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IlI-nitrides are attracting considerable attention as promising
materials for a wide variety of applications due to their wide
coverage of direct bandgap range, high electron mobility, high
thermal stability and many other exceptional properties. The light-
emitting diodes based on Ill-nitrides revolutionize the solid-state
lighting industry. II-nitrides based solar cells and thermoelectric
generators support the sustainable energy progress, and the III-
nitrides are better alternatives for power and radio frequency (RF)
electronics compared with silicon. The doped Il-nitrides’
magnetic properties and sensitivity to radiation can contribute to
novel spintronic and nuclear detection devices. This paper will
review Ill-nitride material properties and their corresponding
applications in LEDs, solar cells, power and radio frequency (RF)
electronics, magnetic devices, thermoelectrics and nuclear
detection. The typical values of electrical, optical, thermoelectric,
magnetic properties are cited, the current state of art investigations
are reported, and the future applications are estimated.

Introduction

The I-nitrides, typically composed of GaN and its alloys with Al and In, are compound
semiconductor materials with superior properties and well developed growth techniques
(1) that assure extensive progress in various applications. The Ill-nitrides have a
hexagonal wurtzite structure and a continuous alloy system with tunable direct bandgaps
from 6.2 eV (AIN) across 3.4 eV (GaN) to 0.7 eV (InN) (2) (Figure 1). This wide
coverage of direct bandgap range from deep-ultraviolet (UV) to infrared region promises
a variety application in optoelectronics, such as light-emitting diodes (LEDs), lasers,
photodetectors and solar cells. GaN is recognized with high breakdown field, high
thermal conductivity, and high electron mobility, making GaN an excellent candidate for
high power and RF electronic devices. Ill-nitrides exhibit high Seebeck coefficient and
excellent temperature stability for high temperature thermoelectric applications. Doped
GaN shows other special properties and applications, such as transition/rare-earth metals
doped GaN with magnetic properties, and indium (In)/gadolinium (Gd)/boron (B)/and
lithium (Li) doped GaN for nuclear detection.
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This paper will review various applications of IlI-nitrides in the sequence of LEDs,
solar cells, power and RF electronics, magnetic properties, thermoelectrics and nuclear
detection applications, with their development history, current state of art and future

explorations.
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Figure 1 Bandgap vs. lattice constant for IlI-nitrides (2)
The III-Nitrides for Light-Emitting Diodes

Light-Emitting Diodes are a type of solid state lighting (SSL) with compact size, high
energy efficiency and long lifetime. High brightness LEDs have various application in
traffic lights, automobile brake lights and panel lights, indicator lights, mobile keyboards
and displays, flat panel displays, and general lightings. IlI-nitrides (Ga, In, Al-N)-based
LEDs play revolutionary role in the SSL market due to their wide emission spectrum
covering UV, violet, blue and green, high efficiencies, and abilities for mass production

(1-3).

The first GaN-based LEDs were fabricated using MIS structure (4) in RCA in 1971,
with an output power of 1-5 uW. As the development of AIN or GaN buffer layers by
molecular beam epitaxy (MBE) (5) and metalorganic chemical vapor deposition
(MOCVD) (6,7), the quality of GaN film grown on sapphire substrate improved greatly.
P-type GaN was achieved by Amano et al. in 1989 (8), and the hole compensation
mechanism was clarified in 1992 (9). The first p-n junction GaN LED was reported by
Nakamura et al. in 1991 with an output power and external quantum efficiency (EQE) of
42 uW and 0.18%, respectively (10). GaN has a direct bandgap of 3.45¢V, corresponding
to near UV light. Therefore, mixed alloys of (Al, In, Ga)N for band engineering is a
hallmark for UV and visible light LEDs. High-quality InGaN layer on GaN on sapphire
substrate demonstrated the first p-GaN/n-InGaN/n-GaN double-heterostructure (DH) blue
LED in 1993 (11). Commercially available blue and green LEDs using InGaN quantum-
well (QW) structures were demonstrated in the mid-1990s, and the output power and
EQE of these LEDs were in the order of 3-5 mV and 6-9%, respectively (12,13,14).
Time-resolved photoluminescence (TRPL) can be used to examine topological disorder
from In phase segregation in wafers and prescreen InGaN LEDs before the final stages of
processing (15).
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LED light extraction efficiency was a major challenge for the Ill-nitrides LEDs. A
considerable fraction of light was trapped within the LEDs by total internal reflection
(TIR), due to the large differences in the reflection indices of GaN (n~2.4) and sapphire
substrate (n~1.8). Patterned sapphire substrates (PSSs) (16) or roughening in vertical
LEDs (VLEDs) achieve light extraction efficiencies of over 80% today (17,18). Methods
are still under investigation to reduce TIR by surface roughening (19), substrate
patterning, chip shape optimization, and material integrating/embedding (2).

The internal quantum efficiency (IQE), the ratio of generated photons to the electron—
hole recombinations, was increased by improving the material quality and enhancing the
electron-hole recombination. Electron or hole blocking layers in multi-quantum wells
(MQWs) can confine one type of carriers and enhance the electron-hole recombination,
and thus increase IQE (20,21). The first generation of III- nitrides LEDs are grown on
sapphire substrates and show strong polarized electroluminescence. IQE of these polar
LEDs achieve over 80% at low current densities, although experience “efficiency droop”
at higher drive currents (22), shown in Figure 2(a). The second generation of IlI-nitrides
LEDs are grown on nonpolar/semipolar GaN substrates. By reducing the crystal defect in
GaN substrate and the nonradiative defects in active layer of LEDs, the
nonpolar/semipolar Ill-nitrides LEDs reduce the efficiency droop at current densities up
to 400A/cm” (Figure 2(b)), and the output power is significantly increased at higher
current densities (22).
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Figure 2 Quantum efficiency and light output as a function of current in (a) LED on
sapphire substrate (b) LED on GaN substrate. The data points represent the measured
results. The solid line on quantum efficiency represents the fitting curve based on
carrier’s rate equation. (22)

Bright white light LEDs are progressing due to the achievement of Ill-nitrides based
LEDs. There are three ways of generating white light using LEDs: combination of red,
green and blue LEDs, UV GaN LED plus blue and yellow phosphors, and blue III-
nitrides LED with yellow phosphor. The blue IlI-nitrides LED with yellow phosphor
dominates the white LED industry due to the simplicity of manufacturing and high
theoretical efficacy (2,23).

Most white LEDs have a peak emission in the blue light range (400-490 nm) and a
broad band emission around yellow light (500-700 nm). Blue light can affect many
physiologic functions depending on the wavelength, intensity, duration of the exposure,
and time of day. The accumulating experimental studies have indicated that LEDs with
an emission peak of around 470-480 nm should not significantly increase the risk of
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development of ocular pathologies, while UV light and short wavelength blue light (400-
450 nm) are better to be blocked to protect the retina (24).

LEDs are used in displays for signage, outdoor video screens, television/monitor
LCD backlighting, keyboards, smart phones and tablets, and they are penetrating the
general illumination market. LEDs also produce a more efficient way for plant growth
with a reduced carbon footprint than with traditional grow lights (25). GaN-based blue
LEDs influence the exchange of CO; and the stoma, along with increasing anthocyanin
(26,27), while green LEDs have a direct effect on stages of plant growth, such as seed
dormancy and elongating the hypocotyl (27). The US Department of Energy (DOE) is
driving the SSL technology development and SSL product applications; the DOE SSL
program strategies predict 75% energy savings compared to the no-SSL scenario by 2035
(28).

The III-Nitrides for Solar Cells

The discovery of low-energy bandgap of 0.7 eV for InN (31, 32), as opposed to
previously accepted value of 1.3 eV (33,34), has led to its wide use in conjunction with
GaN (35-37). Due to InGaN’s tunable bandgap from 0.7 eV (InN) to 3.4 eV (GaN),
covering the entire air-mass-1.5 solar spectrum, it has been known as a candidate for high
efficiency multi-junction photovoltaic devices. In a theoretical analysis, it was
demonstrated for an InGaN-based four-junction solar cell to obtain power conversion
efficiency (PCE) greater than 50%, In content of about 40% is required (38).

InGaN alloys have superior high energy radiation resistance, which can be used in
space-based photovoltaic applications (39). Absorption coefficients in the order of 10°
cm’' have been obtained at the band edges of grown GaN and InGaN samples (40). This
indicates more than 99% of the incident light with energy higher than the bandgap is
absorbed within the first 500 nm of the material, leading to fabrication of relatively thin
solar cell structures.
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Figure 3 RT photoluminescence of MOCVD-grown GaN/InGaN solar cell indicating an
apparent phase separation in InGaN (41).

Work done by Jani et al. (41) is among the first endeavors to experimentally
demonstrate GaN as a high performance photovoltaic material. A p-i-n heterojunction
structure, with InyGa; <N (x: 4-5%) as the active material with thickness of 200 nm, and
GaN as the p- and n- contacts, was fabricated using MOCVD. Phase separation within the

6
Downloaded on 2017-11-02 to IP 128.210.126.199 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 77 (6) 3-21 (2017)

material, observed through room temperature (RT) photoluminescence, was the primary
challenge during the epitaxial growth as shown in Figure 3. It was observed that the
lower bandgap phase-separated material leads to deterioration of open-circuit voltage
(Vo) and short-circuit current density (Js.). The problem of phase separation was later
resolved through improved processing steps due to advancement of growing InGaN
alloys using MOCVD (42).

Growing InGaN epilayers on GaN beyond a critical thickness causes extended
crystalline defects in the InGaN epilayer close to the InGaN/GaN interface (43),
primarily due to the large lattice mismatch between InN and GaN. The critical thickness
of active layers in a p:Ing 175Gags3sN/n-Ing 16Gag 4N homo-junction was shown to be
limited to 60 nm and 45 nm, respectively (44). This value reduces significantly by
increasing the In alloy content, to about 1 nm for Ing,GaysN (45), leading to the partial
loss of incident light due to transmission through the device. XRD and I-V measurements
shows degradation of electrical characteristics and crystal quality of a MOCVD-grown 24
nm InGaN layer by increasing the In content from 30% to 40% (42).

Table 1. Electrical characteristics of GaN-based solar cells

Structure In Content (%) Vo (V) J,. (mA/cm’) Ref.(Yr.)
p:GaN/i:InGaN/n:GaN 4-5 2.40 4.00 41 (2007)
p:GaN/i:InGaN/n:GaN 10 2.09 0.52 46 (2009)
p:GaN/i:InGaN/n:GaN 12 1.81 4.20 47 (2008)
p:GaN/i:InGaN/n:GaN 12 1.89 1.06 48 (2011)
i:InGaN/NID":GaN 6.2 1.04 0.57 49 (2017)
p:InGaN/n:GaN 17 1.47 0.26 50 (2010)
InGaN/GaN MQW" 20 2.26 2.10 52 (2016)
InGaN/GaN MQW 30 2.00 1.50 42 (2009)
InGaN/GaN MQW 30 1.95 0.83 33 (2010)
InGaN/GaN MQW 30 2.01 0.97 34 (2016)
InGaN/GaN MQW 35 1.80 2.56 35(2010)
InGaN QD"/GaN SL" 10 0.7 1.38 36 (2014)
InGaN/InGaN SL 17 1.78 3.08 37 (2011)
PEDOT:PSS/GaN - 0.331 13.7 38 (2016)
NiAu/InGaN Schottky 10 0.40 0.065 39 (2016)

"NID: Not-intentionally doped " QD: Quantum dot

" MQW: Multiple quantum wells " SL: Superlattice

The electrical characteristics of several fabricated GaN-based solar cells are reported
in Table 1 and sorted in order of device structure as well as In composition level. As
shown, by increasing the In alloy content, the V. and Ji are degraded in most of the
device structures. This indicates most of the research work done in this field used In alloy
content of maximum 35%.

Recently, metal-semiconductor (M-S) junction has been used to alleviate the problem
of p-type doping in GaN and InGaN layers, in which the rectifying Schottky junction
between NiAu and InGaN causes the photo-generated current to flow throughout the
fabricated device (38). However, considerable work needs to be done for improving the
performance of such Schottky solar cells.

Therefore, GaN and its alloy InGaN, have shown promising results for the

photovoltaic applications due to their tunable direct bandgap throughout all levels of In
composition and high absorption coefficient. However, the degradation of crystal quality
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and electrical characteristics by increasing the In level, in addition to very thin critical
thickness for avoiding the defects, have restricted fabrication of high efficiency solar
cells based on GaN. Advancements have been done to eliminate these limitations, either
by using multiple quantum wells, superlattices, or Schottky junctions, but there still exists
a need for further investigation and improvement in the characteristics of the solar cells.

The III-Nitrides for High Power Electronics and RF application

GaN is recognized as a forerunner in electronics applications due to its high band gap
(3.4 eV), breakdown voltage above 200 V, power density above 10.3 W/mm, and
electron mobility greater than 1250 cm?/Vs (60-63). Wide bandgap devices can
potentially replace silicon technology currently facing challenges to sustain Moore’s law
due to its limitations in heat dissipation, power consumption, switching speed, high
voltage, and high temperature. GaN can potentially operate at high voltage, high
frequency, and high temperature. GaN usage was initiated from LED and is now an
emerging material for power electronics. Extensive research is currently being conducted
to reduce the cost of GaN and allied devices for higher efficiency application in
converters, inverters and rectifiers.

GaN also assures to meet the future demand of high signal bandwidth for faster
communication, in addition to a large amount of data consumption. As compared to
silicon devices, GaN-based devices possess higher frequency range operation (18 GHz
and greater), and improved power amplifier efficiency (PAE) (25% and greater). GaN-
based high electron mobility transistors (HEMT) devices and monolithic microwave
integrated circuits (MMIC) promise to play the leading role for the future devices.

GaN application in high power electronics

Improvement in power converters efficiency and reduction of size and cost has been
one of the current research areas in GaN. GaN Schottky devices are now available in the
range of 600-3.3 kV manufactured using hydride vapor phase epitaxy method (61). GaN
devices are also getting more attention due to the lower specific on-resistance of and
higher breakdown voltage compared to Si devices (64). Research on GaN heterojunction
field effect transistors (HFET) illustrates the larger the layer of epitaxial growth, the
larger the breakdown voltage. Breakdown voltage of 2000 V was reported for the
epitaxial growth layer of 6.5 um (63). GaN devices have shown higher competencies
over the silicon MOSFET devices in DC-DC converters application. GaN and allied
compounds are being used in Buck and Boost converters. Efficient boost converters in
the voltage range of 175-350 V (efficiency of 97.8% and output power of 300 W) and at
940 V (efficiency of 94.2% and output power of 122 W) are reported for 1 MHz
switching frequency (65-67). Boost converters Comparison between GaN FET-based and
Si MOSFET-based 48/12 V unregulated isolated bus converters at 1.2 MHz, show that
power loss in GaN FET device was 25% less than the Si MOSFET device (64) . This
demonstrates the capability of GaN for high efficiency application in boost converter.
GaN HEMT devices application is also studied for 300 W, hard-switching 400/12 V buck
converter. This paper has confirmed that the efficiency of GaN HEMT devices is higher
at light load compared to Si MOSFET (68).
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A recent research study on Schottky diode grown using MOCVD indicated that
leakage current is controlled and reverse breakdown voltage of 200 V (69). Though the
conversion and charge collection efficiencies are estimated about 0.32% and 29% or less
respectively, improved quality of GaN films will improve the performance of Schottky
diodes. This in turn can be used in GaN betavoltaic nuclear batteries (GNBB).
Satisfactory results were obtained for Schottky diode at temperature higher than 200°C
with a breakdown voltage higher than 1000 V. A very short recovery time of 10 ps makes
this device more suitable for high switching frequency operation (70).

GaN role in RF application

Advancement due to 2D electron-gas interface between AIGaN and GaN with high
electron mobility range, in the range of 1200 cm?/Vs to 2000 cm?/Vs, has increased the
power capability of HEMT devices from 1.1 W/mm in 1996 to 40 W/mm presently (61).
GaN nanowire can serve as fundamental structure for the assembly of nanodevices with
an electron mobility close to 650 cm?®/Vs. Recent development of HEMT device is
focused in normally-off mode, emphasizing more on gate structures. HEMT with a
breakdown voltage of 8.3 kV has been developed using GaN on a sapphire substrate (61).
GaN/AlGaN heterojunctions with high current gain cut-off frequency of 153 GHz and
power gain cut-off frequency of 198 GHz with a gate length of 100 nm have been
reported. A combination of n-type GaN devices and p-type Si devices can impart good
rectifying characteristics, generating the opportunity for complex and nanoscale
optoelectronic system (71). Non-uniform distributed topology based GaN MMIC power
amplifiers has been reported having remarkable average output power of 6 W and
efficiency of 29.5 % with frequency range of 2 — 18 GHz (72).

Thus, GaN is emerging as a promising device for high power and RF applications
owing to its characteristics such as high breakdown voltage, high power densities, and
high electron mobility. However, there are challenges related to HEMT gate design, high
cost, and lack of switching testing devices for GaN which are yet to be addressed. Further
investigation on fabrication techniques and a substrate study is also required to realize the
full potential of GaN devices.

The III-Nitrides for Magnetic Applications

The versatility of GaN as a dilute magnetic semiconductor (DMS) stems from the
possibility of doping GaN with transition metals (TM) and rare-earth metals (RE) to
achieve room temperature ferromagnetism. Combining the magnetic moments of
electrons in partially filled d orbital of TM, or d and f orbitals of RE metals, with the
semiconducting and optical properties of established GaN has arisen interest in GaN for
spintronic applications as explained further.

Theoretical analysis based on Zener’s ferromagnetism predicted the existence of RT
ferromagnetism in GaMnN with 5% Mn and 3.5 x 10% holes/cm3(73). Small lattice
constant and presence of nitride anion in GaN, doped with Mn containing a half-filled d
orbital result in this ferromagnetism. Local spin density calculations show that magnetic
TM-doped DMS forms deep levels in GaN, and that the Curie temperature (T.) initially
increases with an increase in the TM concentration but at high concentrations, the T,
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decreases due to the formation of TM clusters (74). These clusters have antiferromagnetic
TM-N and ferromagnetic TM-TM coupling (75). A magnetic moment ranging from 4 p,
to 22 u, per Mn-N cluster was theoretically predicted (76). However, this was not in
coherence with the experimental results reported. Saturation magnetization of 2.4 uB/Mn
atom was observed in MOCVD-grown 1% doped GaMnN sample as measured by
SQUID (superconducting quantum interference device) magnetometry (77). Annealing
reduced the magnetization due to the formation of phases that do not contribute to
ferromagnetism. Si codoping compensates the Mn acceptors that substitute Ga.
Additionally, Si codoping and annealing increase the Fermi level resulting in nitrogen
vacancies and trapped donor electrons.

Similar behavior of RT ferromagnetism was observed in GaFeN with 0.7% Fe doping
grown using MOCVD, except that no change is observed with Si codoping (78). The
effect of thickness of Fe films on the Fe/GaN interface roughness and on the resulting
ferromagnetic behavior was investigated by growing Fe films using MBE on MOCVD-
grown GaN on sapphire (79). An increase in roughness at the GaN/Fe interface was
observed with an increase in the Fe layer thickness up to 10 nm, which resulted in
enhanced coercivity and saturation magnetization. Moment of 2.18 ppg/atom was
observed for samples with Fe layers with thickness over 5 nm, measured using SQUID,
vibrating sample magnetometer (VSM) and polarized neutron reflectometry. GaCrN, is
another TM doped DMS that showed RT ferromagnetism of 15 emu/cm’ and 2.26 pg per
Cr atom, grown using radio-frequency plasma-assisted MBE on sapphire substrates (80).
On doping the samples with Si, crystal quality was improved and magnetization was
reduced. Long-range mediation between Cr, Si and Vg, is considered responsible for this
behavior. While clustering, defects and other carrier mediated mechanisms potentially
explain the observed ferromagnetic behaviors in TM doped GaN, further work is needed
to ascertain the mechanisms at varying doping levels of TM.

Elements such as Gd, Er, Eu, Sm and Nd have been doped in GaN with intent to
analyze the optical, electrical and magnetic properties (81-87). Gd has been the most
explored rare-earth dopant with half-filled f and partially filled d orbitals. GaGdN can be
doped with donors or acceptors with a density more than that of Gd to introduce
additional spin-polarized carriers. Room temperature ferromagnetism in the order of 1000
uB per Gd atom was achieved in GaGdN grown using ammonia-assisted MBE on SiC
and doped with low Gd concentration of 10'® cm™ (81,89). This gave an impetus for
further theoretical and experimental analysis of ferromagnetism in GaGdN. As the
GaGdN samples were insulating, the observed colossal magnetic moment is not carrier
mediated. The samples contained oxygen in the order of 10" cm?, which possibly
resulted in p-d hybridization and contributed to the magnetic moment of the sample. In
another study, MOCVD grown GaN was doped with Gd from two sources, from
((TMHD);Gd) that has oxygen in its organic ligand, and (Cps;Gd) that does not contain
oxygen (81). RT ferromagnetism was observed only in samples with oxygen-containing
Gd source. Magnetization in GaGdN has been enhanced by codoping with Si and Mg.
Annealed p-type Gag9sGdy.02N samples exhibited magnetization up to 500 emu/cm’ ,while
a maximum magnetization of 110 emu/cm’ was observed in n-type Gag9sGdypN (81).
VSM measurements of p-doped GaGdN are shown in Figure 4. Holes are considered to
be more dominant than electrons in contributing to the ferromagnetism in GaGdN. First
principle calculations of Mg doped nanowires predict lattice distortions when Mg
substitutes Ga (89). Also, codoping with C is predicted to increase magnetization in
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GaGdN as per Zeners’ p-d exchange mechanism (90).
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Figure 4. RT VSM measurements of p-doped GaGdN (81)

Ga vacancies also contribute to the observed ferromagnetism in GaGdN and GaN. Ga
vacancies were intentionally introduced by annealing GaN samples at high temperatures
ranging from 800 °C to 1000 °C, grown using laser MBE on sapphire (91,92).
Magnetization up to 2.67 emu/cm’ was observed in a GaN sample with a ratio of N to Ga
of 1.52. Ga vacancies could possibly contribute to ferromagnetism in TM and RE doped
GaN, but act as a primary mechanism in unintentionally doped GaN.

Thus, GaN-based compounds have been explored for magnetic behavior and have the
potential for use in spintronic applications. Although several theories and mechanisms
have been proposed to explain ferromagnetism in TM and RE doped GaN and
experiments are performed, further work is necessary to understand the origin of
magnetism in GaN-based materials and for reproducibility of the results.

The III-Nitrides for Thermoelectric Energy Harvesting

The III-Nitride materials exhibit an intrinsically high Seebeck coefficient and excellent
temperature stability in their electrical properties due to their wide bandgaps (93). This
makes them a good candidate for high temperature thermoelectric (TE) electricity
generation from waste energy harvesting. In particular, the low ionization of p-type
dopants of 2-3% seen at room temperature will increase at higher temperatures with a
corresponding improvement in TE device performance. SiGe TE materials and devices
peak around 900 K due to the bipolar effect so IlI-Nitride devices would be a desirable
alternative at higher temperatures (93).

Thermoelectric (TE) devices can directly convert waste heat into electrical power,
which has a significant potential to impact renewable energy technologies, as nearly 60%
of energy produced in US is lost as a form of heat each year (94). A significant portion of
waste heat, 20%-50%, is generated from high temperature industrial processes, such as
power plants, metal furnaces, and chemical production. However, most of the common
TE materials are narrow bandgap materials that are often toxic and rare (i.e., BiTe,
PbTe). Therefore, their applications are hindered by low operational temperature, high
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cost and toxicity (93). While many new materials and novel device structures have been
investigated for TE applications, few of them offer the temperature stability of the III-
Nitride materials, and can benefit from a pre-existing device technology.

GaN is one of a new generation of semiconductors that is attracting interest for TE
applications (95). GaN most commonly has a wurtzite crystal structure or sometimes zinc
blende structure. TE properties of GaN materials grown by different deposition
techniques have been reported by various research groups. The highest absolute value of
Seebeck coefficient for thin film GaN is around 500 pV/K and this occurs at low carrier
concentrations (96). The optimization of TE materials requires the decoupling of the
electrical and thermal properties of the material to give the highest value of the figure of
merit, ZT. One approach has been the use of InN/GaN nanowire structures which have a
higher electrical conductivity and lower thermal conductivity than that of GaN. As such,
a ZT of ~0.86 was reported for these nanostructures with a carrier concentration of
7x10'7 cm™ at 300 K, and the estimated ZT is likely to reach 1.71 at 1000 K (97).

Fabrication of GaN-based TE device structures ranging from centimeter-size to sub-
millimeter size dimensions have been reported. These devices could then be measured
under load to evaluate actual operational characteristics of the device, rather than the
estimated performance indicated by the value of ZT. These were typically multi-junction
hybrid devices that were constructed from free-standing or epitaxial hydride vapor phase
epitaxy (HVPE) grown GaN (98,99). For example, a 3-pair epitaxial GaN layers device
structure was fabricated for the purpose of on-chip integration (100). In these prototypes
of devices chromel was sputtered onto the SiO, glass substrate and then the GaN was
physically soldered on. In a later study, an integrated GaN-based lateral TE device was
grown by MOCVD. This device used more traditional device fabrication processes to
produce thermally stable Ti/Al/Ni/Au ohmic contacts with Ti/Au interconnects to
achieve p—n pairs (98). It is observed that both V,, and Py, increase linearly with the
number of p-n pairs, 1, 5, 10 and 25 pairs, and V,, reaches a maximum of 0.3 V for the
25 elements device with a P 0f 2.1 W at AT=30K and T4, =508 K.

AIN (6.2 e¢V) and InN (0.7eV) have also been considered for TE devices, but less
work has been done for these materials compared to GaN. This is due to the difficulty of
doping AIN and growing InN. An investigation of the phonon transport of AIN found
that the average mean free path of phonon in the zinc-blende phase is roughly four times
that of in the wurtzite phase (101). This indicates that AIN has a significantly higher
thermal conductivity in the zinc-blende phase, which implies that the wurtzite phase is
better suited for TE applications in high temperature applications. InN is promising for
TE applications since the large size of indium atoms potentially increases phonon
scattering and accordingly reduce the thermal conductivity (98). The highest reported ZT
is about 1.6 for a 6 nm InN nanowire at 1000 K, which is 100 times larger than that at
room temperature (102). Hybrid, InN and Aly,sIng7sN devices structures prepared by
radio-frequency (RF) sputtering have been fabricated (103). However, a device composed
of 20-pair elements pairs did not show an improvement over that reported for GaN.

Recent work has focused on the alloys of the III-Nitrides, especially InGaN and
AlGaN, due to ability to potentially decouple the electrical and thermal properties of
layered structures. InGaN material has been investigated at various compositions at
room temperature (104,105). A negative correlation has typically been observed between
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Seebeck coefficient and InN fraction. However, the TE quality of materials depends
heavily on how the material was grown and its homogeneity. For instance, InGaN tends
to show phase separation at relatively low indium concentrations, if this is properly
controlled, high values of ZT can be seen for the InN fraction is below 0.2. The optimal
indium content appears to be 0.2 with a resulting ZT of 0.04 (104) and 0.072 (105) have
been reported at room temperature.  Most studies on AlyGa; 4N investigate the effect of
the mass fraction of aluminum, x, or the carrier density, n, on the TE properties and their
associated ZT value (106,107). The results show that the higher mass fractions of Al
often result in lower thermal conductivities, and thermal conductivity decreases with the
increase of temperature due to increased phonon scattering. A recent study has explored
a way to modify the ZT value for Aly>GagsN by achieving high electrical conductivity
and low thermal conductivity. This is done by polarizing the electrical field of the
GaN/AIN/Aly,GaggN superlattices, leading to a much higher electron mobility,
increasing the ZT value to 0.08 at room temperature (108). The future promise of III-
Nitride for TE applications can be seen in Figure 5 which shows the variation of Seebeck
coefficient for various binary materials and alloys.

650
Z 600 -
> 550 / —o— In,;Ga, ;N (109)
2 500l Ing ;,Gay 43N (104)
g 450- ’ = Ing Al 5N (110)
S 1 —s— GaN (98)
= 400 - -u—"
% 1 ot - FreeStanding GaN (99)
S B0 e —&— In,,,Ga, ,,N (Our data)
2 3007 oF | —*— AIGaN/GaN SL (Our data)
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2 ] s R ° aN (Our data)
3 200 __—%
N .‘/—. = ~n
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Figure 5 Temperature dependent Seebeck coefficient for various binary materials and
alloys

III-Nitrides for Nuclear Detection

The current state of the art in detection of thermal neutrons is the gas-filled proportional
counter, and for gamma radiation detection it is the high purity germanium detector
(111). Gas-filled counters are expensive, bulky, fragile, and require very high voltages to
operate. High purity germanium detectors are also bulky because they are operated at
liquid nitrogen temperatures. A solution to these issues is the use of compound
semiconductor materials such as the III-Nitrides which can offer detection technology
that is more cost-effective and more rugged than current systems (112). GaN can be
utilized as either scintillation material or as a semiconductor detector for either thermal
neutrons or gamma radiation (113). GaN is a novel material for these applications but has
many favorable properties as appropriate dopants can be incorporated to enhance their
sensitivity to radiation. The most common dopant elements to create radiation detecting
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materials are In, Gd, B, and Li. Indium is of interest in gamma scintillators because of its
high Z number. Gd, B, and Li are beneficial for neutron scintillators and semiconductor
thermal neutron detectors because of their large charged particle production cross section.
Techniques for doping, control of conductivity type, and bandgap engineering are well
understood in GaN-based materials and optimized detectors can be thin enough to
provide built-in gamma discrimination. One significant benefit of GaN-based materials
for radiation detectors is the mature, radiation hard, device technology that already exists
for GaN-based electronics and optoelectronics into which detectors can be integrated.

The incorporation of indium into GaN is exceptionally mature technology and
homogenous layers of InGaN can be obtained for compositions of 25-30% (115). Indium
is favored for neutron scintillation detectors in GaN thin films because of its high Z
number. However, indium is not always good in neutron detectors since it also an alpha
detector which takes long lifetimes for recovery after sensing this source of radiation.
Gadolinium is also of interest in GaN thin films because of its high Z number and its
extremely high cross-section for thermal neutron detection of ~250,000 barns (116). Gd
behaves as a stable center in GaN, substituting for a Ga atom, and has primarily been
investigated for spintronic applications. Room temperature ferromagnetism has been
reported in Gd-doped GaN thin films with very large magnetic moments. Gd-doped GaN
often shows optical transitions characteristic of the d—f intra-subband transitions in Gd,
which have higher energies than the GaN bandgap and the effect of thermal neutrons on
these transitions still needs to be investigated. The nature of incorporation of Gd in GaN
is still unclear and how it may influence neutron detection. Boron has also been
investigated in GaN for use in high electron mobility transistors, UV optoelectronics and
thermal neutron detection (117). Boron, like indium, is a group III element which forms
an intrinsic alloy with GaN. BGaN thin films have been grown by MOCVD with ~1.4%
boron.  However, although boron forms an intrinsic alloy with GaN at low
concentrations, boron nitride is a cubic material and begins to phase separate at higher
boron concentrations. Therefore, the effects of boron concentration on material quality
and subsequent detector performance are not well known. The use of lithium as dopant
with semiconductor materials should be avoided (118). Lithium is a fast diffuser in most
compound semiconductor materials and typically shorts out any p-n junction within the
device. Gadolinium would always be favored as its cross section is a factor of 1000
greater than lithium, and it can be used in its natural form.

GaN is ideal for neutron scintillation work as single crystal devices can be grown
(118). GaN can be heavily doped to produce ultra-fast, non-hygroscopic, dense, highly
sensitive neutron or photon scintillators. High dopant levels of Li-6 and B-10 have
already been incorporated onto these substrate crystals allowing variable scintillation
wavelengths with various decay times. The tunable emission is useful in the optimization
of these structure for matching with the light collection device. This detector design can
also be inherently blind to photon events. Thermal neutron scintillation detectors
composed of GaN thin films via the "*N(n, p) reaction have been investigated, Figure 6
(119). Pulse-height gamma discrimination was shown to be possible with a neutron-to-
gamma ratio of 78:1. In addition, GaN-based scintillation detectors were found to have a
linear response to nuclear reactor power level over more than two orders of magnitude.
This indicates that these materials may be a suitable neutron detection technology in
high-flux applications such as reactor monitoring.
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Figure 6 Gamma and thermal neutron scintillation spectra produced by bare Si-doped
GaN scintillator

Several thermal neutron detectors have been reported that use a “conversion layer”
rich in high cross-section elements (usually B or Li) which has been deposited on top of a
p-n semiconductor diode. Neutrons react in the conversion layer producing charged
particles that excite electrons in the diode which are then collected by applying an
external bias. These devices are limited in potential efficiency, however, because many
of the charged particles produced by the neutron reactions in the conversion layer are
either reabsorbed by the conversion material or are directed away from the diode (120).
Thermal neutron detector devices can be GaN diodes of p-n or p-i-n type, with an active
region between the p- and n-type layers. As discussed before, these active regions will
consist of GaN doped with Gd, B, or Li. Doping with B or Li will utilize their respective
(n,a) reactions to generate electron-hole pairs, while Gd will produce Auger electrons
that can be used in the same way (121). Rather than allowing these carriers to recombine
(as in the scintillators), these devices can be reverse biased to collect the electrons and
holes, resulting in a signal current.

III-Nitrides for Other Novel Applications

Photoelectrochemical Water Splitting

Photoelectrochemical water splitting has attracted considerable attention for sustainable
energies. Photocatalyst materials absorb solar energy to generate hydrogen, a carbon-free
and sustainable energy source. InGaN alloy has been developed recently for solar-
hydrogen production due to ites tunable bandgap across almost the entire solar spectrum,
and the conduction and valence band edges of InGaN that can straddle water oxidation
and hydrogen redox potentials. InGaN/GaN nanowires and nanosheets with large surface-
to-volume ratios have been investigated to enhance the charge carrier separation, surface
reaction, and therefore the conversion efficiency. (122-124)
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Photonic and Plasmonic

Nanostructure arrays, such as nanowires, nanocones, nanospheres and nanoparticles, can
form photonic resonant modes, such as a gradient of effective refractive index, leading to
confinement and absorption of light. Plasmonic resonance corresponds to the incident
photon excited collective oscillations of electrons. Plasmonic nanostructures can lead to
localized plasmonic resonance and enhancement in light emission (126). Plasmonic
nanoparticles have been proven to increase light scattering, light trapping, and carrier
collection in InGaN solar cells, leading to enhancement of its external quantum efficiency
(127). On the other hand, nanoparticles or photonic crystals with proper size and array on
LED surface can enhance both the Purcell spontaneous emission from the nitrides into
the surface nanostructures, and radiation modes coupling from the nanostructures
outward to the air, leading to enhancement of the light emission efficiency of LEDs
(128,129).

Conclusion

[[I-nitrides are universal compound semiconductors in various application fields due to
their exceptional properties in energy band, electrical transport, magnetic and
thermoelectric. I1I-nitrides applications in LEDs contribute to revolutionary progress in
solid state lighting. The Il-nitride solar cells and thermoelectric development are
essential for the sustainable and renewable energy economy and society. Novel devices in
power and RF electronics, spintronic applications and nuclear detections are developing
extensively and will play important roles in the field. The investigation on IlI-nitrides
material growth, property study, device design and fabrication will lead to more stable,
affordable, and applicable technologies.
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