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1.1 Historical Background

Since some decades, gallium nitride (GaN) and other related materials (e.g.
ternary AlGaN and InGaN and quaternary InAlGaN) have been used for
optoelectronic components. Moreover, some of these nitrides are also recently
emerging as promising semiconductors for the next generation of power
electronic devices. In fact, the introduction of GaN-based materials in power
electronics can enable a better efficiency of the devices and a reduction of the
electric power consumption. Hence, the overall nitride device market forecasts
for the next years are much brighter compared to those of the other compound
semiconductors.

For those reasons, the revolution expected in modern electronics and optoelec-
tronics is often regarded, half-jokingly, as “GaNification.”

This book gives an overview on the main nitride semiconductor technolo-
gies for power electronic and optoelectronic devices: transistors, diodes,
light-emitting diodes (LEDs), laser diodes (LDs), etc. The way to these devices
has been long and not easy because nitrides are very difficult to be grown and
processed. The present chapter is an introduction to properties and applications
of GaN and related materials.

The history of GaNification can be dated back to the early 1930s and since then
it has been characterized by many important milestones, leading to the creation
of the key technologies for electronic and optoelectronic devices. A summary of
important historical steps of nitrides research is reported below:

e 1932: The first polycrystalline GaN material was synthesized by flowing ammo-
nia (NH;) over liquid gallium (Ga) at elevated temperatures [1]. This material
was examined, proving its stability up to 800 °C in hydrogen atmosphere.

e 1938: The crystal structure of GaN has been studied on GaN powders [2].
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1969-1971: Thin GaN layers were grown by Maruska and Tietjen [3] using
hydride vapor-phase epitaxy (HVPE) on sapphire substrates. Because of a large
lattice mismatch of these two materials, the layers exhibited a poor crystal-
lographic quality. However, this material was used for confirming the direct
energy band gap (3.39 eV) and for demonstrating the first LED concepts [4].
1972: Manasevit et al. [5, 6] grew the first metal-organic vapor-phase epitaxy
(MOVPE) GaN layers. This method became the most popular one in nitride
technology, and today, there are a few thousands of reactors worldwide. How-
ever, these layers were still rough and not transparent (they looked like frosted
glass) because of the lattice mismatch between sapphire and GaN.

1984: The thermodynamics studies by Karpinski et al. [7, 8] enabled the authors
to find the way of growing bulk GaN crystals from the nitrogen solution in
gallium (HPSG - high-pressure solution growth). However, the growth con-
ditions necessary to avoid GaN decomposition were extreme: about 1200 °C
and 10 kbar. This work clarified the unfeasibility to grow GaN crystals from
the melt (i.e. Czochralski or Bridgman methods) because tens of kilobars have
to be used to melt GaN at temperatures higher than 2500 °C.

1986: Hiroshi Amano from the group of Isamu Akasaki (Nagoya University)
made a real breakthrough in GaN epitaxy by introducing a low-temperature
AIN nucleation layer [9]. Such a nucleation layer enabled Amano and Akasaki
to obtain smooth and transparent GaN with good crystallographic quality.
1989: Amano et al. [10] obtained for the first time p-type GaN by activating
Mg dopants by low-energy electron irradiation. This activation was induced by
breaking Mg—H bonds, inherently present in the MOVPE GaN layers (hydro-
gen is always incorporated together with Mg).

1990: Matsuoka et al. [11] succeeded in the growth of the first InGaN layers,
offering an access to a very wide spectral range from 0.7 eV (IR) to 3.5eV (UV),
through all wavelengths of the visible range.

1991-1992: Shuji Nakamura (Nichia Chemical Corporation) optimized the
growth conditions of GaN on sapphire using the AIN nucleation layer. This
technology has been used by most of the companies and academic laboratories
for fabricating LEDs and other devices. The dislocation density of such GaN on
sapphire was in the order of 108-10° cm™2. Moreover, annealing above 600 °C
in nitrogen atmosphere led to the electrical activation of p-GaN layers [12, 13].
These studies paved the way to all LED and LD technologies.

1992: Nichia started offering blue LEDs (450 nm), which were used soon for
illuminating phosphor to get white light. At present, such LEDs are being pro-
duced in millions every day, creating a multibillion market.

1993: Using MOVPE, Asif Khan et al. [14] grew the first AIGaN/GaN het-
erojunction. Despite a moderate crystallographic quality, the mobility of the
two-dimensional electron gas (2DEG) at the AlGaN/GaN interface was around
600 cm?/V's. This achievement can be regarded as a start of quest to nitride
high electron mobility transistor (HEMTSs) technology [15].

1996: The first violet LD (405 nm) based on InGaN quantum wells (QWs) was
demonstrated by Nakamura et al. [16]. The laser was made on sapphire sub-
strate, although it was clear that the use low defect density bulk GaN substrates
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could lead to better performance. At that time, using the only available small
HPSG bulk GaN crystals enabled Nakamura to increase the LD lifetime from
300 to 3000 hours.

1997: Bernardini et al. [17] determined the spontaneous and piezoelectric
polarization constants of nitrides, improving the comprehension of the physics
of AlGaN/GaN heterostructures and paving the way to the optimization of
many electronic and optoelectronic devices.

1998: The first LEDs epi structures grown on silicon substrates by molecu-
lar beam epitaxy (MBE) were reported by Guha and Bojarczuk [18]. The MBE
method provided some advantages over MOVPE, as the lack of hydrogen dur-
ing growth, or the lower growth temperature. However, until now, most of the
nitride technologies are based on MOVPE. The structures grown by Guha and
Bojarczuk had a bad crystallographic quality but triggered research on epitaxy
technology using silicon wafers as substrates.

1999: Ambacher et al. [19] proposed a model to analytically describe the
2DEG properties in AlGaN/GaN heterostructures. This model is today
widely adopted by the GaN community. In the same year, Sheppard et al.
[20] demonstrated high-power microwave HEMTs based on AlGaN/GaN
heterostructures grown on the silicon carbide (SiC) substrate.

2000: The nature of the 2DEG was further clarified by Ibbetson et al. [21],
attributing a key role to the surface states present in nitride materials as source
of electrons.

2001: Sumitomo Electric bought patent from Tokyo Agriculture University
on the DEEP method (dislocation elimination by the epitaxial-growth with
inverse-pyramidal pits) [22, 23] to grow GaN single crystals on GaAs substrates
using the HVPE method and bowing dislocations in small regions. This tech-
nology enabled Sumitomo to start fabricating bulk GaN substrates with low
dislocation density (10° cm~2) at the areas designated for laser stripes to make
a commercial production of LDs by Nichia.

2003: Sony introduced Blu-ray DVD format based on 405 nm LDs fabricated
by Nichia.

2006: Saito et al. [24] and Cai et al. [25] proposed, respectively, the recessed
gate structure and fluorine implantation to achieve normally-off AlGaN/GaN
HEMTs.

2007: Uemoto et al. [26] from Panasonic demonstrated the first normally-off
HEMT based on the p-GaN gate technology. This device was also called gate
injection transistor (GIT) as hole injection from a p-AlGaN layer resulted in
an increase of the drain current because of the conductivity modulation. In
2009, EPC announced the commercialization of the first devices based on this
technology.

2008: The first GaN-based vertical cavity surface emitting laser (VCSEL) oper-
ating at low temperature was demonstrated by Tien-Chang Lu and coworkers
at the National Chiao Tung University (Hsinchu, Taiwan) [27].

2012: AlGaN/GaN heterostructures on 200 mm Si(111) substrates were
demonstrated by Tripathy et al. [28]. The possibility to grow such
heterostructures on large-area Si wafers opened the way to integrate
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GaN HEMT device fabrication in Si CMOS (complementary metal—oxide
semiconductor) fabs.

e 2013: Iveland et al. [29] provided experimental evidence that the “droop
effect” (efficiency drop for high injection current in LEDs) is related to Auger
electrons.

e 2013: High-frequency (HF) performances of GaN-based HEMTs, with ultra-
high cutoff frequency f, exceeding 450 GHz, were achieved through innovative
device scaling technologies [30].

e 2014: The Noble Prize in Physics was assigned to three Japanese scientists
(Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura) for “the invention of
efficient blue light-emitting diodes which has enabled bright and energy-saving
white light sources”(www.nobelprize.org/prizes/physics/2014/summary).

e 2014: Recessed gate Al,O;/AlGaN/GaN normally-off MOS-HEMTs with
reduced leakage current, high blocking voltage (825V), and high threshold
voltage (2.4 V) were demonstrated on 200 mm silicon substrates [31].

e 2015-2017: The first high-voltage (600V) normally-off GaN HEMT solu-
tion, based on the “cascode” configuration, is released to the market by
Transphorm [32]. Moreover, the progresses in the technology of p-GaN
gate HEMTs resulted in the first fully industrial qualified “true” normally-off
devices from Panasonic and Infineon [33-35].

e 2017: Haller et al. [36] gave a model for point defect formation at high growth
temperature before the InGaN QWs, explaining their detrimental effect on
LED efficiencies.

e 2017: LG Innotek introduced 100 mW UV-C LEDs into the market (www
.powerelectronictips.com/worlds-first-100-mw-deep-uv-led).

e 2017: Mei et al. [37] demonstrated quantum dot VCSELSs covering the “green
gap.

e 2019: Zhang et al. [38] demonstrated 271.8 nm LD operating at room temper-
ature and in the pulse mode.

1.2 Basic Properties of Nitrides

Nitride semiconductors (GaN, AlGaN, InAIN, InGaN, InAlGaN, AIN, etc.)
possess a number of properties, which make them very useful for many opto-
electronic and microelectronic applications. Table 1.1 reports the main physical
properties of GaN and other nitrides in comparison with other semiconductors,
highlighting some implications in material growth, optoelectronics, and power-
and high-frequency electronics.

As can be seen, these materials exhibit several advantages for optoelectronic
and power electronics, mainly related to their direct band gap, or the wide band
gap (WBG) and high critical field. However, there are also a number of features,
which make the material growth and the technology of devices very difficult. All
these aspects will be discussed in more detail in the following sections, as well as
in the other chapters of this book.
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1.2.1 Microstructure and Related Issues

The specificity of nitride microstructure is dominated by three factors: (i) the
main crystallographic form of GaN, AIN, and InN is the wurtzite, with high
built-in electric fields; (ii) large lattice mismatches between substrates and
epilayers, as well as between layers that form a device epi structure; and (iii) low
growth temperatures.

The thermodynamically stable crystal phase of nitride semiconductors at room
temperature and atmospheric pressure is the hexagonal wurtzite structure. For
GaN, the wurtzite crystal structure is schematically depicted in Figure 1.1, where
the unit cell, highlighted with bold lines, is characterized by the lattice parameters
a, (3.189 A) and ¢, (5.185 A) [50, 51]. The Ga and N atoms are arranged in two
interpenetrating hexagonal closely packed lattices, with a shift of 3/8 c,.

In the hexagonal wurtzite structure, GaN has no inversion symmetry in the
[0001] direction (the so-called c-axis). For that reason, it is possible to distinguish
two different orientations of GaN crystals, i.e. the Ga-face (Figure 1.1a) and the
N-face (Figure 1.1b), depending on whether the material is grown with Ga or N on
top. These two faces have different chemical properties: Ga-face is more chem-
ically inert and may behave differently during growth (e.g. the Ga-face incorpo-
rates easier acceptors, whereas the N-face incorporates easier donors [52]).

The covalent bonds allow each atom to be tetrahedrally bonded to four atoms
of the other type. In addition, an ionic contribution is also present because of
the large difference in electronegativity of Ga and N atoms. Because nitrogen has
a higher electronegativity than gallium, Ga and N atoms will exhibit anionic and
cationic characteristics, respectively, thus resulting in a spontaneous polarization
P, oriented along the c-axis [53].

The spontaneous polarization exists even in the absence of strain. The strength
of the spontaneous polarization depends on the asymmetry of the crystal. In fact,
Py, increases with decreasing the c,/a, ratio. For example, a GaN crystal with a

Ga-face N-face

[0001]

Co

(@ (b)
Figure 1.1 Hexagonal crystal structure of GaN (wurtzite) for the Ga-face (a) and for the N-face
(b). The bold lines highlight the unit cell, while the dashed lines indicate the Ga—N bonds. The
spontaneous polarization vectors (P.,) are also drawn for the two cases. Source: Reproduced
with permission of Roccaforte et al. [49]. Copyright © 2018, Societa Italiana di Fisica.
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Table 1.2 Lattice parameters of AIN, GaN, and InN [50, 54-56].

Parameters AIN GaN InN
a, (A) 3.1113 3.1878 3.537
¢, (A) 4.9814 5.1850 5.703

¢olag ratio of 1.6259 has a lower Pgp, (—0.029 C/m?) with respect to an AIN crystal
(—0.081 C/m?) having a cy/ay ratio of 1.6010 [17]. The negative values of the polar-
ization indicate that the vector Py, is pointing opposite to the [0001] direction,
as illustrated in Figure 1.1 [17, 50]. It is worth mentioning that the external stress
changing the ideality of the structure and the ¢y/a, ratio can induce an addi-
tional contribution to the polarization called piezoelectric polarization Pp. This
contribution is particularly important in AlGaN/GaN heterostructures for the
generation of 2DEG, as will be discussed in Section 1.2.4.

For the fabrication of power electronic and optoelectronic devices (e.g. diodes,
transistors, LEDs, and LDs), the suitable epitaxial structures must be grown on
appropriate substrates. The lattice parameters are important for determining the
suitability of a material as a substrate for GaN epitaxy. Table 1.2 reports the values
of the lattice parameters of AIN, GaN, and InN.

Here, it must be pointed out that in the literature, it is possible to find different
data for InN and AIN because of the material differences with respect to their
defect concentration. In addition, many papers report the lattice parameters of
nitrides together with the thermal expansion coefficients (TECs), which may lead
to wrong conclusions, as the TECs vary with temperature [56—58].

Most of the research and technologies of nitrides are based on the epitaxy on
foreign substrates [59] because GaN and AIN single crystals are still small and
expensive.

Table 1.3 reports the lattice and thermal mismatch between GaN and the most
popular foreign substrates: sapphire (Al,O,), silicon (Si), and silicon carbide
(SiC). The typical ranges of the dislocation density measured in GaN layers
grown on these substrates, the possible device layout (lateral or vertical), and
application fields of the materials are also reported in the table.

Sapphire is a common substrate used for GaN heteroepitaxy for optoelectronic
applications. However, GaN exhibits large lattice (+16%) and TEC mismatch
(—34%) with respect to Al,O, substrate, typically resulting into a high defect
density of the grown GaN epilayers. Hence, a better choice is represented by
the hexagonal silicon carbide (6H/4H-SiC) with a lattice mismatch of only
3.5%. The first GaN-based transistors for power switching applications were
demonstrated on (0001) c-plane sapphire and (0001) silicon carbide (6H-SiC
and 4H-SiC) [20, 39, 62]. However, in spite of the small lattice mismatch, a
high dislocation density (107—108 cm™) is still present in GaN layers grown on
SiC [63]. Moreover, the cost of SiC substrates has always represented a limiting
factor for the introduction of this technology in consumer electronic products.

At the beginning of the last decade, great efforts have been devoted to
the development of GaN on Si substrates [60]. In fact, Si offers low price in
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Table 1.3 Lattice and thermal mismatch between GaN and the most popular foreign
substrates (Al, O, Si, and SiC).

Properties and
applications of GaN
layers on different

substrate GaN-on-Al,0, GaN-on-SiC GaN-on-Si GaN-on-GaN

Lattice mismatch 16 3.5 -17 0

(%)

Thermal expansion —34 21.4 53.5 0

coefficient

mismatch, a, (%)

Dislocation density 107-108 107-10% 108-10° 103-10°

(em™)

Device layout Lateral Lateral Lateral Lateral and
vertical

Main application ~ Optoelectronics HF electronics, HF and power =~ HF and power
areas optoelectronics  electronics electronics,
optoelectronics

Relevant information for device applications of GaN epilayers (dislocation density, possible device
type, and application fields) are also reported [43, 59-61].

comparison with sapphire and SiC, a high crystalline perfection, and the avail-
ability of large-size substrates. Clearly, the lattice mismatch between GaN(0001)
with respect to Si(111) is very large (—17%), and consequently, a high dislocation
density (in the order of 10° cm™2) is generated in the material.

The difference in the TECs between GaN and its substrate also plays an impor-
tant role in the epitaxial process and, hence, in the final quality of the active layer
for the device. Sapphire has a higher TEC than GaN, leading to residual com-
pressive stress in the grown GaN layer, while the TECs of SiC and Si are smaller,
resulting in residual tension [64]. The value of the residual stresses depends on
the growth conditions, as at the growth temperature, the GaN layers are not fully
relaxed but can be strained because of grain coalescence [65].

To overcome the problem of residual strain, in the case of GaN-on-Si, sev-
eral “strain management” techniques are adopted to mitigate crack formation in
the GaN epitaxial layers (e.g. appropriate AIN or graded AlGaN buffer layers,
AIN/GaN superlattices, or sophisticated lithographic patterning techniques of
the substrates [39, 66]). In this context, the rapid progresses in epitaxial growth
of GaN materials resulted in the demonstration of electronic grade large-area
GaN-on-Si heterostructures up to 200 mm in diameter, and power devices with
excellent efficiency and compact size have started to be implemented on these
materials [28, 31, 66, 67].

Clearly, bulk GaN would be the ideal substrate for GaN epitaxy and device
fabrication. In fact, a significant reduction of the dislocation density (down to
103-10° cm™2) is possible using bulk GaN [61]. So far, such substrates are used
for LD fabrication. Besides that, the possibility of fabricating vertical devices (not
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possible when GaN is grown on foreign substrates) would represent a big advan-
tage for power electronic applications. However, until now, several obstacles have
hindered a widespread implementation of bulk GaN power devices, including the
high cost and the limited diameter of commercially available substrates [61].

The lattice mismatch is a problem not only in heteroepitaxy but also in GaN
homoepitaxy. In fact, it has been reported that free electrons expand the lattice of
GaN [68]. For example, the free electrons of concentration 5 x 10'° cm~2 expand
the lattice of GaN by about 0.3%. Although this lattice expansion may seem not
significant, it can lead to serious problems in the growth of bulk GaN crystals, as
different crystal faces incorporate different impurities (mainly oxygen) and con-
tain different free electron concentrations.

In majority of cases, the growth of nitrides is in the (0001) direction. It is the
most natural one for nitrides to get a good crystallographic quality. Moreover,
p-type doping is more efficient when the growth is in this direction [69]. How-
ever, for other directions, the internal electric fields, separating electrons and
holes in LEDs, are smaller. Therefore, there have been attempts to use GaN sub-
strates or templates oriented along nonpolar directions of (1010 and semipolar
ones of (1122) to increase the efficiency of optoelectronic devices. Despite the big
research efforts done, the advantage of nonpolar or semipolar device epi struc-
tures has not been proven yet, and almost all commercial devices are constructed
on polar wafers.

In epitaxy, the on-axis orientations are seldom used. In most of the cases,
off-cut substrates are used to grow epi layers in step-flow growth mode [70].
The substrate off-cut influences the epilayers under different points of view,
such as the point defects formation, the indium incorporation in InGaN layers,
the lattice distortions, and surface roughness. For example, Suski et al. [71]
showed a higher hole concentration for GaN:Mg grown on the off-cut Ga-face
GaN substrate. Sarzynski et al. [72] observed a decrease of indium content for
InGaN grown on the off-cut Ga-face GaN substrate. On the other hand, triclinic
distortion of the strained epi layers was reported by Krysko et al. [73]. Also, the
surface morphology is influenced by the off-cut angle, as a smaller roughness
was observed in the GaN layer grown on the off-cut N-face GaN substrate [74].

All optoelectronic devices emitting in visible region are based on InGaN QWss,
which are extremely difficult to be grown because of large lattice mismatch to
GaN and of low growth temperatures. In this context, a widely discussed topic is
the occurrence of indium spatial fluctuations in the QW [75-77]. These fluctua-
tions may appear in the nanometer, micrometer, and even millimeter scale.

An example of indium fluctuations in InGaN/GaN QWs, visualized by
high spatial resolution secondary ion mass spectrometry (SIMS), is shown in
Figure 1.2. Their amplitude and dimensions strongly depend on growth condi-
tions, dislocation density, and layer morphology (e.g. local terrace width) [72].

Concerning InGaN, special attention should be devoted to the influence
of hydrogen on indium incorporation. In fact, even a small percentage of
hydrogen significantly decreases the indium incorporation [78—80]. However,
hydrogen smoothens the surfaces, so it can be used during the InGaN or GaN

barrier growth. The smoother the surface is, the smaller the indium fluctuation
should be.
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Figure 1.2 SIMS x-y image showing the lateral distribution of indium in a InGaN/GaN QW. The
vertical scale indicates the In-concentration x in In,Ga,_, N. Source: Adapted with permission
of Michatowski et al. [77]. Copyright © 2019, Royal Society of Chemistry.

InGaN layers and QWs evolve when they are subjected to high temperatures;
for example, when they are overgrown by p-type GaN:Mg. Although at low tem-
perature the InGaN layers may get homogenized, an increase of the temperature
(>900°C) leads to InGaN decomposition. Both phenomena occur because of
easy indium diffusion, most probably through Ga-vacancies. This topic will be
discussed in Chapter 2.

When the InGaN layers exceed critical values of strain and thickness, they get
relaxed by misfit dislocations [81]. An example of a net of misfit dislocations in
InGaN is shown in Figure 1.3.

It is worth mentioning that the relaxation of the InGaN layers may be not
only a plastic one (via emission of dislocations), but also an elastic one in
three-dimensional nano-objects on the surface (poor morphology). There-
fore, InGaN relaxation should be monitored not only using X-ray diffraction

Figure 1.3 TEM plan view bright-field image with
diffraction vector g;,_,, of the MBE-grown 50 nm
InGaN layer, with an In content of 20%. Source:
Courtesy of Johanna Moneta.
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i T Figure 1.4 Optical microscopy view
g of a 220 nm thick Al ,,Ga, ,;N layer
grown on a GaN substrate.

(XRD) but also using atomic force microscopy (AFM), transmission electron
microscopy (TEM), and defect-selective etching (DES).

Nitride transistors for power- and high-frequency devices, as well as UV emit-
ters, are based on AlGaN layers. The main microstructural problem encountered
with the AlGaN layers is their tendency to be cracked because of the tensile strain
when they are grown on GaN (e.g. in AlGaN/GaN heterostructures for transis-
tors). Figure 1.4 shows, as an example, an optical microscopy image of a thick
AlGaN layer grown on GaN, showing the presence of cracks on the surface.

In order to avoid cracking, lateral patterning [82] or compliance layers [83] are
applied as technological solutions.

Cracks are obviously a serious concern in GaN heteroepitaxy on Si substrates,
as they act as scattering centers that reduce the carrier mobility and, hence,
the performance of the transistors. In this case, several methods have been
reported to eliminate the cracks in AlGaN/GaN heterostructures grown on
Si(111) substrates and to improve the crystal quality, such as the use of graded
Al Ga,_,N interlayers between an AIN buffer layer and GaN, or the introduction
of AlGaN/GaN superlattices [84].

Although extended defects, as dislocations, can be easily detected and their
density is measured using selective etching, XRD, or TEM, much more difficult
is the detection of point defects. Ga-vacancies (acceptor-like defects) can be mea-
sured using positron annihilation, but only in the case of thick layers (not QWs).
In the case of nitrogen vacancies, there is no direct method to detect them. There-
fore, only theoretical models can be used to explain various properties of nitrides,
such as diffusion of atoms, luminosity, or electrical properties, based on indirect
assumptions of the presence of point defects.

In summary, nitride semiconductors for optoelectronics and power electronics
have a complex microstructure, which is characterized by a large number of
imperfections: dislocations, point defects, poor morphology, non-uniform
strains, non-uniform electric fields, and non-uniform atom distribution. All
these imperfections are not independent of each other and may influence the
optical and electrical properties. Moreover, all those imperfections depend on
the growth parameters (temperature, pressure, gases flows, reactor geometry,
etc.). Hence, the complex microstructure, as well as the large number of growth
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parameters, makes the optimization of the crystal quality a very challenging
issue for GaN and related nitrides.

1.2.2 Optical Properties

Nitrides possess direct band gaps from 0.7 eV (InN), through 3.4eV (GaN) to
6.1eV (AIN). Hence, they cover the spectral range from infrared (1770 nm)
through the visible range up to far ultraviolet (about 200 nm) [85]. Figure 1.5
reports the values of the energy gap for nitride semiconductors as a function of
the in-plane lattice parameter.

For a ternary nitride compound A B,_ N, the energy band gap does not change
linearly with the composition x, but it follows a phenomenological expression:

Ep=N(x) = xEX + (1 - 0)EP — x(1 - x)b (1.1)
where b is bowing parameter (in units of eV), defined as the coefficient of the
parabolic term. A positive value of b indicates a downward bowing, while a nega-
tive b indicates an upward bowing in the dependence of the energy gap E, on the
composition x.

Typically, in nitride compounds, most of the measurements of the energy gap
(and hence of the bowing parameter) are performed using emission techniques,
such as photoluminescence (PL) and cathodoluminescence (CL).

The most important materials for optoelectronics are QWs and wires of
InGaN. The optical properties of these QWs have been reported in thousands of
papers, but still they contain many unrevealed secrets. For InGaN, the reported
values of the bowing parameter b range from 1.4 to 2.8 eV [86]. Such a large
span is related to the variability of the InGaN properties (indium fluctuations,
non-homogeneous QW thickness), already mentioned in Section 1.2.1. The
compositional inhomogeneities of the alloy and even inherent hole localization
in random alloys [87] lead to strong Stokes shift and underestimation of the band
gap [88]. Moses and Van de Walle [89] suggested that the bowing parameter of
InGaN is dependent on the composition.

On the other hand, AlGaN alloys are important for both optoelectronic and
power- and high-frequency electronic devices. For AlGaN alloys, the values of

Figure 1.5 Energy band gap of nitride 6F 200
semiconductors (AIN, GaN, InN, and AN,
their ternary alloys) as afunctiononthe 5 '
in-plane lattice parameter. The > T
corresponding wavelength is reported E,, 4l : 300 £
on the right axis. o |AkGaLN <
o ; 2
S a3l 1400 ©
= 2
o) ®©
2ol 1600 =
1800
¢ L InN {1000
11400

30 31 32 33 34 35 36
In-plane lattice parameter (A)
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the bowing parameter b reported in the literature vary from —0.8 to 2.6 €V, most
likely emanating from AlGaN alloys prepared by different techniques with var-
ious qualities and, in some cases, a range of alloy compositions explored to be
narrow. Yun et al. [90] reported a systematic study of the Al Ga,_,N band gap
as a function of the Al concentration x. By fitting the experimental data using
Eq. (1.1), a bowing parameter b = 1.0 eV was obtained [90].

Optical transmission (OT) or optical absorption (OA) measurements provide
a better estimation of the energy gap of nitrides. However, it is not easy to grow
thick nitride layers (InGaN and AlGaN) necessary for such measurements. More-
over, OT and OA do not take into account energy dispersion of the refractive
index, whose contribution to the band gap should not be neglected. The alter-
native measurement method that can meet the demands for the accurate energy
band gap bowing is spectroscopic ellipsometry [91]. This method has been used
for the estimation of the bowing parameter of nitrides and has the major advan-
tage of determining the complex dielectric function of the investigated material.

In general, the PL and CL spectra measured on nitrides consist of excitonic
part and defect-related part [92]. For example, for bulk GaN, the following spec-
tral features are typically identified: (i) excitonic part: free excitons and bound
excitons; (ii) donor—acceptor pairs (DAPs); and (iii) defect-related luminescence.
An example of a PL spectrum for GaN is shown in Figure 1.6.

As mentioned already, even the simplest compound of GaN possess a large
variety of point and extended defects, which affect the position, full width at half
maximum (FWHM), and intensity of the PL peaks. A good review of optical prop-
erties of GaN was given by Reschikov and Morkog [93].

In the case of ternary or quaternary compounds, the situation is much more
complicated than for GaN, as one may deal with chemical composition fluctu-
ations. The main information from the PL or CL peak is its wavelength posi-
tion. For InGaN QWs, it depends on several factors: average indium content,
indium fluctuations, QW thickness (for thin QWs, there is quantum effect of the

T+~ 1+ 1+ 1T * T ' T * T * 1
10°

BE l
3 ~FE-A
1044 1ot [\ FE-B | :
3 DBEL I JFEC | FE-C, X — free exciton C
LOABE | ] | 1 FE-B, Xg — free exciton B

" I
D?_\E 2L0 J -.\ FAERY N FE-A, X, — free exciton A
PAVEV AR \ ;|| DBE, D? X, — donor bound exciton
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>
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1034 © — - 1] 3 ABE, A® X, — acceptor bound exciton
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Figure 1.6 Typical photoluminescence (PL) spectrum for a GaN layer grown on sapphire
substrate. Besides the excitonic part of the spectrum, a broad peak is present in the yellow
region (about 550 nm), which can be related to point defects (Ga-vacancies and carbon
impurity). Source: Courtesy of Grzegorz Staszczak.
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blue shift, and for thick QWs, there is a separation of electrons and holes by the
electric field resulting in the red shift), QW thickness variations, and presence
of point defects. The position of the PL or CL peaks also depends on excitation
power, which makes the analysis of the data extremely cumbersome. However,
even more troublesome is the analysis of PL/CL peak intensity. In fact, besides
the factors mentioned above, the peak intensity also depends on the absorption
around the QWs and the diffusion length of minority carriers.

Additional information can be obtained by using time-resolved photolumines-
cence (TRPL) or time-resolved cathodoluminescence (TRCL). The decay times of
the luminescence peaks can be interpreted by radiative and non-radiative recom-
bination of electrons and holes. The experimental luminescence decay time (7) is
related to the radiative (z,) and non-radiative (r,,) decay times:

1_1.1 (1.2)

T T Tor

For binary compounds, long decay times can be observed for the nearly perfect
crystals. For the particular case of InGaN QWs, the long decay times can also be
attributed to indium fluctuations [94].

Many interesting PL and CL studies have been done as a function of temper-
ature or pressure. With increasing pressure, the energy band gaps of nitrides
increase, which can push some of the energy levels into the band gap to make
them observable by optical measurements [95].

Frequently, experiments are performed as a function of temperature (from 4.2
to 300 K), from which an internal quantum efficiency # (IQE) can be extracted
from the relation:

_ IT)
= T0)

where I(T) and 1(0) are the PL or CL intensities at a given temperature 7' and at
0K, respectively.
At the same time, the IQE can be related to radiative non-radiative decay times:

145 (1.4)
rl an
Hence, from the experimental measurements of 1(0), I(T), and 7, using
Egs. (1.2)—(1.4) makes possible to determine the quantum efficiency 5 and the
radiative and the non-radiative decay times (r, and 7).

However, the PL and CL data depend on excitation power and on the properties
of the layers close to the active region. Hence, it is possible that the optimization
of the optical active region (e.g. InGaN QWs) with respect to IQE is not reflected
by higher efficiency of LEDs or LDs.

Figure 1.7 schematically depicts the typical layout of the most popular
GaN-based optoelectronic devices, i.e. LEDs and LDs. In the case of LEDs,
when the p—n junction is forward biased, the potential barrier of the junction
is lowered and the recombination of electrons and holes can occur in the
active region (e.g. a multiple quantum well, MQW), thus leading to photon
emission. The challenge is not to have these photons absorbed or scattered in
a wrong direction. For transparent sapphire substrates, it is possible to extract

(1.3)
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Figure 1.7 Simplified schemes of the two most popular GaN-based optoelectronic devices: (a)
light-emitting diode (LED) and (b) edge emitting laser diode (LD). For LEDs, the light emission
can be either through the back or upper surface. In the case of LDs, the light is confined
between the cladding layers and is partially circulating between the mirrors on two edges of
the chip.

light through them. For silicon substrates, the light extraction takes place only
through the surface, which is not easy because of the presence of electrical
contact. In the case of LDs, the light is confined between two AlGaN “cladding
layers” and the light emission takes place through the edge covered with mirrors,
which make photon circulate between two edges. For a low injection current,
the light is emitted incoherently in a similar way to the LEDs. However, above
a certain current threshold, a sufficiently high concentration of carriers is
generated within the active region, leading to the population inversion. In this
condition, electron—hole recombination is assisted by such photon and the
stimulated emission takes place, dominating over the spontaneous one.

More details on LEDs and LDs operation principles and related technologies
will be reported in Chapters 7-10.

1.2.3 Electrical Properties

GaN possess excellent electrical properties, which make it a promising material
for electronic device fabrication.

First, the WBG of the material (Eg = 3.4 eV) induces a high critical electric
field (Ecg = 3 — 3.75 MV/cm), which is the maximum field that the material can
withstand without breakdown. As will be described in Section 1.3.2, the high crit-
ical field is a key factor for the realization of electronic devices operating at high
voltages and with low on-resistance and high efficiency.

The temperature effects within the semiconductor must also be considered, as
they have a strong influence on the carrier generation and, hence, on the elec-
trical properties of the devices. In fact, the semiconductor device characteristics
degrade by increasing the temperature, until their functionality for desired circuit
applications is lost. Hence, an accurate control of the carrier (electrons and holes)
concentration is needed. However, the dopant species are not the only source of
carriers in a semiconductor. In fact, even in the absence of an intentional dop-
ing, every semiconductor would contain a certain amount of thermal carriers in
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the crystal. The amount of these carriers is referred to as the intrinsic carrier
concentration #;, and it is exponentially dependent on temperature 7":

n, = \/NCNVe_ﬁ (1.5)

where k is the Boltzmann constant and N and N, are the density of the states
in the conduction and valence bands, respectively.

Figure 1.8 reports the calculated intrinsic carrier concentration #; of GaN as a
function of the inverse of the temperature [96]. For comparison, the values of #,
for Si and SiC are also reported.

Noteworthy, if the temperature is increased, e.g. above 300°C, in Si, the
intrinsic carriers would become comparable or even higher than the intentional
dopant concentration. Then, the electrical properties of the material would
become undesirably influenced by the intrinsic carriers rather than by the
designed doping needed for proper electrical operation [96]. From Figure 1.8,
it is clear that SiC and GaN have much lower intrinsic carrier concentrations
than Si. Hence, they do not suffer from intrinsic carrier conductivity issues even
at a temperature of 600°C. As an example, as can be seen in Figure 1.8, the
intrinsic carrier concentration in GaN at room temperature (7 = 298 K) is about
19 orders of magnitude lower than that of Si. Because of such a low value of #,,
the generation current is extremely low. Hence, GaN electronic devices should
have theoretically a much lower leakage current with respect to Si and give the
possibility to operate at higher temperatures.

However, it is important to point out that these considerations are valid for
perfect crystals. In the reality, because of the large lattice mismatch between GaN
and the substrate, the presence of material defects in GaN epitaxial layers, such as
dislocations, typically provide preferential leakage pathways, which are a major
obstacle for reaching the ideal electrical performances and low leakage in GaN
electronic devices [98].

Figure 1.9 shows the calculated electron velocity of GaN as a function of the
electric field [99]. As can be seen, the peak velocity in GaN is close to 3 X 107 cm/s
and the saturation velocity is about 1.5 X 107 cm/s. These values are considerably
higher than the values for GaAs and Si. Thanks to the high saturation velocity of
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the carriers, it is possible to shorten the transit time in GaN electronic devices,
thus allowing them to operate at high frequency, as will be better explained in
Section 1.2.4.

Finally, the thermal conductivity of GaN is expected to vary in a certain range
(1.3 = 2.1 W/cm K) depending on the defect density. These values are lower than
those in SiC. Hence, SiC is better indicated for high-temperature applications
than GaN. In fact, the heat dissipation in GaN devices must be appropriately
managed, as will be discussed in Chapters 6 and 11.

Thanks to the properties mentioned above, significant advantages can be
obtained using GaN-based devices, in terms of high-voltage, high-frequency,
and high-temperature operation. To highlight these advantages, Figure 1.10
summarizes in a “radar chart” the electronic properties of GaN compared with
those of Si and SiC. Here, it is worth mentioning that the reported material

- S? Critical electric field
— SiC (MV/em) High
— GaN voltage

Ener ap (eV
Saturation velocity 9y gap (eV)
(x107 cm/s)
High High
frequency temperature
Electron mobility Thermal conductivity
(x10% cm?/V s) (W/cm K)

Figure 1.10 “Radar chart” of physical and electronic properties of GaN compared with those
of Siand SiC.
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properties may vary between different references. However, the graphic gives an
idea of the great potential of this material.

1.2.4 Two-Dimensional Electron Gas (2DEG) in AlIGaN/GaN
Heterostructures

One of the most interesting features of nitride materials is the possibility to cre-
ate alloys and heterostructures with tailored optical and electrical properties. An
Al ,Ga,_,N alloy is a hexagonal crystal that can be obtained by replacing in the
GaN crystal a percentage of Ga-atoms with Al-atoms. As anticipated in Section
1.2.2, an important characteristic of the Al Ga,_, N alloys is the possibility to tai-
lor the lattice parameter and the energy gap by varying the Al concentration.
In particular, the in-plane lattice parameter aOAlGaN of the Al Ga,_,N alloy and
the Al-concentration x are correlated by the expression [19]:
ah'S™N(x) = xal™ + (1 — x)ag™ (1.6)

where a7 and a(‘)“N are the lattice parameters of GaN and AIN, respectively.

On the other hand, the energy gap E;'N(x) of an Al Ga,_,N alloy can be writ-
ten as a function of the energy gap of GaN Eg®N and AIN E;'N [101]:

GaN
0

ENGN(x) = xEMN + (1 — 0)ES™ — x(1 — x)1.0 eV (1.7)

where b = 1.0 eV is the bowing parameter typically used for AlGaN alloys [90].

The dependences of the in-plane lattice parameter a, and of the energy gap E,
on the Al-concentration x in an Al Ga,_,N alloy are shown in Figure 1.11.

An AlGaN/GaN heterostructure can be formed by growing a thin Al Ga,_ N
barrier layer onto a GaN substrate along the [0001] crystallographic direction.
Because of the different energy gaps of these two materials, an energy discon-
tinuity will appear in the band diagram. Furthermore, the lattice mismatch
between GaN and AL Ga,_ N (a5 > a3'%N) will induce a tensile strain in
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Figure 1.11 Dependence of the in-plane lattice parameter g, (a) and of the energy gap E (b)
on the Al-concentration x in an Al,Ga,_, N alloy. Source: Adapted with permission of
Roccaforte et al. [49]. Copyright © 2018, Societa Italiana di Fisica.
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Figure 1.12 Schematic of isolated AlGaN and GaN crystals (a) and of the formed AlGaN/GaN
heterostructure (b). After the growth of the AlGaN layer on GaN, a tensile strain is induced to
compensate the lattice mismatch between the two materials. Source: Adapted with
permission of Roccaforte et al. [49]. Copyright © 2018, Societa Italiana di Fisica.

the Al Ga,_,N barrier layer to compensate the in-plane lattice mismatch. This
situation is schematically depicted in Figure 1.12, showing the isolated AlGaN
and GaN crystals and the strained AlGaN/GaN heterostructure.

In the strained AlGaN/GaN heterostructure, a piezoelectric polarization Pp
will be induced along the c-axis, given by [19]:

Ppp = e53¢, +e51(e, + €)) (1.8)

where e;; and e, are the piezoelectric coefficients, €, = (¢ —¢,)/c, is the strain
along the c-axis, €, = ¢, = (a —ag)/a, are the in-plane strains assumed to be
isotropic, and g, and ¢, are the equilibrium lattice constants.

The piezoelectric polarization along the c-axis can be also expressed as [19]:

a—dg Cis >
P, =2 (e — €33 —— (1.9)
PE P 31 ~ €33 Css

where C,; and C,, are the elastic constants of the material.

Because the term [e;5; — e35(C,3/Cs3)] is negative in the whole Al-concentration
range typically used in Al,Ga,_,N alloys [19], the piezoelectric polarization will
be negative for tensile strain (aA'%N > aoAlGaN) and positive for compressive strain
(@M < ghlGN) Hence, for a Ga-face AlGaN/GaN heterostructure with the
AlGaN barrier layer under tensile strain, the piezoelectric polarization Py, will
be negative and parallel to the spontaneous polarization Py, (directed toward
the GaN substrate), as indicated in Figure 1.13a.

The polarization gradient existing at the AlGaN/GaN interface deter-
mines a polarization-induced charge density, which in turn depends on the
Al-concentration x:

lo(®)| = |[Psp(Al,Ga,_N) + Ppp(ALGa, N) — P, (GaN)]| (1.10)

Hence, to maintain the charge neutrality in the system, free electrons will tend
to compensate the polarization-induced charge density at the AlGaN/GaN inter-
face, generating a 2DEG. The 2DEG is accumulated in the potential well formed
at the AlIGaN/GaN interface (Figure 1.13b).

Ibbetson et al. [21] reported that the polarization-induced charges o(x) in
Eq. (1.10) represent a dipole, whose net contribution to the total charge in the
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AlGaN/GaN (Ga-face)

@ Ga

Figure 1.13 (a) Schematic of an AlIGaN/GaN heterostructure, showing the spontaneous and
piezoelectric polarization vectors and (b) schematic band diagram of an AlGaN/GaN
heterostructure. The presence of 2DEG in the quantum well at the interface is indicated by the
arrow. Source: Adapted with permission of Roccaforte et al. [49]. Copyright © 2018, Societa
Italiana di Fisica.

AlGaN/GaN system is zero. Accordingly, as no assumption can be made on the
position of the Fermi level at the free surface of AlGaN, the presence of 2DEG
can be explained by an electron transfer from donor-like surface states o, e
placed at an energy E, into empty states in GaN placed at a lower energy [21].
However, the situation occurring in a real device is different because the mate-
rial surface is not free. In fact, in an AlGaN/GaN device, a Schottky metal elec-
trode is formed on the AlGaN surface and the application of a bias is used to
modulate the sheet carrier density of the 2DEG #;. In the presence of a Schottky
metal, the maximum sheet carrier density of the 2DEG can be expressed as [19]:

ox) [EoeAlGaN(x)
dpiGaNg”

where d i,y is the Al Ga,_ N barrier layer thickness, €5,y is its permittivity,
q®; is the Schottky barrier height of the metal contact, E is the position of the
Fermi level with respect to the GaN conduction band edge energy, and AE - is the
conduction band offset at the AlGaN/GaN interface.

Typically, the 2DEG generated in AlGaN/GaN heterostructures is character-
ized by sheet carrier density values in the order of 10!* cm~2 and mobility in the
range of 1000-2000 cm?/V's.

The HEMT is a device whose working principle is based on the presence of the
2DEG in AlGaN/GaN heterostructures. HEMT technology will be widely dis-
cussed in other chapters of this book.

A schematic cross section of this device is depicted in Figure 1.14a. In par-
ticular, in a conventional AlIGaN/GaN HEMT, the current flowing in the 2DEG
channel, between a source and a drain Ohmic electrode, is modulated by the
application of a negative bias to a Schottky contact acting as a gate electrode of
the transistor.

As the 2DEG is naturally present in the AlGaN/GaN heterostructure and
the Fermi level at the interface lies above the conduction band minimum (see
schematic in Figure 1.13b), such a device is “normally-on,” i.e. a current will flow
between source and drain even when the gate bias is zero (V, = 0). An example
of typical output Ipg—V ¢ characteristic is depicted in Figure 1.14b. As can be

ng(x) = ] [qPp(x) + Ep(x) — AE(x)] (1.11)
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Figure 1.14 (a) Schematic cross section of an AIGaN/GaN HEMT and (b) typical output /p¢-V
characteristic of a device.

seen, the output current of a HEMT can be modulated by the application of a
negative bias to the gate, until reaching a “threshold voltage” (V) when the
Fermi level is pulled down below the conduction band edge of the AlGaN and
the 2DEG channel is depleted.

The threshold voltage V;, of an AlGaN/GaN HEMT depends on the het-
erostructure properties (i.e. AlGaN thickness and doping, Al concentration) and
can be written as [102]:

qNDdz a o(x
Vin@®) = @g(x) + Ep(x) — AE(x) — AlGaN (%)
260€ piGan(X)  E0€AIGaN(K)

AlGaN

(1.12)

where N, is the doping density of the AlGaN barrier layer expressed in
atoms/cm?®.

In normally-on HEMTs, the typical values of the AlGaN barrier thickness are
of about 20-25 nm, with Al concentration in the range x = 0.25-0.30. In such
AlGaN/GaN heterostructures, the values of the 2DEG sheet carrier density 7, are
in the range of 0.7-1 x 10'3 cm™2, which results in negative values of V;, around
—4V. However, in power electronic applications, “normally-off” devices (i.e. with
a Vy, > 0) are strongly preferred [103—105]. A recent overview of the most com-
mon technologies for achieving normally-off HEMTs is given in Ref. [106]. This
important topic will be discussed in Chapter 4.

The high saturation velocity of the material and the high mobility of the 2DEG
in AIGaN/GaN heterostructures enable fast switching frequency of HEMTs. In
fact, for high-frequency applications, it is necessary to shorten the transit time ¢
between the source—drain spacing L4 of the switching transistor.

Considering the transit time of electron in the distance Ly, the cutoff frequency
fri.e. the frequency at which the current gain becomes unity, can be written as:

1 Vsat

- - 1.13
Jr 2rnt  2mLly ( )
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which can be also expressed in terms of the transconductance g,, and of the gate
capacitance C, as:
Em

Jr= 22C, (1.14)

Assuming the saturation electron velocity of GaN, from Eq. (1.13), it can be
deduced that submicron gate HEMTs are able to operate at frequencies in the
millimeter-wave (mmW) range [30].

The use of a Schottky contact as gate electrode in GaN-based HEMTs can
be a limitation both for the off-state characteristics of the devices (i.e. leakage
current) and for the maximum gate voltage swing (i.e. the current capability in
the on-state). For that reason, the introduction of an insulating layer below the
gate electrode is a common solution in GaN-based HEMT technology, espe-
cially for high-voltage applications. GaN HEMTs employing the insulated gate
are often called metal-insulator—semiconductor high-electron mobility transis-
tors (MISHEMTs). The problems related to insulated gate HEMTs will be dis-
cussed in the following chapters.

Some final considerations regard the heterostructures used for GaN-based
HEMTs. Nowadays, GaN-based HEMTs for high-power and high-frequency
operation are mostly fabricated using AlGaN/GaN heterostructures. However,
the presence of a tensile stress in the AlGaN barrier layer, and the consequent
relaxation effects, can be a limit of the heterostructure design. This aspect is
particularly important for high-frequency applications, where a thinner barrier
layer is needed to improve the capability of gate modulation, and to increase the
device transconductance. Hence, a promising alternative to AlGaN as a barrier
layer is the ternary alloy In Al,_ N, which is lattice-matched to GaN for an InN
mole fraction of around 17% [107]. At this composition, the stress and piezo-
electric polarization are not present, thus potentially improving the stability of
the heterostructure [108]. Even in the absence of piezoelectric polarization, the
2DEG sheet charge density induced by the difference in spontaneous polariza-
tion is typically larger than in the conventional AIGaN/GaN heterostructure.
This should result in a higher output current and power density of the device
[108]. Clearly, as discussed in Chapter 6, the high current densities achieved
in InAIN/GaN HEMTs result in significant self-heating effects, which must be
appropriately faced in order to limit detrimental effects for device reliability.

AIN/GaN heterostructures are another system that is particularly advan-
tageous for high-frequency (mmW) HEMT operation. In fact, the use of an
ultrathin (e.g. ~3nm) AIN barrier ensures the submicrometric device scaling
without incurring in the 2DEG degradation [109, 110]. Design considerations
and critical processing steps for high-frequency AIN/GaN HEMTs will be
discussed in Chapter 3.

1.3 Applications of GaN-Based Materials

GaN-based materials and heterostructures have several applications in both
optoelectronic and power- and high-frequency devices. In the following sections,
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a short overview of the main applications of nitride devices will be given, also
mentioning some of the most relevant physical and technological open issues.
These concepts will be useful as an introduction to the contents of the other
chapters of the book devoted to devices.

1.3.1 Optoelectronic Devices

The scientific and technological achievements reached in nitride-based optoelec-
tronic devices since the 1980s have led and are leading to creation of new multibil-
lion markets. Figure 1.15 illustrates the examples of consumer applications of the
nitride-based optoelectronic devices, i.e. LEDs and LDs, in several fields (general
lighting, cars, video projections, etc.).

White LEDs have made a revolution in lighting, contributing significantly in
a decrease of energy consumption. However, still white LEDs are not based on
red—green—blue (RGB) emitters because green LEDs have too low efficiency
(green gap). Instead, white LEDs are constructed using blue LEDs illuminating
phosphor to excite light of longer wavelengths. Such white LEDs have become
very popular, as they are used as bulbs or Christmas-tree illumination, but also
in most of the computer screens.

Blue LEDs can be switched on and off much faster than the incandescent bulbs,
thus making possible to use light to transmit information (Li-Fi instead of Wi-Fi).
Even faster modulation (10 times compared to LEDs) can be achieved using blue
LDs. Most likely, nitride-based LEDs and LDs will be widely used in smart cities
to control traffic and other people activities in parallel to illumination.

Blue LDs are mostly recognized as those used in the BluRay for recording and
playing the compact disks, although this technology will probably vanish soon.
Nevertheless, nitride LDs have many other applications, e.g. they can be used for
exciting phosphor to get white light. Such head lamps are produced and installed
in luxury (so far) cars.

Nitrides optoelectronics applications
Light emitting diodes (LEDs) Laser diodes (LDs)

General lighting Blue ray Industry and
medicine

i

Car lighting Smart cities

Figure 1.15 Examples of applications of nitrides devices (LEDs and LDs) in optoelectronics.
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Lighting and Li-Fi are markets of tens-billion-Euro size, but even bigger one will
be the one of RGB screens and movie projectors (blue and green emitters based
on nitrides, red based on arsenides/phosphides). These RGB projectors will vary
in size, the smallest for mobile phones, medium for TV sets, and the largest as
billboards and for cinema theaters.

RGB screens based on LEDs are already installed as outdoor billboards. Each
contains tens of thousands of LEDs. However, for the TV set and computer
screens, not to mention the mobile phones, one needs much smaller pixels. This
technology is almost ready, and RGB micro-LEDs will soon replace the other
solutions.

Using RGB LDs makes it possible to obtain extra-high color resolution projec-
tors, as well as to create three-dimensional images without using any goggles.

The third (after lighting and RGB projectors) huge market for GaN-based LDs
could be “Last mile” Tb/s communication through plastic fibers. Such fibers can
transmit 490 nm light and have a big advantage of being cheap, light, and more
resistant to shocks as compared to glass waveguides. Therefore, they are of the
first choice for battleships and army vehicles. Then, every house, aircraft, car, etc.,
could have such installation of plastic fibers to transmit data. However, it is not
clear if the “Last mile” market will be developing because of the disadvantage of
additional stage of signal processing.

A very interesting application of blue and green LDs of well-defined wave-
lengths is in the Quantum Technologies [111]. The LDs are used for cooling the
atoms down to micro-kelvins and for exciting these atoms in atomic clocks, which
are able to measure time with accuracy of fractions of picoseconds. Such clocks
will enable GPS to measure the position with a high precision and to construct
gravimeters to be used in geology and in detection of buried objects.

Moreover, there are several other niche markets for nitride LDs, e.g. in
medicine, in environmental protection, as well as for welding of copper and gold.

Light in blue and green emitters is created in InGaN QWs, while using AlGaN
enables to obtain UV radiation. Recent achievements of many laboratories in
technology of 260—-280 nm LEDs open interesting application perspectives in the
disinfection of water, air, and food [112].

In the case of LDs, while the shortest wavelength demonstrated at the R&D
level till 2019 has been of 340 nm [113], the commercially available devices oper-
ate in the range of 370-380 nm (www.nichia.co.jp/en/product/laser.html). Very
recently, Z. Zhang et al. [38] demonstrated a deep UV device emitting at 271.8 nm
in the pulse mode. The epitaxy of this device was done on bulk AIN crystal and
p-doping was achieved by polarization-induced doping. The parameters (high
voltage and high threshold current) of this deep UV LD were still far behind the
devices emitting at the blue/green range, but this achievement will pave the way
to the UV LDs, which would be used in medicine for sterilization or cancer curing
via the waveguides.

In spite of the spectacular success of “GaNification” in optoelectronics, still
there are many challenges that must be overcome.

The performance of blue and green LEDs is pegged back by three phenomena:
droop (the gradual decrease in efficiency as the drive current increases), green
gap (the gradual decrease in efficiency as the indium content in InGaN QWs
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rises), and the electrical potential drop (increase in the voltage to be provided
to increase current). An excellent discussion of those three phenomena is given
by Han et al. [114].

On the other hand, in the case of nitride LDs, there are still many issues to
be resolved. The low crystallographic quality, small size, and high price of GaN
substrates is the main obstacle for a quick development of blue and green LD
technology. As mentioned in Section 1.2.1, most of the nitride research- and-
technology is based on foreign substrates, e.g. sapphire and silicon. The difference
of lattice parameters and thermal expansion between GaN and those substrates
results not only in a very high dislocation density but also in wafer bowing, which
in turn makes lithography very difficult. The bulk GaN substrates are consid-
ered the future for optoelectronic devices, and in particular for LDs with long
lifetime. Nowadays, such substrates are manufactured by number of companies
all over the world (Sciocs, St. Gobain Lumilog, Furukawa, Nanowin, Ammono,
Sumitomo, etc.). However, these crystals contain large densities of dislocations
(10*-107 cm™2) and their size is typically limited to 2-inches, although 4- and
6-inches are already being introduced into the market. The prices of the GaN
substrates are about 10 times higher than those of GaAs, or SiC, and even 100
times as compared to sapphire.

Another technical limitation is given by the low wall-plug efficiencies in the
green region related to poor crystallographic quality and poor p-type of InGaN
and GaN grown at low temperatures.

Finally, the lack of stimulated emission in the UV region related to poor p-type
of AlGaN and the presence of point defects are also current bottlenecks in LD
technology.

Many of these open issues will be discussed in Chapters 7—-10.

1.3.2 Power- and High-Frequency Electronic Devices

Power electronics is the key enabling technology devoted to the control and
management of electric power. In particular, the primary goal of a power elec-
tronic system is to provide the electric power in the optimal form (i.e. in terms of
current, voltage, frequency, etc.) for the end user load. Hence, power electronic
devices are used on a daily basis in our society in many fields, e.g. power supplies
for computers, industrial motor drives, energy conversion systems in hybrid
electric vehicles (HEVs), and inverters for renewable energies.

For some decades, silicon (Si) has been the semiconductor of choice for power
devices because of its natural abundance, low cost, excellent crystalline quality,
and device processing maturity. However, today, Si power devices have reached
their operational limits, set by the intrinsic properties of the material, and are
affected by significant power losses in practical applications. Hence, the improve-
ment of energy efficiency in power electronics is one of the challenges of our
society to reduce the global energy consumption. In this context, the introduc-
tion of new semiconductors technologies to overcome the current limitations of
Si devices has become mandatory.

Because of their excellent electronic properties, WBG semiconductors are con-
sidered the materials of choice for the future energy efficient power devices [39].
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Figure 1.16 Potential applications of GaN power devices as a function of the voltage. For
comparison, the application area of SiC is also indicated. Source: Adapted from Roccaforte

et al.[106]. Copyright © 2019 by the authors; licensee MDPI, Basel, Switzerland. Reference [106]
is an open access article distributed under the terms and conditions of the Creative Commons
Attribution License.

Among them, while SiC [115] is the most fitted in terms of crystalline quality and
device maturity, GaN and related alloys are very promising but still suffer from
many concerns, which hinder their full exploitation in power electronic applica-
tions.

Figure 1.16 illustrates the potential applications of GaN devices in power elec-
tronics in the low-, medium-, and high-voltage range. For comparison, the typical
range of application of the other WBG semiconductor SiC is also indicated.

According to the current opinion of market analysts, GaN could be better
suited for the low-medium voltage range (200-600 V), which includes a part
of the consumer electronic market (e.g. computer power supplies and audio
amplifiers). In this voltage range, the material is the best candidate to replace
the existing Si devices. The voltage range 600—900V is strategic, as it covers the
converters for electric vehicles (EVs) and HEV, and the inverters for renewable
energy (e.g. photovoltaic). Here, GaN is expected to be in competition or
to coexist with SiC. At higher voltage (>1.2kV, e.g. industrial applications,
trains/ships transportation, and electric energy distribution grids), 4H-SiC is
considered as the preferable choice, owing to a better material quality and device
reliability. The future applications of GaN for high-voltage devices will strongly
depend on the improvement of the material quality and the development of
vertical devices based on bulk GaN.

In general, considering the case of unipolar power devices, the specific
on-resistance Rqy (expressed in  cm?) can be approximated by the contribution
of the device drift layer [97]:

4B;,
Roy & ——— (1.15)
506GaN”nECR
where By, is the targeted breakdown voltage, £, is the permittivity of GaN, u,,
is the electron mobility, and Ey is the critical electric field of the material.
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Figure 1.17 Trade-off of the specific on-resistance R, as a function of the breakdown voltage
B, for Si, 4H-SiC, and GaN. A collection of experimental literature data for normally-on and
normally-off GaN HEMTs is also reported [45, 49, 116].

The high critical field E-; of GaN enables the fabricated devices to sustain
high-voltage levels with thinner drift layers. Hence, the specific on-resistance Ry
can be reduced and a smaller device area will be required to reach a given current.
The low Ry translates into a lower power dissipation in switching devices, which
is a key requirement for a better energy efficiency in power electronic systems.

Figure 1.17 reports the theoretical trade-off between the specific on-resistance
Ry and the breakdown voltage B, for Si, SiC, and GaN unipolar devices. A col-
lection of literature data for GaN-based HEMTs (normally-on and normally-off)
is also reported.

From this plot, it can be deduced that the theoretical limits are still far to be
reached. The discrepancy between the state-of-the-art data and the theoretical
limits can be associated with the existing issues in material quality and device
processing [45, 49, 116, 117].

Metal/semiconductor contacts are important bricks of any electronic device. In
particular, in GaN devices, the formation of Ohmic contacts with a low specific
contact resistance p, and Schottky contacts with an adequate barrier and a low
leakage is required to minimize the device power consumption and improve the
reliability [118].

The formation of Ohmic contacts with alow p, is a challenging issue in GaN and
related alloys. In fact, the values of metal/semiconductor Schottky barrier height
on WBG semiconductors are typically higher than in Si and, hence, low values of
p. (in the order of 107*-107% Q cm?) are difficult to obtain. Several metallization
schemes have been proposed as Ohmic contacts to n-type GaN, as reported in a
good review by Greco et al. [119].

In general, sequences of several metal layers are employed [120]. These stacks
consist of a low work function metal (Ti) deposited on GaN and covered by an
overlayer (Al). Then, a barrier layer is inserted to limit the interdiffusion between
metals during annealing (Ni, Ti, Pt, Pd, Mo, etc.) and a top cap layer (Au) to pre-
vent oxidation.



1.3 Applications of GaN-Based Materials

Recently, the interest toward GaN-based heterostructures grown on large-area
Si substrates is grown because of the possibility of fabricating GaN devices using
the Si CMOS facilities. In this context, to prevent contaminations and make GaN
technology compatible with the Si CMOS line standards, the implementation of
“Au-free” metallization schemes becomes mandatory.

On p-type GaN-based materials, the formation of Ohmic contacts is even more
challenging because of the high metal/GaN barrier values and the high ionization
energy of the Mg p-type dopant [121]. Also in the case of p-type GaN, various
metal schemes have been investigated to form Ohmic contacts [119]. High work
function metals (Ni, Pt, and Pd) are preferred, as they are expected to form a low
Schottky barrier on the p-type semiconductor. Then, a cap layer of a noble metal
(e.g. Au and Ag) is deposited on the top to prevent the oxidation. The Ni/Au
bilayer is a very common scheme used for Ohmic contacts to p-GaN. Interest-
ingly, Ohmic contact formation on p-type GaN is favored upon annealing in
oxidizing atmosphere [122], with a complex mechanism that is widely debated
in the literature.

The important role of contacts in GaN-based LEDs, LDs, and HEMTs will be
mentioned in some chapters of the book.

Schottky contacts are used as gate metallization in GaN HEMTs to modulate
the 2DEG concentration, Ni, Pt, and Au being the most widely used metals. How-
ever, the Schottky barriers on (Al)GaN often suffer from non-ideality issues and
high leakage current, which limit the gate voltage swing in power transistors.
Hence, dielectric materials can be used to insulate the Schottky gate and reduce
the leakage current [123]. Moreover, dielectrics are very important as surface
passivation to limit the so-called “current collapse” phenomena in GaN HEMTs
[124-127] caused by the trapping of electrons at the device surface and/or in the
buffer. Several dielectrics have been investigated as gate insulators and passivat-
ing layers for GaN HEMTs (SiN,, SiO,, Al, O, etc.) [123, 128]. In this context, the
reliability is an important concern in power electronic devices. As an example,
a threshold voltage instability in GaN transistors can be detrimental in power
switching applications. The occurrence of charge trapping effects at interfaces
in the buffer layer or in the gate dielectrics are typically responsible for the V',
instability upon bias stress [129]. Typically, positive V; shifts lead to a degrada-
tion of the device on-resistance, while negative V, shifts can lead to the loss of
the normally-off behavior. The reliability aspects associated with GaN electronic
devices will be described in Chapter 6.

As described in Section 1.2.4, the HEMT working principle is based on the
presence of the 2DEG conduction channel, making these devices inherently
normally-on. Hence, the current is modulated by the application of a negative
bias to a Schottky gate electrode. However, in power electronic applications,
normally-off switches are preferred, as they provide fail-safe operation con-
ditions and gate-driver circuitry simplicity [103—-106]. Hence, the academic
community and many industrial players working on GaN are spending significant
efforts on the development of reliable normally-off technologies.

Under the physical point of view, to obtain the desired normally-off HEMT
behavior, the region near the gate must be modified by employing appropriate
near-surface processing or band engineering techniques. Several approaches
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have been reported in the literature to achieve normally-off GaN-based HEMTs,
the most common being the p-GaN gate and the recessed gate hybrid MISHEMT.
The advantages and disadvantages of all these technologies will be critically
described in Chapter 4.

In terms of operation frequency, the interest for the mmW band is steadily
increasing, owing to the reduced wavelength and wide frequency bands, enabling
smaller components with improved performances. In fact, today, the wireless
communication systems are extending to higher frequencies because of the
need for more bandwidth for several emerging applications. In this context,
GaN-based devices can represent the best choice for high-power amplifiers
(HPAs), broadband amplifiers, and 5G wireless communication networks.
However, also in this case, several technological challenges need to be overcome
in order to achieve the optimal device performance, as will be discussed in
Chapter 3.

Clearly, the high-frequency performances of GaN-based HEMTs are ulti-
mately limited by the lateral scaling of the device channel. In this context,
the integration of two-dimensional (2D) materials with nitrides has recently
opened the way toward alternative devices beyond the HEMTs, targeted for
ultra-high-frequency operation. As an example, the hot electron transistor
(HET) is a device based on the transversal ballistic transport of hot electrons
through an ultrathin base layer. As will be discussed in the Chapter 11, graphene
junctions with Al(Ga)N/GaN heterostructures have been recently employed to
implement vertical HETs potentially able to work in the terahertz frequency
range.

Finally, it is worth mentioning that GaN electronics is dominated by lateral
transistors fabricated on AlGaN/GaN heterostructures grown on foreign
substrates. However, vertical devices based on bulk GaN are strongly desired
in power electronics. In fact, the vertical topology can enable to increase
the breakdown voltage by increasing the thickness of the drift region, while
maintaining the chip size constant. Furthermore, the maximum electric field
in vertical GaN devices is moved far away from the surface into the bulk, thus
enabling to minimize the trapping phenomena and to eliminate the current
collapse. Not least, vertical devices on high-quality bulk GaN crystals can allow
to achieve a higher power density than lateral devices, thanks to the lower Ry
and higher current capability and to the higher thermal conductivity of the bulk
material. The status and perspectives of vertical GaN devices will be discussed
in Chapter 5.

1.4 Summary

In summary, this chapter gave an overview of the main physical, optical, and
electrical properties of GaN-based materials. The direct band gap, combined
with the possibility to have the desired wavelength by tailoring the composition,
is the key aspect that allowed use of nitride semiconductors in optoelectronics
successfully. However, the outstanding characteristics, in terms of electric field
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strength and piezoelectric properties of AlGaN/GaN heterostructures, also
make these semiconductors excellent candidates for the next generation of
power- and high-frequency devices.

Although GaN-based devices (LEDs, LDs, and transistors) have already entered
our daily life, there are still many problems related to material growth and device
processing that deserve further intensive research.
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