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Abstract

[lI-Nitride semiconductors have significant applications for lasers and energy-efficient
technologies including solid state lighting. Specifically, the use of InGaN alloy is of great interest
as visible light emitting diodes (LEDs) active region. Conventional LEDs employ InGaN quantum
wells (QWSs) grown on GaN templates, which lead to large QW strain from the lattice mismatch
between InGaN QW and GaN substrate / barriers. Our works have pursued the design of InGaN
QWs with large optical matrix element to address the charge separation issue, resulting in 3X
enhanced efficiency for green-emitting LEDs. In addition to employing large overlap QWs design,
my research work has extended the approach by using ternary InGaN substrate for realizing QWs
with reduced strain and polarization fields in the QWs. For green- and red-emitting InGaN QWs
on ternary substrate, the spontaneous emission rates were found as ~3 times of the conventional
approach.

In contrast to the progress in visible nitride emitters, advances have only been realized for
ultraviolet (UV) LEDs recently. The pursuit of efficient UV lasers has been limited to 1) growth
challenges of high quality AlGaN gain media; 2) lack of understanding in gain characteristics of
the QW employed for UV laser. My work has pointed out the first time about the physical
challenge of the AlGaN QWs, which is related to the valence subbands crossover in high Al-
content AIGaN QWs gain media. The valence subbands crossover is of key importance to realize
large transverse-magnetic polarized gain for deep-UV lasers. We have also proposed the novel
AlGaN-delta-GaN QW structure, which led to large transverse-electric polarized gain for mid-UV
lasers.

Furthermore, the high power density requirements in 1lI-Nitride devices lead to the demand of
solid state cooling technology, particularly for nitride-based thermoelectric materials that can be
integrated with GaN devices. Our works presented the high thermoelectric figure of merit Z*T
value from lattice-matched AlInN alloy grown by metalorganic chemical vapor deposition
(MOCVD), which represent the record Z*T value reported for any llI-nitride semiconductors. In
addition, we have proposed the novel nanostructure engineering of three-layer superlattice for

~2-times enhanced thermoelectric properties for solid state cooling applications.



Chapter 1: Introduction to IlI-Nitride Semiconductors

1.1 Nitride-based Semiconductors for Energy Applications

[lI-Nitride semiconductors (AIN, GaN and InN) have great importance in laser diodes and
energy-related application. Significant advances in the IllI-Nitride materials have led to
applications for lasers and light-emitting diodes (LEDs) for solid state lighting [1-20],
thermoelectricity [22, 23], high power transistors [21] and solar cells [24-26]. The progress and

development in those fields will be reviewed in details in the following sections.

1.1.1 Solid-State Lighting (SSL)

Solid State Lighting (SSL) technology has the potential to reduce U.S. lighting energy usage
by nearly one half and contribute significantly to the nation's climate change solutions, as stated
by the U.S. Department of Energy (DOE) [27], which encourages research and development
breakthroughs in efficiency and performance related to SSL.

Different from conventional incandescent bulbs (which use thermal radiation) or fluorescent
tubes, SSL refers to light emitted by solid-state electroluminescence from Light Emitting Diodes
(LEDs) or Organic Light Emitting Diodes (OLEDs) [27], while the use of LEDs has attracted more

attention due to the faster research and development progress.

Range of Typical Rated Life

Light Source (hours)* Estimated Useful Life (L,y)
(varies by specific lamp type)
Incandescent 750-2,000
Halogen incandescent 3,000-4,000
Compact Huorescent (CFL) 2,000- 10,000
Metal halide 7,500-20,000
Linear Huorescent 20,000-30,000
High-Power White LED 35,000-50 000

Figure 1-1: Summary of life time of conventional light sources and LEDs. [28]

There are several superior advantages by the use of LEDs, such as directional light emission,

compact profile, superior optical control, energy efficiency, breakage resistance, reduced



maintenance, and long lifetime [28]. Figure 1-1 shows the comparison of life time of conventional
light sources and white LED. For the compact fluorescent (CFL) lamp, the longest life time is
estimated as 10,000 hours; while for the fluorescent lamp, the longest life time is estimated as
30,000 hours, which are only ~20%-60% for the life time of high-power white LED.

Therefore, by switching lighting to LEDs, it is estimated that the energy costs in the nation will
be reduced by $250 billion over the next two decades, and the electricity consumption for lighting
will be reduced by nearly one half, as shown in figure 1-1. In addition, the market of LED lighting
will be increased significantly, which is expected to represent 36% of lumen-hour sales on the

general illumination market by 2020, and grow to 74% by 2030. [29]
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Figure 1-2: Forecasted U.S. Lighting Energy Consumption and Savings, 2010 to 2030 [29].

In order to be used as general light source, high-performance white LEDs are required [30].
Since LEDs emit nearly monochromatic light, in contrast with incandescent and fluorescent
lamps, which will lead to applications such as traffic lights and exit signs.

There are generally three ways to generate white light from the use of LEDs, as illustrated in
figure 1-3 [1, 30]. The first method is by using phosphor-converted LEDs (pc-LEDs). There are
two straightforward ways to realize white pc-LEDs: 1) UV LED (emission wavelength A~ 400 nm)
with blue (Cag (PO4)6CI2:Eu2+) and yellow (YAG: Ce3+) phosphors [31], and 2) blue LED (A~ 440-

460 nm) with yellow (YAG: Ce3+) phosphor [1]. The pc-LEDs will lead to the color rendering index



(CRI) [32] of ~70-80, which are suitable for less demanding applications such as outdoor lighting
[1]. The second method is to use the “multichip” approach by combining red, green, and blue
(RGB) LEDs, which will result in white light emission. The three color system (RGB) will lead to
CRI values of 85 or less [33]; while the use of four-color (RYGB) system can achieve CRI > 95
[34]. Those multichip white LEDs will be suitable for applications such as indoor illumination that
requires CRI > 80 [1]. The third method is the use of hybrid LED approach, which combines
green phosphor with red and blue LEDs, since currently the LED performance is most limited in

the green—yellow region [1].

Creating White Light

Phasphars Color mixing optics

Blue or UV LED
Multi-colored LEDs Colored and pcLEDs

PHOSPHOR-CONVERTED LED COLOR-MIXED LED HYBRID METHOD LED

Figure 1-3: lllustration of three ways to create white light by LEDs [30].

The llI-Nitride semiconductors are widely used for blue and green LEDs. The typical Nitride-
based LED structure employing InGaN as active region is shown in figure 1-4. The major
breakthrough for InGaN-based blue LEDs was in the early 1990s, which is the first demonstration

of the efficient and reliable blue and green LEDs using InGaN-based active regions [35].

p - Metal

Active Region

n - Metal

Figure 1-4: Typical InGaN-based LED device structure.

4



The fields of IlI-Nitride based LEDs have made significant progress in the past decade [1-20].
However, there are still two main challenges limiting the performance of Nitride base LEDs: 1)
efficiency droop with increased operating current density, and 2) challenge in realizing high-
efficiency green Nitride based LED. Extensive works have been pursued in order to address

these two issues in order to achieve high efficiency blue and green LEDs.

1.1.2 Thermoelectricity Applications

The thermoelectric devices have drawn significant attention during recent years because of
their applications in solid-state energy conversion such as thermoelectric refrigeration and power
generation. The applications such as solid state cooling and power generation are based on two
important thermoelectric effects: 1) Seebeck effect (for power generation), and 2) Peltier effect
(for thermoelectric cooling and heat pumping) [36, 37]. The Seebeck effect is defined as the
generation of a voltage across a conductor when there is a temperature difference. The
generated voltage is reflected from the internal electric field, which is caused by the diffusion of
the charged carriers (electrons or holes) from the hot side to the cold side, as shown in figure 1-5
(a). The illustration of Peltier effect is shown in figure 1-5 (b). When a current is applied to the
interface of two joined-together conductors, there will be an excess or deficiency in the energy at
the junction due to the different Peltier coefficients from the two conductors. Thus, heating effect
will be caused by the release of the excess energy to the lattice of the junction; while cooling

effect will be caused by the supply of deficient energy by the lattice of the other junction.
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Figure 1-5: lllustrations of (a) Seebeck effect, and (b) Peltier effect.



Figure 1-6 shows a typical thermoelectric cooler device structure employing the Peltier effect.
Many pairs of p-type and n-type semiconductor elements are interconnected on the cold and the
hot sides. Thus, when a current is applied through the elements in series, the heat will be

released from the hot side, and leaving the other side cold.

RELEASED
(Hot Side)

Figure 1-6: Typical thermoelectric cooler device structure. [38]

Figure 1-7 shows commercially available thermoelectric power generator devices employing
the Seebeck effect. Due to the temperature difference between the hot side and cold side of the
conductors, a current will be generated and flow through external load. The thermoelectric power
generator devices can have potential important applications for energy efficiency in transportation
such as light-duty passenger vehicles, light-duty vans/ trucks, and medium, heavy-duty vehicles,

in order to convert the wasted heat into electricity [49].

Figure 1-7: Commercially available thermoelectric power generator. [39]
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Figure 1-8: Thermoelectric application of energy efficiency in transportation. [49]

The efficiency of thermoelectric devices is determined by the thermoelectric figure of merit:

(1-1)

where S is the Seebeck coefficient, o is the electrical conductivity and K is the thermal
conductivity. In order to achieve high efficiency, materials with high Seebeck coefficient, high
electrical conductivity and low thermal conductivity are in demand. The thermoelectric figure of
merit has the units of [K'1], which usually appears in a product with average device temperature
T. Therefore, the dimensionless figure of merit Z*T is always cited to represent the efficiency of
thermoelectric devices that fabricated from different materials.

The thermoelectric figure of merit Z*T is the most important parameter for high-efficiency
thermoelectric materials and devices. The heavily-doped semiconductors are found to be the
most promising materials with best Z*T values [36, 37]. For insulators, the electrical conductivity ¢
is very low. For the case of metals, the Seebec coefficients are low. In addition, the thermal
conductivity of metal is dominated by electrons, which is proportional to the electrical conductivity
in most cases from the Wiedmann—Franz law. Thus, it is difficult to realize high Z*T by the use of
metals.

For the case of semiconductors, the total thermal conductivity is contributed from both the

electron thermal conductivity (K.) and phonon thermal conductivity (X,). The phonon thermal



conductivity (X), which is the major component of the total thermal conductivity, can be reduced
significantly by several engineering approaches such as alloying and nanostructures.

Figure 1-9 summarizes the dimensionless figure of merit Z*T as a function of temperature for
different materials [36, 37]. The highest Z*T value from semiconductor alloys is around 1, which is
obtained by Bi,Te;. Currently, the commercial state of the art thermoelectric cooling materials are
based on alloys of Bi,Te; with Sb,Te; (such as BipsSb sTes, p-type) and Bi,Tez with Bi,Se; (such
as Bi,Te,;Segs, n-type) [36]. Besides, the Z*T value can be further enhanced by using
superlattice design, which is realized as high as 2.5 at around room temperature by Bi,Tes/

Se,Tes superlattice.
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Figure 1-9: The dimensionless figure of merit as a function of temperature for
different materials. [36]

Both the thermoelectric cooler and thermoelectric power generator have important
applications on various aspects. The thermoelectric cooler has been employed for the
temperature stabilization of high power semiconductor lasers and picnic coolers, and the market
is expected to be increase significantly [36]. For the case of thermoelectric power generator, the
thermoelectric materials such as PbTe and SiysGeg, have been used in deep space radioisotope

thermoelectric power generators that operate at ~900°C with a maximum efficiency of about 7%



[36]. The market for thermoelectric power generator will expect growth more than $40 million
(figure 1-10) in the following applications [40]: 1) wireless sensors powered by thermoelectric
generators in environments where temperature differentials exist, 2) waste heat recovery systems
in vehicles, 3) consumer applications such as powering mobile phones, watches or other
consumer electronics, and 4) military and aerospace applications such as radioisotope

thermoelectric generators in space probes, satellites, etc.
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Figure 1-10: IDTechEx report Thermoelectric Energy Harvesting: Devices,
Applications & Opportunities 2012-2022. [40]

1.1.3 High-Power Transistors and Solar Cells

The GaN power transistors operating at millimeter wave and beyond have important applications
on cell phones, satellites, and TV broadcasting [41].

The use of AIGaN/ GaN heterostrcuture is of great interest for high-power microwave devices and
circuits applications due to the large critical breakdown electric field, high electron mobility, higher
thermal conductivity, large conduction band discontinuity between GaN and AlGaN and the presence
of polarization fields that allow the confinement of large two-dimensional electron gas (2DEG).

Therefore, GaN HEMTSs are extremely promising for power electronics applications from power
conditioning to microwave amplifiers and transmitters for satellte communications, high-

performance radars, and commercial ground base stations [42].
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Figure 1-11: Typical AIGaN/ GaN HEMT device structure. [21]

The typical AIGaN/ GaN HEMT device structure is shown in Figure 1-11 [21]. The epitaxial
layers can be grown by metalorganic chemical vapor deposition (MOCVD). One challenge of the
epitaxy is related to the nucleation layer on lattice-mismatched substrates. For sapphire
substrate, the nucleation layer consists of GaN or AIN deposited at a low temperature around 600
°C, which is then heated up to the growth temperature of the main layer [21]. Therefore, material

growth optimization is an important aspect in order to improve the efficiency of the GaN HEMT.
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Figure 1-12: progress in the total power available from AIGaN/GaN HEMTs [21].
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Figure 1-12 reviews the progress in the total power available from AlGaN/GaN HEMTs [21].
One-order higher power density and higher efficiency are obtained by GaN HEMTs, in
comparison with the Si- and GaAs-based RF and microwave transistors. Therefore, ten times

reduction in device size can be realized by GaN HEMTs for similar output power [21].

Figure 1-13: Cree’s GaN HEMT designed for high efficiency, high gain and wide bandwidth
capabilities. [43]

(b]
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(a)
Figure 1-14: (a) Typical InGaN/GaN double heterojunction p-i-n solar cell devices structure,
(b) contact grid layout. [25]

The commercially available GaN HEMTs are important in the power transistor market [42]. For
example, Cree recently introduces a range of new GaN HEMT devices (as shown in figure 1-13),
which enables a significant reduction in the energy needed to power cellular networks, which is
estimated to consume more than 100 TWh of electricity per year (approximate value of $12
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billion), while 50-80% of the networks’ power is consumed by the systems’ power amplifiers and
feed infrastructure. Thus, the use of new GaN HEMT radio base-station power amplifiers can
improve the efficiency by 20% [43].

Nitride based semiconductors are potential candidates for solar cells due to the direct
bandgap ranging from 0.7 eV for InN up to 3.4 eV for GaN, which covers most of the solar
spectrum. Besides, the llI-Nitride alloys exhibit very strong absorption of approximately 10° cm™’
at the band edge, which will absorb a large fraction of the incident light in a few hundred
nanometers of material [25]. Thus, the InGaN/ GaN multiple QWs with high In-content will have
the potential for realizing enhanced efficiency for solar cells [24-26].

Figure 1-14 shows a typical Ing12GaggsN/GaN double heterojunction p-i-n solar cell devices
structure [25], which resulted in devices with fill factors greater than 75%. The peak external
quantum efficiency can be achieved greater than 60%, and the quantum efficiency spectrum
showed a flat spectral response from 370 to 410 nm [25]. Therefore, further optimization of the

material growths, as well as device design should be pursued for llI-Nitride solar cells.

1.2 lli-Nitrides for Applications of Ultraviolet (UV) Laser Diodes

Mid-UV (A ~250-320 nm) and Deep-UV (A ~220-250 nm) lasers and LEDs have important
applications covering biochemical agent identification, flame detection, germicidal air and water
purification, surface disinfection, currency validation, medical, military (space-to-space
communications), industrial (photo-chemical) curing, printing, instrumentation, effect lighting and
forensic analysis. Thus, the market for UV equipment of all types is conservatively estimated at
over $5 billion [44]. The conventional and common method to produce UV light is based on the
mercury lamp [45]. Visible light can be obtained by using low-pressure mercury tubes emitting at
254 nm converted by appropriate phosphors. Higher pressure in the mercury tubes will lead to
emission wavelength at 365 nm.

However, there are many disadvantages and drawbacks of conventional mercury lamps [44,
45]: 1) the mercury lamps are mechanically fragile and susceptible to breakage, which are limited

to a lifetime of about 1000 hours, 2) the high operating temperatures (600-900 °C) from low /high
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pressure mercury lamps limit certain applications such as photo-chemical curing, 3) lack of
tunability of wavelength and output power, and 4) mercury lamps lead to environmental pollution
ultimately.

Oppositely, solid state light-emitting devices based on IlI-Nitride semiconductors (typically
employ wide band-gap material AlGaN) have many advantages [44, 45]: 1) miniaturization in
device size, 2) strong chemical resistance, high temperature and high power capability, 3) lower
power consumption, 4) tunability of wavelength and output power, and 5) environmental friendly.
Therefore, the use of llI-Nitride semiconductors as active region for UV LEDs and lasers has
attracted a lot of attentions.

The ultraviolet spectrum is shown in figure 1-15 [46, 47], which covers emission wavelengths
from 100 nm up to 400 nm. The UV spectrum is divided into four categories, namely, Vacuum UV

(100-200 nm), UV-C (200-280 nm), UV-B (280-315 nm), and UV-A (315-400 nm).

ELECTROMAGNETIC SPECTRUM

{(with expanded scale of ultraviolet radiation - 1 nanometer = 10" meter)
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Figure 1-15: Ultraviolet spectrum. [46, 47]
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Since the UV LEDs and lasers have important applications for specific wavelengths, such as
sterilization of surface areas and water with A ~ 240-280nm, forensic and bodily fluid detection

and analysis with A ~ 250-405 nm, as well as protein analysis and drug discovery with A ~ 270-

300 nm.

Therefore, the UV lamp market is expected to increase at an annual growth rate of almost
30% from $25 million to more than $100 million in 2016, according to market research firm Yole

Développemement [48], which provides an analysis of the UV LED industry compared to major

COMPOUND SEMICONDUCTORS

2010 UV lamp market (M$)

(Source : UV LED report)

Analytical
instruments _\ Tanning

12% T qan, | UV A/B mainly |

Water & alr

purification Black-lights

professional T%
14%

Medical Phototherapy
%

Photecatalytic air disinfection
L

Water & air _~"
purification
parscnnalireaidential
13%

e UV gurving
28% X
© March 2011 Y g SPpT—

Figure 1-16: Analysis of UV lamp market in 2010. [48]

market metrics of the current traditional UV lamp market as shown in figure 1-16.

1.3 Research Works Accomplished

1.3.1 Theoretical Modeling of Thermal Conductivity from Three-Layer Superlattice

Design

The numerical method was developed from the lattice dynamical theory in order to calculate

the cross-plane thermal conductivity of proposed three-layer superlattices structure. The phonon
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mean free path is included into the calculation, thus the minimum thermal conductivity occurs at
the crossover of the particle-like model and wave-like model of the phonons. The studies focus on
the effect of mass ratio, layer thickness, and mean free path on the minimum thermal conductivity
of the three-layer superlattice design. The minimum thermal conductivity of the three-layer
superlattice structure is approximately half of that of the conventional two-layer superlattice
structure. This finding indicates that the thermoelectric figure of merit for superlattice structure

can further be enhanced by ~2-times from the use of the three-layer superlattice design.

1.3.2 High-Temperature Thermoelectric Characterizations of AlinN Alloys

The Seebeck coeeficients of AlInN alloys, grown by metalorganic chemical vapor deposition
(MOCVD), with In-contents (x) from 0.38% up to 21.34% were characterized and analyzed from
room temperature (T = 300 K) up to high temperature (T = 382 K). The Seebeck coefficients of
the n-type AlInN alloys show significant enhancement at higher temperature up to 382 K, in
comparison to those measured at room temperature. Large Seebeck coefficients (602.0 uV/K -
1233.2 uV/K) were obtained for the lattice-matched Alggslng.+7N alloy (n= 5.1x10"® cm™) from T =
300 K up to T = 382 K. The improvement of Seebeck coefficients for the n-type AlInN alloys will

lead to ~1.5 - 4 times improvement of the thermopower at higher temperatures.

1.3.3 Physics and Novel Nanostructure Engineering of AlIGaN-Based UV LEDs and
Lasers

The effect of crystal-field split-off hole (CH) and heavy-hole (HH) bands crossover on the gain
characteristics of AlIGaN QW with AIN barriers was discovered and analyzed for the optical gain
characteristics of high Al-content AlGaN quantum wells (QWSs) for deep UV lasers. Attributing to
the strong transition between conduction — CH bands, the transverse-magnetic (TM) spontaneous
emission recombination rate is enhanced significantly for high Al-content AIGaN QWs. Large TM-
polarized material gain is shown as achievable for high Al-content AIGaN QWs, which indicates

the feasibility of TM-lasing for lasers emitting at ~220-230 nm.
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The AlGaN-delta-GaN QWs structure was proposed by inserting an ultra-thin GaN layer into
high Al-content AlGaN-delta-GaN QW active region. The optical gain characteristics of high Al-
content AlGaN-delta-GaN QWs are investigated for mid- and deep-UV lasers. The insertion of an
ultra-thin GaN layer in high Al-content AlGaN QWSs leads to strong valence subbands
rearrangement. Attributing to the strong transition between the conduction and heavy-hole
subbands, large optical gain is achievable for high Al-content AlGaN-delta-GaN QWs as gain
media for mid- and deep-UV lasers emitting at ~250-300 nm.

The comprehensive optimization studies on the gain characteristics of AlIGaN-delta-GaN QWs
with various delta-GaN positions and Al-content AlIGaN QW compositions were analyzed for the
mid- and deep-UV spectral regimes. Attributing to the valence subband rearrangement and
enhanced electron and hole wavefunction overlap, the use of optimized asymmetric AlIiGaN-delta-
GaN QWs structures result in ~7 times increase in material gain, in comparison to that of
conventional AlGaN QW. Large material gains can be maintained at A ~ 240-250 nm for the
asymmetric AlGaN-delta-GaN QWs structures. Despite the improved material gain for the
asymmetric QW structures, the finding shows that large material gain can be obtained for both
symmetric and asymmetric AlGaN-delta-GaN QWs, which indicates the flexibility and robustness
in the experimental implementations of this concept in device structures. The reduced threshold
carrier densities obtained from the optimized delta QWs structures are important for the
suppression of the non-radiative recombination current densities, which reduces the threshold
current densities. Therefore, by employing asymmetric QW design, with optimized GaN delta
layer position and asymmetric AlIGaN-composition layers, the optimized optical gain and lower
threshold carrier densities are achievable for the AlGaN-delta-GaN QW structures with realistic
design applicable for UV lasers.

The staggered AIGaN QWs structure was proposed for UV lasers. There are two main effects
by employing the staggered QW structures: (1) further enhanced TM-polarized gain with
engineered optical matrix element by broadening the concept from the InGaN QW system with

large electron-hole wave function overlap (I's nn) design, and (2) polarization engineering of
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AlGaN QW system to achieve high transverse-electric (TE)-polarized optical gain from dominant

C-HH transition.

1.3.4 Substrate Engineering for High-Efficiency Light-Emitting Diodes (LEDs) and
Lasers

The spontaneous emission characteristics of green- and red-emitting InGaN QWs on ternary
InGaN substrate are analyzed, and the radiative recombination rates for the QWs grown on
ternary substrate were compared with those of InGaN QWs on GaN templates. For green- and
red-emitting InGaN QWs on Ing415Gag gsN substrate, the spontaneous emission rates were found
as ~2.5-3.2 times of the conventional approach. The enhancement in spontaneous emission rate
can be achieved by employing higher In-content InGaN ternary substrate, which is also
accompanied by a reduction in emission wavelength blue-shift from carrier screening effect. The
use of InGaN substrate is expected to result in the ability for growing InGaN QWs with enhanced
spontaneous emission rates, as well as reduced compressive strain, applicable for green- and
red-emitting light-emitting diodes.

The optical gain and threshold characteristics of InGaN QWs on ternary InGaN substrate
emitting in green and yellow spectral regimes were analyzed. By employing the ternary
substrates, the material gains were found as ~3-5 times higher than that of conventional method
with reduced wavelength shift. The threshold carrier density is reduced by ~15%-50% from the

use of ternary substrate method for green- and yellow-emitting lasers.

1.4 Report Organization

There are twelve chapters in this report, which are organized as follow:

Chapter 1 presents an introduction of llI-Nitride semiconductors, which mainly focuses on the
laser and energy-efficient applications, including SSL, thermoelectricity, and high-power
transistors and solar cells. In addition, the research works that have been accomplished are

summarized and briefly reviewed.
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Chapter 2 reviews the current status of IlI-Nitride semiconductors for device applications
mainly focusing on three topics: 1) thermoelectricity, 2) AIGaN QWs UV lasers, and 3) substrate
engineering for visible LEDs and lasers.

Chapter 3 introduces the details of MOCVD growths for IlI-Nitride semiconductors, as well as
the device fabrication process.

Chapter 4 focuses on both the theoretical and experimental aspects of IlI-Nitride
semiconductors for thermoelectric applications. The thermoelectric characterizations of AllInN
alloys have been presented with measurement details. Theoretical modeling has also been
reviewed for IlI-Nitride semiconductors.

Chapter 5 presents a brief summary on the thermal conductivity measurement methods for
both bulk materials and thin film materials.

Chapter 6 presents the high temperature thermoelectric characterizations for IlI-Nitride
materials grown by MOCVD. The Seebeck coefficients of AllnN alloys with various In-contents
are characterized at high temperatures, which are also compared with the Seebeck coefficients of
binary InN and AIN alloys.

Chapter 7 presents the proposed novel three-layer superlattice design for thermoelectric
applications. The numerical model is developed for the calculation of the thermal conductivity for
the three-layer superlattice structures.

Chapter 8 introduces the numerical simulation and material parameters for optical properties
of llI-Nitride semiconductors, which includes the band structure and wave function calculations
based on the 6-band k-p method, the spontaneous radiative recombination rate and optical gain
calculation, and the carrier lifetime and radiative efficiency calculation formulations.

Chapter 9 presents a comprehensive study on the physics for gain characteristics of AIGaN
QWs UV lasers, especially for the effect of the valence band crossover in AIGaN QWs.

Chapter 10 presents the study on enhanced optical gain by novel nanostructure engineering
of AlGaN-based UV lasers. The design of AlGaN-delta-GaN QW, engineering of AlGaN-delta-
GaN QW, and the design of staggered AlGaN QW are proposed and studied comprehensively for

mid- and deep-UV lasers applications.
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Chapter 11 focuses on the approach of substrate engineering for high-efficiency visible LEDs
and lasers. Comprehensive studies are carried out for spontaneous emission characteristics of
InGaN QWs on ternary substrates for LEDs, as well as optical gain characteristics of InGaN QW's
on ternary substrates for lasers.

Chapter 12 summarizes research works on various topics toward the application of IlI-Nitride

semiconductors, and the future outlook is presented.
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Chapter 2: Current Status of llI-Nitride Semiconductors for

Device Applications

Significant progress has been developed in the IlI-Nitride semiconductors for the applications
in laser diodes and energy-related applications. In this chapter, the current status and challenges
for lll-Nitride semiconductors are reviewed in details on three main aspects: thermoelectricity,
AlGaN-based mid- and deep- Ultraviolet (UV) lasers, as well as the substrate engineering

approach for InGaN-based visible LEDs and lasers.

2.1 Current Status and Challenges of Thermoelectricity

2.1.1 Introduction of Thermoelectric Materials and Important Applications

The potential of thermoelectrics has been recognized as transformative energy conversion
technology, attributed to the ability to convert heat directly into electricity, and the thermoelectric
materials have been employed extensively in fields such as space power generation and a variety
of cooling applications [1]. Specifically, the radioisotope heat-powered thermoelectric generator
has been used for space probes, which converts heat generated by radioactive decay to electric
power. For the aspect of solid-state cooling applications, the thermoelectric materials have been
employed for temperature control for high-power semiconductor lasers, seat coolers in high-end
cars, as well as solid-state coolers in compact refrigerators [6].

Despite the important applications leading to a large potential market for thermoelectrics, as
well as the great potential for energy conversion technology from the thermoelectric materials, the
thermoelectric devices are not in common use today, which are mainly used in niche markets
where energy availability, reliability and simplicity are more crucial than the performance [1].
There are two main challenges for high-efficiency thermoelectric devices: 1) low efficiency relative
to mechanical cycles from thermoelectric devices, and 2) engineering challenges from
thermoelectric materials.

The efficiency of thermoelectric materials and devices is determined by the dimensionless

thermoelectric figure of merit (Z*T):
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ZxT = *T, (2-1)

where S is the Seebeck coefficient, o is the electrical conductivity and K is the thermal
conductivity.

The most common commercially available thermoelectric material is Bi,Te; alloy, which has
achieved a Z*T value ~1 at room temperature, as shown in figure 1-8.

The progress of enhancing the Z*T values by the use of bulk thermoelectric materials has
been developing slowly due to the physical challenges, which provides the motivation for
engineering approaches for increased Z*T values. Recently, the most important method for the
engineering approach is related to the field of low-dimensional thermoelectricity, which is enabled
by materials nanoscience and nanotechnology [2].

There are two main engineering approaches for the field of low-dimensional thermoelectricity:

1) bulk thermoelectric materials containing nanoscale inclusions, or bulk materials with
nanostructures and many interfaces such as nanocomposites containing a coupled assembly of
nanoclusters showing short-range low dimensionality embedded in a host material [4, 5];

2) nanostructured thermoelectric materials such as superlattices [7], quantum dots [8], or
nanowires [9, 10].

The principles of low-dimensional thermoelectric materials are related to: 1) the use of
quantum-confinement effect to enhance Seebeck coefficient and to control Seebeck coefficient
and electrical conductivity independently; 2) the use of numerous interfaces to scatter phonons
more effectively than electrons to reduce the thermal conductivity [2].

Figure 2-1 shows a summary of thermoelectric figure of merit Z*T as a function of temperature
of current state of the art thermoelectric materials [1]. Some nanostructured thermoelectric
materials show Z*T values higher than 1 at room temperature, such as PbTe/PbS [12],

Nao_gspbzostezz [1 1], Pbo_gngo_ozTe [13], and Pb1+beyTe [14]
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Figure 2-1: Summary of thermoelectric figure of merit Z*T as a function of temperature of
current state of the art thermoelectric materials. [1]

In addition, the studies on the nanostructured IllI-V semiconductors have also been pursued
[15-17]. Figure 2-2 shows the study of the thermal conductivity of the superlattice structure with
the period of 10 nm Ing53Gag2sAly 19As/ 20 nm Ings53Gag47As containing epitaxially embedded
ErAs (0.3%) nanoparticles with different doping levels [15]. From the study, it shows that the
measured total thermal conductivity of the ErAs:InGaAs/InGaAlAs superlattices is almost
independent of doping and has an average value of 2.8 W/(mK) with an uncertainty of 0.5

W/(mK), which is lower than that of the InGaAs thin film.
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Figure 2-2: The schematics of one period of ErAs:InGaAs/InGaAlAs with different doping
levels [15].
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Further study reported the fabrication and characterization of thermoelectric power generator
modules by the use of 16x16 segmented elements consisting of 0.8 mm thick Bi,Te; and 50nm
thick ErAs: (InGaAs)_InAlAs), with 0.6% ErAs by volume, as shown in figure 2-3. The obtained
output power was up to 6.3 W at 610 K. The thermoelectric figure of merit Z*T was measured for

ErAs:InGaAlAs, which was obtained as ~0.1-1.1 from 300 K up to 830 K.
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Figure 2-3: The schematic structure of the segmented element generator module of
ErAs:InGaAlAs and Bi,Tes [16].

2.1.2 llI-Nitride Semiconductors for Thermoelectric Applications

High power density and high-temperature requirements in IlI-Nitride based device
technologies are of great importance for lasers [18-23], light-emitting diodes [24-39], transistors
[40], and solar cells [41, 42].

The use of active solid state cooling technology [43] is of great importance for efficient thermal
management in high power devices. The availability of lll-nitride thermoelectric materials, which
can be directly integrated with GaN device technology, has an important role for active thermal
cooling and efficiency improvement in nitride-based high-power devices operating at high current
density and high temperature.

Promising thermoelectric figures of merit (Z*T) have been reported for IlI-nitride materials [44-
59], in particular for materials based on AlGaN [52, 53], InGaN [54, 55], and AlInN [56, 57, 59]
alloys. The thermoelectric properties for RF-sputtered AllnN had also been reported [44-47].

Figure 2-4 shows GaN-based thermoelectric power generator [50], which were measured to

have a maximum open circuit voltage of 0.3V with a maximum output power of 2.1 pW with a

relatively small temperature difference (AT) of 30 K with an average temperature of 508 K. This
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proof of concept GaN-based thermoelectric power generator device also shows good suitability

for high temperature (825 K) thermoelectric applications.
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Figure 2-4: The (a) Optical Image of 10x device. Scale bar = 500 um. (b) Cross section
of device along (i) in (a). (c) Schematic diagram of measurement setup. [50].
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Figure 2-5: The measured Z*T values for Iny 36Gag ¢4N alloy as a function of temperature [54].
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Recent works on InGaN alloys have been shown to have very promising Z*T at room
temperature [54, 55]. Pantha and co-workers have also reported the power factor and thermal
conductivity of InGaN alloys at elevated temperature (T~450 K), which demonstrated its promise
as the new thermoelectric material. The Z*T value was measured as ~0.08 at 300 K and ~0.23 at
450 K for Ing3sGaggsN alloy, as shown in figure 2-5. For higher temperature measurement, the
maximum value of the power factor was obtained at 750 K, with Seebeck coefficient and electrical

conductivity for the Ing3Gag 7N alloy as 280 pV/K and 93 (Qcm)'1, respectively, as shown in figure

2-6.
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Figure 2-6: The measured electrical conductivity (c) and Seebeck coefficient gS) as a
function of temperature of Iny 3Gay ;N alloy with electron concentration 7x10" cm [55].
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Figure 2-7: The measured (a) temperature-dependent thermal conductivity of Aly 4Ing.1Gag gN:
(Er+Si) alloy, and (b) temperature-dependent Z*T of Aly.1Iny 1GaggN: (Er+Si) alloy [58].
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Recently, Pantha and co-workers have also extended their works into the use of (Er+Si)-
doped AllInGaN with low In-content ~10% and Al-content ~ 14%, resulting in promising Z*T values
up to high temperature [42]. The incorporation of (Er+Si)-dopants in the quaternary AllnGaN
alloys lead to reduction in thermal conductivity by ~ 2.5-times, which leads to the very promising
improvement in Z*T values of this material [58].

The thermoelectric properties for RF-sputtered AlInN had also been reported [44-47], which

has a low thermoelectric figure of merit ~0.1 at high temperature ~900 K.
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Figure 2-8: The measured Z*T values as a function of temperature for RF-sputtered AllInN
alloy [45].

Our recent works [56, 57, 59] reported high Z*T value for AllnN alloys with various In-contents
grown on GaN template by metalorganic vapor phase epitaxy (MOVPE) at room temperature (T =
300 K). The thermoelectric figure of merit (Z*T) values of the n-Aly,In,N alloys were measured as
high as 0.391 up to 0.532 at T = 300 K, as shown in figure 2-9. The use of high In-content (x =
21.34%) AlInN alloys leads to significant reduction in thermal conductivity [K = 1.62 W/(mK)] due
to the increased alloy scattering, however, the optimized thermoelectric material was obtained for

AlInN alloy with In-content of 17% attributed to its large power factor.
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Figure 2-9: The Z*T values for Al,,In,N alloys with various In-contents (x) from x=0.11 up to
x=0.2134 at T=300K [57].
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Figure 2-10: The measured Seebeck coefficients for n-type Alygslng 17N (n=5.1x10"°cm™ and
n=1.6x10"°cm) alloys from T=300K up to T=382K [59].

Furthermore, the Seebeck coeeficients of AllnN alloys grown by MOVPE, with In-contents (x)
from 0.38% up to 21.34% were characterized and analyzed from room temperature (T = 300 K)
up to high temperature (T = 382 K), as shown in figure 2-10 [59]. The Seebeck coefficients of the

n-type AlInN alloys show significant enhancement at higher temperature up to 382 K, in
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comparison to those measured at room temperature. Large Seebeck coefficients (602.0 uV/K —
1233.2 puV/K) were obtained for the lattice-matched Alg g3Ing 17N alloy (n= 5.1 x10"® cm's) from T =
300 K up to T = 382 K. The improvement of Seebeck coefficients for the n-type AlINnN alloys will

lead to ~1.5- 4 times improvement of the thermopower at higher temperatures.

2.2 Current Status of AlIGaN QWs UV Lasers
2.2.1 Challenges and Limitations for Deep UV Lasers

In contrast to the progress in high performance visible LEDs and lasers, the realization of
electrically-injected mid- (wavelength (1) ~250-320 nm) and deep-ultraviolet (UV) (A ~220-250
nm) AlGaN quantum wells (QWs) lasers have been limited to emission wavelength ~320-360 nm
[60-77]. As shown in figure 2-11, the shortest emission wavelength obtained for electrically-

injected AlGaN QWs lasers has been limited to A ~ 336 nm [73].
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Figure 2-11: The L-I characteristics for the AlGaN MQW laser diodes lasing at the
wavelengths of 342 and 336 nm at T=300 K [73].

For shorter emission wavelength at deep UV spectral regimes, only optically-pumped deep-
UV lasers had been realized [69]. As shown in figure 2-12, the emission wavelength obtained for

optically-pumped AlGaN QWs lasers was A ~ 241.5 nm [69].
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Figure 2-12: The temperature dependence of lasing wavelength of a deep-UV laser, with A~
241.5 nm at room temperature [69].

The challenges in realizing the electrically-injected mid- and deep-UV AlGaN QWs lasers can
be summarized as follow: 1) the growth challenges to achieve high quality p-type AIN and high Al-

content AlGaN gain media (figure 2-13), and 2) the lack of understanding on physics of the gain

characteristics of mid- and deep-UV AlGaN QWs.

Figure 2-13: The (a) optimized crack-free wafer, and (b) cracking wafer for AIGaN QWs laser
diodes [73].
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2.2.2 State-of-the-Art AIGaN QW Lasers — Mid UV and Deep UV

The optical properties for both low [78-80] and high Al-content [81, 82] AIGaN QWs lasers
have been reported recently, while the studies are relatively lacking on gain properties of high Al-

content AlGaN QWs.
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Figure 2-14: The energy band edges of the HH, LH and CH bands as a function of Al-content
(x) for Al,Ga,N ternary compounds [81].
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Figure 2-15: The TE and TM polarized in-plane emission spectra of 379, 329, and 288 nm
AlGaN QWs LEDs [83].

Our previous work [81] has revealed the valence subbands crossover (figure 2-14) in high Al-
content AIGaN QWs. In high Al-content AlIGaN QWs, the valence subbands crossover leads to

strong conduction (C) -crystal-field split-off hole (CH) transition, which results in large transverse-
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magnetic (TM)-polarized optical gain for A ~220-230 nm. Recent experimental works have also
confirmed the dominant TM-polarized emission dominant for shorter wavelength with higher Al-
content of AlIGaN QWs LEDs [83, 84], as shown in figure 2-15, which is in agreement with our

theoretical prediction [81].

The subsequent paper has also studied about the temperature and barrier effect on the
polarization properties of AIGaN QWs [85]. Recently, theoretical work by Sharma and co-authors
[86] has also confirmed the valence subbands crossover for AlGaN alloys on AlggsGag 15N
substrate, in agreement with previous finding [81]. Furthermore, subsequent theoretical work [87]
has discussed the strain effect by using various AlGaN substrates or templates on the crossover
of AlGaN alloys. Very recent study by G. A. Garrett and co-authors has experimentally confirmed
our theoretical prediction of the CH and heavy hole (HH) bands crossover for AIGaN QWs by
showing that the dominant photoluminescence polarization switched from transverse-electric (TE)

polarized (A ~ 253 nm) to TM-polarized (A ~ 237 nm) emissions, as shown in figure 2-16 [88].
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Figure 2-16: The qualitative comparison of PL emission of AIGaN laser diode heterostructures
grown on bulk AIN [88].

In order to address the issue of low optical gain at A ~ 250-300 nm, we recently proposed the
AlGaN-delta-GaN QW structure (figure 2-17) [89] by inserting an ultra-thin GaN layer into high Al-
content (x) Al,Ga,,N-delta-GaN QW active region. The use of AlGaN-delta-GaN QWs resulted in
strong valence subbands mixing, which led to large TE-polarized gain atA ~ 240-300 nm,
attributing to the dominant C-HH transition.
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QW structure with AIN barriers [89].

Recent experimental work by Taniyasu and co-authors [90] has reported the polarization
properties of the deep-UV emission from AIN/GaN short-period superlattices. The study revealed
that stronger TE-polarized deep-UV emission can be obtained by inserting a very thin GaN layer
into AIN active region, similar with our prediction based on high Al-content Al,Ga;,N-delta-GaN

QW structure [89].
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Figure 2-18: The cross-sectional TEM image of AIN/ GaN superlattices [90].

Furthermore, we have reported a comprehensive optimization study on the optical gain and
threshold characteristics of AlGaN-delta-GaN QWs with varying delta-GaN positions and AlGaN

QWs compositions for the mid- and deep-UV spectral regimes.
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2.3 Current Status and Motivation of Substrate Engineering

2.3.1 Challenges of Conventional InGaN QWs LEDs and Lasers

[lI-Nitride semiconductors have applications for lasers and energy-efficient technologies,
including solid state lighting. Specifically, the use of InGaN alloy is of great interest as light-
emitting diodes (LEDs) active region. In conventional approach, the growths of visible LEDs
employ InGaN quantum wells (QWs) grown on GaN templates, which lead to the existence of
large QW strain arisen from the large lattice mismatch (Aa/a) between InGaN QW and GaN
substrate / barrier materials. The compressive strain in InGaN QW, with respect to GaN substrate
or template, leads to large piezoelectric polarization in the QW. The large piezoelectric
polarization, in addition to spontaneous polarization, leads to charge separation effect in QW,
which reduces the optical matrix element in InGaN QW [35, 91]. The large QW strain and charge
separation issues lead to additional challenges in achieving high-efficiency green- and red-

emitting InGaN QWs, as illustrated in figure 2-19.
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Figure 2-19: State-of-the-art external quantum efficiency (EQE) for LEDs emitting at
various wavelengths [24].

Several approaches by using InGaN QWs with large overlap designs have also been pursued
to address the charge separation issue, such as two-layer and three-layer staggered InGaN QWs

(figure 2-20) [95-97], InGaN-delta-InN QW [32], and linearly-shaped staggered InGaN QWs [27].
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Figure 2-20: Schematics of the (a) conventional In,Ga,,N-GaN QW; (b) two-layer

staggered In,Ga,.xN / In,Ga;.,N QW; and (c) three-layer staggered In,Ga,N / In,Ga N /
In,Ga,N QW structures [27].

2.3.2 Motivations of Substrate Engineering

Previously, Shimizu and co-workers had reported the growths of InGaN ternary templates on

sapphire substrates by metalorganic vapor phase epitaxy, which demonstrated that smooth

InGaN alloys can be obtained by employ AIN buffer layer (figure 2-21) [100]. Recent works by

hydride vapor phase epitaxy have also led to successful growths of high quality InGaN ternary

substrates (figure 2-22), which are applicable for LED epitaxy [102].

InGaN/AIN/Sapphire

Figure 2-21: Schematic of InGaN growth on and AIN buffer layer [100].

The use of InGaN substrate has the potential for enabling the growth of InGaN QW with

reduced QW strain. Recent work by Sharma and Towe [103] has pointed out the possibility of

achieving emission wavelength in the green up to red spectral regimes by using InGaN QW on
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Ing.15sGapgsN substrate. In addition, the use of strain-compensated InGaN / InGaN QW [104],

similar to staggered QW, has also been proposed for green-emitting QWs on ternary substrate.

However, up to today, no comprehensive studies on the spontaneous emission characteristics of

InGaN QW grown on InGaN substrate have been reported, and these studies are important in

order to clarify on the optical properties and optimized QWs grown on ternary substrates for

nitride-based LEDs.
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Figure 2-22: PL spectra for HVPE-grown InGaN layers for violet, blue, and green

spectrum regions [102].
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Figure 2-23: Schematic and pulsed L-I-V characteristics of semipolar laser grown on an
intentionally stress-relaxed n-Ingq9Gag 9;N template [106].

Recently, experimental work [106] had also reported an electrically-injected semipolar laser

grown on an intentionally stress-relaxed n-Ingg9Gage1N template, which shows the feasibility of
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the ternary template for lasers. These initial works have shown the potential of this method for
achieving high performance visible LEDs and lasers. However, comprehensive studies on the
optical gain and threshold characteristics of InGaN QWs on ternary InGaN substrate or template
are still lacking.

2.4 Summary

In summary, the current status and challenges for IlI-Nitride semiconductors are reviewed in
details on three main aspects: thermoelectricity, AlIGaN-based mid- and dee-UV lasers, as well as
the substrate engineering approach for InGaN-based visible LEDs and lasers, which provides
motivations for research and engineering approaches in order to address the challenges and
limitations for IlI-Nitride based semiconductors materials and devices for applications in laser

diodes and energy-related applications.
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Chapter 3: MOCVD Epitaxy and Device Fabrication of llI-Nitride

Semiconductors

In this chapter, the metalorganic chemical vapor deposition (MOCVD) and device fabrication
will be discussed in details for IlI-Nitride semiconductors. The llI-Nitride semiconductor materials
are grown in house by the use of the MOCVD system, and the devices are fabricated by the use

of the clean room facility.

3.1 Introduction to VEECO P-75 GaN MOCVD System

Metalorganic chemical vapor deposition (MOCVD) is an arranged chemical vapor deposition
method for growing crystalline layers to create complex semiconductor multilayer structures,
which is also known as metalorganic vapor phase epitaxy (MOVPE). MOCVD is the key enabling
technology for manufacturing light-emitting diodes (LEDs), laser diodes, transistors, solar cells
and other electronic and opto-electronic devices, which is expected to have a potentially growing
market.

There are several commonly-used epitaxial growth techniques: 1) hydride vapour phase
epitaxy (HVPE), 2) molecular beam epitaxy (MBE), and 3) MOVPE. HVPE, which is a well-
developed technique for large scale production, can provide deposition rates of several microns
per minute, making it possible to grow hundred microns thick layers. However, the background
carrier concentration and material quality remain challenging in HVPE growth. MBE requires
growths in high vacuum or ultra-high vacuum (10'8 Pa), which is a physical deposition process
with a slow growth rate.

Compared with HVPE and MBE, there are several advantages of MOCVD growths [1]: 1) very
high quality of grown semiconductor layers, with fast growth rate (a few microns per hour) and
controllable doping uniformity; 2) no requirement of ultra high vacuum (compared to MBE), and
the chemical reaction takes place at moderate pressures (50 to 500 torr), which is economically

advantageous with long system up-time; 3) flexibility of growing different compound
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semiconductor materials in the same system; and 4) ability of growing abrupt interfaces, which is

very suitable for hetero-structures such as multiple quantum wells.
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Figure 3-1: The schematics of Veeco TurboDisc P-75 MOCVD system.

MOCVD growth is a highly complex process, which has been developed with a lot of progress
during last several decades. There are several important parameters for MOCVD process
including mixed convective flow, heat transfer for the gas flow as well as for the solids, radiative
transfer involving semitransparent materials, gas phase transport and reaction kinetics of reactant
species and solid layer deposition from the gas phase on the surface of substrates, reactor
components and walls, which will be introduced in details in section 3.2.2. MOCVD reactors
design can have different orientations and geometries, while the most common designs are
horizontal reactor [2-4] and vertical reactor [5-6]. For the horizontal reactors, the gases are
inserted laterally with respect to sample standing horizontally on a slowly-rotating (~60RPM)
susceptor plate. For the vertical reactors, the gases are entered from the top of the growth

chamber, and the sample is mounted horizontally on a fast-rotating (~500-1000RPM) susceptor
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plate. The susceptor is the wafer carrier that holds the substrate during the growth, which is
usually rotated to average the growth symmetry and result in increased uniformity.

Figure 3-1 shows the schematics of the vertical-type Veeco TurboDisc P-75 MOCVD reactor
system. The P-75 MOCVD system includes the loadlock chamber (for transferring the wafer
carriers and substrates for the MOCVD growth), the growth chamber, and the two chambers are
connected by the gate valve. The throttle valve underneath the growth chamber is used to control
the pressure inside the growth chamber. The loadlock chamber is connected by the Varian pump
underneath, and the purified N, supply, in order to perform pump and purge processes inside the
loadlock chamber. The growth chamber is where the MOCVD growths are taken place, with the
gases and Group-lll and Group-V precursors flowing inside the vertical-configuration chamber
and perform chemical deposition on the substrate.
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< Hydrides (NH,) Total Flow Rate:

j Q=5-250 sim

Inlet Gases
(Reactants)
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GaN, InGaN,
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t, = 500 — 1100°C

o =0-1500 rpm
Spindle

Figure 3-2: The illustration of geometry and Process Parameters in the Veeco MOCVD
TurboDisc Reactor [7].

The typical epitaxial process steps are as follows: 1) place the substrate on the graphite
susceptor (coated by SiC) in the loadlock chamber; 2) the loadlock chamber is closed, followed
by pumping and purging N,; 3) gate valve between the loadlock chamber and growth chamber is
opened, then the susceptor is transferred into the growth chamber by using a remote controlled

mechanical fork, so that the susceptor will be placed on the tip of a spindle inside the growth
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chamber. The spindle is connected to a step motor outside the chamber, which controls the
rotation speed of the susceptor (as shown in figure 3-2). 4) The mechanical fork is retrieved back
from the growth chamber, and the gate valve will be closed, then the MOCVD growth will be
performed in the growth chamber.

The stationary resistive heater is located beneath the susceptor, which is made of rhenium for
Veeco P-75 GaN reactor. The thermocouple is pointed close to the bottom of the susceptor. The
cooling water from the water chiller is cycled through the channels within the reactor walls to

prevent over-heating.

Sensor Head

RealTemp 200
Electronics

RealTemp 200
Software

Wafer carriers rotate 72 S, e
1800 RPM (30Hz) Dedicated Computer

Figure 3-3: The illustration of Veeco’s RealTemp 200 system [8].

The Veeco’s RealTemp 200 (RT 200) system (figure 3-3) is an emissivity compensated
pyrometer that works in the P-75 single wafer rotating disk reactor, in order to provide real-time
accurate measurement of the wafer surface absolute reflectivity and provides temperature
measurements during the deposition of llI-Nitride thin films. The RT 200 system combines a
reflectometer (for accurate, real time emissivity calculations) and a pyrometer (utilizes measured
emissivity for accurate temperature measurements), which consists of an optical head (including
an LED, the main and reference photodiodes) with electronics and a dedicated computer with
data acquisition board. The LED is thermo-stabilized, with emission wavelength 930 nm, which is

modulated at a rate of 5.2 kHz. The main photodiode is used to measure the thermal emission
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from the wafers and the LED light reflected by wafers, and then the reflectivity and emission data

can be extracted from the raw signal with low noise and high time resolution [8].

Figure 3-4: The illustration of simulated flow patterns in rotating disc MOCVD system [7].

For the P-75 GaN MOCVD system, the metalorganic precursors and p-type dopant are stored
in stainless steel bubblers. The metalorganic precursors are: trimethylGallum (TMGa),
triethylGallium (TEGa), trimethylAluminum (TMAI), trimethylindium (TMIn). The p-type dopant is
Bis(cyclopentadienyl) Magnesium (Cp,Mg). The Group-V source is ammonia (NH3), and the n-
type dopant is silane (SiH,), which are stored in high-pressure gas cylinders. Purified H, and/or
N, gases are employed as ambient gases, and N, is employed as carrier gases for alkyls. The
gases and precursors of Group-Ill and Group-V would flow into the growth chamber from the top
flow flange, where the even-distributed gas flows would be delivered from the top shower head to
the rotating wafer carrier, as shown in figure 3-4.

The mass flow controller (MFC) is employed to accurately control the gas flows. The accuracy

of the MFC is 1% of the full scale capacity.
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Figure 3-5: The Vector Ultra 3001 gas scrubber [10].

The gasses from the outlet of the growth chamber will be pumped out by the Ebara pump, and
the exhaust of the pump is connected to the Vector Ultra 3001 gas scrubber (figure 3-5), which
uses DI water and nitrogen to absorb pollutants, and the exhaust gases will be released to the

main exhaust line for further scrubbing.

3.2 MOCVD Epitaxy of llI-Nitride Compound Semiconductors

3.2.1 Introduction of Group-lll and Group-V Precursors

The material properties of Group-lll and p-type dopant metalorganic precursors are listed in
table 3-1.

The TMGa ((CHj3);Ga) is the used as metalorganic source of Gallium for MOCVD growths of
GaN or GaN-based ternary and quaternary alloys. The TEGa ((C,Hs);Ga) metalorganic source is
the Gallium precursor for MOCVD growth at lower temperature, attributed from the weaker

bonding of the larger ethyl radical C,Hs.
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The TMIn ((CHs)sIn) is the metalorganic source for Indium precursor for MOCVD growth of

InN, InGaN, or related alloys. The room temperature appearance of TMIn metalorganic source is

white crystalline solid.

The TMAI ((C,Hs),Mg) is the metalorganic source for Aluminum precursor for MOCVD growth

of AIN, AlGaN, AlInN, or related alloys. The room temperature appearance of TMAI metalorganic

source is colorless liquid.

The Cp,Mg ((C,Hs),Mg) is used as p-type dopant for GaN or GaN-based alloys. The room

temperature appearance of Cp,Mg metalorganic source is yellow crystalline solid.

Material TMGa TEGa TMin TMAI Cp:Mg

Properties

Formula (CH3);Ga (C2Hs)3Ga (CH3)3ln (CH3);Al (C2Hs)aMg

Formula Weight | 114.83 156.9 159.93 721 154.4

(g/ mole)

Density (g/ cc) 1.1 1.059 1.568 0.75 1.1

Melting Point | -15.8 -82 88 15.4 176

(°C)

Boiling Point | 55.7 143 134 126 300

(°C)

Appearance Colorless Colorless White Colorless Yellow
liquid liquid crystals liquid crystalline solid

Table 3-1: The material properties of Group-Ill and p-type dopant metalorganic precursors

[10-11].

The Group-V precursor for GaN-based materials is (NH3). Silane (SiH,) is used as n-type

dopant in GaN or GaN-based alloys.
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3.2.2 MOCVD Growth Parameters

The important parameters for MOCVD growth are: growth temperature, rotation speed of the
susceptor, chamber pressure, and V/ I ratio during the MOCVD growth.

Those parameters can be controlled by the Epiview software for the Veeco P-75 MOCVD
reactor by the use of specific growth recipe for certain GaN-based matieral.

The V/III ratio is defined as the molar ratio of the Group-V gas flow versus the Group-Ill gas
flow inside the growth chamber.

The partial pressure is defined as the pressure that the gas would have if it alone occupies the
volume. The sum of the partial pressure of each individual gas in the mixture of gases is defined

as the total pressure. The partial pressure of Group-V (N precursor) can be written as:

F
— NH,
PV_partiaI - Preactor ' E = J (3-1)
NH, + camer _gas

where Pie.ctor is the total pressure of the reactor (torr), Fyns (cubic centimeters per minute, sccm)
is the flow of NH3, and Fearier gas (ScCmM) is the flow of the carrier gas (N, or Hy) into the growth
chamber.

The calculation of the Group-Ill partial pressure involves the vapor pressure, since the Group-
[l metalorganics precursors are either liquid or solid when flowing into the reactor chamber by
carrier gases. The vapor pressure (Py_vapor, tOrr) has a non-linear relationship with temperature

(K), which can be obtained as:

g_A , (3-2)

Il _vapor = T

logP,

where A and B are fitting parameters, and T is the bubbler temperature.

The typical values of A and B parameters for the metalorganic precursors are listed in table 3-2.

Parameter TMGa TEGa TMIn TMAI
A 1703 2162 3204 2143.83
B 8.07 8.083 10.98 8.224

Table 3-2: The typical A and B values for Group-Ill metalorganic precursors.
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For the metalorganic precursors with high vapor pressure such as TMGa and TMAI, the
double dilution is required to further reduce the flow for precise control of growth rate, which is
very important for the growth such as quantum well structure. The double dilution configuration is
realized by adding the push flow to the output of the metalorganic precursor bubbler. The

effective flow (Fy_efrective) Of Group-Ill for such double dilution can be written as:

F F DD PIII __vapor
I _main * ’
F +F ., P P,

Il _main push Il _bubbler — " Ill _vapor

F, ; (3-3)

Il _effective =

where Fy_main (ScCm) is the gas flow controlled by MFC, Py yapor (torr) is the vapor pressure of
Group-lll metalorganic precursors, and Py puier (torr) is the metalorganic bubbler pressure,
which is set at 900 torr for the MOCVD system.

For the metalorganic precursors such as TEGa and TMIn, for which the double dilution is not

required, the effective flow (Fy_efrective» ScCM) of Group-Ill can be written as:

P
_ Il _vapor

Flll_effective - Flll_main ' P = ) (3-4)

1l _bubbler — ' 1ll _vapor
The partial pressure of Group-IIl Py paria €an be obtained as:

F . F .
Il _effective 1l _effective

IDII/_parﬁal = Preactor ' F - Preactor ' F F (3'5)

tota; NH, + camer _gas
Thus, the V/ Il molar ratio can be obtained as:
%4 R V _ partial
— == (3-6)
III Plll_partial

3.2.3 MOCVD Growth of GaN Template on Sapphire Substrate

Attributed to the lack of native substrates, the GaN-based semiconductor materials are usually
grown on c-plane sapphire. The lattice mismatch is approximately 16% between GaN and
sapphire, which leads to compressively strained GaN layer. High quality GaN material can be
obtained by the use of a low temperature GaN buffer layer, and the typical threading dislocation

density for the c-plane GaN grown on sapphire substrate is in the range of 107 up to 10° cm™.
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Figure 3-6 shows the reflectivity and temperature profiles of MOCVD-grown undoped GaN
with different stages (1)-(6). The TMGa and NH; are used as the precursors for the undoped GaN
grown on c-plane sapphire. The growth procedure of the high quality undoped GaN template on
sapphire substrate is as follow: (1) cleaning process of the epi-ready c-plane sapphire substrate
with H, flow of 6000 sccm at 1080 °C for ~3 minutes; (2) low temperature GaN buffer layer (~ 35
nm) growth with growth temperature ~ 515 °C with V/ Il ratio of 10416; (3) etch-back process to
decompose the two-dimensional low temperature GaN to form the 3D GaN nucleation islands by
ramping up the temperature to ~ 1080 °C with decreased reflectivity; (4) and (5) the recovery
process when the 3D GaN nucleation islands coalescence with the temperature ~ 1020°C with a
V/I11=5406 to encourage the lateral growth of GaN on the micron-sized islands with increased in-
situ reflectivity; (6) the growth of high temperature (~ 1070°C) undoped GaN layer (~ 3um) is
carried out after the coalescence of 3D GaN nucleation islands, the V/ Ill ratio is reduced to 2934
to encourage vertical with the growth rate of ~1.77 um / hour. The MOCVD growth resulted in the
undoped GaN template with background concentration of ~ 5.1 x10"® cm™ and electron mobility of

~ 446 cm?/ (v's).
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Figure 3-6: The reflectivity and temperature profiles of MOCVD-grown undoped
GaN with different stages (1)-(6).
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3.3 Device Fabrication Process

The devices based on the MOCVD-grown llI-Nitride semiconductor alloys are fabricated in the
clean room facility for characterizations.

In this section, the two devices fabrication processes will be introduced: 1) the IlI-Nitride
semiconductor devices fabrication for thermal conductivity characterization by the use of 3w

method; 2) the InGaN quantum wells (QWs) based bottom-emitting light emitting diodes (LEDs).

3.3.1 Device Fabrication for Thermal Conductivity Measurement

Figure 3-7 illustrates the schematics of the four point configuration of the metal heater on top
of the llI-Nitride alloys for thermal conductivity measurements. The 3w method is employed for
the thermal conductivity measurements for Ill-Nitride semiconductors, which is a well-established
technique for thermal conductivity characterizations for both bulk materials [12-14] and thin films

[15-17].

l11-Nitride Alloys

Figure 3-7: The schematics of the four point configuration of the metal heater
on top of the llI-Nitride alloys for thermal conductivity measurements.
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The strip metal is deposited on top of the sample under test, as shown in figure 3-7, which
serves as the heater and temperature sensor at the same time in order to obtain the thermal
conductivity information for the 3m measurement.

The details of the fabrication processes will be discussed as shown in figure 3-8. The electrical
insulating layer in order to insulate the electrical current would be deposited on the sample first,

which is the 200 nm SiO, deposited by plasma-enhanced chemical vapor deposition (PECVD).

PECVD

oy Metal Lift Off
Deposition of (Acetone+PA+DI
200 nm S|02 Water)
Four Point

Photolithography

!

Metal Deposition
20 nm Ti/
130 nm Au

Metal Heater

Figure 3-8: The fabrication process flowchart the four point configuration of the
metal heater for thermal conductivity measurements.

Then the four point configuration of the metal heater will be patterned on top of the sample by
photo lithography. The mask design is shown in figure 3-9. There two types of commonly used
photolithography processes: 1) by the use of negative photoresist, and 2) by the use of positive
photoresist, as illustrated in figure 3-10. For the use of negative photoresist (AZ5209), as shown
in figure 3-10(a), the process is as follow: the sample is first spin coated with photoresist, followed
by 1 minute of soft bake at 110°C. Then the sample would be exposed with hard contact with the

mask for 6 seconds, followed by the 2-minute hard bake at 125°C, after which the sample will be
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flood exposed for 45 seconds. Then, the sample will be developed with the AZ300 developer for

the 30 seconds.

Figure 3-9: The mask design for the four point metal heater configuration.
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Hard Contact
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(b)

Figure 3-10: The photolithography process flowcharts for (a) negative

photoresist, and (b) positive photoresist.

For the use of positive photoresist (S1813), as shown in figure 3-10(b), the process is as

follow: the sample is first spin coated with photoresist, followed by 1 minute of soft bake at 105°C.



Then the sample would be exposed with hard contact with the mask for 5.5 seconds. Then, the
sample will be developed with the MF319 developer for the 60 seconds. Note that only one
exposure is required for the use of positive photoresist, which is simpler process compared to that
of the negative photoresist.

After the photolithography, the electron beam evaporator is used to deposit 20 nm Ti/ 130 nm
Au for the metal heater. After the metal lift off by the use of acetone, IPA, and DI water, the

pattern for thermal conductivity measurement would be completed, as shown in figure 3-11.

Figure 3-11: The microscope image of the four point metal heater configuration
for thermal conductivity measurements.
3.3.2 Device Fabrication for Bottom-Emitting LED
The device fabrication process of InGaN QWs based bottom-emitting LEDs will be introduced
in this section. The selective area epitaxy (SAE) approach is used for the fabrication of the
bottom-emitting LEDs. Typically, the InGaN QWs active region is grown on the n-type GaN
substrate on the double-side polished sapphire substrate. The p-type GaN grown on top of the
active region is ~200 nm thick.
The growth of the InGaN QWs active region and the p-type GaN layer is performed by the use
of the SAE approach, which employs the SiO, hard mask on top of the n-type GaN template. The
details of the fabrication process flowchart are shown in figure 3-12: a 350 nm thick SiO, hard

mask is first deposited by PECVD on n-type GaN template, then the sample is patterned with
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mesa patterns by photolithography and etched by buffered hydrofluoric (HF:H,O = 1:30) for 1
minute. After a cleaning process with acetone, IPA, and DI water, the sample would be
transferred to the MOCVD growth chamber for the selective area epitaxy of the InGaN QWs
active region and the p-type GaN.

Then, the sample will be etched by HF with high concentration (HF:H,O = 1:1) for 12 hours in
order to remove the SiO, after high temperature treatment. The next step is the photolithography
for the metal patterns, including the n-type metal (20 nm Ti/ 300 nm Au) and p-type metal (20 nm
Ni/ 300 nm Au). After the metal deposition and metal lift off, the sample should be annealed by
rapid thermal annealing (RTA) in N, atmosphere for 40 seconds at 450 °C. Then the LEDs

samples will be ready for characterizations.

n-type GaN Selective Area

Template Epitaxy Metal Liftoff

PECVD
Deposition of Photolithography Rapid Thermal
350 nm SiO, For Metal Pattern Annealing
Photolithography E-Beam Metal LEDs Device
For Mesa Pattern Deposition Completed

Figure 3-12: The process flowcharts for InGaN QWs bottom-emitting LEDs.
3.4 Summary

In summary, the metalorganic vapor phase deposition (MOCVD) and the device fabrication
processes are introduced in details in this chapter. The Veeco P75 GaN MOCVD system is
introduced. The Group-lll metalorganic and Group-V hydride precursors are discussed in details.

The important growth parameters such as growth pressures, gases flows, and V/ lll ratio are also
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introduced. Then the MOCVD growth of undoped GaN template on sapphire substrate by the use

of low temperature GaN buffer layer is presented with specific growth stages.

The device fabrication processes are introduced for 1) thermal conductivity measurement, and

2) InGaN-based bottom-emitting LEDs. The device fabrication flow charts with details are

presented for both devices, which are fabricated by the used of the clean room fabrication facility.
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Chapter 4: IlI-Nitride Semiconductors for Thermoelectric

Applications

In chapter 2, the current status and challenges of thermoelectricity have been introduced with
details. Specifically, the thermoelectric materials and important applications have been reviewed,
and the progress of IlI-Nitride semiconductors for thermoelectric applications has been discussed.

In this chapter, the current status and future potential of IlI-Nitride semiconductors are
reviewed for thermoelectric applications. Promising thermoelectric properties have been shown
by the IlI-Nitride semiconductors both in theoretical and experimental aspects.

For the experimental measurement aspect, the thermoelectric properties of AlInN alloys,
grown by metalorganic vapor phase epitaxy (MOVPE), with In-contents (x) from 11 % up to
21.34% were characterized and analyzed at room temperature. The thermal conductivities (K) of
AlIny,N alloys were measured by 3w differential method. The electrical conductivities (o) and
Seebeck coefficients (S) of the materials were measured by Hall and thermal gradient methods,
respectively.

The thermoelectric figure of merit (Z*T) values of the n-Al;,In,N alloys were measured as high
as 0.391 up to 0.532 at T = 300 K. The use of high In-content (x = 21.34%) AlInN alloys leads to
significant reduction in thermal conductivity [K = 1.62 W/(mK)] due to the increased alloy
scattering, however, the optimized thermoelectric material was obtained for AllnN alloy with In-
content of 17% attributed to its large power factor.

For the theoretical simulation aspect, the thermoelectric properties of n-type wurtzite IlI-nitride
semiconductors were analyzed. The electron scatterings in the alloys were analyzed using
Boltzmann transport equation. The total relaxation rate of the dominant electron scatterings
includes contributions from the charged dislocation scattering, ionized impurity scattering,
deformation potential acoustic phonon scattering, piezoelectric acoustic phonon scattering, polar
optical phonon scattering, and non-polar optical phonon scattering. The thermoelectric properties
of AlGaN and InGaN alloys requires accurate model for electronic and lattice thermal

conductivity, electrical conductivity, and Seebeck coefficients computed for IlI-Nitride alloys.
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Comprehensive model on lattice thermal conductivity is required for accurate simulation. Virtual
crystal model is implemented here to simulate the lattice thermal conductivity. The figure of merits
(Z*T) is obtained from these thermoelectric properties. The experimental and theoretical works

are in collaboration with H. Tong [39].

4.1 Introduction to Nitride-Based Thermoelectricity

The high power density requirements in lll-Nitride lasers and light-emitting diodes, power
transistors, and solar cells lead to the demand for solid state cooling technology [1, 2], in
particular for nitride-based alloy that can be integrated with GaN devices.

[lI-Nitride alloys have shown promising thermoelectric figure of merits (Z*T) [3-13], in particular
for materials based on AlGaN [10, 11] and InGaN [12, 13] alloys. The thermoelectric properties
for RF-sputtered AllInN had also been reported [3-6].

Our works [14, 36] have reported the epitaxy and thermoelectric characteristics of AllnN alloys
with various In-contents at room temperature (T = 300 K). All the n-type AlInN films were grown
by MOCVD on undoped-GaN (thickness = 2.8 Um; Npackgrouns ~ 5 X 10'® cm™) template on c-plane
sapphire substrates. The investigations of the thermoelectric characteristics for MOVPE-grown
AllnN alloys with various In-contents are of great interest for improved understanding of the
important parameters necessary to further optimize the Z*T value in this material system.

On the aspect of theoretical simulation, accurate numerical simulation will provide useful
guideline in IlI-Nitride based material optimization for thermoelectric applications. Thus, the
details of the theoretical modeling for the thermoelectric properties of IlI-Nitride semiconductors
will be discussed in this chapter.

The efficiency of thermoelectric materials and devices are characterized by the thermoelectric
figure of merit Z*T, which is defined as:

S

K, +Kph

7.7 = T, (4-1)

where S is the Seebeck coefficient, ¢ is the electrical conductivity, T is the absolute

temperature (in Kelvin), K, is the electronic thermal conductivity, and K, is the lattice thermal
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conductivity. Thus, high-efficiency thermoelectric materials and devices should have large
Seebeck coefficient and electrical conductivity, while low thermal conductivity, which have also

discussed in chapter 2.

4.2 Thermoelectric Characterizations of AlInN Alloys

All the growths of AlInN films were performed on undoped-GaN (2.8 um) / sapphire substrates.
TMIn and TMAI were used as group lll precursors, and NH3; was used as group V precursor. The
growths of GaN template on sapphire substrate were performed by using 30-nm low temperature
(T4=535 °C) GaN buffer, and then followed by high temperature (T, = 1080 °C) GaN growth. The
background n-type carrier concentrations of the GaN templates employed in the studies are 5 x
10" cm™. The growth temperatures of the n-Al_,Iny,N alloys (~200 nm thick) ranged between 750-

790 °C with growth pressure of 20 Torr.
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Figure 4-1: The XRD rocking curves in c-axis for n-Al1-xinxN thin films grown on GaN /
sapphire template.

The In-contents (x) of Ali,In,N epilayers were measured by X-ray diffractometer (XRD) for c-
axis orientation, resulting in x = 0.11, 0.17, and 0.2134 (figure 4-1). The lattice-mismatch strain in
the a-axis (Aa/a) between AlyIn,N alloys and GaN as a function of In-content (x) are shown in
figure 4-1. As the In-content in Al;,In,N alloys reached ~17% (Alggslng47N), the Aa/a was

measured as -0.18% which corresponded to nearly lattice-matched layer. For Alg gs3lng 17N alloys,
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the growth temperature and V/III ratio were 780 °C and 9300, respectively. For Alggelng11N and
Alg79lng.2¢N alloys, the growth temperatures were 790 °C and 750 OC, respectively.

Note that the increasing FWHM of the XRD rocking curves for AlinN with higher In-content can
be attributed to the increasing phase separation in the film. Crack-free films were obtained for
lattice-matched (x=17%) and compressively-strained (x=21.34%) samples, while cracks were
observed tensile-strained samples (x=11%). The MOVPE growth details of the AlInN alloys can

be found in reference 36.

4.2.1 The Van der Pauw Hall Method for Electrical Conductivity Measurement

The carrier mobilities of n-Al;,In,N alloys were measured by the Hall method, as shown in
figure 4-2. The background n-type carrier concentrations for two Alggslng 7N samples were
measured as 5.1x10"%cm™ and 1.6><101scm'3, respectively. For Alggglng 11N and Alg 79lng 21N alloys,
the background n-type carrier concentrations were measured as 1.1x10"®cm™ and 2.2x10"%cm™,
respectively. Note that the two lattice-matched Al gslng 17N samples were grown separately by
MOVPE, and the difference in the background carrier concentration in the two samples can be
attributed to the different impurity conditions from the epitaxy. Our finding is similar to the
background carrier concentration range reported by others [41], which reported background
doping in the range of 1-5%10'%cm™. The difference in the background doping range for MOVPE-
grown AlInN material is attributed to the nitrogen vacancies or residual oxygen impurities [41].

The carrier mobilities were measured as 290 cm2/(Vs) and 462 cm2/(Vs) for Alggslng.47N
(n=5.‘|><10180m'3) and Alggslng 47N (n=1.6><10180m'3), respectively. The results show that higher
carrier density leads to higher electrical conductivity and lower electron mobility. Despite its
relatively low carrier concentration, the Alpgglng 11N sample exhibits lower carrier mobility, which
can be attributed to the cracks in the film. The cracks in the Alggglng 11N thin film is related to the
dislocation density from the growths of tensile film on GaN template. With higher cracking density,
the dominant crystal dislocation scattering reduces the electron mobility in AllnN alloy, which is in

agreement with the simulation based on relaxation time approximation.
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Figure 4-2: The measured electron mobility for Al,,InyN alloys with various In-content (x) from
x=0.11 up to x=0.2134 at T=300K.

4.2.2 Thermal Gradient Method for Seebeck Coefficient Measurement

The Seebeck coefficients were determined by thermal gradient method, as illustrated in figure
4-3(a), which was similar to the method employed in references 36-38. When a temperature
gradient was created in the sample [figure 4-3(a)], both the voltage difference and temperature
difference were measured. A hotplate was used to create the high temperature. Two type K
thermocouples were attached to the top surface of AlinN sample via indium (In) metal to measure
temperature difference. The Seebeck voltage was collected from the positive chromel electrodes

of the thermocouples at the same time.

__—Thermocouples ~

,

2.8 pm u-GaN

430 pm Sapphire

Heater
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Figure 4-3: (a) The set up for the thermal gradient method for Seebeck voltage
measurements of AllnN samples, (b) Seebeck voltage as a function of the temperature

difference, and (c) measured Seebeck coefficients for Al In,N alloys with various In-content
(x) from x=0.11 up to x=0.2134 at T=300K.

Figure 4-3(b) shows the measured Seebeck voltages as a function of the temperature
difference for Ali,In,N alloys with various In-content (x) from x=0.11 up to x=0.2134 at T=300K.
The Seebeck voltages for all the Al,,In,N samples show good linearity with the measured
temperature difference. Note that the measured Seebeck voltages in figure 4-3(b) refer to the
total Seebeck coefficients of AlINN and chromel electrodes combined. The corresponding
Seebeck coefficients for AllnN films need to be compensated by the Seebeck coefficient of

chromel at room temperature (21.5 yV/K) [18]. The Seebeck coefficients of Al;,In,N alloys are
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shown in figure 4-3(c). The absolute Seebeck coefficients for the AllnN alloys are relatively large,
which are in the range of -3.2x10™ V/K up to -6.012x10™ V/K, with the highest value measured

for n-Alg gslng. 17N alloy (n=5.1x10"%cm™).
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Figure 4-4: The measured power factors for Al,,In,N alloys with various In-content (x) from
x=0.11 up to x=0.2134 at T=300K.

Figure 4-4 shows the measured power factors (P=Szo) for Aly_,In,N alloys with x = 0.11-0.2134
at T=300 K. The power factors for Alggglng 11N (n=1.1 ><1O1scm'3) and Alg 79lng21N (n=2.2><10180m'3)
were measured as 4.77x10™ W/(mKZ) and 2.11x10° W/(sz), respectively. The higher power
factors were obtained for the n-Alggslng 47N alloys, which were 8.64x107 W/(mKZ) and 2.30x107
W/(mKZ) for n=5.1x10"%cm™® and n = 1.6 x 10" cm™, respectively. The large power factors for the
Alogslng 47N alloys are attributed to the large electrical conductivities and Seebeck coefficients.
Note that both Seebeck coefficient and electrical conductivity have dependencies on carrier

concentration, which in turn lead to the power factor variation with carrier concentration.

4.2.3 The Three Omega (3w) Method for Thermal Conductivity Measurement

The thermal conductivities of AlINN films were measured by employing the 3w differential
method [12-16], and the details of this method used here were discussed in reference 38. Cross
sectional schematic of four-probe 3w measurement set up for n-Ali,In,N films grown on

GaN/sapphire template prepared with SiO, insulation layer is shown in figure 5(a). The insulating
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layers of 200nm SiO, were deposited by plasma-enhanced chemical vapor deposition on the
AlInN / GaN / sapphire samples, and the metal heater contacts of 20 nm Ti / 130 nm Au were
deposited by using electron beam evaporator. The top microscope image of the four-probe 3w

measurement set up for n-Al;_In,N films was shown in figure 5(b).

430 pm Sapphire
(a)

Figure 4-5: (a) Cross sectional schematic of four-probe 3w measurement set up for n-Aly_,In,N
films grown on GaN/sapphire template prepared with SiO, insulation layer, and (b) the top
microscope image of the four-probe 3w measurement set up for n-Al;_JInN films.

In our 3m measurement set up [14], a digital lock-in amplifier SR830 was employed to supply
the driving AC current (I,,) with sweeping frequency o and collect the voltage (V,)) as well as the
third harmonic voltage (V;,) of the metal stripe. A digital multimeter HP 34401A was used to
measure the current in order to obtain the metal heater resistance. The set up of the thermal

conductivity measurement for n-Al4,In,N thin films is shown in schematics in figure 4-6.
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Lock-in Amplifier Digital MultiMeter

Figure 4-6: The schematics of the four-probe 3 thermal conductivity measurement set up for
n-AlyInyN films.

Figure 4-7 shows the principle and measurement process of the 3w method. When the driving
AC current (l,,) with sweeping frequency o is supplied to the metal heater with resistance R, the
AC Joule heating power would be generated with frequency of 2:

P, =1>-R, (4-2)

which would lead to the creation of temperature oscillation AT,,. Then the resistance variation
would have the component with frequency 2w:

R =R,(1+aAT,,), (4-3)

where a is the temperature coefficient. Thus, the voltage across the metal heater would have
a component with frequency 3. From the measurement set up in figure 4-6, both the voltage
(V,) as well as the third harmonic voltage (V3,,) of the metal stripe will be collected by the lock-in
amplifier. Therefore, the thermal conductivity for the sample under test can be retrieved from the

temperature oscillation AT,,, which is proportional to the third harmonic voltage (Vs,).
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Figure 4-7: The flowchart of the 3w method for the thermal conductivity measurement.

In our studies, all the 3w measurements were performed at room temperature. The 3w
measurement set up was calibrated by measuring the thermal conductivities of sapphire and SiO,
using differential [15, 16] and slope [19-22] methods. For calibration purpose, the thermal
conductivities of sapphire and SiO, (T=300K) were obtained as 41 W/(mK) and 1.1 W/(mK),
respectively, in good agreement with reported values [15, 23].

Both the measured voltage V,, and in-phase V3, of the undoped GaN reference sample and
the n-Aly,In,N samples at T=300K are shown in figure 4-8(a) (n-Alygslng¢7N sample with
n=5.1x10"%cm™), figure 4-9(a) (n-Alygslng 7N sample with n=1.6x10"%cm™), figure 4-10(a) (n-
Alg79lng2sN sample with n=2.2><10180m'3), and figure 4-11(a) (n-Alggolng11N sample with
n=1.1><10180m'3). The sweeping frequency of the driving current (w/21) ranged from 100Hz to
1000Hz, which insured the thermal penetration depth to be larger than the thickness of thin film

while smaller than the thickness of the substrate.
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Note that the V,, and in-phase V;, of the undoped GaN template on sapphire were measured
as reference samples. To ensure consistency in the measurements, all the GaN template
reference samples correspond to identical templates used for the growths of n-Al,In,N samples.

The temperature oscillation amplitude Tac for the samples can be extracted from both the V,,
and V3, by using the following relation [14, 15, 19-22]:

Vs, dT

Too =2
TV dR

R. (4-4)

The temperature oscillation amplitudes T,c as a function of frequency in logarithm scale from
100 Hz to 1000 Hz for both the undoped GaN reference sample and the n-Al;,In,N samples at
T=300K are shown in figure 4-8(b) (n-Algsslng 7N sample with n=5.1x10"cm™), figure 4-9(b) (n-
AlpgslngsN  sample with n=1.6x10"cm™), figure 4-10(b) (n-Aly7slngosN sample with
n=2.2x10"cm™), and figure 4-11(b) (n-Algsslng 11N sample with n=1.1x10"%cm™). Therefore, the
temperature raise ATpc was obtained by subtracting the T,c of the undoped GaN reference
sample from the n-Al,In,N samples. The average value of AT,c for the entire frequency range
(from 100Hz-1000Hz) was used to calculate the thermal conductivity (K) of the n-Aly,In,N

samples.
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(n=5.1%x10"%cm3) 0.5
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u-GaN / sapphire
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200 1

(b)
1000

Frequency (Hz)

Frequency (Hz)

Figure 4-8: Measured (a) voltage V, and in-phase V3, and (b) temperature oscillation
amplitude s(Ta") as a function of frequency in logarithm scale for n-Alygslng 17N sample with
n=5.1x10" cm and undoped GaN/sapphire reference sample at 300 K.
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The measured thermal conductivities of Aly,In,N alloys with x=0.11-0.2134 at T=300 K were
shown in figure 4-12. The thermal conductivities of Al;,In,N alloys were measured as 1.62
W/(mK), 4.87 W/(mK), 4.31 W/(mK) and 1.62 W/(mK) for x=0.11, 0.17 (n=5.1x10"%cm™), 0.17
(n=1.6><10180m'3) and 0.2134, respectively. The reduction in the thermal conductivity of Al;In,N
with x=0.2134 can be attributed to the increase in the alloy scattering. However, the low thermal

conductivity for the Alg gglng 11N can be attributed to the cracking from the tensile strain in the alloy.
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Figure 4-12: The measured thermal conductivities for Ali,In,N alloys with various In-
contents (x) from x=0.11 up to x=0.2134 at T=300K.

4.3 Thermoelectric Figure of Merit of AlinN Alloys

The Z*T=PxT/K values for n-Al,,In,N alloys at T=300 K are shown in figure 4-13. The Z*T
values (T=300K) for n-Al,,In,N alloys were measured as high as 0.391 up to 0.532. The highest
Z*T value (T=300K) was achieved as 0.532 for Alg g3Ing 17N (n=5.1 x10'® cm'3). The Z*T values for
Alg.76Ing 21N (n = 2.2x10"%cm™®), Alggslng 7N (n = 1.6x10"® cm™) and Alggelng 1+N (n=1.1x10"® cm™)
were 0.391, 0.160 and 0.089 respectively.

The thermal conductivities of Alg g3lng 47N with different carrier concentrations are measured as
relatively similar, thus the variation of the Z*T values with carrier concentration is attributed to the
carrier-concentration-dependent Seebeck and electrical conductivity parameters. The power

factor P for Alg79lng 21N alloy was similar to that of Alggslng 7N (n=1 6x10"® cm'3), however its low
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thermal conductivity from the increased alloy scattering led to higher Z*T value of 0.391. For
Alo.selng 14N alloy, the high cracking density of the material led to a reduction of the power factor,

which resulted in a lower Z*T value.
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Figure 4-13: The Z*T values for Al JInN alloys with various In-contents (x) from x=0.11 up
to x=0.2134 at T=300K.

4.4 Theoretical Characteristics of Thermoelectric Properties of lll-Nitride
Materials

4.4.1 Boltzmann Transport Equation and Relaxation Time Approximation
The Boltzmann transport equation, which describes the statistical distribution of one particle in

a fluid, is used to describe the electron distribution function in the crystal [3], as follow:

o of pof g ot
o8 ox m op ot

collision

(4-5)

where x and p are position and momentum, m is the mass of the particles, F is the external
force field.
The relaxation time approximation is employed to solve the Boltzmann equation by introducing

the total relaxation time 1y, The 1 is used to express the right side collision term in equation
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(4-5) including all the electron scattering mechanisms in the semiconductor material, which can

be expressed as follow:

of f—f,
— =- , (4-6)
ot

collision Ttotal

where f, represents the equilibrium Fermi distribution function. By employing the

Matthiessen’s rule, the total relaxation scattering rate can be written as:

Cow) = Y7 (K). (@-7)

where 7 represents the relaxation time of each scattering phenomena of electrons.

4.4.2 Electron Scattering Mechanism

Various electron scattering mechanisms in semiconductors are taken into consideration in the
numerical calculation model, which are introduced in figure 4-14 [25]. In this numerical calculation
model, six major electron scattering mechanisms are taken into account: 1) the charged
dislocation scattering, 2) ionized impurity scattering, 3) deformation potential acoustic phonon
scattering, 4) piezoelectric acoustic phonon scattering, 5) polar optical phonon scattering, and 6)
non-polar optical phonon scattering. The neutral impurity scattering and alloy scattering are not
taken into account. The carrier-carrier scattering rate is relatively negligible in the analysis for IlI-

Nitride alloys, as this term will only be important at very high carrier density.

Scattering Mechanisms

Defect Scattering Carrier— Carrier Lattice Scattering
I Scattering
~Crystar-, \mpurity Alloy Acoustic Optic
dislocation’ ’
I | ~Deéformation-. Biezow, 7. Mo,

Meutral |gmzed potential ‘electric’

Figure 4-14: The electron scattering mechanisms in semiconductors.
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The relaxation time for charged dislocation scattering can be expressed as [27]:
3.2.2 212\3/2
— h gs Clattice (1 + 4'ﬂ“D kL)
4 4
Ndismeffe ﬂ'D

T dis (k) ’ (4-8)

where ¢ is the static dielectric constant, cj.4ice is the lattice constant along the (0001) direction,
Ap is Debye length, kv is the electron wave vector component perpendicular to the dislocation
direction, Ng; is the dislocation density, m.y is the effective mass.

The relaxation time for the ionized impurity scattering can be obtained as [28]:

29’27r52m”2E3’2
S eff

~ Z26*NIn(1+ b)— b/(1+ b)]’

7, (k) (4-9)

where Z is the charge number of ionized atom, which equals to 1 for dopant in IlI-nitride
semiconductors, N; is the ionized impurity density, b is the Brooks-Herring parameter, which is

given by

p = SMercekel p (4-10)
ne’n’
The relaxation time of the deformation-potential acoustic phonon scattering is expressed as

[29]:

4nh'c,,

=2k, T(2m,, 2 E"? i
—D"B eff

po (k) =

where ¢4 is the angular average of the elastic constant for longitudinal acoustic (LA) phonon,
and E, is the deformation potential.

The relaxation time of the piezoelectric acoustic phonon scattering is obtained by [29]:

2 2 o
rplk) = 24 LI M7 (4-12)
e°K; KsT 1+8m_E/h°q? 4m_E

S

where v is the electron group velocity, K, is the electromechanical coupling factor, g; is the
reciprocal of the screening length.

The polar optical phonon scattering is expressed as [30]:

Ty (K)= (E) [Ej -sin){E] , (4-13)

W, [n(w)+ 1F, (E + ho) (e ho
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where o is the optical phonon frequency, n(w) is the Boson factor and

2 12
Woze_. 2mgo) - (1 1) (4-14)
4 7h h & &

0 S

The non-polar optical phonon scattering is expressed as [25]:

B 1 177"
fn,,c,(k)=‘/E Tph e fO(E)-{(E+ha))2 +HE - 1) N E )z | - (4-15)
D,m*2 n, 0
The total relaxation time is then obtained as:
Troter (K) = T (K) + 7 (K) + T (K) + Tpa (K) + 7o (K) + T (K) - (4-16)

Thus, based on the total relaxation time, the thermoelectric properties such as electrical

conductivity o, the Seebeck coefficient S, and the electronic thermal conductivity K, can be

obtained as:
7=~ 2 Fun W 002 @17)
s--2 ( Z; jrtota,(k)v (K\E-E )ZZB (4-18)
| 3 RO A (#19)

4.4.3 Virtual Crystal Model and Phonon Scatterings

The lattice thermal conductivity, which is the major contribution for the total thermal
conductivity, is calculated by the use of virtual crystal model in order to account for the interfacial
disorder [26]. In this model, the IlI-Nitride alloys are considered as virtual crystals which consist of
homogenized crystal regions.

By Vegard'’s law, the virtual atomic weight M is obtained as

M = XM, +(1- XM, - (4-20)

The virtual atomic volume can be expressed as

V73 = xVIS 4+ (1= XV (4-21)
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In llI-Nitride bulk alloys and thin films, the resistive phonon scatterings are dominant and the

lattice thermal conductivity can be obtained by Callaway’s approximation [31],
orr_x'e” (4-22)
J S TRAXH

ks (kBTJS
WP o (ex—1)

where v is the average phonon group velocity, @ is the Debye temperature, and the term x is

defined as:
x=T12, (4-23)
kT

where o is the phonon frequency.

The three major resistive scatterings of phonons are taken into account: 1) the scattering on
point defects, 2) the Umklapp scattering, and 3) the scattering on rough boundary. Both the
impurities and alloy components are considered as point defects in this model. The scattering

rate can be calculated as:

4 Vro'
Top = i (4-24)
where Vs the virtual atomic volume, v is the average phonon group velocity.
The scattering factor can be expressed as:
r= rlrm + 1—‘alloy’ (4_25)
where
L = Zx,r, ; (4-26)
with x; as the mass fraction of each component crystal, and
Loy = ZX:' [(Mi - M)/M]Z : (4-27)
Secondly, the Umklapp scattering rate can be expressed as:
2 2
T
AL - (4-28)
Mv <O 3T

where y is the Gruneisen anharmonicity constant.

Then, the third scattering (rough boundary scattering) relaxation time is obtained as:
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v, (4-29)
L

Thg =
where L is the dimension of the sample.
Thus, the total resistive scattering rate of phonon can be obtained by summation of the

individual scattering rate, as follow:
-1 -1 -1 -1
Tr =Tpp + Tyk T TRp- (4-30)
Therefore, the lattice thermal conductivity K, can be obtained by substituting the equation (4-

30) back into equation (4-22).

4.4.4 Theoretical Results of Thermoelectric Properties of llI-Nitride Materials
In order to verify the accuracy of the simulation model based on the Boltzmann transport
equation and the virtual crystal model, the simulated electrical and thermoelectric properties of

Nitride materials are compared with the experimental measurements.
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Figure 4-15: The simulated electrical conductivities as a function of carrier concentration in
comparison with experimental measurement data for GaN.

Figure 4-15 shows the simulated electrical conductivity (o) as a function of carrier
concentration (n) (solid curve) for GaN, in comparison with the experimental measurement data
(red dots) obtained from the MOCVD-grown GaN alloys grown in house. From the curve, it shows

that the simulated curve matches well with the experimental measurements.
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Figure 4-16: The simulated thermal conductivities as a function of temperature in comparison
with experimental measurement data [32, 33] for (a) GaN and (b) AIN.

Figure 4-16 shows the comparison of the simulated thermal conductivity (solid cuve) and

experimental measurement data (red dots) as a function of temperature for (a) GaN and (b) AIN.

Good agreement is obtained between simulated thermal conductivity and measured thermal

conductivity for both GaN and AIN materials for the temperature range from 10 K up to 1000 K.
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Figure 4-17: The simulated thermal conductivities as a function of Al-content for ternary Al,Ga;.
<N alloy with temperature range of 300-1000 K.

Therefore, based on the verified simulation model, figure 4-17 shows the calculated thermal
conductivity as a function of Al-content (x) at different temperatures for Al,Ga; N alloys. The
thermal conductivity for ternary AlGaN alloys are much lower in comparison to those of binary
GaN (170 W/mK) and binary AIN (400 W/mK). The lowest thermal conductivity is achieved by the
use of Alg4GageN alloy, which is with the value of ~60 W/mK at room temperature. In addition, the

thermal conductivity of Al,Ga; 4N alloys decrease with increasing temperature.
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Figure 4-18: The simulated Z*T values as a function of Al-content for ternary Al,Ga; (N alloy
with temperature range of 300-500 K.
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The simulation of the electrical conductivity and the Seebeck coefficient can be obtained by
the Boltzmann transport equation and relaxation time approximation approach [37, 38]. Thus,
after obtaining the thermal conductivity, as well as the electrical conductivity and the Seebeck
coefficient, the thermoelectric figure of merit Z*T values can be simulated, which are shown in
figure 6 for Al,Ga;N alloys for temperature range from 300 K up to 500 K, with carrier density n =
5.1x10" cm™.

From figure 4-18, the figure of merits Z*T values of Al,Ga,,N ternary alloys are higher than
that of the binary GaN alloy (x = 0) or binary AIN alloy (x = 1). The optimum simulated Z*T for
AlLGa; N alloy is achieved at Al-content of approximately 40%. The improved figure of merit from

ternary Al,Ga4N alloys can be attributed to the reduced thermal conductivity from alloying effect.
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Figure 4-19: The simulated thermal conductivities as a function of In-content for ternary In,Ga;.
«N alloy with temperature range of 300-1000 K.

Similarly, figure 4-19 shows the simulated thermal conductivities of the ternary In,Ga,4N alloys
as a function of In-content (x) for different temperatures, which are lower than those of GaN (x =
0) and InN (x = 1) alloys. The lowest thermal conductivity can be obtained by the use of In,Ga 4N
with In-contents in the range of 55% up to 65%, resulting in thermal conductivity of approximately
30 W/mK at room temperature.

Figure 4-20 shows the Z*T values of as a function of In-contents for In,Ga,; N alloys at

temperatures of 300K- 500K, with the carrier density n = 5.1x10'® cm™. From the simulation
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results, the optimized Z*T for In,Ga,N alloy is obtained for the In-content of 65%, which leads to

the figure of merit Z*T ~ 0.15, which are higher than those of AIGaN alloys.
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Figure 4-20: The simulated Z*T values as a function of In-content for ternary In,Ga,N alloy
with temperature range of 300-500 K.
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Figure 4-21: The simulated thermal conductivities as a function of In-content for ternary Al,.
«In N alloy with temperature range of 300-1000 K.

Figure 4-21 shows the simulated thermal conductivities of the ternary Al ,In,N alloys as a
function of In-content (x) for different temperatures, which are lower than those of AIN (x = 0) and

InN (x = 1) alloys. The lowest thermal conductivity can be obtained by the use of AlyIn,N with In-
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contents in the range of 55% up to 70%, resulting in thermal conductivity of approximately 4

W/mK at room temperature, which are lower than that of the AlGaN and InGaN alloys.

0.25 n=5.1x10'¢ cm- AllnN
020] 1T 300K -7l
= — 1= 500K~ T
A .\
|_015 '/' '\.
N K4 \
, )
0.10 - ’ \
’ '
/, \
0.051 \
0
0 0.2 0.4 0.6 0.8 1
x (Al;In,N)

Figure 4-22: The simulated Z*T values as a function of In-content for ternary Al;In/N alloy
with temperature range of 300-500 K.

Figure 4-22 shows the Z*T values of as a function of In-contents for Al In,N alloys at
temperatures of 300K- 500K, with the carrier density n = 5.1x10"® cm™. From the simulation
results, the optimized Z*T for the Al In,N alloy is obtained for the In-content of ~55% - 70%,
which leads to higher figure of merit Z*T than those of AlGaN alloys and InGaN alloys, attributed
from the further reduced thermal conductivity, as well as the enhanced electrical conductivity and

Seebeck coefficients.

4.5 Summary

In summary, the thermoelectric properties of MOVPE-grown n-Al;,In,N (x=0.11-0.2134) alloys
are presented. The record Z*T values of the Al,In,N alloys were measured as high as 0.391 up
to 0.532 at T=300 K, which show significant improvement from the RF-sputtered AlInN
(Z*T=0.005, T=300 K) [4] and MOVPE-grown InGaN (Z*7=0.08, T=300 K) [12, 13]. The
improvement observed from the MOVPE-grown AlInN alloys can be attributed to the increase in

the Seebeck coefficient and electrical conductivity resulting in higher power factor, in comparison
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to those measured from MOVPE-grown InGaN and RF-sputtered AllInN. The use of high In-
content (x = 21.34%) AlInN alloys leads to significant reduction in thermal conductivity [K = 1.62
W/(mK)] due to the increased alloy scattering, however, the use of high In-content AlInN alloys
leads to slight reduction in power factor. To optimize the high Z*T value in AllnN material system,
it is important to employ crack-free AllnN thin film with large carrier concentration in order to
obtain high power factor, while minimizing the thermal conductivity by employing AllnN alloy with
In-content in the range of x = 17% - 22%. The finding indicates that MOVPE-grown AlInN alloy as
excellent thermoelectric material for IlI-Nitride device integration.

The numerical simulations of thermoelectric properties of n-type Al,Ga;,N and In,Ga; N
alloys are presented. The electronic properties such as electrical conductivities, electronic
thermal conductivities, Seebeck coefficients in semiconductor were solved by using Boltzmann
transport equation under relaxation time approximation, and each individual relaxation times due
to five dominant electron scatterings were computed. Phonon scattering mechanisms are
considered in the virtual crystal model. The figure of merits (Z*T) are computed for both AlIGaN
and InGaN alloys, by using the computed electron transport and phonon scattering properties.
The simulation model presented in this work show very good agreement with the experimental
data obtained for GaN and AIN binary alloys. The optimum Z*T values for AlIGaN alloy is obtained
for Al-content of 40%, resulting in Z*T value of 0.06 at 1000K. For the case of InGaN alloy, the
optimum Z*T value of 0.15 at 1000 K is obtained for In-content of 65%. The findings presented
here indicate that ternary AlGaN or InGaN alloys as promising candidates for thermoelectric

cooling application in nitride-based high power LEDs, lasers, and electronics.
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Chapter 5: Thermal Conductivity Measurement Methods for lll-

Nitride Semiconductors

In chapter 4, the thermal conductivity of AlInN alloys grown by metalorganic chemical vapor
deposition (MOCVD) with various In-contents were characterized by the differential technique of
the 3 omega (3w) measurement method.

In this chapter, we present a brief summary on the thermal conductivity measurement
methods for both bulk materials and thin film materials. Specifically, the 2D multilayer thermal
diffusion model was developed and the extended slope technique based on this model was
proposed to accurately extract the thin film thermal conductivity which is higher than that of the
substrate. The thermal conductivities are measured for MOCVD-grown GaN thin film on sapphire
substrate and InN thin film on GaN/ sapphire substrate in order to verify the validity and accuracy
of the proposed 2D multilayer thermal diffusion model and the extended slope technique [1, 2].
Those works regarding the thermal conductivity measurement methods are in collaboration with

H. Tong [1].

5.1 The Conventional Three Omega (3w) Method

Conventionally, several measurement methods [21] have been employed to characterize the
thermal conductivity of materials, such as steady-state method (absolute or comparative), radial
heat flow method, and laser flash method. Note that all these methods require either direct or
indirect determination of the heat flux and temperature differences between two points of the
material under characterization. Other than using optical heating and sensing, electrical heating
and sensing based on micro-heaters and sensors have the advantage of precisely controlled heat
transfer and accurately determined temperature rise. The 3w method is a well-established
technique for measuring the thermal conductivity of both bulk materials [22-24] and thin films [15,
25-26].

Figure 5-1 shows the schematic of four point configuration of the metal heater and experiment

setup for the 3w measurement [5-6]. The sample under test was prepared with 200 nm SiO,
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insulation layer, which was deposited by plasma-enhanced chemical vapor deposition. The metal
heater contacts of 20 nm Ti / 130 nm Au were deposited by using electron beam evaporator. In
the 3w measurement set up, a digital lock-in amplifier SR830 was employed to supply the driving
AC current (lo) with sweeping frequency ®» and collect the voltage (Vo) as well as the third
harmonic voltage (V3,,) of the metal stripe. A digital multimeter HP 34401A was used to measure
the current in order to obtain the metal heater resistance. The measured frequency of the driving
current (o/2n) ranged from 100 Hz to 1000 Hz. The selection of the frequency range is to ensure
the thermal penetration depth smaller than the thickness of the substrate while larger than the
thickness of thin films. All the 3w measurements were performed at room temperature. The 3w
measurement set up was calibrated by measuring the thermal conductivities of sapphire and SiO,
using differential [15, 16] and slope [22-25] methods. For calibration purpose, the thermal
conductivities of sapphire and SiO, (T = 300K) were obtained as 41 W/(mK) and 1.1 W/(mK),
respectively, in good agreement with reported values [15, 21].

The flowchart of the 3w measurement process has been shown in figure 4-7. The strip metal
(with length of 680 um, and width of 30 um) is used as heater and temperature sensor at the
same time to obtain the thermal conductivity information of the sample under test. By depositing
the metal strip heater on the top surface of the sample, an AC current oscillating at frequency o
(Iac) is applied to the ends of the metal heater. An AC heat flow at frequency 2w is generated
from Joule heating and diffusing into the underneath sample. The parameter T,c refers to the
temperature variation at frequency 2w caused by the AC heat flow, which results in a resistance
variation (Rac) of the metal heater at frequency 2w. Consequently, the Rac combined with lac
creates a voltage variation (V3,) at frequency 3w. Thus, the V3, is a function of the thermal
conductivity of the sample under test from the heat diffusion theory, and the in-phase component
of V3, has a linear relationship with the logarithm of the driving current frequency ®. By
measuring the V3, as a function of frequency w in logarithm scale, the thermal conductivity of the

material under test can be determined.
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Figure 5-1: The cross sectional schematic of four-probe 3w measurement setup for thin films
grown on GaN/sapphire template prepared with SiO, insulation layer.

5.1.1 The Slope Technique for Bulk Thermal Conductivity Measurement and
Differential Technique for Thin Film Thermal Conductivity Measurement [1-2, 15-
16, 22-25]

For the analysis of bulk material, the thermal conductivity is determined by using the slope

dV,,/dInwfrom the 3w method [22-25]. The thermal conductivity of bulk can be extracted by

the following relation:

v oR
e a _ dT (5-1).
e d(TAC/q)in_phase 47ZIR2 dv?;w_in_phase
dinw dinew

For the analysis of thin film on substrate with K; < Kupstrate; the thermal conductivity of the thin
film can be obtained by employing the differential technique [15, 16]. The differential technique

allows the measurement of the temperature oscillation amplitudes (Tac) of two samples: the
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reference substrate sample and the thin film-on-substrate sample. By measuring T of these two
samples and calculating the differences between them, the thermal conductivity of the thin film

layer can be determined.

AT, =T,-(sample)—T ,.(reference) (5-2),
— bf
T e/

q

Note that for the condition that the thermal conductivity of the thin film is much smaller than

(5-3).

the substrate, the temperature variation of the thin film-on-substrate sample is higher than the

reference substrate sample, and the differences of the variations are independent of frequency.

5.2 The Extended Slope Technique and 2D Thermal Diffusion Model [1-2]

Note that the conventional differential technique is only accurate and applicable under the
condition that the thermal conductivity of the thin film is much smaller than the substrate. Thus, in
order to measure the thermal conductivity of thin films which have a higher thermal conductivity
than that of the substrate material, the 2D multilayer thermal diffusion model is developed in this
work and the extended slope technique based on this model is proposed to extract the thermal

conductivity of the thin films.

5.2.1 The 2D Thermal Diffusion Model

Figure 5-2 shows the schematic of the 2D multilayer thermal diffusion model. In this model, we
assume the following conditions: 1) the bottom surface of the substrate is thermal insulating, 2)
the interface thermal conductances are infinite (perfect thermal contacts), and 3) the nonisotropic
aspects are ignored. The 2D heat conduction equation in each layer is written as:

tor_oT o
a; ot ox? 8zl.2,

P =S, ff (5-4),
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where s, f;, f,, f3 ... denote the substrate and thin film layers. The parameter Ti is the
temperature oscillation amplitude and o; is the thermal diffusivity of each layer. For simplicity, we
only focus on two layer structure in the following discussions.

The boundary conditions for a film-on-substrate structure can be written as follow:

— Kpq T, =f(x)cos (2ut) (5-5),
0z, -
K, %i k., %i (5-6),
oz oz
P12 1=bpy S 1z;=0
f1|zf1:bf1 — s z,=0 (5-7)’
7T <o (5-8),
oz |,

where k; (i = s, fy) is the thermal conductivity of each layer, b; (i = s, f;) is the layer thickness,

and f(x) is a rectangular function denoting the heating spatial distribution.

2a

H Heating shipr

(Thinfitm 3,71 LLLL LR

g (Thin film 1) b,
i, (Substrate) ! , b,

Figure 5-2: The schematic of the 2D multilayer thermal diffusion model.

To simplify the derivation, the parameters are normalized as follow. The above equations are

normalized for simple derivations based on the following defined parameters and variables:

r=b%la, (5-9),
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Tor =q- by [ 5

t'=t/r
o' = ot
x'=xla
z. =2z, 1b;,
TI=TIT,
K=« /K,

where q is the heating power density, a is half of the heater linewidth.

(5-10),
(5-11),
(5-12),
(5-13),
(5-14),
(5-15),

(5-16),

By employing the normalized parameters and variables listed above, the heat equations and

boundary conditions can be re-written as follow:

’ 2 A2 27
a, Ol :&a T O°Th
a, o' a® ox? oz}

oT. bZ o°T. 0o°T!
A atox? oz
V4

S

oT; 1
—KZn = u(x")cosw't’),u(x’) = {
azm z41=0
(| )
az;'] 2}171 az‘; Z;'=0
Tf,1|z;1:1 S’ ;=0
oT! o
az.,S z5=bg | bsy

x" e [-11]

0 otherwise.

(5-17),

(5-18),

(5-19),

(5-20),

(5-21),

(5-22).

Under the alternating excitation at frequency 2w, the general solution of the temperature field

T can be expressed as:

T/ = X(X')Z,(zi)exp(=j20't")

By performing a Fourier transform for the x’ axis, the equations can be written as:
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2 2
22 Zf; —b—gﬂzzm +j20 %7, =0 (5-24),
o743 a gy
2 2
%—iﬂzz +j20'Z, =0 (5-25),
2 2 s s
0z.” a
_Kazﬂ _sin(?) (5:26)
0Zp1 |, _ A
0Z,,| oz,
, = (5-27),
Zti|, 4 OZs,.
Al = Zel (5-28),
V4
¢ ; =0 (5-29).
0z, Zy=b | by

In practice, the thermal conductivity of the reference substrate needs to be known or
measured first (e.g. by using the 3w slope method for bulk material). Then by measuring the V3,
vs. ® curve for the film-on-substrate sample, solving the above equations and fitting the
experimental data, the ratio of the thermal conductivity of thin film over substrate (K) can be
obtained. Thus, the thermal conductivity of thin film can be calculated by using the relation x = K

X K.

5.2.2 The Extended Slope Technique

The extended slope technique combines the conventional 3w slope technique with 2D thermal
diffusion model, which can be applicable in analyzing thin film with thermal conductivity either
smaller or larger than that of the substrate (x; < ks and & > x3).

The 2D thermal diffusion model shows that for the case of thermal conductivity ratio K < 1,
which is the condition where the thermal conductivity of the thin film is smaller than the substrate
(x < Kk3), the in-phase T vs. In(w) curve of the film-on-substrate sample is parallel to the curve of

the substrate sample, which results in a temperature raise Ty- T's independent of the frequency.
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As an example, figures 5-3(a) and 5-3(b) illustrate the temperature difference (T’ — T's) as a

function of frequency in logarithm scale for the cases of K = 0.05 and K = 0.5, and the

temperature difference is independent with frequency.
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Figure 5-3: The simulated temperature difference (T — T’s) between thin film sample and
substrate sample as a function of frequency in logarithm scale for (a) thermal conductivity ratio K =
0.05, and (b) thermal conductivity ratio K = 0.5, by using 2D thermal diffusion model.
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Figure 5-4: The simulated temperature difference (T — T’s) between thin film sample and
substrate sample as a function of frequency in logarithm scale for (a) thermal conductivity ratio K =
5, and (b) thermal conductivity ratio K = 50, by using 2D thermal diffusion model.

In contrast, for the case of thermal conductivity ratio K> 1 (i > &), the slope dT’/ dIn(w) of the
film-on-substrate sample is different from the slope of the substrate sample. Thus, the in-phase T’
vs. o curves of the thin film and the substrate are not parallel. As an illustration, figures 5-4(a)
and 5-4(b) show the temperature difference (Ts — T’s) as a function of frequency in logarithm

scale for the cases of K= 5 and K = 50, and the temperature difference has a linear relation with
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In(w). Moreover, the reflection from the interface between the thin film and the substrate cannot
be ignored, which will cause the temperature oscillation out of phase which results in a lower
temperature of the thin film than that of the substrate.

Thus, as the slope dT’/dIn(w) of the film-on-substrate sample is dependent with the thermal

conductivity of the thin film x, and K = ﬁ (xs is known), the relationship of the slope dT’/dIn(w)
k

S
as a function of thermal conductivity ratio K can be obtained. Figure 5-5 shows the slope of
dT’/dIn(w) increases as a monotonic function of the thermal conductivity ratio K. The monotonic
relationship between slope dT’/dIn(w) and the thermal conductivity ratio K indicates that the ratio

K can be obtained by fitting the slope with experimental data.

d T’/dIn(w)
&
n

1 10 100
K

Figure 5-5: The Monotonic relationship of the slope dT/dInw as a function of thermal conductivity
ratio K, simulated by 2D thermal diffusion model.

Note that when the thin film and substrate are the same material, then relation K=1 will be
obtained, which in turn transforms the slope technique into the conventional slope method for
bulk material thermal conductivity measurement. Thus, the generality of the approach developed
in this work is referred as the extended slope technique for thin film thermal conductivity
measurement.

Figure 5-6 presents the procedure of extended slope technique analysis, which is the

combination of a 2D thermal diffusion model and original slope technique. First, the 2D thermal
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diffusion model is employed to obtain the relation of slope dT’/ din(w) and thermal conductivity
ratio K. Then the V3, as a function of In(®) will be measured for the film-on-substrate sample from
the 3w measurement. By combining the results from the measurements and 2D thermal diffusion

model, the thermal conductivity of thin film (x;) can be obtained by x = K % k;, where & is known.

2D Thermal Diffusion Model

Slope valug —— sl
P Monotonic relationship |1
: I

=
3
=
(]
¥

Measure slopes |«

-
=
=
[

Experiment

Figure 5-6: The flow chart of thermal conductivity determination of thin film materials using
extended slope technique and 2D thermal diffusion model.

In order to verify the validity and accuracy of the 2D multilayer thermal diffusion model and the
extended slope technique, the thermal conductivities were measured for MOCVD-grown GaN thin
film on sapphire substrate, and the MOCVD-grown InN thin film on GaN/ Sapphire substrate,

which were also compared with other reported thermal conductivity values.

5.2.3 Thermal Conductivity Measurement of GaN Thin Film

The undoped GaN thin film with thickness of 2.5 um is grown on c-plane sapphire substrate
(430 um) by MOCVD [13, 14]. The thermal conductivity value of the sapphire reference sample
(xsapphire) IS Obtained using the conventional slope technique, which is determined by using
equation (5-1). The V3, as a function of frequency in logarithm scale for sapphire is shown in
figure 5-7, and the agapphire i Measured as 41 W/(mK), within the range of reported 35 — 42
W/(mK) [21].

Both curves of V3, as a function of frequency in logarithm scale for sapphire reference

sample and GaN/sapphire sample were measured and shown in figure 5-7 with good linearity.

104



Thus, as shown in figure 5-8, the temperature oscillation amplitude Tac can be obtained for both

sapphire reference sample and GaN/sapphire sample by using the following relation [5, 6, 14-15]:

V,, dT
e = ZVLﬁR (5-30).
0.0 200nm Si0,
0.2 2.5 ym GaN
0.4
< 430 um Sapphire
E06 ! .
. Al /sapphire sample
:;n e —
0.8 ] ___#}u_ﬂ——f_”’*
+— X
1.0 /
4 sapphire sample
1.2 ; ; . e
100 1000
Frequency (Hz)

Figure 5-7: The measured in-phase Vs, as a function of frequency in logarithm scale for both GaN
thin film on sapphire substrate sample and sapphire substrate sample at 300 K.

Tac= -0.145 In(f) + 2.292
r2=0.9983

sapphire sample

GaN/sapphire sample

Tac=-0.119 In(f) + 1.813
0.9 r2=0.9979
™00 1000

Frequency (Hz)

Figure 5-8: The measured in-phase temperature oscillation amplitude (T,c) as a function of
frequency in logarithm scale for GaN thin film on sapphire substrate sample and sapphire

substrate sample at 300 K.
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Note that the two curves of Tac as a function of In(w) are not parallel, which confirms the
inapplicability of conventional 3w differential technique for characterization of thin film thermal
conductivity which is higher than that of the substrate.

Thus, the extended slope technique and the 2D thermal diffusion model are required in order
to measure the thermal conductivity of the GaN sample. The slope of dT’'/ din(w) for the GaN/
sapphire was measured as -0.73606. After substituting the measured slope of the GaN/ sapphire
sample into the 2D thermal diffusion model, the value of thermal conductivity ratio K = 2.63 is
obtained to match the experimental slope, as shown in figure 5-9. Thus, the thermal conductivity
value for GaN thin film (xgan) is obtained as 41x2.63 = 108 W/(mK) at room temperature, which is

in good agreement with reported values [17, 18].

-0.73605
3
c
§ -0.73606-
i~ /
°

-0.73607 ' ' '

2.61 2.62 2.63 2.64 2.65

K

Figure 5-9: The determination of thermal conductivity ratio K from normalized in-phase slope

dT7/dIn(w) for GaN thin film on sapphire substrate using 2D thermal diffusion model.

5.2.1 Thermal Conductivity Measurement of InN Thin Film

The extended slope technique and the 2D thermal diffusion model were also employed to
measure the thermal conductivity of InN alloys. The 220 nm InN alloy was grown on undoped
GaN (2.5 ym) / sapphire (430 um) substrate, which also serves as reference sample. The inset of
figure 11 shows the schematic of the structures employed in the measurements for InN thin film.

The InN material was grown by employing pulsed MOCVD technique [13, 14], which resulted in
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high quality narrow-bandgap InN semiconductor with bandgap of 0.77 eV. The background carrier

density of the InN alloy was measured as 1.5 x 10" em?,

and the electron mobility was
measured as 681 cm2/(Vs) [13, 14]. The use of pulsed MOCVD technique was instrumental to
realize droplet-free InN film with excellent optical properties.

Figure 5-10 shows the measured V3, as a function of In(w) for the InN thin film on GaN/
sapphire substrate sample. The GaN/ sapphire reference sample exhibited an effective thermal
conductivity of 44.5 W/(mK), which was measured by the conventional slope method. The slope
dT7 din(w) of InN thin film on GaN/ sapphire substrate sample was measured as -0.73575 by 3w
measurement. After substituting the measured slope into the 2D thermal diffusion model, the
thermal conductivity ratio K was obtained as K = 2.83 as shown in figure 5-11. Thus, the thermal
conductivity of InN thin film was determined as xj,y = 44.5 x 2.83 = 126 W/(mK) for the high-
quality pulsed-MOCVD grown InN thin film at room temperature.

The measured thermal conductivity of MOCVD-grown InN alloy (xj,y = 126 W/(mK)) shows
very good agreement with the measured thermal conductivity of MBE-grown InN alloy (xj,y = 120
W/(mK) [19]), which also confirms the validity and accuracy of the proposed extended slope
technique and the 2D thermal diffusion model for thermal conductivity characterization for thin film

material with thermal conductivity higher than that of the substrate material.

0.0 200nm Si0; |
B Lm N

0.2 1 2.5 pm GaN
._.'[M i 430 pm Sapphire
£
-_-ﬂ!-ﬂ-ﬁ - InN/GaM/sapphire sample
-

0.8 / !
1.0 1%
100 1000
Frequency (Hz)

Figure 5-10: The measured in-phase Vs, as a function of frequency in logarithm scale for the
220 nm InN thin film on GaN/sapphire substrate at 300 K.
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K
Figure 5-11: The determination of ratio K from normalized in-phase slope dT/dIn(w) for InN
thin film on GaN/sapphire substrate using 2D thermal diffusion model.

Note that the measured thermal conductivity of MOCVD-grown InN thin film is much higher in
comparison to the previously reported value of 45 W/(mK) for porous InN obtained by nitrogen
plasma method [27] and 17 W/(mK) for porous InN obtained by hot-press method [28], while in
good trend with the theoretical value of 176 W/(mK) — 180 W/(mK) based on phonon scattering
[20, 27]. The thermal conductivity values of crystalline InN material are of great interest for
thermal management and thermoelectric materials based on InN-containing alloys, such as

MOVPE-grown InGaN alloys [3, 4, 9], AllnN alloys [5, 6, 8, 10], or AllnGaN alloys [7].

5.3 Summary

In summary, the 2D multilayer thermal diffusion model was developed and the extended slope
technique based on this model was proposed to accurately extract the thin film thermal
conductivity which is higher than that of the substrate (k; > ;). The thermal conductivities are
measured for MOCVD-grown GaN thin film on sapphire substrate and MOCVD-grown InN thin
film on GaN/ sapphire substrate in order to verify the validity and accuracy of the 2D multilayer
thermal diffusion model and the extended slope technique. The measured thermal conductivity of
GaN (kgay = 108 W/(mK)) is in good agreement with reported values [17, 18]. For the case of

MOCVD-grown InN thin film, the measured thermal conductivity (k. = 126 W/(mK)) agrees very
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well with the reported value of MBE-grown InN thin film [19]. The thermal conductivity value of
MOCVD-grown InN thin film will be of great interest in order to understand thermoelectric
characteristics of InN-based ternary and quaternary materials. Therefore, the proposed extended
slope method and the 2D multilayer thermal diffusion model will serve as an alternative method in

order to accurately characterize thermal conductivity of thin film materials.
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Chapter 6: High Temperature Thermoelectric Characterizations

for Nitride Materials

In chapter 4, the thermoelectric characterizations of AlINN alloys grown by metalorganic
chemical vapor deposition (MOCVD) with various In-contents were presented and discussed in
details.

In this chapter, we present the detailed discussions on characterizations of the Seebeck
coefficients for n-type Al;,In,N alloys (x = 0.0038 - 0.2134) in the temperature range from room
temperature (T = 300 K) up to high temperature (T = 382 K) [31]. The Seebeck coefficients of the
binary AIN and InN alloys were also characterized, in order to provide comparison to those
measured from the n-type AlINN ternary alloys. All the n-type Al;,In,N alloys with various In-
contents, as well as the AIN and InN alloys, were grown by MOCVD. The thermal gradient
method was employed for the Seebeck coefficient measurements. The details of the high

temperature thermoelectric characterizations will be presented in the following sections.

6.1 Metalorganic Chemical Vapor Deposition (MOCVD) of AlInN Alloys

Our recent work [15, 16] reported the epitaxy and thermoelectric characteristics of AllnN alloys
with various In-contents at room temperature (T = 300 K). All the n-type AlInN films were grown
by MOCVD on undoped-GaN (thickness = 2.8 ym; Npackground ~ 5 X 10" cm'3) template on c-plane
sapphire substrates. The growth temperatures of the n-type Al In,N alloys (~200 nm thick)
ranged between 750- 860 °C with growth pressure of 20 Torr. The measured In-contents (x) of
Al;InyN epilayers were x = 0.0038, 0.11, 0.17, and 0.2134, respectively. For Al gslng 47N alloys,
which are lattice-matched to GaN, the growth temperature and V/III ratio were 780 °C and 9300,
respectively. For AlgggealNg.o03sN, Alggolng.11N and Alg79lng21N alloys, the growth temperatures
were 860 °C, 790 °C and 750 °C, respectively. The background carrier concentrations of n-type
Al4InyN alloys were measured by the Hall method. The background n-type carrier concentrations
for two lattice-matched Alggslng 7N samples were measured as 5.1x10'%cm™ and 1.6x10'%cm™,

respectively. For Al gglng 11N and Alg 79lng 24N alloys, the background n-type carrier concentrations
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were measured as 1.1x10"%cm™ and 2.2x10'®cm™, respectively. The details of the growth
conditions of the AlInN alloys were presented in reference 16.

High Z*T values were reported at 7= 300 K for MOCVD-grown n-type AlInN alloys [15, 16],
which were measured as high as 0.391 up to 0.532. The highest Z*T value (T= 300K) was
achieved as 0.532 for lattice-matched n-type Alggslng 17N with carrier concentration n = 5.1 x10'®
cm®. The Z*T values of the MOVPE-grown Al,In,N alloys are significantly higher than the RF-
sputtered AlInN (Z*T= 0.005, T= 300 K) [8] and MOCVD-grown InGaN (Z*T= 0.08, T= 300 K) [13,
14]. The improvement observed from MOCVD-grown AlInN alloys are primarily attributed to the
larger Seebeck coefficient and electrical conductivity resulting in higher power factor, in
comparison to those measured from MOCVD-grown InGaN [13] and RF-sputtered AlinN [8].

Large Seebeck coefficients obtained from the MOCVD-grown AlInN alloys directly contributed
to the enhancement of the thermopower and Z*T values [16]. Therefore, the characteristics of
Seebeck coefficients of MOCVD-grown AlInN alloys are important in order to understand the
contribution of Seebeck coefficients for improved Z*T values. However, the investigation of
thermoelectric characteristics of MOCVD-grown AlInN alloys at higher temperatures is relatively
lacking, which play important roles in higher temperature thermoelectric device operations.
Further investigations of the thermoelectric characteristics for MOCVD-grown AlInN alloys at
higher temperatures are of great interest for improved understanding of the improvement of Z*T

values at higher temperatures in this material system.

6.2 High-Temperature Characterizations of Seebeck Coefficients for AllnN
Alloys

The thermal gradient method, which is similar to the method employed in references 13-17,
was employed to determine the Seebeck coefficients, and the experimental set up is shown in
figure 6-1. When a temperature gradient was created in the sample (figure 6-1), both the voltage
difference and temperature difference were collected at the same time. Two type-K
thermocouples were attached to the top surface of AllInN samples via indium (In) metal contacts

to measure temperature difference. The positive chromel electrodes of the thermocouples were
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utilized to collect the Seebeck voltage, which was measured by a digital multimeter HP 34401A.
The Seebeck voltages (AV) for all the Al;,In,N samples show good linearity with the measured
temperature difference (AT) from room temperature up to high temperatures. The total Seebeck
coefficient was determined by using - AV/ AT relation for all the n-type Ali,In,N samples, which
refer to the total Seebeck coefficients of n-type AlsIn,N alloys combined with that of the chromel
electrode. The corresponding absolute Seebeck coefficients for n-type AlyIn,N films need to be
compensated by the Seebeck coefficient of chromel (21.5 yV/K) at room temperature (T= 300 K)
[18], which changes minimally (~ 0.3 pV/K) [19] for temperature range (T = 300-382 K) used in

our experiments.

.

. .— Thermocou PLEEH',
|

2.8 ym u-GaN

430 pm Sapphire

Figure 6-1: The set up for the thermal gradient method for Seebeck voltage measurements.

6.2.1 High-Temperature Seebeck Coefficients of Al In,N (x=0.0038, 0.11) Tensile
Films

The measured Seebeck voltages (AV) as a function of the temperature difference (AT) for Al,.
NN (x=0.0038, 0.11) alloys from T=300 K up to 7=382 K are shown in figures 6-2(a) and 6-3(a),
respectively. The absolute Seebeck coefficients of Al,,InyN (x= 0.0038, 0.11) alloys at various

temperatures are shown in figure 6-2(b) and 6-3(b), respectively.
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Figure 6-2: (a) Seebeck voltage as a function of the temperature difference, and (b)
measured Seebeck coefficients for n-type Al gg62INg.003sN alloy from T=300K up to T=382K.

The absolute Seebeck coefficients for both Al,In,N (x=0.0038, 0.11) tensile fiims show
increasing trend with raising temperatures. For the Alg gg621Ng.003sN Sample with lowest In-content,
the absolute Seebeck coefficients were measured as high as 960.3 pV/K -1143.0 pV/K for
temperatures range from 300 K up to 382 K. For the Alggglng 11N sample, the absolute Seebeck
coefficients were measured as 323.2 uV/K — 401.6 puV/K for temperatures range from 300 K up
to 382 K. Note that both Algggs2lNg.003sN and Alggglng 11N samples have cracks in the films, which
are related to the dislocation density of the tensile films grown on GaN templates. The cracking of
the tensile films will reduce the relaxation time of the carriers, which will lead to lower Seebeck

coefficients of the films [16].
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Figure 6-3: (a) Seebeck voltage as a function of the temperature difference, and (b)
measured Seebeck coefficients for n-type Aly.gglng 11N alloy from T=300K up to T=382K.

6.2.2 High-Temperature Seebeck Coefficients of Aly79lng 21N Compressive Film
Figure 6(a) and 6(b) show the measured Seebeck voltages (AV) as a function of the
temperature difference (AT) and the absolute Seebeck coefficients for Aly7glngoN alloy from
T=300 K up to T=382 K, respectively. As the Aly9lng21N sample was grown on GaN template
with compressive strain, the thin film was crack-free. The absolute Seebeck coefficients for the
compressive Alyglng2¢N film show increasing trend with raising temperatures, which were

measured as 386.4 uV/K — 460.7 uV/K for temperatures range from T = 300 Kup to T = 382 K.
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Figure 6-4: (a) Seebeck voltage as a function of the temperature difference, and (b)
measured Seebeck coefficients for n-type Aly z9lng 24N alloy from T=300K up to T=382K.

6.2.3 High-Temperature Seebeck Coefficients of Lattice-Matched Al g;Ing 17N Alloys

with Different Background Concentrations

Figure 6-5(a) and 6-5(b) show the measured Seebeck voltages (AV) as a function of the

temperature difference (AT) for both lattice-matched Alggslng7N (n = 5.1x10" cm™) and

Alpsslng.+7N (n = 1.6x10"® cm™) samples from T=300 K up to T=382 K, respectively. The absolute

Seebeck coefficients for both Alggslng 7N (n = 5.1x10"® cm™) and Alggslng 17N (n = 1.6x10" cm™®)

samples are shown in figure 5-5(c). Both the lattice-matched Alygslng17N samples exhibit large
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Seebeck coefficients for various temperatures. The absolute Seebeck -coefficients were
measured as high as 602.0 uV/K — 1233.2 pV/K and 446.3 uV/K — 592.3 puV/K from 300 K up to
382 K for Alggslngs7N (n = 5.1x10" cm™) and AlggslngsN (n = 1.6x10"® cm™®) samples,
respectively. Therefore, higher background doping level of the lattice-matched Alggslng 7N
sample shows larger enhancement of the Seebeck coefficient with increasing temperature. In
addition, the lattice-matched Al g3Ing 17N sample with higher doping level exhibits larger Seebeck
coefficient for the temperature range of 300 K up to 382 K, which can be attributed to larger
relaxation time of carriers that results from better crystalline epitaxial material quality [11, 12, 16].
Further, larger Seebeck coefficient of the higher background doping level Alg g3lng 17N sample can
also be attributed to the hopping conductance [3]. Specifically, as the hopping conductance leads
to the decrease of resistivity for increasing carrier concentration, the Seebeck coefficient
increases with higher carrier concentration [3].

Therefore, the high-temperature Seebeck coefficient characteristics of the n-type Al;,In,N
alloys show that with higher In-content, the Seebeck coefficients are reduced for the n-type Al;.
NN thin films for the temperature ranges from T = 300 K up to T = 382 K. The Algggs2INg 003sN
sample with the lowest In-content exhibits the largest absolute Seebeck coefficient at various
temperatures. The absolute Seebeck coefficients of the lattice-matched Al g3Ing 17N samples are
larger than that of the tensile Al gglng 44N alloy and the compressive Alg79lng 24N alloy. Despite its
lower In-content of the Alygelng 11N sample, the Seebeck coefficient is lower than the lattice-
matched Alg g3Ing 17N samples and the Alg 79lng 21N sample, which can be attributed to the cracking
of the tensile film that will reduce the relaxation time of the carriers.

The Seebeck coefficients of the n-type Aly,In,N alloys show increasing trend with raising
temperatures, which are significantly higher in comparison with those for RF-sputtered AllInN (20-
50 uV/K, T = 300- 400 K) [8] and MOVPE-grown InGaN (150- 180 uV/K, T=300-400 K) [13, 14].
Therefore, the increase of Seebeck coefficients of the MOVPE-grown n-type Ali,In,N alloys at
higher temperatures can potentially lead to ~1.5-4 times enhancement of the thermopower at

higher temperature up to T = 382 K.
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Figure 6-5: (a) Seebeck voltage as a function of the temperature difference for n-type
Alpgslng 17N (n=5.1 x10"%cm ) alloy, (b) Seebeck voltage as a function of the temperature
difference for n-type Alygslng 7N (n= 16><10 cm ) alloy, and (c) measured Seebeck
coefficients for n-type Aly.gslng. 17N (n=5. 1x10"8cm™ and n=1.6x10"%cm’ ) alloys from T=300K
up to T=382K.
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6.3 Seebeck Coefficients of InN and AIN Binary Alloys

6.3.1 MOCVD Growths of InN and AIN Binary Alloys

For comparison purpose, the Seebeck coefficients were characterized for InN and AIN binary
alloys at various temperatures as supplementary to the characterizations for the ternary n-type
AlyInyN thin films. The AIN binary alloy growth was performed by MOVPE on undoped-GaN (2.8
pum) / sapphire substrate for the purpose of Seebeck coefficient characterization. TMAI was used
as group lll precursors, and NH; was used as group V precursor, and the V/IIl molar ratio was
2222. The growth temperature was 1075 °C with growth pressure of 100 Torr. The growth rate
was measured as 3.7 nm/min, and the thickness of the AIN film was 190 nm.

The InN binary alloy was grown on undoped-GaN (2.8 um) / sapphire substrate by pulsed
growth MOVPE method [20]. TMIn was used as group lll precursors, and NH; was used as group
V precursor, and the V/III molar ratio was 12460. The growth temperature for the growth of InN
layer was 575 °C with growth pressure of 200 Torr, and the thickness of the n-type InN film was

200 nm with carrier concentration n ~ 3.2 x 10"° cm™,

6.3.2 High-Temperature Seebeck Coefficients of AIN Alloy

The Seebeck coefficients of the binary n-type AIN alloy were determined by the thermal
gradient method at various temperatures range from T = 300 K up to T = 322 K. The measured
Seebeck voltages (AV) as a function of the temperature difference (AT) for AIN alloy at various
temperatures are shown in figure 6-6(a). The Seebeck voltages (AV) show good linearity with the
measured temperature difference (AT) at various temperatures for the binary AIN sample. The
measured absolute Seebeck coefficients of n-type AIN alloy after the correction from the Seebeck
coefficient of chromel are shown in figure 5-6(b). The absolute Seebeck coefficients for the n-type
AIN alloy were measured as high as 992.5 uV/K up to 1004.7 uV/K from room temperature up to
T = 322 K. The measured Seebeck coefficients of the AIN binary alloy are larger than the Al,.

NN (x = 11%- 21%) ternary alloys at similar temperatures. Further, the Seebeck coefficients of
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the AIN binary alloy are measured as very similar with those for Algggs2INgoo3sN alloy with the

lowest In-content at various temperatures, within the experimental error.
7
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Figure 6-6: (a) Seebeck voltage as a function of the temperature difference, and (b)
measured Seebeck coefficients for n-type AIN alloy from T=300K up to T=322K.

6.3.3 High-Temperature Seebeck Coefficients of InN Alloy

The measured Seebeck voltages (AV) for binary n-type InN alloy as a function of the
temperature difference (AT) for InN alloy at various temperatures are shown in figure 6-7(a). The
Seebeck voltages (AV) for the InN sample also show good linearity with the measured
temperature difference (AT) at various temperatures from T = 300 K up to T = 382 K for the binary

InN sample. The absolute Seebeck coefficients of n-type InN alloy were measured as 33.2 pV/K
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up to 81.2 uV/K for T=300K up to T=382 K, after the correction from the Seebeck coefficient of
chromel [figure 5-7(b)].

The Seebeck coefficients of the binary n-type InN alloy are found to be an order of magnitude
lower than those of n-type Al In,N (x = 0.38%- 21%) ternary alloys at various temperatures. In
addition, the lower Seebeck coefficients of the InN samples can partially be attributed to the much
higher doping concentration of the InN alloy (n ~ 3.2 x 10" cm'3), which is in agreement with the
theoretical simulation of the relationship between Seebeck coefficient and background carrier

concentration [11, 12].

0.5
oas [T=382K
~ [T=367K Increasing
04 t1=352K Temperature
035 {T=337K (T = 300-382 K)
g 03 fT=322K
;0.25
< 02
0.15
0.1
0.05
0 £
0 1 2 3 4 5
AT (K)
90
— - InN
! L
S I
2 80 ¢ o © °
c i <o
2
0 5 °
T 70 1
[}
o o
x
] 60 1
Qo [
]
* [ (b)
50 L L L L : L L L L : L L L L : L L L L : L L L L : L L L L

280 300 320 340 360 380 400
Temperature (K)

Figure 6-7: (a) Seebeck voltage as a function of the temperature difference, and (b)
measured Seebeck coefficients for n-type InN alloy from T=300K up to T=382K.
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6.3.4 Comparison for Seebeck Coefficients of Ternary and Binary Alloys

For non-crack Ali4In,N alloys, the Seebeck coefficients are expected to be in the range
between that of AIN and InN. For the low In-content Al,,In,N alloy (ie. x ~ 0.38%), the Seebeck
coefficient is expected to be very similar to that measured for AIN alloy, which is in agreement
with the comparison in figures 6-2(b) and 6-6(b). To the best of our knowledge, there has been no
prior reported theoretical value in the literature for the Seebeck coefficients of AlInN alloys. Future
theoretical studies by using Boltzman transport equation [12] or iterative method [21] are
important to extract the Seebeck coefficients of the AllnN alloys, in order to provide directions for
optimization of AllnN alloys as thermoelectric materials.

The findings presented here are important for providing the useful thermoelectric parameters
of IlI-Nitride and AlInN alloys in the literature [22-24]. Future works include the comprehensive
measurements of the thermal conductivities of these n-type AlInN alloys with various In-contents
up to high temperature, in order to obtain the Z*T values of these materials at high temperature
operation. The measurements of the thermal conductivities of these alloys can be carried out by
employing the 3o measurement set up with differential [25, 26] and slope [27-30] methods,

similar to the approaches used in references 13-17.

6.4 Summary

In summary, the Seebeck coefficient characteristics of MOVPE-grown n-type Ali,In,N
(x=0.0038-0.2134) alloys are presented from T=300 K up to 7=382 K. The Seebeck coefficients
were also characterized for InN and AIN binary alloys for comparison purpose. The Seebeck
coefficients show significant enhancement at higher temperatures for the n-type Al,4In,N alloys.
In addition, the Seebeck coefficients for n-type n-Al;,In,N alloy show decreasing trend with
increasing In-content in the alloy. The Seebeck coefficients for the lattice-matched Alg gslng 17N (n
=5.1x10"® cm™) sample were measured as high as 602.0 uV/K — 1233.2 pV/K in the temperature
range of T=300 K up to T = 382 K, which are significantly higher in comparison with those

measured for RF-sputtered AllInN (20- 50 uV/K, T = 300- 400 K) [3] and MOVPE-grown InGaN
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(150- 180 pV/K, T=300- 400 K) [13, 14]. The enhancement of the Seebeck coefficients can be
attributed to longer relaxation time of carriers of the MOVPE-grown AlInN alloys with better
crystalline quality. The increase of Seebeck coefficients of the n-type Al In,N alloys at elevated
temperature (T = 382 K) can lead to ~1.5-4 times enhancement of the thermopower over those
obtained at room temperature, which indicates that n-type AlInN materials as promising

thermoelectric materials at high device operating temperature.
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Chapter 7: Three-Layer Superlattice Design for Thermoelectric

Applications

In this chapter, the cross-plane thermal conductivity of three-layer superlattices is calculated
by a numerical method, which is developed from the lattice dynamical theory. The phonon mean
free path is included into the calculation, thus the minimum thermal conductivity occurs at the
crossover of the particle-like model and wave-like model of the phonons. The studies focus on the
effect of mass ratio, layer thickness, and mean free path on the minimum thermal conductivity of

the three-layer superlattice design.

7.1 Theory and Numerical Methods

7.1.1 Analytical Method for Superlattice Thermal Conductivity Calculation

The thermal conductivity of semiconductor superlattices plays important roles in various
device applications [1-9]. For solid-state refrigeration and heat recycling for electric power
generation, the thermal conductivity of the material needs to be reduced as low as possible in
order to achieve higher thermoelectric efficiency of devices, as the device efficiency depends on
the thermoelectric figure of merit (Z*T); Z*T = SokxT [10, 11], where S is the Seebeck
coefficient, o is the electrical conductivity, « is the thermal conductivity and T is the temperature.
Both theoretical and experimental data show that the cross-plane thermal conductivity of
superlattices is much lower than that of the bulk materials [12-18].

Simkin and Mahan [19] developed an analytical approach to calculate the thermal conductivity
of superlattices composed of two layers with identical thicknesses, taking into account the phonon
mean free path (MFP). By taking into account the phonon MFP, a minimum superlattice thermal
conductivity occurs at the crossover of the particle and wave-interference types of phonon
transport.

The thermal conductivity is calculated by the following formula in d dimensions:

on(w, T)
or

v, ()|t , (k) (7-1).

K(T) = ; j %hwﬂ (k)
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Where n(@,T) is the Bose-Einstein distribution function, A is the band index, ¢ (k) is the

MFP. At high temperatures, n ~ k,T / hw,(k), so (7-1) becomes:

d'k
27z’

K(D) =k, )|

v, (B¢, (k) (7-2).

Consider two important special cases: constant relaxation time K_(7) and constant MFP

K,(T):

K1) = kY [-2E oy

2y (7-3),
K,(T) =kt | (gﬂ’)‘d v, (k)| (7-4).

Where (7-3) and (7-4) are related to the distribution P(Vv_) of phonon velocities perpendicular to

the layers:

Pw)=> |

o, —

v.(K))) (7-5),

d

d'k

(27)
2

K, (T) = kyr [ dv.P(v.)v. (7-6),

K, (T)=kyt[dv.P(v.)v. (7-7).
As wave interference leads to band folding, band folding leads to reduction of phonon

velocities. Thus K _(7) and K,(7’) are reduced by wave interferences. The case of constant

MFP in one dimension then is reduced to a simple formula:
kyt do
K,=-2)> |dkl— (7-8),
oox ;J ‘dk

kBE max min
=" [0 —o
o o

127



Then use one dimension atomic chain model to illustrate above assertions, and assume all

spring constants identical, and layers differ in their masses. The first layer has N /2 atoms with
mass m, and the second layer has N /2 atoms with mass m, .

The next step is to obtain the characteristic matrix. For example, when N =6, suppose that
at a particular time the nth atom in the chain has a displacement u, from its equilibrium, then

the equation of motion for this atom is:

d’u
m == A[(un+l - un) + (un—l - un )]

dr’® (7-10).
Here m is the mass of the atom and A is the nearest-neighbor force constant. The solution then
has following format:
u, = Aexpli(kx— wt)] (7-11).
Here A represents the amplitude of the motion of the nth atom, then:

2
du,

e —Ao’u, (7-12).

Substitute (7-12) into (7-10):

Am

—&’u,=-u, +2u,—u,, (7-13).

n-1

Then in the case N =6, based on (7-13), a 6 x 6 characteristic matrix can be given as follows:

u, 2 -1 0 0 0 —exp(-ikN)]|uy,
U, -1 2 -1 0 0 0 u,
Am u, 0 -1 2 -1 0 0 A
Twz u, - 0 0 —-a 20 -« 0 u, (714)
Us 0 0 0 -—-a 2a -a Us
\ug | |—aexp(kN) 0 0 0 -« 2a v |

So the 6 X 6 characteristic matrix is defined as M matrix, setting the determinant HM —®* IH

to zero gives the characteristic equation:
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1—cos(k,)cos(k,)
sin(k, )sin(k, )

cos(kN) =cos(k,N/2)cos(k,N/2)— xsin(k,N/2)sin(k,N/2) (7-15).

Where cos(k,) =1—@’ /2, cos(k,) =1—w’ /(2a) define the wave vectors (k,,k,) in the

individual layers in dimensionless units.

Based on equation 7-15, the dispersion relation of the superlattice can be obtained. Then the
thermal conductivity can be calculated by formula (7-9), which is divided by 2k,¢, and in

dimensionless units.
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Figure 7-1: Thermal conductivity in one dimension as a function of period thickness with
different values of the phonon mean free path [19].

However, superlattice design does not have to be composed of merely two materials with
identical thicknesses [20]. By intentionally introducing some disorder into the conventional two-
layer superlattice structure, the cross-plane thermal conductivity can be further reduced, which

will lead to the further enhancement of the Z*T value of the superlattices.

7.1.2 Thermal Conductivity Calculation Based on Matrix Method
In this chapter, we present the cross-plane thermal conductivity of three-layer superlattices

based on a numerical method, which is developed from lattice dynamical theory. The phonon
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MFP is included into the calculation similar to the treatment in reference 19. The minimum
thermal conductivity of the three-layer superlattices is approximately half of that of the
corresponding conventional two-layer superlattice structure, which implies that the Z*T can be

further enhanced by ~2-times by employing the three-layer superlattice design.

(a)
ILz L3 I L2 .,

AZ BZ cz AZ

O~vre- @3-~ WO~ 90 ()00 0100 ()~ oo~ @~ - O——>

| ! ] z
z A 2 B 4 c pd A z
A A, As A [001]
m, my, mg m¢ my, m,
Z=-d, Z=0 Z=d, Z=d,+d,

Figure 7-2: (a) Schematics of the lattice dynamical linear chain model and (b) the three-layer
superlattice structure.

Numerical method based on lattice dynamical theory of phonons is developed to calculate the
cross-plane thermal conductivity of the three-layer superlattices. The schematic of a three-layer
superlattice design with L4 / L, / L3 layers is shown in figure 7-2(a). As shown in figure 7-2(a), the
L, / Ly / Ls superlattice layers repeat the periodicity along [001] direction, and these layers

correspond to N4 layers of material AZ / N, layers of material BZ / N3 layers of material CZ,
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respectively. All the AZ, BZ, and CZ materials are assumed as zincblende materials. In the

analysis here, all materials are assumed to have same lattice constant a, and the thickness of a
monolayer is b =2a . The schematic of the linear chain model is shown in figure 7-2(b). The
thicknesses of layers AZ, BZ, and CZ are d,=N,-b, d,=N,-b and d, =N, b,
respectively. Thus, the superlattice periodicity is d =d, +d, +d, =(N,+ N, + N,)-b. The
parameters m ,, m,, m. and m, are the masses of the atoms A, B, C and Z respectively. The
parameters u ,, Uy, U and u, are the displacements of atoms A, B, C and Z respectively.

Therefore, within layer AZ, at z = jb, the solutions to the equations of motion for f” atom A,

and the /" atom Z are defined in the following form [35]:
u, (jb) = 4, expliCk, jb - )] (7-16),
u, \(jb) = A, expliCk, jb - )] (7-17),
where the parameter k, corresponds to the wave vector in layer 1 (AZ). The parameters A4, and
A, represent the atomic vibration amplitudes for the atoms A and Z in the layer 1 (AZ),

respectively, and the parameter @ corresponds to the frequency. Thus, the ratios of the

amplitudes (7, and y_) for atomic vibrations in the layer AZ can be defined as follow:

A, A tik b
yi =_2 — ]( +eXp( 1 12 )) (7-18),
4, QA —m, @)

where A, corresponds to the force constant of the AZ material. Similarly, the amplitude ratios in
layer BZ (0, and J_)and layer CZ (S, and [_) can be obtained as follow:

+i
5+ — & — AZ (l + exr) (_ZkZZb)) (7_19),
B, (2A2 —mz @ )

B. - C, _ A(1+ e)q)(iik32b)) (7-20),
C, QA —-m, o)
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where A, and A; refer to the force constants of the BZ and CZ materials, respectively. The

parameters k, and k,are the wave vectors in layer 2 (BZ) and layer 3 (CZ), respectively.
The solutions for atomic vibrations in the superlattice layers can be written as follow: in layer

1 (AZ), the solutions are uy (2)= (4e™* + Be ™ )e and
u, (2)= (y,4e™ +y Be™)e™ . in layer 2 (BZ), the solutions are
uy ,(z)= (Ce™ + De ™*)e™™ and u, ,(z)= (8,Ce™ +8_De ™ )e™ ; in layer 3 (CZ),
the solutions are u. ,(z) = (Ee™ + Fe™™*)e ™ and u, 4(z)= (B Ee" + p_Fe ™ )e ™.

The solutions should satisfy the boundary conditions at the interface: (1) stress continuity

aul Z’t2 . . . " . .
— = A, —= and (2) displacement continuity #, =u, . In addition, from the periodicity of
oz

Al
0z
the superlattice, the displacement continuity will require: u(z +d) = u(z)e™ , where k is the z

component, which is along the [001] direction of the phonon vector k of the superlattice.
At interface z=0, we define the parameters G and H as G, = A, (e 1) and

H, =A2(eiik2b—l) to simplify the calculation. By applying the boundary conditions, the

following relation can be obtained:

7. G, 7. G|
s H. 5 H_
5. H, . H,
e el
s, H, & H,
5 H o6 H
DA

The above 2x2 matrix can be written as M4, which can be expressed as:

NN
=M, x (7-22).
D B
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Similarly, at the boundary z = d,, we define the parameter | as I, = A (e"™" —1), and the

following relation can be obtained:

(6. _H. S _H. ]
A—I . ei(krks)-dz 137 1 . e—i(k2+k3)<d2
IB+ I+ ﬂ+ I+
E B I B C
= - R 7-23).
M 5, _H, 5 _H M e
B L | e | B Lo | ke,
B 1 g 1
1V Bl |

The above 2x2 matrix can be defined as M,, which can be rewritten as:

RN
=M, x (7-24).
F D

By combining equations (6-22) and (6-24), the following relation can be obtained:

AR
=M, M, x (7-25).
F B

Atinterface z =d, +d,, the following relation can be obtained:

(B I, B 1
V- G .ei(kldl+k3(d2+d3)).e—ikd V- G .ei(kldl—k3(d2+d3)).e—ikd
7. G, 7. G,

4 (\r. G y. G JE
B |(B._L po_ I F
Vs G+ _ei(k3(d2+d3)—k,d,) .e—[kd Vs G+ _e—i(k,d,+k3(d2+d3)) _e—ikd

r G r G
7+ G+ 7/+ G+ B

(7-26).

The above 2x2 matrix can be defined as M, the relation can be expressed as:

E L[4
N M, x » (7-27).

By subtracting equation (7-27) from equation (7-25), the following relation can be obtained:

133



{g} = [M2 M, —M," ]x E} (7-28).

For non-trivial solutions of the equation (6-28), the following expression must be satisfied:
‘MZ M, —M3_1‘ -0 (7-29).
The equation (7-29) gives the dispersion relation of the superlattice. Assume the masses of
unit cell in layer 1, 2 and 3 are m,, m, and m, , respectively, where m, =m, +m, ,
m, =my+m, and m, =m, +m,. The mass ratios ¢, and «, are defined as o, =m, /m,,
o, =m,/ m,. To be more specific, the equation (14) contains the relationship between k and
ki, k,, k;. Note that the k,, k, and k, are defined the same way in the analytical model as
follow: cos(k,)=1-w"/2, cos(k,)=1-®" /(2a,), and cos(k;) =1— " /(2c,) . Based on
the superlattice dispersion, the thermal conductivity can be calculated as follow:

k,t do
K, =825 [ gk|4Y 7-30).
"o2n ;I ‘dk (7-30)

In this work, we assume A, = A, for the simplicity of the calculation. For the case of
calculation of the thermal conductivity X; in three dimensions, the wave vectors K,, K, and K,

are expressed as:

cos(k,)=3-cos(q,)—cos(q, )" /2 (7-31),
cos(k,)=3-cos(q,)—cos(q, )’ /(2a,) (7-32),
cos(k,)=3-cos(q,)—cos(q,)—a® /(2a,) (7-33),

which follow the same formulation in the analytical model [19], where the q,, q, are the wave

vectors within the planes for the three-dimension integration.

7.2 Thermal Conductivity Calculation Characteristics Based on Matrix

Method
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Figure 7-3(a) shows the cross-plane phonon dispersions in extended zone representation for
(a) two-layer superlattice with o = 2, and (b) three-layer superlattice with oy =2 and a, = 0.5. The
superlattice periodicity (N) equals to 6 in both cases. In the extended zone representation, it is
clearer to observe the phonon frequency gaps that appear at the center and edge of the Brillouin
zone. In both cases, the phonon bands are flattened for higher frequency regimes, which indicate
that high-frequency phonons contribute little to the superlattice thermal conductivity. A low-
frequency cutoff (o) is suggested in the spectrum of phonons that transport heat [15]. For
phonons with frequencies lower than the w0, Which are the main heat-conducting phonons, the
transmission is inhibited. However, for phonons with frequencies higher than the ey, the
transmission is allowed in the superlattices. For the two-layer superlattices, the gy is ~ 2.20
from the dispersion curve, which is consistent with results in reference 19. For the three-layer
superlattices, the wuor is reduced to ~1.57, which represents effective deduction of the cutoff
frequency by the use of the three-layer superlattice design.

Figure 7-3(b) and 7-3(c) show the comparison of the thermal conductivities for conventional
two-layer superlattice and three-layer superlattice structures as a function of superlattice period
(N) in one-dimension and three-dimension, respectively. The results are normalized in
dimensionless units similar to the approach in reference 19. The phonon MFP (/) is given in terms
of lattice periods, which equals to 50 in both cases. In order to verify the accuracy and validity of
the numerical model based on the matrix method developed in this work, the calculation results of
the two-layer superlattice structure are compared to the analytical method that developed by
Simkin and Mahan [19], which shows identical results from both methods and confirms the
accuracy of the numerical model.

For the three-layer structure, the oo is lower than that of the two-layer structure, which
corresponds to less low-frequency heat-conducting phonons and reduced thermal conductivity in
the three-layer superlattice. As shown in figure 7-3(b), the calculation results in 1D show that the
minimum thermal conductivity of three-layer superlattice is reduced to ~0.6 times of that of the
two-layer structure. For more practical and representative comparison, the calculation results in

3D (figure 7-3(c)) show that the minimum thermal conductivity obtained from the three-layer
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superlattice is reduced to ~0.25 times of that of the conventional two-layer structure. Thus, from
the 3D calculation results comparison, the Z*T values from the use of three-layer structure can be

potentially enhanced by ~3-4 times compared to the conventional two-layer structure.
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Figure 7-3: (a) The cross-plane phonon dispersion relation of two-layer superlattices and
three-layer superlattices in extended zone representation. Comparison of cross-plane
dimensionless superlattice thermal conductivity calculation as a function of superlattice period
for conventional two-layer structure with three-layer structure (b) in one dimension, and (c) in
three dimensions.
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Figures 7-4(a) and 7-4(b) show the thermal conductivities for three-layer superlattice as a
function of period thickness for various phonon MFPs (/ = 10, 50, 100, and infinity) in 1D and 3D,
respectively. The mass ratios are chosen as a4 = 2, and a, = 0.5 for the three-layer structure. For
small period regime, the phonons are considered incoherent and treated as particles. The
phonons frequency gaps exist for all the small period values, thus the thermal conductivity will
decrease with increasing period. However, for large period regime, the phonons are considered
coherent and treated as wave. Part of the phonon low-frequency gaps will vanish when the period
becomes larger, which leads to the increase of thermal conductivity in large period regime. The
combination of the particle-like and wave-like models will predict the minimum superlattice
thermal conductivity [19, 22-24].

As shown in both cases of 1D calculation (figure 7-4(a)) and 3D calculation (figure 7-4(b)),
when the MFP is infinity, the thermal conductivity first falls with the period, and then it will remain
as a constant. For the case with MFP of 10 for both 1D and 3D calculations, the thermal
conductivity increases in small period values, which then shows no dependency with the period.
For the case with phonon MFP of 50 or 100 for both 1D and 3D calculations, the thermal
conductivity first decreases with the period and reaches minimum, and then it will start to increase
for larger period. The minimum superlattice thermal conductivity occurs when the period is in the

range from 10 to 30, which is shorter than the phonon MFP, as observed in for both 1D and 3D

calculations.
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Figure 7-4: Cross-plane dimensionless superlattice thermal conductivity as a function of
superlattice period of three-layer structure with different values of phonon MFPs (a)
calculated in one dimension, and (b) calculated in three dimensions.

Figures 7-5(a) and 7-5(b) show the three-layer superlattice thermal conductivities with different
mass ratios (case #1: a4 = 2 and a, = 1.5; case #2: a4 =2 and a, = 0.5; case #3: oy =3 and o, =
0.5) calculated in 1D and 3D, respectively. The layer thicknesses are kept the same for each
layer. As shown in both figure 7-5(a) and figure 7-5(b), the thermal conductivities for both cases
#2 and #3 are much lower than that of case #1. This finding indicates that the larger difference
between the mass ratios a4 and a;leads to further reduction in thermal conductivity in the three-
layer superlattice. For more accurate comparison in 3D integration, figure 7-5(b) shows that the
minimum thermal conductivity of the case #3 (a4 = 3 and a, = 0.5) is ~7 times smaller than that of
the case #1 (o1 = 2 and o, = 1.5).

Therefore, engineering the choice of the materials in the three layer design can further reduce
the superlattice thermal conductivity. The further reduction by employing layers with more
different mass ratios can be attributed to the Anderson localization of the phonons [15, 25]. By
introducing more nonlinearity into the superlattice structure, the localization of low-frequency

phonons is more severe, which results in the further reduction of thermal conductivity.
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Figure 7-5: Cross-plane dimensionless superlattice thermal conductivity as a function of
superlattice period of three-layer structure with different values of mass ratios (a)
calculated in one dimension, and (b) calculated in three dimensions.

Figures 7-6(a) and 7-6(b) show three-layer superlattice thermal conductivities with different
thicknesses for each layer (case #1: d4:d,:d3 = 1:1:1; case #2: d:d,:d3 = 3:2:1; case #3: dq:dy:d3 =
4:2:1) calculated in 1D and 3D, respectively. The mass ratios are kept the same for the three
cases, which are chosen as o4 = 2, and o, = 0.5. For both calculations in 1D and 3D, the curves
show that the minimum thermal conductivities vary slightly for the three different cases with
different layer thicknesses. However, for large period regime, the thermal conductivities are
relatively independent of different layer thicknesses. Therefore, the layer thicknesses variation of

the three-layer superlattices contributes minimally to the heat-conducting phonons localization.
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Superlattice period of three-layer structure with different values of layer thicknesses (a)
calculated in one dimension, and (b) calculated in three dimensions.

7.3 Summary

In summary, the use of three-layer superlattices structure results in further reduction of cross-
plane thermal conductivity. The numerical method is developed to calculate the thermal
conductivity of the three-layer superlattices with varying phonon MFPs, mass ratios and layer
thicknesses. By using the three-layer superlattice, low-frequency phonons which mainly conduct
the heat are reduced compared to the two-layer superlattice. At the same time, the localization of

those low-frequency phonons is enhanced by using the three-layer superlattice. Both effects lead
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to the reduction of the superlattice thermal conductivity. The minimum thermal conductivity of
three-layer structure superlattice is approximately 25% of that the conventional two-layer
superlattice, which leads to further increase in Z*T by up to ~4-times with the three-layer

superlattice.
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Chapter 8: Numerical Simulation and Material Parameters for

Optical Properties of IlI-Nitride Semiconductors

8.1 Band Structure and Wave Function Calculations Based on the 6-Band

k-p Method

The calculations of the semiconductor band structures including the energy bands and the
corresponding wavefunctions are very important in order to provide thorough understanding and
useful guidance for optical and photonic devices based on semiconductors. As direct band gap
semiconductors are mostly used for optical and photonic devices, the physical understanding
near the band edges are of great interest. In this section, the 6-band k-p method will be
introduced with details, which is of great importance for the conduction and valence band

structures near the band edges. [3]

8.1.1 The 6x6 k-p Hamiltonian Matrix with Spin-Orbit Coupling

The calculations of the band structures and electron and hole wave functions are based on the
6-band k-p formalism for wurtzite semiconductors, which takes into account the valence band
mixing, strain effect, spontaneous and piezoelectric polarization, as well as the carrier screening
effect. The spin-orbit interaction is taken into account in the 6-band k-p method.

For the self-consistent 6-band k-p formalism, the six bands correspond to the heavy hole, the
light hole, and the crystal-field split-off bands, which have double degeneracy with their spin
counterparts. In the calculation, the electron energy bands are assumed to be parabolic. The hole
energy bands are computed via the 6x6 diagonalized Hamiltonian matrix.

The Kane’s model was employed to obtain important physical parameters for direct bandgap
semiconductors such as the band-edge energies and optical momentum-matrix elements [3, 4].
The Kane’s model takes into account the spin-orbit interaction. The conduction band, the heavy
hole, the light hole, and the crystal-field split-off bands are considered, which have double

degeneracy with their spin counterparts.
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Consider the Schrodinger equation for the periodic part u.(r) of the Bloch function and the

energy E, (k) near the band edge k= 0 can be written as:

21,2
(1) = (Hy +2 &

h
+—k-p+Hgo)u, (r)

0 mO
=E, (kK)u,(r). (8-1)

The Hamiltonian near ko= 0 is:

W’k?®  h
0 2m, m, p 50 (6-2)
pz
where Hy = ——+V/(r), (8-3)
2 0
Heo=— VVxp-o (8-4)
50 am?2c? '

The term Hso accounts for the spin-orbit interaction, and o is the Pauli spin matrix with

components:

0 1 0 —i 10
Oy = o, =1. 0, = ! (8'5)
ERIEE R M

when operating with spins,

A4 )

Thus, the matrix product by (8-5) and (8-6) is:

o, =l o, =il o, =1
o, =T o, I=iT o, 1=l (8-7)

The set of basis band edge functions upn(r) are:

for conduction band: ‘iS T> ‘iS ~L>

(X +1iY) (X =1iY)
for valence band: U, :‘—T T> u, :‘T T> u, :‘Z T>
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| x=iY) |
|

(X +iY)
T \§

The 8x8 Hamiltonian matrix can be written as:

(8-9)

where k, =k, ik,

—= E,+A+A,

_k+P, k-P,
V2 V2
0
0 E,+A,-A
0
0 0
0 0
0 0
0 V2a,

and the definitions for the energies are:

(SIH,|S) =E
(X|Ho|X) =
(ZIHo|Z) =
(X

X|Hgz|Y) =i, ,

(YIH.|Z) = (ZIHsy|X) =~

(YHo|Y)=E, +4,,

kP, 0 0

0 0 0

0 0 0

E, 0 0

0 E JEPZ

0 k:/%PZ E, +A+A
J2a, - kJEPZ 0

0 kP 0

>,u6=\z¢>_

(8-8)

(8-10)

(8-11)

the two Kane’s parameters P; and P,, which are related to the interband momentum matrix

elements, are defined as:
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ho
i 0x

E.QY> -Top,. (8-12)
i oy h

<,-s

For wurtzite semiconductor crystals, the three components of the k vector are considered.

X) = <iS

The sixfold symmetry on the x-y plane was used for the derivations of the optical matrix element.
At the zone center (kx = k, = k, =0), the band edge energies with corresponding basis
functions can be obtained from the eigenvalues and eigenvectors from the Hamiltonian in (8-9):

isT), |isi),

for conduction band: E,

for valence bands: E, =E, + A, +A,, uj, ug,

A —A A —A
E,=E, + 12 2+\/( 12 2)2 +2A5 , au, +buy, bu, +aus,
A, —A A —A
E,=E, + 12 2—\/( 12 2)? +2A ,bu, —au,, —au, +bu,
2A
where a = £, b= V24, (8-13)

JEZ 262" JEZ+2A%

The spin-orbit interaction leads to energy bands splitting, as illustrated in figure 8-1.

El’.‘ = Eg + .ﬁ] + .ﬁ:
E::. = EE +‘ﬁ'1 T -~ T
E,
Eg .
l E1 = .rfhl +ﬁ2
Ef =Ef =4, v E=ﬁ';ﬁ*+ 5L;¢::+2ﬁg
Eg:[} — Eg=d—.ﬂ.z_ kd’;ﬁ ]r+2ﬂ!:,
(a) Without spin-orbit (b) With spin-orbit
interaction interaction
(ﬁ2=.ﬁ3={}) (ﬁ1:ﬁ3?&0]

Figure 8-1: The comparison of band edge energies (a) without spin-orbit interaction, and (b)
with spin-orbit interaction. [4]
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The Lowdin’s perturbation method provides the Hamiltonian to the second order in the k-p
contributions, which was employed to treat the coupling of the degenerate valence bands. Then,

the Hamiltonian was written as:

21,2
H=H0+h K +ik-p+HSO+H', (8-14)
my, m
., h
where H'=—Kk -T1, [1=p+ soxVV. (8-15)

m, 4m,c

Therefore, the 6x6 Hamiltonian matrix for the valence bands can be obtained as the sum of a

band edge contribution and a k-dependent contribution:

H6><6,jj'(k) = H6><6,jj' (k= 0)+Djj" (8-16)
where the k-dependent matrix is: D, = ZDZ.ﬁK’aKﬂ ,
a.p
2 8 p“p” +p” p*
D = i 5,7.5aﬁ+2p”p” PPy | (8-17)
my(E, ~E,)

2m; ¥

Thus, the band edge Hamiltonian matrix obtained from the Kane’s model can be written as (8-18):

(E,+A,+A, 0 0 0 0 0
0 E,+A,—-A, O 0 0 V24,
Holk =0) = 0 E, 0 J2A, 0
: 0 0 0 E, +A,+A, 0 0
0 0 V24, 0 E,+A,-A, O
0 V24, 0 0 0 E, |

Then, the D matrix can be obtained by the Luttinger-Kohn model, which can be written as:

| D11 D21 ¥ _D23 ¥
D, D, D,s 0
Dg.s = P D” Dz (8-19)
Dy 21 Dy,
0 D21 * D11 - D23 *
L D23 B D23 Dzz
L,+M,

here D, = (——
where D;, =( 5

)k +ky)+M,k;,
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D,, = M,(k? +kf)+L2k22,

1 : 1 .
D,, = _E[(L1 —M,)(k} _kf)+2’N1kxky]: _§N1(kx +ik, ),

D,, - %Nz(kx +ik,) )k, .

L, —M,=N,. (8-20)

Therefore, the full Hamiltonian Hy g .(K) = Hg ;;(k =0)+ D, can be obtained:

(F -K* -H* 0 0 0 Ju)
K G H 0 0 A |u)
-H H* A 0 A 0
H = |u3>_ (8-21)
0 0 0 F -K H |[u)
0 0 A -K* G —H*|us)
0 A 0 H* -H 2 |lu)
where F=A,+A, +1+86,
G=A,-A,+1+86,
hz 2 2 2
A= o Ak + A, (K2 +K2)),
hz 2 2 2
0= o [A k2 + A, (K2 +K2)),
hz
K = —— A (k, +ik,)?,
2 0
hZ
H= Ak, +ik )k_,
2m0 6(x y)z
A=+2A,. (8-22)

8.1.2 The Incorporation of Strain Effect and Polarization Fields

The strained-layer superlattices or quantum wells (QWs) are very important in order to

engineer the semiconductor material properties such as lattice constant, band gap, and
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perpendicular transport by the use of ternary strained-layer superlattices or QWs, which lead to
application such as strained QW laser diodes. [3, 4]
For a strained-layer wurtzite crystalline semiconductor material grown pseudomorphically

along the (0001) (z axis) direction, the strain tensor can be obtained as:

a,—a
Eax =y =7
2C,
Epp =~ C XX
33
&y =€, =6,=0, (8-23)

where ag and a are the lattice constants of the substrate material and the layer material, C3

and Cas3 are the elastic stiffness constants.

There are two types of strain effects, namely, tensile strain and compressive strain, as

illustrated in figure 7-2(a) and 7-2(b).

a3 (a)Tensile Strain

S
>

Qo

\ 4

a, El)

(b)Compressive Strain

o
S

a a,

v

N
y
N
y

Figure 8-2: lilustration of (a) tensile strain, and (b) compressive strain.
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Thus, the strain effect should be included to the total Hamiltonian obtained in 8.1.1. Besides,

the 6x6 Hamiltonian matrix can be block diagonalized with the final expression as following:

_F Kt _IHt 0 O 0
K, G A-iH, 0 0 0
iH, A+iH, 2 0 0 0
He.c = . o
0 0 0 F K iH,
0 0 0 -iH, A-iH, A |
where
F=A,+A,+1+0,
G=A,-A,+1+86,
h? 2 2
0
h? 2 2
0
2
Kt:h—A5kt2,
2m,
2
Ht: f Asktkz’
2m,
A:\/§A3_ (8-25)

The electrostatic field resulting from the spontaneous polarization field (Ps,) and piezoelectric
polarization field (P,;) is also taken into account in the numerical calculation model [5]. The
calculation of spontaneous polarization uses linear interpolation following the treatment in

reference [10]. Specifically,

for InxGa;N: P** = x-Py, +(1—x)-Pshy.
for AlxGay,N: P¥ = x-P:P +(1-x)- P,
for Alxini,N: PP = x-P;R +(1-x)-P:x,
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for Alxin,Ga, N: P =x-Pyl +y-Por +(1=x—y)-P3h,. (8-26)

The calculation of piezoelectric polarization field uses linear interpolation for the piezoelectric
coefficients and elastic stiffness coefficients with appropriate bowing parameters similar to the
widely-used treatment in reference [11], and this method had been implemented in various works
for analyzing the InGaN QW LEDs and lasers. However, the piezoelectric polarization field is
linearly dependent with the strain, which does not include the non-linear term with respect to the
strain [8, 11]. It is important to note that the use of nonlinear piezoelectric polarization fields had
also been reported in analyzing the QDs systems with complex strain distributions [12, 13], and
recent works had also clarified the importance on nonlinear piezoelectric effect in nitride
semiconductors [14].

Specifically, the piezoelectric polarization field can be expressed as:

2c,
P,. =2d5,(Cy; +Cy, _C—)gxx’ (8-27)
33
where ds; is piezoelectric coefficient, and C’s are the elastic stiffness coefficients.

Therefore, as a result of both spontaneous and piezoelectric polarization fields, the

electrostatic fields in each layer (ji,) can be written as:

Zk:/kpklgk —P/.Zk:/k/gk

E - ,
! g > 1 1g
k

(8-28)

where P is the total macroscopic polarization, ¢ is the static dielectric constant, and / is the
thickness of each layer (kth, jth). The electrostatic field needs to satisfy the periodic boundary

conditions in order to ensure zero average electric field in the layers:

> IE, =0, (8-29)
k

where the summation sums up all layers including the multiple QWs, including the QW active

regions and barrier regions.
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8.1.3 The Carrier Screening Effect and Calculation Flowchart
The carrier screening effect has been taken into account in the numerical model, and the
calculation for the eigen energies and wave functions are based on a self-consistent model by

solving the Poisson equation [3, 5]:

o, oV,
Sy phad

— _p(2), 8-30
(2= —p(2) 830

where the potential Vg includes both the effects of spontaneous and piezoelectric
polarizations.

The charge distribution is given by:

p(z)=lellp(2)-n(2)], (8-31)
where p(z) and n(z) are hole and electron concentrations, which are related to the wave

functions of the ny, conduction subband and the my, valence subband:
2
n(z)=|#,(2)'N, .
n
2
p(2)=>|9.(2) P, (8-32)
m

The surface electron concentration in the ny, conduction band (N,) and surface hole

concentration in the my, valence band (P,,) are expressed as:

* 27k, 1
N, :2!: (27)? 1+ lEenlk-FelIKaT dki .
P, =2| 2k, L dk, . (8-33)

o (272.)2 1+e[Fv_Ehm(kt)]/KBT

Thus, the total potential profiles for electrons and holes will be modified by the inclusion of

self-consistent electrostatic potential:

Ue (Z) = Ug(Z)—|e|VSC(Z),

U,(2)=U;(2)-|e|V..(2). (8-34)
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The self-consistent Schrodinger equations which take into account the carrier screening effect

for electrons and holes can be expressed as:

n? d?
__ 2m; dz?

n? d?
2m, dz’

+U,(2)

+U,(2)

#(2)=E¢(2),

9(z)=E,9(z). (8-35)

The finite difference method is employed to solve the Schrédinger effective-mass equations

with the spatial interval of 1 A, similar to the treatment in references 2 and 5.

0
In the finite difference method, all the differential operators can be expressed as A(Z)8_2 or

2

0
B(Z)a—, where A and B represent the position (z)-dependent (QW or barrier) inverse effective-
V4

mass parameters. Then, the Hermitian properties of the Hamiltonian and boundary conditions can

be obtained by the finite-difference formulae as follow:

0 ande
A(Z)a? z=z; — oz (A(Z) aZ) z=z;
_AzZ4)+AZ) _Alzi4)+2A(z,)+ Alz,4) Alz)+A(z4)
T o(azy 9(z,.4) 2(Az) 9(z;)+ 2(AZ) 9(z,4),
0 1 ag  d(Bg)
B(Z)E z=z; — 2(8(2) oz + oz )z:z,-
~ B(z;.,)+B(z;) 9(z,.,)~ B(z;)+B(z ,) 9(z,.,). (8-36)

4Az

4Az

where AZ=2, ,—2Z, =2, —Z, , is the difference interval, which is employed as 1 A in the

numerical model.
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Figure 8-3: Numerical flowchart of the simulation process for self-consistent 6-band k-p

method for wurtzite semiconductor QW active region [5].

Attributed from the interdependence of the carrier distribution and the band-edge potential, the

band-edge potential has to be solved self-consistently using a close loop in order to solve the

Schrédinger equations and Poisson equation alternately until the eigen energy converges (errors

of the eigen energy converge to less than 0.1%), while the wave functions are simultaneously

solutions for both Schrédinger and Poisson equations. The convergence condition in the self-

consistent calculation requires 15 up to 20 iterations for each carrier density computation. The

details of the numerical flowchart of the simulation process for self-consistent model of 6-band

k-p method for wurtzite semiconductor QW active region is illustrated in figure 8-3 [5].

8.2 Spontaneous Radiative Recombination

Calculation

The Hamiltonian obtained from 8.1.2 can be expressed as:

v Hys(k) 0
H6><6(k): 38 L (k) ,
3x3

Where the 3x3 matrices are defined as:
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F K, -iH,
H'=|K, G A-iH,|,
iH, A+iH, 4

F K, iH,

H" =| K, G A+iH, |. (8-38)
—iH, A-iH, 2

The optical transition matrix element relating ny, state in conduction band and my, state in

valence band can be obtained by using the calculated envelop functions:
for Transverse Electric (TE)-polarization (€ = X or )7 , L C axis):

M, )5, (K, )Y = M{@,

. g} +(4,

9g>>2}, foro=U

- (Sl X >‘2 {< 4

. g} +(g,

gf,f>>2},for o=L (8-39)

for Transverse Magnetic (TM)-polarization (é =Z,llc axis):

2
M)k = w@n g5) for o =U
2
=w<¢n f,?)>2,for o=L, (8-40)

where the ¢n is the ny conduction band confined state, and g, is the my, valence band

confined state.
Then, the optical gain calculation is obtained based on the Fermi’s Golden rule, including a
Lorentzian line-shape function [1, 5]. The upper and lower 3x3 Hamiltonian blocks from the 6x6

diagonalized Hamiltonian matrix are denoted as ¢ =U and o = L, respectively. The spontaneous
emission rate for TE-polarization (é =X or )7) or TM polarization (é = ﬁ)can be obtained by

taking into account all inter-band transitions between n" conduction subbands and m" valence
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subbands. The optical gain calculation formula is listed below, which similar to the treatment in

references 1 and 5:

o 2q°7 k,dk o2 Bk (k) |
AU R o f LA VRSE0S A baka
nrchmOa)Lw o=U,L nm 2 (Ecr,nm(kt)_ha)) +y

(8-41)

where q is the magnitude of the electron charge, my is the electron mass in free space, ¢ and

& are the velocity of light and permittivity in free space, respectively. The e is the polarization
vector of the optical electric field; the n, and L,, are the refractive index and thickness of the QW,
respectively.

The term 7%y is the half line width of the Lorentzian function, and the linewidth broadening

time 15 = 0.1 ps (y = (0.1 ps)”) is used in our calculation, which is similar to the value used in
references 44 and 47. The inhomogeneous broadening is not taken into account in this work, as
there has been no clear experimental data on the inhomogeneous broadening value from growths

of InGaN on ternary substrates. The term (M,)° (k,) is the momentum matrix element for

transitions between the n™ conduction-band state and the m™ valence-band state, and the details
for the calculation of the matrix element are from equations (8-39) and (8-40).
The optical gain with TE and TM polarizations are related to the spontaneous emission rate,

which can be expressed as:

o hao— AF
gTE (ha)) = gsp(ha))|:1 - exp(a;(—T)j| y
B
g™ (hw) = g;mw){vexp(%)] (8-42)
B

where the AF represents the separation between the quasi-Fermi levels of electrons (F.) and
holes (F,): AF =F, —F,.

The Fermi-Dirac distributions for the electrons in the conduction bands and valence bands are

expressed as:
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1

(k)= ,
() ES(k,)-F,
tre( 777
B
v (k)= 1 (8-43)
it v (k)—F,
1+eXp('k—T)
B

Thus, the electron concentration n and the hole concentration p are related to the quasi-Fermi

levels of electrons (F;) and holes (F,):

k,dk

=—Zj = k)

kg Tm . —EZ(0)
=L, Z'”P exP(kB—r)]

k dkt

(-1 (k,)). (8-44)

Y

WO’ULm

Since the momentum matrix element of the total spontaneous emission is the angular average

of two TE-polarization components and one TM-polarization component:

M, =@M [ ). 845)

the total spontaneous emission rate per energy interval per unit volume (s'1eV'1cm'3) is given

by:

(zgsp +gsp)
Zh 2 3

re,(ho)=

(8-46)

The total spontaneous emission rate per unit volume (s'1cm'3) can be obtained by summing up

L 2xTE+TM , o
the average of three polarizations (—————— ), and then integrate over the emission

3

spectrum:

w = | 1P (hw)d(he). (8-47)
0

The radiative current density (A/cmz) can be obtained as:
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Joo =q-d R, (8-48)

where ¢ =1.6x107"°C is the unit charge of electron, and d is the thickness of the QW

active region where the injection current provides the electrons and holes for radiative

recombination.

8.3 Carrier Lifetime and Radiative Efficiency Calculation Formulations

The external quantum efficiency (#exterma) Of 1lI-Nitride photonic devices depends on three
important parameters: 1) current injection efficiency (i), 2) radiative efficiency (7raq), and 3) light

extraction efficiency (7extraction) [6, 71

Nextemat = Minj * TRad " Mextraction - (8-49)

The current injection efficiency (niy) represents the fraction of the injected current that
recombines in the QW active region.

The radiative efficiency (nra¢) represents the fraction of recombination current in the QW
active region that recombines radiatively leading to generation of photons.

The light extraction efficiency (Nexraction) represents the fraction of the generated photons in the
QW active region which can be extracted out from the semiconductor cavity into free space.

The total recombination current in the QW active region consists of radiative recombination

current and non-radiative recombination current:
3
Minjd =Jaw =q-dgy (A-N+R,, +C-N°), (8-50)

where J is the injected current density, and dqw is the QW active region thickness. The Jqw
represents the total recombination current in the QW, which includes both the radiative
recombination current and non-radiative recombination current. The parameters A and C
represent the monomolecular recombination rate and Auger recombination rate coefficients,
respectively, and the parameter N is the carrier density in the QW active region. The R, is the
total radiative recombination rate from the QW active region.

Thus, the total carrier recombination rate (Rya) in the QW active region is:
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Rew =A-N+Ry,+C-N°, (8-51)

where the non-radiative recombination rate (Rnon raq) in the QW active region can be

expressed as:

R =A-N+C-N°. (8-52)

non _rad
Then, the radiative efficiency (7raq) is Obtained as:

_ R _ Rep (8-53)
nRad - R - Rnon_rad +Rsp .

total

For GaN-based wide bandgap materials, the Auger recombination rate can be negligible due
to the low value of the Auger recombination rate (CAuge;-’lO_32 cm6/sec) in InGaN [17, 18]. Thus,

the radiative efficiency (7raq) can be expressed as:

R

sp

S N 8-54
Tred “AN+R,, (654

It is important to point out the large discrepancy on the Cayger for INGaN QWs reported in the
literatures [17-20]. The Cayger Of 3.5x10** cm®/sec up to 110 cm®sec had been reported for
InGaN QWs [17, 18], while values of 1.4-2x10"° cm®/sec had been reported in the bulk system
[19, 20]. Further conclusive studies are still required for determining the Cayger in INGaN QWs [17-
20].

Then, the total carrier recombination rate (Ryt) can be written as a function of total carrier

lifetime (tyt) @nd carrier density in the QW (N):

Rtotal =Rsp +Rnon_rad = N . (8'55)

z-total

Similarly, the total carrier lifetime (1) includes both the radiative carrier lifetime (t..4) and
non-radiative carrier lifetime (tnon raq):

L B (8-56)
Tiotal T T

rad non _rad

where the radiative carrier lifetime (t.q) and non-radiative carrier lifetime (tnon_raq) Can be

expressed:
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— non _rad . (8-57)

8.4 Material Parameters for Optical Properties of llI-Nitride Semiconductors

The material parameters for GaN, AIN and InN alloys are taken from references 5, 8-9, which

are all listed in the Table 8-1 below:

Parameters GaN AIN InN
Lattice constant

a(A) 3.189 3.112 3.545
c(A) 5.185 4.982 5.703

Energy parameters

E, (eV) at 300 K 3.437 6.00 0.6405
Ai(=As) (V) 0.01 -0.227 0.024
Ar=A3=Aso/3 (V) 0.00567 0.012  0.00167

Conduction-band
effective masses
m; /mq at 300 K 0.21 0.32 0.07

m. /mg at 300 K 0.2 0.3 0.07
Valence-band effective

mass parameters

Ay -7.21 -3.86 -8.21
A -0.44 -0.25 -0.68
As 6.68 3.58 7.57
Ay -3.46 -1.32 -5.23
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As -3.4 -1.47 -5.11
As -4.9 -1.64 -5.96

Deformation potentials

a., (eV) 7.1 3.4 4.2
aq (eV) 9.9 -11.8 4.2
D, (eV) 36 2.9 3.6
D, (eV) 1.7 4.9 1.7
D (eV) 5.2 9.4 5.2
D, (eV) 27 4 2.7

Elastic stiffness

constants

Cs1 (GPa) 390 396 223
Cy, (GPa) 145 137 115
Cy3 (GPa) 106 108 92
C33 (GPa) 398 373 224

Piezoelectric

coefficients

dss (pmV™") -1 2.1 -35
ds33 (pmV™") 1.9 5.4 7.6
Spontaneous

polarization

P, (C/m*) -0.034 -0.09 -0.042

Table 8-1: Material parameters for GaN, AIN and InN. The Parameters are taken from
references 5, 8-9.

8.5 Summary

In summary, the numerical model for the calculations of the band structures and electron and

hole wave functions based on the 6-band k-p formalism for wurtzite semiconductors, which takes
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into account the valence band mixing, strain effect, spontaneous and piezoelectric polarization,
as well as the carrier screening effect has been reviewed in details in this chapter. Specifically,
the spin-orbit interaction and the incorporation of strain effect and polarization fields were
reviewed with detailed formulism. The carrier screening effect and calculation flowchart of the
self-consistent 6-band k-p method were also presented.

The calculation formulations of the spontaneous radiative recombination rate and optical gain
were then reviewed for IlI-Nitride semiconductors. The carrier lifetime and radiative efficiency
calculation formulations, as well as the material parameters for optical properties of IlI-Nitride

semiconductors were presented at the end of the section.
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Chapter 9: Physics on Gain Characteristics of AlIGaN Quantum

Wells (QWs) UV Lasers

In Chapter 2, the current status of AlIGaN QWs UV lasers has been reviewed, which includes
the challenges to achieve high-efficiency UV lasers, as well as the state-of-the-art AIGaN QW
lasers emitting in mid- and deep-UV spectral regimes. In this chapter, a comprehensive study is
carried out for the optical gain and threshold characteristics of both high and low Al-content
AlGaN QWs active regions for deep- and mid-UV lasers. The polarization properties of optical
gain and spontaneous emission characteristics, as well as the threshold properties of the Al,Ga;.
N QWs with AIN barriers are calculated and analyzed for mid- and deep-UV lasers. The carrier
lifetimes and differential gain properties are analyzed and compared for high Al-content AlGaN
QWs. The effect of the QW thickness on the valence subbands crossover is studied for AlGaN
QWs deep-UV active regions. The band structures and wave functions for AIGaN QWs with AIN
barriers are calculated by employing self-consistent 6-band k-p formalism for wurtzite
semiconductor taking into account the valence band mixing, strain effect, spontaneous and
piezoelectric polarization fields, and carrier screening effect [35-38]. The band parameters for the
[lI-Nitride semiconductors in this work are obtained from references 38-41. The calculation details

and band parameters can be found in Chapter 8.

9.1 Introduction and Band Structure Analysis for Al,Ga;.xN QWs

Attributed to the challenges discussed in Chapter 2, the improved understanding in the
physics of optical gain of AlGaN QW is important in identifying the limitations and potential
solutions for achieving low-threshold and high-efficiency lasers in the deep- and mid-UV spectral

regimes (A ~ 220-300 nm).

9.1.1 Valence Band Crossovers in AlGaN Alloys

The valence band structures for bulk GaN and bulk AIN are presented in figure 9-1 in order for

improved physics understanding of AlGaN materials. For bulk GaN material, the heavy hole (HH)
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band and light hole (LH) band are with higher energy levels than that of the crystal-field split-off
hole (CH) band. In contrast, the energy level of CH band is higher compared to that of the HH

and LH bands for bulk AIN. Thus, there will exist a valence crossover in the ternary AlGaN alloy.
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[ a) (zaM!

s ol HH ;:____J ) | <

0 — e - —— ]
g /{1;7 \H‘ﬁ"“-—e E -]
Eé -50 | C - E —— ]
] | 2 _
= 1 7oE ;

150 [ . . [ - i 150 N x N P N PSP | N | i
012 iE s G i O0E 002 012 008 04 0 a4 00% 012

-k (VA) —— k, (VA) —= e Ky (WA) —— k, (VA) —e

Figure 9-1: Valence band structures for wurtzite (a) GaN and (b) AIN.(from reference 34)
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Figure 9-2: Energy band edges of the HH, LH and CH bands as a function of Al-content (x)
for Al,Ga,N ternary compounds.

The valence band-edge energy levels (HH, LH, and CH) for Al,GaN alloys with Al-contents
(x) [x = 0%-100%] are shown in figure 9-2. For Al,Ga,4N with x < 57.2%, the band-edge energy
levels for HH and LH bands are larger than that of the CH band. The band-edge energy
separations between HH / LH bands and CH band reduces with increasing Al-content, and the
HH / LH and CH bands have a crossover at x = 57.2%. For Al,Ga,N with x > 57.2%, the band-
edge energy level of CH band becomes larger than those of HH / LH bands, and this energy

separation further increases as the Al-content in AlGaN alloy increases. The HH and CH bands
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crossover is important, as the transition between conduction and CH bands is transverse

magnetic (TM)-polarized component.

9.1.2 Valence Band Structures for Al,Ga,; N QWs with AIN Barriers

Figures 9-3(a) and 9-3(b) show the band-edge valence band structures for both conventional
30-A Alp,GagsN QW and 30-A Alg,GaosN QW at carrier density (n) of n = 5x10" cm™ at T = 300
K. For conventional low Al-content Aly,GayggsN QW with AIN barriers, the energy levels of HH1
and LH1 subbands are closely separated at I'-point, which are much higher than the energy level
of the CH1 subband, as shown in figure 9-3(a). The energy separation between the HH1 and
CH1 subbands is relatively large (~340 meV) at I'-point, which ensures the dominant C1-HH1
transition in the gain media up to high carrier density. In contrast, for conventional high Al-content
AlpsGag N QW with AIN barriers, the valence subband energy level of CH1 band is higher than
that of the HH1 and LH1 subbands. In addition, the energy separation between the HH1 and LH1
subbands is relatively larger (~20 meV) at I'-point. Thus, the dominant transition in the gain

media becomes the C1-CH1 transition, which leads to TM-polarized optical gain.
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Figure 9-3: Valence band structures for ga) 3-nm Aly,GaggN QW and (b) 3-nm AlygGay N QW
with AIN barriers at carrier density 5 x10" ¢cm™ at room temperature.

9.2 Momentum Matrix Element Characteristics

The square of momentum matrix elements are shown as a function of in-plane wave vector k;
for 3-nm AlyGaggN QW (figure 9-4(a)), and 3-nm AlysGag N QW (figure 9-4(b)) with AIN barriers

with carrier density 5x10'"? cm™ at room temperature. The insets are the schematics of the AlGaN
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QW structures for both (a) 3-nm low Al-content Aly,GagsN QW and (b) 3-nm high Al-content

Alo_gGaolzN QW.
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Figure 9-4: Square of momentum matrix elements as a function of in-plane wave vector k; for
(a) 3-nm Al,,GaggN QW and (b) 3-nm Aly sGay N QW with AIN barriers at carrier density
5x10"° cm™ at room temperature. The insets are the schematics of the AIGaN QW structures.

For the 3-nm low Al-content Aly,GapsN QW, the optical matrix element of C1-CH1 transition is
relatively stronger than those of C1-HH1 and C1-LH1 transitions. However, as the carriers are
mainly populating the HH1 and LH1 subbands, weaker C1-HH1 and C1-LH1 transitions will lead
to low transverse electric (TE)-polarized spontaneous emission and optical gain. Attributed from
the low population of carriers in CH1 subband, the TM-polarized gain will be low despite its large
C1-CH1 matrix element. In contrast, for 3-nm high Al-content AlygGays,N QW, the C1-CH1
transition is dominant compared to the C1-HH1 and C1-LH1 transitions. As the carriers are
mainly populating the CH subband, strong C1-CH1 transition will lead to large TM-polarized

spontaneous emission and optical gain.
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9.3 Spontaneous Emission and Optical Gain Characteristics of Al,Ga;xN
QW Lasers

To illustrate the effect of the valence subbands crossover for the AlGaN QWs active regions,
the spontaneous emission recombination rate per unit volume (Rs) and optical gain
characteristics were studied and analyzed. The R, as a function of Al-contents for the 3-nm thick

AlL,Ga;,N QW is presented in figure 9-5(a) with n = 3x10"® cm™ at T = 300 K.
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Figure 9-5: TE-polarized and TM-polarized (a) spontaneous emission rate (Rs,) and (b) peak
material gain for 3-nm thick Al,Ga;.,,N QWs with AIN barriers as a function of Al-contents (x).

The analysis is carried out for AIGaN QW with Al-contents from 20% up to 80%. The
spontaneous emission rates (Rsp) for low Al-content AlIGaN QW show dominant TE polarization,
which is an order of magnitude or higher in comparison to that for the TM polarization. Both the
TE-polarized and TM-polarized R, show increasing trend for increasing Al-content, while the TM-
polarized Ry, starts to exhibit large increase for x > ~ 58%. For AlGaN QW with Al-content of
68%, both TE- and TM-polarized components are similar. For high Al-content above 68%, the
TM-polarized spontaneous emission is significantly enhanced attributing to the strong transition
between conduction band and CH band. The reduction in the TE-spontaneous emission for high
Al-content AlGaN QW can be attributed to the significantly lower carrier density populating the HH
and LH bands from the increasing energy separation between CH and HH / LH bands.

Both TE-polarized (g™ peax) and TM-polarized material peak gains (9" ) @s a function of Al-

content for the 3-nm Al,Ga,N QW with AIN barriers calculated for n = 5x10'° cm™ at T = 300 K
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were shown in figure 9-5(b). For low Al-content AIGaN QW (x < 68%), both the TE- and TM-
polarized gains are relatively low (gpeak < 500 cm'1), however the TE-polarized gain is relatively
larger than the TM-polarized gain. For AlIGaN QW with Al-content above ~68%, the TM-polarized
peak material gain is dominant resulting in significantly higher peak gain (gTMpeak =3280 cm™ for x
= 70%, and gTMpeak = 4690 cm” for x = 80%). The gain analysis indicates that the carriers in the
high Al-content AIGaN QW are dominantly confined in the CH band after the crossover of the HH/

LH and CH bands, resulting in higher than one-order of magnitude ratio of gTMpeak / gTEpeak ratio.

Note that experimentally, the CH and HH/ LH subbands crossover has also been confirmed
for AlIGaN QWs by G. A. Garrett and co-authors very recently [32], which is consistent with our

theoretical analysis.
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Figure 9-6: (a) TE-polarized and TM-polarized spontaneous emission spectra, and (b)
spontaneous emission rate (Rs,) as a function of carrier density for 3-nm thick Al\Ga..N QWs
(x = 50% - 80%) with AIN barriers at T = 300 K.

Figure 9-6(a) shows both TE- and TM-polarized spontaneous emission spectra for 3-nm thick
AlLGa;,N QWs (x = 50% - 80%) with AIN barriers calculated with n = 5x10" cm™ at T = 300 K.
For lower Al-content Al,Ga;,N QWs (x = 50%, 60%), which are with the Al-contents before the
valence-bands crossover, the TE-polarized peak spontaneous emission spectra is higher than the
TM-polarized peak spontaneous emission spectra as major carriers are populating the HH1 and
LH1 valence subbands. In contrast, for higher Al-content Al,Ga,4N QWs (x = 70%, 80%) after the
valence-bands crossover, higher TM-polarized peaks are obtained from the spontaneous

emission spectra, attributed from the dominant C1-CH1 transition.
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The total Ry, as a function of carrier density up to n = 6x10"°cm™ is shown in figure 9-6(b) for
AlL,Gai4N (x = 50% - 80%) QWs. The total Ry, shows increasing trend with higher carrier density
for all the AlLGa,N (x = 50% - 80%) QWs, as the matrix elements are enhanced with larger n.
Attributed from the significantly increased TM-polarized Ry, for high Al-content Al,Ga;..N QWs (x
= 70%, 80%) after the valence subbands crossover, the enhancement of total R, for Alg;Gag 3N
QW and AlgsGag,N QW are higher than that of AlgsGagsN QW and AlygGag4sN QW. Specifically,
for the Aly 7Gag 3N QW (or AlpgsGag N QW), the increase of the Ry, as a function of carrier density
ranges between 3.4 - 3.9 times (or 5.4 - 10.5 times) higher compared to that of the AlysGagsN
Qw.

Figure 9-7(a) shows both TE-polarized and TM-polarized optical gain spectra for 3-nm thick
AlLGai,N QWs (x = 20% - 50%) with AIN barriers at n = 5x10" cm®at T = 300 K. All the Al,Ga;.
N QWs (x = 20% - 50%) are with Al-contents before the valence-bands crossover. The peak gain
wavelengths (Ayeax) for AlGaN QW with Al-contents of 20%, 30%, 40%, 50% are 334.2 nm, 308.5
nm, 285.7 nm and 265.5 nm, respectively. For all the low Al-content Al,Ga,N QWs (x = 20% -
50%), both the TE- and TM-polarized gains are low (below goeax ~ 300 cm™). The TM-polarized
gain is almost negligible compared to the TE-polarized gain for low Al-content Al,Ga;,N QWs (x =
20% - 50%), as there are significantly less carriers populating the CH1 subband.

Both the TE-polarized and TM-polarized optical gain spectra for Al,Ga,N QWs (x = 60% -
80%) are analyzed at carrier density 5x10'° cm™ in figure 9-7(b). For the Al,Ga;.N QWs (x = 60%
- 80%), the corresponding peak gain wavelengths (Apea) are ranging from Apeac~ 221.8 nm up to
Apeak ~ 247.5 nm in deep-UV spectral regime. Both the TE- and TM-polarized gains are relatively
lowW (gpeak ~ 400-500 cm'1) for AlysGagsN QW, with the Al-content before the valence subbands
crossover. For Al,Ga 4N QWs (x= 70%, 80%) with higher Al-contents after the valence subbands
crossover, significantly enhanced TM-polarized gains are obtained with Apeq ~ 221.8-231.3 nm,
as major carriers are populating the CH1 subband, and the C1-CH1 transition becomes dominant

after the crossover.
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Figure 9-7: TE-polarized and TM-polarized optical gain spectra for 3-nm thick (a) Al Ga1 XN QWs (x
=20% - 50%), and (b) Al,Ga,N QWs (x = 60% - 80%) with AIN barriers with n = 5x10" cm™®

The TM-polarized and TE-polarized peak material gains are analyzed and compared in figures
9-8(a) and 9-8(b) for 3-nm thick Al,Ga;xN QWs with Al-content ranging from x = 50% up to x =
80% as a function of carrier density up to n = 7x10" cm™. For the low Al-content AlgsGagsN QW
with Al-contents before the valence subbands crossover, larger gTEpeak are obtained than that of
the gTMpeak, as the carriers are mainly populating the HH and LH bands. Specifically, the gTEpeak
and g™ ek Of the AlgsGagsN QW at n= 7x10"® cm™ are 833.5 cm™ and 186.5 cm™, respectively.
For AlysGag4sN QW with Al-content close to the crossover, stronger mixing effect is expected for
the valence subbands. The separation between the HH band and CH band is closer than that of
AlysGagsN QW, due to the use of higher Al-content. Thus, similar gTEpeak and gTMpeak are obtained
for the AlpsGapgsN QW. Specifically, with relatively high carrier density of n= 7x10"° cm'3, the
9" peak and g™ eak Of the Alg 6GagsN QW are 1425 cm™ and 1610 cm™, respectively.

For the high Al-content Aly;GaysN QW and AlysGag N QW with Al-contents after the valence
subbands crossover, significantly increased TM-polarized material peak gains are obtained in
comparison with TE-polarized gains, which are attributed from the larger energy separation of the
CH and HH / LH bands at T'-point that ensures the dominant C-CH transition. Specifically, with
carrier density of n = 5x10"° cm™, the gTMpeak of AlpsGagoN QW and Aly 7Gag sN QW are 4690 cm’’
and 3280 cm'1; the gTEpeak of AlggGagoN QW and Alg7GagsN QW are 230 cm™ and 765 cm'1,
respectively. Therefore, TM-polarized lasing is feasible for high Al-content AIGaN QW deep UV

lasers emitting in 220-230 nm spectral regime.
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Figure 9-8: (a) TM-polarized peak optical material gain and (b) TE-polarized peak optical
material gain as a function of carrier density for 3-nm thick Al,Ga;.,,N QWs (x = 50% - 80%)

with AIN barriers.

Figure 9-9 illustrates the ratio of TM-polarized peak optical material gain and TE-polarized

peak optical material gain as a function of Al-content (x) for Al,Ga;,N QWs with n = 5x10" cm™,

For AlIGaN QWs with Al-content below x ~ 68%, which are before the valence-bands crossover,

the g™ cak / ' peak ratios are ~ 0.08-0.6. In contrast, for high Al-content AIGaN QWs after the

valence-bands crossover, the gTMpeak / gTEpeak ratios increase dramatically, which are ~ 4.3 for

Alg7GagsN QW and ~ 20.2 for AlysGag N QW. The increase of the gTMpeak / gTEpeak ratio indicates

that the C1-CH1 transition is dominant after the valence subbands crossover for higher Al-content

AlGaN QWs.
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9.4 Carrier Lifetime and Differential Gain for High Al-Content AlIGaN QWs

The understanding of the carrier lifetime for AlIGaN QWs active region for various carrier

density levels are of great importance in optimizing the current injection for deep-UV and mid-UV
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lasers. The current injection efficiency for QW lasers, which is defined as the fraction of the
injected current density that recombine in the QW at threshold condition, depends on the carrier
recombination lifetime in the QW at threshold condition. Thus, the complete understanding of the
carrier lifetime in the AlIGaN QW enables the elucidation in the device physics of AIGaN QW for
understanding the radiative recombination lifetime and radiative efficiency in the QW, as well as

for optimizing to reduce the threshold current density in the QW lasers.
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Figure 9-10: (a) Radiative carrier lifetime, and (b) total carrier lifetime as a function of carrier
density for 3-nm Al,Ga.N (x =0.6, 0.7, 0.8) QW with AIN barriers at room temperature.

Figure 9-10(a) shows the radiative carrier lifetime (z.4) as a function of carrier density for 3-nm
AlLGa; 4N (x =0.6, 0.7, 0.8) QW with AIN barriers at room temperature. The calculation details and
formulas can be found in Chapter 8. The 7,4 decreases with increasing carrier density for these
three cases. For Al,Ga,N QWs with Al-contents of 70% and 80%, the radiative carrier life time is
reduced compared to the AlygGagsN QW, which is attributed from the larger spontaneous
emission radiative recombination rate for high Al-content Al,Ga;,N QWSs after the valence
subbands crossover.

The total carrier lifetime (zota) is Obtained the same way as in reference 33, which has been
covered in Chapter 8. The monomolecular recombination rate (A) employed here is A = 1x10° 5™
[20]. Figure 8-10(b) shows the total carrier life time as a function of carrier density for 3-nm
ALGa;4N (x =0.6, 0.7, 0.8) QW with AIN barriers at room temperature. The 7y, are reduced for

the AlygGagoN and Aly;GagsN QWs, in comparison with the AlgsGag4sN QW before the valence
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subbands crossover. Thus, high Al-content Al,Ga;,N QWSs can lead to lower total carrier

lifetimes.

The differential gain is an important parameter determining the high speed modulation
bandwidth and relaxation frequency in QW lasers. The relaxation frequency and modulation
bandwidth for QW lasers are proportional to the square root of the differential gain at a particular
threshold carrier density. Note that the large differential gain for QW lasers is also important for
enabling low threshold carrier density operation, which will in turn lead to significant reduction in

non-radiative recombination current density at threshold condition. [37, 42-46].
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Figure 9-11: Differential gain as a function of Al-content (x = 50%- 80%) for 3-nm Al,Ga,..N

QW with AIN barriers at carrier density of 3 x 10"° cm™ at room temperature.

Figure 9-11 shows the TE- and TM-polarized differential gains (dg/dn'c, and dg/dn™) as a
function of Al-content (x = 50%- 80%) for 3-nm Al,Ga;4N QW with AIN barriers with n = 3 x 10"
cm™ at room temperature. The TM-polarized differential gain increases with increasing Al-content
of the Al,Ga;,N QW; while the differential gain for TE polarization first increases with Al-content,
reaches maximum, then decreases with higher Al-content. Before the valence subbands
crossover, for the AlysGagsN QW and AlysGaosN QW, the TE-polarized differential gains (dg/dn'®
=0.766 x 10”7 cm?for AlpsGagsN QW, and dg/dn™™ = 1.346 x 10" cm? for AlysGagsN QW) are
higher than the TM-polarized gains. For higher Al-content Al,Ga;,N QWs (x = 70%, 80%) after
the valence subbands crossover, TM-polarized differentials gains become higher than TE-

polarized differential gains. For Alg;Gag3sN QW, the TM-polarized differential gain (dg/dnT'\’I =
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6.791 x 107" cm?) is ~ 1.4 times of the TE-polarized differential gain (dg/dn'® = 4.835 x 10" cm?).
For AlgsGagoN QW, the TM-polarized differential gain becomes significantly higher (dg/dnT'vI =
785.064 x 10" cm?), while the TE-polarized differential gain (dg/dn'® = 0.304 x 107" cm?) is
almost negligible. This finding indicates that the use of high Al-content AIGaN QW for deep UV
lasers could potentially lead to improved modulation bandwidth and reduced threshold carrier
density attributing to the significant larger differential gain, in comparison to those for mid UV

lasers employing lower Al-content AIGaN QW.

9.5 Threshold Analysis of Al,Ga;xN QW Deep UV Lasers

The threshold properties are analyzed for Al,Ga;,N QW mid- and deep- UV lasers with Al-
contents ranging from x = 50% up to x = 80%. The optical confinement factor (/5,) is employed
as 0.02 [20] in the analysis. The internal losses («;) are used as from 14 cm” [14] up to 50 cm™
[20] for typical AIGaN QW lasers. The laser cavity length is assumed as 500 um [14, 20]. The
end-facet reflectivities are assumed as 95% and 35%, which correspond to mirror loss (o) of 11

cm™. By using the equation I, g,=a +a,, the threshold gains (gs) are estimated as ~1250

cm™ (o = 14 cm™) and ~3050 cm™ (o; = 50 cm™), respectively.

The threshold carrier densities (ny,) can be estimated from the TM-polarized material peak
gain and carrier density relation in figure 8-8(a). For the lasers with the threshold gain gy, ~ 1250
cm'1, the threshold carrier densities (ny,) are 2.8x10"° cm'3, 3.9x10" cm®and 6.5x10'"° cm™ for
AlpsGagoN QW (Apeak = 221.8 nm), Alg7GagsN QW (Apeak = 231.3 nm) and AlpsGagsN QW (Apeak =
247.5 nm), respectively. For the lasers with gy ~ 3050 cm'1, the threshold carrier densities (ny,) of
3.5%x10" cm™ and 4.9x10" cm™ are obtained for AlpgGago,N QW and Aly;GagsN QW,
respectively.

Figures 9-12(a), 9-12 (b) and 9-12 (c) show TM- and TE-polarized material peak gains as a
function of radiative current density (J;ag) for 3-nm thick Al,Ga;,N QWs (x = 60%, 70% and 80%)
with AIN barriers, respectively. The J,,q is obtained the same way as in reference 33. Note that

the threshold carrier density for the AlygGagsN QW is larger than the Aly;GapsN QW and
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AlpsGag N QW. However, the transparency radiative current density is smaller compared to the

Alo,GagsN QW and AlggGagoN QW. Moreover, the transparency radiative current density of

Aly;GagsN QW is similar with AlggGagoN QW. Before the valence subbands crossover, for

AlosGapgsN QW, the material peak gain versus Jq4 relations are similar for both TE and TM

polarizations. After the valence subbands crossover, for Alg;GagsN QW and AlygGag N QWs, the

Jraq for TE-polarized material peak gain become significantly smaller than that of the TM-polarized

material peak gain.
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Figures 9-13(a) and 9-13(b) show both the TE- and TM-polarized material peak gain (g™ pea

and gTMpeak) as a function of total current density (Jiot) for 3-nm thick Al,Ga; N QWs (x = 50% -

80%) with AIN barriers. The monomolecular recombination rates employed here is A = 2x10%s™,

Note that the Ji; includes both the radiative current density and nonradiative current density (Jit =
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Jraat Jir)- In our analysis, the monomolecular current density as the nonradiative term (Jmono ~
A-n) has only been considered. The Auger current density (Jauger) cCOMponent is neglected, as this
recombination is negligible for wide bandgap AlGaN QWs [47-51]. For low Al-content Al,Ga;,N
QWs (x = 50%, 60%), both the TE- and TM- polarized material peak gains are low, even at high
Jiot of ~7000 Alcm?, which can be attributed to the low matrix element for the AlL,Ga; N QWs
before the valence subbands crossover. For high Al-content Al,Ga;,N QWs (x = 70%, 80%),
larger TM-polarized material peak gains are achieved in comparison with the TE-polarized

material peak gains at the same J.
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Figure 9-13: (a) TM-polarized material peak gain (g" peak) and (b) TE-polarized material peak
gain (g Epeak) as a function of total current density for 3-nm thick Al,Ga;,N QWs gx 50% -
80%) with AIN barriers. The monomolecular recombination rate is with A = 2x10° s

Figure 9-14 shows TM-polarized material peak gain as a function of total current density for 3-
nm thick Al,GayN QWs (x = 70%, 80%) with AIN barriers. The monomolecular recombination
rates are with A = 6x10° 3'1, 1x10° s'1, and 2x10° s'1, respectively. For the laser structure with gy,
~ 3050 cm™, the threshold current density calculated for AlysGagoN QW and Aly;GagsN QWs are
1525 A/cm? and 2100 A/cm?for A = 6x10° s™', 2200 A/cm?and 3050 A/cm?” for A = 1x10° s™, 3900
Alcm? and 5400 A/cm?®for A = 2x10° s™, respectively. For the laser structure with gy, ~ 1250 cm™,
the threshold current density calculated for AlysGagoN QW and Al ;GagsN QWs are 1075 Alcm?
and 1350 A/cm*for A = 6x10% s, 1600 A/cm” and 2175 Alcm*for A = 1x10° 5™, 2925 A/cm” and
4050 Alem*for A = 2x10° s™, respectively.

Note that the threshold carrier densities of the AlygGag N and Aly7Gag 3N QWs are reduced by

57% and 40% compared to the AlgeGapgsN QW, which in turn lead to reduced threshold current
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densities. Specifically, the threshold current densities of the AlgsGag,N and Aly;GagsN QWs are

reduced by 58% and 41% compared to the AlysGag4sN QW.
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Figure 9-14: TM-polarized material peak gain as a function of total current density for 3-nm
thick Al,Ga, N QWS x =70%, 80%) with AIN barr/ers The monomolecular recombination rates
are with A = 6x10° s, 1x10° s/, and 2x10° s°

9.6 Effect of AlGaN QW Thickness on the Valence Subbands Crossover

In order to illustrate the effect of AIGaN QW thickness on the valence subbands crossover,
figure 9-15 shows the Al-contents for the valence subbands crossover for AlIGaN QWs with
thicknesses ranging from 0.5 nm up to 4 nm with n = 5x10"° cm™. As shown in figure 9-2, the
valence subbands crossover is estimated around 57.2% for bulk AlGaN alloy. For the 4-nm
AlGaN QW, the valence subbands crossover is obtained as ~51.9%, after taking into account the

effect of strain and polarization fields.
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Figure 9-15: The Al-contents for the valence subbands crossover of the AlIGaN QWs with
thicknesses ranging from 0.5 nm up to 4 nm withn =5 x10" cm’®
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For thinner AIGaN QWs with thicknesses less than 4 nm, the Al-contents of the valence
subbands crossover increase with the reducing QW thickness, which can be attributed to the
quantum size effect. For AlIGaN QWs with further reduced thicknesses of 0.5 nm or 1 nm, as the
wavefunctions extend to the AIN barriers more than that of the thicker AIGaN QWs, thus the
valence subbands crossovers require lower Al-contents, attributed from the barrier states from

the thin QWs.

9.7 Summary

In summary, the optical gain and threshold characteristics are analyzed for high and low Al-
content AlGaN QWs active regions for mid- and deep-UV lasers in this chapter. The effect of CH
and HH/ LH valence subbands crossover is comprehensively analyzed for the optical gain and
threshold characteristics of high and low Al-content AIGaN QWs with AIN barriers. The use of low
Al-content AlIGaN QWs results in low optical gain in mid-UV spectral regime due to the low optical
matrix element of C-HH transition. The use of high Al-content AGaN QWs active regions after the
valence subbands crossover leads to large TM-polarized optical gain at A ~ 220-230 nm, as the
large energy separation of the CH and HH / LH bands at I"-point ensures the dominant C-CH
transition. Shorter carrier lifetime and larger differential gains are also obtained by the high Al-
content AIGaN QWs. Reduced threshold carrier densities and current densities are achieved by
the high Al-content AIGaN QWs gain media. The effect of the AlGaN QW thickness on the
valence subbands crossover is also clarified. The Al-contents of the crossover are higher for the
thinner AlIGaN QWs, while for QWs with thicknesses less than 1 nm, the crossovers happen with

lower Al-contents, attributing from the increased AIN barrier states.
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Chapter 10: Enhanced Gain by Novel Nanostructure Engineering

of AlGaN-based UV Lasers

As discussed in the Chapter 9, our previous work [2] has revealed the valence subbands
crossover in high Al-content AIGaN QWs. In high Al-content AIGaN QWs, the valence subbands
crossover leads to strong conduction (C) -crystal-field split-off hole (CH) transition, which results
in large transverse-magnetic (TM)-polarized optical gain for A ~220-230 nm. Recent experimental
works have also confirmed the dominant TM-polarized emission dominant for shorter wavelength
with higher Al-content of AlIGaN QWs LEDs [4, 5], which is in agreement with our theoretical
prediction [2]. The subsequent paper has also studied about the temperature and barrier effect on
the polarization properties of AlGaN QWSs [6]. Recently, theoretical work by Sharma and co-
authors [7] has also confirmed the valence subbands crossover for AlGaN alloys on Al gsGag 15N
substrate, in agreement with previous finding [2]. Furthermore, subsequent theoretical work [8]
has discussed the strain effect by using various AlGaN substrates or templates on the crossover
of AlGaN alloys. Very recent study by G. A. Garrett and co-authors has experimentally confirmed
our theoretical prediction of the CH and heavy hole (HH) bands crossover for AlGaN QWs by
showing that the dominant photoluminescence polarization switched from transverse-electric (TE)
polarized (A ~ 253 nm) to TM-polarized (A ~ 237 nm) emissions [9].

In contrast to the potential large material gain from high Al-content AIGaN QW in the deep-UV
spectral regime, the use of conventional AlIGaN QW for gain media emitting in the mid-UV
spectral regime results in low material gain. Thus, approaches based on novel AlIGaN-based QW
wth large material gain in the mid-UV regime are of great interest. In order to address the issue of
low optical gain at L ~ 250-300 nm, we have proposed several novel nanostructure engineering

approaches for AIGaN-based UV Lasers, which will be discussed in details in this chapter.

10.1 Design of AlGaN-Delta-GaN QW

Although large TM-polarized gain can be achieved by high Al-content conventional AlGaN

QWs after the valence subbands crossover, it is still very challenging to obtain large optical gain
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at A ~220-300 nm. As shown in figure 10-1, the material gains were calculated for 3-nm
conventional Al,Ga;,N QW with AIN barriers with x = 20% - 80%. From our studies, large TM-
polarized material gains (gTMpeak) is achievable for AlLGa;,N QWs with x = 70% and 80%
corresponding to Apeax ~220-230 nm. The gTMpeak values for AlggGag,N QW and Aly,GagsN QW
are ~ 4700 cm™ and ~ 3300 cm™ for carrier density (n) of 5x10' cm™, respectively, while the
corresponding TE-polarized gains are relatively low (gTEpeak ~ 200-700 cm'1).

In addition, the conventional Al,Ga;,N QWs in the 250-320 nm spectral range are limited to
relatively low gain for Al-contents below 60% (figure 10-1). For n = 5x10'"? cm™, the gTEpeak and
gTMpeak for AlpsGagsN QW are ~550 cm™ and ~330 cm™, respectively. The low optical gain for the
conventional AIGaN QW in the ~250-320 nm spectral regime is attributed to the significant band
filling for the heavy-hole (HH) / light-hole (LH) and CH subbands, which leads to challenges in
obtaining high gain active material in this wavelength range [2]. Thus, the pursuit of AIGaN-based
QW gain media with large optical gain in the mid-UV spectral regime is of great importance for
laser applications. In addition, the availability of large TE-polarized deep-UV gain media is also

important for laser structures that require high TE-polarized gain media.
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Figure 10-1: TE- and TM-polarized material peak gain as a function of Al-content (’f/ for 3-nm
Al,Ga;.,N QW with AIN barriers at carrier densities (n) of 5%x10"°cm™ and 6x10"°cm™. The
peak emission wavelengths (Ayeax) for different Al-contents are shown for n= 5x1 0"%cm’,
10.1.1 Concept and Valence Band Structures of AIGaN-Delta-GaN QW
The delta QW is realized by the insertion of GaN delta-layer (3A-9A) in high Al-content AlGaN
QWs. By employing the AlGaN-delta-GaN QW structure [inset in figure 10-2(b)], the strong
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valence band mixing results in the valence subband rearrangement, which in turn leads to 1)
higher HH1 and LH1 subband energy levels in comparison to that of the CH1 subband, 2)
splitting of the HH1 and LH1 subbands, and 3) dominant C1-HH1 transition leading to large TE-
polarized gain. Thus, large TE-polarized gains in the deep- and mid-UV spectral regimes are

achievable for the AIGaN-delta-GaN QW gain media.
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Figure 10-2: The schematics and the valence band structures of (a) conventional 30-A
AlysGag N QW and (b) 30-A AlysGay N/ 3-A GaN QW with AIN barriers.

Figures 10-2(a) and 10-2(b) show the valence band structures for both conventional 30-A
AlosGagoN QW and 30-A AlgsGag,N / 3-A GaN QW, respectively, for n=5x10" cm™® at T = 300 K.
All structures studied here employed AIN barriers. For conventional AlysGagoN QW, the CH1
subband energy is much larger than those of the HH1 and LH1 subbands [figure 9-2(a)]. In
contrast, the HH1 and LH1 subbands are re-arranged into higher subband energy levels than that
of the CH1 subband for the 30-A AlygGag,N / 3-A GaN QW (delta-QW). The energy separation
between the HH1 and CH1 subbands for the AlysGag,N / 3-A GaN QW is relatively large (~140

meV) at I'-point [figure 9-2(b)], which results in dominant C1-HH1 transition.

10.1.2 Polarization Engineering by the Use of AlGaN-Delta-GaN QW

Figure 10-3(a) shows both the TE- and TM-polarized optical gain spectra for 30-A Al,GaN /
3-A GaN QW (x = 0.7, 0.8) with n=5x10" cm™ at T = 300 K. Attributing to the insertion of the
GaN delta-layer into Al,Ga,N QW, the band energies of HH and LH subbands are increased
significantly than that of the CH subband. Thus, the TE-polarized gains for both 30-A Aly,Gag 3N /

3-A GaN QW and 30-A AlpsGag;N / 3-A GaN QW become dominant (g peax = 4442 cm™ for x =
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0.7, and g"%peak = 3537 cm™ for x = 0.8), while the TM-polarized gains are negligible as compared
to the TE-polarized gains.

Figure 10-3(b) shows the comparison of the TE-polarized optical gains for 30-A Al,Ga;N / 3-
A GaN QW (x= 0.7, 0.8) and conventional 30-A Al,Ga:,N QW (x= 0.6, 0.7, 0.8) for n = 5x10"° cm"
3 at T = 300 K. For conventional ALGa; N QW, relatively low TE-polarized gains (gTEpeak = 539
cm™ for x = 0.6; gTEpeak =763 cm™ for x = 0.7; gTEpeak =232 cm™ for x = 0.8) were obtained with
Apeak ~220-250 nm. In contrast, large TE-polarized gains were obtained with Apeax ~245-255 nm
for gain media employing Al,Gai.,N delta-GaN QWs. For Aly;GaosN / 3-A GaN and AlysGag 2N /
3-A GaN QW, the TE-polarized gains are 4442 cm™ and 3537 cm™ for Aeac~ 253.6 nm and Apeax

~ 245.1 nm, respectively.
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Figure 10-3: (a) TE-polarized and TM-polarized gain spectra for 30-A Al,sGay,N / 3-A
GaN QW and (b) TE-polarized gain spectra for both 30-A Al,Ga; N / 3-A GaN QW and
conventional Al,Ga;.,N QW with AIN barriers.

10.1.3 Gain Characteristics of AlIGaN-Delta-GaN QWs Structures

Figure 10-4(a) shows the TE-polarized gain spectra for AlIGaN-delta-GaN QW as a function of
GaN delta-layer thickness (d) with n= 5x10"°cm™ at T= 300K. For GaN delta-layer thickness < 9-
A (as delta layer), high TE-polarized gain can be obtained from the insertion of the delta layer
attributed to the HH / CH band realignment in the QW. The use of the delta layer in the QW
pushes the CH1 subband further away from the valence band edge (figure 10-2(b)), which leads
to the C1-HH1 dominant transition. For GaN layer thickness > 9-A, the TE-polarized gain

decreases severely with larger GaN thickness, which indicates that the GaN layer behaves as
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single QW-like active region. This finding indicates that the use of AIGaN-delta-GaN QW leads to
high optical gain material for Apeax ~240-300 nm, as well as large TE-polarized gain in the deep

UV spectral regime.
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Figure 10-4: (a) TE-polarized optical gain for 30 -A Alp;GaysN / d-A GaN QW atn =5 x 10"
cm™ and (b) TE-polarized material gain as a function of carrier density for 30-A Al,;Gay ;N / 9-
A GaN QW, 30-A Al,Ga4N / 3-A GaN QW (x=0.7, 0.8), and conventional 30-A Al,Ga;.,N QW
(x=0.7, 0.8).

Figure 10-4(b) shows the TE-polarized material gain as a function of carrier density up to n =
5x10™ cm™ at T = 300 K for 30-A Aly;GagsN / 9-A GaN QW, 30-A Al,Ga.,N / 3-A GaN QW
(x=0.7, 0.8), and conventional 30-A Al,Ga,,N QW (x=0.7, 0.8). The 30-A Al,;GagsN / 9-A GaN
QW shows transparency carrier density (n,) at n, ~ 1.0x10" cm™, and the n, ~ 1.8x10" cm™ are
obtained for both 30-A Aly;Gag ;N / 3-A GaN QW and 30-A AlysGagoN / 3-A GaN QW. All the

delta QW gain media exhibit significantly higher TE-polarized materials gains, in comparison to
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those of conventional AIGaN QWs (figure 9-4(b)). For n > 4x10" cm™, the TE-polarized material
gain for Alp7GagsN / 3-A GaN QW is ~1.05-1.26 times of the AlysGag N / 3-A GaN QW, which is
attributed from better carrier confinement that leads to larger momentum matrix element. In
comparison to the conventional 30-A Aly;GaysN QW, the insertion of 3-A and 9-A GaN delta-
layer in the 30-A Aly,Gay 3N QW active regions lead to increase in TE-polarized gain up to ~ 5.8
times and ~6.0 times, while the increase in TE-polarized gain is ~15.3 times for 30-A Aly sGag,N /

3-A GaN QW in comparison to that of conventional 30-A AlosGag,N QW.

10.1.4 Threshold Analysis of AlGaN-Delta-GaN QW Mid- and Deep-UV Lasers

The threshold properties of AlGaN-delta-GaN QW for mid- and deep-UV lasers were
analyzed. The laser structure (L., = 500 um) with optical confinement factor of 0.02 [1] and mirror
loss of 11 cm™ were used, and the internal loss was assumed as 50 cm™ [1]. The threshold gain
(gm) was estimated as ~3050 cm™. From figure 4(b), the threshold carrier densities (ny) are
4.4x10"%m™ and 4.2x10"cm™ for AlysGagoN / 3-A GaN QW (1 ~ 245nm) and Alp;GagsN / 3-A
GaN QW (L ~ 254nm), respectively. For mid UV lasers (A ~ 293nm) using Aly;GaosN / 9-A GaN
QW, the threshold carrier density is 3.3x10" cm™.

In summary, the gain characteristics of high Al-content AlGaN-delta-GaN QWs were
calculated and analyzed for mid- and deep-UV lasers. The insertion of the ultra-thin GaN layer in
high Al-content AIGaN QW leads to the strong rearrangement of the valence subbands of the
QW. Attributing to the strong transition between the C1-HH1 subbands, high TE-polarized optical
gain is achievable for high Al-content AlGaN-delta-GaN QWs as active regions for mid- and deep-
UV lasers emitting at A ~ 250-300 nm. Recent experimental work by Taniyasu and co-authors
[11] has reported the polarization properties of the deep-UV emission from AIN/GaN short-period
superlattices. The study revealed that stronger TE-polarized deep-UV emission can be obtained
by inserting a very thin GaN layer into AIN active region, similar with our prediction based on high

Al-content Al,Ga;4N-delta-GaN QW structure [10].
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10.2 Engineering of AlGaN-Delta-GaN QW

In this section, we present a comprehensive optimization study on the optical gain and
threshold characteristics of AlGaN-delta-GaN QWs with varying delta-GaN positions and AlGaN

QWs compositions for the mid- and deep-UV spectral regimes.

10.2.1 Concept of Asymmetric AlIGaN-Delta-GaN QWs

Figure 9-5 shows the schematics of the AlGaN-delta-GaN QW structure. Our previous work
[10] revealed that the use of symmetric structure of the high Al-content AlGaN-delta-GaN QWs
led to large TE-polarized optical gain at L ~240-300 nm. Here, we present the comprehensive
optimization study of the asymmetric AlGaN-delta-GaN QWs. The asymmetric QWs can be
introduced by engineering the thicknesses of the AlGaN layers (d4, d;) and / or the Al-contents of

the AlGaN layers (x4, x2) surrounding the delta-GaN layer.
56-GaN

AIN d, ‘l d; AIN
«—> <—>

i | .
s |

f 1

Al Ga; 4N Al,Ga; N

Figure 10-5: The schematics energy band lineups of the Al,,Ga../N/ delta-GaN/ Al,,Ga.
N QW structure with AIN barriers.

For the AlGaN-delta-GaN QWs, the energy levels of the HH and light hole (LH) subbands are
higher than that of the CH subband, which leads to the dominant C-HH transition. Note the
difference in the effective masses of the electrons and holes in IlI-Nitride alloys leads to different
spreading of the wave functions for electrons and holes in llI-Nitride based QWs. In the case of
identical effective masses for both electrons and holes, the optimized overlap will occur with the
delta position at the center of the QWs. However, the effective masses for holes are larger than

those of electrons in nitride-based QWs, thus the optimization of the electron-hole wavefunction
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overlap can be achieved by using engineering of the delta layer position (d4, d») [figures 10-6(a)
and 10-6(b)] or by using different compositions of AlIGaN QW sub-layers (x4, x,) [figures 10-7(a)
and 10-7(b)]. The optimized overlap function leads to improved spontaneous emission rate and

material gain in the asymmetric QW structures.
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Figure 10-6: Energy lineups with electron wavefunction EC1 and hole wave function
HH1 for the 30-A AlygGag,N / 3-A GaN QW with (a) d; = 10 A, and (b) d; = 18 A.

Figures 10-6(a) and 10-6(b) show the energy lineups with electron wavefunction EC1 and hole
wave function HH1 for the 30-A Al, sGag N / 3-A GaN QW with different d thicknesses and sheet
carrier density (nyp) of 9.9x10"? cm? at room temperature. For comparison purpose, the total
thicknesses of d; and d, are maintained as 30A for both cases. For the 30-A AlgsGagoN / 3-A
GaN QW structure with d4= 10 A in figure 2(a), the electron-hole wavefunction overlap (I'e_nn) is
obtained as ~ 63.51%. By engineering the delta QW structure with d;= 18 A, as shown in figure
2(b), the electron and hole wavefunctions are strongly localized toward the center of the QW
active region, attributing to the engineered spreading of the wavefunctions, which leads to the

enhancement of the I'e n ~ 73.92%.

Figures 10-7(a) and 10-7(b) show the energy band lineups with electron wavefunction EC1
and hole wave function HH1 for the 30-A Aly7sGagsN / 3-A GaN / AlggsGagssN QW and
Aly75GagasN / 3-A GaN / AlpgsGagisN QW with nyp = 1.65%10™ cm™ at T = 300 K, and the
thickness of d4 is maintained the same with the thickness of d,. For the 30-A Aly75GagsN / 3-A
GaN / AlygsGap3sN QW, as the bandgap of Aly75GagsN QW is larger than that of AlgesGagasN

QW, which leads to the T'¢ n, ~ 60.31%. By engineering the Al-contents of the AlGaN layers as x;
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= 0.75, and x, = 0.85, as shown in figure 3(b), the electron and hole wavefunctions are pushed

toward the center of the QW active region, as the bandgap of AlygsGag 15N is larger than that of

Alp75Gag 25N, which results in the improvement of the T'e \n ~ 78.83%. Therefore, the matrix

element will be enhanced attributing to the improved I's_nn, which will contribute to the optical gain

by using the optimized asymmetric AlIiGaN-delta-GaN QW structures.
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Figure 10-7: Energy lineups with electron wavefunction EC1 and hole wave function HH1 for
(a) the 30-A Aly75Gag 25N / 3-A GaN / AlygsGagssN QW, and (b) the 30-A Aly75Gag 25N / 3-A

GaN /A/0.85Gao'15N Qw.

10.2.2 Optical Gain for AlIGaN-Delta-GaN QWs with Different Delta-Layer Positions

Figure 10-8 shows the TE-polarized optical gain spectra for 30-A AlysGag,N / 3-A GaN QW

with nyp = 1.65%10™ cm™ at T = 300 K with varying d, thicknesses. For the asymmetric QW with

d;= 18 A, the TE-polarized optical gain is larger than that of the symmetric QW with d;= 15 A,

attributing to the enhanced T'¢ , from the optimized AlGaN-delta-GaN QW structure. For the

asymmetric QW with d; = 10 A, the optical gain is slightly lower due to the weaker confinement of

the electron and hole wavefunctions. Note that the peak emission wavelengths (Apeqx) for the

asymmetric QWs with d;= 10 A and 18 A are ~ 246 nm, and ~245 nm, respectively, which are

very similar with the symmetric QW. In comparison with the conventional AlggGagsN QW with

similar emission wavelength, the optimized asymmetric 30-A AlysGag,N / 3-A GaN QW with d, =

193

18 A show ~ 6 times enhancement in the TE-polarized optical gain at mid-UV spectra regime.




4500 35 A AL, ,Ga, N1 3-A GaN QW 4 +d,=30A

4000 +n, =1.65x 10 cm?
3500 £T=300K
3000 £

i d,=15A
2500 +
2000 . d,=10 A
1500 - Aly5Ga, ,NQW /
1000 + .
500 -+ -/,

-
-
-
-

TE-polarized Optical Gain (cm)

500 N
4.95 5 5.05 5.1 5.15 5.2
Photon Energy (eV)

Figure 10-8: TE-polarized optical gain spectra for 30-A Al,sGa, N / 3-A GaN QW with nyp =
1.65x10" cm® at T = 300 K with varying d; thicknesses.

Figure 10-9 shows the TE-polarized material peak gain (gTEpeak) as a function of the d;
thickness for the 30-A Aly gGag ;N / 3-A GaN QW with nyp = 1.65x10"° cm™? at T = 300 K. With the
d, thicknesses ranging from 5 A up to 20 A, the TE-polarized material gain varies from ~3078 cm’
! (dy = 10 A) up to ~3703 cm” (dy = 18 A). Therefore, very large optical gain can be maintained
for emission wavelength ~245 nm for the asymmetric AlGaN-delta-GaN QW structures with

different delta-GaN positions.
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Figure 10-9: TE-polarized material peak gain as a function of the d thickness for the 30-A
AlysGag N/ 3-A GaN QW with nyp = 1.65x10° cm™? at T = 300 K.
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10.2.3 Optical Gain for AlGaN-Delta-GaN QWs with Different Al-Content AlGaN

QWs

Figure 10-10 illustrates the TE-polarized optical gain spectra for 30-A Al,;Ga.qN / 3-A GaN /
Al,GareN QW with nyp = 1.65x10™ cm™ at T = 300 K with varying combinations of the Al-
contents x; and x, of the AlGaN QWs. For the optimized delta QW with Al-contents of x; = 0.75
and x, = 0.85, very large TE-polarized optical gain (g peak ~3967 cm™) can be obtained at Ak ~
244 nm, attributing to the improved Iy n, from the asymmetric QW structure. For the asymmetric
cases of AlggsGag1sN / 3-A GaN / Alg75Gag.sN QW (x4 = 0.85, x, = 0.75) and AlpsGagoN / 3-A
GaN / Alp7GapgsN QW (x4 = 0.8, xo = 0.7), large optical gain can be obtained with emission
wavelength ranging from ~244-252 nm, which are ~6-7 times larger than that of the conventional
AlosGap 4N QW emitting at similar wavelengths.
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Figure 10-10: TE-polarized optical gain spectra for 30-A Al,;Gay..4N / 3-A GaN / Al,,Ga;..,N QW

with nop = 1.65x%1 0" cm? at T = 300 K with varying combinations of the Al-contents x, and x.
Figure 10-11 shows the TE-polarized material peak gain for the 30-A Al,;Ga.«N / 3-A GaN /
Al,Gai,eN QW with nyp = 1.65%10™ cm™ at T = 300 K. By varying the Al-contents of the AIGaN
layers surrounding the delta-GaN layer, the TE-polarized material peak gains are ranged from
~2700 cm”™ up to ~4000 cm™. Therefore, the optimized asymmetric QW structures with different
Al-contents can lead to enhanced optical gain. Also, large TE-polarized gain can be maintained

by different combinations of the Al-contents of the AIGaN QWs, which will provide flexibility in the
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experimental realizations of the AlGaN-delta-GaN QWs lasers emitting in mid- and deep-UV

spectral regimes.
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Figure 10-11: TE-polarized material peak gain for the 30-A Al,;Ga4N / 3-A GaN / Al,,Ga,..,N
QW with nyp = 1.65x10" ecm™? at T = 300 K.

10.2.4 Threshold Properties and Differential Gains of AlGaN-Delta-GaN QWs

Figure 10-12 shows the TE-polarized material gain as a function of sheet carrier density for
both 30-A AlysGaog,N / 3-A GaN QW with varying d thicknesses, and conventional 30 A
AlLGa;,N QW (x = 0.7, 0.8) at T = 300 K. The gTEPeak for the AlGaN-delta-GaN QWs structures
(~3100-3700 cm’1) are found to be significantly larger than that of the conventional high Al-
content AIGaN QWs (~200-800 cm) at relatively high sheet carrier density n,p = 1.65%x10" cm™.
The optimized structure asymmetric QW with d; = 18 A achieves ~1.2 times larger material gain

than that of the symmetric QW structure, attributing to its improved matrix element.
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Figure 10-12: TE-polarized material gain as a function of sheet carrier density for both 30-A
AlpsGag N / 3-A GaN QW with varying d, thicknesses, and conventional 30 A Al,Ga,-,N QW (x
=0.7,0.8).
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Similarly, in order to illustrate the effect of different Al-contents of the AlGaN QWs, figure 10-
13 shows the TE-polarized material gain as a function of sheet carrier density for both 30-A
Al,;Ga.4N / 3-A GaN / Al,,Ga;,.N QWs, and conventional 30 A Al,Ga,_,N QW (x=0.7,0.8) at T
= 300 K. Attributing to the reduced charge separation effect, the optimized structure asymmetric
30-A Aly75Gag 25N / 3-A GaN / AlggsGag 1sN QW achieves ~1.4 times larger material gain than that
of the symmetric QW structure. Therefore, the TE- polarized lasing is feasible for asymmetric

AlGaN-delta-GaN QW lasers emitting in the 240-250 nm spectral range.
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Figure 10-13: TE-polarized material gain as a function of sheet carrier density for both 30-A
AlysGag,N / 3-A GaN QW with varying d; thicknesses, and conventional 30 A Al,Ga;-,N QW
(x=0.7, 0.8).

To analyze the threshold properties of mid- and deep-UV lasers, AlIGaN QWs lasers with
optical confinement factor (I'g,) of 0.02 [1] were employed in the analysis. Note that the modal
gain for the QW structures is an important parameter in laser device design. Based on transfer
matrix method, the optical confinement factors for the asymmetric and symmetric QW structures
are calculated as almost identical with negligible variations. Thus, the modal gain comparison for
the QW structures will be primarily governed by the difference in the material gain comparison.
The internal loss (o) in typical AIGaN lasers is 14 cm” [23]. The laser cavity length is assumed as

500 pum [1, 23] with end-facet reflectivities of 95% and 35%, which correspond to mirror loss (o)
of 11 cm™. By employing the relation I, g,=a +a,, the threshold gain (g) is estimated as

~1250 cm™. The threshold sheet carrier density (nZDth) is 9.273x10" cm? for the symmetric 30-A
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AlysGagoN / 3-A GaN QW. For the optimized structure with d;= 18 A from figure 9-12, the nyp" is
9.042x10"? cm. Similarly, for optimized 30-A Al 75Gag.2sN / 3-A GaN / Al gsGag.1sN QW, the nyp™
is 8.976x10"?cm™. Thus, the threshold carrier densities for both optimized AlGaN-delta-GaN QW
structures with different delta-GaN positions and varying Al-contents are reduced compared to
the symmetric QW, which are applicable for mid- and deep-UV semiconductor lasers.

In order to analyze the spontaneous emission properties for both symmetric and asymmetric
AlGaN-Delta-GaN QWs, the spontaneous recombination rates per unit volume (R,) as a function
of sheet carrier density are presented in figures 9-14(a) and 9-14(b). By comparing the R, for
different delta-layer positions, as shown in figure 9-14(a), the asymmetric delta QW structure with
d, = 18 A shows higher R, (~2.07x10?® s™'cm™ with n,p = 1.65x10"® cm™) than that of the other
structures, attributed from the improved electron and hole wavefunction overlap (I's_nn ~ 73.92%).
For the case of delta QW structure with d;= 10 A, the lower C-HH wavefunction overlap (Te_nn ~
63.51%) leads to ~ 22.9% lower Ry, (~1.68x10%° s'cm® with nyp = 1.65x10"® cm™) than that of
the optimized structure with d, = 18 A. Figure 9-14(b) compares the Ry, for AlGaN-Delta-GaN
QWs with different Al-contents of AIGaN QW sub-layers. The enhanced C-HH wavefunction
overlap (e nn ~ 78.83%) obtained from the Alg 75Gag 25N / 3-A GaN / Aly gsGag 15N QW results in ~
68.4 % increase in the Ry, at nyp = 1.65x10" cm'z, in comparison with the Aly75GagsN / 3-A GaN
!/ AlgesGagssN QW with lower C-HH T , ~ 60.31%. Therefore, the improved C-HH T n, that

attributed from the use of optimized delta QW structures leads to ~22.9%- 68.4% increase in R,
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Figure 10-14: Ry, as a function of sheet carrier density for both symmetric and asymmetric
AlGaN-Delta-GaN QWs to illustrate (a) effect of delta positions, and (b) effect of Al-contents of
AlGaN QWs.
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Figure 10-15: The peak modal gain as a function of radiative current density for AIGaN-Delta-
GaN QWs and conventional Al,Ga,-,N QW (x = 0.8) with (a) different delta positions, and (b)
different Al-contents of AlIGaN QWs.

The peak modal gains (with T',ps = 0.02 [1]) a function of J,q are compared for AlGaN-Delta-
GaN QWs and conventional AlysGag N QW for the studies on the delta layer position (d4, d,) and
different AIGaN QW sub-layers compositions are shown in figures 10-15(a) and 10-15(b),
respectively. The delta QWs exhibited significantly higher peak modal gain for any radiative
current density injection level, in comparison to that of conventional QW. Note that the total
recombination current density Ji in the QW active region includes both the radiative and non-
radiative current densites (Jiot = Jrad tJnonrad) [17], and the Jponrag (~ ANy, + C-nth3) represents the
dominant part of the Ji,y in AlGaN-based QW [1, 17]. Thus, the reduction in threshold carrier
density is important for suppressing monomolecular (~A-ny,) and Auger (~C-nth3) recombination
currents at threshold.

The differential gain properties are also analyzed for both symmetric and asymmetric AlGaN-
Delta-GaN QWs to illustrate effect of delta positions (figure 10-16(a)), as well as effect of Al-
contents (figure 10-16(b)). For both cases, the differential gains first increase with higher carrier
densities, which can be attributed to the carrier screening effect. After reaching the maximum, the
differential gains start to decrease with further increased carrier densities, which is due to the
band filling effect. In figures 10-16(a) and 10-16(b), the peak differential gains of the optimized
asymmetric AlGaN-delta-GaN QW structures are higher than that of the symmetric AIGaN-delta-
GaN QW structures, which indicates that the optimized AlGaN-delta-GaN QW structures will be
applicable for high speed modulation lasers.
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Figure 10-16: The differential gain as a function of sheet carrier density for both symmetric
and asymmetric AIGaN-Delta-GaN QWs to illustrate (a) effect of delta positions, and (b) effect
of Al-contents of AIGaN QWs.

10.3 Design of Staggered AlGaN QW

In order to achieve large optical gain in deep UV spectral regime, the most important aspect is
to surpass the valence subbands crossover, so that the dominant C-CH transition will lead to high
TM-polarized optical gain. Secondly, instead of using conventional high Al-content AlIGaN QWs
after the crossover, the optical gain at deep UV spectral regimes can be further improved by
engineering the QW structure with staggered AlGaN QW design. In this section, we are focusing
on the two main effects by employing the staggered QW structures: (1) further enhanced TM-
polarized gain with engineered optical matrix element by broadening the concept from the InGaN
QW system with large electron-hole wave function overlap (I'c nn) design [24-34], and (2)
polarization engineering of AlGaN QW system to achieve high TE-polarized optical gain from

dominant C-HH transition.

10.3.1 Concept of Staggered AlGaN QW

The schematics of conventional Al,Ga,N QW and two-layer staggered Al,Ga;N/ Al,Ga.,N
QW structures are shown in figures 10-17(a) and 10-17(b), respectively. The QW thickness is
maintained as 3 nm for conventional Al,Ga.,N QW. The two-layer Al,Ga N/ Al,Ga.,N QW is

composed of Al-content profile in the QW as follows: (1) lower Al-content of x, and (2) higher Al-
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content. The thicknesses are maintained the same for the two layers for the Al,Ga,N/ Al,Ga;.,N

Qw.

(a) Conventional
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Figure 10-17: Schematics of the (a) conventional Al,Ga;,N QW; (b) two-layer staggered

Al,.Ga;_ N/ Al,Ga;-,N QW structures.

10.3.2 Momentum Matrix Element Characteristics

Figures 10-18(a) and 10-18(b) show square of momentum matrix elements as a function of in-

plane wave vector k; for 3-nm conventional Aly75Gag2sN QW (figure 10-18(a)), and 3-nm two-

layer staggered Aly75Gao.25N/ AlgssGag1sN QW (figure 10-18(b)) at carrier density 5x10'° cm™ at

room temperature. By inserting one layer of 1.5-nm AlygsGagsN sub QW to the conventional

Alp75GagsN QW layer with identical thickness, the T'¢ nn increases to 72.8%, which is ~13%

higher than that of conventional 3-nm Aly 75Gag 2sN QW (Te_nn ~ 64.29%). The dominant transition

is between C1 band to CH1 band, which will lead to TM-polarized emission. For the two-layer

staggered Aly75GagasN/ AlggsGagsN QW, the C1-CH1 transition is stronger than that of the

conventional Aly 75GagsN QW, which will contribute to the TM-polarized emission.
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Figure 10-18: Square of momentum matrix elements as a function of in-plane wave vector
k: for (a) 3-nm Aly75Gag2sN QW and (b) 3-nm Aly 75Gag 25N/ AlpgsGag.1sN QW at carrier

density 5x1 0" cm™ at room temperature.
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Figures 10-19(a) and 10-19(b) show square of momentum matrix elements as a function of in-
plane wave vector k; for 3-nm two-layer staggered Aly;Gag 3N/ Al gGagoN QW (figure 10-19(a)),
and 2-nm two-layer staggered Aly;GagsN/ AlpgGagoN QW (figure 9-19(b)) at carrier density
5x10" cm™. For the 3-nm two-layer staggered Al ;GagsN/ AlgsGag ;N QW, the valence subbands
are rearranged due to the use of relatively lower Al-content Aly;Gag 3N sub QW as the first layer
of the staggered structure, which is close to the Al-composition of crossover. The HH1 band has
been arranged into higher energy level; while mixed states of LH and CH bands are obtained at
lower energy levels. It can be seen from figure 10-19(a) that the dominant transitions occur
between the C1 band to the mixed states, which will contribute to both the TE- and TM-polarized
emissions.

By using thinner QW thickness (dow = 1 nm) for both Aly;GagsN and AlysGag.N sub QW
layers, stronger rearrangement of the valence subbands is obtained for the 2-nm two-layer
staggered Alg7Gag 3N/ AlpgGag,N QW, as shown in figure 10-19(b). The carriers are dominantly
populating the HH1 and LH1 bands, which have been arranged to higher energy levels. Although
the C1-CH1 transition is stronger at the I'-point, the TM-polarized emission will be reduced due to

the low population of carriers.
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Figure 10-19: Square of momentum matrix elements as a function of in-plane wave vector k; for
(a) 3-nm Aly.;Gag 3N/ Alp.sGag N QW and (b) 2-nm Al ;Gag 3N/ Alp.sGag N QW at carrier density
5x10" cm™ at room temperature.

10.3.3 Enhanced Optical Gain and Spontaneous Emission

Figure 10-20(a) shows both the TE-polarized and TM-polarized optical gain spectra for 3-nm

thick conventional Aly75Gag.sN QW, and two-layer staggered Aly75Gag 25N/ AlggsGagisN QW at

202



Optical Gain (cm')

carrier density 5x10" cm™ at room temperature. Similar emission wavelengths are obtained from
both the conventional Aly75Gag2sN QW (Apeax ~ 226 nm), and the two-layer staggered
Alg 75Gag 25N/ Alg g5Gag 15N QW (Apeak ~ 222 nm). The TE-polarized optical gains are lower than
that of TM-polarized optical gains for both high Al-content conventional Alg75Gag.sN QW and
staggered Alg 75Gag 25N/ Alg ssGag.1sN QW, attributed from the dominant C1-CH1 transition, as well
as less carriers populating the HH1 and LH1 bands. The peak TM-polarized optical gain of two-
layer staggered Alg75Gag 25N/ Alp gsGap.1sN QW (g™ pear ~ 6470.3 cm™) is ~21.5% higher than that
of the conventional Aly75Gag2sN QW (g™ e ~ 5323.1 cm™), attributed from the suppressed
charge separation effect by the use of larger overlap QW design.

The TE- and TM-polarized spontaneous emission spectra are also compared for the 3-nm
thick conventional Alg75GagosN QW, and two-layer staggered Aly75GagsN/ AlggsGag.isN QW at
carrier density 5x10' cm™ at room temperature, as shown in figure 10-20(b). From the
spontaneous emission spectra, the peak emission wavelength for the Alg75Gag 25N QW is Apeax ~
226 nm, and Apeax ~ 222 nm for the two-layer staggered Aly 75Gag 25N/ Alg gsGag 1sN QW. The use
of two-layer staggered Aly75GagosN/ AlpgsGagsN QW leads to enhanced TM-polarized
spontaneous emission from the improved TM-polarized optical matrix element, which is

applicable for deep-UV LEDs.
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Figure 10-20: TE-polarized and TM-polarized (a) spontaneous emission spectra, and (b)
optical gain spectra for 3-nm thick Aly.75Gag sN QW, and Aly75Gag 25N/ Alg.gsGag 1sN QW with
AIN barriers at carrier density 5x10" cm™ at room temperature.

203



10.3.4 Polarization Engineering by Staggered AlGaN QW

The polarization properties of spontaneous emission and optical gain can also be engineered
by employing the staggered AlIGaN QW structure. Figure 10-21 shows the TE-polarized and TM-
polarized spontaneous emission spectra for both the 3-nm thick Aly7Gag 3N/ AlgsGag N QW and
the 2-nm thick Alg;Gag 3N/ AlygsGagoN QW with carrier density 5x10"® cm™ at room temperature.
For the3-nm thick Aly;Gag 3N/ AlgsGagoN QW, as the dominant transitions occur between the C1
band to the mixed states of LH and CH bands, the ratio of TE-polarized spontaneous emission
peak to TM-polarized spontaneous emission peak is increased. However, which can be attributed
from the stronger C1-CH transition. By using thinner 2-nm thick Aly;GagsN/ AlggGagoN QW, as
majority carriers are populating the HH1 and LH1 bands, the TE-polarized spontaneous becomes

stronger than that of TM-polarized spontaneous emission.
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Figure 10-21: TE-polarized and TM-polarized spontaneous emission spectra for 3-nm thick
AIO_7Gao_3N/ Alo_geao_gN QW, and 2-nm thick AIO_7Gao_3N/ A/o_gGao_gN QW with AIN barriers at
carrier density 5x10"° ¢cm™ at room temperature.

Figure 10-22 compares the TE- and TM-polarized optical gain spectra for (a) 3-nm thick
Alo7,GagsN/ AlgsGagoN QW, and (b) 2-nm thick Aly,GagsN/ AlpgGagoN QW with carrier density
5x10"® cm™. In figure 9-22(a), for the3-nm thick Aly7GagsN/ AlgsGagN QW, higher TM-polarized
optical (g™ peax ~ 3416.1 cm™) is obtained at Ayeax ~ 227 nm. In figure 9-22(b), due to the valence
subbands rearrangement, the use of thinner 2-nm Aly;Gag 3N/ AlgsGagoN QW results in higher
TE-polarized optical gain (gTEpeak ~ 1239 cm'1) at Apeak ~ 224 nm from the stronger C1-HH1 and

C1-LH1 transitions.
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Figure 10-22: TE-polarized and TM-polarized optical gain spectra for (a) 3-nm thick Aly;Gag 3N/
AlpgGap.N QW, and (b) 2-nm thick Aly;Gag3;N/ AlpsGag.N QW with AIN barriers at carrier
density 5x1 0" ¢cm™ at room temperature.

10.4 Summary

In summary, in order to address the issue of low optical gain at A ~ 250-300 nm, we have
proposed the AlGaN-delta-GaN QW structure by inserting an ultra-thin GaN layer into high Al-
content (x) Al,Ga,4N-delta-GaN QW active region. The use of AIGaN-delta-GaN QWs resulted in
strong valence subbands mixing, which led to large TE-polarized gain atL ~ 240-300 nm,
attributing to the dominant C-HH transition.

The comprehensive optimization studies on the gain characteristics of AlIGaN-delta-GaN QW's
with various delta-GaN positions and Al-content AlIGaN QW compositions are analyzed for the
mid- and deep-UV spectral regimes. Attributing to the valence subband rearrangement and
enhanced electron and hole wavefunction overlap, the use of optimized asymmetric AIGaN-delta-
GaN QWs structures result in ~7 times increase in material gain, in comparison to that of
conventional AlGaN QW. Recent works had also reported the TE-polarized gain from the
Alo,GapsN / AIN multiple QWs with low Al-content nanocluster-like ‘quantum dot’ features within
the Alg;GaosN QW layers [21, 22], which is consistent with the dominant TE-polarized gain from
the prediction of high Al-content AIGaN QWs consisting of low bandgap material in the center of
the active layer [10]. Large material gains can be maintained at A ~ 240-250 nm for the
asymmetric AlGaN-delta-GaN QWSs structures. Despite the improved material gain for the

asymmetric QW structures, the finding shows that large material gain can be obtained for both
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symmetric and asymmetric AlGaN-delta-GaN QWs, which indicates the flexibility and robustness
in the experimental implementations of this concept in device structures. The reduced threshold
carrier densities obtained from the optimized delta QWs structures are important for the
suppression of the non-radiative recombination current densities, which reduces the threshold
current densities. Therefore, by employing asymmetric QW design, with optimized GaN delta
layer position and asymmetric AlIGaN-composition layers, the optimized optical gain and lower
threshold carrier densities are achievable for the AlGaN-delta-GaN QW structures with realistic
design applicable for mid- and deep-UV lasers.

The staggered AlGaN QW structure is proposed to lead to two major effects: 1) further
enhanced TM-polarized gain from the improved electron- crystal-field split-off hole wave function
overlap, 2) larger TE-polarized optical gain in deep-UV spectral regime from the engineered

valence subbands structure.
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Chapter 11: Substrate Engineering for High-efficiency LEDs and
Lasers

11.1 Introduction and Concept of Substrate Engineering

In Chapter 2, the current status of InGaN QWs LEDs and lasers has been reviewed, which
includes the challenges of realizing high-efficiency conventional InGaN QWs LEDs and Lasers,
as well as the motivations of substrate engineering.

In this chapter, we present a comprehensive study on the optical properties of InGaN QWs on
ternary InGaN substrate. Specifically, the spontaneous emission rates of the InGaN QWs on
Ing.15Gap gsN substrate are compared with those of InGaN QWs on conventional GaN template for
emission wavelength from green up to red spectral regimes. The spontaneous emission rate
characteristics of the InGaN QW on different ternary substrates are also compared for green-
emitting active region. The optical gain and threshold characteristics of InGaN QWs on ternary
InGaN substrates for green- and yellow-emitting lasers are also compared with those of the
conventional InGaN QWs / GaN substrate approach.

The band structures and wave functions are calculated by employing self-consistent 6-band
k-p formalism for wurtzite semiconductor taking into account the valence band mixing, strain
effect, spontaneous and piezoelectric polarization fields, and carrier screening effect [26-29]. The
band parameters for the IlI-Nitride semiconductors in this work are obtained from references 28-

31. The calculation details and band parameters can be found in Chapter 8.

11.1.1 Concept of InGaN QWs on Ternary InGaN Substrates

Figure 10-1 shows the energy band lineups of 3-nm Ing35Gage7sN QW surrounded by
Ing.15GaggsN barriers on Ing45GaggsN substrate with the corresponding ground state conduction
subband (C1) wavefunction and the ground state valence subband (HH1) wavefunction at zone

center.
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Figure 11-1: The schematics of 3-nm Ing3,5Gage7sN QW with Ing15GaggsN barriers on
Ing 15Gag.gsN substrate with electron wavefunction EC1 and hole wave function HH1.

The lattice constant of the Ing325Gage7sN QW is larger than that of Ing15GaggsN barrier, which
induces the compressive strain in the QW. However, by employing the ternary Ing45GaggsN
substrate, the lattice-mismatch between the QW and the ternary substrate is reduced in
comparison with that of conventional approach, which leads to reduction in internal electrostatic

field in the QW.

11.1.2 Strain and Polarization Field for InGaN QW with Ternary Substrates

Figures 11-2(a) and 11-2(b) show the in-plane (&) and cross-plane (g,,) strains in the active
region layers as a function of In-contents (x) in the In,Ga;,N QW. The comparisons of the strains
in the In,Ga;xN QWs QWSs on Ing 15Gag gsN substrate and conventional GaN substrate for x = 0.2
up to x = 0.4 were carried out. Attributing to the smaller lattice-mismatch, both the ¢, and ¢,, are
reduced by ~37.5% - 75 % in the QWs from the use of the ternary substrates, which in turn
reduces the piezoelectric polarization fields [figure 11-2(c)] and electrostatic fields [figure 11-2(d)]
in the QWs. In our studies, all the InGaN QW thicknesses were kept as 3-nm for comparison

purpose.
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Figure 11-2: (a) The strain parameter at x direction, (b) the strain parameter at z direction, (c)
the piezoelectric polarization field, and (d) the electrostatic field in the In,Ga; N QWs as a
function of In-content of the QW, for both In,Ga,,N QWs with InysGaggsN barriers on
Ing.15Gag gsN substrate and conventional In,Ga;.,N QWs with GaN barriers on GaN substrate.

Figure 11-2(d) shows the comparison of the internal electrostatic fields in the QWs for both

In,Ga,N QW on Ing 15Gag gsN barrier / substrate and conventional In,Ga;.,N QW on GaN barrier /

substrate, with the In-content (x) ranging from 20% up to 40%. The internal electrostatic field

calculation was similar to the treatment in reference 28. The internal fields in the InGaN QWs

grown on ternary substrate can be reduced by ~ 40% up to ~75% [figure 10-2(d)], in comparison

to those obtained in identical QWs grown on conventional GaN substrate / barrier. Specifically,

the internal fields in Ing,GagsN QW with GaN and Ing 15Gag gsN substrates are -2.23 MV/cm and -

0.55 MV/cm, respectively. In addition, the internal fields were calculated as -4.98 MV/cm and -

3.08 MV/cm for Ing4GapggN QW/ GaN substrate and Ing4GageN QW/ Ing15sGaggsN substrate,

respectively.
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11.2 Spontaneous Emission Characteristics of InGaN QWs on Ternary

Substrates for LEDs

Figure 11-3 shows the spontaneous emission spectra for both 1) In,Ga;,N QWs with
Ing15GaggsN barriers / substrate, and 2) conventional In,Ga;y,N QWs with GaN barriers /
substrate for green and yellow emitting QWs at carrier density (n) of 1 x 10" cm™ at room
temperature. In designing the respective QWs for comparison purpose, the In-contents (x and y)
in the InGaN QWs were selected for similar emission wavelength at n = 1 x 10" cm™. For green-
emitting QWs at Apeak ~ 525.4 nm (Apeak ~ 548.7 nm), the spontaneous emission spectra peak of
Ing3Gag 7N QW (Ing325Gags7sN QW) / Ing 15Gag gsN substrate is ~3.1 times (~2.7 times) of that of
Ing26Gag 72N QW (Ing 3Gag 7N QW) on conventional GaN substrate. For yellow-emitting QWS (Apeak
~ 576.7 nm), the peak of the spontaneous emission spectra for Ing 35GagesN QW on Ing 15Gag gsN
substrate is ~2.5 times of that for Ing3,0Gage7sN QW on GaN substrate. Note that the ternary
substrate requires slightly higher In-content in the InGaN QW due to the less red-shift from the
reduced built-in quantum confined Stark effect, however larger of spontaneous emission spectra

peaks are obtained for all the QWs on the ternary substrate.
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Figure 11-3: Spontaneous emission spectrum for both In,Ga;, N QWs with Ing5GaggsN
barriers on Ing 15Gag gsN substrate and conventional In,Ga, yN QWs with GaN barriers on GaN
substrate for green and yellow spectra regimes atn =1 x 1 0" cm™ at room temperature.

Figures 11-4(a) and 11-4(b) show the spontaneous emission recombination rate per unit
volume (Rsp) as a function of carrier density for both green- and yellow-emitting QWs at T = 300
K. For the green-emitting QWS (Apeak ~ 548.7 nm) [figure 10-4(a)], the Ry, of Ing325Gage7sN QW /
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Ing.15Gag gsN substrate was calculated as ~3.2 times of that of conventional Ing3Gag ;N QW / GaN
substrate at n = 2 x 10" cm™. For the yellow emitting QWs (Apeak ~ 576.7 nm) [figure 10-4(b)], the
Rsp of Ing35GagesN QW / Ing 15GaggsN substrate is ~2.9 times of that of Ing 32,Gage7sN QW / GaN
substrate at n =2 x 10" cm™. The improved Ry, of InGaN QWs on the ternary substrate can be

attributed to the larger optical matrix elements arisen from the reduced strain and internal field in

the QW.
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Figure 11-4: Spontaneous emission spectrum for both In,Ga;,N QWs with Ing5GaggsN
barriers on Ing 1sGaggsN substrate and conventional In,Ga;.,N QWSs with GaN barriers on GaN
substrate for green and yellow spectra regimes atn = 1 % 10" cm™ at room temperature.

Figure 11-5(a) shows spontaneous emission spectrum for In,Ga;,N QWs with Ing45GaggsN
barriers on Ing 15GaggsN substrate with various In-contents (x) calculated for n = 1 x 10" cm™ at
room temperature. By employing the Ing5GaggsN substrate, large peaks of the spontaneous
emission spectra can be obtained for InGaN QWs with peak emission wavelengths covering from
blue (3.98 x 107 s'cmeV™", Aea = 452.6 M) up to red (2.23 x 10%° s'em>eV™", Apeax = 645.8
nm) spectral regimes. The peaks of the spontaneous emission spectra decrease with longer
emission wavelength, which is related to the increasing charge separation effect. In order to
provide comparison for red-emitting QWs, figure 10-5(b) shows the comparison of the Ry, as a
function of carrier density up to n =2 x 10"° cm™ for Apeax ~ 645 Nm. The R, of Ing4GagsN QW /
Ing.15Gag gsN substrate was obtained as ~2.5 times of that of Ing3ssGagezsN QW / GaN substrate

atn=2x 10" cm® The significantly-improved R, for InGaN QWs on ternary substrate for
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emission wavelength across green and red spectral regimes confirm the strong potential for the

use of ternary substrate to achieve high efficiency green- and red-emitting LEDs.
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Figure 11-5: (a) Spontaneous emission spectrum for both In,Ga.,N QWSs /Iny1sGagssN
substrate from blue up to red spectra regimes atn = 1 x 1 0" ¢cm* at room temperature and
(b) comparison of Rs, as a function of carrier density for Ing,GaogeN QWS /Ing 15Gag.gsN
substrate and conventional Ing 3ssGag 630N QWSs /GaN substrate.

Figure 11-6 shows the comparison of the spontaneous emission spectrum for the Ing;Gag 7N
QW on ternary InGaN substrates with In-contents from 5% to 20% calculated for n =1 x 10'"® cm™
at room temperature, as the In-contents of the commercially-available InGaN substrates range
from 5% up to 20% [19-21]. The emission wavelengths of the Iny3Gag7;N QW show redshift with

lower In-content InGaN substrates. The peaks of the spontaneous emission spectra are larger for

Ing3Gag 7N QW on higher In-content InGaN substrates (1.5 x 10?7 s'em3eV" with Apeak = 521 nm
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for Ing,GaggN substrate), which can be attributed to the reduced lattice-mismatch strain and
internal electrostatic fields in the QW.

The comparison of the wavelength shifts for Ing3Gag7;N QW on different ternary In,Gaq.,N
substrates (y = 5% - 20%) are shown in Table 11-1. The peak spontaneous emission
wavelengths show blueshift at higher carrier density (n = 2 x 10" cm'3) for the Ing3Gag;N QW
with ternary substrates. The blue-shift is suppressed by employing higher In-content InGaN
substrate, as the lower lattice-mismatch strain leads to the reduction of the internal field.
Specifically, the blue shift of 90 meV is obtained for Ing3Gay /N QW/ Ing,GaggN substrate (Table

11-1), which is 40 meV less than that for Ing3Gag 7N QW/ Ing 0sGag osN substrate.
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Figure 11-6: Spontaneous emission spectrum for Iny ;Gay ;N QW on In,Ga,.,N substrates (y
=5% - 20%) atn =1 x 10"° cm™ at room temperature.

Substrate Ing 0sGagosN Ing 1Gay 9N Ing 15Gag gsN Ing,Gag gN
Composition
E21 at 2.24 eV 2.28 eV 2.30eV 2.33 eV
n=1x10" cm™
E21 at 2.37eV 2.39eV 2.42 eV 2.42 eV
n=2x10" cm™
Blue Shift 130 meV 110 meV 120 meV 90 meV

Table 11-1: The transition energy blue-shifts for In,;Ga,;N QW on different ternary In,Gas,N
substrates (y = 5% - 20%).

216



Figure 11-7 shows the comparison of Ry, as a function of carrier density up ton = 2 x 10" cm’
3 for Ing3Gag7sN QW with In,Gaq.,N substrates (y = 5% - 20%) targeting at green spectral
emission. The R, of Ing3Gag /N QW / Ing,GaggN substrate was obtained as ~6 times of that of
Ing3GagsN QW / IngosGaggsN substrate at n = 2 x 10'"® cm™. Therefore, by employing the ternary
substrate with less lattice-mismatch to the InGaN QW, this approach leads to increase in
spontaneous emission rate attributed to the reduced charge separation issue in the QW.

The comparison of the peak emission wavelengths as a function of Ry, for Ing3Gag;N QWs
with various In,Ga4.,N substrates (y = 5% - 20%) at room temperature is shown in figure 10-8. As
the carrier injection in the Ing3Gapg7sN QWs with various ternary substrates increases, the
spontaneous emission rate of the QWs increases. As the spontaneous emission rates for all QW
structures increase, the peak emission wavelengths also reduce due to the carrier screening
effect. The use of lower In-content In,Gay,N substrates (y = 5%, and 10%) leads to relatively low
spontaneous emission rate, which is also accompanied by large emission wavelength blue-shift.
In contrast, the use of higher In-content InGaN substrates (y = 15%, and 20%) leads to large
spontaneous emission rate, as well as the significantly reduction in wavelength blue-shift.
Specifically, the use of Ing,GaggN ternary substrate exhibits relatively low blue-shift (~ 10 nm) for

2 while the use of

achieving spontaneous emission rate (Rs,) of Ry, ~ 3.76 x 10%° scm
Ing15GaggsN ternary substrate will lead to blue-shift up to ~ 20 nm for achieving similar

spontaneous emission rate.
8

C Ing ;Gay ;N QW/ In,Ga, N Barriers
7 fon InyGa1_yN Substrate

6 [ T=300K y=0.2

Ry, (%1026S-'cm-3)

— L
T T

0.0 0.5 1.0 1.5 2.0
Carrier Density (x10'° cm™)

Figure 11-7: Comparison of R, as a function of carrier density for Iny;Gao;,N QW with
In,Gay. N substrates (y = 5% - 20%).

217



550

! Ing ;Gay ;N QW/ In,Ga, N Barriers
€545 | onin,Ga, N itb;(;;a}tf
£ i /’ =
£ 540 +
m -
= r
2 535 1
[ r
= ;

2 530 +
5 r
‘» 525 T
2 r
€ 520
x r
8 515 {
510 + i e
0.01 0.10 10.00

Rep (><102<is-1cm1-5§)0
Figure 11-8: Peak emission wavelength as a function of R, for Ing3Gag;N QW with
In,Ga;.,N substrates (y = 5% - 20%) at room temperature.

Despite the potential advantages of ternary InGaN substrate for LED applications, it is
important to note that the development of InGaN substrates is still relatively at early stage [19-21].
Further advances in the development of high quality InGaN substrate are of great importance for
realizing high-efficiency LEDs based on this technology. Note that our current studies are
primarily focused on the investigation of the spontaneous emission characteristics of the InGaN
QWs on various ternary InGaN substrates as active regions for green- and red-emitting LEDs.
However, future studies to investigate the optimized structures and compositions of the InGaN
QW and barrier combinations on ternary substrates are of interest for achieving further
improvement in the spontaneous emission rate of the LEDs active regions in particular for

emission in the green up to red spectral regimes.

11.3 Optical Gain Characteristics of InGaN QWs on Ternary Substrates for
Lasers

11.3.1 Optical Gain Analysis of InGaN QWs with Ternary Substrates

The gain properties of the InGaN QWs on ternary and GaN substrates are compared. In
designing the respective QWs in this comparison, the In-contents in the InGaN QWs were chosen

for similar emission wavelength at n~5x10"? cm?. Figure 11-9(a) shows optical gain spectra for
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In,Ga;,N QWs (x = 0.325, 0.35) on Ing45Gag gsN substrate, and conventional Ing 3,GagegsN QW on
GaN substrate for green spectra regime at n = 5 x 10" cm™ at T=300 K. For Ing32GagesN QW on
GaN substrate, relatively low material peak gain (gpeax ~ 474.1 cm'1) is obtained with Apeax ~ 516.7
nm. The material gain is defined as the peak value of the optical gain spectrum. The material gain
of the Ing325Gage7sN QW / Ing 1sGag gsN substrate (gpeak ~ 2039.7 cm'1) is ~3.3 times higher than
that of conventional method (gpeak ~ 474.1 cm'1). The material gain of the Ing35GagesN QW /
Ing 15Gag gsN substrate (gpeax ~ 1527.7 cm'1) With Apeak ~ 532.2 nm is ~2.2 times higher than that of
the conventional method. For yellow-emitting QWs comparison [figure (10-9 (b)], the use of the
ternary substrate leads to 3.2 times increase in the material gain (gpeak~ 861.4 cm'1) over that of

the conventional method.
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Figure 11-9: Optical gain spectra for (a) In,Ga;,,N QWs (x = 0.325, 0.35) with Iny 15GaggsN
barriers on Iny 15Gag gsN substrate, and Ing3.GagesN QW with GaN barriers on GaN substrate,
and (b) Ing4GageN QW with Ing15GaggsN barriers on Ingy15GaggsN substrate, and Ing3gGagg.N
QW with GaN barriers on GaN substrate with n = 5 x 10" cm™ at T = 300 K.

The optical gain spectra for green-emitting InGaN QWs on Ing 15sGaggsN substrate are shown
for various carrier densities in figures 11-10(a) and 11-10(b). The peak wavelengths of the optical
gain spectra show blue-shifts for both structures with higher carrier density due to the carrier
screening effect. The higher In-content QW exhibits lower material gain and larger wavelength
blue-shift, in comparison to those of lower In-content QW. By comparison the spectra at n =
3x10" ecm®and n = 5x10" cm™, the wavelength blue-shifts for the lower [figure 11-10(a)] and

higher In-content [figure (11-10(b)] InGaN QW are ~ 13 nm and ~ 19 nm, respectively. The
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corresponding comparisons of the material gains for ternary and conventional methods were
shown in figures 11-11(a) and 11-11(b) for green- and yellow-emitting QWs, respectively. At
higher carrier densities, the material gains for green (yellow) -emitting InGaN QWs on
Ing15GaggsN substrate are ~3.2-5 times (3.2-3.5 times) higher than that of the conventional
method, as shown in figure 11-11(a) [figure 11-11(b)]. The improved material gains in green and
yellow spectral regimes obtained from the use of ternary substrates are attributed from the
reduced lattice-mismatch strain resulting in reduced charge separation issue in the QWs, which

leads to improved optical matrix element and larger material gains.
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Figure 11-10: Optical gain spectra for (a) Ing 325Gag 75N QW, and (b) Ing 35Gag.esN QW with
Ing.15Gag gsN barriers on Ing 15Gag gsN substrate for green spectra regime at n = 3-5 x 10"
cm™ at room temperature.
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Figure 11-11: Comparison of material peak gain as a function of carrier density for (a)
In,Ga;,N QWs (x = 0.325, 0.35) on Iny15Gay gsN substrate, and conventional Ing 3,GagesN
QW on GaN substrate, and (b) Iny 4GageN QW on Ing 15GagesN substrate, and conventional
Ing 3sGage2N QW on GaN substrate at room temperature.

The optical gain properties for InGaN QWs on ternary substrates with various In-contents
were shown in figures 11-12(a) and 11-12(b). Note the second peak from the gain spectra of the
Ing3Gag7N QW/ Ing15GaggsN substrate at 473.3 nm in figure 10-12(a) is attributed to the band
filing effect leading to stronger excited state transitions. The use of GaN substrate, as well as
lower In-content In,Ga,.,N substrates (y = 0.05, 0.1), lower optical gains are obtained due to the
larger charge separation effect from the larger lattice-mismatch strain. In contrast, the use of
higher In-content ternary substrate leads to reduction in charge separation effect in the QW,
which results in improved material gain. The material gain for Ing3Gag7;N QW/ Ing 15GaggsN

substrate is ~ 2135.9 cm™ (n = 5 x 10" cm™), which is higher than those employing lower In-
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content ternary substrates. For comparison purpose, the material gain for the QWs using GaN

substrate is relatively low with gpeac ~ 588.5 cm™.
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Figure 11-12: (a) Optical gain spectra at n = 5 x 10" ¢cm™ and (b) material gains as a

function of carrier density for Iny3Ga, ;N QW with In,Gay,N barriers on In,Ga,,N substrate
(v=0,0.05 0.1 and 0.15).

11.3.2 Differential Gains and Wavelength Shifts Characteristics

The differential gains (dg/dn) for InGaN QWs on ternary and GaN substrates were compared
in figures 11-13(a)-(c). Figure 11-13(a) shows the dg/dn as a function of carrier density for In,Ga;.
N QWSs (x = 0.325, 0.35) on Ing45GaggsN substrate, and conventional Ing 3,GaggssN QW on GaN
substrate for green spectral regime at T=300K. The increasing trend of dg/dn for higher carrier
density is primarily attributed to the carrier screening effect. The dg/dn for the Ing35GagesN QW

and Ing325GagersN QW on Ing15GaggsN substrate are ~3.6 and ~-4.9 times of that of the
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conventional Ing3,GagesN QW with n = 5x10" cm™

, respectively [figure 11-13(a)]. For yellow-
emitting QWs, the dg/dn for Ing4GaggN QW/ Ing45GaggsN substrate shows ~7.7 times
improvement than that of the Ing33GageoN QW /GaN substrate with n = 5x10" cm™ [figure 11-
13(b)]. The dg/dn are compared for Ing3Gag 7N QW on InyGasyN substrate (y = 0 up to y = 0.15)
at T = 300K [figure 11-13(c)]. For the use of Ing15GaggsN substrate, higher differential gains are
achieved for lower carrier densities (n< 3.5x10" cm'a) due to the enhanced matrix element. The
decrease in the dg/dn for the ternary substrate with 15% In-content (n> 3.5x10" cm's) can be
attributed to the band filling effect. These findings indicate the potential advantage from the use of
ternary substrate for high speed lasers applications.

The comparison of the wavelength shifts as a function of material gains for the green- and
yellow-emitting QWs on ternary substrates are shown in figures 11-14(a) and 11-14(b). For
green-emitting QWs [figure 11-14(a)], the peak emission wavelengths show blue-shift for
increasing carrier densities for both QWs due to the carrier screening effect. Significantly higher
material gains (gpeak > 2000 cm'1) are obtained from the use of ternary substrates. In order to
compare the wavelength shift quantitatively, the AL (AL = Aq — A(n)) as a function of material peak
gains are extracted from figure 11-14(a), where X, is the emission wavelength at n = 3x10"® cm™
[figure 11-14(b)]. The use of ternary substrates leads to significantly improved material gain,
accompanied with significantly reduced wavelength shift. To illustrate this improvement for AL
~100 nm, the use of ternary substrate leads to increase in material gain ~ 2200 cm™ in
comparison to that of conventional method. This finding illustrates the feasibility of achieving high
material gain with lower carrier density from the use of ternary substrate. Similar finding is also
observed for yellow-emitting QWs [figures 11-14(c) and 11-14(d)], which indicates that the
increase of ~1200 cm™ in material gain from the use of ternary substrate method for A\ ~150

nm.
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Figure 11-13: Differential gain as a function of carrier density for (a) In,Ga;,N QWs (x =
0.325, 0.35) on Ing5GaygsN substrate, and Ings3,GagesN QW on GaN substrate, (b)
Ing4GagsN QW on Ing 15Gag gsN substrate, and Ing 33GageoN QW on GaN substrate, and (c)
Ing.sGao ;N QW with In,Gay.,N barriers on In,Ga,.,N substrate (y = 0, 0.05, 0.1 and 0.15) at

T=300K.
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Figure 11-14: (a) Peak emission wavelengths from gain spectra as a function of material
peak gain, and (b) wavelength shift AL (AA = 1o — A(n)) for In,Ga;,N QWs (x = 0.325,
0.35) on Iny 15Gag gsN substrate, and conventional Ing 3,GaggsN QW on GaN substrate. (c)
Peak emission wavelengths as a function of material peak gain, and (d) wavelength shift
AL (A4 = A9 — A(n)) for Ing,GageN QW on Ing5GaggsN substrate, and conventional
Ing 38Gage2N QW on GaN substrate at T=300 K.

The effect of employing different substrates on the screening effect is presented in figures 11-
15(a) and 11-15(b). Figure 11-15(a) compares the peak emission wavelengths as a function of
material gain for the Ing3Gag 7N QW on various InyGas.,N substrates (y = 0, 0.05, 0.1 and 0.15).
The use of ternary substrates leads to larger material gains than that of the conventional method.
Note that the use of higher In-content substrate leads to larger material gain with reduced

wavelength shift [figure 11-15(b)]. Specifically, for obtaining gpeak ~ 1000 cm™, the lowest

wavelength shift AL ~ 70 nm is obtained by using Ing 15GaggsN substrate. In addition, an increase
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of ~1700 cm™ in material gain is obtained by employing the Ing 1GaggN substrate as compared to

conventional method with AA ~ 100 nm.
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Figure 11-15: (a) Peak emission wavelength from gain spectra as a function of material

peak gain, and (b) wavelength shift AL (A4 = A9 — A(n)) for Ing3Gag ;N QW with In,Ga;,N

barriers on In,Gay.,N substrate (y = 0, 0.05, 0.1 and 0.15) at T = 300K.
11.3.3 Threshold Characteristics of Green- and Yellow-Emitting Lasers

The threshold characteristics are analyzed for the green- and yellow-emitting lasers using

ternary substrates. The threshold gain (gy,) is estimated as ~1500 cm” [29, 37]. The threshold
carrier densities (ny,) can be obtained from the material peak gain and carrier density relation in
figures 11-11(a) and 11-11(b). For green-emitting InGaN QWSs on ternary substrates [figure 11-
11(a)], the threshold carrier densities are ng, ~ 4.4 x10" cm™for Ing 325Gag67sN QW/ Ing 15Gag ssN
substrate, and ny, ~ 4.95 x10'° cm™ for Ing 35GaoesN QW/ Ing15Gag gsN substrate. In contrast, the

material gains obtained from the conventional active regions emitting in green spectral regime at
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similar carrier density (n ~ 4.4-6.27x10" cm™) range from ~ 200-400 cm™, which are significantly
lower than those obtained from the ternary substrate approach. For yellow-emitting InGaN QWs
on ternary substrates [figure 11-11(b)], the threshold carrier density is ny, ~ 6.27 x10" cm™.
Similarly, the material gain obtained from the conventional QW at similar carrier density is as low
as ~ 400 cm™, which indicates that significantly higher carrier density is required for the
conventional approach in order to achieve gy, ~ 1500 cm™.

The threshold carrier densities of the green-emitting QWs on ternary substrates with various
In-contents can be extracted from figure 11-12(b). For Ing3Gag7N QW, the ny, are ~ 6.05 x10"
cm®, 4.9 x10"™ cm®, and 3.75 x10" cm™, respectively, for IngosGaoesN, Ing1GagsN, and
Ing.15Gag gsN substrates. The corresponding ny, for the conventional method is larger than 7 x10"
cm™. Thus, the finding indicates the use of ternary substrates leads to a significant reduction in
Ny, which is important for suppressing the non-radiative recombination current density and
threshold current density. To analyze the threshold current densities (Jy,) for the green and
yellow-emitting lasers, the relation of the material gain as a function of total current density (Jit =
Jrad + Jnon_Rrad) for In,GaxN QWs (x = 0.325, 0.35 and 0.4) on Ing 15GaggsN substrate is shown in
figure 11-16. The monomolecular recombination rates of A = 6x10% s, 1x10° s, and 1.5x10° s
are used similar to reference 38. For achieving gy, ~ 1500 cm”, yellow-emitting QWs typically

have ~30% higher Jy, over that of green-emitting QWs.
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Figure 11-16: Material gain as a function of total current density for In,Ga,,N QWs (x =
0.325, 0.35, 0.4) with Ing5GaggsN barriers on In10,15Ga0_85N substrate at T=300 K. The
monomolecular recombination rates are A = 6x10° s~ , 1x1 0° s", and 1.5x10° s™".
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Figure 11-17: Material gain as a function of total current density for Ing3Gayo,N QW with
In,Ga;.,N barriers on In,Ga,N substrate (y = 0.05, 0.1 and 0.15) at T = 300 K. The
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1.5x10° s,
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The threshold comparison from the use of ternary In,Ga; N substrates (with y = 0.05, 0.1 and
0.15) are presented for various monomolecular recombination rates [figures 10-17(a)-10-17(c)]. In
this comparison, the active region was chosen as Iny3Gay ;N QW. The reduction in the ny, from
the ternary substrate is important for suppressing the non-radiative current density, which in turn
reduces the threshold current density. The threshold analysis here does not take into account the
Auger recombination due to the low value of the Auger recombination rate (CAuger~10_32 cme/sec)
in InGaN [35, 40]. It is important to point out the large discrepancy on the Cayger for INGaN QWs
reported in the literatures [39-42]. The Cayger Of 3.5x10* cm®sec up to 1x10"%2 cm®/sec had been
reported for InGaN QWs [39, 40], while values of 1.4-2x10™° cm®sec had been reported in the
bulk system [41, 42]. Further conclusive studies are still required for determining the Cayger in
InGaN QWs [39-42]. However, the reduction in the ny, from the use of ternary substrates will be

important in reducing the Auger current density at threshold (Ji_auger ~ nths) by ~40% up to 85%.

11.4 Summary

In summary, the spontaneous emission characteristics of InGaN QWs on ternary Ing 4sGag gsN
substrate emitting in green and red spectral regimes are analyzed. The R, of the green- and
yellow-emitting InGaN QWs grown on Ing15GaggsN substrate were found as ~2.9-3.2 times of
those of QWs grown on conventional GaN substrate. For red-emitting Ing4sGaggN QW /
Ing.15GaggsN substrate, the Ry, was ~2.5 times of that of the conventional approach. By using
higher In-content InGaN substrates, significant increase in spontaneous emission rate and
reduction in blue shift from carrier-screening effect are observed. The use of the ternary InGaN
substrate leads to reduction in QW strain and increase in optical matrix element, which in turn
results in large spontaneous emission rates for InGaN QWSs applicable for green- and red-
emitting LEDs.

The optical gain and threshold characteristics of InGaN QWs on ternary InGaN substrates or
templates are analyzed for green- and yellow-emitting lasers, which are also compared with the
InGaN QWs on conventional GaN substrates or templates. The effect of various ternary

substrates are also studied and compared with conventional GaN substrate at green spectral
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regime. The use of the ternary InGaN substrate leads to reduced compressive strain and the
polarization field, which contributes to enhanced optical matrix element from the reduced charge
separation effect. Thus, the use of ternary InGaN substrate is expected to result in large increase
in material gain and significant reduction in threshold carrier density in the active region,
accompanied with less wavelength shift, which may potentially lead to high performance diode
lasers emitting in the green and yellow spectral regimes. Note that experimentally, the successful
growths of bulk InGaN substrates have already been realized [19-21]. For the InGaN QWs grown
on bulk ternary InGaN substrates, the In-contents of the InGaN QWs are lower than that of the
substrates. Thus, the growth temperatures of the InGaN QWs should be lower than that of the
ternary substrates, which are expected to be kept in good condition during the growths. However,
it is important to note that the experimental challenge still needs to be addressed for optimized
growths, as the ternary InGaN substrates have only been experimentally realized with In-contents
ranging from 0.9% up to 20% [19-21].The development of the ternary substrate still requires
further optimization, and the availability of this substrate is key for enabling the advantages
deliberated in this study. In addition, the growths of high In-content InGaN alloy for QW active

regions is still challenging attributed to the increased phase separation issue during the epitaxy.
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Chapter 12: Summary and Future Outlook

In this thesis, the research works have been accomplished involve in the area of
semiconductor optoelectronic and thermoelectric materials and devices, and my specific research
topics focus on 1) llI-Nitride semiconductor nanostructures for thermoelectric applications, 2) IlI-
Nitride based Ultraviolet (UV) lasers, and 3) novel approaches for high-efficiency llI-Nitride light-
emitting diodes (LEDs) and lasers. My research contributions in IlI-Nitride semiconductors are
related to 1) studying and realizing Nitride based thermoelectric materials with high thermoelectric
figure of merit, 2) addressing the challenges of feasibility for Nitride based deep- and mid-UV

lasers, and 3) proposing novel approaches for enabling high-efficiency visible LEDs and lasers.

12.1 Summary

12.1.1 lli-Nitride Semiconductors for Thermoelectricity

In our works, the high Z*T value for lattice-matched AllnN alloy grown by MOCVD has been
reported. Further investigations of the thermoelectric characteristics for MOCVD-grown AlInN
alloys with various In-contents are of great interest for improved understanding of the important
parameters necessary to further optimize the Z*T value in this material system. The record Z*T
values of the Al,In,N alloys were measured as high as 0.391 up to 0.532 at T=300 K, which
show significant improvement from the RF-sputtered AllnN (Z*7=0.005, T=300 K) and MOCVD-
grown InGaN (Z*T=0.08, T=300 K). The improvement observed from the MOCVD-grown AllInN
alloys can be attributed to the increase in Seebeck coefficient and electrical conductivity resulting
in higher power factor, in comparison to those measured from MOCVD-grown InGaN and RF-
sputtered AlINN. To optimize the high Z*T value in AllnN material system, it is important to employ
crack-free AlInN thin film with large carrier concentration in order to obtain high power factor,
while minimizing the thermal conductivity by employing AlInN alloy with In-content in the range of
x = 17% - 22%. Our works represent the record Z*T values reported for any lll-nitride

semiconductors.
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Furthermore, the Seebeck coeficients of AlInN alloys were characterized and analyzed from
room temperature up to high temperature. The Seebeck coefficients of the n-type AllnN alloys
show ~1.5-4 times improvement of the thermopower at higher temperatures. This finding
indicates that MOCVD-grown AlInN alloys as excellent thermoelectric materials for IlI-Nitride
device integration for high temperature applications.

From the simulation results, the figure of merit Z*T value for AlInN alloy is higher than those of
AlGaN and InGaN alloys, attributing to the lower thermal conductivity and higher Seebeck
coefficients, which agree with the experiment data. The theoretical finding confirms that ternary
AlInN alloys as promising candidates for thermoelectric cooling application in nitride-based high
power LEDs, lasers, and electronics.

The use of nanostructure engineering of thermoelectric materials such as supperlattice design
will lead to further enhancement in the thermoelectric figure of merit Z*T, mainly attributed from
the reduced thermal conductivity and enhanced electrical conductivity. Instead of using
conventional two-layer superlattice design, we have proposed the novel structure of three-layer
superlattice for enhanced thermoelectric properties. This finding indicates that the thermoelectric
figure of merit for superlattice can further be enhanced by ~2-times from the use of the three-

layer superlattice design.

12.1.2 Physics of AIGaN QW Based UV Lasers

The mid-UV (A ~250-320 nm) and deep-UV (A ~220-250 nm) lasers have important
applications covering biochemical agent identification, flame detection, and space-to-space
communications. However, the development of electrically-injected UV AlGaN QWs lasers have
been limited to emission wavelength ~320-360 nm, while only optically-pumped deep-UV lasers
had been realized for shorter emission wavelength. The pursuit of high-performance UV lasers
has been limited to 1) the growth challenges to achieve high quality p-type AIN and high Al-
content AlGaN gain media, and 2) the lack of understanding in the optical gain characteristics of

the QW employed in this UV spectral regime.
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My research work has pointed out the first time about the physical challenge of the AlGaN
QWs, which is related to the valence subbands crossover in high Al-content AIGaN QWs gain
media. In high Al-content AIGaN QWSs, the valence subbands crossover leads to strong
conduction (C) -crystal-field split-off hole (CH) transition, resulting in large transverse-magnetic
(TM)-polarized optical gain for A ~220-230 nm, which indicates the feasibility of TM-lasing for
lasers emitting at deep-UV spectral regime. The finding represent the first identification of the
possibility of achieving very large TM-polarized optical gain from deep UV AlGaN QW lasers.
Subsequent experimental and theoretical works from other groups have confirmed our works and
showed agreement with our finding.

In order to address the issue of low optical gain at A ~ 250-300 nm, my research work has
proposed the novel AlGaN-delta-GaN QW structure by inserting an ultra-thin GaN layer into high
Al-content AlGaN-delta-GaN QW active region. The use of AlGaN-delta-GaN QWs resulted in
strong valence subbands mixing, which led to large transverse-electric (TE) -polarized gain at A ~
240-300 nm, attributing to the dominant C-HH transition. Recent experimental work by NTT Basic
Research Laboratories (Japan) has reported the polarization properties of the deep-UV emission
from AIN/GaN short-period superlattices. The study revealed that stronger TE-polarized deep-UV
emission can be obtained by inserting a very thin GaN layer into AIN active region, which is in
agreement with our prediction based on high Al-content AlGaN-delta-GaN QW structure.
Furthermore, we have also completed a comprehensive optimization study on the optical gain
and threshold characteristics of AlGaN-delta-GaN QWSs with varying delta-GaN positions and

AlGaN QWs compositions for the mid- and deep-UV spectral regimes.

12.1.3 Substrate Engineering for High-efficiency LEDs and Lasers

Solid State Lighting (SSL) technology has the potential to reduce U.S. lighting energy usage
by nearly one half and contribute significantly to the nation's climate change solutions, as stated
by the U.S. Department of Energy, which encourages research and development breakthroughs

in efficiency and performance related to SSL.
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[lI-Nitride semiconductors have significant applications for lasers and energy-efficient
technologies including SSL. Specifically, the use of InGaN alloy is of great interest as visible
LEDs active region. In conventional approach, the growths of visible LEDs employ InGaN QWs
grown on GaN templates, which lead to the existence of large QW strain arisen from the large
lattice mismatch (Aa/a) between InGaN QW and GaN substrate / barrier materials. The
compressive strain in InGaN QW, with respect to GaN substrate or template, leads to large
piezoelectric polarization in the QW. The large piezoelectric polarization, in addition to
spontaneous polarization, leads to charge separation effect in QW, which reduces the optical
matrix element in InGaN QW. The large QW strain and charge separation issues lead to
additional challenges in achieving high-efficiency green- and red-emitting InGaN QWs.

My research work has extended the approach by using ternary InGaN substrate for realizing
QWs with reduced strain, which in turn results in reduced piezoelectric polarization fields in the
QWs. For green- and red-emitting InGaN QWs on ternary substrate, the spontaneous emission
rates were found as ~2.5-3.2 times of the conventional approach. The enhancement in
spontaneous emission rate can be achieved by using higher In-content InGaN ternary substrate,
which is also accompanied by a reduction in emission wavelength blue-shift from carrier
screening effect. The use of InGaN substrate is expected to result in the ability for growing InGaN
QWs with enhanced spontaneous emission rates, as well as reduced strain, applicable for green-
and red-emitting LEDs. For laser applications, by employing the ternary substrates, the material
gains were found as ~3-5 times higher than that of conventional method with reduced wavelength
shift. The threshold carrier density is reduced by ~15%-50% from the use of ternary substrate

method for green- and yellow-emitting lasers.

12.2 Future Outlook

llI-Nitride semiconductors have tremendous applications towards different applications,
especially for the main three topics | have covered in the thesis. For the research topics on UV
LEDs and Lasers, further explorations at device level of novel AlIGaN QW design will be of great

interest for high-efficiency mid- and deep-UV LEDs and lasers, since the UV LEDs and lasers
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have important applications for specific wavelengths, such as sterilization of surface areas and
water with A ~ 240-280nm, forensic and bodily fluid detection and analysis with A ~ 250-405 nm,
as well as protein analysis and drug discovery with A ~ 270-300 nm.

Although solid state lighting technology has been pursued aggressively in the past decade,
there are still two main challenges limiting the performance of Nitride base LEDs: 1) efficiency
droop with increased operating current density, and 2) challenge in realizing high-efficiency green
Nitride based LED, which require engineering approaches to enhance the device performance.
Further development on the approach of substrate engineering will be of great importance in
order to achieve higher efficiency for green LEDs or even longer emission wavelengths. Besides,
novel engineering approaches for surface plasmon (SP) LEDs will result in enhanced efficiency
for visible LEDs. For the research topics on llI-Nitride based thermoelectricity, the enhanced
thermoelectric figure of merit can be obtained by the approach of nanostructure engineering.
Novel Ill-Nitride based superlattice structures will have great potential to lead to higher Z*T values.
Besides, MOCVD growths and thermoelectric characterizations of llI-Nitride nanostructure
thermoelectric materials such as quantum dot, quantum wire, and quantum well structures are of

great interest for enhanced Z*T values.
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