shown, the PR pattern of this electrode was formed on the surface of four
samples by standard photolithography. Then, three samples underwent different
plasma treatments in an RIE system at room temperature and one was kept as a
reference. For the three plasma treated samples, CHF3, CF, and Hy were used as
the main plasma source for each treatment, respectively. The flow rates of these
main plasma sources were all set at 15 sccm. To stabilize the plasma density, a
small amount of Ar (5 sccem) was introduced in each test. The RIE power and
chamber pressure were set at 200 W and 30 mTorr, and the total treatment time
was 240 s. Finally, a Ti/Au (40 nm/150 nm) metal bilayer was deposited on
the plasma treated areas of each sample by sputtering. The thick Au layer was
deposited to minimize the probe resistance during the measurements. After metal
lift-off, the current-voltage (I-V) characteristic of each sample was measured by a

semiconductor analyzer (HP 4155).
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FIGURE 6.1: Schematic diagram and fabrication process of co-planar Ti/Au
metal electrodes deposited on the p-type GaN layers with different plasma treat-
ments.

Figure 6.2 shows a comparison of the [-V characteristics of the samples with differ-
ent plasma treatments to the sample without plasma treatment. Compared with
the untreated sample, a dramatic reduction of current by a factor exceeding 10°
(at the voltages larger than 10 V) is observed for the sample treated by the CHF3
plasma. The samples treated by the CF4 and H, plasmas also show great current
reductions. These results indicate that the electrical properties of the p-type GaN
layers of these samples have been modified by plasma treatment. Based on these
results, the greatest modification of the electrical properties of the p-type GaN
layer treated by the CHF3 plasma can be qualitatively explained as follows. As
described in the last section, both F and H ions can modify the electrical properties
of p-type GaN. For this CHF3 plasma treatment, it is considered that both F and
H ions play dominant roles. As the negatively charged F ions are implanted into
the near-surface region of p-type GaN, the surface barrier height of p-type GaN
is increased due to band bending [15]. This results in a higher contact resistivity
of the metal contact to p-type GaN. Meanwhile, H ions can deactivate the Mg
dopants in p-type GaN which results in a decrease of the hole concentration lead-
ing to a higher resistivity of p-type GaN. Furthermore, the hole mobility in p-type
GaN may be decreased due to the reduced hole concentration and the increased
impurity scattering [16]. All of these lead to the substantial current reduction
observed for the sample treated by the CHF3 plasma in Figure 6.2. Through this
initial comparison study, the CHF3 plasma treatment is considered as a new and

efficient process to create the current blocking layer in p-type GaN.
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FIGURE 6.2: I-V characteristics of co-planar Ti /Au metal electrodes deposited
on the p-type GaN layers with different plasma treatments.

6.2.2 Application of CHF; plasma treatment on light emit-

ting diode fabrication

As demonstrated in the last subsection, the electrical properties of p-type GaN
can be greatly modified by a CHFj3 plasma treatment. In order to selectively
create high-resistance regions in p-type GaN, the applicability of this CHF3 plasma
treatment with PR patterning used in the LED fabrication process needs to be
investigated. Furthermore, the reactions between the plasma treatment and the
metal layer deposited on top of the p-type GaN layer also need to be considered,
since the possible damage to metal layer may lead to a great degradation of LED
performance. With these purposes in mind, this plasma treatment was introduced
into the conventional LED fabrication process. The epitaxial structure of the
LED wafer used for device fabrication was the same as the one described in the
last subsection. The detailed device fabrication process is schematically shown in
Figure 6.3. For this experiment, a broad-area LED array was fabricated. Each
LED element had a mesa size of 250 x 250 um?, but the whole fabrication process
could be applied to other mesa sizes and shapes. The mesa structures were initially
formed by ICP etching. After surface cleaning by a dilute HCI solution, a Ni/Au
(10 nm/20 nm) metal bilayer was deposited on top of the p-type GaN layer and
thermally annealed at 500 °C for 3 min in an air ambient. As introduced in
section 1.4, the formed oxidized Ni/Au bilayer serves as the metal contact to the

p-type GaN and current spreading layer. Then, some mesas were covered by a



Chapter 6.Development and application of novel microstructured-image light
emitting diodes 156

Spreading metal

p-type GaN ICP etching deposition and
MQWs annealing
n-type GaN |::>u ::> u
Sapphire

CHF;plasma
treatment

. SiO, layer
Sio 2
N- and p-pads " deposition and l

\AAAdAAAAS
PR

FIGURE 6.3: Process flow for the fabrication of LEDs with an additional CHF5
plasma treatment.

thin 500 nm-thick PR layer and the others were left uncovered. Subsequently, the
whole LED array underwent the CHF3 plasma treatment with the same recipe
and duration as described in the last subsection. Finally, after a 300 nm-thick
Si0, isolation layer deposition and selective opening, n- and p-pads consisting
of a Ti/Au (50 nm/200 nm) bilayer were deposited by sputtering. As shown,
the additional CHF3 plasma treatment was introduced after the formation of the
oxidized Ni/Au contact to p-type GaN. This process sequence not only avoids
the thermal reactivation of Mg dopants which are deactivated by H ions during
the CHF3 plasma treatment, but also provides an opportunity to study the direct
reactions between the CHF3 plasma and the oxidized Ni/Au metal bilayer. To
characterize these fabricated LEDs, their I-V and optical output power-current

(L-I) characteristics were measured.

Figures 6.4(a) and (b) show the I-V and L-I characteristics of the plasma untreated
and plasma treated LEDs, respectively. In these figures, the LED which was
protected by the thin PR layer during the CHF3 plasma treatment is labelled as
the ‘plasma untreated LED’, and the one without the PR protection is labelled as
the ‘plasma treated LED’. As shown in Figure 6.4(a), compared with the plasma
untreated LED, the electrical performance of the plasma treated LED is greatly
modified. For untreated and treated LEDs, the operating currents at 6 V are 67
and 3 mA, respectively. Thus, there is nearly no light emitted from the device
treated by the CHF3 plasma which shows a maximum power of 0.4 mW at 10 mA
as illustrated in Figure 6.4(b). These results confirm that, after the CHF3 plasma

treatment, the current cannot be injected efficiently into the LED active region for
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FIGURE 6.4: (a) I-V and (b) L-I characteristics of LEDs without and with a
CHF'3 plasma treatment.

light generation. Since there is no measurable damage and etching for the oxidized
Ni/Au metal bilayer after the CHF3 plasma treatment which will be discussed later
in detail, these results also demonstrate that all applied voltages are dropped at

the oxidized Ni/Au contact to p-type GaN and the p-type GaN layer.

The emission images of LEDs without and with the CHF3 plasma treatment are
shown in Figure 6.5(a) and (b), respectively. Both images are taken at an operating
current of 5 mA. It is necessary to point out again that both devices are from the
same LED array and the LED without plasma treatment is protected by a thin PR
layer. As shown in Figure 6.5(a), the LED without the CHF3 plasma treatment
emits light uniformly. On the other hand, nearly no light can be found for the
LED treated by the CHF3 plasma as shown in Figure 6.5(b). These results indicate
that a PR layer can act as an effective mask to protect the LED from the CHF3
plasma treatment. Consequently, this plasma treatment is fully applicable with
PR patterning used in the LED fabrication process. This applicability enables
us to create micro-current injection paths in p-type GaN by the selective CHF3
plasma treatment. In this way, microstructured-image LEDs can be achieved,

which will be described in the next subsection.
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(@)

FIGURE 6.5: Emission images of LEDs (a) without and (b) with a CHF3 plasma
treatment at an operating current of 5 mA.

For the plasma treated LED, we have also directly performed an electrical mea-
surement on the oxidized Ni/Au metal bilayer before and after the CHF3 plasma
treatment. No apparent change of the metal bilayer’s conductivity was observed.
Furthermore, no measurable etching of the metal bilayer was detected after a
10 min CHF3 plasma treatment. These results confirm that the changes of the
electrical properties of the plasma treated LED are not caused by the plasma dam-
age to the oxidized Ni/Au metal bilayer, but are dominated by direct reactions
between the CHF3 plasma and the p-type GaN layer underneath. It has been
reported the oxidized Ni/Au metal bilayer is porous, which may result from a re-
construction of the initially continual metal layers during the thermal annealing in
an air ambient [17]. The porosity of the oxidized Ni/Au metal bilayer may make
it possible for plasma species (F and H ions) to diffuse through this metal bilayer
and directly react with the p-type GaN layer.

6.2.3 Fabrication and characterization of novel microstru-

ctured-image light emitting diodes

Based on above systematic studies, III-nitride LEDs containing the complex mi-
crostructured emission images were developed. The fabrication process of these
microstructured-image LEDs is similar to that described in the last subsection. To
produce different microstructured images on single LEDs, these images were first

transferred from a photomask to the thin PR layer covering the oxidized Ni/Au
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metal bilayer on top of the p-type GaN layer by standard photolithography. Then,
the CHF3 plasma treatment was applied for these LEDs with different PR images.
As described above, the resistance of the areas on the p-type GaN layer exposed
to the plasma is greatly increased after the CHF3 plasma treatment. This results
in the formation of conductivity images, which are protected by the PR images
during the plasma treatment, on the p-type GaN layer. When applying a voltage
to the LEDs with such patterned p-type GaN layers, the current is only injected
into these PR protected images and, thus, the LEDs can emit the light images.
Furthermore, because this CHF3 plasma treatment only shows a pronounced effect
on p-type GaN, the microstructured-image LEDs can be fabricated on the com-
mercial In,Ga;_,N/GaN-based LED wafers with different emission wavelengths.
Thus, by combining the CHF3 plasma treatment and PR patterning, we have
successfully fabricated microstructured-image LEDs with different emission wave-
lengths at 370 nm, 405 nm, 450 nm and 520 nm for demonstrations. The complete
and uniform emission images with different wavelengths from these devices are
shown in Figure 6.6. These high-quality emission images also confirm that, after
the plasma treatment, the oxidized Ni/Au metal bilayer still functions efficiently
as a current spreading layer. This metal bilayer enables the electrical connections
between the regions without the plasma treatment. If the metal bilayer is damaged
during the process, the spreading of the current would be dramatically degraded

leading to a strong nonuniformity of light emission or even no light generation.
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FIGURE 6.6: Novel IlI-nitride microstructured-image LEDs with different emis-
sion images and emission wavelengths.

As shown in Figure 6.6, a micro-scale feature size can be achieved for the emission
images of these novel LEDs indicating that the CHF3 plasma treatment has high
spatial resolution. In order to further investigate the spatial resolution of this
plasma treatment, an array of disc-shaped emitters with decreasing diameters
down to 2 um (limited by the resolution of the standard photolithography used)
was produced on a single LED by the CHF3 plasma treatment. The emission
image of this disc-emitter array is shown as the insert of Figure 6.7. The intensity
profile of the smallest micro-disc emitter with a diameter of 2 um is plotted along a
diameter as shown in Figure 6.7. From this profile, the full width at half maximum
of the emission intensity of this micro-disc emitter is 2.5 pum, demonstrating the
CHF; plasma treatment can be used to produce very small emission images for
[TI-nitride LEDs. The size of emitters on these microstructured-image LEDs is
dependent on the current injection area and the diffusion length of holes in GaN.

As discussed in subsection 6.2.1, because of the high surface barrier and resistivity
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FIGURE 6.7: Intensity profile of a micro-disc emitter with a diameter of 2 pum.
This profile is along the diameter labelled as a white line in the insert. The
insert shows the emission image of the used device.

of p-type GaN treated by the CHF3 plasma, the current injection areas of LEDs are
defined by the PR masks. Furthermore, due to the intrinsic poor mobility of holes
in GaN, the diffusion length of holes is less than a few hundred nanometers in GaN
[18]. After the CHF3 plasma treatment, the hole mobility can be further decreased
by the reduced hole concentration and the increased impurity scattering. Thus, for
these microstructured-image LEDs, light is only emitted from the areas covered
by the PR masks during the CHF3 plasma treatment. We believed that emitters
with a sub-micron feature size can be fabricated by combining the CHF3 plasma
treatment with a higher resolution patterning technique, such as deep-ultraviolet

or nanoimprint lithography.

6.3 Maskless image writing by microstructured-

image light emitting diodes

As demonstrated in subsection 6.2.3, through a CHF3 plasma treatment it is pos-
sible to produce complex microstructured emission images on single LEDs. Thus,
these novel microstructured-image LEDs lead to simple fabrication and operation
processes to display customized images with micro-scale feature size. Furthermore,
due to the flat surface of these microstructured emission images, the integration of
micro-elements on these images for further applications is much simpler. In addi-

tion, these devices also offer the potential application of image direct writing, with
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FiGure 6.8: I-V and L-I characteristics of a 405 nm microstructured-image
LED used in image writing. The insert is the emission image of this device
containing bar-shaped emitters produced by a CHF3 plasma treatment.

complex images [19]. In this section, this application is introduced and demon-
strated. A microstructured-image LED with an emission wavelength of 405 nm
was used as a light source for the image writing with different demagnification
factors. The emission image of this device should contain 11 bar-shaped emitters
separated by gaps varied from 10 to 1 pm. However, limited by the resolution
of used standard photolithography, only 10 bar-shaped emitters with varied gaps
from 10 to 2 pm can be clearly distinguished in the emission image, shown as
the insert of Figure 6.8. Figure 6.8 shows the I-V and L-I characteristics of this
device. These results are used to determine the operating current of this device
for image writing. It can be found that the optical power of this device begins to
saturate due to the self-heating effect when the operating current is higher than
60 mA. So in the following experiments, the device was operated at 60 mA to
obtain high contrast for the image writing and to protect it. Through our home-
built maskless image writing setup which has been described in subsection 2.1.1
in detail, the emission image was transferred to a thin PR layer coated on a SiO,
layer, which was placed at the focal plane underneath the projection objective.
The SiO4 layer with 1.4 pum thickness was deposited by plasma-enhanced chemical

vapour deposition on a Si substrate.
1-to-1 image writing

The 1-to-1 image writing was initially carried out by using two 4x microscope

objectives in our maskless image writing setup to collect and project the light
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emitted from the LED. At the focal plane underneath the projection objective of
the 1-to-1 maskless image writing setup, the LED operated at 60 mA provided
an average optical power of 11 pW, corresponding to an optical power density of
60 mW /cm?. To determine the exposure times used for different PRs, the exposure
doses were calculated as a function of exposure time (60 mW /cm? x exposure time)
and are shown in Figure 6.9. The required exposure doses for positive PR (S1805)
and negative PR (N1405) with the same thickness (500 nm) are also labelled in this
figure according to the parameter provided by the manufacturers. The positive
PR with a short exposure time is considered as suitable for 1-to-1 image writing,
because the much longer exposure time for the negative PR in 1-to-1 image writing
may degrade the device performance and PR quality. The positive PR was spin-
coated on the test samples and then exposed with different times from 0.5 to 2 s.
After that, all the samples were soaked in a suitable developer (Micro DEV) for
40 s. The areas of the PR layer exposed to the light emitted from the bar-shaped
emitters were removed after development due to the positive nature of the PR
used. The written patterns were further checked by an optical microscopy and the

thickness of the PR patterns was measured by a Dektak 3 profilometer.
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FIGURE 6.9: Calculated exposure doses as a function of exposure time for 1-
to-1 image writing when the LED is operated at 60 mA (7 V). The exposure
times of two PRs are also labelled.

Figure 6.10 shows the optical images of 1-to-1 written patterns with different
exposure times. It can be seen that the LED emission image has been successfully
transferred to the PR layer, while no PR patterns can be found on the samples

when the exposure time is shorter than 0.8 s. As observed, with a shorter exposure
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time such as 1 s, the PR bars down to 4 um, which correspond to the gaps of the
LED emission image, can be clearly distinguished in the written pattern. However,
the quality of the pattern with 1 s exposure time is quite low. Some defects can
be seen in each gap which corresponds to the bar-shaped emitter of the used LED.
These defects are probably caused by the nonuniformity of light intensity emitted
from the single bar-shaped emitter. As shown as the insert of Figure 6.8, some
bright emission dots are clearly observed on each bar-shaped emitter. These dots
may be caused by the clusters formed on the oxidized Ni/Au metal bilayer during
the thermal annealing in air. During the image writing, these bright dots lead to
the relatively higher exposure doses. With a short exposure time, the PR layer
irradiated by these bright dots would be fully exposed first, which results in the
defects and the low-quality patterns. As the exposure time increases, the whole
PR layer can be fully exposed and the quality of the written patterns is improved.
However, if the exposure time is too long, for instance, 2 s, the narrow PR bars in
the written patterns (right part of the optical images) disappear. This observation
indicates that with the increasing exposure time, the PR layer corresponding to
the gaps of the LED emission image is fully exposed and then developed. This is
mainly due to the unexpected light in the gaps of the LED emission image, which
will be discussed later in detail. The 1-to-1 written pattern with a exposure time
of 1.5 s is considered as the best one achieved in these experiments. High-quality

PR patterns including 6 PR bars with reducing widths down to 5 pum are achieved.

1.5s 1.8s 2S

FIGURE 6.10: Optical images of 1-to-1 written patterns with different exposure
times.
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The 1-to-1 written patterns were also investigated by a Dektak 3 profilometer to
further understand their structural properties. The height profiles of three 1-to-1
written patterns with exposure times of 1s,1.5 s and 2 s, respectively, are shown in
Figure 6.11(a), (b) and (c). These profiles are obtained through a scan along a line
across the whole written pattern. The scan line position is labelled as a white line
in the insert of each figure. Two important phenomena can be found from these
figures. Firstly, the ‘depth’ of the gaps is not the same in each written pattern,
especially when the exposure time is short. Since the gaps in each written pattern
correspond to the bar-shaped emitters of the LED used, these results indicate
that the light intensity of each bar-shaped emitter is not the same. Secondly, the
narrow PR bars in the written patterns (right part of each figure) disappear with
increasing exposure time, which is the same as was observed in Figure 6.10. As
mentioned above, this is attributed to the unexpected light in the gaps of the LED
emission image. To confirm these explanations, an emission image of the LED used
was taken at the focal plane underneath the projection objective of the maskless
writing setup and is shown as the insert of Figure 6.11(d). The intensity profile
along a typical line across this image is shown in Figure 6.11(d). Clearly, the
maximum intensity of each bar-shaped emitter is not the same, which provides
direct evidence for the nonuniformity of the height profile of the 1-to-1 written
patterns. The unequal intensities of the bar-shaped emitters are probably due to
the nonuniform current distribution induced by the current crowding effect of I11-
nitride LEDs [20]. On the other hand, light intensity is also observed in the gaps
of the LED emission image, which increases with the decreasing gap width. The
difference of intensities between the bar-shaped emitters and the gaps is barely
distinguished when the gap width is smaller than 3 pgm. This unexpected light in
the gaps is probably caused by the lambertian angular distribution of the emission
light from LEDs and the light scattering at the edge of the bar-shape emitters. The
observation of this unexpected light in the gaps supports the previous explanation

as to the disappearance of the narrow PR bars.
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FIGURE 6.11: Height profiles of three 1-to-1 written patterns with exposure
times of (a) 1's, (b) 1.5 s and (c) 2 s, the insert of (a)-(c) highlights the scanned
line across each written patten by a white line; (d) intensity profile of the used
LED along a typical line across the device image shown as the insert.

10-to-1 image writing

We have also carried out image writing through a 10-to-1 demagnification approach
to investigate the resolution limitation of this maskless writing technology. The
10-to-1 demagnification factor can be easily achieved by using a 4x collection
objective and a 40x projection objective in the maskless image writing setup.
The same microstructured-image LED as before was used in these experiments.
The optical power of this device was first measured at the focal plane underneath
the projection objective of the 10-to-1 maskless image writing setup. Compared
with the results through the 1-to-1 maskless image writing setup, although the
measured optical power at 10-to-1 is decreased from 11 to 2.5 uW at an operating

2 at

current of 60 mA, the optical power density is much higher (~1.3 W/cm
60 mA) due to the reduction of dimensions of the projected emission image. This
high optical power density leads to the much shorter exposure time required for
both PRs as shown in Figure 6.12. For positive PR (S1805), the required exposure
time is 0.03 s, which is too short to be well controlled in image writing. So, the

negative PR (N1405) with an exposure time of 3 s was used in 10-to-1 image
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FIGURE 6.12: Calculated exposure doses as a function of exposure time for
10-to-1 image writing when the LED is operated at 60 mA (7 V). The exposure
times of two PRs are also labelled.

writing. After exposure, the samples were soaked in the developer (ma-D 331S)
for 30 s to form the patterns. For negative PR, the areas of the PR layer exposed
by the light remain after development. Because the 10-to-1 written patterns are
too small to be observed by a conventional optical microscope, an atomic force

microscope (AFM) was used.

Figure 6.13(a) shows the three-dimentional (3D) AFM image of the best 10-to-1
written pattern with an exposure time of 2.8 s. As shown, at least 7 PR bars,
which correspond to the bar-shaped emitters of the LED used, can be clearly
distinguished in this AFM image. Furthermore, as shown in Figure 6.13(b), the
average height profile of this 10-to-1 written pattern shows that 10 PR bars have
been achieved. This result is even better than the one achieved in 1-to-1 image
writing, which may be due to the negative PR used for 10-to-1 image writing. It
can be also found that the 4 largest gaps have been fully developed. The well-
developed gaps have a minimum width less than 800 nm indicating the nano-scale
feature size can be achieved by combining the novel microstructured-image LED
and our home-built maskless image writing setup. However, the thickness of the
PR bars is also not uniform in this 10-to-1 written pattern. The variation of
light intensities from different bar-shaped emitters [as shown in Figure 6.11(d)] is
considered to be the dominant reason for this height nonuniformity. The optical
diffraction effect of maskless image writing setup may also affect 10-to-1 written

patterns. As introduced in subsection 2.1.1, the resolution and depth of focus
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FIGURE 6.13: (a) 3D AFM image of the best 10-to-1 written pattern with an
exposure time of 2.8 s; (b) average height profile of this whole AFM image.

of an optical system always work against each other. To achieve a small feature
size in 10-to-1 image writing, the depth of focus of our 10-to-1 maskless image
writing setup is reduced. Thus, the surface flatness plays a more important role
in the 10-to-1 image writing compared with the 1-to-1 image writing. The image
quality is more sensitive to the thickness fluctuation coming from the PR layer

and substrate material.

Although both 1-to-1 and 10-to-1 written patterns still need to be further opti-
mized, the achieved PR micro- and nano-patterns demonstrated the principle of
image writing using the novel microstructured-image LEDs. These PR patterns
can also serve as a mask for further transferring the emission images to other
substrates by plasma etching. It is believed that better written patterns can be
obtained by improving the uniformity of the LED emission. Furthermore, as in-
troduced in subsection 2.1.1, a microstructured-image LED emitting at a shorter

wavelength can also improve the writing resolution.
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6.4 Summary

In this chapter, novel IIl-nitride microstructured-image LEDs have been devel-
oped and characterized. The emission region of conventional III-nitride LEDs
is normally spatially defined by the mesa structure which is formed by plasma
etching. This etching process induces some drawbacks to the LED performance.
In this work, a complex emission image in a single mesa structure was produced
by combining a CHF3 plasma treatment and PR patterning. The CHF3 plasma
treatment leads to a large change in the electrical properties of p-type GaN. This
modification mainly results from the increased surface barrier height and the lower
hole concentration of p-type GaN, which are caused by F and H ions respectively.
Thus, the resistivity of the metal contact and p-type GaN can be greatly increased
by the CHF3 plasma treatment. Further experimental results indicate that the PR
layer is an effective mask to protect p-type GaN from the CHF3 plasma treatment.
Furthermore, there is no measurable damage to the plasma treated metal layer,
which indicates the metal layer can spread current efficiently even after the CHF3
plasma treatment. Based on these results, different complex microstructured im-
ages were created in single LEDs. These microstructured-image LEDs demonstrate
that the CHF3 plasma treatment shows high spatial resolution. The highest spatial
resolution obtained here is a few microns, which is limited by the standard pho-
tolithography used. It is believed sub-micron resolution can be achievable because

of the low diffusion length of holes in p-type GaN.

These microstructured-image LEDs were further used for maskless image writing
through our home-built setup. These novel devices offer a simple process to write
a complex image. The emission images have been successfully transferred to a PR
layer through both 1-to-1 and 10-to-1 maskless image writing setups. Nano-scale
(< 800 nm) structures were obtained in the 10-to-1 written pattern. The written

patterns achieved can act as the mask for further processes.
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Chapter 7

Conclusion and perspectives

7.1 Conclusion

The work presented in this thesis has concentrated on the mechanisms and de-
velopment of III-nitride microstructured light emitting diodes (LEDs) including
micro-LEDs (p-LEDs) and microstructured-image LEDs. The II-nitride p-LEDs
are an attractive format of LEDs, because they show potential enhancements in
device performance and many novel applications. The results achieved in this the-
sis are not only helpful to understand in more depth the mechanisms of p-LEDs,
but are also valuable to further extend the fields of application for these devices.
The microstructured-image LEDs are novel devices developed in this work. These
devices contain highly complex emission patterns on single III-nitride LEDs. The
development and application of these novel microstructured-image LEDs was in-

troduced.

Chapter 1 provided a general introduction to LEDs, and more specifically to the
LEDs based on IlI-nitride materials. The motivations for the work presented in
this thesis were given in this chapter as well. Great success has been achieved in the
development of LEDs. At present, high-performance commercial LEDs covering a
wide spectral range are used for various applications in our daily life. The oper-
ating principles of LEDs were also described in this chapter including the carrier
recombination processes in semiconductors and related special designs to achieve
high-performance LEDs. The main contents of this chapter focused on IlI-nitride
materials and related LEDs. IIl-nitride materials offer exciting properties for the

development of LEDs, due to their bandgap energy, they can in principle cover a
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broad emission wavelength range from deep-ultraviolet to infrared including the
whole visible-light region. The growth processes of I1I-nitride materials were then
presented. The structure of III-nitride LED wafer and common configurations of
[II-nitride LEDs were also introduced. Although there are still some problems to
be addressed, high-performance IIl-nitride LEDs with blue and green emissions
are already a commercial success. The outstanding performance of I1I-nitride blue
LEDs promotes the development of white-light LEDs as well. Two particular for-
mats of I1I-nitride microstructured LEDs were introduced. The III-nitride pu-LEDs
are the main devices discussed in this thesis. An overview of IIl-nitride p-LEDs
was given including their development, main advantages and novel applications.
The other type of III-nitride microstructured LEDs is the microstructured-image
LEDs developed in this work. These devices offer a simple way to achieve the

complex emission images for display.

In order to develop and investigate the III-nitride microstructured LEDs, a range
of experimental techniques were used for microstructured LED fabrication and
characterization. Chapter 2 focused on introducing these techniques. Fully opera-
tional microstructured LEDs were fabricated by a process consisting of three main
steps which are pattern definition, pattern transfer and formation of metal con-
tacts. For pattern definition, conventional photolithography and our home-built
maskless image writing were introduced and commented on. Two basic tech-
niques for pattern transfer, being wet etching and dry (plasma) etching were then
introduced. The latter is the dominant technique used for microstructured LED
fabrication. The mechanisms of dry (plasma) etching and related facilities were
described, and recipes used for the dry (plasma) etching of different materials were
also illustrated. Metal deposition and thermal annealing are main operations for
formation of metal contacts. The working principles of each operation were sum-
marized. Then, the introduction of two techniques used for microstructured LED
characterization, namely cathodoluminescence (CL) and temperature-dependent
photoluminescence (T-PL), was given. The working principles, advantages and
disadvantages of both techniques were discussed. Since these two techniques were
performed on the home-built facilities, the designs of these facilities were described

as well.

From chapter 3 onwards, the results achieved in this work were presented. The
compressive strain resulting from the lattice mismatch between In,Ga;_,N and

GaN leads to an internal electric field in the quantum wells (QWs) and, thus,
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a red-shift of the emission wavelength. Micro-pillars can partly relax the strain
because of their free sidewalls resulting in a blue-shift of the emission wavelength.
The size-dependent strain relaxation and its effect on the optical properties of
In,Ga;_,N/GaN-based micro-pillars was investigated in chapter 3. High-quality
micro-pillars with diameters ranging from 2 to 150 um were fabricated from a
yellow-green Ingo5Gag75N/GaN-based LED wafer. The CL technique was used
to record emission wavelength maps of the micro-pillars to investigate the strain
relaxation process. The localized shifts of emission wavelength in micro-pillars
have been observed through CL maps with high spatial resolution. It was found
that the strain relaxation at the pillar centre and edge are dramatically different.
A broad ring-shaped strain relaxation region at the pillar edge was also observed
in the CL maps. The strain relaxation in micro-pillars was further simulated by
a finite element method. The simulation results agree well with the experimental
ones when the strain within the QWs and whole wafer bending are considered in
the model. The experimental and simulation results of micro-pillars with different
diameters were then summarized to explore the size effect on strain relaxation.
Pronounced strain relaxation can be observed for micro-pillars with diameters
below 30 pm. Thus, it is reasonable to conclude that the efficiency of pu-LEDs

with diameters less than 30 pm can be significantly improved.

A blue-shift of the emission wavelength can also be observed for III-nitride LEDs
under electrical operation. The injected carriers can screen the internal elec-
tric field and lead to the blue-shift of the emission wavelength for III-nitride
LEDs at different operating currents. In chapter 4, colour-tunable u-LEDs were
demonstrated. The colour tunability of these devices is mainly dependent on
this screening effect. These colour-tunable u-LEDs were fabricated from an am-
ber Ing 40GaggN/GaN-based LED wafer. In this case, the dominant amber QWs
were grown on top of low-indium-content blue QWs. The optical properties of this
LED wafer were first studied by T-PL and CL. Through these measurements, the
luminescence efficiency at room temperature was found to be around 1 % for this
LED wafer. A pronounced bandgap inhomogeneity was also found for the amber
QWs. The pu-LEDs fabricated from this wafer show a great blue-shift of the dom-
inant emission peak and a blue emission from the low-indium-content QWs. This
effectively means that these devices have a tunable emission colour, which changes
from amber to green depending on the operating current. Therefore, these colour-
tunable p-LEDs offer a simple method to achieve I1I-nitride multi-colour displays

based on a single epitaxial structure. Furthermore, compared with broad-area
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LEDs fabricated from the same wafer, it is found the colour tunability is enhanced
for u-LEDs. This is mainly due to the fact that p-LEDs can sustain significantly
higher current densities than broad-area LEDs. The mechanisms of this colour
tunability were also discussed. A larger internal electric field in the amber QWs

is believed to be the dominant reason.

Driven by the prospect for further improvement of I1I-nitride pu-LED performance,
chapter 5 presented our work on the development of Pd-based contacts to p-type
GaN. The fabrication process of Pd-based contacts to p-type GaN was first opti-
mized. Surface cleaning by HCI (40 %) and thermal annealing at 300 °C in a Ny
ambient proved to be the most effective way to reduce the specific contact resis-
tivity (p.) of Pd-based contacts to p-type GaN. However, it was typically observed
that the current-voltage characteristics of metal contacts to p-type GaN are non-
linear. This indicates that the p. of metal contacts to p-type GaN is a function
of injection current density. Thus, a generalized transmission line method (TLM)
was introduced to calculate the current-density dependent p.. Then, the p. of
the Pd contact to p-type GaN annealed under optimal conditions was compared
with that of a normal oxidized Ni/Au contact by this methodology. The results
demonstrate that the annealed Pd contact to p-type GaN shows a lower p. at high
injection current densities above 20 A/cm?. The performance of y-LEDs with
annealed Pd and oxidized Ni/Au contacts to p-type GaN were further compared.
These 44 pm-diameter devices emitting at 450 nm had flip-chip configurations.
Since the annealed Pd contact to p-type GaN has a lower p. at high injection
current densities and higher optical reflectivity in blue emission region, p-LEDs
with this contact to p-type GaN show better electrical properties and 40 % higher
optical power compared to devices with oxidized Ni/Au contact. These improve-
ments are important for the applications of u-LEDs in which high optical power

is required.

Chapter 6 described the development and application of novel III-nitride micro-
structured-image LEDs. CHF3 plasma treatment plays an important role in the
fabrication process of these devices. For the CHF3 plasma, the F and H ions can
increase the surface barrier height and reduce the hole concentration of p-type
GaN. This leads to a great modification of the electrical properties of p-type GaN
after the CHF3 plasma treatment. Further experimental results indicate that the
CHF3 plasma treatment is not only compatible with photoresist patterning but

also does less damage to the metal layer on top of the p-type GaN layer. Thus,
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a complex microstructured emission image can be easily created in a single III-
nitride LED by combining the CHF3 plasma treatment and photoresist patterning.
Through these microstructured-image LEDs, the spatial resolution of the CHF3
plasma treatment was proven to be a few micrometres. Furthermore, compared
with the other lithographic methods, the microstructured-image LEDs offer a much
simpler process for the direct writing of complex images. The direct image writing
with different magnification factors was demonstrated using these novel devices

and our home-built image writing setup.

7.2 Further work

7.2.1 Individually-addressable nano-light emitting diodes

As demonstrated in chapters 3 and 4, u-LEDs relax the strain and efficiently relieve
the polarization effects in IlI-nitride LEDs. It is expected that reducing the size
of devices, for example, to the nano-scale, can further enhance the performance
and create new applications for Ill-nitride LEDs. Although some work on III-
nitride nano-LEDs has been published [1, 2], it is still a major challenge to achieve
individually-addressable nano-LEDs. Further work will concentrate on develop-
ing and characterizing the individually-addressable nano-LEDs. In our approach,
unlike the photolithographic and imprint techniques used for nano-patterning,
the scanning probe lithography methods, such as dip-pen nanolithography [3],
are employed to deposit materials with nano-scale features as the mask for fur-
ther etching. Besides the novel fabrication process, these individually-addressable
nano-LEDs will also be used to investigate the mechanism of the efficiency droop
of Ill-nitride LEDs.

7.2.2 Ultra-parallel visible light communications by micro-

light emitting diode array

As introduced in subsection 1.4.1, the compact p-LED array is a good candidate
for micro-displays. Meanwhile, it has been found that the u-LEDs also have the
potential for visible light communications due to their high-frequency modulation

bandwidth [4]. Thus, combined with displays, each element in the p-LED array
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can provide individual communication channels through a complementary metal-
oxide-semiconductor driver. However, the absolute optical power of u-LEDs is still
relatively low compared to the requirement for long-distance data transmission.
Further optimization of the metal contact to p-type GaN is thus necessary for im-
proving the power output of p-LEDs. Since the generalized TLM method supplies
a new methodology to compare the p. of different metal contacts to p-type GaN,
more work will be carried out to identify suitable metal contact to p-type GaN for
u-LEDs with different configurations. Ag is a promising candidate because it of-
fers an even higher optical reflectivity and, thus, higher optical power for u-LEDs
with flip-chip configurations [5].

7.2.3 Further development of microstructured-image light

emitting diodes

To achieve high-quality microstructured-image LEDs and high-resolution written
patterns by using these novel devices, more work on the optimization of the pro-
cesses of device fabrication and direct image writing is necessary. The physical
mechanisms of the electrical property modification of p-type GaN by the CHF;
plasma treatment have also not been fully understood yet and further investigation
is being carried out at the time of writing of thesis. The as-deposited Pd contact
to p-type GalN developed in chapter 5 is now used to evaluate the influence of
different plasma treatments on p-type GaN. The modulation bandwidth of these
microstructured-image LEDs is also valuable to be measured for demonstrating

their possible application for visible light communications.
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