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SUMMARY

A novel solid state illumination source has been developed. A two terminal dual
LED has been created with the ability to control the relative intensities of the two emission
peaks by varying drive current. Doping profiles have been used to extend the dynamic range
of the dual LED over other reported devices. Operation of the dual LEDs is explained as a
function of drive current. In addition, novel use of phosphor mixtures allows the creation
of a broadband spectral power distribution that can be varied using a dual LED as an
excitation source. Combinations of phosphors that have varied excitation spectra provide
the ability to selectively excite different phosphors with the different LED emission peaks.
First and second generations of the two terminal dual LED and the phosphor combination
are discussed. The final source has the ability to mimic the light of a blackbody radiator over
a range of 3200 K - 5300 K. The development of a three terminal dual LED as a pump source
was prohibited by the need for a III-nitride tunnel junction, that proved unattainable in the
scope of this work. However, several novel doping schemes were investigated toward this
end. Finally, a circadian light source has also been developed that can affect physiological
changes in humans, and a light box for entrainment of circadian rhythms in rats has been

built.

xiil



CHAPTER I

INTRODUCTION

A novel broadband spectrally dynamic solid state illumination source (BSDLED) has been
developed that uses a dual wavelength light emitting diode (LED) and combinations of phos-
phors to create a broadband emission that is real-time controllable. Sixz major focuses of this
work were as follows: (1) creation of a two terminal dual wavelength LED with control of
the relative intensities of the two emission peaks; (2) bandgap modeling of the two termi-
nal dual LED to explain operation based on the doping profile; (3) novel use of phosphor
combinations with dual LEDs to create a broadband spectral power distribution that can be
varied to mimic a blackbody radiator over a certain range; (4) investigation of novel doping
schemes to create tunnel junctions or equivalent buried current spreading layers in the III-
nitrides; (5) optical modeling of a three terminal dual LED; (6) development a nowvel light
source that interacts with the human circadian system.

The lighting industry is on the cusp of a major revolution with the development of new
illumination sources based on light emitting diodes called solid state lighting (SSL) [29]. Tra-
ditionally, LEDs have been used as indicator lights, replacing small incandescent lamps and
have only recently become widespread in niche applications such as signage, backlighting,
mobile devices, traffic signals, and large area displays. However, no significant penetration
has been achieved in general illumination because suitable sources do not yet exist. In some
applications one or more of the following key attributes make solid state sources attractive
alternatives to conventional illumination technologies: saturated color, small size, energy
efficiency, robustness, and controllability. However, in general illumination different criteria
such as broadband, high color rendering capability and appropriate correlated color tem-
perature make the adoption of SSL more difficult. Additionally, it is important to eliminate
gaps in the power spectrum of sources to achieve high quality white light, especially for color

rendering purposes and possibly human factor effects [48]. An example of this is shown in
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Figure 1: RGB LED SPD compared to two different broadband SPDs.

Figure 1, where broadband sources are plotted against a red-green-blue LED (RGBLED)
source; the drastic differences in the power spectra can be observed. In fact, in many cases
designers and architects are seeking added functionality such as dynamic spectral control,
also exemplified by the two different broadband spectra shown in Figure 1. No available
SSL technologies incorporates all the necessary attributes for general illumination. Thus,

there is a need for novel devices that lend themselves to a SSL general illumination solution.

A dual wavelength LED has been developed with the ability to control the relative inten-
sity of the two emission peaks through two terminal operation. A novel solid state general
illumination source has been developed based on a metal organic chemical vapor deposition
(MOCVD) grown, gallium nitride (GaN), multi-quantum well (MQW) light emitting diode.
Two device structures were envisioned for this work, including a three terminal device struc-
ture consisting of two LEDs emitting at two distinct wavelengths monolithically grown and
a two terminal device with two MQW regions that emit different wavelength of light. Both
devices could be used to excite two or more phosphors with different excitation spectra,
Figure 2. The combined phosphorescence spectrum can then be controlled by adjusting the

relative intensities of the two LED emissions. Phosphor analysis shows such a scheme to be
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Figure 2: Schematic of Dual LED exciting multiple phosphors

viable for use in a broadband spectrally dynamic general illumination source.

The final BSDLED in this work is based on a novel two terminal dual LED. This device
design is simpler than the three terminal dual LED and does not rely on the use of III-
nitride tunnel junction. The development of a suitable III-nitride tunnel junction proved
to be the prohibitive element of a three terminal dual LED.

One focus of this work was the development of improved buried current spreading lay-
ers for use in the three terminal dual LED structure. Previous three terminal dual LED
structures [51] have not been adopted for widespread use because of inefficiencies associated
with tunnel junctions (TJ) used to contact the buried p-type layers. A new hybrid p-doping
technique as well as SPS doping and the effects of Mn on tunneling have been investigated
to address this issue. Tunnel junctions have been reported in GaN; however, no systematic
work considering standalone tunnel junctions in GaN exists, leaving a lack of understanding
concerning the mechanisms of current flow in these structures.

A second focus of the work sought to maximize light output of the dual LED structures.
Optical modeling was used to investigate the effects of reabsorption between the two MQW
regions. If necessary, the incorporation of Bragg type reflective layers and their influence
on light output was studied.

Another focus of this work has been the incorporation of multiple phosphors with the



dual LED to achieve a broadband spectrally dynamic solid state illumination source. Pre-
liminary analysis shows that a broadband spectrally dynamic solid state illumination source
using multiple phosphors is possible. This is the first known work to consider a broadband
spectrally dynamic solid state illumination source.

A fourth focus was the development of light systems that interact with the mammalian
circadian system. A light source that mimics the change in daylight over the period of a
day has been developed. Also, a light box for investigating the effects of colored light on

the circadian system of rats has been developed that uses LED as the light source.
1.1 SSL History

Solid state lighting is lighting or illumination using light emitting diodes. The recent de-
velopment of high brightness LEDs (HBLED) has enabled the potential for a solid state
revolution to take place in lighting/illumination similar to what has occurred in the micro-
electronic and display industries. Incandescent bulbs and fluorescent tubes are essentially
vacuum tube technologies similar cathode ray tubes (CRT) for displays and vacuum tubes
predominant in early electronics. Solid state light sources offer many advantages to conven-
tional light sources including higher efficiency, longer life, smaller size, greater robustness,
and others. However, a transition to solid state lighting technology in general illumination
will be more difficult than microelectronics or displays because of the characteristics of the
source and the preexisting electrical infrastructure.

The first electrical distribution system was built to provide power for incandescent light
bulbs used in general illumination. Since then power distribution and lighting have been
developed in coordination with each other. The existing infrastructure is primarily built for
lamps operating at higher voltages (120 volts) than required for solid state lighting. Thus,
some change in infrastructure may be required and is long overdue with the widespread use
of consumer electronics that rely power with voltages in the range of that for SSL.

The widespread use of LEDs in lighting dates back only about a decade (mid 1990s);
although, GaP and InAlGaP LEDs emitting in the red to yellow part of the spectrum date

back to 1960’s and 1970’s. The major obstacle was creating suitable emitters in the green



to blue part of the spectrum and it was not until the development of InGaN-based blue
and green LEDs that solid state lighting could be viewed as a feasible technology. In 1969
Maruska reported depositing the first GaN single crystal film using hydride vapor phase
epitaxy and in 1971 Pankove reported the first electroluminescence using Zn doped GaN.
Then in 1972 Maruska achieved violet (430 nm) emission using Mg doped GaN (GaN:Mg).
Between 1972 and 1986 little work was published in this area until Amano et al used
aluminum nitride (AIN) buffer layers to greatly increase the crystalline quality of metal
organic vapor phase epitaxially (MOVPE) grown GaN. However, it was not until 1989
that Amano and Akasaki created conducting p-type GaN:Mg by post growth treatment of
low energy electron beam irradiation (LEEBI) leading to the possibility of high brightness
emitters. It would take another pioneer in 1995, Nakamura, with his novel growth technique
and GaN buffer layers to make GaN devices a viable solid state lighting technology with
efficiencies greater than ten percent. At Nichia, Nakamura used heterojunction structures to
create the brightest GaN light emitting diodes at that time. Today, white broadband LEDs
are capable of producing greater than 100 lumens and efficiencies greater than 100 lm/W.
These metrics are rivaling, and sometimes beating, those of other general illumination
sources like incandescent and fluorescent bulbs.

SSL sources have advantages over conventional light sources, including higher efficiency,
longer life, smaller size, and enhanced controllability among other characteristics. The
energy savings promised by SSL could be extensive[29], while the longer lifetime reduces cost
of ownership and allows for greater integration of lighting into the architectural space. In
addition, the smaller size and enhanced controllability of SSL over conventional illumination
offers designers more freedom to create novel devices and fixtures while adding functionality.

SSL has already made a significant impact in several niche markets such as signage,
displays, traffic signals, backlighting, and others where the features of LEDs are well suited
for the application. However, no major penetration into general illumination has been
achieved for SSL although automobile interiors are increasingly being illuminated by solid
state lighting. The major differences between the proven SSL markets and illumination are

direct versus indirect lighting, total light output, and the quality of white light. Lighting



designers must fully understand the characteristics of LEDs and how they differ from other
lamps to fully exploit the advantages of SSL. Furthermore, innovative SSL system designs

will be a major catalyst in the success of this technology in general illumination.
1.2 Motwvation

Solid state lighting shows potential for energy savings and design flexibility, with the possi-
bility for radically new illumination solutions. General illumination is the largest sector of
the lighting market and the greatest potential for energy savings. However, as solid state
lighting develops into a general illumination technology, it will be important for designers
to exploit the attributes of LEDs to create innovative sources that provide customers with
new functionality and quality as well as replacement of old lamps. If novel designs are not
pursued and solid state lighting is viewed as a retrofit replacement for conventional light
sources, it is likely that LEDs will be met with the same slow acceptance that has hin-
dered the compact fluorescent lighting sector or complete failure as a general illumination
technology.

The United States Department of Energy and Optoelectronics Industry Development
Association (OIDA) estimated in a 2001 report that by 2025 SSL could reduce the global
amount of electricity used for lighting by 50%. This would lead to a cumulative savings
potential in the US alone of 16.6 Quads (760 GW) of electrical energy, thereby eliminating
258 million metric tons of carbon emission and alleviating the need of 133 new power stations
(1000 MW each) [29].

The smaller size, longer life, and greater controllability, among other attributes of SSL
sources, enable new fixture designs unrealizable using incandescent or fluorescent bulbs.
For example, incorporation of illumination systems into building infrastructure is an option
with solid state lighting sources because they have lifetimes greater than other technolo-
gies utilized in the building infrastructure. Designers may consider existing parts of the
environment as potential illumination sources for example, doors or windows. These new
illumination systems require new fixture designs to properly distribute the light using LEDs

that closely resemble point sources. During the SSL source design process, the differences



from traditional sources should be considered to create radically different illumination sys-
tems because the cost of LEDs is higher than incandescent bulbs and it is unlikely that the
price will be matched in the near future. Therefore, incentives such as added functionality,
must be incorporated to entice early adopters until a critical mass is reached and economies
of scale can drive down costs to better compete with traditional sources.

Dynamic lighting, that has the ability to adapt to the number of people, time of day, or
occasion for a particular space is possible using one SSL source. Control is achieved easily
with LEDs because they are relatively narrow band emitters compared to incandescent or
fluorescent sources and have fast switching speeds. In addition, by pumping the appropriate
phosphors broadband dynamic solid state light sources can be achieved. A wide color gamut
including many shades of white can be realized by proper mixing, and this can be tuned as
desired with a control system.

Developers must think beyond the scope of todays lighting systems. Illumination for
visual acuity has long been the primary function of illumination, but as the illumination
industry has matured the psychological aspects of illumination have been considered by
designers; for example, choosing a particular lighting distribution or color variation in retail
applications. The next step in the evolution of illumination is to consider the physiological
effects of illumination that cause biological changes in a person within the environment. As
described later LEDs may play a major role in such systems. It is only through innovative
designs that SSL may gain a true foothold in the illumination market and potentially be a

disruptive technology.
1.3 State of the Art

The state of the art for SSL is continually developing at every level of the technology includ-
ing in materials and growth, packaging, and systems. Applications for LEDs have grown
to include large area displays, traffic signals, mobile phone backlights, various automotive
applications, as well as many others. Advanced LED chips and packages have also been
developed beyond the well known 5 mm package to accommodate growing needs. Lastly,

fixtures designed specifically for SSL sources are being tailored to meet the requirements of
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Figure 3: Band Gap vs. Lattice Constant for ITII-Nitrides

general illumination based on the attributes of the LEDs.

1.3.1 Materials & Growth

Commercially available LEDs are almost exclusively grown by metal organic chemical vapor
deposition (MOCVD) in material systems including aluminum gallium arsenide (AlGaAs)
for Red, aluminum indium gallium phosphide (AllnGaP) for red to yellowish green, and
aluminum indium gallium nitride (AllnGaN) for green to UV. Figure 3 shows the material
system bandgaps versus lattice constant. Most current device structures incorporate multi-
quantum well (MQW) active regions to enhance light output, usually comprised of gallium
nitride and indium gallium nitride (GaN/InGaN) alternating layers, and can be designed to
emit a desired wavelength of light covering almost the entire visible spectrum. Magnesium
(Mg) and silicon (Si) are the most common p-type and n-type dopants, respectively. A basic
LED structure is shown in Figure 4 although thicknesses and exact details of the structure

vary by design.
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Figure 4: Schematic structure for a common IlI-nitride LED

1.3.2 Chip Fabrication

Die fabrication for LEDs typically employ cleanroom processing techniques such as pho-
tolithography. Once a pattern is transferred to the wafer, dry plasma etching and metal
evaporation are used to define the mesa structure and deposit metal contacts, respectively.
More advanced chip designs involve surface roughening techniques and die shaping to im-
prove light extraction[32, 64]. There is also substantial work in p-type metalization schemes
to improve contact resistance and increase light output such as low resistance ohmic trans-

parent contacts. This is discussed in further detail in Section 2.2.3.
1.3.3 Packaging

Packaging is one the most important areas of SSL source development because it will define
how well the light is extracted and in what pattern, how heat is to be dissipated, and how
phosphor is applied. Typically, an epoxy encapsulation is formed on top of the device to
act as a protectant and a lens is attached to properly distribute the light in lambertian,
batwing, or other patterns. High power packages include a method for effectively removing
heat generated at the junction. The luxeon package developed by Lumileds is an example
of a new package developed for high power LEDs. Different lens shapes provide required
distribution patterns and the back of the package serves as a face that can be attached to

a heat sink for thermal management.



Phosphor development has been widespread for LED phosphor converted devices. Yt-
trium aluminum garnet (YAG), a scintillator (although typically referred to as a phosphor),
absorbs photons with wavelengths in the blue part of the spectrum and has a relatively
broadband emission peak at 550 nm (yellow/green light). White light is produced when
some of the blue light is transmitted and mixed with the yellow light; however, this light is
lacking in the red part of the spectrum and suffers in color rendering tasks. Red-emitting
phosphors have been developed and incorporated with the YAG to provide higher quality
white light to compensate for this. Another solution is to use orange, yellow, green, and
blue phosphors pumped with a 400 nm device. A desired color can be achieved by properly

mixing the phosphors.
1.3.4 Applications & Systems

Traffic signals and large area displays are two of the most prominent niche markets where
colored LEDs have become very successful. However, one of the biggest drivers for the solid
state lighting market has been the use of LEDs as backlights in mobile phones. LEDs are
ideally suited for backlighting because of their small size, high efficiency, and low output
requirements. They are especially useful in embedded designs where their long lifetime
means they will outlive the product into which they are incorporated. Another emerging
market is automotive lighting where LEDs are used as taillights, interior illumination, dash
backlighting, and soon headlights. Designers have more flexibility due to the small size of
the LEDs. In addition, LEDs are suited for the harsh environment of automotive lighting
requirements because they do not require a fragile glass bulb.

Dynamic sources that can change their output over time are also being realized using
LEDs. Applications such as wall washes and decorative lighting are markets where LEDs
coupled with control circuitry are becoming widespread. Color Kinetics is a market leader
and has developed many sources for these applications.

SSL is also very well suited for remote lighting applications where the power source, a
battery or solar cell, can operate as low voltage direct current power sources. In many cases

the quality of the light can be sacrificed for high efficiency and long lifetime. For example,
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programs such as Light Up The World install such devices in remote regions of the world
where an integrated power grid does not exist, yet there is need for light after the sun sets.

To date, no significant penetration has been observed in general illumination. However,
many manufacturers and researchers are developing solid state lighting sources to meet the
needs of general illumination. Power drivers have also been specifically developed for driving
LEDs from a standard alternating current line. LEDs operate on much lower voltages (<
5 Volts) than the 120 or 220 volts that are common in North America and Europe. Some
of these drivers have included control circuitry to provide dimming of SSL sources. LEDs
are typically dimmed by operating them with a pulse width modulation scheme instead of
constant current.

Organic LEDs (OLEDs) have also been a major area of research. These devices are
large area emitters instead of point sources. OLEDs have the potential to be manufactured
on a reel to reel type system with either glass or plastic substrate, which could be a very
economic manufacturing process. However, the development of these devices lag inorganic
LEDs with lower light output (150 lumens for 6’x6’ panel), shorter lifetimes (10,000 hours),

and lower efficiencies (30 lm/W).
1.4 Imnovative Illumination Sources

Solid state lighting has many potential advantages over conventional lighting technologies;
however, this may not be enough to realize significant penetration into the general illumi-
nation market. It is unlikely that LED prices will reach the substantially lower prices of
incandescent bulbs in the near future. In light of this, designers will need to create innova-
tive devices that provide a competitive advantage over conventional illumination sources.
Relative small size, long life, increased robustness, high efficiency, and added controllability
are attributes that lend themselves to the creation of innovative illumination systems that
can be integrated into the building infrastructure, respond dynamically to environmental
changes, or cause biological effects in the illumination subjects.

Solid state lighting presents a new paradigm for illumination controllability. Certain

characteristics of the illuminated environment can be manipulated using multiple LEDs
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of different emission wavelengths as the illumination source. This enables a new, versatile,
general illumination source achieving new effects beyond the visual that are not possible with
conventional light sources. Visual acuity has long been the primary function of illumination,
but as the illumination industry has matured the psychological aspects of illumination have
been considered by designers; for example, choosing a particular illumination distribution
or color variation in retail applications. The next step in the evolution of illumination is to
consider the physiological effects of illumination that cause biological changes in a person
within the environment.

Recent biological research has investigated the relationship between human internal
clocks, the circadian rhythm, and light. Studies show that certain circadian rhythms can be
entrained with light [38]. Moreover, blue light at 460-470 nm has been shown to elicit the
greatest circadian response[6]. Thus, disorders such as jet lag, shift work sleep disturbance,
age-related insomnia, advanced- and delayed-sleep phase syndromes, and SAD (seasonal
affective disorder) can be addressed. However, many uncertainties still exist in this field
and more work is required in this field which proper tools can greatly facilitate.

Human biological systems are complex and not well understood, especially the human
eye. Although it is widely accepted that vision is primarily mediated through cells known
as rods and cones contained in the eye, biologists have realized that there are functions of
the eye other than vision[5, 3]. There are cells in the eye that are believed to have the
ability to reset certain biological systems when the correct amount of light is present.

A circadian rhythm is one with a cycle of about 24 hours. Circa means about and dia
means day, giving: about a day or 24 hours. This internal clock is reset daily with light,
which is received by photoreceptors in the body and affects our propensity to sleep or wake.
Core body temperature, sleep schedules, and other physiological behaviors, are regulated by
this clock. The action spectrum in Figure 5 denoted as melatonin response gives evidence
to the importance of spectral content of the source, because it represents the response of
the human circadian system to varying colors of light[6]. An important note is the peak
around 464 nm.

The current state-of-the-art in circadian light therapy devices consists of bright white
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Figure 5: Action spectrum for melatonin secretion in humans

light boxes. These are used to irradiate a certain amount of light onto a subject for a
specified period of time. Until recently, it was widely believed that brightness and exposure
were the only important parameters in the light therapy. The evidence presented here
shows that wavelength of light plays some role in circadian entrainment. The color does
matter because of the way cells work, having peak responses at certain wavelengths. Solid
state lighting has the ability to efficiently interact with the human circadian system on this
premise.

One incarnation places circadian light devices in airplanes much like reading lights to
mitigate the effects of jet lag. Each traveler would have a personal circadian light system
for their specific schedule. Depending on the length or purpose of their stay the source
could help them adapt accordingly. Another set of sources in the cockpit could help to
keep the pilots more alert especially during transcontinental flights. This is an example
of the innovative incorporation of solid state lighting in an environment that provides new
functionality. Solid state lighting must employ new features offered by LEDs in coordination
with the current understanding of light and how it interacts with the human body. Current
lamp technologies are limited in their abilities to do this because they are designed for one

function and typically only the intensity can be controlled.
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CHAPTER II

BACKGROUND

2.1 Literature Survey

Dual wavelength LEDs and conventional LEDs incorporating tunnel junctions have been
reported in III-nitrides. However, no systematic investigation on standalone tunnel junc-
tions in Ill-nitrides is present. Additionally, low series resistance short period superlattice
(SPS) structures have been reported but not as buried current spreading layers. Further
investigation into these structures is necessary to optimize them for use in a dual LED.
Reports of controlling phosphor combinations by multiple pump wavelengths do not exist in

the literature or industry, while combining phosphors for a static device is common.
2.1.1 Tunnel Junctions and Three Terminal Dual LEDs

A dual wavelength indium gallium nitride quantum well light emitting diode was devel-
oped for applications that use fluorescence labeling of biological systems as a diagnostic
technique[51] but is not in widespread use in other applications. This device consisted of
three terminals with a tunnel junction underneath the middle terminal, Figure 6[51]. The
tunnel junction was used as a current, spreading contact layer to the p-type layer of the
bottom device. The presence of the tunnel junction in the bottom device allowed for electri-
cally isolated devices but typically added about 1 volt to the forward voltage characteristics
of the bottom device. Thus, the bottom device has higher series resistance, as seen in Fig-
ure 7, and should be improved. Optimization of the tunnel junction will provide an in-situ
contacting method with suitably low voltage drop. Takeuchi et al. reported on a LED with
a tunnel junction as the top contact that has been optimized with only a .6 V drop across
the tunnel junction[62]. The tunnel junction is the same structure as the one used in the
dual wavelength device and could lead to an improved dual wavelength emitter. However,

a .6 V drop across the tunnel junction will likely be too large to develop a dual wavelength
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LED suitable for widespread use. In addition, emission from the tunnel junction incorpo-
rated device typically consists of a random distribution of um size bright spots that are
thought to originate from local compositional or doping inhomogeneities within the TJ[51].
These effects are not reported in all literature on GaN tunnel junctions, and further inves-
tigations, including temperature dependent current-voltage measurements and infrared and
optical microscopy, will lead to a better understanding of the current injection mechanism.

In reports published previously to Ozden’s dual LED work, tunnel junctions were used in a
more common application as top current spreading layers[25, 26]. A higher series resistance
was observed for the TJ-LED compared to a LED with a semitransparent metal top current
spreading layer. However, the TJ-LED had a higher external quantum efficiency due to the
increased light transmission of the fully-transparent tunnel junction. Chi-Ming Lee et al.[35]
have also reported on the growth of an inverted LED structure, Figure 8. This device has
significantly higher forward voltage at 20mA (7.5 V compared to 3.5 V for typical LED)
but exhibits a total efficiency of 17% compared to 9.5%][35]. The inverted LED is similar to
the bottom LED of a three terminal device. M. Diagne, Y. He et al.[15] have shown that a
tunnel junction can be used as a current spreading layer in a vertical cavity light emitting
diode with an AlGaN/GaN distributed Bragg Reflector on the bottom of the device. The

device structures reported to date use a n+GaN/p+InGaN junction for tunneling and all
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have higher series resistance than a LED with a semitransparent current spreading layer.
However, a report on a LED with a Si-doped Ing 23Gag 77N/GaN short-period superlattice
(SPS) tunneling contact layer shows lowered series resistance relative to a LED with a
semitransparent top current spreading layer[58]. The reduction from 3.8 V to 2.95 V at 20
mA forward bias and reduced series resistance of 40 € to 11 €2 is thought to be due to the
decreased contact resistance of the Ing 23Gag.77N/GaN (SPS)/Ni/Au versus p-GaN/Ni/Au.
In addition, Liu et al report similar results and describe the band structure as shown in
Figure 9[40]. There have been no reports on SPS structures used for buried contacts and
how this affects overgrowth, contacting, or current spreading. The p—+ layer of the tunnel
junction may be improved by using a Mg-doped InGaN/GaN superlattice as suggested by
Kumakura et al.[30]. They report hole generation of above 10'°cm =3, which may help lower
the barrier to tunneling in a device. In addition, Kauser et al. suggest that this structure
may be optimized by grading the indium composition in the InGaN regions[28]. There are
no current reports of tunnel junctions incorporating Mg-doped InGaN/GaN superlattices.
A significant piece of this work was the optimization of p and n type superlattices and
junctions using those structures. An individual analysis of the tunnel junction without
incorporated LED is missing from current literature concerning tunnel junctions in GaN
based materials. A substantial body of work concerning Si tunnel junctions considers the

details of the current-voltage characteristics of a tunnel diode[12, 41, 56, 17, 14, 42], and
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can be used as a basis for further investigations of GaN based tunnel junctions. This will

be discussed in more detail in Section 4.
2.1.2 Phosphor Combinations

There exist several LED manufacturers (Lumileds, Nichia, etc.) using combinations of
phosphors to produce a desired spectrum visible as white light. However there are no man-
ufacturers or any type of reports on a device that is designed to excite two or more phosphors
differently with different energy photons to create a broadband spectrally dynamic white
light source. This is a novel device, as it has not been developed previously, even though

the dual LED, and phosphor combinations have been used for other devices.
2.1.3 Literature Search Summary

In summary, the innovations of this work include the further investigation of GaN based
tunnel junctions and the development novel device that is a broadband spectrally dynamic
solid state illumination source. The novel device relies on the exploitation of different
phosphors with distinct excitation spectra and the use of a dual wavelength emitter to

pump the phosphors. Such a device has not been reported to date.

2.2 Ezxperimental Setup
2.2.1 MOCVD Growth
2.2.1.1 QOwverview of MOCVD

Metal-organic chemical vapor deposition (MOCVD) is the common name used for organometal-
lic vapor phase epitaxy, although it does not strictly agree with general chemical nomencla-
ture. MOCVD is a growth process used for semiconductor materials and devices. Specifi-
cally it is commonly used for growth of III-nitrides. The III-nitrides include AIN, GaN, InN
and any ternary and quaternary alloys of those materials. The other common technique
for growth of III-nitrides is molecular beam epitaxy (MBE), although it is only typically
used for research of these materials. On the other hand, MOCVD is better suited for large
scale growth and is used for manufacturing as well as research of Ill-nitrides. A very ba-

sic synopsis of MOCVD is the following. Gases, some of which are metal-organics, are
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introduced into a heated chamber containing a substrate on which crystalline growth oc-
curs. In the chamber the gases undergo a chemical reaction to form a chemical compound
which is then incorporated into a crystalline structure present on the substrate. In this
way an epitaxial layer is formed and the crystalline semiconductor is grown. In the case of
ITI-nitrides, some combination of trimethylaluminum (TMAI), trimethylgallium (TMGa),
trimethylindium (TMIn), gaseous ammonia (NHs), and possibly gaseous hydrogen and ni-
trogen are introduced into a chamber heated to between 500°C and 1100°C. These gases
then react to form an alloy of AllnGaN with the Al, Ga, and In compositions dependent
on a number of factors including relative gas compositions and temperature. MOCVD is a
complex process and many of its aspects are not fully understood[60]. The common growth
model for MOCVD processes is subdivided into thermodynamic and kinetic reactions|60],
where the thermodynamic model deals with the overall driving force for the process and
the kinetic model is used to understand the rate at which each step of the overall process
occurs. Hydrodynamics and mass transport play an important role in the growth process
and determine the rate at which material reaches the growth interface. The rates at which
chemical reactions occur and the surface details of the structure are also important to the
overall process. Certain aspects of the growth process will be dominated by these factors
leading to two growth regimes: the kinetically limited case where the reaction rate limits
the growth rate and mass transport limited case where the amount of material arriving at
the growth interface limits the growth rate. The theory behind MOCVD growth will be

discussed in more detail in the following section
2.2.1.2  Growth Rate

MOCVD is a pyrolysis process. MOCVD growth is considered to occur in a mass-transport-
limited regime meaning that the interface kinetics are much more rapid than the diffusion
(mass transport) kinetics. Typically in III-V MOCVD growth the V/III ratio is > 1,
and thus the growth rate is mainly limited by the amount of the III atoms present at the
interface[60]. The mass-transport-limited case is true for growth temperatures above 800°C.

Thus, film growth rates (G) depend on gas partial pressures (P) and flow rates (V)[50]. For
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example, in Al,Gaj_,As
G = K(T)[PaaVga + 2P Val] (1)

. 2PV
2PGaVGa + PGaVGa

where K(T) is a temperature dependent constant.
2.2.1.8  Precursor Molecules

The most common Group III precursor molecules used in MOCVD of GaN are trimethylgal-
lium (TMGa), trimethylaluminum (TMAI), trimethylindium (TMIn), and triethylgallium
(TEGa). These compounds are relatively volatile and undergo pyrolysis in the MOCVD
growth process. They are also pyrophoric, but stable enough to be kept indefinitely at
room temperature before use[60]. TE molecules are available for Al and In as well, however
TM molecules are generally preferred because of their higher vapor pressure and increased
stability. TE molecules however lead to significantly less carbon contamination in the GaAs
and AlGaAs[60, 21], since they do not pyrolyze into group III atoms and CHj radicals that
decompose into C in the epitaxial layer.

The group V precursor most commonly used in GaN MOCVD is ammonia (NHs). NHs
however, is highly stable decomposing only 15% at 950°C. This high stability and the large
bond strengths of GaN neccesitate high growth temperatures. Furthermore, nitrogen is
highly volatile, and at high growth termpartures high concentrations of nitrogen vacancies
are formed, making high quality growth of III-Ns difficult[60].

Dimethylhydrazine (DMHy) has been suggested as a nitrogen precursor for GaN growth
at lowered temperatures[43, 36] similar to the growth temperatures of InGaN used in the
MQW regions. DMHy decomposes much more efficiently at the lower temperatures thus
enabling high quality film growth [52]. In addition, it has been reported[52] that p-type
GaN growth with DMHy eliminates the need for thermal activation of acceptors. However,
relatively high (> 10'%cm=3) levels of oxygen and carbon have been observed in material

growth with DMHy[60].
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2.2.1.4 MOCVD of Group III Nitrides

MOCVD of GaN: Gallium Nitride is most commonly grown by MOCVD on sapphire
substrates with orientation (0001). A number of critical steps must be performed to achieve
high quality GaN growth on sapphire including: pre-growth nitridation, buffer growth,
and buffer annealing. Figure 10 is a schematic showing temperature and ammonia flow
with time for a typical GaN growth. In the pre-growth nitridation step the substrate is
heated to temperatures above 1000°C under NH3 ambient. This first purpose of this step
is to reorganize and improve the surface[21]. Secondly, nitrogen compounds from NHjz are
formed on the surface, which is called nitridation, and aids in the growth of high quality
material[21]. Next the substrate is cooled to a temperature around 500°C, and a buffer layer
of GaN is grown. The buffer layer is then heated under ammonia flow to ”recrystallize” and
stabilize the surface, since it is of very low crystalline quality. Finally, the high temperature
GaN is grown on top of the buffer. After the ”recrystallization” step the buffer layer is
still of low crystalline quality compared to the high temperature GaN, but acts to promote
growth of high quality GaN, because the interfacial energy between high temperature GaN
and its buffer is lower than that for high temperature GaN grown directly on sapphire. The

lower interfacial energy enhances lateral growth of the high temperature GaN on the buffer,
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Figure 11: Schematic of a GaInN/GaN QW growth

resulting in a flat surface.

Growth of GaInIN GalnN is of great importance for LEDs as it makes up the quantum
well layers used in typical IIl-ntiride LEDs. Growth of GalnN has not proven trivial, how-
ever. In has a much higher vapor pressure than Ga creating difficulty in growth of In rich
alloys. Typically, growth of GalnN material is performed at reduced temperatures from
normal GaN growth between 500°C and 850°C. In incorporation decreases as temperature
is increased. Maximization of the crystalline quality of the material requires increasing
the growth temperature as much as possible. Growth of GalnN in this work was almost
exclusively part of a GaN/GalnN superlattice or multiquantum well structures. Two opti-
mum growth temperatures exist for the two materials in these structures. A schematic for
a typical quantum well growth is shown in Figure 11. The GalnN is grown at a reduced
temperature for the desired In content, then a thin layer of GalN is grown at the same
temperature to protect the GalnN layer from a subsequent temperature ramp where GaN
is grown again. The higher temperature for the GaN growth is ~900°C which is not ideal
for GaN growth but is optimzed between crystalline quality and damage to the underlying

GalnN layer.
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2.2.2 Characterization

Characterization of material and devices involved in this work includes non-destructive
techniques such as photoluminescence (PL), x-ray diffraction (XRD) and atomic force mi-
croscopy (AFM), as well as destructive techniques such as Hall effect, electroluminescence
(EL), current vs. voltage (IV), light vs. current (L-I) and secondary ion mass spectrometry
(SIMS). these techniques are powerful tools in the research of new materials by providing
feedback for the development process. Ultimately, for light emitting diodes EL, I-V and
L-I measurements provide the performance metrics that determine the quality of the end
device, however, they do not often provide enough information to fully understand issues in
a device. The other techniques mentioned, such as PL, XRD, SIMS, Hall effect and AFM
can provide insight into specific material issues that may be hindering device performance.
Each of these techniques is discussed in further detail in the following sections. Additionally,

the specific setup for this work is discussed for each technique.
2.2.2.1 Photoluminescence Spectroscopy

Photoluminescence is defined as luminescence in which the excitation is produced by visible
or invisible light. Light when directed onto a sample is absorbed and imparts excess energy
into the material in a process called photo-excitation. One way this excess energy can be
dissipated by the sample is through the emission of light, or luminescence. In the case of
photo-excitation, this luminescence is called photoluminescence. The intensity and spectral
content of PL is a direct measure of material properties. Photo-excitation moves electrons
into excited states. On return to equilibrium states excess energy released and may include
the emission of light (a radiative process) or may not (a non-radiative process). The energy
of the emitted light (PL) relates to the difference in energy levels. The quantity of emitted
light is related to contribution of radiative process. The permissible electron states involved
in radiative recombination can be: band-to band, donor to valence band, conduction band to
acceptor. Non-radiative recombination can occur via an intermediate state. The schematic
of these cases is shown in Figure 12. Shallow levels, near the band edge, participate in

radiative recombination, but temperature must be low to discourage thermal activation.
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Figure 12: Possible recombination processes for excited electron.

Deep levels facilitate non-radiative recombination.

In crystalline material, such as semiconductors, translational symmetry leads to for-
mation of electronic energy bands. Defects/impurities perturb band structure creating a
discrete energy level within the bandgap. Depending on the defect or impurity, the state
acts as a donor or acceptor, or other intermediary state. On radiative recombination, the
energy of the emitted light can be analyzed to determine the energy of defect/impurity
level. PL spectroscopy measurements are commonly performed on semiconductor materials
by shining an intense light, usually a LASER, onto the sample and then collecting the PL
from the semiconductor sample. A schematic of how a PL setup might work is shown in
Figure 13. PL spectroscopy is a contact-less, nondestructive, simple and versatile method
of probing the electronic structure of materials. A typical ordinary PL spectroscopy setup

requires:
e Optical Source
e Optical Power Meter/Spectrometer
e Focusing Optics
e Camera/Detector

The optical source is typically a LASER that is either continuous wave or pulsed. The
photonic energy of the LASER is usually higher than the band-gap of the target material

so as to excite all PL energy states. The spectrometer separates the wavelengths of the
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PL light to measure the spectral power distribution. Focusing optics are used to focus the
light of the optical source onto a specific area of the sample under investigation, and then
used to collect the PL and focus into the detector. Proper focusing of light is essential for
high signal strength to distinguish the useable signal from the noise. The camera/detector
collects the focused light and is used to record the desired data.

Defects, impurities, dangling bonds, surfaces and interfaces can contribute to the PL
spectrum of a material. Surfaces and interfaces have high defect and impurity concen-
trations. Dangling bonds can also provide numerous mid-gap states that affect the PL
spectrum of a material. Figure 14 shows some PL spectra of Si with different impurities
contributing to the PL spectra. The PL setup used in this work is shown in Figure 15. Light
is emitted from the Laser, and reflected 90° where it is focused onto the sample. The light
from the sample is then collected by the optics and the monchromator, which feeds data
to a computer. Quantum wells (QW) commonly used in LED design typically have large
PL peaks associated with them. Furthermore, high quality multi-quantum well (MQW)
structures with highly uniform well widths exhibit narrower PL peak widths than MQW

structures with a larger range of well widths.
2.2.2.2  X-Ray Diffraction

X-Ray Diffreaction (XRD) is an analytical tool for the non-destructive characterization of

compound structures. This technique is based on Braggs law, nA = 2dsinf, where n is an
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integer, A is the wavelength of the x-ray source, d is the lattice spacing, and 6 is the Bragg
angle. X-rays are focused on to the sample where they are diffracted. The diffracted light
is collected over a range of angles and the intensity is measured as shown in Figure 16.
Every crystalline material has a unique lattice constant, corresponding to a unique Bragg
angle. The reflected diffraction pattern from the epilayer determines a-spacing and c-spacing
lattice constants of a material according to Braggs law. The linewidth of a rocking curve
measurement, i.e. full width at half maximum (FWHM), determines the crystalline quality.
Figure 17 is an example XRD measurement of AIN. A scan along the c-axis of GaN evaluates
the c-spacing of GaN to be 5.18 Aand a relative scan along the a-axis provides the a-spacing,
3.18 A. In addition, a rocking curve scan on an a-axis or c-axis estimates crystalline quality.
MOCVD growth gives FWHM between 200 300 arcseconds from XRD peak on (0 0 0 2)
reflection plane of GaN. Figure 18 is a picture of system used in this work. The X-Ray

source, sample holder and detector are labeled.
2.2.2.3 Hall Effect

Hall effect measurements can be used to determine carrier density, mobility, and resistivity
of a sample with one measurement. This makes Hall effect measurements a powerful tool

in characterizing semiconductor materials. Resistivity, carrier density, and mobility each
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effect the electrical performance of the material and thus the electronics devices made from
that materials. Hall effect measurement is, however, a destructive technique, and proper
procedures must be followed to insure accurate results. This section will discuss basic theory
behind Hall effect measurements and the setup used in this work. It will also discuss some of
the issues involved in measuring the materials grown in this work. The Hall effect is named
after Edwin Hall, who in 1879 discovered that a magnetic field applied to a conductor
perpendicular to the current flow direction produces an electric field perpendicular to the
magnetic field and the current. This is shown in Figure 19 which is a schematic of a p-type

semiconductor with current in the x-direction given by:

I = qApv, = qudpu, (3)

and a magnetic field B applied in the z-direction The voltage along the x-direction, V), is

psl
- 4
Ve wd )
The resitivity can then be derived as
wd V),
= —— 5
P= ()

There also exists a force on the holes moving through a uniform magnetic field, of strength
B, given by
F=q(&+vxB) (6)

The Hall coefficient is then defined as

dViy
Ry = BI (7)

From this the carrier concetration sample can be measured calculated as:

=1 (8)

p =
qRy

qRu
Typically, the measurement is performed by placing a known magnetic field and current

and measuring the Hall voltage, V.
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2.2.2.4 IV

The current-voltage characteristics of an LED are one the major performance measure-
ments used to determine the quality of a device. Current-voltage measurements are usually
performed by connecting a device to a voltage source and sweeping an input voltage over
a certain range. At the same time, current through the device is measured as a function
of the input voltage. When plotted, this data looks similar to. One of the major factors
determined by I-V measurements is the series resistance of a device. Device performance is
generally degraded by series resistance which depends on the the semiconductor resistivity,
contact resistance, and possibly on the geometry of the device. The current in a diode is

often written as a function of the diode voltage Vj; as
V.
=1, (Jm% - 1) 9)
where Iy is the saturation current and n is the ideality factor. The voltage across the space-

charge region excluding any voltage drops across the p and n quasi-neutral regions is the

diode voltage V. If Figure 20 is taken as the equivalent circuit of a diode then
V=Vg+Ir, (10)
and the current through the diode can be written as
=1 (eWnk?S) - 1) (11)

At high currents the series resistance of the diode has greater affect and can be seen as
sloping over of the I-V curve. At high currents the series resistance can be determined from

_av

; (12)

Ts
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I

Figure 20: Equivalent circuit of a diode

Another important factor that is determined with I-V measurements is the forward voltage
of a diode at a certain operating current. This number is often quoted as a performance
characteristic when describing a device. In the high brightness LED industry the forward
voltage at 20 mA is often quoted. 20 mA is a relatively low operating current, and as such
manufacturers will often only use this number for comparison purposes amongst devices.
They will often provide a forward voltage at the desired operating (typically >300 mA)

current in order for customers to design proper drive circuitry.
2.2.2.5 FEL

Electroluminescence measurements are performed by injecting current into the LED and
collecting the light output from the device. Electroluminescence is the normal operation
for an LED. Typically devices are fabricated with metal contacts on the n and p regions.
The device is then connected to a power source, and situated so that the light output can
be collected using optics and directed towards a spectrometer and/or light power meter,
similar to PL spectroscopy. The spectrum and the overall power output are important
in EL measurements. Spectral only measurements are much simpler to perform since it is
assumed that the light output is uniform over the device and only light from one point needs
to be collected. Since EL is the operating process for LED, EL spectroscopy measurements

provide a direct correlation to how the device will operate. However, if the total luminous
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flux is desired then, all the light from the device must be collected or a tightly calibrated
setup must be used. An integrating sphere is a common tool for collecting the total output
from a device. In this arrangement the device is inserted into one side of the sphere. The
interior of the sphere is coated in a highly reflective materially which reflects the light onto a
point in the sphere. The system is calibrated to so that the light measured from the sphere
corresponds to a total light output of the device. Another arrangement involves collecting
the light at specific location in relation to the LED, and calibrating that measurement with
a known light output. This arrangement is less accurate than use of an integrating sphere
because of error introduced in placing the collecting optics of the system as well as the device
placement. Additionally it is difficult to account for variations in the radial distribution of
the light emitted from the LED. However contacting of the device is simplified in this setup
as it can be placed on a probe station. Efficiency of the device can be determined from
the EL total luminous flux measurements. The external quantum efficiency of a LED is
determined by measuring the light output power and dividing it by the input power. This
metric is often quoted in lumens per watt or watts per watt, and is one of the fundamental

metrics used in evaluating LED performance.
2.2.2.6 L-I

Luminescence-current measurements are an extension of EL. measurements. EL total lumi-
nous flux and spectrum are collected while sweeping over a specified current range. these
measurements provide data on how a device performs with changing drive current, and can

provide insight into issues involved with device performance.
2.2.2.71 AFM

Scanning Probe Microscopy (SPM), which includes Scanning Tunneling Microscopy (STM)
and Atomic Force Microscopy (AFM), are experimental techniques used to image both
organic and inorganic surfaces with (near) atomic resolution. It was in the 1980’s that
IBM scientists, Binnig and Rohrer developed the STM. The STM measures the tunneling
current between a sharp conducting tip and a conducting sample. The STM can image the

samples topography and can measure its electrical properties by tunneling current between

32



a sharp conducting tip and a conducting sample. The STM can also measure the electrical
properties of the sample by the tunneling current between them. However, it cannot be
used for non-conducting material[31]. To provide a solution to this problem, in 1986, Gerd
Binnig and Christoph Gerber used a cantilever made by gluing a shard of diamond onto a
strip of gold foil to examine insulating surfaces. A small hook at the end of the cantilever
was pressed against the surface while the sample was scanned beneath the tip. The force
between tip and sample was measured by tracking the deflection of the cantilever. The force
microscope emerged in this way. Nowadays, the tip-cantilever assembly is usually fabricated

from Si or SigNy.

Physical principle and instrumentation: In the AFM, a cantilever with a small tip
at the end can be mounted on a piezoelectric crystal that can move in the X, Y, and Z
directions. If the tip is scanned over a surface, the probe moves up and down over its
topography and the displacement caused by the features on the surface can be measured
to create an image. The AFM measures the Van der Waals force between the tip and the
surface; this may be either the short-range repulsive force (in contact-mode) or the longer-
range attractive force (in non-contact mode). By manufacturing extremely small tips, it
is possible to image atoms and molecules on a surface. The tip is scanned over a surface
with a feedback mechanisms that enable the piezo-electric scanners to maintain the tip
at a constant force (to obtain height information), or height (to obtain force information)
above the sample surface. The AFM uses an optical detection system in which the tip is
attached to the underside of a reflective cantilever. A laser diode is focused onto the back of
a reflective cantilever. As the tip scans the surface of the sample, moving up and down with
the contour of the surface, the laser beam is deflected off the attached cantilever into a dual
element photodiode. The photodetector measures the difference in light intensities between
the upper and lower photodetectors, and then converts it to a voltage. Feedback from the
photodiode difference signal, through software control from the computer, enables the tip
to maintain either a constant force or constant height above the sample. In the constant

force mode the piezo-electric transducer monitors real time height deviation. The main

33



Laser

____El PSPD

LY

1
i

o

———e-

cantilever
sample
laser beam
X=y-Z piezo
5 w}t;e sptl:anner canfilever

(a) (b)

Figure 21: Diagram of (a) conventional AFM and (b) cantilever

function of the instruments is to quantitatively measure surface roughness and provide an
image of surface topography. Three dimensional topographical maps of the surface can be
constructed by plotting the local sample height versus horizontal probe tip position. There
are three scanning modes associated with the AFM, namely, contact mode, tapping mode,
and non-contact mode. Contact mode is the scanning mode in which the tip is in contact
with the surface and the image is obtained by the repulsive forces between the tip and the
sample. In tapping mode, the image is obtained by the tip, which just taps the surface for
small periods of time. In non-contact mode, the tip oscillates above the surface and the
image is obtained by the attractive forces between the tip and the sample. For QD analysis,
mostly tapping mode or contact mode tip is used. The contact mode tips used for scanning
QDs usually have a higher spring constant so that it can scan over the rough QD sample
without breaking. In order to obtain good AFM results, a vibration isolation platform is

needed to damp out any external vibrations that may affect the measurements.
2.2.2.8 CIE, Correlated Color, CCT, and CRI

The International Commission on lllumination or Commission Internationale de I’Eclairage
(CIE) has developed a chromaticity diagram, Figure 22, on which any color of light can

be plotted. The edges represent single wavelength or saturated colors and any point in

34



04800

0.3600

0.2400

0.1200]

0.0000]

0.0000 0.1400 0.2800 04200 0.5600

Figure 22: 1976 CIE Diagram

the middle corresponds to some spectral broadening or mixing of those wavelengths. The
Planckian Locus, a set of points corresponding to a black body’s radiation (Figure 23)
at different temperatures can then be mapped onto this diagram. By creating light with
coordinates on the Planckian Locus, the light is said to have a certain color temperature,
meaning that is looks the same to the eye as a black body heated t o that temperature.
Chromatic adjustment by the human eye causes colors that are close to look the same when
they are not next to each other. By moving slightly off the curve in any direction the source
can be characterized by a correlated color temperature, corresponding to the isotemperature
lines in Figure 22 drawn through the Planckian at certain color temperatures. It is important
to note that an increase in temperature essentially corresponds to an increase in the amount
of blue light contained in the spectrum as indicated by the arrow in Figure 23. In fact, for a
6000K source the intensity at 470nm (blue), near the maximum of the circadian response, is
about 250 times greater than that of a 3000K source. Daylight moves along the Planckian
through the day corresponding to shifting color temperature as shown in Figure 24.
Another important lighting metric is the Color Rendering Index (CRI). A sources ability

to render colors as compared to a standard source is measured on this index which usually
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ranges from 1 to 100. This is essentially how similar different color samples appear when
viewed under a test source as compared to the standard source. A CRI of 100 would
mean that all the samples looked the same under the test source as the standard source8.
Manufacturers commonly use this index to characterize the quality of their sources; it does
not however correlate with how ”good” the colors look. As a standard metric it is important

to take into consideration when developing a new source.
2.2.3 Fabrication

Fabrication of LEDs currently requires the use of tools commonly found in the microelec-
tronics industry. LED chip fabrication is the process of isolating chip size areas of a wafer
with the appropriate semiconductor material and contacting the p and n sides of each chip
with metal. These chips can then be cut from the wafer and packaged as desired. In this
work, photolithography was used to create a pattern on the the wafer for each fabrication
step. Reactive ion etching (RIE) or inductively coupled plasma (ICP, a form of RIE) was
used to remove material around each chip, thus isolating them from surrounding chips and
exposing n-type material for contacting. Electron beam (E-beam) evaporation of metal was
used to deposit contacts on to each device. Each of these techniques and the principles
behind their use are discussed further in this section. Then, the specific process used for

devices in this work is described in detail.
2.2.3.1 Rapid Thermal Annealing

Rapid thermal annealing (RTA) is a heating process used commonly in semiconductors to
quickly heat a sample for a designated period of time and rapidly cool the sample afterward.
The RTA system used in this work contained an metal filament that can be heated very
rapidly by passing a current through it much like an incandescent bulb. A large part of
the energy emitted from the filament is in the form of infrared radiation, which is used to
heat the sample. Once the current to the filament is turned off the sample begins cooling
down. A typical RTA system can reach +800°C in 30 seconds or less, decreasing the effects
of heat during the temperature ramp on the sample. The system is controlled to maintain a

designated temperature by increasing or decreasing the current through the filament based
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on the current temperature reading at the sample. Another feature of most RTA systems
is the ability to introduce a gas into the chamber at the time of annealing. In the case of

this work Ny and air ambients were used for annealing steps.
2.2.8.2  Photolithography

Photolithography, also known as optical lithography, is a process used to transfer a pattern

from a photomask to a substrate. Photolithography may involve the following:

e substrate preparation
e photoresist application
e soft-baking

e exposure

e crosslinking-baking

e developing

e hard-baking

Substrate preparation is important to avoid contamination and in this work involves cleaning
with solvents. Cleaning prepares the surface for photoresist application, which is typically
done by spinning the photoresist onto the sample. An appropriate amount of photoresist
into cover the entire sample is placed in the center of the sample. A typical spinner setup
has a vacuum chuck to hold the sample on a spindle, which rotates at several thousand rpm
spreading the photoresist over the sample uniformly by centrifugal force. The thickness
of the photoresist layer is partly determined by the rate at which the spinner spins. Soft-
baking occurs at a relatively low temperature to slightly harden the photoresist so that it
can be handled and placed into the exposure tool, without changing the chemical properties
of the photoresist. Exposure is typically performed with a mask aligner whose function is
to bring the sample and the mask closely together and align them if necessary with the

mask between the sample and the exposure light source. The mask aligner then exposes
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the sample to a specific wavelength of ultraviolet light that changes the chemical property
of the photoresist. This only occurs under areas of the mask that have no metal patterning,
resulting in a pattern transfer to the photoresist layer. The photoresist in this work then
requires a crossover bake that once again changes the chemical properties of the photoresist,
but acts differently on the exposed and unexposed areas of the photoresist. The sample is
then placed in a developing solution that removes one of the exposed or unexposed areas of
photoresist, but not both. Whether the unexposed or exposed areas is removed is a function
of the photoresist. After developing, a pattern that is either the positive or negative of the
photomask is left on the wafer in the form of photoresist. The photoresist is then typically
baked at a high temperature to make it resistant to further fabrication steps, such as etching
where it is desired to remove only substrate material not covered by photoresist. A metal
pattern can also be transferred to the substrate with a photoresist pattern and etching or
lift-off techniques. Finally, the photoresist is removed using a specialized stripper solution,
or acetone. This process can then be repeated to transfer another pattern over the previous
pattern[10]. The specifics of the photolithography for this work are discussed below in

Section 2.2.3.5.
2.2.8.83 Reactive Ion FEtching

Reactive ion etching (RIE) is an anisotropic dry etching process in which a plasma of
reactive ions is used to etch a material. For example a GaN sample is placed in a chlorine
ambient on a powered electrode used to strike a chlorine plasma as shown in Figure 25. The
plasma causes ion bombardment of the sample surface where chemical and kinetic forces
etch away the surface. Anisotropy is prevalent because ion bombardment is very small on

the vertical walls of the sample and only the horizontal surfaces see the etching.
2.2.8.4 FElectron Beam FEvaporation

Electron beam evaporation is a form of physical deposition in which a material (the charge)
is evaporated by a focused electron beam and deposited somewhere else. The electron beam
provides heat to the charge until it evaporates at a rate desired by the user. Metals are

evaporated by this method and deposited as the contacts for LEDs. The metal charge sits
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in a crucible made of graphite at the bottom of a deposition chamber that is pumped to
~ 107% torr. The sample for deposition is placed deposition side down or facing the charge
and crucible as shown in Figure 26. An electron beam is focused onto the charge and heats
it. As atoms evaporate from the charge they travel upward to the sample and deposit
forming a film. The rate of deposition is dependent on the material and the power of the
electron beam as well as the pressure of the reactor. In general the evaporated material is
assumed to have uniform flux over a semisphere above the charge. If the deposition sample
is placed suitably far away, a film of relatively uniform thickness can be expected.

This work included the evaporation of:

e Nickel (Ni)

e Gold (Au)

e Titanium (Ti)

e Aluminum (Al)

2.2.3.5 Fabrication Process Specific to This Work

This section will step through the fabrication process used in this work for LEDs and other

diode devices. Some discussion of the reasons and issues for each step will be included. The
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major processes involved in the fabrication of LEDs are discussed Sections 2.2.3.1- 2.2.3.4.

Solvent Cleaning Routine A LED wafer is removed from the MOCVD growth cham-
ber, and is either fabricated whole or cut into pieces for device fabrication. The
sample is then cleaned using a solvent cleaning routine . The sample is sprayed with
Trichloroethane (TCE) first to remove any organic matter that may have deposited on
the sample. Acetone is then used to remove the TCE and any residual contaminants.
Methanol is then sprayed on the sample to remove the Acetone and other residual
contaminants. The sample is then thoroughly washed with deionized water to remove
any methanol and other contaminants. Finally, the sample is thoroughly dried with

a nitrogen gun.

Anneal - pGalN Activation The sample is annealed in the RTA system at 800°C for 4
minutes under No ambient. This steps serves to drive hydrogen out of the pGaN layer

on top of the device thereby activating the Mg dopants as acceptors in the lattice.

Metal Deposition - Semitransparent Contact A semitransparent metal layer is de-
posited next. 5 nm of Ni followed by 5 nm of Au are deposited directly on the
annealed sample. This metal layer serves as a current spreading layer that allows
light to pass. In the next step, it is made to help form an ohmic contact to the pGaN

surface.

Anneal - Current Spreading Contact Annealing the previous Ni/Au layer in an oxy-
gen ambient causes oxygen to diffuse into the metal layer and form NiO at the metal
semiconductor interface which aids in making an ohmic contact to the pGaN surface.
The sample is annealed in the RTA at 500°C for 2 minutes in standard atmosphere

which contains oxygen.

Pattern transfer - Mesa Photolithography is used next to transfer a mesa pattern to
the sample that will define the semitransparent Ni/Au pattern as well. Photoresist is
spun on the sample at 2500 rpm for 30 seconds, followed by a second photoresist layer

at the same parameters. The photoresist layer is then soft-baked at 100°C for 1.5
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Figure 27: Picture of photomask for mesa pattern

minutes and then exposed with the mesa pattern mask shown in Figure 27 for a total

of 60 c%]z of photonic energy (for example, 10 seconds of light with intensity of 6 %)

A crosslinking-bake is then performed at 115°C for 2.5 minutes. A flood exposure is
mJ

then performed without a mask for a total of >180 3. Finally, the photoresist is

developed in a solution of 5:1 H20:AZ 400K for 1 minute.

Metal Etch - Semitransparent The sample is then submerged in potassium iodide which
removes any metal not covered with photoresist. Potassium iodide is typically used

as a gold etchant but is used here to etch both the Ni and Au.

Hard-bake A hard-bake in a laboratory oven at 120°C for 30 minutes is required before the
sample can be dry etched. The photoresist layer must be cured in the oven to prevent
its etching in the dry etch process. This will insure that the material underneath the

photoresist remains intact.

Dry Etch - Mesa Reactive ion etching of the sample is performed to define the mesa
structure of the device and expose the n-type GaN layer for contacting. A typical

etch depth for an LED device in this work is 1.2 pm.
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Figure 28: Picture of photomask for p bonding pad

Photoresist Stripping Reactive ion etching causes some damage to the photoresist in-
creasing the difficulty of totally removing the photoresist layer. However, an ultrasonic
bath of acetone for 15 minutes removes all residue of the photoresist. Methanol is
then used to remove and acetone residue, and de-ionized water is used to remove any
methanol. Drying with a nitrogen gun is the final setup before the next patterning

step is performed.

Pattern Transfer - pGalN Bonding Pad The pattern transfer for the pGaN bonding
pad is very similar to the mesa pattern transfer, except only on layer of photoresist
is deposited, and the soft-baking and crosslinking-baking times are reduced to 1 min
and 2 minutes, respectively. Figure 28 shows the mask pattern for the pGaN bonding
pad. The mask and sample patterns must be aligned so that the pGaN bonding pad

is at the proper place relative to the mesa for each segment of the pattern.

Metal Deposition - pGaN Bonding Pad Electron beam evaporation of 50 nm of Ni
followed by 250 nm of Au creates the metal layer for the pGaN bonding pad. The
thickness of the Au layer determines how well a wire bonder will be able to bond a

lead wire. If the Au is too thin it will peel off with the wire bonding process.
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Figure 29: Picture of photomask for n bonding pad

Metal liftoff - pGalN Bonding Pad Metal deposition covers the entire sample, includ-
ing the areas covered by photoresist. An ultrasonic acetone bath strips away the
underlying photoresist and any metal that is covering it, leaving metal only on the
areas that were not covered by photoresist. This process is called metal lift-off be-
cause the metal is lifted away with the underlying photoresist, leaving only the desired

pattern.

Pattern Transfer - nGalN Bonding Pad The pattern transfer for the nGaN bonding
pad is exactly the same as the pGaN bonding pad, except that the nGaN bonding
pad mask is used instead of the pGaN mask. The nGaN bonding pad mask is shown

in Figure 29.

Metal Deposition - nGalN Bonding Pad Electron beam evaporation is used to deposit
10 nm Ti, 50 nm Al, 10 nm Ti and 250 nm Au in that order. The gold capping layer

must be thick enough to allow wire bonding.

Metal Liftoff - nGaN Bonding Pad The metal lift-off for the nGaN bonding pad is

exactly the same as for the pGaN bonding pad.
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Figure 30: Picture of all photomasks overlayed

Figure 30 is a photograph of the each of the photomasks overlayed to show the final pattern.
Figure 31 shows the electroluminescence from an LED grown and fabricated using the

process described above.
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Figure 31: Electroluminescence from a MQW Ill-nitride LED
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CHAPTER III

MODELING & DEVICE DESIGN

3.1 Optical Modeling é Device Design
3.1.1 Optical Modeling Approaches for LEDs
3.1.1.1 Introduction

In this section, a guided wave approach is first introduced, and a LED is modeled as a multi-
layer waveguide structure. Light emitted from the LED is classified into guided modes and
leakage modes. Also, the back reflector at the bottom of the LED dies effectively doubles
the LED die thickness to increase the light extraction efficiency. Moreover, replacement
of a back reflector with a diffractive reflection grating further improves light extraction

efficiency.
3.1.1.2  Guided Wave Approach for LED Modeling

The LED die can be modeled as two types of optical waveguides as shown in Figure 32: the
first waveguide consists of the single or multiple quantum well (MQW) active region and
n-layer and p-layer of the LED. Optical waves are generated in this waveguide structure,
which we call an active waveguide. The second waveguide structure consists of a sapphire
or SiC substrate and medium surrounding its sidewalls, defined as a passive waveguide;
and its main function is to support optical waves generated in the active waveguide. The
refractive index of the substrate is lower than that of active waveguides.

In general, the active waveguide consists of several thin film layers, several microns in
thickness and several hundreds of microns in the lateral dimension. It can be treated as a
slab waveguide and acts as an optical photon generator. On the other hand, the thickness
of the passive waveguide is usually several hundreds of microns, with the same lateral
dimension as the active region. Based on the above analysis, it is believed that the passive
waveguide will make the main contribution to light extraction from the LED die. However,

the active waveguide will also play an important role in light generation and extraction,
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which is a key factor in improving the brightness of LEDs.

Photons generated in the active region from electron-hole pair recombination can be
modeled as multi-mode optical waves with a certain mode distribution. Among these multi-
mode optical waves, a longitudinal wave represents those modes propagating along the z
direction, i.e, the direction of layer variation of a LED structure, and the transverse mode
wave propagates along the x and y directions, lateral directions.

In the nitride heterostructure of LEDs, the guiding layer of the active region consists
of the InGaN/GaN MQW. The p-GaN, p-AlGaN layer, n-GaN layer, and n-InGaN layer
surrounding the active region form the cladding region. This waveguide does absorb blue
light because of the high absorption from the InGaN layer.

Since the x-y dimension, the lateral direction, is fairly large relative to the z dimension,
the transverse mode of optical waves can be solved using the slab wave guide theory. Because
the absorption of InGaN is strong at the blue wavelength region, the transverse modes, which
are defined as propagating along the (x y) plane, hardly reach outside the waveguide. As a
result, the transverse optical wave almost makes no contribution to the light coupling and
extractions.

The mesa region above the substrate in a LED die is the region of the active waveguide,
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which is responsible for photon generation and coupling into its surroundings. Alteration of
the lateral shape of the mesa results in almost no change to light emission because this part
is modeled as a slab waveguide. The passivation layer coated on the mesa will influence the
structure of the active waveguide. Since this passivation layer is transparent to blue light,
its restriction on the light extraction efficiency comes from the interface TIR, which forces
photons to undergo multiple passes through the absorption region of the active region of a
LED and decreases the extraction efficiency of the light.

Both the longitudinal modes, which are mainly leakage modes, and transverse modes
of photon emissions in the active waveguide region contribute to light coupling outside the
LED die. Longitudinal modes are first considered. The forward propagation of longitudinal
modes is coupled out of the active waveguides through a p-pad of an electrode on the top of
LEDs. The backward parts of those longitudinal modes go through the sapphire substrate,
the passive waveguide, and are then sustained as either a guided wave or leakage mode
wave in the passive waveguide. The sapphire is transparent to blue light, and the material
property of the medium surrounding the substrate changes the passive guide structures and
light extraction efficiency. Most of the longitudinal modes are leakage modes, and their
extraction efficiency can be improved by applying a micro-resonant cavity[57]. Because of
the refractive index difference for different layers along the z-direction (longitudinal direc-
tion), the coupling efficiency of light from the active waveguide to the passive waveguide is
restricted by the refractive index difference of n-GaN (n=2.42 @ 460 nm ) and the sapphire
substrate (n=1.78 @ 460 nm). The critical angle is calculated as c= 47.5 degrees. Beyond
this angle, the light from the active waveguide is trapped inside the active guides, which
undergoes the process of re-absorption; and parts of the trapped light can escape the active
waveguide in the forward direction through the p-pad. Some of the light transmitted into
the passive wave-guide becomes guided modes, and the rest are leakage modes. If angles

are all defined in the active region, the angles below which the guided modes occur is

(N2 _NQ

sub sur )

sin (©5) =
Np

(13)
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where Ny, and Ny, denote the refractive index of the sapphire substrate and its sur-
rounding medium, respectively. N, is the refractive index of the n-layer. If the air is used
as the surrounding medium, then s = 37.5 degrees. In other words, the light inside the
n-layer above the substrate with different incident angles between 0 to 37.5 degrees be-
comes guided modes; that from 37.5 to 47.5 degrees becomes leakage modes in the passive
waveguide, respectively. Accordingly, the light with incident angle beyond 47.5 degrees is
totally internally reflected back to the active waveguide. Because the refractive index of
the n-layer and substrate both are fixed, the coupling efficiency from the active waveguide
to the passive waveguide is pretty much unchangeable, i.e., only a light cone defined by the

angle of 47.5 degrees can be coupled into the passive waveguide layer.

Backward Light Extraction through the Passive Waveguide: Most of the light
coupled into the passive waveguide becomes guided waves, with a half cone angle of 37.5
degrees (assuming air is the cladding layer surrounding to the passive waveguide); and light
within a half cone angle from 37.5 to 47.5 degrees belongs to the leakage modes. In other
words, about 70% of the light coupled from the active waveguide is guided wave, and the
rest of light is leakage wave. The ratio of guided wave to leakage wave can be changed by
either alternating the refractive index of the surrounding medium or changing shape of the
die, for example, from a standard square die to a non-square die.

Assuming the material of the passive waveguide is transparent to blue light, most of
the light coupled into the passive waveguide can be extracted by optimizing geometry and
refractive index matching of the substrate and its surrounding medium, for example, the
spherical or dome shaped encapsulation of the LED. This is especially true for flip-chip
LED packaging. In standard LED packaging, the die-attached epoxy at the bottom of the
substrate is highly absorptive.

First, we study light extraction from guided modes in backward propagation light. In
the case of no reflector at the bottom of the substrate, the guided mode wave in the passive
waveguide propagates in the waveguide until reaching the bottom of the substrate, and

light is absorbed by the layer of a die-attached epoxy. The absorption decreases the light
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extraction efficiency.

By putting a back reflector at the bottom of the substrate, the guided mode optical
wave is reflected back to avoid strong absorption at the bottom of the substrate, and light
extraction efficiency is increased. However, the reflector folds back the light path and forces
light to re-enter the active waveguide region and is absorbed again by the active layer.
The reflected light at the reflector needs to be further diffracted by a grating, and the
diffracted light can escape from the passive waveguide before it enters the active region to
undergo re-absorption. Also, more energy of the light can be shifted into leakage modes from
guided modes by changing the structure of the passive waveguide structure, for example,
the refractive index of the surrounding medium and the shape of the waveguide structure.
For leakage modes in backward propagation light, the substrate and the die-attached epoxy
play major roles. The highly absorptive die-attached epoxy layer sitting at the bottom of a
substrate has little influence on the leakage modes because the light of leakage modes hardly
strikes the bottom of the substrate. To couple the leakage mode as much as possible, the
interface between the substrate and its surrounding medium needs to be designed better,
for example, tapered sidewalls, or textured surfaces of LEDs can improve light extractions
of leakage modes. LEDs with regular geometry can redirect some leakage modes into the

active waveguide.

Forward Light Extraction from the Active Waveguide Layer: Because of the re-
flection at the interface between the n-layer and the sapphire substrate, the backward light
gets reflected from this interface and joins the forward emitted light from the active re-
gion of a LED. This combined forward light strikes on the semi-transparent contact, the
p-pad, where the total internal reflection (TIR) occurs (assuming the refractive index of the
transparent contact is about 1.5). About 38% of the forward light with a half angle of 38
degrees, determined by the TIR, can be coupled out through the semi-transparent contact.
The TIR occurs again at the interface between transparent contact and a passivation layer
on the top of the LED. By applying the waveguide theory, functions of the active waveguide

and passive wave guide can be seen clearly. The different contributions to light extraction

52



Figure 33: Geometrical ray tracing of a LED die.

from guided modes and leakage modes can be analyzed. The passivation layer and medium
surrounding the die are analyzed through the total internal reflection. It is shown that the
reflector only influences guided modes and has little effect on leakage modes in the pas-
sive waveguide. The coupling efficiency of the leakage mode is mainly determined by the

interface between a substrate and its cladding layer, i.e., its surrounding medium.
3.1.1.83 Improved light extraction using a back reflector and thick substrates

A typical bare LED die consists of a p-GaN layer, n-GaN layer, and active region with
AlGaN and InGaN. InGaN strongly absorbs in blue region, and both the p-GaN and n-
GaN layers also absorb blue light with relatively small absorption coefficients compared to
InGaN. The semitransparent contact Ni/Au on the top of the p-GaN layer of the LED die
absorbs about 10% light. A Ti/Al contact was deposited on the n-GaN layer after the etch
process. The whole device structure is grown on the sapphire substrate. All of these above
layers form the absorption region of blue light. The problem is that light generated at the
active region has to experience multiple passes and reflections inside these absorption regions
before coming out of the LED die, as shown in Figure 33 and Figure 34. At the bottom
of the LED substrate, there is a highly absorptive layer of the die-attached epoxy, which
absorbs some light propagating toward the LED bottom, especially those guided modes.
One way to increase light extraction efficiency is to use a thick substrate. With the thick

substrate, more light is able to escape the LED chips through its sidewalls before reaching
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Figure 34: Forward and backward propagation of light in a LED

the bottom of the substrate. On the other hand, the light extraction efficiency of the LED
can be increased by coating a metal mirror, such as an aluminum reflector at the bottom
of the sapphire substrate, to avoid light absorption by the die-attached epoxy. Another
function of the back mirror is that it folds the light path and equivalently doubles the actual
thickness of the LED die experienced by backward emissions from the LED active region,
which also increases light extraction efficiency. As a result, the light extraction efficiency
is increased more than 20% by applying this back reflector. The substrate thickness and

mirror reflectivity can be optimized using our model.

3.2 Optical Modeling for a Dual Wavelength LED
3.2.1 Dual wavelength LED Device Structure

Current white LEDs schemes are either based on a short wavelength LED pumping a longer
wavelength phosphor (phosphor converted LED) or discrete red, green and blue chips cou-
pled with light mixing technology (RGB LED). Each of these schemes has particular advan-
tages; however, there are also significant disadvantages associated with each as well. The
blue LED / YAG:Ce scheme is the most common type of white LED and is the cheap-
est of the white LED solutions. However, the color rendering quality of the light from a
LED/YAG device is typically low due to deficiencies in the power spectrum especially for

the red wavelengths. Various phosphors can be employed in similar white LED schemes to
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produce more red light; however, the efficiency of the device is decreased due to the increase
in stokes shift associated with pumping a longer wavelength phosphor. Additionally, there
is no functionality for dynamic control of the power spectrum for a phosphor converted (PC)
LED such as with a RBG LED. The power spectrum of an RGB LED can be controlled by
varying the relative intensities of the red, green or blue sources, which allows for two things:
dynamic sources and color correction over the lifetime of the device. On the other hand,
the spectrum from a RGB LED is sharply peaked and may not render colors well if a valley
in the power spectrum corresponds to them. In addition, RGB LEDs are more expensive
than PC LED due to the requirement for more advanced packaging. Another concern for
RGB LEDs is proper mixing of the light because the sources must have some finite distance
between them, which may affect the lighting uniformity at a distance far from the source.

To solve these problems, first, new RGB phosphors need to be developed to improve
color mixing and performances; second, new LED structure design and improved efficiency
to couple light into phosphor should be initiated to overcome these problems[18, 19]. A
dual wavelength LED structure, with one active region emitting where A\; ~400 nm or 460
nm emission for efficient pumping of the blue/green phosphor, and another active region
with A2 ~460 nm or 530 nm emission matching to the red phosphor, is proposed to improve
the color mixing of the solid state lighting (If A\; ~400 nm, then Ay ~460, and if \; ~460
nm, then Ay ~530 nm). This dual wavelength InGaN LED can be fabricated using a tunnel
junction, and three terminals are used for independent electrical control of the emission
intensity for each wavelength.

A dual wavelength LED with two emission wavelengths at 470nm and 535 nm is used as
a reference design as shown in Figure 35[51]. This LED includes two separate PN junctions,
and each junction has an active region of InGaN MQWs. These two sets of different MQWs
have different mole fractions of indium in InGaN materials, which dictate two different
emission wavelengths. These two electrically independent PN junctions are integrated into
a single vertical heterostructure. This dual wavelength LED was grown by organometallic
vapor deposition on sapphire substrate as depicted in Figure 35. The first PN junction of

the LED with a peak emission wavelength about 530 nm, is grown on a n-GaN buffer layer.
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Figure 35: Structure of a Dual Wavelength LED

A 40 nm thick n-InGaN layer is deposited on the top of this buffer layer. Its active region
is four In,Ga;_,N MQWs with GaN barriers; with the well width is 3 nm and the barrier
width 5 nm. Those layers were followed by a 30 nm thick layer of p-Al y7Ga 93N for electron
blocking, and a 100nm thick p-GaN layer.

A p++/n++ GaN tunnel junction (TJ) in this device separates the two PN junctions
and makes it three-terminal device. Another function of the TJ is that it serves as a lateral
current spreading layer for the PN junction underneath. Figure 36 shows the detailed
configuration of this TJ. A 200 nm thick n-GaN cap layer is grown on the top of this TJ
followed by a second LED, where a similar MQW structure of In,Ga;_,N is grown, and the
indium component is designed to emit a peak wavelength of 470 nm. The device structure
of the second LED is very similar to the first one, except for a heavily doped p-GaN cap
layer with 50nm thickness for the electrical contact in the second LED. The p-contact was
made using a thin layer of Ni and Au on the top of the dual wavelength LED, and the
Ni and Au also serve as a current spreading layer to improve the conductivity of p-GaN.
Because both Ni and Au absorb some light, the p-contact is also called a semitransparent

P-Pad. To fabricate the electrical contact for the common ground and n-contact, two etch
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Figure 36: Structure of a Tunnel Junction

steps are required. The first etch, for the n-contact, must reach the n-GalN buffer layer on
the top of substrate, and the second etch, for the common ground should reach the n-GaN
layer above the TJ.

Finally, Distributed Bragg Reflection grating (DBR) pairs may be applied to this dual
wavelength terminal device to form a micro-resonant cavity as shown in Figure 37. The first
DBR can be positioned between the n-GaN buffer layer and n-InGaN layer of the bottom
LED. The second DBR is just below the p-GaN layer of the top LED. This proposed micro-
cavity may triple the light extraction efficiency[4]. In the meantime, it can shape optical
beams from both LEDs to improve the color mixing, which is important to light coupling
to phosphors. The technical challenge to design and fabricate DBRs for a dual wavelength
LED is that the small refractive index difference (contrast) of materials currently available
to GaN based LEDs limits the stop bandwidth of DBRs. As a result, currently available
DBRs, such as AlGaN/GaN, fail to cover the broad spectrum of dual wavelength LEDs.
So, the alternative to DBR pairs may be the application a back reflector at the bottom of

the sapphire substrate.
3.2.2 Distributed Bragg Reflection Grating (DBR) for high brightness LEDs

Using a pair of distributed Bragg Reflection gratings (DBR), a resonant cavity can be used
to improve light extraction efficiency of LEDs by altering the distribution of spontaneous

emissions. For GaN based LEDs applications, there are dielectric DBRs and semiconductor
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Figure 37: A Micro-Cavity for a Dual Wavelength LED
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based DBRs. The dielectric DBR, using H fO2/Si02, offers a large bandwidth of reflection
about 80 nm because the relative large difference of refractive indexes between H fOy and
Si02[15]. However, this type of DBR requires more complicated processing. An AIN/GaN
based DBR has a medium reflection bandwidth of about 45 nm because the large index of
refraction contrast[47]. An in situ grown DBR can an AlGaN/GaN, and this type DBR
is easily integrated into a LED structure; however, its limited reflection bandwidth is only
about 20 nm(44, 59, 33]. The low contrast of refractive indices of AlGaN/GaN makes
the grating a fuzzy DBR. Here, we will focus on the semiconductor based DBRs. The
application of DBR to a single wavelength emitter has been successful. Its application to
a dual wavelength remain technical challenge because it is difficult to fabricate a DBR to
cover the wide optical spectrum of a dual wavelength device, and it is also difficult to select

corresponding resonant modes for both peak wavelengths.
3.2.2.1 Theory of Distributed Bragg Reflection Grating (DBR)

Here, we will briefly summarize the concept of a DBR. A DBR structure can be viewed as a
periodic structure of layered medium, with two different refractive indices n1 and ne, which
is shown in Figure 38. A Bloch wave is generated when a plane wave is launched into such
a periodic structure. If the Bloch wave falls in forbidden bands, this periodic medium can
totally reflect the incident light. By properly engineering refractive indices, a high reflective
reflector for a certain selected spectral regions can be realized. For normal incident light
into a quarter-wave stack of a DBR, this implies:

27 w
— 14
C ( )

1
knia = kngob = 571’,]6‘ =5 =

where w is the center angular frequency of the reflection band. The reflection bandwidth is

given by[65]:
4 — 2 A
Aw = w—sint <|n1n2\) —w22t (15)
i ni + ng ™ n
withn = % It is the refractive index different that determines the reflection bandwidth,

and this reflection bandwidth is very critical for DBR, application in high brightness LEDs.

The reflectivity of a DBR is another factor to evaluate DBR. performance. This reflection
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Figure 38: A DBR Diagram

also depends on the number of grating periods in a DBR. Next, we are going to show how
to determine the reflectivity of a DBR.
The theory of DBRs can be easily explained using transfer matrix method. The light

output and input to this DBR can be related by the following equations for a multilayer

structure
Eo + mip mi2
= ( Es,—i-Es,— ) <16)
Ep, - ma1  M22
N
M = Dg! (H D@D#) D, (17)
i=1

For TE wave, the matrix D is:

1 1
D; = (18)

n;cost; —n;cost;
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For TM wave,

cost; —cosb;
D; = (19)

ej@i 0
P = (20)
0 el
and ; is given by:
21w nidi
pi=— cosb; (21)

where d; is the thickness, and 0; is the ray angle in layer ¢. Moreover, the transfer matrix

M for this DBR can be simplified as:
M = Dy'GN D, (22)

where
G = (D1PDTY) (D2PoD;Y) (23)
and subscripts 0 and s represent the incident medium and the substrate of the DBR, re-

spectively. For a quarter-wave stack DBR, Equation 21 becomes:

p; = gcos&; (24)

By definition, the reflection coefficient of a DBR is:

E(]’, meo
7 (6o) = [EOJ = mili (25)
’ Es =0

The reflectivity of a DBR is a function of refractive indices and layer thickness of the two
different materials of the DBR and it is also depends on the number of periods, the incident
angles and different polarizations. The bandwidth of reflection of a given DBR is determined

by the reflective index contrast of this DBR.

3.2.2.2  Optical modeling for AIGaN/GaN DBR and AIN/GaN DBR

A quarter-wave stack AlGaN/GaN DBR with 35 quarter-wave pairs is simulated first. To

design and simulate a DBR, an accurate estimate the refractive indices is required. The
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Figure 39: Reflection of AlIGaN/GaN DBR from Air

refractive index of GaN for different wavelengths is calculated based on a method presented
in[65], and the refractive index of Aly34GapgsN is given by[8] and[34]. To show how the
incident medium change performance of this DBR, we take two different media, the air and
the GaN material. In each of two incident media, a normal incident light is first simulated,
and then an incident angle is changed to 5, 10 degrees without altering this DBR structure.
For a normal incidence, the DBR performance is independent polarization states of light;
however, the light polarization can affect performances of a DBR when a light incident
angle is off the normal. These simulation results are shown in Figures 40-41. For a normal
incident, the center of reflection bandwidth is at 390 nm, and the bandwidth is about 15
nm. An incidence with a slanted angle will shift the reflection center to a short wavelength
region for the incident medium of GaN.

We also vary the number of the quarter-wave pairs in the DBR with light incidence from
air, the center reflectivity is plotted for different quarter-wave pairs as shown in Figure 42.
Because the refractive index contrast in an AlGaN/GaN DBR is small, this type of DBR
has a limited reflection bandwidth. A DBR with AIN/GaN pairs with large refractive index
contrast can increase the reflection bandwidth. To simulate this type of DBR, we also need
to determine the refractive indices of AIN and GaN. In our simulation, the refractive index

of AIN is 2.16, and the refractive index variations verse different wavelengths are taken into
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Figure 40: Reflection of AlGaN/GaN DBR from GaN

Figure 41: GaN to AlGaN/GaN DBR reflections by angle.
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Reflectivity of DBR with Varied Number of Pairs
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Figure 42: DBR Reflections with Varied Number of Pairs

account[47]. Figure 43 shows the reflection plot for this DBR.

3.2.3 Optical simulations for a dual wavelength LED

To perform optical modeling for a dual wavelength LED, we first need to design InGaN/GaN
MWQs for two emission wavelengths. Detailed electric band structures calculation for
MWQs requires many fabrication dependent parameters, which is beyond the scopes of
this thesis. Here, the following approximation is used to estimate the peak emission
wavelength[7, 54]:

1240

P —
P T 1897 1 3.42(1 — 2) — 3.82(1 — 2) + Ere + B

m (26)

where x is a low mole fraction of indium of In,GaNi_,N. FEi. and Ej; denote the first
conduct band level and first valence band level of the corresponding MWQs , respectively.

Also, a Gaussian distribution is assumed for the optical emission spectrum:

(A=2p)*
! ) (27)

p(A) =

2o

The optical spectrum from the dual wavelength LED in Figure 35 can be determined using

Equation 26 and 27, which is plotted in Figure 44 for MWQs with the well width of 3
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nm. The Ing23Gag77N/GaN is used to estimate blue emissions and Ing 33Gage7N/GalN
for green emission. Refractive indices for bulk materials of GaN, AlGaN, InGaN, and In-
GaN/GaN MWQs in a dual wavelength LED are required for optical simulations. First, re-
fractive indices for these bulk semiconductor materials are investigated. Second, an overview
of refractive index estimations for InGaN/GaN MWQs is present. Brunner et al have ex-
tensively studied the refractive index of Al,Ga;_N|8]. They first calculated the refractive
index from transmission measurements, and then use the Adachi model[1] and some fitting
parameters to interpolate these experimental data. Finally, the refractive index dispersions

can be plotted versus different Al,Ga1_,N. The refractive index is estimated as:

n(\)? = a(x) <;gg> - [2 — (1 + )\hEc’g>§ - (1 — )\hECg>é + b(x) (28)
The energy band gap E, for Al,Gai_,N can be determined by [54, 8]:
Ey(z) = 6.13z + 3.42(1 — 2) + 1.32(1 — 2) (29)
Coefficients a(x) and b(x) are from Ref. 66
a(z) = 3.17/x + 9.98,b(x) = —2.20z + 2.66 (30)
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Spectral Power Distrubtion for Dual LED
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Figure 44: SPD for Dual Wavelength LED

Similarly, the refractive index calculations for In,Gai_, N also use Equation 28; however,

use the following formula to obtain energy band gaps[53]:
Ey(z) =192+34(1—2)+z(1 —2) (31)
and a(x), b(x) are given by:
a(x) = 53.57x + 9.31(1 — z), b(x) = —9.192 + 3.03(1 — z) (32)

Using Equations (7.10-7.14), refractive indices for GaN, AlxGal-xN and InxGal-xN can be
estimated, some results are shown in Figures 45- 47. Mandy et al developed a comprehen-
sive model to calculate the complex index of refraction of InGaN/GaN quantum well[37].
The complex dielectric function is calculated the QW, which include both quantum ef-
fects and continuum contributions. Moreover, continuum contributions are determined by
weighting the InGaN well and GaN barrier continuums above the barrier energy without
QW effect. If the complex dielectric function is described as €(A) = €1(\) + iea(A), then,

the refractive index n and the extinction coefficient x can be given by:

n(A) = (WW + @(3)2)2 + em)z) 2 »
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Table 1: Refractive indices of III-nitrides for simulations
Wavelength | GaN | AlGaN | InGaN(bulk) | InGaN(MQW)

470 (nm) | 242 | 2.37 2.55 2.79
530 (nm) | 2.38 | 2.33 2.47 2.6

Based on the above equations and detailed numerical calculations for MQW structures, the
refractive index and the extinction coefficient were plotted for different In compositions and
wavelengths. However, the refractive index for InGaN/GaN MWQs given by this model
is below general accepted values. So the refractive index of MWQs is estimated by that
of bulk materials. Before starting to do optical simulations, we list refractive indices for

AlGaN InGaN GaN, and InGaN/GaN MQWs in Table 1
3.2.8.1 Optical simulation results

The device structure of this dual wavelength LED is programmed using ASAP optical ray
tracing software. Two random light emitters are used to simulate dual wavelength emissions
from this LED. More than one millions rays are generated, and a split level 2 as shown in
Figure 48 is activated to trace these split rays at each interface from different LED layers.
A detector enclosing this whole LED is used to collected the light emission coming from

this LED as depicted in Figure 49. Finally, the total light extraction efficiency is calculated
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Figure 48: Level 2 ray split of optical ray tracing

based on these results from optical ray tracing. In the simulation, the polarizations of light
are averaged. Emission wavelengths are selected from the optical spectrum of the LED as
shown in Figure 43.

The top LED with a wavelength of 470 nm is first simulated. Its total light extraction
efficiency is 5.5%. Figure 51 shows the 3-D diagram of the LED, and Figure 51 shows a cross
section of the LED with some traced rays. Adding a back reflector at the bottom of the

substrate does not increase the extraction efficiency of the top LED structure because most

Figure 49: Light extraction efficiency collection configuration
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Figure 50: 3-D diagram of a dual wavelength LED

of backward emission light is absorbed or trapped into the bottom LED before reaching
the substrate. To see how the refractive index and absorption coefficient of the InGaN in
an active region affect the light extraction efficiency, we simulate the extraction efficiency
versus index and absorption variation. Results are shown in Figure 52 and Figure 53. As we
can see from these results, refractive index variation by 0.5 can change the light extraction
efficiency by about 1%. Since the InGaN refractive index is difficult to be determined at
a high accuracy[34], simulations for different refractive index variation is very useful to
estimate the total extraction efficiency.

Without detailed simulations for the bottom LED with a peak wavelength of 530 nm, we
can estimate its light extraction. Since the bottom LED is sandwiched by the top LED, a TJ
and the substrate, the light emissions from this bottom LED will go through two cascaded
LED structures before reaching out from the top of this dual wavelength LED. As a result,
the light extraction efficiency of the bottom LED is roughly equal to the square of the light
extraction efficiency for the top LED. Another reasonable guess can be made about the
function of the back reflector. Since the bottom LED is close to the back reflector, it should
increase the light extraction efficiency, especially the forward light emission. All of these
reasonable guess about the bottom LED are verified by simulations. The light extraction
efficiency of the bottom LED with a back reflector is 0.39%, close to the square of 5.5%, the

light extraction efficiency for the top LED with a peak wavelength of 470 nm. The back
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Figure 51: 2-D plot of ray tracing diagram
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Figure 52: Top LED light extraction vs n for InGaN active region

reflector does increase the light extracted from the top surface of the dual wavelength LED,
however, the total light extraction efficiency does not increase so much by adding the back
reflector. Most reflected light by the back reflector get absorbed and trapped inside the
LED. Similarly, Figure 54 shows the light extraction efficiency versus the refractive index

of the InGaN active region, and Figure 55 for the absorption coefficients variation.
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Figure 54: Bottom LED light extraction vs n for InGaN active region
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3.2.3.2  Summary

In this chapter, we analyzed the device structure of the dual-wavelength LED. The DBRs
based on GalN along with refraction index of GaN, AlGaN and InGaN have been investi-
gated. The light extraction of this dual-wavelength LED has been simulated using optical
ray tracing programs. The low light extraction efficiency for the bottom LED presents a
problem for this dual wavelength LED application to high efficiency lighting application.
The back reflector has some effects on the dual wavelength LED. The refractive index vari-
ation has a big impact on the light extraction efficiency than the absorption coefficient of
the InGaN in the active region. A micro cavity is required to improve the light extraction

efficiency of the bottom LED.

3.3 Electrical Modeling € Device Design

This section covers background theory on p-n junctions, LEDs, quantum wells and tunnel
junctions. Electrical modeling of the two terminal dual LED was important to understand
its operation and optimize performance. The relationship between drive current and spectral

power distribution for the dual LED is discussed.
3.3.1 PN Junction Theory

P-n junctions are critical to the operation of most optoelectronic devices. LEDs are spe-
cialized p-n junctions that emit light under forward bias. P-n junctions are the simplest
semiconductor junction diode and are formed when a p-type semiconductor and an n-type
semiconductor are ”brought together.” Junction formation can occur via epitaxial growth,
diffusion or ion implantation. In this work, however, all junctions were formed through
epitaxial growth as discussed in Section 2.2.1.

A number of processes occur when a p-n junction is formed that influence the elec-
trostatics and operation of the diode. When the junction is first formed, there is a large
concentration gradient of free carriers that results in diffusion across the junction. Holes
will diffuse from the point of high hole concentration (p-type semiconductor) to a point of

low hole concentration (n-type semiconductor) and vice versa for the electrons. The holes
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leave behind negatively charged acceptor ions in the p-region, and the electrons leave be-
hind positively charged donor atoms in the n-region. The formation of the these immobile
charges on either side of the junction results in an electric field across the junction that
opposes the diffusion of more free carriers until an equilibrium is reached between the dif-
fusion process and the electric field. Thus, in equilibrium there is no net current flow. The
region of immobile positive and negative charges on opposite sides of the junction is known
as the depletion, space-charge, or transition region. The width of this depletion region will

have an impact on the operation of the device and is given by
W =z, +x, (35)

where x,, and z, are the widths of the depletion layer in the n and p-regions respectively.
Additionally when the junction is at equilibrium a built-in voltage, V3;, is established based

on the electric field gradient according to

Vi = — / Eda (36)
and can be calculated from
kgT N4uNp
Vi = l Vv 37
or
kgT
V=" ("NO> (38)
q npo
where
—(£9-¢€F)
nyo = Nc-e FBT (39)
and

{(eg+aVi)—€p}
npo = N¢o - e kpT (40)

From these equations the direct dependence on bandgap of Vj; can be seen. This is also
schematically shown in Figure 56. In Figure 56 the band diagrams for the p-type and n-
type semiconductor are shown separately (a) and then when the junction is formed (b).
The Fermi level is at the same potential throughout the device at equilibrium and so the

bands must bend to accommodate this, creating a built-in potential. Since the Fermi level
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Figure 56: Schematic p-n junction formation
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Figure 57: Schematic band diagram for a QW

in the n-type and p-type semiconductors is dependent on the doping level and the respective
band edge, then the built-in potential is also dependent on these two properties. V;;, plays
a major role in the a device’s operating conditions, as it partially determines the forward

bias need to operate a device.
8.8.1.1 Quantum wells

Heterojunctions, specifically quantum wells, form the basis of current LED operation. A
heterojunction is formed when two semiconductors of different band-gap and/or lattice
constant are brought together. Quantum wells are a special type of heterojunctions and
in this work were formed by MOCVD. Quantum wells can provide optical and carrier
confinement which can drastically improve the performance of a device. A quantum well is
formed when a material of lower band-gap is sandwiched between two materials of higher
band-gap, as shown in Figure 57 creating a potential well. Carriers are no longer free to
move in three dimensions, but are now confined to a 2 dimensional plane. The allowed
energy levels can become quantized as shown in Figure 57 dependent on the materials used

and the width of the quantum well.
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3.3.1.2  Current-Voltage Relationship

Two types of current can flow across the junction: drift and diffusion. Each has a component
from the n-region to the p-region and vice versa resulting in four components of current
across the junction: Jp ", JP=" Jp7P JrP. Drift current, J;? and JPT", are due to
thermally excited minority carriers that are "swept” across the junction by the electric
field. Diffusion current, J; " and J? P, depends on the injection of majority carriers to
the opposite side and their subsequent diffusion and is exponentially depending on applied

bias. At equilibrium the drift and diffusion currents must balance giving;:

and

T = (42)

Junction under forward bias A bias applied to a junction will almost completely drop
across the depletion region because of its high resistivity. Thus, the effective bias across the

depletion region when a forward bias, V}, is applied is
Va=Voi =V (43)

where Vj is also known as the diffusion potential. The band diagrams of a junction under
forward bias and reverse bias is shown in Figure 58 (a) and (b), respectively. As the potential
barrier is lowered more holes from the p-region and electrons from the n-region can diffuse
across the depletion region. However, the same number of holes from the n-region and
electrons from the p-region are still contributing to the drift current. The imbalance now
present between the drift and diffusion currents leads to a rise in the over all current. For
the ideal diode, this current-voltage relation ship is written as:
v

J=Jo <ekB“T - 1) (44)

where Jy is the saturation current, and V, is the applied bias.
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T aVa=a(Vui-Vy)

l

aVa=q(Vri+VR)

(b)

Figure 58: Schematic of a p-n junction under forward and reverse bias

Reverse Bias Once again the applied bias is dropped almost completely across the de-
pletion region as shown in Figure 58(b). The increased barrier height makes it harder for
carriers to diffuse across the depletion region, thus the current present, named the reverse
saturation current, Jy, is composed of drift current due to thermally generated minority
carriers.

Jo=Jr7P 4 g (45)

It is this saturation current, Jy, that is used in the diode equation.
A plot of diode current from this equation is shown in Figure 59. Reverse bias will be

discussed in further detail in Section 4.
3.3.2 LED Theory

Photons with energy near the band-gap are emitted from a junction LED by the process
of electroluminescence. This is the same process for light emission from MQW LEDs, but
the energy of the photons is dependent on the QW characteristics instead of the junction

material. In the case of the homojunction LED electrons are injected into the normally
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Figure 59: Schematic plot of ideal diode I-V relationship
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Figure 60: Schematic of light emission from a p-n junction

empty conduction band and recombine with holes in the valence and photons are emitted
by spontaneous emission, as shown in Figure 60. In this way an LED converts electrical
energy into optical radiation. The process is similar for a LED containing quantum wells,
except that the electrons and holes are caught in the quantum well and recombine radiatively
there instead of the bulk material, as shown in Figure 61. The photon energy from a MQW
(multi quantum well) LED is controlled by changing the QW composition and thickness.
The bulk material proprties remain the same. GaN/InGaN/GaN quantum wells were used
in this work, where the In composition only was typically varied to provide the desired

output wavelength.
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Figure 61: Schematic of light emission from a MQW structure
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Figure 62: Simulation results for barrier doping of 10'8cm =3

3.3.3 Simulation of Dual LED
3.8.8.1  Simulation with SiLENSe

Simulation of dual LEDs was performed to gain an understanding of the current injection
and light emitting mechanisms present in the devices. A commercially available program,
SiLENSe, was used for these simulations. 3 is used to denote the ratio of long wavelength
QW intensity to the short wavelength QW intensity in this section and others throughout
this work. Figure 62 shows the EL spectra for a simulated device with the barrier between
QWs 3 and 4 with electron concentration of 10®¥em™3. Figure 63 shows the change in 3
with current density. The simulation shows very strong effect of drive current on g that is

linear.
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Figure 63: (§ vs. J for simulated Dual LED with doped barrier

3.3.3.2  Modeling of B for a Dual LED

In Figure 98 the n-type region lies to the left of the QWs and the p-type region is to the
right. The relatively high In concentration in the Qws 1-3 leads to electron trapping and
blocking, making it more difficult for electrons to travel to QWs 4-6. This effect is best
observed in a dual LED with no doping where the QWs 4-6 are preferentially excited at low
currents. In the case of no doping holes are more free to move to QWs 1-3 than electrons are
to move to QWSs 4-6 at low currents. As current is increased the electrons fill higher energy
states and are able to travel to QWs 4-6. At this point the mobility of the carrier influences
8. QWs 4-6 are more preferentially pumped because holes have lower mobilities and do not
travel as far as the electrons, thus recombination is more likely in QWs 4-6. On the other
hand, the doping of the barrier between QWs 3 and 4 creates a barrier to hole transport
to the QWs 1-3. In the case of the doped barrier the hole blocking washes out the effect of
electron blocking at low currents. The holes are trapped in QWs 4-6 until current is high

enough to promote some holes over the doped barrier and into QWs 1-3. At this point the

80



electron trapping effect influences 3 and recombination preferentially occurs in QWs 1-3.
0 is the ratio of the intensity of the long wavelength peak to that of the short wavelength

peak which is the same as the recombination rates in each of those regions. Thus,

_ R

ﬁRS

(46)

where, R; and R, are the recombination rates in the long and short wavelength regions re-
spectively. The rate for spontaneous recombination which is true for LEDs can be expressed
as

R = B,np (47)

where B, is a the recombination coefficient in units of @ and n and p are the electron
and hole concentrations. B, is related to the transition probability [], and is temperature

dependent. Thus,
_ R _ Brup

ﬁ Ry B Brnsps'

(48)

It can be seen that electron trapping in the relatively deep quantum wells of the long wave-
length region will be higher than hole trapping in the short wavelength quantum wells, as
shown in Figure 64, which is the band diagram of a MQW region with undoped barriers.
On the other hand, hole mobilities are higher which will keep holes in the short wavelength
region. Thus, two rate equations control § with an undoped barrier MQW: (1)electron
trapping in wells and (2)hole transport due to low mobility. Experimental data will show
that electron trapping dominates at low current densities while hole transport dominates
at higher current densities. However, if the middle barrier is doped as shown in Figure 65,
hole transport to the long wavelength region is further limited by the lowering of the band
diagram in the middle. It can also be seen that further increases in doping concentrations
of the barrier will further limit the transport of holes. to the long wavelength region. The
wells of the long wavelength region remain the same after doping and will continue to trap
electrons. Thus, two rate equations control 3 with an doped barrier MQW: (1)electron trap-
ping in wells and (2)hole transport due to doped barrier. However, contrary to an undoped
barrier experimental data will show that hole transport dominates at low current densities

while electron trapping dominates at higher current densities as is expected. Figure 66
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Figure 65: Band Diagram of a doped barrier MQW
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Figure 66: Modeling of 5(J) using an exponential function
shows how (3(J) can be modeled using an exponential function of the form:
B(J) = Ae’/B +C (49)

where for this case A = 0.00067, B = 42.53andC = 0.02. Further results show that barrier
doping concentration affects A inversely. In this model the electron concentration in the
long wavelength region, n; and the hole concentration in the short wavelength region, ps,
will remain unchanged. Only the electron concentration in the short wavelength region, ng

and the hole concentration in the long wavelength region, p; will change. Thus,

g=c (50)

ns

where C is a constant dependent on n;, ps and b;,..
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CHAPTER IV

ITI-NITRIDE TUNNEL JUNCTIONS

4.1 Introduction

II-nitride tunnel junctions were grown by MOCVD. Various novel doping schemes to create
highly doped p-type GaN were employed with Mg as the acceptor ion. Highly doped p-type
material (p++) is necessary for creating efficient tunnel junctions that act as buried current
spreading layers and provide high quality contacts to p-type GaN. Molar flow ratios and
growth temperature were varied to achieve maximum doping concentration. SIMS and Hall
effect were used to measure Mg incorporation and carrier concentration, respectively. The
maximum carrier concentration achieved employed a hybrid growth scheme that achieved
high carrier concentration and high quality material by alternating layers of high and low
growth temperature material. The hybrid growth scheme developed here is a novel growth
process that enhances p-type GaN. Successful GaN tunnel junctions were grown using the
hybrid p-type doping scheme developed in this work. I-V measurements were taken on these
devices to evaluate the effectiveness of the devices.

High hole concentrations in GaN are difficult to achieve due to the high thermal ion-
ization energy (~180 meV) of Magnesium (Mg) in GaN. At room temperature less than
1% of Mg acceptors are typically electronically active[23]. Therefore, in order to achieve
acceptable hole concentrations, high Mg incorporation far above normal doping densities
is required. This high doping concentration, however, decreases the crystalline quality of
the film, which consequently increases its resistivity and makes it difficult to obtain good
electrical contacts to the material. Resistive films cause current crowding in LEDs[24]. A
semitransparent contact is deposited onto the entire surface of the p-type region to compen-
sate for current crowding; this is followed by a smaller but thicker bonding pad. The cost of
using this semitransparent current spreading layer is a reduction in light extraction from the

device by not entirely transmitting the incident light. Post-growth treatment of GaN:Mg
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is another important issue. Typically, material is annealed in a non-Hs environment to
break the compensating Mg-H bond that occurs in metal organic chemical vapor deposition
grown GaN:Mg[46]. Reports show that optimization of the annealing process can lead to
more effective activation of Mg acceptors[22]. Some reports suggest that annealing in air
(containing Og) can further increase Mg activation in GaN[39].

Current crowding poses a problem for buried p-type contacts in an LED. It is not
possible to deposit a metal current spreading layer similar to a top p-type contact and a
simple bonding pad will not provide enough current spreading for an efficient device. Hence,
a tunnel junction is one solution to contacting buried p-layers. In this work, p4+ GaN layers
have been developed for use in a tunnel junction that may be used in two and three terminal

devices for solid state lighting applications.

4.2 Tunnel Junction Theory
4.2.1 Overview of a Tunnel Junction for GaN Based LEDs

Electron tunneling results from a quantum mechanical phenomenon from the wave nature
of electrons[7]. When an electron wave is incident with energy less than the energy barrier
height, there is a probability that this electron can penetrate this energy barrier, and the
penetration depth depends on the barrier height. Figure 67 shows a rectangular barrier
with potential height of V, and thickness of d. For an electron wave with energy E,, the

tunneling probability is given by[7]:

(51)

V2sinh? (kd) ] L [y
AE,(V —E,)| ' h?

T (E,) = l1+

where m is the effective mass of an electron, A is the plank constant. The tunnel probability
is high for very thin barriers. For arbitrary shape of potential barriers, a numerical solution
can be obtained by approximating the potential barrier with multiple sub-potential layers,
each sub-potential layer can be treated as a constant potential layer. Equation 51 is used
to calculate the tunneling probability for each of these constant potential barriers.

In semiconductor materials, carriers can be generated by band to band tunneling when
a strong electric field presents, for example, the electric field greater than 10%[54]. For

a reversed biased, heavily doped, thin pn junction, if the electron penetration depth is
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Figure 67: Potential Barrier for a Tunnel Junctio

larger than the depletion width of this pn junction electrons at valence bands at p side
can penetrate into conduction bands at n side to become free carriers. This is the so
called tunneling junction. The uses of a tunnel junction (TJ) in III-Nitride LEDs have
been demonstrated recently[25]. The reverse biased TJ is to improve the lateral current
spreading. With a TJ, n-GaN can be used to replace p-GaN as a top cap layer. Commonly,
a so called semi-transparent p-Pad is usually applied on the top of p-GaN to overcome the
low conductivity of p-GaN In conventional LEDs. The n-GaN has much higher conductivity,
about 100 times, compared to p-GaN , and the reverse biased TJ supplies holes to p-GaN
adjacent to the active region through lateral current. As a result, the application of n-
GaN top contact layer can improve the current spreading of the LED, and increase light
extraction by avoiding using semitransparent contact. Another benefit of using a TJ is the
simplification of the LED fabrication process because n-GalN can be used as to implement
both the top p-contact and lower n-contact as shown in Figure 36. The TJ usually is
fabricated using heavily doped p++/n++ either InGan/GaN or GaN/GaN bi-layer. One
example use an InGan/GaN bi-layer with layer thicknesses of 15 nm/30nm|[15]. The p-type
doping Mg level is about 10%° cm ™3, and n-type doping Si level is about 6x10™ cm™3 for
this tunneling junction. This TJ is incorporated into a resonant cavity LED with violet
light emission. The resonant cavity of this LED uses two pairs of DBRs: the top one is a
Si0y/HfOy above the TJ, and the bottom one is an AlGaN/GaN DBR grown on a GaN
buffer layer. A TJ in the second example is fabricated using a GaN/GaN layer with layer

thicknesses of 10nm/10 nm. The p+ GaN layer is doped with 3x10' cm™3 of Mg; the
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Figure 68: Current-voltage characteristic of a degenerate p-n junction.

averaged Si doping level in the n+ GaN layer is about 10?°cm™3. A n-GaN is grown on the
top of this TJ to replace the conventional p-GaN as a top contact layer. One disadvantage
of the TJ is its large forward voltage, about 1 volt higher than that of a conventional LED
because the TJ add a series resistance to the LED. However, the overall optical power of a
LED is claimed to double compared to the conventional LED with a top semitransparent p-
Pad[25]. A necessary characteristic to tunneling is the negative differential resistance (NDR)
region in the forward bias operation of a tunnel diode, because it shows the existence of
band-to-band tunneling (Figure 68)[42]. In the NDR region a decrease in the density of
states leads to a decrease in tunneling probability and a subsequent decrease in current
density[27]. Kane derived an equation for the current density of a tunnel diode as shown in

Equation 52[27].

* 7W\/$E§ E —2Fs
Jt= Tgme B (;) < [ 11 (E) - o (B2) [1—eEL }dE (52)

where E; is the smaller of Eq, Es. Kanes work will be used as a basis for understanding
and quantifying the observed tunneling mechanisms in the GaN device. Full analysis of the
current-voltage characteristics will lead to a better understanding of the device, although
tunnel junctions for this work will be operated in the reverse bias region. A better under-
standing of GaN based tunnel junctions will help to optimize them for incorporation as more

efficient contacting layers in LEDs. Currently, the presence of a tunnel junction increases
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Figure 69: Tunnel Junction in reverse bias showing tunneling current

the series resistance of the device by 33% [26] over a typical LED with semitransparent
current spreading layer. A goal of this research will be to reduce the series resistance of

GaN tunnel junctions.
4.3 Hybrid p-type Doping

Hybrid doping was the first doping scheme employed in the tunnel junction development.
Three sets of runs were performed to optimize hole concentration and material quality. The
first set of growths was at high temperature (~1030°C) in which the molar flow ratio of
Cpa2Mg/TMGa was changed from 0.00556 to 0.0667 in order to incorporate more Mg into
the films and maintain a high quality epitaxial layer. The second set of runs repeated the
change in molar flow ratio of CpaMg/TMGa from the high temperature runs, but with a
lower deposition temperature (~980°C). The third set of growths, hybrid p-type doping,
consisted of alternating layers of high and low temperature p-type GaN repeated 10 times.
The high temperature layers were doped with a molar flow ratio of 0.0334 CpaMg/TMGa,
while the low temperature layers were highly doped with a molar flow ratio of 0.0459

CpaMg/TMGa. It is important to note that in the first and second set of growths the
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Figure 70: Schematic of the layer structure used in tunnel junction growths

molar flow ratio was set by changing the CpoMg flow and maintaining a consistent TMGa
flow. However, in hybrid p-type doping, the molar flow ratio was set by changing either
the TMGa flow or the CpaMg flow. It is believed that decreasing the amount of available
gallium allows for higher rates of Mg incorporation. For all growths, NHs flow was held
constant.

Several tunnel junctions were grown where the p++ layer was varied according to the
three sets of growth runs described in this work (a general schematic of the devices is shown
in Figure 70). A GaN buffer layer was grown on top of a bare sapphire substrate at low
temperature (500°C to 600°C) followed by high temperature (~1050°C) undoped GaN and
then an n-type GaN with SiHy as an n-type dopant at a molar flow ratio of 3.51 to TMGa.
The TMGa was switched with TEGa for the n+ layer (highly doped n-type GaN), which
was grown at low temperature (~980°C), and SiH, was used as an n-type dopant at molar
flow ratio of 48.3 to TEGa. To ensure a better interface between the n+ and p+ layers a
thin layer of undoped GaN was introduced as a barrier to magnesium diffusion. The device
was capped with high quality p-type GaN.

The activation process was also changed, in addition to varying the temperatures and
molar flow ratios of CpaMg/TMGa. A standard rapid thermal annealing (RTA) process was
used at 800°C with N9 ambient. Also, lower temperature (500°C) atmospheric anneals were
performed after some reports indicated that oxygen could enhance the activation process[39].

The atmosphere anneals were done at times ranging from 5 minutes to 3 hours.
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Table 2: Summary of P-GaN doping data

Sample Name A(HT) | B(LT) | C(LT) D(Hybrid)
Mg/Ga Flow Ratio 0.014 0.050 0.100 | 0.025 (HT)/ 0.045(LT)
RMS Roughness (A) 3.3 9.7 25.5 7.2
Hall Effect (cm™>) | 1x107 | 3x 107 [ 2 x 10 2 x 108

Secondary Ion Mass Spectroscopy (SIMS) was used to measure Mg incorporation in the
layers. Hall measurements were used to determine hole concentration and atomic force mi-
croscopy was used to measure surface quality. Scratch diodes and lithographically fabricated

diodes were used to test for tunneling in the tunnel junction devices.
4.3.1 Results of Hybrid Doping

The results for Hall effect and AFM measurements are shown in Table 2 The variation of
Cp2Mg/TMGa ratio at high temperatures had little effect on hole concentration as measured
by Hall effect or Mg incorporation as measured by SIMS. At higher deposition temperatures
with Mg incorporation of 5x 10em ™3, hole concentrations of ~1 x 107e¢m ™3 were achieved
for RTA and atmospheric annealed samples, and surface morphologies remained good, up
to a CpaMg/TMGa ratio of 0.0459. However, at lower deposition temperatures with Mg

0%%e¢m ™3, hole concentrations > 1 x 10¥em™3 were achieved with

incorporation of 1 x 1
atmosphere annealing and increased CpsMg/TMGa flow ratio, but these samples exhibited
poor surface morphology. Finally, the hybrid p-type doping, described above, achieved good
surface morphology and hole concentrations > 1 x 10'¥¢m =3 using the standard RTA activa-
tion process, while no atmospheric annealing was performed on these samples as mentioned
in the preceding section. In the hybrid doping, the balance between the Mg incorporation
and the surface quality depended on the TMGa molar flow and the layer thickness of the
respective temperature growths. Different CpsMg molar flows were evaluated for the high
and low temperature growth layers while keeping the TMGa molar concentration constant,
but regardless of temperature they lead to poor surface quality and thus poor contacts.
Lowering the CpaMg molar flow greatly improved the surface quality, but it also reduced

the carrier concentration and a working tunnel junction could not be achieved. A substan-

tial improvement in the carrier concentration, from 1 x 107em ™3 to 1 x 108e¢m =3, without
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Figure 72: Effectof atmosphere anneal vs No RTA

diminishing surface quality was seen when the CpsMg molar concentration was kept con-
stant for both the low temperature and high temperature layers, while the TMGa molar
concentration was reduced for the low temperature layers.

Tunnel junctions employing p+ layers from each of the three growth runs exhibited
different properties. Junctions with a high temperature p+ layer exhibited no tunneling,
only typical diode behavior; this was true for both annealing processes. On the other hand,
low temperature p+ layers showed tunneling when the sample was atmosphere annealed,
but not after the standard RTA, Figure 72.

RTA under a Ny ambient showed no effect on surface morphology as viewed under an
optical microscope. Conversely, the atmosphere annealing caused a deterioration of the

surface and was not used with the hybrid doped devices. Diodes (tunneling and normal)
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Figure 73: I-V plot of (a) several TJs using hybrid p doping and (b) NDR

processed with the atmosphere anneal showed higher resistance. This can be seen as a

smearing of the I-V curve in Figure 72.
4.3.2 Discussion of Hybrid Doping

The first method for p+ doping did not allow for enough Mg incorporation into the GaN.
Ga incorporation is more efficient at higher temperatures, blocking the incorporation of
Mg. However, the quality of GaN is preserved, as observed by surface inspection. At lower
growth temperatures it is possible to incorporate more Mg and activate more acceptors,
but the quality of the crystal surface tends to deteriorate. If the lower temperature p+
layers are used as a buried contact, the overgrown layers suffer from poor crystallinity, and
a complex device becomes impossible.

Hybrid doping of the p+ region combines the good crystallinity of higher temperature
GaN:Mg with the higher doping potential of low temperature materials. Higher Mg incor-
poration rates are achievable, by decreasing the TMGa flow relative to the CpaMg flow,
due to the lack of available Ga that would normally prevent Mg incorporation. In addition
layers with high CpaMg/TMGa molar ratios were kept thin to minimize disturbance to
the crystal. Tunneling was achieved as shown by the I-V curves and the N-type negative
resistance exhibited in Figure 73. Such a device is a good candidate for a buried contacting

and current spreading layer in other devices, eliminating the need for the p-type material to
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Figure 74: Schematic of nSPS test structure

be the top layer. Tunnel junctions have also been demonstrated as fully transparent current
spreading layers on the top of devices [25].

Atmospheric annealing in normal atmospheric conditions was also evaluated as a way
of increasing the activation of Mg in GaN. While some improved carrier concentrations
were observed with Hall measurements, a tradeoff came in material quality deterioration.
Although there may be some optimal condition for activation without unacceptable material
degradation, such a method is unsuitable for a buried p+ layer, because it is essentially

capped from the oxygen that is believed to cause higher activation efficacy.
4.4 Short Period Superlattice Doping

GaN/InGaN short period superlattice (SPS) structures doped with Si or Mg were inves-
tigated as possible doping schemes for a III-nitride tunnel junction. SPS structures have
been suggested as and reported to have the potential for achieving higher carrier concen-
trations than bulk layers[30, 58, 40, 28]. The superlattices in this work had periods of 5
A GaN and 5 A InGaN. The test structures were each comprised of 20 periods. Hall and
PL spectroscopy measurements were performed on the SPS test structures to evaluate their
quality. Junctions were then grown using the Mg doped SPS and Si SPS structures and

evaluated as tunnel junction devices
4.4.1 Si Doped SPS Structures

SPS test structures were grown with varying levels of silicon doping. The test structure
consisted of 20 periods of alternating Si:InGaN and GaN layers of 5 Athickness grown on
top of 1.5 um of undoped GaN on a sapphire substrate, as shown in Figure 74. Both the

InGaN and GaN layers were grown at ~800°C, which is the normal growth temperature
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Figure 75: PL Spectrum for nSPS test structure

for InGaN. However, high quality GaN is normally grown at ~1000°C. In this structure
the quality of the material is preserved as characterized by AFM, XRD, and PL. AFM
measurements provide a RMS surface roughness of 10 A, while Figure 75 is PL data for the
SPS structure showing a GaN peak at 3.4 eV. Hall effect measurements showed electron

carrier concentrations in excess of 1 x 102%¢m 3.

4.4.2 Mg Doped SPS Structures

Magnesium doping was introduced instead of silicon to investigate the properties of a pSPS
structure. The growth was performed at 800°C for both the GaN and InGaN. The doping
concentration was maximized using feedback from PL spectroscopy and Hall effect measure-
ments. PL spectra of three samples are shown in Figures 76, 77 and 78. The flow of Mg
into the chamber during growth is the only difference in these structures. The growth was
performed at 800°C for both the GaN and InGaN. Sample A is shown as a baseline doping
concentration. Sample B has twice the Mg flow and Sample C has half the Mg flow. Each
of the PL spectra shows strong Fabry-Perot oscillations indicating high quality interfaces in

the superlattice. Each spectra also shows a peak near 2.8 eV arising from the superlattice
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Figure 76: PL spectra of baseline pSPS doping
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Figure 77: PL spectra of twice baseline pSPS doping
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Figure 78: PL spectra of half baseline pSPS doping

Table 3: Carrier concentrations for pSPS samples

Sample A | Sample B | Sample C

Hole Concentration | 1.99 x 10™® | 8.86 x 1017 | 3.65 x 108
Mg Flow Baseline Twice Half

InGaN composition. Samples A and B have another peak in their spectra that is due to
defects in the material from over doping of Mg. The relative intensity of the defect band to
the SPS peak indicates the level of defects in the material. For instance, in sample B which
has twice as much Mg flow as sample A, the defect band nearly washes out the SPS peak.
However, in sample C there is no defect band, indicating that there is no overdoping from
Mg. This explanation is corroborated by the results of Hall effect measurements shown in
Table 3. The hole concentration for sample C is higher than that of samples A and B which

indicates that the samples are suffering from compensation effects from over doping of Mg.
4.4.3 SPS junctions

The SPS test structure described in the previous sections were then used to form a pn
junction. Two variations of the structure are shown in Figure 79. The n SPS layer was the

same as in the Section 4.4.1 and the pSPS layer was the same Sample C in Section 4.4.2.
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Figure 79: Schematics of two variations of SPS junctions

Current voltage measurements were performed on the devices to assess them as tunnel
junctions, however, very little reverse current could be achieved. It is unclear whether

further optimization of these structures would lead to a tunnel junction.
4.5 Mn Doping

Mn doping was introduced into a tunnel junction structure similar to the one mentioned
previously that used the hybrid p-type doping scheme to assess its effect on tunneling
behavior. Mn dopants tend to have energy levels in the middle of the bandgap for GaN,
which may lead to defect enhanced tunneling. Normally, as the tunnel junction is driven
in to reverse bias, tunneling may occur when the valence band of the p-side is at higher
potential than the conduction band of the n-side as shown in Figure 69. The tunneling
probability is a function of the width of the tunnel barrier, however, if a state exists in that
barrier it may act as a transition point for carriers, and improve the tunneling probability
as shown in Figure 80. Several devices were grown and fabricated. The layer structures
shown in Figure 81 are modified from the tunnel junctions employing the hybrid doping
scheme mentioned before. Mn has been introduced into the intrinsic region at the junction
between the n++ layer and p++ layer. Table 4 shows the expected Mn concentrations in
each of the samples. All other paramters were held constant except the flow of Mn entering

the reactor. The current voltage results are shown below in Figure 82. It can be seen that
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Figure 80: Tunnel junction in reverse bias illustrating defect assisted tunneling
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Figure 81: Tunnel junction structure schematic showing GaN:Mn placement

Table 4: Mn doping for tunnel junctions

Sample Mn Concentration
Low Mn Doping 5%
Medium Mn Doping 1%
High Mn Doping 2%
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Figure 82: I-V plots of Mn Tunnel junctions

each of the samples containing Mn in the junction has reduced reverse current as compared
to the junction without Mn. One explanation for this is that the presence of Mn impurities
in the junction increases carrier scattering causing more carriers to give off their energy in
the form of photons. A more plausible explanation maybe that the Mn impurities diffused
into the p++ layer partially compensating the hole concentration resulting in a fermi level
further away from the valence band. A decrease in the p-type doping would increase the
tunneling barrier seen by carriers as and decrease the amount of tunneling current as seen

by Equation 52.
4.6 Conclusion

Several methods for forming a IlI-nitride tunnel junction were explored, however, a suitable
device for a buried current spreading layer was not achieved. Hybrid doping showed the best
results as a tunnel junction however the voltage need to achieve reverse currents suitable
for LED operation were too high. SPS doping showed strong potential for obtaining high
concentrations of holes in p-type material, however, structures incorporating these layers
did not create suitable tunnel junctions. Lastly, Mn doping of an intrinsic region in the
junction to create defect assisted tunneling also proved to be not suitable for creating a

tunnel junction. A simpler solution for creating a dual wavelength LED is described in
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Chapter 6. There are advantages and disadvantages to the two terminal device described

in Chapter 6, however, then major advantage is that such a device is attainable.
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CHAPTER V

PHOSPHOR TEST BED

5.1 First Generation Phosphor Test Bed

The basis for a BSDLED was demonstrated by pumping a combination of phosphors with
multiple wavelengths of excitation, and then varying the relative intensities of those pumps.
Such a device is a novel concept and will play an innovative role in solid state general
illumination.

A wide variety of phosphors that are excited by a range of pump wavelengths exists.
In fact, a single phosphor may respond differently to different pump wavelengths. Thus,
a combination of multiple phosphors with differing and exclusive excitation spectra can
be simultaneously pumped by multiple wavelengths to produce white light. The relative
intensities of the pump peaks can then be varied to change the output of the total device
and therefore allow dynamic tuning of the correlated color temperature (CCT). Such a
device combines the controllability seen in RGB-LEDs and the broadband characteristics
of PC-LEDs. It is believed that such innovations will prove instrumental in the success of
solid state general illumination sources that require high quality dynamic white light.

The analyses of several phosphors for use in a dynamic phosphor converted illumination
source are reported here. Such a device can be constructed using readily available phosphors
and pumped with standard GaN LED emission wavelengths. Pump wavelengths of 400 nm
and 460 nm were chosen based on a number of criteria including availability of phosphors
and desired output spectrum. The phosphors analyzed here include: UV to white (A),
SrGagS, (B), SrCa:Eu (C). Each phosphor was excited by the 400 nm and 460 nm light
independently and simultaneously and the output power spectra observed. Phosphor A was
strongly excited by 400 and not 460, while the converse was true for Phosphor C as shown
in Table 5.

Phosphors A, B and C were then combined based on the results in Table 5 to achieve
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Table 5: Phosphor responses to different pump wavelengths

o s Phosphors
Excitation .
SrGagSy (Green) | SrCa:Eu (Red) | UV to White
460 nm Strong Strong Weak
400 nm Strong Weak Strong
Constant 400 nm Emission and Varying 460 nm Emission Constant 460 nm Emission and Varying 400 nm Emission
401 Red Emission is Increased 1.0+
3.5 with Blue Pump
30 0.8 I Yt_ellow Emission Increases
- - with 400 nm Pump
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Figure 83: Phosphorescence for changing (a) 460 nm and (b) 400 nm pump

a source with CCT similar to an incandescent bulb. Next, the dual wavelength source
was used to excite the phosphors as the relative intensities of the two wavelengths were
varied from singular 460 nm or 400 nm pumping to equal pumping from both wavelengths.
Figure 83a and b shows the change in phosphorescence as the intensity of one wavelength
is held constant and the other varied for both cases. The shape of the emission curve is
shown to change by varying the relative intensity of the two pump wavelengths as denoted
by the arrows on Figure 83. Figure 83a shows an increase in the red phosphorescence ( 655
nm peak) as the 460 nm pump relative intensity is increased. Figure 83b shows that an
increase in 400 nm relative intensity is accompanied by an increase in the yellow/green ( 560
nm peak) phosphorescence. Figure 84 displays the equal intensity spectrum superimposed
with the two singular pump spectra and normalized to the phosphor peak of each, clearly
depicting the shape change of the phosphorescence spectrum.

Figure 85 shows the varied spectra plotted on a 1931 Commission Internationale De
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Figure 84: Overlayed phosphorescence spectra for varied pumps

L’eclairage (CIE) diagram showing the variation of chromaticity achievable with this com-
bination of phosphors. Pumping relatively harder with the 400 nm light excites more of the
yellow /green phosphor emission moving the chromaticity coordinates closer to the yellow
edge of the spectrum. Increasing the relative intensity of the 460 nm pump excites more
of the red phosphorescence as well as adding blue light from the pump to the spectrum,
thus, shifting the chromaticity coordinates toward the violet edge (bottom left) of the CIE
diagram. A large range of points can be accessed with this combination of phosphors and
pump choices. In addition, correlated color temperatures (CCT) ranging from 3588 K to
4793 K are achievable. Another important note is the high color rendering index (CRI) of 85
and 82 as listed in Figure 85. These CRIs rival many fluorescent lamps and are attributed

to the broad emission from the combined phosphor emission.
5.2 First Generation Phosphor Summary

These results show great potential for BSDLEDs. Such a source is possible by using a
three terminal device as described previously and phosphor combinations similar to those
analyzed here. Innovations such as this will help solid state illumination sources gain a
competitive advantage over conventional illumination sources. This will be necessary for

solid state lighting to realize success in the general illumination market.
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Figure 85: Plot of CIE coordinates for varied phosphorescence spectra
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5.3 Second Generation Phosphor Test Bed

A wider range of phosphors were combined to create a mixture that would have CIE co-
ordinates closer to the Planckian Locus. In addition to the phosphors used in the first
generation test bed, YAG:Ce and an orange emitting phosphor were used to enhance the
spectral power distribution of the source. Another stipulation to the second generation
phosphor test bed was that it work with the second generation dual LEDs described in
Chapter 6. These devices do not have a the dynamic range that is achievable with two dis-
crete devices, which can have 8 ranging from 0 to co. YAG responds very well to pumping
with 460-470 nm light, but not to ~400 nm light. On the other hand, the orange phosphor
used responded equally well to pumping from 400-480 nm light. The range of chromaticity
achievable with the second generation phosphor combination is shown in Figure 86. This
was achieved using the dual LED described in Chapter 6. When § of the source is 0.08, the
spectrum has a CCT of 3228K, and is very similar to an incandescent light bulb. As [ is
increased by increasing current density, the spectrum shifts due to added long wavelength

content from the LED as well as additional long wavelength components from the red and
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orange phosphors. The high CCT end also shows a slight upward curve that is caused by
saturation of the long wavelength phosphors and more LED light passing through. Shift
in the CIE coordinates for the standalone pump source is shown on the bottom left corner
of Figure 86. The fact that the direction of shift for the final device and standalone pump

differs illustrates that the phosphor emission significantly contributes to the final SPD.
5.4 Conclusion of Phosphor Testing

The results shown here describe successful use of phosphor combinations with a dual LED
to create a dynamic spectrum light source. The first generation phosphor test bed was
pumped with a source in which 3 ranged from 0 to oco. However, the second generation
phosphor test bed had a constraint that it must work with a 8 range of 0.08 to 2.5. A
suitable set of phosphors was used to create a source of which the CCT can be varied from

3228 K to 5339 K by increasing the drive current used in the LED.
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CHAPTER VI

DUAL LEDS

6.1 First Generation Two Terminal LED Structures

LED structures with multiple quantum well regions designed to emit at different wavelengths
have been grown. It has been observed that the emission mechanism for each of these MQW
regions is the same as that seen in a single MQW region LED.

Dual MQW region LEDs, Figure 87, for efficient pumping of multiple phosphors have
been grown by MOCVD, for use in broadband, white solid state light sources. Blue (460
nm) and Violet/UV (~400-420 nm) emitting MQW regions were incorporated into a single
device and show recombination mechanisms similar to single MQW region devices. The in-
troduction of a spacing region successfully separated the electroluminescent emissions, and
two distinct emission peaks were observed. A large factor in the efficient radiative recombi-
nation in these devices is the localization of carriers by indium compositional fluctuations in
the InGaN quantum wells. Photoluminescence measurements were carried out to determine
the physical mechanism behind light emission in these devices. Optical recombination in
low-dimensional InGaN quantum structures strongly depends on the localization of carriers
in quantum dot-like structures|[11, 63, 61, 49]. Inhomogeneities in the indium concentration
on the nm-scale provide potential fluctuations in the band gap, and the carriers are trapped
in islands that may provide 3D-quantisation up to elevated temperatures[61]. An increased
overlap of hole and electron wave functions is induced by the localization of carriers in the
nanoscale islands. The average localization energies were determined by an Arrhenius plot
of the luminescence intensity following the approach suggested by Adelmann et al[2]. The
two activation processes are necessary to describe the data in both low and high temperature
regimes.

All the LEDs in this work consisted of InGaN/GaN quantum wells in the active region.

The emission wavelength was controlled by changing the growth temperature of the wells,
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Figure 87: Layer schematic of 1% generation Dual LED

which affected the growth rate and the indium incorporation. The barrier was grown in two
stages; the first stage was grown without hydrogen and the second stage was grown with
hydrogen and at a higher temperature and rate than the first stage. Multiple growths were
completed to optimize the growth rate of the well and the two stage barrier.

A series of systematic growth runs were completed at various temperatures to better
understand the effects of temperature on the indium incorporation in the quantum wells.
Active regions were developed specifically for 460 and 400-420 nm emission. X-ray diffrac-
tion and structure simulation were used to study changes in the indium concentration with
respect to the growth temperature and the thickness of the wells against the emitted and
PL wavelength.

Next, a series of devices containing a 460 and a 400-420 nm set of multi-quantum well
regions, a dual MQW region structure, separated by an undoped spacing region was grown
as shown schematically in Figure 87. The dual MQW region emitter incorporated the
optimized MQW growth conditions for the respective emission wavelengths. The device

structure development focused on the 3 layers shown below:
1. First set of MQW (460 nm)
2. Spacing layer between the two MQWs

3. Second set of MQW (400-420 nm)
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The 460 nm MQW was placed at the bottom so that it does not reabsorb the emission
from the 400-420 nm MQW. A spacing layer was introduced between the two MQWs to
mitigate interaction. The two respective MQWs were split into three growth stages: the
quantum well and a two stage barrier. As discussed above, temperature was used to vary
the indium incorporation into the well to control the desired emission wavelengths. During
device optimization it was determined that varying well and barrier thickness and different
growth temperatures were the best approach for the two sets of MQWs.

Thin and thick undoped GaN, n-type GaN and low aluminum concentration GaN layers
were studied for the spacing layer at both low (below 800°C) and high (above 900°C)
temperature growths. In addition, different precursors for gallium (TMGa and TEGa) were
evaluated to optimize the interface layer.

Text Box: Figure 1.9: Temperature Dependent PL data for blue emitter. Inset shows
peak position and intensity as a function of the temperature facilitating the determination
of activation energies of 4 meV and 44 meV.

A bright quantum well emission dominated the PL of all samples. Temperature de-
pendent PL data for a blue emitter is shown in Figure 88. Inset shows peak position and
intensity as a function of the temperature facilitating the determination of activation ener-
gies of 4 meV and 44 meV. Similar results were obtained for the UV emitter (not shown
here). A significant S-shape behavior of peak energy, which indicates the presence of QD-
like potential fluctuations, is revealed by temperature dependent PL measurements for low
excitation energies (Figure 88). Evaluation of MQW emission determines the activation
energies to be Eq (1) = 4 meV and Ey(2) = 44 meV following the approach suggested by

Adelmann et al.[2], Equation 53.
—Ey _E
[=C |14+ Ae™ + Be B2kT| —1 (53)

where, k is the Boltzmann factor, and A and B are scaling factors. The scaling factor
of the latter process is more than 200 times larger than the first. Interface roughness
and/or one monolayer fluctuations of the QW thickness typically provide localization centers

with localization energies below 5 meV. Therefore, the smaller energy can be attributed
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Figure 88: Temperature Dependent PL for blue emitter

to imperfections of the interfaces in the MQW. A more thermally stable localization is
indicated by the second E,; = 44 meV. It is assigned to the localization of carriers in
nanoscale islands caused by fluctuations in the indium concentration. Site selective PL
spectroscopy was also performed on the dual MQW device, shown in Figure 89a. For each
peak a mobility edge can be determined: 2.94 for the blue emission and 3.08 for the UV
emission. This indicates the existence of isolated localization sites on the low-energy side of
the mobility edges, confirming the radiative recombination in the device is generated in zero
dimensional centers. Hence, the dual MQW devices show the same emission mechanism as
detected for each single MQW devices.

Bright electroluminescence was also observed from the devices. The EL data for dual
MQW region device is shown in Figure 90. Two distinct peaks are observed in the dual
MQW region device, showing separate luminescence from each of the MQWs. Similar results
are observed for devices with 400 nm and 460 nm peaks.

The enabling light emission mechanism in GaN-based LEDs with a single MQW region,

namely carrier localization[45], has been successfully employed in a device with dual MQW
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111



pGaN
3 QW (A=400 nm)
3 QW (A=460 nm)

nGaN ]

Figure 91: Layer schematic for 2" generation Dual LEDs

regions tailored to emit in the blue and near UV regions of the spectrum. This was important
to preserve the same high brightness characteristics from standard GaN LEDs to the new
device. Temperature and excitation energy dependent PL measurements confirmed the
existence of carrier localization first in the single MQW region devices and then in the dual
MQW region devices.

Bright emission derived from the carrier localization is also seen in EL (Figure 90).

These devices show that dual wavelength emission is possible from the same device.
6.2 Second Generation Two Terminal Dual Wavelength LEDs

The first generation of two terminal dual wavelength had an emission spectrum with two
distinct peaks which could be used to efficiently couple into multiple phosphors of different
excitation spectra. However, dynamic control of the relative intensities of the two peaks
was limited in these devices. A second generation of devices were designed to increase
the ability to control the relative intensity of the two peaks and simplify the structure. A
series of experiments were performed to determine the behavior of these devices. A basic
schematic of the device layer structure is shown in Figure 91. The samples were grown in
the highly modified commercial MOCVD reactor used for the rest of the work. The active
region consisted of six quantum wells with three designed to emit at 400 nm and three
designed to emit at 460 nm. The first three grown were designed to emit at 400 nm and will

be referred to as QWs 1-3, while the last three grown were designed to emit at 460 nm and
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are referred to as QWs 4-6. Below the active region is an n-type GaN region with carrier
concentration of ~ 10'¥cm =3 electrons. Above the active region a p-type GaN region with
hole concentration ~ 10'7c¢m™3. The n and p-type regions used in these device are typical of
common LED structures. In this study the most important metric was the relative intensity
of the two emission peaks. [ is defined as the ratio of the long wavelength intensity to the
short wavelength intensity. In the case of these samples the long wavelength quantum wells
are positioned nearer the n-type GaN layer and the short wavelength quantum wells are
positioned near the p-type gallium nitride. In effect, 7 is a measure of the amount of
electron hole pairs recombining in the long wavelength quantum wells as compared to the
short wavelength quantum wells, which is dependent on the current injection into both of
those regions. (@ will be used throughout this section to denote this ration in the text and

figures.
6.2.1 Dual LED Results

First a sample with no doping in any of the barriers was grown, fabricated and tested. The
electroluminescent spectra at varied drive current is shown in Figure 92. Figure 92 shows
that at low currents the long wavelength emission is greater than the short wavelength
emission. As drive current is increased the relative intensity of the short wavelength emission
is increased to a point where the effect saturates as shown in Figure 93. The maximum (3
for this device is 1.47 and the minimum is 0.89. Next the barrier between QWs 3 and 4 was
doped with Si to study the affect it has on the minimum and maximum (. Three samples
with different doping levels in the barrier between QWs 3 and 4 were grown, fabricated
and tested. The first sample, had a carrier concentration of ~ 6 x 10'¥em ™2 electrons. EL
spectra in Figure 94 show that at low currents the short wavelength dominates with a 3
~0.1. It is not until very high current densities (220 ﬁ) that G begins to change. The
maximum [ reached before the device is destroyed by high current is ~1.1, as shown in
Figure 95 where (3 is plotted against current density. Another sample was grown with twice
the Si doping in the barrier (1.2 x 10?em™3), however, no change in 3 was observed for

current densities that the device could sustain. A third sample with half the Si doping
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Figure 92: Normalized EL spectra of Dual LED with undoped barriers
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Table 6: Results of Second Generation Dual LED growths and testing
Doping (ecm™3) | Min 8 | Max 3| p=1
A

None 0.89 1.47 e
3 x 1018 0.08 2.5 2202,
6 x 1018 0.08 1.1 | 3052,
1.2 x 1019 NA NA NA

(3 x 10®¥cm=3) was also grown. The effect of drive current on 3 was much greater and
started to show at current densities ~ 10007%, as seen in Figure 96. The maximum [
attainable for this device was ~2.5, for which the EL spectrum is shown in Figure 97. The

results for these device is tabulated in Table 6.

6.2.2 Discussion of Dual LED

Doping of the barrier between QWs 3 and 4 with Si achieves significant control over the 3
by varying drive current. A model to explain this behavior considers two barriers to current
injection in the different QW regions. A band diagram for the QW region of a device with

doping in the barrier between QWs 3 and 4 is shown in Figure 98.
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In Figure 98 the n-type region lies to the left of the QWs and the p-type region is to
the right. The relatively high In concentration in the Qws 1-3 leads to electron trapping
and blocking, making it more difficult for electrons to travel to QWs 4-6. This effect is best
observed in a dual LED with no doping where the QWs 4-6 are preferentially excited at low
currents. In the case of no doping holes are more free to move to QWs 1-3 than electrons
are to move to QWs 4-6 at low currents. As current is increased the electrons fill higher
energy states and are able to travel to QWs 4-6. At this point the mobility of the carrier
influences 5. QWs 4-6 are more preferentially pumped because holes have lower mobilities
and do not travel as far as the electrons, thus recombination is more likely in QWs 4-6.
On the other hand, the doping of the barrier between QWs 3 and 4 creates a barrier to
hole transport to the QWs 1-3. In the case of the doped barrier the hole blocking washes
out the effect of electron blocking at low currents. The holes are trapped in QWs 4-6 until
current is high enough to promote some holes over the doped barrier and into QWs 1-3.

At this point the electron trapping effect influences § recombination occurs in QWs 1-3. A
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mathematical model describing 3 as a function of drive current is in Section 3.3.3.2
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CHAPTER VII

BROADBAND CIRCADIAN LIGHT SOURCE

7.1 Introduction

Bringing daylight indoors has been the major goal of the lighting industry for more than
a century. While there have been some advances in this area, most noticeably the use of
fiber optics, there have been no major revolutions. As the lighting industry has matured,
lighting designers have been able to consider effects beyond visual to the psychological, such
as the effects of architectural downing to highlight features of a building facade. However,
as the lighting industry matures further, designers can take another step and examine the
physiological aspects of lighting of people within the environment.

Solid State Lighting (SSL), that using light emitting diodes (LEDs) as the illumination
source, is becoming a practical future for lighting as LEDs continue to improve in efficiency,
luminous output, cost. LEDs can be smaller, more efficient, more robust, longer lived,
cooler, and more easily controlled than conventional lamps. Yet, for solid state lighting to
provide a competitive advantage over conventional lighting it must provide new innovations
rather than being a more cost effective replacement. The controllability provided by solid
state lighting sources lends itself to the development of new sources for general illumination.

Recent biological research has investigated the relationship between human internal
clocks, the circadian rhythm, and light. Studies show that certain circadian rhythms can
be entrained with light. Thus, disorders such as jet lag, shift work sleep disturbance,
age-related insomnia, advanced- and delayed-sleep phase syndromes, and SAD (seasonal
affective disorder) can be addressed. However, many uncertainties still exist in this field.
While melatonin levels in the blood are generally accepted as the true indicator of a response,
the photoreceptor for the circadian system is still in debate. More work is required in this
field which proper tools can greatly facilitate.

In light of this, a circadian light source that modulates its Correlated Color Temperature

121



(CCT) and total intensity to mimic daylight of the earth during the normal day has been
designed. The ingenuity of this device is the manner in which it modulates CCT. This is
achieved by varying the intensity of blue light in the visible power spectrum via LEDs. For
example, when blue light is combined with white light, the CIE coordinates of the source
shift closer to the blue edge, similar to daylight’s daily movement along the Planckian Locus.
The curve can be approximated to a linear regression due to chromatic adjustment of the
eye. Moreover, blue light at 460-470nm has been shown to elicit the greatest circadian
response[6]. Due to the spectral changes, this implies that lighting can have physiological
effects for humans beyond the normal visual and psychological effects. The light source
developed in this work can mimic the sun and most efficiently and comfortably tap into the

human circadian system, by using this color variation.
7.2 Circadian Rhythms

Human biological systems are complex and not well understood with human eye being
one of the most complex of these. Although, it is widely accepted that vision is primarily
mediated through cells known as rods and cones contained in the eye. As research continues
biologists have realized that there are functions of the eye other than vision[3]. There are
cells in the eye that are believed to have the ability to reset certain biological systems when
the correct amount of light is present.

A circadian rhythm is one with a cycle of about 24 hours. ”Circa” means about and
”dia” means day, giving: "about a day” or 24 hours. This internal clock is reset daily with
light, which is received by photoreceptors in the body, Figure 99b. A basic flow diagram is
illustrated in Figure 99a. It illustrates the path of our circadian system the results in our
propensity to sleep or wake. Circadian rhythms are common throughout different life forms
from bacteria to humans. Core body temperature, sleep schedules, and other physiological
behaviors, are regulated by this clock. This internal clock is reset daily with light, which
is received by photoreceptors in the body. The action spectrum in Figure 100 denoted
as melatonin response gives evidence to the importance of spectral content of the source,

because it represents the response of the human circadian system to varying colors of light.
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Figure 99: Entrainment (a) and Mechanisms (b) of the Circadian Clock

An important note is the peak around 464nm. The human circadian clock has an average
free running time of 24.22 hours. Free-running is defined as the average cycle time in a no
light environment. In humans the phase of circadian cycle can be monitored by salivary or
blood melatonin levels, or core body temperature[13]. These rise and fall of these functions
occurs at different times of the day and depends on light as shown in Figure 101. Melatonin
is the principle hormone secreted by the pineal gland and is a derivative of tryptophan.
High melatonin levels have been shown to cause sleepiness[16] in humans, therefore partly
regulating the sleep/wake cycle. Secretion and synthesis are inhibited by light, and so
induced by darkness. However, the exact biological path for these cues is still unknown
though continuing research is examining the different steps. Light has been shown to be
one environmental cue at the beginning and melatonin is recognized as the endpoint of a
biological chain[16]. Currently, a major research thrust in this field has been to identify
the single or set of circadian photoreceptors. Knowing and understanding the cells that
react to light for the circadian system would allow biologists to better understand the way
light interacts with human systems. It is evident from Figure 100 that the primary visual

receptors are not responsible for light entrainment of the circadian system. The shaded curve
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represents that action spectrum where the other curves are corresponding to the responses
of rods and cones[6]. Other research has at least concluded that cones are not responsible
for entrainment, but acknowledges that these type of tests ”do not eliminate more complex
models based on unusual combinations of known photoreceptors”[55]. Moreover, one study
showed that mice without rods or cones still had a circadian reaction to light[20].

As research has progressed, several candidates for the primary photoreceptor have been
proposed. Recently, melanopsin, an opsin located in the human eye has been given much
attention as the most likely candidate. With a peak response at 480 nm, it is the closest
match to the circadian system. The slight offset from the 464 of the melatonin inhibition
suggests that it might not be the only player in its role as a circadian receptor. Also, the
entire pathway of light entrainment is still unclear to researchers, and it is possible that
the cell serves some other purpose[6]. Accordingly much of this field seems to be not well
understood.

The current state-of-the-art in Circadian Light Therapy devices consists of bright white
light boxes. These are used to irradiate a certain amount of light onto a subject for a
specified period of time. Until recently it was widely believed that brightness and exposure
were the only important parameters in the light therapy. The evidence presented here
shows that wavelength of light plays some role in circadian entrainment. The color does
matter because of the way cells work, having peak responses at certain wavelengths. Solid
state lighting has the ability to efficiently interact with the human circadian system on this

premise.
7.3 Circadian Light Source

Solid state lighting must employ new features offered by LEDs in coordination with the
current understanding of light and how it interacts with the human body. Current lamp
technologies are limited in their abilities to do this because they are designed for one function
and typically only the intensity can be controlled. However, the circadian source must be
more complex to offer these capabilities. A basic schematic is shown in Figure 102. The

control source is used to modulate the light source and the power module provides the
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necessary current to drive the LEDs in the light module. Modulation is achieved through the
use of a simple microcontroller or more advanced computer, and a pulse width modulation
scheme designed to increase or decrease the intensity of an individual or bank of LEDs on
a periodic cycle close to that of a day. This is possible because of near instant turn-on time
of LEDs. The circadian source developed in this work can be used to produce variations
with time periods of 5 seconds to 48 hours but will be normally be used with time periods
of 20-28 hours depending the application.

The spectrum and thus CCT of the device can be controlled by varying the intensity of
blue and green high brightness LEDs incorporated in the device. The correct color mix and
modulation, leads to a linear approximation of the Planckian locus as shown in Figure 103.
This is data taken using a spectrometer from an array of LEDs where the intensities of
the blue and green LEDs were varied. The Circadian Light Source works by modulating its
CCT in a cycle that mimics the normal day. A more sophisticated device is being developed

that can accurately follow the Planckian by modulating Red, Green, and Blue (or other
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color) LEDs in coordination with a broadband source in the proper sequence. Ultimately
the source will be able to produce a very wide range of colors from the edge of the color
gamut to anything on the Planckian; although for general illumination will typically be
limited to the Planckian.

The lamp choice must also consider CRI. Using multi-chip LEDs may or may not lead to
a suitable CRI of 85 or above, which is the definition of a deluxe lamp for lighting applica-
tions. It is possible to achieve high CRI by using three (3) LEDs with the correct emission
wavelength[66] and a suitable control system. Another feature that is under consideration is
a feedback system to monitor, in real time, the CIE coordinates of the spectral output. This
would consist of a sensor to ensure that changing properties in the LEDs do not degrade
the quality of the light. Additional cost for the source is the main concern with a feedback
system.

Another consideration for a proper circadian source is brightness. For light to elicit a
circadian response there is a minimum irradiance required. These levels have been deter-
mined for white light[9]. However, there has been no work found that studies emission with
wavelength ~460nm in this way. There has also been no work found that examines the
effects of a changing source similar to the natural daylight. The circadian light source can
be used for many different studies in this area to determine an optimal source for human
circadian responses.

The source described here has many possible applications. As mentioned, it would give
researchers a new tool in understanding the human circadian system. The dynamics of this
source introduce a new element for conducting studies in this area. One of the possible next
steps in this project is to coordinate with a biological research group to develop new tools
and better understand these processes by performing human factor studies using experience
from engineering and biological sciences. Instead of using saturated blue light to cause a
physiological change, the circadian source can be used as an illumination source providing
increased comfort over a saturated blue source. The circadian source will prove to be
versatile as a general illumination source, allowing for changes in CCT according to the

designers needs. The dynamics allow it to change its characteristics depending on time of
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day, activity, number of people in the room, or other environmental concerns. Some of the
physiological effects might be decreased in this case but visual and psychological effects will
still play a major part.

One concept places these devices in airplanes much like reading lights, as which it may
double Figure 104. It could be used to mitigate effects of jet lag. Each traveler would have
a personal circadian light system for their specific schedule. Depending on the length or
purpose of their stay the source could help them adapt accordingly. Another set of sources in
the cockpit could help to keep the pilots more alert especially during transcontinental flights.
This is an example of the innovative incorporation solid state lighting in an environment

that provides new functionality.
7.4 Conclusion

Solid state lighting offers new features for lighting engineers and designers; one of which is
controllability. For the success of solid state lighting, new sources based on that technology
must take advantage of these features with new ideas about lighting. This source developed
here uses controllability to add functionality to a general illumination device.

A circadian rhythm is one that has a period of about a day. Researchers have shown

that these rhythms can be reset in humans by light irradiated on the eyes. Further research
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has shown that an action spectrum for this type of response exists indicating that certain
wavelengths of light have more effect than others. The action spectrum for a circadian
response has a peak around 464nm corresponding to this spectral region. Also, an increase
in color temperature of a light source corresponds to an increase in the spectral power
density in the blue light.

A circadian light source has been developed as a general illumination source that can
mimic the changes in color temperature of daylight through the day. This type of source
may more effectively affect physiological changes in a subject than typical bright white
source currently in use, while still retaining comfort provided by white light as opposed to
blue light. For this device to be effective, however, the light must be bright enough. While
dosage levels have been determined for white light, no work has been found that determines
them for colored light. Further research is required, in which a device like the circadian
light source could be used to understand the role of differing wavelengths in the entrainment
of human circadian rhythms. The circadian source has many possible applications. It can
serve as a general illumination source and a circadian entrainment source, because it is a
white light source that can increase its color temperature to more efficiently interact with

the human circadian system.
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CHAPTER VIII

DEVELOPMENT OF A LIGHT BOX FOR ENTRAINING
CIRCADIAN RHYTHMS IN RATS

Retinal melatonin receptors respond to a narrow band of wavelengths by inhibiting the
pineal gland’s secretion of the hormone melatonin; for humans, this band is in the blue
region of the spectrum. The eye is normally exposed to blue light during the day. As a
result, melatonin is associated with ambient darkness, and it regulates sleep-wake cycles
in animals. The circadian rhythm is disrupted in the absence of a 24-hour day-night cy-
cle. For humans in such environments (e.g., astronauts, or those suffering from seasonal
affective disorder), periodic exposure to intense blue light can successfully regulate wake-
fulness. High-intensity light-emitting diodes have predictable spectral profiles, with narrow
peaks at wavelengths dictated by the desired application. Their sub-microsecond switching
times allow pulse-width intensity modulation. These properties make them well-suited for
stimulating melatonin receptors with reproducible intensities and wavelengths of light. This
section covers the development of a small artificial environment based on solid-state lighting
has been developed. The enclosure is to be used at the Morehouse School of Medicine to
study the suppression of melatonin production and consequent circadian phase-shifting in

rats.
8.1 First Generation Light Box

A box as shown Figure 105 was built to hold a single rat at a time and expose it to a pulse of
blue or green light for a desired period of time. LEDs were mounted on a board as shown in
Figure 106, which was attached to the top box and aimed at the bottom box. The intensity
of the LED emission could be controlled by increasing or decreasing the drive current to
the LEDs through the tuning of a potentiometer as shown in Figure 107 which is a circuit
schematic for the light box. A switch was used to direct current to a bank of green or blue

LEDs. Figures 108a and b are photographs of the light box with green LEDs and blue LED
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Figure 105: First Generation Light Box
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Figure 106: LED Board for first generation light box
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Figure 107: Circuit schematic for first generation light box

turned on respectively. The carrier in which the rats were kept is also seen inside the light
box. During normal operation the rat and carrier would be inserted into the light box and
the hinged door closed. The blue or green LEDs would then be turned on for a specific
amount of time and the amount of circadian phase shift was measured for the rat. Results
obtained using this box are shown in Figures 109a and b. These results were obtained using

uW

a 15 minute pulse of light with blue intensity of 0.1£—~ and green intensity of 0.14

cm?

uW
cm?”

Green light is 30 % more intense than white and blue light, but does not phase-shift the
locomotor activity rhythm(a) and does not suppress melatonin(b). This experiment shows

the usefulness of blue light in phase-shifting circadian rhythms in rats.
8.2 Second Generation Light Box

Many SSL systems use pulse width modulation to control the intensity of an LED instead of
current control in order to minimize current-dependent effects (e.g., intensity nonlinearity
and chromatic shifting). The effects of such a scheme on circadian rhythm phase-shifting
however is unknown. A second generation light box was to developed to investigate these

attributes. This system consists of an embedded microcontroller that controls and monitors
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Figure 109: Results obtained using the first generation light box
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Figure 110: Schematic of the second generation light box

multiple LED arrays. Figure 110 shows an experimental prototype of this system. The
box’s user interface allows direct linear control over the LED supply current, the system
also permits pulse-width modulation of the LED arrays. The system monitors the array
heat sink temperatures and optionally applies a calibrated correction to the light output
of the system, thereby compensating for the array’s temperature-dependent behavior. The
controller also stores user-defined diurnal lighting profiles, allowing the internal ambient
environment to be varied automatically over time. All of these features are improvements
to a similar previous enclosure. Figure 111is a high-level schematic view of the system. A
secondary goal of this project is to evaluate the safety of high-energy light exposure. There
is inconclusive evidence that exposure to sunlight - and especially to blue light - is a risk
factor for age-related macular degeneration (AMD). Long-term exposure to short, high-
intensity bursts of blue light may accelerate the onset of macular degeneration, relative
to ordinary sunlight exposure. This system would benefit from the use of tunable LED

arrays, such as phosphor-coated LEDs. For example, a tunable white LED source could
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Figure 111: High level schematic of second generation light box

simulate a variety of ambient light scenarios, such as natural daylight, incandescent light,

or fluorescent lighting. By simulating more realistic environments, the enclosure would be

able to more accurately predict long-term biological effects. It would also be possible to

evaluate the safety of phosphor-coated LEDs pumped by near-ultraviolet light.
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CHAPTER IX

CONCLUSION

A novel solid state illumination source has been developed. A two terminal dual LED has
been created with the ability to control the relative intensities of the two emission peaks by
varying drive current. The key factor in the design of the two terminal LED is the barrier
doping, by allowing greater control over 3. A model for the operation of this device has
been presented in which drive current effects the rates at which holes and electrons travel
through the junction and cause a variation in 8. The dependence of 8 on drive current
can be modeled as an exponential function, where barrier doping density affects a scaling
factor in the function. In addition, novel use of phosphor mixtures allows the creation
of a broadband spectral power distribution that can be varied using a dual LED as an
excitation source. Combinations of phosphors that have varied excitation spectra provide
the ability to selectively excite different phosphors with the different LED emission peaks.
First and second generations of the two terminal dual LED and the phosphor combination
are discussed. The final source has the ability to mimic the light of a blackbody radiator over
a range of 3200 K - 5300 K. The development of a three terminal dual LED as a pump source
was prohibited by the need for a III-nitride tunnel junction, that proved unattainable in the
scope of this work. However, several novel doping schemes were investigated toward this
end. Finally, a circadian light source has also been developed that can affect physiological
changes in humans, and a light box for entrainment of circadian rhythms in rats has been
built. The two terminal dual LED created in this work is a novel simple solution to the issues
of creating a tunnel junction. Fabrication of a two terminal dual LED is the same as that of
a standard LED, requiring less complexity and introducing less error. Further optimization
of the two terminal dual LED structure and doping profile could enable a greater range of
B. This work demonstrates the operation of a novel LED structure with novel operational

characteristics, as well as the novel use of phosphors in a spectrally dynamic light source.
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The pursuit of novel devices and further investigation of current devices are required for
the future of solid state lighting to be a success. The novel solid state general illumination
source described here presents an example of added functionality to existing solid state
lighting devices and opens the future of solid state lighting to new activities.

Ancillary material should be put in appendices, which appear just before the bibliogra-

phy.
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