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ABSTRACT

The colloidal quantum dot-enabling light emitting diode (LED) technology has
been developing rapidly in recent years due to the superior optical properties of colloidal
quantum dots (QDs). Semiconductor QDs of various sizes and compositions can be used
as the emissive media in the light emitting diodes, and can also be used as a novel type of
phosphor in white light emitting diodes.

Nitride based LED technology have also attracted much attention since the early
1990s. Due to their high power, high efficiency, and long lifetime properties, gallium
nitride (GaN) LEDs are becoming promising candidates for next-generation solid state
lighting.

This dissertation attempts to advance the LED technology in three respects.
Firstly, in order to improve the technology using colloidal QDs as the emissive media, the
degradation mechanism of the colloidal QD LEDs was studied. The results reveal that the
degradation of QD LEDs is associated with the reduction in the QD quantum efficiency.
Two mechanisms were identified to account for the observed decrease of quantum yield:
i.e., high temperature induced degradation during LED operation; and the diffusion of the
carrier transport molecules into the QD emissive layer. To this end, the inorganic material
of indium-gallium-zinc-oxide (1GZO) was introduced to replace tris(8-hydroxyquinoline)
aluminum (Algs) as the electron transport medium, making it possible to obtain air-stable
QD LEDs.

Secondly, to make the QD phosphors more efficient for color conversion in white

LEDs, the nonradiative energy transfer between colloidal quantum dot-phosphors and



nanopillar nitride LEDs was studied. In this approach, QD phosphors were brought to
close proximity of blue-emitting quantum wells (QWs) by nanopillar LED design. This is
accompanied with a novel design of low-resistance p-type contact selectively deposited
on the top of the nanopillars. Strong non-radiative energy transfer was observed from the
indium gallium nitride (InGaN) QWs to the colloidal QD phosphors, leading to a
significant enhancement in effective internal quantum efficiency. Furthermore, the
nonradiative energy transfer between colloidal quantum dot-phosphors and indirect
bandgap silicon carbide was also studied. Nonradiative energy transfer has been
demonstrated as an effective path to achieve color tunable emission from indirect
semiconductors diodes.

Finally, to drive the GaN LEDs under alternating current (AC) condition without
external driver circuitry, a monolithic integration of LED arrays with on-chip Schottky
diode Wheatstone bridge was demonstrated, for the first, to run the LEDs directly on the

line voltage.
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Chapter 1

Introduction

1.1 Light emitting diode introduction

In the past several decades, the technologies in the fields of semiconductor
materials and devices have advanced fast. They have made great impacts to our daily life
by virtue of the invention of televisions, computers, cell phones, digital cameras, and
many other microelectronic and optoelectronic devices and systems. Since
electroluminescence (EL) was discovered in 1907 [1], light emitting diode (LED)
technology, as a sub-field of semiconductor, has also been developed rapidly [2-4]. It is
now playing an increasingly important role in many areas, spanning from solid state
lighting to flat panel displays [5-7].

Lighting is very important in our daily lives. In 2010, more than 8 billion lamps
were installed in United States, consumed 700 terawatts hour (TWh) energy annually,
which counts to ~19% of total U.S. electricity use [8]. Billions of dollars are spent on
lighting every year, and millions tons of carbon oxide were released into the atmosphere
each year due to lighting. As a result, novel lighting technologies are always under
investigation for less energy consumption, lower cost, and less carbon oxide release.
.Nowadays, there are three widely used technologies in the general lighting area:

incandescent lamps, fluorescent lamps, and LEDs.



The most popular lighting technology is based on incandescent lamps. The
tungsten filament was sealed in a vacuum bulb or a bulb filled with inert gas. During
operation, the filament is heated to a very high temperature to emit light employing the
physical phenomenon known as incandescence. Incandescent lamps were invented more
than one hundred years ago, and are still widely used to date, whereas at the same time,
many other technologies, such as cameras, cassettes, and films, have been replaced by
their digital competitors.

Another very popular lighting technology is the fluorescent lamp. During its
operation, the cathode was heated up to emit electrons, when the electrons with high
kinetic energy collide with the mercury gas atoms sealed in the tube, the energy will be
transferred from the electrons to the atoms, exciting the electrons in the outer shell of
mercury atoms to a higher, unstable energy level. When the excited outer-shell electrons
relax back to the ground level, ultraviolet (UV) light is emitted. Next, the UV light is
absorbed by the phosphors coated on the inner wall of the tube, producing white light
radiation. Employing this technology, the luminous efficiency of the fluorescent lamps
can reach ~3 times of the luminous efficiency of the incandescent lamp. In addition, the
lifetime of fluorescent lamp can be around 5,000 to 10,000 hours, substantially longer
than the 1,000 to 2,000 hours’ rated lifetime of incandescent lamps [9].

LED technology, as a promising candidate for the next-generation solid state
lighting, has attracted much attention recently. This technology employs semiconductor
p-n or p-i-n junctions in the device active region. When a forward bias voltage is applied
on an LED, the electrons and holes will be injected into the p-n junction and recombine

radiatively. The energy is released in the form of photons, and thus light is emitted.



Employing this technology, the luminous efficiency can reach 2 to 3 times of the
efficiency of the fluorescent lamp [9]. In addition, the lifetime of nitride LEDs can be
~50,000 to 100,000 hours, substantially longer than the ~10,000 hour-lifetime of
fluorescent lamps [9].

In addition to higher efficiency and longer lifetime, an LED lamp has many other
advantages. An LED is a semiconductor based device, no filament or filled gas is
employed, hence its size can be made very small. A vacuum or hermetically sealed bulb
is not required for this device. This property will enable many new applications of
lighting devices, which cannot be matched by the conventional incandescent or
fluorescent light bulbs that we use today. For example, the LEDs can be embedded into
the wall, ceiling, and other building materials for specialized lighting [10]. In addition,
the well- developed semiconductor processing techniques make it possible to integrate
various sensors with the LEDs to achieve smart lighting [11, 12]. For example, the
brightness and color of an LED lamp can be adjusted with a cell phone application in the
way we want. Moreover, LEDs can be instant on, has no mercury, is environment
friendly, and is dimmable by tuning the diode current.

Due to the above-mentioned superior properties, and significant advantages
compared to the incandescent lamp and fluorescent lamp, the LED technology has been
replacing the incandescent and fluorescent lamps in many applications. Since the output
of LEDs can be made highly color saturated, and the industry is capable of designing and
producing LEDs emitting different colors using different semiconductor compositions,
colorful LEDs are replacing light bulbs with color filters in many fields that requesting

inexpensive, high power, quasi-monochromatic light sources. For example, a significant



amount of traffic lights have been replaced by LED lamps in US. Although LED lamps
still cost more than incandescent light sources at present, the higher luminous efficiency
would make the overall energy saving significantly greater than incandescent lamps. In
addition, the much longer lifetime of LEDs would also result in a much lower
maintenance cost, which could further decrease the overall lamp running cost. Other than
monochromatic light sources, another widespread application of LEDs is the backlight of
liquid crystal displays (LCDs). Several years ago, compact fluorescent lamps were solely
employed as the LCD backlights, now almost all the backlights are LEDs. The LEDs are
also used in the headlights and brake lights of automobiles nowadays to replace the
incandescent lamps. The next and most important application area to be penetrated by
LEDs will be general lighting. Nevertheless, the bottleneck of LED penetration in this
area is still the high cost of LED lamps, which is much higher than that of incandescent
lamps and fluorescent lamps to date. Consequently, the industry is making every effort to
lower the cost. It is envisioned that the LED lighting will become more and more
popular in our daily lives upon the success of these efforts.

Besides lighting, the LED technology has also been grown rapidly in the emissive
display area during these years. While the most popular technology of flat panel display
is liquid crystal display (LCD) at this moment, organic light emitting diodes (OLEDs)
appear as the emerging competitor by virtue of enhanced color purity, shorter response
time, larger viewing angle, and simpler device configuration. In addition, OLEDs can be
fabricated on curved and mechanically flexible substrates to build flexible display

devices. Nowadays, OLED arrays have been employed widely in cell phone displays.



1.2 Light emitting diode fundamentals

The fundamentals of LED operation mechanism will be explained in detail in this
section. As mentioned previously, the incandescent lamp employs a physical
phenomenon known as incandescence. The filament needs to be heated to a very high
temperature. The energy is converted to both visible and infrared light, the latter of which
translates to a significant amount of heat radiation. For the fluorescent lamp, the mercury
atoms collides with high energy electrons and emit UV light, the UV light is then
absorbed by phosphors for white light generation. The mechanism underlying LED
operation is electroluminescence. At the heart of an LED is a semiconductor p-n junction.
When voltage forward bias voltage is applied on an LED device, the current is injected
into the junction, and the light is produced when electrons and holes recombine
radiatively in the quantum wells of the junction.

In the LEDs, light is emitted due to the radiative recombination of electrons and
holes in the semiconductor material. Since the radiative recombination requires both
electrons and holes, the probability of its occurrence is proportional to the product of
electron and hole concentrations. As a result, the radiative recombination rate can be
given by [13]

R = =——=Bnp (1)

Where R is the radiative recombination rate of electrons and holes, n is the
electron concentration, p is the hole concentration, and B is called bimolecular
recombination coefficient. This equation is called bimolecular rate equation. A parameter

called carrier lifetime 7, denotes the mean time it takes for a minority carrier to
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recombine with a majority carrier, and can be derived from the bimolecular rate equation

as follows.
an
- = —Bnp (2)
_t
n=nge B8Pt = nye ™ (3)
1 1
T =5 = B, 4)

The carrier lifetime for holes can be written as

T, == — (5)

P Bn  BNp

Where N, is the acceptor concentration in p-type semiconductor, and N, is the
donor concentration in p-type semiconductor.

Those carrier lifetimes are obtained based on the radiative recombination.
However, in the LEDs, the carriers would also undergo nonradiative recombination. The
most common type of nonradiative recombination is due to the defects in the crystal.
Those defects would trap electrons and holes, leading to the nonradiative recombination.
The other type of nonradiative recombination is surface recombination. It is due to the
stop of periodicity on the surface of bulk semiconductors, can be regarded as a special
type of defect on the semiconductor surface acting as the carriers trap. Another type of
nonradiative recombination is Auger recombination. In Auger recombination, an electron
or hole is excited to a higher energy level in conduction or valence band with the
recombination energy. Since this recombination requires three carriers to participate, its
rate is much lower than the radiative recombination and other nonradiative
recombination. It can be neglected unless the injected current is very large. As a result,

the nonradiative recombination lifetime due to the defects can be written as [13]



1

Tn = (6)

Ntunon

T, =—— (7)

p Ntvpop

Where Ny is the concentration of the defect traps, v, and v,, are the electron and

hole thermal velocities, o,, and o, are the capture cross sections of the defect traps.

1.2.1 Light emitting diodes employing p-n junction

P-n junction can be conceived as a basic semiconductor structure, and the
simplest LED is a p-n junction. The band diagrams of a p-n junction under equilibrium
and forward bias conditions are shown in Fig. 1-1.

Depletion layer

Conduction band

qVyi
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Fermi level

Valence band n-type
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Figure 1-1. p-n junction energy band diagram under (a) equilibrium condition and (b)
forward bias condition.

When the p-type and n-type semiconductors join each other to form an alloyed
junction, the free electrons in the n-type semiconductor will diffuse to the p-side, and
recombine with the majority holes in the p-type semiconductor. Meanwhile, the free
holes in p-type semiconductor will diffuse to the n-type semiconductor, and recombine
with the majority electron carriers in the n-type semiconductor. As a result, charge
carriers in the vicinity of the junction will disappear, and static charge will be built up.
This static charge layer is called depletion layer. The electric field built in this layer
prevents the free electrons and holes in each side diffusing to the other side of the
junction. Finally, the equilibrium condition would be reached, no net charge flow is
allowed in the device as shown in Fig. 1-1(a).

When a forward biased voltage is applied across the p-n junction, which means
that the p-type semiconductor is contacted as the anode and n-type semiconductor is

connected as the cathode, holes in the p-type semiconductor and electrons in the n-type



semiconductor will be driven toward the depletion layer continuously, and recombine
with each other both radiatively and nonradiatively. Part of the energy of the recombined
electron-hole pairs is released in the form of photon emission; leading to the light output

from the device.

1.2.2 Light emitting diodes employing double heterojunction

To achieve higher quantum efficiency, the double heterojunction structure is
introduced into the LED design. In this structure, an undoped layer of semiconductor of
narrow energy band gap is sandwiched between an n-type and a p-type cladding layers of
wider energy band gap. The band diagrams of a double heterojunction under equilibrium

and forward bias conditions are shown in Fig. 1-2.

Active layer

Conduction band

p-type

Fermi level

Valence band n-type

(@)
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Figure 1-2. Double heterojunction under (a) equilibrium condition and (b) forward bias
condition.

Under equilibrium condition, the narrow-band active layer acts as the depletion
layer in the p-n junction, no carriers flow in the device. Under forward bias condition, the
negative and positive carriers are driven to and confined in the sandwiched active region,
and recombine with each other to emit light. The conduction and valance band offsets
between the narrow and wide band semiconductors in the heterojunction pose barriers for
the confinement of free carriers. The thickness of the active layer, usually less than 1 pm,
is less than the diffusion length of both electrons and holes (10 pm or longer for 111-V
compound semiconductors). Consequently, this confinement effect in this structure
would result in higher carrier concentration compared to homogeneous p-n junction
structures. According to the radiative recombination carrier lifetime in Eqgs (4) and (5),
this higher carrier concentration would decrease the radiative recombination carrier
lifetime, while the nonradiative recombination carrier lifetime is not changed according
to Eqs (6) and (7). The internal quantum efficiency of an LED can be given by

_ !
Nine = 37 (8)
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As a result, the quantum efficiency of an LED device will be increased by

adopting the heterojunction structure.

1.2.3 Light emitting diodes employing multiple quantum well

Multiple
Conduction band quantum well

p-type

Fermi level N
N

Valence band n-type
@
Multiple
Conduction band quantum well
p-type U
Fermi level
’J 1HH n-type
Valence band
(b)

Figure 1-3. Multiple quantum well under (a) equilibrium condition and (b) forward bias
condition.

The multiple quantum well (MQW) structure is also introduced into the LED

design. The energy band diagrams of a MQW structure under equilibrium and forward
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bias conditions are shown in Fig. 1-3. A quantum well (QW) usually has a thickness less
than 50 nm, is much thinner than the narrow band active region of a heterojunction LED.
The injected electrons and holes are confined in the QWSs, and then recombine with each
other. Due to the strong quantum confinement, the band gap of the QWs is larger than the
bulk material. As a result, the emission wavelength can be changed by tuning the QWs
structure. Nevertheless, the limited volume of QWs also leads to the reduction in the
available number of electron-hole pairs for radiative recombination, and, as a result, a
single quantum well could be saturated at low carrier injection densities, and the extra
injected carriers will overflow the QW without recombination. This is why MQW
structure is employed. In a MQW structure, the carriers overflowing an individual QW

will be captured and confined by the adjacent QWs [13].
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1.3 Novel LED materials and structures

There are several types of LEDs according to the material compositions used as
the device active layers. One type is inorganic crystalline LEDs, based on I11-V group
semiconductor materials[14]. These inorganic semiconductor crystals can be used to
build high-efficiency, high power light sources. Red to infrared emission can be obtained
with 111-Arsenide-Phosphide (I11-As-P) LEDs [15], and ultraviolet to blue-green emission
can be obtained from I11-Nitride (I11-N) LEDs [16]. Such crystalline I11-V LEDs are
widely used to fabricate indicators, LCD backlight, solid state lighting and traffic lights.

Another type of LED is thin film organic LEDs (OLEDSs) [17, 18]. The EL from
organic molecules was first observed in 1980°’s [18]. The active and charge transport
materials used in OLEDs are organic molecules that are both electrically conductive and
emissive at visible colors. There are several advantages for this type of LEDs in
comparison with their inorganic crystalline counterparts. The cost of OLEDs is low due
to solution processing capability, and OLEDs are thin, printable and can be fabricated on
flexible substrates. As a result, OLEDs have been conceived as one of the most promising
alternative techniques for next generation flat panel display. Nevertheless, OLEDs suffer
from thermal and photochemical instabilities due to the low transition temperature of
organic glasses and the redox properties of conductive molecules. To this end QD LEDs
have been developed to combine the superior properties of both aforementioned LED

technologies.
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1.3.1 Colloidal quantum dot light emitting diodes

A gquantum dot is a nanoscale semiconductor particle whose excitons, i.e.,
electron-hole pairs that bind through the Coulomb force, are strongly confined in three
dimensions. When the dimensions of the semiconductor materials are of the order of the
de Broglie wavelength, the quantum effects will become predominant for the electrical
and optical processes therein. The strong quantum confinement hence imparts the
quantum dots many unique electrical and optical properties.

For a long time, the study of QDs was restricted in the theoretical area due to the
difficulties of fabrication. The development of molecular beam epitaxy technique realized
the fabrication of QWs by growing very thin layers of semiconductor down to atomic
precision. Although this technique was primarily used to fabricate QWs, it can also be
used to make QDs by depositing a very small amount of semiconductor material on a
substrate [19]. Due to the lattice mismatch between the semiconductor material and the
substrate, the small amount of material can self-assemble into small islands or dots via
built-in strain. However, this type of self-assembled QDs has a significant disadvantage:
the size of the QDs cannot be precisely controlled via self-assembly formation;
consequently, the size distribution of the QDs is broad, leading to a broad emission
spectrum.

In 1994 another synthetic technique was developed by Murray et al. [20]. In this
technique the nano-sized QDs grow out of solution, and QDs made by this method are
usually called colloidal QDs. The size of the QDs synthesized by this technique is

uniform and can be controlled precisely. Consequently, the bandwidth of emission and
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excitonic absorption of the QDs can be as narrow as 30 nm. The photoluminescence (PL)
quantum efficiency of those QDs can be as high as 80%. By tuning the size of the QDs,
the emission color of CdSe/ZnS QDs can be tuned from red to blue, covering almost the
entire visible spectrum [21].

Recently, chemically synthesized semiconductor colloidal QDs receive much
attention because of their size-tunable wavelength emission, narrow emission bandwidth
and high photoluminescence efficiencies [21-25]. Those QDs are composed of nanoscale
semiconductor cores with radius smaller than the Bohr radius, and shells of wider band
gap semiconductor for exciton confinement. Organic ligands are often employed to
overcoat the QDs to passivate the surface states. The advances of the organometallic
synthesis and the excellent optical properties of colloidal QDs have triggered the
development of multiple quantum dot-enabling light emitting technologies.

One technology is using colloidal QDs as the active medium in a light emitting
diode. Recent studies suggest that the low-cost, colloidal QDs can be used to replace the
organic emitting materials in solution-processed LEDs by virtue of their superior optical
properties, including high quantum yield, narrow emission bandwidth, and size-tunable
wavelength over a broad spectral regime [23, 25]. The first colloidal QD LED was
demonstrated by Alivisatos et al. in 1994 [23]. In their report, the colloidal QD LED
employed a hybrid organic/inorganic structure, and the maximum luminance of the QD
LED reached about 100 Cd/m?. In that QD LED, the holes were injected into a p-
paraphenylene vinylene (PPV) layer; the electrons were injected into a CdSe QDs layer.
The free carriers formed excitons and recombined at the interface of PPV and QDs

layers. This kind of hybrid organic/inorganic structure has since been widely used in the
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following studies. Since then, colloidal QD LEDs have attracted much attention from
worldwide researchers. The maximum luminance and efficiency of the devices have been
increasing continuously. Seth Coe et al. demonstrated LEDs utilizing single monolayer of
QDs in 2002 [22]. In this study, a monolayer of QDs is sandwiched between TPD and
Algs, the luminance of 2000 Cd/m? and efficiency of 1.6 Cd/A can be obtained. In 2007,
in collaboration of our Penn State optoelectronic laboratory, Sun et al. reported red,
orange, yellow and green LEDs made from CdSe/ZnS core-shell QDs [25]. The
maximum luminance of red QD LEDs was measured as high as 9064 Cd/m?, and the
electroluminescence efficiency reached 2.8 Cd/A. In that work, the hole transport
material was changed to poly[N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl)benzidine] (poly-
TPD), and the electron transport layer changed to Tris(8-hydroxyquinolinato)aluminum
(Algs) for enhanced carrier transport and injection properties. Nevertheless, while the
fabricated QD-LEDs exhibited enhanced thermal and photochemical stabilities over their
OLED counterparts, there has yet any in-depth understanding on the degradation

mechanism of the new QD-LED configuration prior this work.

1.3.2 Colloidal quantum dot phosphors

The second quantum dot-enabling light emitting technology employs colloidal
QDs as a new type of phosphor in white GaN LEDs. Due to the strong quantum
confinement, semiconductor QDs, such as core/shell CdSe/(Zn,Cd)S QDs, are
characteristic of sharp exciton absorption features, high luminescence efficiency, and

size-tunable emission color spanning the entire visible spectrum. As a result, QDs of the
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same chemical composition and different size can therefore provide multiple spectral
components in the white LED output, with improved color qualities and aging
performance.

At present, most white LEDs employ a blue InGaN LED and a green-yellow
phosphor of cerium doped yttrium aluminum garnet (YAG) [26]. While this is the most
inexpensive way of color down conversion, this kind of white LED cannot fully express
natural white light in terms of both color temperature and color rendering index. The
natural white light requires the mixture of the primary RGB colors, which is not met with
the green-yellow phosphor approach by lacking the red component in the output spectra.
As a result, researchers have attempted to identify a proper red phosphor. However, few
red phosphors with high quantum efficiency and narrow bandwidth emission have been
discovered so far. QDs, due to theirs high quantum efficiency, narrow bandwidth and
tunable emission, can be a promising candidate for this purpose.

Hsueh-Shih Chen first employed red and green QDs on a InGaN LED to make a
white LED in 2006 [27]. The LED emitted white light with a CIE-1931 coordinate of
(0.33, 0.33) and color rendering index (CRI) value of 91. A detail explanation of CIE-
1931 and CRI is given in Appendix. Later on, a white LED incorporating the
combination of cyan, green, yellow and red quantum dots was demonstrated [28]. The
output white light was reported to have CIE-1931 coordinate of (0.24, 0.33) and CRI
value of 71. Sedat Nizamoglu et al. further increased those value in their work published
in 2008 [29]. Their results showed a white LED with a CIE-1931 coordinate of (0.37,
0.30) and CRI value of 82.4. One of the most important applications of white LEDs is the

backlights for LCDs. In 2010, Eunjoo Jang et al. demonstrated a 46 inch LCD TV
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employing red and green colloidal quantum dots as phosphors in the backlight white
LEDs [30]. The external quantum efficiency of the red and green QDs can reach 34% and
72%, respectively, and more than 100% of the color space in the National Television
Systems Committee (NTSC) standard has been reproduced.

Moreover, perhaps the most significant potential of QD phosphors lies in the
recent discovery that there exists a path for indirect injection of electron-hole pairs into
QDs (for radiative recombination and thus band-edge emission from QDs) by non-
contact, nonradiative energy transfer from a proximal InGaN quantum well. This
nonradiative energy transfer was first demonstrated by Achermann et al. in 2004 [31]. In
their work, they proposed a new scheme of pumping QDs by indirect injection of
electron-hole pairs into QDs by non-contact, non-radiative energy transfer from an
InGaN quantum well. It is fundamentally different from the multi-step ‘down conversion’
scheme and removes several of the intermediate steps involved in color conversion,
thereby eliminating energy losses associated with these steps and increasing the
efficiency.

However, according to the following studies [30-32], the nonradiative energy
transfer only occurs when the QDs are in the immediate vicinity of the QW surfaces. This
requirement is in conflict with the fact that a doped GaN contact layer needs to cap the
InGaN QW to complete the p-i-n LED structure. In Achermann et al.’s work [31],
spectroscopic measurements revealed that less than 13% of the radiative power of the
QW was transferred to red emission from the QDs when the QW and QDs were separated
by a 5nm-thick n-type capping layer for close proximity. Furthermore, the ultra-thin n-

type capping layer, however, was not sufficiently conductive for current spreading,
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which, in turn, reduced the LED efficiency. In another study [32], GaN-based LEDs were

surface-patterned with deep-etched elliptical holes to accommodate colloidal QDs
(acceptors) such that the nanocrystals were within close vicinity of the active layers
(donors). Efficient nonradiative energy transfer was achieved via a short donor-acceptor
distance, leading to a 43% increase in QD phosphor-emission over that provided by the
conventional color down-conversion mechanism. However, the small volume of the
trench holes drilled into the planar LED structure limit the amount of QD phosphors
incorporated, and make the overall fraction of color conversion still significantly lower
than the conventional green-yellow doped ceramic phosphor approach. It is expected that
new QD-QW coupling architectures should be devised to address the existing drawbacks
and to exploit the full potential of QD phosphors in solid state lighting. The second part

of my dissertation work is dedicated to such a study.

1.3.3 Gallium nitride light emitting diodes

Gallium nitride (GaN) is a I11-V group compound with 3.4 eV direct band-gap
energy. It is widely used to fabricate high power, high efficient blue LEDs.

The development of GaN material can date back to early 1970s. At that time,
bright red and green LEDs were available using GaAsP and GaP:N technologies
respectively [15]. However, no proper material was discovered to make bright blue
LEDs. Silicon carbide (SiC) was a candidate at that time, but due to its indirect band-gap,

the efficiency of SiC LEDs was as low as 0.005% [33]. As a result, the researchers in
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Radio Corporation of America (RCA) had tried to find a better material to make bright

blue LEDs. The first single crystalline film of GaN was grown on sapphire substrate by
Herbt Maruska et al. in 1970 [34]. Then the first GaN LED was demonstrated by Jacques
Pankove et al. in 1972 [35].

After those early exciting discoveries in the GaN material, the research in this
area ceased for several years due to two difficulties. Firstly, the single crystalline films of
GaN initially grown over sapphire substrates exhibit poor crystal quality. Secondly, p-
type doping of GaN can’t be achieved due to the wide band nature of the nitride material
and consequently, GaN p-n junctions can’t be obtained at that time. The breakthrough
was made in 1985, when the first single crystalline film of GaN with high crystal quality
was epitaxially grown by Akasaki et al. employing metal organic chemical vapor
deposition (MOCVD)[36]. Four years later, p-type GaN was realized with magnesium
(Mg) as the acceptor dopant and electron beam annealing by the same research team
[37]. This technical advance soon led to the demonstration of the first p-n junction GaN
LED in 1989 [38]. Finally, the first InGaN/GaN double heterojunction LED was
proposed and demonstrated with high efficiency by Shuji Nakamura of Nicha
Corporation in 1993 [39]. Since then the nitride LEDs start to leave the research labs for
technology transition. The nitride LED lamps have become commercially available since

the beginning of the new century, and undergo rapid industrial development these years.
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1.3.4 Alternating current gallium nitride light emitting diodes

A single junction GaN LED is operated under a low voltage (3V ~ 5V), direct
current (DC) conditions and emits light only when the voltage is forward biased. This
LED operation condition, however, conflicts with the alternating current (AC) line
voltage requirements (120VAC/60Hz or 240VAC/50Hz) of US and European outlet
sockets used in our daily lives. To address this problem, the most common method today
is using an external driving circuit to convert the 110V ~ 240V AC voltage to a 3V ~ 5V
DC voltage. However, the introduction of external electrical driver circuitry would bring
additional power loss, increase the overall lamp cost, and limit the lifetime of the LED
device.

Toward this end, intense investigation has been conducted to develop AC LEDs
without electrical driving circuit. Hongxing Jiang et al. proposed an anti-parallel AC
LED structure design with two LED arrays connected together as a parallel circuit in
opposite direction [40], i.e., the anode of one LED array is connected to the cathode of
the other LED array. Each array is composed of cascaded single junction LEDs. Ming-Te
Lin et al. proposed another anti-parallel AC LED architecture [41],where multiple LED
pairs are connected together as a series circuit. In each LED pair, two single junction
LEDs are connected together as a parallel circuit in opposite direction. For both AC LED
designs, the devices can be operated by an AC power supply, but only half of the LEDs
in the circuitry would emit light upon each of the positive or negative half cycles of the

AC voltage bias. Compared to the single junction LEDs driven by DC voltage, if the
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same amount of light output power is required, the area of anti-parallel AC LEDs should
be twice as large as the area of DC driven LEDs.

Hsi-Hsuan Yen et al. and Jaehee Cho et al. presented another different AC LED
structure, which appears to be a more promising solution to the AC driving problem [42,
43]. In their patent applications, a Wheatstone bridge (WB) circuitry is integrated with an
LED array for current rectification, and each of the four branches of the WB circuitry is
composed of a series of single junction LEDs for high voltage bias. With the on-chip WB
circuitry design, the LED array can emit light during both halves of the AC period. The
effective emissive area of the LED chip rises to 70% with the new architecture design,
but this value is still significantly lower than the DC LEDs. Moreover, since the cascaded
LEDs on the four branches of the WB circuitry have to undergo reverse biased voltage
during half of the alternating current period, it was found that those LEDs degrade
rapidly due to the formation of Ga,O3; by combining the GaN, hole and hydroxide ions
(OH-) under the reverse bias condition [44].

More recently, Hsi-Hsuan Yen et al. proposed to integrate Schottky diodes with
LEDs to build on-chip WB circuitry for AC LED operation [45]. Two integration
approaches are proposed, one method involves growing a rectifying layer of intrinsic
semiconductor AlGaN on the LED wafer by epitaxy or deposition [46]. The other method
is to form the rectifying region by ion implanting donor species into the top p-type GaN
layer of the LED wafer [47]. These fabrication methods, however, request sophisticated
post-growth modification of the LED epi-layer by deposition, ion implantation or
diffusion, which would lead to the dramatic increase of the LED fabrication cost, and

hence have never been employed to date. A more reliable and cost-effective approach is
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yet to be developed to run LEDs on AC-line voltages prior to this doctoral dissertation

work.
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1.4 Measurement methods

In order to avoid repeated description of the measurement techniques employed
present dissertation work, in what follows is a concise summary of the multiple
measurement methods used in the dissertation study.

For QD LED characterization reported in chapter 2, the QD LEDs were driven,
and the current-voltage relation of the devices was characterized by a Keithley 4200
semiconductor parameter analyzer. To obtain the device brightness, the emission from
the devices was collected by a Newport 818SL silicon photodetector and then measured
with a Newport 1830-C power meter. The detector was directed, at a fixed distance, to
the ITO glass side of the LED. The signal output of the power meter was a portion of the
QD LED forward emission, the ratio of the detected light intensity to the overall QD LED
output power can be calculated from the detector to LED distance and the detector
surface area. Finally the luminance (brightness) of the QD LED can be calculated by
correlating the LED output power to the EL spectrum that was measured with an Ocean
Optics UV-Vis-NIR spectrometer. The images of the LED output were taken with a Sony
FWX700 FireWire color charged-coupling device camera with a C.3-mount lens. All the
measurements were performed under ambient conditions.

For PL spectrum measurement, a 488nm-argon laser was used for excitation. An
Ocean Optic UV-vis-NIR spectrophotometer was used to record the PL spectrum. PL
decay measurement was performed with 80 femtosecond pulse excitation (A~400nm) at

the repetition rate of 1000 Hz. The PL emission of the samples was collected with a set of
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lenses and detected with a fast-response photomultiplier tube (PMT). A GHz oscilloscope
was used to record the traces.

PL decay measurements were performed with 80 femtosecond pulse excitation
(A~400nm) at the repetition rate of 1000 Hz. The PL emission of the samples was
collected with a set of lenses and detected with a fast-response photomultiplier tube
(PMT). A GHz oscilloscope was used to record the traces.

For nanopillar LEDs characterization in chapter 3, electrical pumping of the
devices was implemented by forward-biasing the p-i-n junction of the nanopillars with a
Keithley 4200 semiconductor parameter analyzer. The emission of the nanopillar LEDs
was characterized with an integrating sphere-measurement to take into account the non-
Lambertian radiation pattern of the nanopillar structure. The nanopillar sample was
placed inside the integrating sphere (Thornlabs MA189), and the output emission of the
sample was diffusely reflected by the barium sulfate-coated inner surface of the sphere
and redistributed isotropically into all solid angles; the spectral and intensity detection of
the light exiting from a small aperture at the sphere surface resulted in an accurate
determination of the total number of photons from the nano-structured emitter. The
output of the integrating sphere was coupled, via an optical fiber, to a spectrometer
(Spectropro, ~0.1 nm spectral-resolution) equipped with a p-i-n photodetector. Both the
dispersion of the spectrometer grating and the response of the photodetector were
calibrated for the detection linearity. A barium sulfate-coated baffle was placed in front
of the fiber coupler at the interior surface of the integration sphere to prevent the direct
illumination of the optical fiber during the optical pumping. The second harmonic of the

output (A=400nm) of a Ti:sapphire femtosecond amplifier (800 nm, 1 kHz, 80fs,
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Coherent Libra system) was introduced into the integrating sphere to excite the sample
optically. An Ocean Optic UV-vis-NIR spectrophotometer was used to record the PL
spectrum. For PL decay measurement, the nonlinear Kerr shutter technique was
employed with a temporal resolution of ~1.5 ps [48, 49]. The PL from the InGaN QWs
(A~450nm) was collected and detected with a photomultiplier tube.

For high voltage (HV) LEDs and AC LEDs characterization in chapter 4, the
current-voltage (I-V) relation of the devices was characterized by a Keithley 2612
semiconductor parameter analyzer to get higher output voltage. To obtain the output
spectrum and external quantum efficiency of the devices, the LED was placed inside an
integrating sphere, and the output emission of the device was diffusely reflected by the
barium sulfate-coated inner surface of the sphere and redistributed isotropically into all
solid angles; the spectral and intensity detection of the light exiting from a small aperture
at the sphere surface resulted in an accurate determination of the total number of photons
from the HV LED. The output of the integrating sphere was collected and characterized

by the measurement system (Hopoo 2000).
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1.5 Organization of the dissertation

This dissertation attempts to advance the LED technology in the following three
respects.

Chapter 2 of the dissertation describes my work of investigating the degradation
mechanism of colloidal QD LEDs in order to improve the performance of colloidal QD
LEDs. The results reveal that the degradation of QD LEDs is associated with the
reduction in the QD quantum efficiency. Two mechanisms were identified to account for
the observed decrease of quantum yield: i.e., high temperature induced degradation
during LED operation; and the diffusion of the carrier transport molecules into the QD
emissive layer. To this end, the inorganic material of indium-gallium-zinc-oxide (IGZO)
was introduced to replace tris(8-hydroxyquinoline) aluminum (Alqg) as the electron
transport medium, making it possible to obtain air-stable QD LEDs.

In chapter 3, to make the QD phosphors more efficient for color conversion in
white LEDs, the nonradiative energy transfer between colloidal quantum dot-phosphors
and nanopillar nitride LEDs was studied. In this approach, QD phosphors were brought to
close proximity of blue-emitting quantum wells (QWSs) by nanopillar LED design. This is
accompanied with a novel design of low-resistance p-type contact selectively deposited
on the top of the nanopillars. Strong non-radiative energy transfer was observed from the
indium gallium nitride (InGaN) QWs to the colloidal QD phosphors, leading to a
significant enhancement in effective internal quantum efficiency. Furthermore, the
nonradiative energy transfer between colloidal quantum dot-phosphors and indirect

bandgap silicon carbide was also studied. Nonradiative energy transfer has been
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demonstrated as an effective path to achieve color tunable emission from indirect
semiconductors diodes.

In chapter 4, to drive the GaN LEDs under alternating current (AC) condition
without external driver circuitry, a monolithic integration of LED arrays with on-chip
Schottky diode Wheatstone bridge was demonstrated, for the first time, to run the LEDs
directly on the line voltage.

Chapter 5 of the dissertation discusses about the future work.
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Chapter 2

Quantum dot light emitting diodes

2.1 Introduction

Recent studies suggest that the low-cost, colloidal semiconductor quantum dots
(QDs) can be used to replace organic emitting materials in solution-processed light
emitting diodes (LEDSs) by virtue of their superior optical properties, including high
quantum yield, narrow emission bandwidth, and size-tunable wavelength over a broad

spectral regime [1-4].

Due to these unique properties of colloidal QDs, the QD LEDs have some
advantages. The first one is the pure color of QD LED emission compared to organic
LEDs (OLEDSs) and other display technologies. QD LEDs can exceed the National
Television Systems Committee (NTSC) color standard without any color filter. The
second advantage is low power consumption due to the high quantum efficiency of the
colloidal QDs. Similar to OLEDs, QD LEDs can be manufactured with low cost methods,
and can be fabricated on both flexible and solid substrates. These advantages make the

QD LEDs a good candidate for next-generation display technology.
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2.1.1 Colloidal quantum dot fundamentals

A QD is a small semiconductor particle whose excitons are confined in three
dimensions. When the dimension of a semiconductor device is of the order of the de
Broglie wavelength, the quantum confinement effect would become significant. The
dimension of a QD is usually less than 10 nanometers (10~50 atoms) in diameter. Due to

this quantum confinement effect, it has many unique properties.

In order to understand the quantum confinement effect in QDs, we first refer to
the one dimensional particle in a box model [5]. This is the simplest model in quantum
mechanics, hence would allow insight into quantum confinement effect without the need

for complicated mathematics.
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Figure 2-1 Particle in a box model.
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In the one dimensional confined particle in a box model shown in Fig. 2-1, the
particle may only move backwards and forwards along a straight line with impenetrable
barriers at either end. Using this boundary condition to solve the Schr&linger equation,
the wave function of the particle can be obtained:

Asin(k,x)e tnt; 0 <x <L (1)
0; x=2Lorx<0

) = |

Where n is a positive integer, L is the size of the box. The wave number can be

written as:

kp =— (2)

Then the energy levels of the particle can be written as:

n?h?m?
n = 2mL2 ( )

These equations show that for this model, the particle’s energy levels are discrete
and can’t have zero energy. The gaps between different energy levels are dependent on
the dimension of the box. As a result, for the material with electrons and holes confined
in one dimension, its band gap is no longer the same as the bulk material. The new band
gap is the gap between the first energy level of the electrons in conduction band and the

first energy level of holes in valence band, can be given by

h2m? 1
Eg - Egbulk + W (me+mh) (4)

Where Egbulk is the band gap of the bulk material, m, is the effective mass of the

electron, and my, is the effective mass of the hole. As shown in equation (4), if the
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confining box length L decreases, the band gap will increase. This concept can also be
applied to a QD whose carriers are quantum confined in three dimensions. Using Burs

model [6], the band gap of a QD can be given by

h?m? 1 1.8e2
E, =E ( ) -
99D I pulk + 2R?%2 \me+my, 4TEQEFR (5)

Where R is the radius of the QD, and ¢, is the dielectric constant of the material.
The second term on the right hand side of the equation is similar to the particle in a box
model, is inversely proportional to R?. The third term on the right hand side is due to the
Coulombic attraction between the electron-hole pair, is inversely proportional to R. The
second term is larger than the third term due to the stronger quantum confinement effect
in the QD compared to Coulomb interaction. As a result, if the radius of the QD

decreases, its band gap will increase.

P o

Figure 2-2 Energy levels in bulk semiconductor, quantum well and quantum dot.
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Figure 2.2 shows the schematic diagram of energy levels in bulk semiconductor,
quantum well (QW) and QD. It is shown that the energy levels of the QD are discrete,
and its band gap is larger than the bulk semiconductor. In addition, its band gap is
dependent on the dimension of the QD. The smaller the QD, the stronger the quantum

confinement, the larger its band gap, and the bluer the emitted light.

To increase the quantum yield of the QD emission, several techniques are
employed in QDs fabrication. The periodicity of atoms stops on the surface of a QD,
creating dangling bonds for the atoms on the surface. These dangling bonds will trap
electrons and holes. For example, in Cadmium (Cd) Selenide (Se) QDs, Cd dangling
bonds will trap electrons and Se dangling bonds will trap holes. These electron and hole
traps will increase the nonradiative recombination rate, consequently will decrease the
QD emission quantum yield. To address this problem, organic ligands are employed to

passivate the QDs surface traps.

However, the organic ligands can’t passivate both the anionic and cationic surface
traps simultaneously. Another technique using core-shell QD structure is employed to
address this problem. In a core-shell QD structure, a thin layer of inorganic
semiconductor is grown over the core QD. This semiconductor layer would not only
protect the core from photo oxidation, but will also passivate both the anionic and
cationic surface traps. With these two techniques, the quantum yield of CdSe/ZnS core-

shell QDs with organic ligands can reach 80% to 90% [7].
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2.1.2 Colloidal quantum dot light emitting diode fundamentals

Cathode

Electron transport layer (ETL)

QDs

Hole transport layer (HTL)

Hole injection layer (HIL)

Anode

Figure 2-3 The structure of a typical QD LED.

Figure 2-3 shows the structure of a typical QD LED. This structure is similar to
OLED structure, but the organic emission layer is replaced by the QDs emission layer. In
the QD LED structure, the QDs emission layer is sandwiched between an electron
transport layer (ETL) and a hole transport layer (HTL). A hole injection layer (HIL) is

employed to assist holes injected from anode to the device easier.
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Figure 2-4 Band diagrams of (a) each layer of a typical quantum dot LED, and (b) the
device under forward bias.
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The band diagram of each layer in this structure is shown in Fig. 2-4 (a). When
the device is forward biased, the band diagram is shown in Fig. 2-4 (b). The electrons are
injected into the ETL, then transported to and captured in the QDs layer. The holes are
injected into the HIL, then transported through HTL to and captured in the QDs layer.
The electron-hole recombination occurs in the QDs layer and photons are emitted. The

emitted wavelength is determined by the band gap of the QDs.
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2.2 Degradation studies of colloidal quantum dot light
emitting diodes
The degradation mechanism of CdSe/ZnS QD LEDs was investigated with

photoluminescence (PL) spectrum and PL decay measurements. Our study reveals that
the degradation is associated with the decreased quantum efficiency of the CdSe/ZnS
QDs in the devices. Two mechanisms were identified to cause the observed decrease of
quantum yield: high temperature induced degradation during LED operation; and the

diffusion of the carrier transport molecules into the QD emissive layer.

2.2.1 Introduction

Recent studies suggest that the low-cost, colloidal semiconductor QDs can be
used to replace organic emitting materials in solution-processed LEDs by virtue of their
superior optical properties, including high quantum yield, narrow emission bandwidth,
and size-tunable wavelength over a broad spectral regime [1-4]. Nevertheless, there have
been few reports to date about studies on the degradation mechanisms of QD LEDs when
compared to their organic counterparts [8-10].

In the present work, we took the first step towards understanding the degradation
of CdSe/ZnS QD LEDs. Our results reveal that the degradation of QD LEDs is associated

with the reduction in the QD quantum efficiency.
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2.2.2 Device structure and fabrication

Al

QDs
Poly-1PD
PEDOT/PSS

ITO

Figure 2-5. Schematic diagram of the structure of CdSe/ZnS QD LEDs.

Figure 2-5 shows the schematic diagram of the structure of the QD LEDs under
study, consisting of indium tin oxide (ITO)/Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS ) (25 nm)/poly[N,N'-bis(4-butylphenyl)-N,N’-
bis(phenyl)benzidine] (poly-TPD)(45 nm)/QDs (~3ML)/AI(150 nm). The ETL was not
employed in this device since the widely used electron transport material (ETM) tris(8-
hydroxyquinoline) aluminum (Algs) degrades significantly in air [11]. Device fabrication
started with spin cast of PEDOT/PSS on UV-ozone treated ITO substrates, over which
Poly-TPD was then solution cast from the chlorobenzene as the HTL. A QDs layer was
then spin coated from the toluene solution as the emission layer (EML). The QDs
employed in the study was colloidal CdSe/ZnS core/shell QDs (QSP-620, Ocean
Nanotech LLC) that were surface-coated with amine ligands. Finally, the Al cathode, was

fabricated by shadow-mask-evaporation at a pressure of <3x<10” Torr.
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Figure 2-6. (a) Band diagram of each layer of the CdSe/ZnS QD LEDs used in this study.
(b) Band diagram of the CdSe/ZnS QD LEDs under forward bias.
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Figure 2-6 shows the band diagram of each layer of the CdSe/ZnS QD LEDs used
in this study and the band diagram of the device under forward bias. Under forward bias
condition, the electrons are tunneled into the QDs EML. The holes are injected into the
HIL, then transported through HTL, and captured in the QDs EML. The electron-hole

recombination occurs in the QDs EML and photons are emitted.

2.2.3 Results and discussion

2.2.3.1 Quantum dot light emitting diode degradation

To determine if the degradation of the fabricated QD LEDs exists,
electroluminescence (EL) intensity was recorded as the function of time. In the
measurement, two identical devices with the same structure were tested. One device was
tested in dry N in a glove box. The other device was tested in air. Both devices were
driven by a constant current density of 100 mA/cm?. All samples were characterized at

room temperature without additional packaging.
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Figure 2-7. Time evolution of the electroluminescence intensity of the CdSe/ZnS QD
LEDs at the driving current density of 100 mA/cm? in dry N, and in air, respectively.

Figure 2-7 shows the time dependence of the electroluminescence (EL) intensity
of the QD LEDs. As expected, the degradation of EL is observed. In addition, we have
found that the degradation rate of QD LEDs in dry N, is almost the same as that
measured in air. This observation leads to an implication that the CdSe/ZnS QD LEDs
can be operated in ambient environment without accelerated degradation. It is worth
mentioning that the effects of ambient environment may be masked by other degradation

mechanisms, which needs to be further studied in the future.

2.2.3.2 Reduced quantum efficiency of the quantum dots

To understand the underlying degradation mechanism, the PL spectrum and PL

decay of the QDs in the devices were characterized. In this measurement, the QDs in two
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devices with the same structure were tested. One device underwent the degradation
measurement. The other device was a fresh sample without degradation measurement.
The PL of the second device can be regarded as the PL of the first device before
degradation measurement. Fig. 2-7(a) shows the PL spectra of the QDs in these two
devices. It is clear that a decrease in PL intensity of the CdSe/ZnS QDs is observed after
degradation measurement, revealing that the quantum efficiency of the QDs in the

devices underwent degradation measurement was reduced.
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Figure 2-8. (a) Photoluminescence spectra and (b) PL decay of the QDs in two devices
with the same structure: one device underwent the degradation measurement; the other
device was a fresh sample without degradation measurement.

PL decay measurement was also performed. Fig. 2-8(b) shows the PL decay
results of the same two samples. A faster decay was obtained for the sample undergone
degradation, suggesting the presence of faster non-radiative pathways in the degraded
QDs. Consequently, the quantum efficiency of the QDs was reduced, consistent with the
result of PL spectrum study. This result reveals that the reduced quantum efficiency of

the QDs in the devices accounts for the observed EL degradation.
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2.2.3.3 Mechanisms cause the quantum efficiency reduction of the quantum dots

In order to discover what causes the decrease of quantum efficiency of the QDs,
two mechanisms which could be responsible for this decrease were studied: high
temperature during LED operation, and the diffusion of the hole transport material

(HTM) into the QDs.
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Figure 2-9. Time evolution of the photoluminescence intensity of three identical
CdSe/ZnS QDs thin films at the temperatures of 23<C, 70<C, and 150 <C respectively.

Since the quantum efficiency of the LEDs is not 100%, a significant amount of
energy is converted to heat. As a result, the temperature of the LEDs is usually higher
than room temperature during operation. It can reach as high as 86 <C for OLEDs [12,
13]. The quantum efficiency of QDs could be reduced at this temperature. To verify this

assumption, the time evolution of the PL intensity of CdSe/ZnS QDs thin films at
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different temperatures was measured. Three identical CdSe/ZnS QD thin films were spin
coated from toluene solution on clean glass substrates. Then they were placed on a hot
plate set to different temperatures during the entire measurement to simulate the LEDs
operating condition. The QDs thin films were excited by a 488 nm laser continuously. A
620 nm (peak wavelength of the QDs PL spectrum) band-pass filter was used to block the
scattered excitation light.

The samples were characterized at room temperature (23<C), 70<C, and 150 C,
respectively. The recorded time evolution traces of the normalized PL intensity are
plotted in Fig. 2-9. It is shown that the PL intensity of the QDs decays faster at higher
temperature, and the PL intensity decreases to 50%, 6%, and 0% of the initial value, for
the sample measured at temperature of 23<C, 70<C, and 150 <C respectively. This result
shows that high temperature would lead to the decrease of QDs quantum efficiency,

consequently could cause the device degradation.
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Figure 2-10. (a) Infrared absorption spectra of two CdSe/ZnS QDs thin films, one was
placed at room temperature for 12 hours, while the other sample was annealed at 150<C
for 12 hours. (b) Schematic diagram of the structure of the core/shell CdSe/ZnS QDs with
organic ligands of octadecylamine.

To further study what causes the QD quantum efficiency reduction at high
temperature, Fourier transform infrared (FTIR) spectroscopy was employed to measure
the infrared (IR) absorption spectra of the ligands of the QDs. Two identical CdSe/ZnS
QDs thin films were spin coated from toluene solution on clean substrates. One sample
was placed at room temperature for 12 hours, while the other sample was placed on a

hotplate set at 150 <C for 12 hours. Both samples were prepared in dry nitrogen
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environment. The IR absorption spectra of both samples were measured using an FTIR
system, the result is shown in Fig. 2-10(a). The structure of the core/shell CdSe/ZnS QDs
with organic ligands is shown in Fig. 2-10(b). The ligand of the CdSe/ZnS QDs
employed in this study is octadecylamine (ODA) with the formula of CH3(CH3)17 NH..
The CdSe/znS QDs are capped with the coordinating ligand of Amine group molecules.
The ammonia chain of the amine ligand coordinates to the Zn ions at the surface of
CdSe/ZnS quantum dots. The peak positions of the C-H stretching modes can be
observed at ~2850 and ~2920 cm™. It is shown that the peak intensity drops a lot for the
annealed sample compared to the room temperature sample, indicating that a significant
amount of the ligand molecules are delocalized via broken bonds/oxidation/evaporation
during annealing. It is mentioned previously that the ligands of the QDs have the function
of surface passivation, and can increase the quantum efficiency of the QDs. As a result,
the delocalization of ligands could result in the decrease of quantum efficiency, and
consequently their destruction could be the cause of the degradation during LED
operation.

Another possible mechanism causes the degradation is the diffusion of the HTM
into the QDs. To verify this assumption, the PL spectra of poly-TPD mixed CdSe/ZnS
QDs thin films were measured. For sample preparation, three mixtures of QDs and poly-
TPD with weight ratios of CdSe/ZnS QDs to poly-TPD are 1:0, 99:1, and 1:1,
respectively are dissolved in the same volume of chlorobenzene solvent. Thus three
solutions with the same QDs concentration but different poly-TPD concentrations were
obtained. Then three thin films were spin coated at the same speed from these three

solutions. The 488nm pump laser will not excite poly-TPD molecules due to the large
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band-gap of this material. Sample preparation and measurement were both performed at

room temperature.
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Figure 2-11. Photoluminescence spectra of three CdSe/ZnS QDs thin films mixed with
different amounts of poly-TPD. The weight ratios of CdSe/ZnS QDs to poly-TPD are 1:0,
99:1, and 1:1, respectively.

For the thin films with 99:1 and 1:1 weight ratios of QDs to poly-TPD, the PL
decreases by 16% and 50% respectively compared to that of the CdSe/ZnS QD film
without poly-TPD. This result shows that PL decreases with increasing the amount of
mixed poly-TPD, implies that the diffusion of the HTM into the QDs could lead to the
reduction of QDs quantum efficiency. The measured decrease of PL intensity in the HTM

mixed QD films is less significant than the decrease due at high temperature. It postulated
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that this proposed diffusion of the HTM into the QDs mechanism does not dominate in
the initial stage of the LED aging process, but may still become significant in the long

run with HTM accumulating in the emission layer of QD LEDs.

2.2.4 Conclusion

In conclusion, the degradation mechanisms of QD LEDs were investigated in this
work. PL spectrum and PL decay measurements were performed to study the mechanism
of the devices degradation. The observed decrease in PL intensity and increase in decay
rate of PL intensity reveal that the degradation of QD LEDs is associated with a reduction
of the QD quantum efficiency. Two mechanisms were identified to cause the observed
decrease of quantum yield: high temperature induced degradation during LED operation;

and the diffusion of the carrier transport molecules into the QD emissive layer.



55

2.3 Colloidal quantum dot light emitting diodes using indium
gallium zinc oxide as electron transport medium

2.3.1 Introduction

Recently quantum dots light emitting diodes have attracted much attention due to
some unique and superior properties of QDs, such as high quantum efficiency, size
tunable emission wavelength over broad band spectral ranges, and narrow emission
bandwidth [1-4]. QDs can also be made from low cost, solution based synthesis
technology, QD thin films can be spin coated rom QD solutions, and QDs are compatible
with flexible substrates [7, 14]. These properties make QD LEDs can be easily fabricated.
In addition, due to the inorganic nature of QDs, they are resistant to oxidation, this makes
it possible to obtain air-stable QD LEDs.

A typical QD LED device structure is constituted of multiple layers of QDs
sandwiched between hole transport layer (HTL) and electron transport layer (ETL).
Nowadays, most QD LEDs employ organic material as electron transport material, such
as tris(8-hydroxyquinoline) aluminum (Algs) [2, 4, 15]. The organic electron transport
material has the advantage of low cost and easy processability. However, it is oxygen
sensitive, easily degraded, not transparent and has low carrier mobility. Recently,
researchers are trying to employ inorganic material as the electron transport material,
such as Zinc Tin Oxide (ZTO) and Zinc Oxide (ZnO) [16, 17]. The inorganic electron
transport material is air stable, transparent and has higher carrier mobility. In 2008, J. M.
Caruge et al. demonstrated a QD LED employing sputtered, amorphous inorganic

semiconductor Zn0:SnO, (ZTO) as robust electron transport material [18]. The peak
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brightness of this QD LED can reach 1950 Cd/m? and the peak luminescence efficiency

is 0.064 Cd/A. More recently Lei Qian et al. reported QD LEDs using ZnO nanoparticles
as electron transport material [19]. Their device has maximum brightness and
luminescence efficiency of 4200 Cd/m? and 0.32 Cd/A for blue, 68000 Cd/m? and 7.5
Cd/A for green, 31000 Cd/m? and 3.9 Cd/A for orange-red emission. The performance of
this device is pretty good. However, the ZnO nanoparticle is not air-stable; it is sensitive
to moisture in the air.

Recent studies in Indium-Gallium-Zinc-Oxide (IGZO) shows it could be a good
candidate for the electron transport material due to its high electron mobility [20-23]. In
this study, the ETL of IGZO was integrated into the device employing the technique of
pulsed laser deposition (PLD) at room temperature. In order to optimize the output power
and efficiency of the QD LEDs, IGZO films of various thickness and conductivity have
been tested in the device structure. As a result, we demonstrate a device of pure red
emission with the maximum brightness of 3600 Cd/m? and maximum luminescence
efficiency of 0.31 Cd/A. For comparison, a control device with Algs as electron transport
material was also fabricated and characterized, exhibiting the maximum brightness of 636

Cd/m? and maximum luminescence efficiency of 0.19 Cd/A.
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2.3.2 Device structure and fabrication
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Figure 2-12. Schematic of the structure of QD LED:s.

Figure 2-12 shows the schematic structure of the QD LEDs under study,
consisting of indium tin oxide (ITO)/Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS ) (25 nm)/poly[N,N’-bis(4-butylphenyl)-N,N’-
bis(phenyl)benzidine] (poly-TPD) (45 nm)/QDs (~3ML)/IGZO/AI (150 nm). Device
fabrication started with spin cast of PEDOT/PSS on UV-ozone treated 1TO substrates,
over which Poly-TPD was then solution cast from the chlorobenzene as the HTL. A QD
layer was then spin coated from the toluene solution as the EML. The QD employed in
the study was colloidal CdSe/ZnS core/shell QDs (QSP-620, Ocean Nanotech LLC) that
were surface-coated with amine ligands. Later IGZO thin film was prepared by our
collaborator Dr. John F Muth’s group in North Carolina State University in United States.
The IGZO thin film was deposited at room temperature using pulsed laser deposition

technique [24]. This technique uses InGaO3(ZnO)s ablation targets, by ablating material
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from the target in an oxygen ambient in an oxygen ambient, uniform 1GZO films can be
deposited. The properties of the IGZO thin films can be tuned by tuning the oxygen
pressure and film thickness (deposition time). Finally, the Al cathode, was fabricated by

shadow-mask-evaporation at a pressure of <310 Torr.
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Figure 2-13. (a) Band diagram of each layer of the QD LEDs used in this study. (b) Band
diagram of the QD LEDs under forward bias.

Figure 2-13 shows the band diagram of each layer of the QD LEDs used in this
study and the band diagram of the device under forward bias. Under forward bias, the
electrons will be transported through ETL, and captured in the QDs EML. The holes will
be injected into the HIL, then transported through HTL, and captured in the QDs EML.

The electron-hole recombination occurs there and photons are emitted.

2.3.3 Results and discussion

For device characterization, all measurements were taken at room temperature in

air without additional packaging.
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Figure 2-14. Electroluminescence spectrum of the QD LED:s.

Figure 2-14 shows the EL spectrum of the QD LEDs. The peak wavelength
locates at 615 nm, and the full width at half maximum (FWHM) bandwidth is 28.5 nm.
No noticeable other wavelength emissions were measured. This result shows the electron
hole radiative recombination only occurs in QDs EML.

In order to optimize the output power and efficiency of the QD LEDs, 1GZO films
of various thickness and conductivity have been tested in the device structures. First of
all, the thickness of the 1GZO thin film was fixed at 15 nm, while the conductivity of thin
film was changed. By tuning the pressure of the oxygen during IGZO thin film
deposition, its conductivity can be tuned. The higher pressure of the oxygen, the lower

conductivity of the 1IGZO thin film has.
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Figure 2-15. Current-luminance-voltage (I-L-V) and efficiency of the QD LEDs with 15

nm IGZO thin films deposited at (a) (b) 40 mTorr, (c) (d) 60 mTorr, and (e) (f) 200
mTorr.

Figure 2-15 shows the current-luminance-voltage (I-L-V) and efficiency of the
QD LEDs with 15 nm IGZO thin films deposited at different oxygen pressures. For the
IGZO thin film deposited at 40 mTorr, the maximum brightness and luminescence
efficiency are 1547 Cd/m? and 0.20 Cd/A. For the 1GZO thin film deposited at 60 mTorr,
these two parameters are 2140 Cd/m? and 0.30 Cd/A. For the 1GZO thin film deposited at
200 mTorr, these two parameters are 1348 Cd/m? and 0.06 Cd/A. As a result, the
performance of the devices changes with the conductivity of IGZO thin films. To
optimize the device performance, the recombination center of the carriers should be
inside the QD emission layer, thus the conductivity of the ETL and HTL should match
with each other to meet this requirement. Consequently, the conductivity of ETL should
not be too large or too small, which confirms the results in Fig. 2-15. The device with

IGZO deposited at 60 mTorr has the best performance.
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Figure 2-16. Current-luminance-voltage (I-L-V) and efficiency of the QD LEDs with (a)
(b) 15 nm and (c) (d) 60 nm 1GZO thin films deposited at 80 mTorr.

Next, the deposition oxygen pressure of IGZO thin film was fixed, while the
thickness of the thin film was changed. Fig. 2-16 shows the I-L-V and efficiency of the
QD LEDs with different IGZO thin film thickness. For the device with 15 nm IGZO thin
film deposited at 80 mTorr, the maximum brightness and luminescence efficiency are
1247 Cd/m? and 0.06 Cd/A. For the device with 60 nm 1GZO thin film deposited at 80
mTorr, these two parameters are 1851 Cd/m? and 0.11 Cd/A. The device with thicker
IGZO film has better performance. However, due to the same reason that the conductivity
of the ETL and HTL should match with each other to make the recombination center of

the carriers in the QD emission layer, the 1IGZO film should not be too thick.
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Figure 2-17. (a) Current-luminance-voltage (I-L-V) and (b) efficiency of the QD LEDs

with 60 nm IGZO thin film deposited at 60 mTorr.
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After devices with 1IGZO films of various thickness and conductivity were tested,
a device with best performance was demonstrated, as shown in Fig. 2-17. The maximum
brightness is 3600 Cd/m?, the maximum luminescence efficiency is 0.31 Cd/A, and the

turn on voltage is 2.6 V.
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Figure 2-18. Band diagram (a) of each layer (b) under forward bias of the control QD
LEDs with 15 nm Alqg thin films as ETL.

For comparison, a control device was also fabricated and characterized. The
structure of the control device is the same except it uses 15 nm Alqs thin film as ETL.
The band diagrams of each layer and the device under forward bias were shown in Fig. 2-
18. There is a large misalignment between the work function of the Al cathode and the
lowest unoccupied molecular orbital (LUMO) level of Algs.This band misalignment

would make it difficult for electrons injected into the Algs ETL.
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LEDs with 15 nm Algs thin films as ETL.
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The characterization results are shown in Fig. 2-19. The turn on voltage 15.5V is
much larger than the 2.6V value for the device with IGZO, confirming the assumption
based on the band diagram. The maximum brightness is 636 Cd/m?, the maximum
luminescence efficiency is 0.19 Cd/A. The decrease in maximum brightness and
luminescence efficiency could be attributed to the reason that the thickness of the Algs
ETL is not optimized to meet the requirement that the conductivity of the ETL and HTL
should match with each other to make the recombination center of the carriers in the QD

emission layer.
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Figure 2-20. Normalized luminance of the QD LEDs using 1GZO, ZnO nanoparticles,
Alqgs as ETL, devices were measured every 24 hours at driving voltage of 8V for devices
with 1IGZO and ZnO nanoparticles, 22V for device with Algs.

In order to determine if the device is air-stable, the shelf life-time test was
performed. Three devices with IGZO, ZnO nanoparticles, Algs as ETL were placed in air

atmosphere, and were characterized every 24 hours. Fig. 2-20 shows the normalized
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luminance of each device. They were measured at driving voltage of 8V for devices with
IGZO and ZnO nanoparticles, 22V for device with Algs. The QD LEDs using Algs as
ETL didn’t emit any light after 24 hours, which can be expected since Algs is sensitive to
the oxygen and moisture in the air. The luminance of QD LEDs using ZnO nanoparticles
as ETL also degraded fast. This could be caused by the reason that ZnO nanoparticles are
sensitive to the moisture in the air. The luminance of QD LEDs using IGZO as ETL
degraded relatively slowly. As a result, with IGZO as the ETL, it is possible to obtain an

air-stable QD LED.

2.3.4 Conclusion

In summary, the IGZO ETL was integrated in QD LEDs employing PLD
technology at room temperature. An optimized device was demonstrated by tuning the
oxygen pressure of the 1IGZO deposition and the thin film thickness. The maximum
brightness and luminescence efficiency of the optimized device can reach 3600 Cd/m?
and 0.39 Cd/A. The turn on voltage can be as low as 2.6 V. A control device using 15 nm
Algs thin film as ETL was also fabricated and characterized. The maximum brightness
and luminescence efficiency of the control device are 636 Cd/m? and 0.19 Cd/A. The turn
on voltage is 15.5V. In the shelf life-time measurement, the performance of the QD LEDs
using 1IGZO as ETL is also much better than the QD LEDs using ZnO nanoparticles or

Algs as ETL, which makes it possible to obtain an air-stable QD LED.
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Chapter 3

Nonradiative energy transfer between colloidal
guantum dot-phosphors and inorganic diodes

3.1 Introduction

3.1.1 F&rster resonance energy transfer

F&ster resonance energy transfer (FRET) is a type of energy transfer between two
chromophores. The diagram of the FRET mechanism is shown in Fig. 3-1. A donor
chromophore in its electronic excited state can transfer energy to an acceptor

chromophore through a nonradiative pathway due to the dipole-dipole coupling.

Donor Acceptor
e__Intraband
‘Tielaxation Intraband
relaxation
FRET Radiative Photons

recombination

Figure 3-1 Fdrster resonance energy transfer mechanism.
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This nonradiative energy transfer efficiency is inversely proportional sixth power
of the distance between these two chromophores, which is highly sensitive to this
distance. As a result, the FRET can only be observed when two chromophores are very

close to each other.

3.1.2 Nonradiative energy transfer between colloidal quantum dot-
phosphors and quantum wells

A Fdster type resonance energy transfer between colloidal quantum dot-
phosphors and quantum wells (QWSs) was recently observed and reported [1]. As
mentioned previously, colloidal compound quantum dots (QDs) have recently been
introduced to white light emitting diode (LED) technology as a new family of phosphor
materials with many superior properties [2-5]. Due to strong quantum confinement,
semiconductor QDs, such as core/shell CdSe/(zZn,Cd)S QDs, are characterized by sharp
exciton absorption features, high luminescence efficiency, and size-tunable emission
color spanning the entire visible spectrum [6]. Much work has been done in utilizing QDs
as the emissive material in LEDs [6-8]. Perhaps the most significant potential of QD-
phosphors lies in the recent discovery that there exists a path for indirect injection of
electron-hole pairs into QDs (for radiative recombination and thus band-edge emission
from QDs) by non-contact, nonradiative energy transfer from a proximal indium gallium
nitride (InGaN) QW [1]. This non-contact nonradiative energy transfer is due to the

similar mechanism as FRET, as shown in Fig. 3-2.
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Figure 3-2 Mechanism of nonradiative energy transfer between quantum well and
quantum dot.

If the QDs are in the immediate vicinity of a QW, there will be a new relaxation
path for the carriers in the QW transferred into the QDs. This indirect, non-radiative
energy transfer path is due to the dipole-dipole interactions associated with QW-QD
coupling. After the energy transferred to the QDs, those high energy carriers will
experience a fast intraband relaxation, and finally recombine primarily radiatively,
emitting photons with energy determined by the QD size. Using this pathway to transfer
energy to QDs has the potential of higher color conversion efficiency, because it removes
several intermediate steps involved in the conventional multi step down conversion
scheme for conventional phosphors such as absorption and re-emission, thereby

eliminating energy losses associated with these steps.
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3.2 Nonradiative energy transfer between colloidal quantum
dot-phosphors and nanopillar nitride LEDs
In this section the study of the nonradiative energy transfer between colloidal

quantum dot phosphors and nitride nanopillar light emitting diodes is presented. An
epitaxial p-i-n indium gallium nitride (InGaN) / gallium nitride (GaN) multiple quantum
well heterostructure was patterned and dry-etched to form dense arrays of nanopillars
using a novel etch mask consisting of self-assembled In;Sn clusters. Colloidal QD
phosphors have been deposited into the gaps between the nanopillars, leading to sidewall
coupling between the QDs and InGaN QW emitters. In this approach, close QW-QD
contact and a low-resistance design of the LED contact layer were achieved
simultaneously. Strong non-radiative energy transfer was observed from the InGaN QW
to the colloidal QD phosphors, which led to a significant enhancement in effective
internal quantum efficiency. Photoluminescence (PL) decay was used to characterize the
energy transfer process between the QW and QDs. The measured rate of non-radiative
QD-QW energy-transfer agrees well with the value calculated from the quantum

efficiency data for the QDs in the nanopillar LEDs.

3.2.1 Introduction

Colloidal compound quantum dots (QDs) have recently been introduced to white
LED technology as a new family of phosphor materials with many superior properties [2-
5]. Due to strong quantum confinement, semiconductor QDs, such as core/shell

CdSe/(zZn,Cd)S QDs, are characterized by sharp exciton absorption features, high
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luminescence efficiency, and size-tunable emission color spanning the entire visible
spectrum [6]. QDs of the same chemical composition and different size can therefore be
employed to provide multiple spectral components in the white LEDs output, with
improved color qualities and aging performance [9]. Perhaps the most significant
potential of QD phosphors lies in the recent discovery that there exists a path for indirect
injection of electron-hole pairs into QDs (for radiative recombination and thus band-edge
emission from QDs) by non-contact, nonradiative energy transfer from a proximal InGaN
quantum well (QW) [1]. This indirect, nonradiative energy transfer path is considered to
be the consequence of dipole-dipole interactions associated with QW-QD coupling and
the extremely fast intraband relaxation in colloidal QDs (subpicosecond time scales). It is
fundamentally different from the multi-step ‘down conversion’ scheme and removes
several of the intermediate steps involved in color conversion, thereby eliminating energy
losses associated with these steps and increasing the efficiency [10-12].

While the QD approach holds great potential for solid state lighting, the
fabrication of efficient QD phosphor-based LEDs cannot be accomplished with
conventional nitride LED configurations. In designing QD-QW coupled white LEDs, it is
essential to keep the QDs in the immediate vicinity of the QW surface as the non-

radiative energy transfer rate, y =z, ™, scales as d*, where d is the QD-QW distance [3].

This requirement is in conflict with the fact that a doped GaN contact layer needs to cap
the InGaN QW to complete the p-i-n LED structure. Recently, Achermann et al. observed
color conversion in an electrically pumped LED using nonradiative energy transfer
between an indium gallium nitride (InGaN) / gallium nitride (GaN) QW and a monolayer

of CdSe/ZnS QDs [10]. Spectroscopic measurements revealed that 13% of the radiative
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power of the QW was transferred to red emission from the QDs when the QW and QDs
were separated by a 5Snm-thick n-type capping layer for close proximity. The ultra-thin n-
type capping layer, however, was not sufficiently conductive for current spreading,
which, in turn, reduced the LED efficiency. In another study [13], GaN-based LEDs were
surface-patterned with deep-etched elliptical holes to accommodate colloidal QDs
(acceptors) such that the nanocrystals were within close vicinity of the active layers
(donors). Efficient nonradiative energy transfer was achieved via a short donor-acceptor
distance, leading to a 43% increase in QD phosphor-emission over that provided by the
conventional color down-conversion mechanism.

We present an alternative QD-QW coupling approach to address the conflict
between the need for close proximity of QWs and QDs and the use of a sufficiently thick
contact layer with a low resistance for LED operation. The p-i-n InGaN/GaN multiple
quantum well (MQW) heterostructure was patterned and dry-etched to form dense arrays
of nanopillars using a novel etch mask consisting of self-assembled In3Sn clusters.
Colloidal QD phosphors have been deposited into the gaps between the InGaN/GaN
nanopillar LEDs, leading to sidewall coupling between the QDs and InGaN MQW
emitters. The immediate QW-QD contact and low-resistance design of the LED contact
layer can therefore be achieved simultaneously. Strong non-radiative energy transfer was
observed from the InGaN MQW to the colloidal QD phosphors, which led to a significant
enhancement in effective internal quantum efficiency for the QDs incorporated in
nanopillar LEDs in comparison with those deposited over planar LED structures. PL
decay was used to characterize the energy transfer process between the QWs and QDs.

The measured rate of non-radiative QD-QW energy-transfer agrees well with the value
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calculated from the quantum efficiency data for the QDs deposited in the nanopillar

LEDs.

3.2.2 Device structure and fabrication

(a)
blanket ITO
slanted ITO
p+ GaN cap layer
p GaN
@ s GaN/InGaN MQWs
n-electrode n GaN

100 nm

Figure 3-3. (a) Schematic of the nanopillar LEDs for the MQW-QD coupling
configuration. (b) Cross-sectional SEM image of a nanopillar LED device.

Figure 3-3 shows schematically a nanopillar LED structure infiltrated with QD
phosphors. Each nanopillar is configured with an InGaN/GaN MQW-embedded p-i-n
heterojunction, comprising a sapphire substrate, an n* (Ng =~ 5x10*%cm™) GaN buffer
layer (~2pm), an n-type (Ng = 1x10*®cm™) GaN layer (~0.1 pm), three pairs of 10nm-
thick Ing1GaggN quantum wells sandwiched between 50nm-thick GaN barriers, a p-type
(N2~ 1x10"cm™) GaN layer (~0.2 pm), as well as a p-type (Na = 1x10"°cm™) GaN
capping layer (~0.2 pm). Silicon and magnesium are the n- and p-type dopants in the
LED heterojunction, respectively. The nanopillars are ~200nm in diameter, sharing the
common base of the n-type GaN buffer layer, and are fabricated with a Ti/Al n-type

bottom contact and a slanted indium-tin-oxide (ITO) nanowire structure serving as the p-
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type top contact [14]. Finally, the sidewall surface of the nanopillars is conformably
coated with QD phosphors.

The InGaN/GaN nanopillar structure is fabricated by our collaborator Dr. Joon
Seop Kwak’s group in Sunchon National University in Korea [15]. It is fabricated by
inductively-coupled-plasma (ICP) etching using a novel etch mask of self-assembled
In3Sn nanodots, which is described as follows: A SiO, layer was first deposited on the top
surface of the LED wafer by plasma-enhanced chemical vapor deposition (PECVD), and
an indium tin oxide (ITO) layer was subsequently deposited onto the SiO, layer with
electron beam evaporation. The as-deposited ITO film can be assumed as an oxygen-poor
ITO layer, which has a mixture of metallic phase and ITO phase, since the ITO films
were deposited by using electron beam evaporator [16]. Next, the sample was dipped into
3% hydrochloric (HCI) acid solution to dissolve the ITO phase, which left self-assembled
metallic clusters on the SiO; layer. The SiO, layer was then patterned with a fluorine-
based dry etching process using In3Sn clusters as the etch mask. Finally, the InGaN/GaN
nanopillar heterostructure was formed by dry-etching the LED wafer via the patterned
Si0O; hard mask. By controlling the size of the In3Sn clusters and the ICP etching
conditions, nanopillars of diameters ~200nm and ~50% filling factor were fabricated
successfully. An etching depth of ~0.6 m was designed to reach the n-type layer of the
LED heterojunction and to laterally expose the emissive quantum wells along the
sidewall of the nanopillars.

After the nanopillar structure was created, the oxide hard mask was stripped with
buffered oxide etch (BOE), and Ti/Al (5nm/200nm) contact was patterned and deposited

on n-type GaN as n-type electrode. For the formation of the p-type electrode, two types
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of devices were fabricated. One type employed p-type GaN surfaces as the electrode, the
other type deposited ITO on top of p-type GaN as the electrode. To make the ITO
electrode, a slanted ITO nanowire structure was deposited on top of the nanopillars by the
oblique-angle deposition method using electron beam evaporation. During the deposition,
the sample stage was tilted at a large angle such that the vaporized source atoms reach the
top surface of the nanopillars at a grazing angle. The high-aspect-ratio nanopillars block
the vapor from reaching the lower pillar sections and the gap in between via the
"shadowing effect", preventing electrical shorting of the device. In so doing, zigzagged
ITO nanowires were produced on top of the nanopillars using two consecutive deposition
angles (85 and -859, as illustrated with a cross-sectional scanning electron microscopy
(SEM) image (Fig. 3-3(b)). This step was followed by a normal-angle ITO deposition
(09 to connect the nanowires with a continuous blanket ITO film and annealing in
nitrogen to enhance the conductivity and transparency of the ITO. The slanted ITO and
blanket ITO is patterned with a lift-off process to make sure its area is smaller than the

nanopillar area. Therefore, QDs solution can enter the gaps between the nanopillars more

easily.

(b)
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Figure 3-4. (a) SEM image and (b) Z-scan confocal fluorescent microscope image of the
QD-coated nanopillars.

Finally, a layer of colloidal CdSe/CdS core/shell QDs (QSP-620, Ocean Nanotech
LLC) with PL emission centered at 620nm was deposited over the surface of the
nanopillars by soaking the nanopillar device in the QD solution for ~12 hours. Figure 3-
4(a) and (b) show, respectively, the SEM image and z-scan 3D confocal fluorescent
microscope image of the QD-coated nanopillars (before slanted ITO deposited),
confirming the conformal deposition of QDs over the sidewalls of the nanopillar

structure.

3.2.3 Results and discussion
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Figure 3-5. Photoluminescence spectra of the nitride LED heterostructure before and after
the nanopillar processing.
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Figure 3-5 compares the PL spectra of the GaN heterojunction before and after
the nanopillar processing. The PL intensity of the InGaN QWs was spectrally integrated
from 410nm to 490nm, showing a ratio of 1.17:1 between the PL emission of the
nanopillar and planar structure. The observed PL enhancement for the InGaN/GaN
nanopillars can be interpreted considering two mechanisms. First, the radiative
recombination efficiency of (In, Ga)N is not susceptible to the surface states created
during the dry etching-formation of nanopillars due to the ionic nature of the material
[17]. Secondly, light extraction efficiency is substantially improved in the nanopillars by
means of the reduction in total internal reflection. Hence the nanopillar LED structure
with augmented brightness provides us with a proper template to investigate the
nonradiative recombination between colloidal QDs and InGaN QWs for high color

conversion efficiency.
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Figure 3-6. (a) Electroluminescence spectra of the nanopillar LED sample with and
without QD coupling; (b) Electroluminescence spectra of a planar control sample with
and without QD coupling. Both samples are from the same LED heterostructure.
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The output spectra of a nanopillar LED prior to and after QD deposition was
plotted in Fig. 3-6(a). The LED was forward biased with a current density of
62.5mA/cm?. The shaded areas represent, respectively, the portion of nitride (blue)
emission absorbed by the QD coating and the red emission from the same layer of QDs.

The color-conversion quantum efficiency (7), defined as the ratio of the photon count

from the QD emission (NS5 “*°) upon QW-QD coupling to that from the net QW

emission without QD coupling (N"), 7, = N& % / N®", was calculated to be

~12.4%. In addition, an effective internal quantum efficiency of QD emission,

T = Noo "% /(N = NG =), was defined in the present study, wherein Ngy <
represents the photon count of blue emission from the coupled QW-QD system. An
effective internal quantum efficiency of 7.=43.6% was calculated from the output
spectra of the nanopillar LED (Fig. 3-6a).

For the sake of comparison, a control sample was prepared by depositing QDs on
the top surface of a planar LED structure containing an identical p-i-n heterojunction as
well as a planar top ITO contact. The deposition condition was carefully tailored to
ensure that approximately the same number of QDs were deposited on both the planar
and nanopillar LEDs, which was verified by optical density (OD) characterization. In the
control sample, QDs are physically separated from the InGaN quantum wells by a
240nm-thick p-type GaN capping layer as well as a 200nm-thick ITO coating. The color
conversion in the control sample can be implemented only via the processes of absorption

and re-emission that are typical for the PL phenomenon. The emission spectra of the

planar control sample prior to and after the QD deposition are shown in Fig. 3-6(b). The
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internal quantum efficiency of the QDs in the planar control sample was calculated to be
Meqi ~12.0%, which is consistent with the intrinsic PL quantum yield (7;) of the QD films
that was measured with the integrating sphere technigue.

Compared with QDs in the control sample, the effective internal quantum
efficiency of the QDs incorporated in a nanopillar LED exhibits a remarkable
augmentation from 12.0% to 43.6%, increased to 3.63 times of the value of the control
sample. Since the intrinsic quantum yield of the QDs (#;) does not exhibit any
dependence on the substrate topography, the dramatically enhanced effective internal
quantum efficiency of the QDs in nanopillar LEDs can be interpreted only by the
presence of substantial nonradiative energy transfer between the QDs and QWs at the

sidewall of the nanopillars.
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Figure 3-7. Photoluminescence decay characterization of a nanopillar LED sample with
and without QD overcoating. The nanopillars exhibit an average diameter of ~200nm.
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Finally, a PL decay study was conducted to confirm the existence of the nonradiative
energy transfer. As illustrated in Fig. 3-7, a decay lifetime of ~150 ps was measured in
the nanopillars without QDs, whereas the lifetime drops to 125 ps upon the QD
deposition over the surfaces of the nanopillars, indicating the carriers in the InGaN QWs
decay faster with the presence of QDs. Since the deposition of QDs does not change the
intrinsic carrier dynamics of the InGaN QWs, this faster decay suggests that an additional
relaxation channel is introduced for the carriers in the InGaN QWs, which can only be the

nonradiative energy transfer from QWs to QDs. The rate of nonradiative energy transfer,

QW QD

transfer

, can therefore be determined directly as ro ° = L1 _146ns. This
125 153

value becomes comparable to the rate of radiative recombination, suggesting the
important role of non-radiative energy transfer in the color conversion process of QD-
coupled nanopillar LEDs.

The rate of nonradiative energy transfer can also be obtained and confirmed from the
electroluminescence results in Fig. 3-6. The luminescence of the QDs in the nanopillar

structure can be expressed as

rQW—)QD
QW-QD QW _ \|QW QD H transfer
NQD - 77i (N NQW )+ J77i rQW rQw rQ\/\/HQD
r + nr + transfer (1)
N - NQYOP = j(1-T) i
QW - J QW QW QW —-QD
rr + rnr + r;ransfer (2)
NQW N QW QD
where QW measures the portion of the QW (blue) emission absorbed by the

QDs, j is the current injection into the InGaN QWs, (1-T) is the absorbance of the QDs

W

Q
""" is the rate of radiative recombination in the InGaN QWs,

incorporated in the LEDs,
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QW —QD
"wanser the rate of nonradiative energy transfer between CdSe/ZnS QDs and InGaN

QW
QWs, and T the rate of nonradiative relaxation in the InGaN QWs. In Eq. (1), the first
term represents the QD emission due to the absorption-re-emission processes, whereas
the second term represents the QD emission due to nonradiative energy transfer. The

effective internal quantum efficiency of the QDs is therefore

L hranstr
77eqi = 77i 1+ QW
r="(1-T

QW —QD
r .
In the present work, "asfr  can be calculated from Eq. 3 using the measured

Qw
parameters, 74i~43.6.0%, 7~12.0%, (1-T) ~25.2%, as well as the reported value for I

A e VO ~132 :
~2.0 ns™, which gives ns™. This result agrees well with the energy

transfer rate (1.46 ns™) obtained from the aforementioned PL decay study, which adds
further evidence to the presence of nonradiative energy transfer between InGaN QWs and

CdSe/znS QDs.

3.2.4 Conclusion

In summary, with the nanopillar nitride LED structure, close QW-QD contact and
a low-resistance design of the LED contact layer were achieved simultaneously. Strong
non-radiative energy transfer was observed from the InGaN QW to the colloidal QD
phosphors, which led to a significant enhancement in effective internal quantum

efficiency. In addition, PL decay measurement was employed to characterize the energy
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transfer process between the QW and QDs. The measured rate of non-radiative QD-QW
energy-transfer agrees well with the value calculated from the quantum efficiency data

for the QDs in the nanopillar LEDs.
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3.3 Nonradiative energy transfer between colloidal quantum
dot-phosphors and silicon carbide diodes

In this section, nonradiative energy transfer between colloidal quantum dot-phosphors
and the active region of an indirect band-gap semiconductor diode was investigated. A
silicon carbide (SiC) p-n junction was fabricated and surface-patterned with arrays of
holes, facilitating the sidewall coupling between the QDs and the SiC p-n junction.
Nonradiative energy transfer was observed from the SiC diode to the colloidal QD-
phosphors, which was characterized with a color conversion efficiency of 3.1%.
Photoluminescence decay measurements were conducted to verify and characterize the
energy transfer process between the diode and QDs. The carrier recombination lifetime of
SiC was found to decrease upon the presence of QD-phosphors, which provides further
evidence for the presence of the nonradiative energy transfer path between the QDs and

the SiC diode.

3.3.1 Introduction

The technology of white LEDs is playing a key role in solid state lighting; most of
the white LEDs currently in use employ blue emitters in combination with yellow
phosphors to produce white light from the emission of complementary colors. However,
such white output is inferior in "color rendering™ ability to natural daylight, which is
characterized by a low color rendering index (CRI). Colloidal compound QDs have
recently been introduced to white LED technology as a new family of phosphors due to

their superior optical properties [7, 18-20], including high quantum yield, narrow
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emission bandwidth, and size tunable emission wavelength over a broad spectral regime.
Therefore, QDs of the same chemical composition, but varying sizes, can be employed as
phosphors to provide multiple spectral components in white LED output [21, 22].

The potential uses of QD phosphors has increased due to the recent discovery of a
path for indirect injection of electron-hole pairs into QDs by non-contact, nonradiative
energy transfer from the bulk junction of direct band-gap semiconductors that are in close
proximity to the nanoparticles [1]. When QDs are in the immediate vicinity of the carrier
recombination region of the p-n junction of direct band-gap semiconductors, there exists
a unique relaxation path for the free carriers in the bulk semiconductor transferring their
energy into the QDs. This indirect, nonradiative energy path arises from the dipole-dipole
interaction associated with the quantum coupling between QDs and direct band-gap
semiconductors [1]. In solid state lighting, this newly uncovered pathway has been
proposed to facilitate energy transfer from blue-emitting InGaN quantum wells into green
and red CdSe/ZnS core-shell QD phosphors. The nonradiative energy transfer can
potentially enhance the efficiency of the color conversion process because it removes
several intermediate steps involved in the conventional multi-step down conversion
scheme, such as absorption and re-emission, thereby eliminating energy losses associated
with these steps.

While this novel application of QD phosphors has been widely investigated [10,
23, 24], all the studies reported to date are focused on the energy coupling between QDs
and direct band-gap semiconductors, such as InGaN and GaN. We report in this
communication our studies of nonradiative energy transfer between QD-phosphors and

the p-n junction of an indirect band-gap semiconductor. A SiC p-n junction was



91

fabricated and surface-patterned with arrays of holes, facilitating sidewall-coupling
between the QDs and the SiC p-n junction. Nonradiative energy transfer was observed
from the SiC diode to colloidal QD-phosphors that accumulated in the holes. Enhanced
red emission of QDs was measured from characterization of the electroluminescence
spectra of the diode, with a color conversion quantum efficiency calculated to be 3.1%.
PL decay was also performed, and the PL decay lifetime of the SiC junction was found to
decrease from 24.1 ns to 21.7 ns following the QD deposition, further confirming the

existence of the nonradiative energy transfer path between the QDs and the SiC diode.

3.3.2 Device structure and fabrication
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(b)

Figure 3-8. (a) Schematic of the SiC diode (b) Top view of the SiC diode.

Figure 3-8(a) shows schematically the SiC diode with arrays of holes that are
infiltrated with QDs. The SiC diode with arrays of holes is fabricated by our collaborator
Dr. Feng Zhao’s group in Washington State University in United States. Each hole is
configured to trench through the p-n homojunction, with a 2 pm/1x10" cm™ n-type
epitaxial 4H-SiC layer doped by nitrogen grown on an 8 ©off-axis n-type 4H-SiC wafer.
The p-type regions, with an area of 11 mm?, were formed by aluminum ion implantation
with the energy/dose of 100 keV/1.5x10™ cm 2, followed by an implant anneal process at
1600 <C for 30 minutes. To avoid Si outgassing from the sample during annealing, a
graphite layer was used to protect the surface during the implant anneal. A 1000A Ni
layer was deposited on the backside of the sample by e-beam evaporation to form the n-

type cathode contact. Photolithography was then used to pattern the anode contact arrays
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with 750um hole openings in the p-type front side of the sample, as illustrated in the
photomicrograph (Fig. 3-8b). Finally, a Ti/Al/Ti/Ni (200A/400A /200A/1000A) metal
stack was deposited by e-beam evaporation and followed by lift-off to form the p-type
anode contacts. Both anode and cathode contacts were annealed by rapid thermal
annealing (RTA) at 1000 <C for 2 minutes to form ohmic contacts. The holes on the anode
contacts have a nominal depth of 0.5um, which were etched through the p-type SiC layer
and into the n-type SiC layer by reactive ion etching (RIE) using SF¢ process gas. The
QD phosphor employed in the study was colloidal CdSe/ZnS core/shell QDs (QSP-620,
Ocean Nanotech LLC) that were surface-coated with amine ligands. The nanoparticles
exhibited a PL peak at A=620 nm, and were accumulated into the holes of the SiC diode

by soaking the devices in a toluene solution of QDs for 12 hours.
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3.3.3 Results and discussion
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Figure 3-9. Electroluminescence spectra of the SiC diode with and without coupled QDs.

In this experiment, the diode was forward-biased with a 90mA pulse-current at
the repetition rate of 1000 Hz and 50% duty cycle. The output electroluminescence (EL)
spectra of a SiC diode prior to and after QD infiltration are plotted in Fig. 3-9. Since SiC
is an indirect band-gap semiconductor, the EL emission of the diode is weak and
comprised of two primary spectral features: a near ultra violet (UV) band and a green
band. The near UV emission is intrinsically narrow and arises from carrier relaxation via
the indirect band-gap of SiC, while the broader green band is due to defect states of the
material [25]. After the QD infiltration, the red emission can be observed resulting from

the coupling between QDs and SiC. The color conversion (quantum) efficiency (7, ),
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defined as the ratio of the photon counts from SiC-QD coupled device (N5 %) to that
from the net SiC emission(N*°), 7, = N5 ©%° / N, was calculated to be 3.1% from

Fig. 3-9, by calculating the ratio of the area of red QD emission to that of the blue-green

emission of the pristine SiC diode prior to QD deposition.
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Figure 3-10. (a) Absorption spectrum of the QD thin film (b) Excitation and
photoluminescence spectra of the QD thin film.

In order to accurately assess the fraction of the color conversion efficiency due to
the nonradiative energy transfer process, it is necessary to exclude the contribution to the
observed QD emission via the traditional absorption/re-emission path. A control sample
of QD film was obtained on a UV-ozone cleaned glass substrate via the same soaking
processes that used in the aforementioned QD deposition on SiC sample. The absorption
spectrum of the QD film was recorded using a Perkin-Elmer Lambda 19 UV/visible/near
infrared spectrometer, as shown in Fig. 3-10(a). The mean absorbance of the SiC
emission by the QD film can be calculated by integrating spectra of the QD absorption

and the EL emission of SiC diode, yielding a value of 0.017. Next, the integration sphere
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technique was used to determine the quantum yield of the QD film, using a pump source
of 405nm diode laser. The spectra of the excitation and PL of the thin film were
presented in Fig. 3-10(b), and the measured quantum yield is ~ 36.9%. Given the fact that
the quantum yield of QDs varies little with the excitation wavelength, the conversion
efficiency of the traditional absorption/re-emission path can be consequently calculated
as the product of the mean absorbance (0.017) and the QD quantum yield (36.9%) of the
QD film, resulting in an efficiency of ~0.63%. As such, the quantum efficiency of the QD
emission via the nonradiative energy transfer path can be determined as 3.1%-0.63% =
2.47%. The above analysis reveals that the pronounced attenuation in the EL intensity
following the QD incorporation into the SiC diode is not induced by the traditional
absorption/re-emission of the QD film, but instead by the non-radiative energy transfer

between QDs and SiC diode.
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Figure 3-11. (a) Photoluminescence spectrum of the SiC diode without QDs. (b)
Photoluminescence decay of the SiC (392 nm) with and without QDs coating.

Finally, PL decay measurements were conducted to determine the rate of
nonradiative energy transfer between QDs and the SiC p-n junction. The PL spectrum of
the SiC material exhibits a peak at ~392 nm, which matches well with the indirect band-
gap energy (~3.2 eV) of SiC (Fig. 3-11a). By resolving the temporal decay of the indirect
band-gap emission of the SiC diode with and without QD phosphor coating, the carrier
relaxation process in the p-n junction was revealed, as plotted in Fig. 3-11(b). A
recombination lifetime of ~24.1 ns was measured in the diode without the QD phosphors,
whereas the lifetime dropped to 21.7 ns after QD phosphor deposition, indicating that the

carriers in the SiC diode relax faster in the presence of QDs. Since the deposition of QDs
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does not change the intrinsic carrier dynamics of the SiC diode, this faster decay suggests
that an additional relaxation channel is introduced, which can only be the nonradiative
energy transfer from SiC to QDs. The energy transfer rate can be readily determined as
1/21.7-1/24.1=4.59s™*. Although this rate is approximately two or three orders of
magnitude lower than the radiative recombination rate of some direct band-gap
semiconductors, such as InGaN or gallium arsenide (GaAs) [26], nonradiative energy
transfer has been demonstrated as an effective path to achieve color tunable emission

from indirect band gap semiconductors.

3.3.4 Conclusion

In conclusion, nonradiative energy transfer was observed from the SiC diode to
colloidal QD-phosphors that accumulated in the holes. Enhanced red emission of QDs
was measured from characterization of the electroluminescence spectra of the diode, with
a color conversion quantum efficiency calculated to be 3.1%. The PL decay lifetime of
the SiC junction was found to decrease from 24.1 ns to 21.7 ns following the QD
deposition, further confirming the existence of the nonradiative energy transfer path

between the QDs and the SiC diode.
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Chapter 4

Alternating current gallium nitride light emitting diodes

4.1 Introduction

Advances in gallium nitride (GaN) based semiconductor have offered great
prospects for developing efficient and bright light emitting diodes (LEDs) [1-7]. The
emission wavelength can be tuned from visible to ultraviolet (UV) depending on the
composition of the GaN based material [8, 9]. Also, due to the strong chemical bond of
the material, it is very stable under high power and high temperature conditions [10-13].
In addition, the power efficiency of the GaN LEDs is much higher than other light
sources like light bulb and fluorescent lamp [14]. Consequently, these advantages of the

GaN LEDs make it a promising candidate for next-generation light sources.

11O
p GaN
MW
n GaN
n Ga
u GaN
Sapphire substrate

Figure 4-1. Schematic of the structure of a typical GaN LED.



104

Figure 4-1 shows the schematic structure of a typical GaN LED. The LED wafers
employed in this study were purchased from Xinguanglian Technology Co., Ltd. It is
configured with an InGaN/GaN MQW-embedded p-i-n heterojunction, comprising a
patterned sapphire substrate, an undoped GaN buffer layer (~2.5 ), an n-type (Ng =
1>10"cm™) GaN layer (~2 pm), eight pairs of 2.5nm-thick Ing1GagoN quantum wells
sandwiched between 12nm-thick GaN barriers, a p-type (N2~ 5x10"cm™) GaN layer
(~0.1 pm), as well as a p-type (N5 > 110*%cm™) GaN capping layer (~0.1 pm). Silicon
and magnesium are the n- and p-type dopants in the LED heterojunction, respectively.

The anode material is indium tin oxide (ITO) and cathode material is Ti/Al/Ti/Au.

u GaN

u GaN

Sapphire substrate Sapphire substrate

1

u GaN u GaN

Sapphire substrate Sapphire substrate

Figure 4-2. fabrication procedures of a single LED.
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The fabrication procedures of a single LED are shown in figure 4-2. The first step
is etching to n-type GaN by inductively-coupled-plasma (ICP) etching, and the mesa
structure was obtained. Then ITO (300nm) was deposited, patterned and annealed on the
p-type GaN as anode. For the formation of the cathode, Ti/Al/Ti/Au
(10nm/40nm/40nm/100nm) was deposited, patterned and annealed on the n-type GaN.

For a single GaN LED, it is usually operated at a voltage around 3~5V [10].
However, the voltage of power supplies is usually larger than 3~5V in the applications of
GaN LEDs. The power supply in our daily lives is alternating current (AC) power supply
with voltage from 110V to 240V. To address this problem, the method widely used today
is including a driving circuit into the LED light source, converting the 110V~240V AC
voltage to an appropriate lower DC voltage [15]. Nevertheless, there are several
disadvantages for this method. Firstly, during the voltage conversion, the power
conversion efficiency cannot reach 100%, thus power loss will be introduced. Secondly,
the cost will be increased due to the electrical components of the driving circuit. During
the rapid development of the LED technology recently, the price of the LED chip is
decreasing fast these years, but the price of electrical components does not change that
much compared to the LED chip. As a result, the cost of the electrical components will
become more and more significant in the future with the decreasing price of the LED
chip. In addition, the lifetime of these electrical components is much shorter than the
LED chip. Therefore, the lifetime of the LED light source will be limited by these

electrical components, cannot reach the extreme long lifetime of GaN LED chip.
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Figure 4-3. Schematic diagram of the circuit of (a) an anti-parallel AC LED and (b) a
Wheatstone bridge AC LED (c) an AC LED integrated with Schottky diodes.

Toward this end, intense investigations are being conducted to develop AC LEDs
without electrical driving circuit to address this driving problem [16-19]. There are
several ways to realize a chip level AC LED. A simple way is called anti-parallel AC
LEDs as shown in Fig. 4-3(a) [16, 17]. In this type of AC LEDs, several pairs of LEDs
are connected together as a series circuit. In each pair, two single LEDs are connected
together as a parallel circuit in opposite direction. Half of the LEDs emit light during the
first half period of the AC voltage, while the other half of the LEDs emit light during the
second half period of the AC voltage. However, there is one significant disadvantage for
this type of AC LEDs. Only half of the single LEDs in the circuit would emit light, which
means compared to the normal LEDs driven by DC voltage, if the same amount of light
output is required, the area of anti-parallel AC LEDs should be twice as large as the area
of DC driven LEDs. This disadvantage would decrease the area usage and increase the
cost.

Another way to realize a chip level AC LED is called Wheatstone bridge (WB)
AC LEDs [18, 19]. Several single LEDs are connected together to form a WB bridge
circuit as shown in Fig. 4-3(b). The LEDs in each rectifying branch are forward biased
and reverse biased alternatively during each half period of the AC power supply, while
the LEDs in the output branch are forward biased during the entire AC period. As a
result, more than half of the single LEDs would emit light during each half AC period.
By tuning the number and are of the LEDs in the rectifying branches and the output

branch, the area usage, defined as the ratio of the area of the LEDs emit light during each
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half period to the total LED area on the chip, can be increased from 50% for anti-parallel
AC LEDs to 60% to 80%. Nevertheless, there is a serious problem for this type of AC
LEDs. During operation, the LEDs in the rectifying branches would undergo a high
reverse biased voltage. According to a research reported by Hsi-Hsuan Yen, et al. [20],
this high reverse biased voltage would damage those single LEDs by forming Ga,O3 on
the surface of n-type GaN, leading to an accelerated failure of the AC LEDs. According
to the study [20], a Wheatstone bridge AC LED with was reported to fail after 650 hours
of operation, which is not acceptable for a usable device.

More recently, Hsi-Hsuan Yen et al. proposed to integrate Schottky diodes with
LEDs to build on-chip WB circuitry for AC LED operation [21], as shown in Fig. 4-3(c).
Two integration approaches are proposed, one method involves growing a rectifying
layer of intrinsic semiconductor AlGaN on the LED wafer by epitaxy or deposition [22].
The other method is to form the rectifying region by ion implanting donor species into
the top p-type GaN layer of the LED wafer [23]. These fabrication methods, however,
request sophisticated post-growth modification of the LED epi-layer by deposition, ion
implantation or diffusion, which would lead to the dramatic increase of the LED
fabrication cost, and hence have never been employed to date.

In this study, we successfully demonstrated Schottky diodes with both high
breakdown voltage and low forward biased voltage at working current (20 mA) on an
LED wafer. This is the first time that Schottky diodes with good performance on a
commercial available LED wafer can be realized, and is the first that a monolithic
integration of LED arrays with on-chip Schottky diode Wheatstone bridge was

demonstrated.
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In order to make an AC LED by any of the three ways mentioned previously, a
chip level series of single LEDs, which can operated at a DC high voltage (HV), should
be realized first. As a result, the fabrication, and characterization of an HV LED is first

introduced and discussed in the next section.
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4.2 High voltage gallium nitride light emitting diodes

4.2.1 Device structure and fabrication

u GaN | u GaN

Sapphire substrate

Figure 4-4. Schematic of the structure of two GaN LEDs connected together.

Figure 4-4 shows the schematic structure of two GaN LEDs connected together.

In real device, there can be more than two single LEDs according to the requirement of
the operation voltage.

The fabrication procedures are similar to single LED fabrication; the only
difference is that two additional steps are required. Each single LED needs to be
separated with each other by etching the gap to sapphire substrate. In the end, the
interconnection metal Ti/Al/Ti/Au (50nm/1000nm/100nm/100nm) was deposited and
patterned. The picture of a fabricated HV GaN LED is shown in Fig. 4-5 (a). There are 23

single LEDs in the device. Figure 4-5(b) shows the picture of a lighted HV LED.
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Figure 4-5. Microscope pictures of (a) a fabricated and (b) a lighted HV LED.
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4.2.2 Results and discussion

A single LED and an HV LED were measured and the results are shown in Fig. 4-
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Figure 4-6. Current -voltage (I-V) of (a) a single LED and (b) an HV LED.
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For a single LED, the result in Fig. 4-6(a) shows the turn on voltage is 2.52V, and
the working voltage is 3.88V when the current is 20mA. According to the structure of the
HV LED, it consists of 23 single LEDs connected together. As a result, the turn on
voltage should be 2.52V>23=58V, and the working voltage should be 3.88V>23=89V.
From the I-V curve in Fig. 4-6(b), the turn on and working voltage is measured to be 58V

and 85.5V, respectively, agree well with the calculated value.
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Figure 4-7. Electroluminescence spectrum of the HV LED.

Figure 4-7 shows the Electroluminescence (EL) spectrum of the HV LED. The
peak wavelength locates at 451.5 nm, and the full width at half maximum (FWHM)
bandwidth is 20.7 nm. This result shows the HV LED emits pure blue light. The output

power was measured to be 352mW while the input electrical power was fixed at 1W, thus
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the external quantum efficiency of the device is 35.2%, which is a typical value for a blue

GaN LED [24, 25].

4.2.3 Conclusion

In summary, a chip level HV LED, consisting of several single LEDs connected
together as a series circuit on the same wafer, was demonstrated. The device has a turn on
voltage of 58V, and a working voltage of 85.5V when the current is 20mA. With an
integrating sphere and a measuring system, a pure blue emission from the device with
peak wavelength 451.5 nm and the FWHM bandwidth is 20.7 nm was characterized. The

external quantum efficiency is measured to be 35.2%.
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4.3 Chip level alternating current light emitting diodes
integrated with Schottky diode
In this study, we demonstrated a chip level AC LED integrated with good
performance Schottky diode. All single LEDs in the device can emit light during both

positive and negative half period of the AC voltage.

4.3.1 Device structure and fabrication
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Sapphire substrate

(b)

Figure 4-8. Schematic diagram of (a) the circuit and (b) the structure of the AC LEDs
with Schottky diode.

Figure 4-8(a) shows the circuit of the AC LEDs with Schottky diode. Using at
least four Schottky diodes, a WB circuit can be obtained. If the breakdown voltage of the
Schottky diodes is high enough, no matter which direction of the voltage applied on the
circuit, the current would flow through the Schottky diodes on two branches and the
series of LEDs, while the Schottky diodes on the other two branches would undergo a
reverse biased voltage. As a result, in order to obtain an AC LED with high power
efficiency, the forward biased voltage of the Schottky diodes while the current flows
through them should be as low as possible, and the breakdown voltage of the Schottky
diodes while they are reverse biased should be as high as possible. Here we define Vi as
the forward working voltage of the Schottky diode while the forward current reaches 20

mA, and V; as the reverse working voltage of the Schottky diode while the reverse
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leakage current reaches 0.1 mA. As a result, a low V¢ value and a high V, value are
preferred.

Figure 4-8(b) shows the schematic structure of the chip level AC LEDs integrated
with Schottky diode. The LEDs and the Schottky diodes are fabricated on the same LED
wafer. The LED wafers employed in this study were purchased from Xinguanglian

Technology Co., Ltd.
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Figure 4-9. Fabrication procedures of the integrated Schotty diode in the AC LEDs.
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The fabrication procedures of the LED series are the same as the procedures of
the HV LED described previously. Fig. 4-9 shows the fabrication procedures of the
Schottky diodes in the AC LEDs. The first step is etching to n-type GaN by inductively-
coupled-plasma (ICP) etching, and the mesa structure was obtained. The second step is
etching to un-doped GaN with ICP etching, thus the Schottky contact area is exposed. For
the formation of the cathode, Ti/Al/Ti/Au (10nm/40nm/40nm/100nm) was deposited,
patterned and annealed on the n-type GaN. Later the Schottky contact metal was also

deposited and patterned on the un-doped GaN.

4.3.2 Schottky diode design

In order to increase the power efficiency of the AC LEDs, the forward biased
working voltage Vs of the Schottky diode need to be decreased, and the reverse biased
working voltage V; need to be increased. To meet this requirement, the design of the
Schottky contact was investigated.

First of all, Schottky diodes with different Schottky contact areas were studied.
The design of the Schottky diodes was shown in Fig. 4-10, the areas of the Schottky

contact varies from 6400 pm? to 100 pm?, while the Ohmic contact remains the same.
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Figure 4-10. Schematic design diagram of the Schottky diodes with different Schottky

contact areas.

The 1V curves of the fabricated Schottky diodes were shown in Fig. 4-11, the

measured V¢ and V, were listed in table 5-1. While the area of the Schottky contact

decreases, both the forward working voltage V¢ and the reverse working voltage V,

increases. As a result, in order to keep V¢ low and V, high, the Schottky contact area

should not be too large or too small. A medium value 2500 pm? was chosen to balance

those two requirements.
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Figure 4-11. (a) Reverse biased and (b) forward biased 1V curves of the Schottky diodes
with different Schottky contact areas.

Table 4-1. Forward working voltage V; and reverse working voltage V, of the Schottky
diodes with different Schottky contact areas.

Schottky
contact 6400 4900 3600 2500 1600 900 400 100
area(pm?)

Vi (V)
(I=20mA) 7.19 7.18 7.61 8.18 8.93 9.68 1293 21.73

Vi (V)

(1=0.1mA) 9476 99.75 1022 1065 107.2 1115 125 146.5

The Schottky diode in this study has a mesa structure, d is defined as the distance
between the Schottky contact and the n-type GaN mesa, and this distance d would also
affect the performance of the diode. Accordingly, Schottky diodes with different distance

d were investigate as shown in Fig. 4-12, the distance d varies from 120 pm to 15 pm.
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All Schottky diodes were fabricated with same techniques as the Schottky diodes with

different contact areas.

Ohmic contact

un-doped GaN—— i

Schottky contact

Distance: 120 um 105 pm 90 um 75 um 60 um 45 um 30 um 15 um

Figure 4-12. Schematic design diagram of the Schottky diodes with different distances
between Schottky contact and n-type GaN mesa.

The 1V curves of the fabricated Schottky diodes were shown in Fig. 4-13, the
measured V¢ and V, were listed in table 4-2. While the distance d decreases from 120 pm
to 15 pm, the forward working voltage V¢ decreases from 11.85 V to 6.19 V, and the
reverse working voltage V. almost does not change. As a result, small distance between
Schottky contact and n-type GaN mesa would be helpful to increase the diode

performance. The distance 15 m was chosen for the device fabrication.



122

—— 120 um

0.00

-0.02

-0.04

-0.06

Current (mA)

-0.08

_1 0 1 1 1 1
-120 -100 -80 -60 -40 -20 0
Voltage (V)

(@)

—— 120 um

N
o
T

-—
(3, ]
T

Current (mA)
w o

0 2 4 6 8 10 12
Voltage (V)
(b)

Figure 4-13. (a) Reverse biased and (b) forward biased IV curves of the Schottky diodes
with different distances between Schottky contact and n-type GaN mesa.
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Table 4-2. Forward working voltage V; and reverse working voltage V, of the Schottky
diodes with different distances between Schottky contact and n-type GaN mesa.

Distance (m) 120 105 90 75 60 45 30 15

Vi (V) 1185 11.19 1027 962 896 761 689  6.19
(I=20mA)
V: (V) 92.75 90.83 91.01 9051 8950 91.25 90.25 93.26
(1,=0.1mA)

In addition, Schottky diodes with different Schottky contact lengths were also
studied. As shown in Fig. 4-14, the Schottky contact length changes with the n-type GaN
mesa length from 30 pm to 150 pm. All Schottky diodes were fabricated with same

techniques as the Schottky diodes with different contact areas.

Schotkky contact
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m n-type GaN === Ohmic contact
|
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Figure 4-14. Schematic design diagram of the Schottky diodes with different Schottky
contact lengths.

The 1V curves of the fabricated Schottky diodes were shown in Fig. 4-15, the
measured V¢ and V, were listed in table 4-3. While the n-type GaN mesa length increases
from 30 pm to 150 pm, the forward working voltage Vr decreases from 6.51 V to 3.73 V,
and the reverse working voltage V, decreases from 90.41 V to 84.60 V. The result that V¢
decreases a lot while V, decreases a little suggests that longer Schottky contact length
would be helpful to obtain a Schottky diode with better performance. The Schottky

contact length 150 pam was chosen for the device fabrication.
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Figure 4-15. (a) Reverse biased and (b) forward biased IV curves of the Schottky diodes

with different Schottky contact lengths.
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Table 4-3. Forward working voltage V; and reverse working voltage V, of the Schottky
diodes with different Schottky contact lengths.

Length (jm) 30 80 150

Vs (V) 651 500 3.73
(Ii=20mA)
Vi (V) 9041 87.64 84.60
(1,=0.1mA)

As a result, employing these three design rules: proper Schottky contact area,
short distance between Schottky contact and the n-type GaN mesa, and long Schottky

contact length, the forward working voltage Vs of the Schottky diode can be decreased.

4.3.3 Results and discussion

Finally, a Schottky diode using these design rules was fabricated. The IV curve
was measured and the result is shown in Fig. 4-16. The reverse working voltage V; was
measured to be larger than 120 V, and the forward working voltage V¢ was measured to
be 3.16 V. Integrating this Schottky diode into an AC LED, the number of diodes on each
rectifying branch of the WB circuit is 2, the voltage drop on the forward biased Schottky
diodes is 2>2>3.16VV=12.64V, thus the power lost on the Schottky diodes can be

decreased to 12.64V/110V=11.5%.
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Figure 4-16. (a) Reverse biased and (b) forward biased IV curves of the Schottky diodes
using Schottky contact design rules.
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Consequently, integrating Schottky diodes with a series of single LEDs on the
same LED wafer, a chip level AC LED integrated with Schottky diode was fabricated as
shown in Fig. 4-17(a). There are 22 single LEDs in the device, and 2 Schottky diodes on
each rectifying branch of the WB circuit. Fig. 4-17(b) shows a picture of a lighted AC

LED.

(@)
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(b)

Figure 4-17. Microscope pictures of (a) a fabricated and (b) a lighted chip level AC LED
integrated with Schottky diode.

The IV curve of the AC LED is shown in Fig. 4-18(a). The LED turned on when
the voltage was applied to the device in both directions. The turn on voltage (current
reaches 0.1 mA) and working voltage (when the current reaches 20mA) was measured to

be 54V and 105V respectively for both directions.
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Figure 4-18. (a) IV curve and (b) Electroluminescence spectrum of the AC LED with

Schottky diode.
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Fig. 4-18(b) shows the EL spectrum of the chip level AC LED integrated with

Schottky diode. The peak wavelength locates at 451.5 nm. The full width at half
maximum (FWHM) bandwidth is 20 nm. The output power was measured to be
324.1mW while the input electrical power was fixed at 1W, thus the external quantum
efficiency of the device is 32.4%. For comparison, the external quantum efficiency of the
HV LED in the previous section was measured to be 35.2%. As a result, the external
quantum efficiency of AC LED is 2.8% less than HV LED, implies the less than 10% of

power loss is introduced by the integrated Schottky diodes in the WB circuit.

4.3.4 Conclusion

In summary, a chip level AC LED integrated with good performance Schottky
diode was demonstrated. By integrating some Schottky diodes in the LED circuit on chip
level, a WB circuit can be obtained. All the single LEDs emit light during the device
operation. The measurement results show that the device has a turn on voltage of 54V,
and a working voltage of 105V when the current is 20mA. With an integrating sphere and
a measuring system, a pure blue emission from the device with peak wavelength 451.5
nm and the FWHM bandwidth is 20 nm was characterized. The external quantum

efficiency is measured to be 32.4%.
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Chapter 5

Future work

This dissertation discusses some studies in improving the light emitting diode
(LED) technology from colloidal quantum dot (QD) LEDs to gallium nitride (GaN) based
LEDs. For the future work, there are some suggestions can be noted in the following

aspects.

5.1 Quantum dot light emitting diodes

According to the study in this dissertation, high temperature of the colloidal QD
LEDs during operation could be one important factor limits the stability of QD LEDs. As
a result, if a novel type of colloidal QDs with high quantum efficiency at high
temperature can be obtained, QD LEDs with longer lifetime can therefore be
demonstrated. Several techniques could be employed to achieve this purpose, such as
synthesis of QDs with shorter ligands; passivation of QD surfaces with a thermally stable
material to prevent damage.

Besides the QD material, the material of other layers of QD LEDs can also be
studied in the future to improve the device performance. In this dissertation, IGZO was
studied as the electron transport material, some other novel semiconductor material can

also be studied in the future to act as the electron or hole transport material.
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5.2 Nonradiative energy transfer between colloidal quantum
dot-phosphors and inorganic diodes
In this dissertation, the nonradiative energy transfer between colloidal quantum
dot-phosphors and inorganic diodes was studied. In order to further increase the color
conversion efficiency, a resonant cavity GaN LED can be employed and studied in the

future work, as shown in Fig. 5-1.

p-type metal
p GaN
n-type metal = GaN/InGaN MQWs
n GaN
n GaN
DBR
buffer GaN

Sapphire substrate

Figure 5-1. Structure of the resonant cavity GaN LEDs with micro holes.

In this resonant cavity GaN LEDs, the distributed Bragg reflector (DBR) is
designed to reflect the emission of multiple quantum well (MQW). Unlike in the ordinary
resonant cavity LEDs, the cavity length is not designed to the wavelength of GaN
emission, but to the wavelength of QDs emission. Consequently, the blue emission of
GaN will be reflected by the upper metal reflector and lower DBR, but there will not be a
resonance. As a result, the blue light will be trapped in the cavity. In this case, the QDs

can be illuminated by the blue light for several times, and the portion of blue light
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absorbed by the QDs would be enhanced. Assuming the effective quantum efficiency of
the QDs does not change, the emission from the QDs would be enhanced.
Moreover, it is also possible to increase the effective quantum efficiency of the

QDs.

r QW —-QD
neqi — 775 1 + :/rvansfer
er (1 -T )

According to the above equation, if we can increase ro >

transfer

the energy transfer
rate from InGaN QWs to QDs, or decrease r°" the energy transfer rate of radiative
relaxation in the InGaN QWs, the effective quantum efficiency can be increased. In the
resonant cavity LEDs, r®" does not change because there is no resonance for emission
from InGaN QWs. Meanwhile, the emission from QDs can resonant in the cavity because

the cavity length is designed to this wavelength. In this case, o2 could be enhanced,

and more energy can be transferred from GaN LEDs to QDs.
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5.3 Alternating current gallium nitride light emitting diodes

u GaN

u GaN

Sapphire substrate

Sapphire substrate

Figure 5-2. Schematic picture of the structure of top emission and flip-chip GaN LEDs.

This dissertation demonstrated chip level high voltage (HV) and alternating
current (AC) LEDs. In order to further improve the device performance, flip-chip design
can be employed for the future study, as shown in Fig. 5-2. There are two advantages for
flip-chip design. The anode is changed from ITO for top emission design to metal for
flip-chip design, and the metal anode would lead to lower turn on and working voltage,
thus increasing the external quantum efficiency of the device. The other advantage is that
silicon substrate has much larger thermal conductivity than sapphire substrate, which is

good for heat dissipation.
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Sapphire substrate

Figure 5-3. Schematic picture of the structure of the device integrated with LED and UV
detector.

In addition, based on this study, a novel device integrating LED and UV detector
can be obtained, as shown in Fig. 5-3. The LED and UV detector can be fabricated on the
same chip. This device would possess the lighting and detecting functions
simultaneously, and could have potential application in the future visible light

communication.



139

Appendix

CIE -1931 color space

CIE-1931 color space is a mathematic definition of color space created by the
International Commission on Illumination (CIE) in 1931. The color of the output light
from the LEDs can be characterized by the CIE-1931 chromaticity coordinates. By
integrating the products of the measured LED spectrum with three color matching

functions, the three fundamental tristimulus values of X, Y, and Z can be calculated as

follows:
X = [[ 2 1()F(A)dA (1)
V= [ [D¥AL ()
Z = [0 1(D)Z(D)dA (3)

Where A is the wavelength measured in nanometer; I(4) is the intensity of the output
light at different wavelength, as known as spectrum; (1), y(A) and z(4) are three color
matching functions. By projecting these tristimulus values on to the unit plane, the color
of the light spectrum can be expressed in a two-dimensional plane. The color can be

specified by the chromaticity coordinates (X, y), defined by:

X

X = Xvez (4)
Y
Y = Xtv+z (5)

Take the white light with a flat spectrum (I(4) is a constant) for example, its CIE-

1931 coordinate (X, y) is calculated to be (1/3, 1/3).
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Color rendering index

The present industry standard for color rendering properties of light relies on
color rendering index (CRI), which is a numerical measurement of how true colors look
when illuminated with the light source. It is measured in 0-100 scales, with 100
representing true color reproduction.

When determining the CRI value of a light source, several reflective samples are
employed to be illuminated by the test light source and a reference source. A special CRI
for a reflective sample is specified through the color shift in the CIE 1964 uniform color
space

R; = 100 — 4.6 x AE; (6)
Where AF; is the color difference of the reflective sample illuminated by the test light
source and the reference source. The general CRI of the test light source is the average of

the special CRIs obtained from those reflective samples:

1
Ra == ?=1 Ri (7)

n

Where n is the number of the reflective test samples.
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