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Summary

ScAIN is a wide bandgap IlI-Nitride semiconductor well known for its piezoelectric properties. Its sponta-
neous and piezoelectric polarization properties are also interesting for achieving heterojunctions with GaN
in view of fabricating high electron mobility transistors (HEMTSs). In these heterojunctions, the replacement
of the AlGaN alloy by ScAIN presents several advantages, among them the possibility to generate two-
dimensional electron gases (2DEGs) with much more carriers. It permits also to maintain a high carrier
density in the channel of HEMTs with ScAIN barriers as thin as few nanometers, which allows to keep
low access resistances and large saturation currents while limiting short channel effects in the submicron
gate length transistors of millimeter-wave power amplifiers. Furthermore, the Sco 134lp 5N alloy is lattice
matched with GaN, which means that noticeably reduced stress can be induced in the devices, an advan-
tage for their reliability. However, to benefit all these advantages, the good control of the crystal growth
of ScAIN alloy on GaN is necessary in order to obtain heterojunctions with the best crystal quality and
the desired electrical behavior. Recent literature has reported encouraging results on ScCAIN/GaN HEMTs
grown by plasma-assisted molecular beam epitaxy and metalorganic vapor phase epitaxy. In this thesis, we
studied the ammonia-source molecular beam epitaxy, a technique mastered in the laboratory since more
than twenty years for GaN and AlGaN compounds. For the first time to our knowledge, ScAIN alloys have
been grown on GaN with this technique. The effect of growth temperature has been studied first on rel-
atively thick (25 nm) films in the 600°C to 800°C range. An optimal structural quality has been obtained
for a growth temperature around 670°C, whereas the amount of scandium around 14% and the thickness
vary very slightly in comparison to what was reported with plasma-assisted molecular beam epitaxy. Then,
the effect of barrier thickness on 2DEG concentration has been studied. A maximum concentration around
4 x 10"3 /em? has been obtained for a thickness of 15 nm and it remained close to 2 x 10'3 /cm? for a nominal
thickness of 5 nm. XPS, SIMS and atom probe tomography confirmed the absence of heterogeneities in
alloy composition. However, X-ray diffraction and transmission electron microscopy revealed the presence
of a critical thickness beyond which crystal lattice parameter modulations appear. Furthermore, this crit-
ical thickness is reduced for films grown with scandium amounts around 22% and 30%. We succeeded
in elaborating ScAIN/GaN HEMTs on buffer layers developed on both Silicon and GaN-on) sapphire sub-
strates. Our technological work consisted in the achievement of chmic contacts with acceptable resistances
(Rc ~ 1Q.mm), the device isolation with mesa etching, the fabrication of diodes, van der Paw patterns and
transistors able to deliver drain current density superior to 1 A/mm. Hall effect measurements performed on
Van der Paw devices confirmed the high carrier concentration of 2 to 3 x 10!3 /cm? associated to a mobility of
500 — 600cm? /V.s in the 2DEGs of HEMTs grown on silicon. HEMTs grown on GaN-on-sapphire substrates
exhibited reduced carrier densities compared to those grown on silicon substrates, but with enhanced mo-
bility (~ 950cm?/V.s).

Keywords: Scandium aluminum nitride (ScAIN), Molecular Beam Epitaxy (MBE), High electron mobility
transistor (HEMT), Heterostructures, lll-Nitride Semiconductors



Résumeé

Lalliage ScAIN est un semiconducteur llI-N a large bande interdite connu pour ses propriétés piézoélectriques

remarquables. Ses propriétés de polarisation spontanée et piézoélectrique sont également intéressantes
pour la réalisation d’hétérojonctions avec le GaN en vue de fabriquer des transistors a haute mobilité
électronique (HEMTs). Dans ces hétérojonctions, remplacer le matériau barriére AlGaN habituellement
utilisé par ScAIN présente plusieurs avantages, parmi lesquels la possibilité de générer des gaz bidimen-
sionnels d’électrons (2DEGs) avec des densités bien plus importantes. En corolaire, ceci permet de main-
tenir de grandes densités de porteurs dans les canaux des HEMTs méme avec des barrieres ScAIN de
tres faible épaisseur (quelques nanometres), ce qui en retour permet de conserver des résistances d’acces
faibles, des courants de saturation élevés tout en limitant les effets de canal court dans les transistors a grille
submicronique des amplificateurs de puissance hyperfréquence. Aussi, I'alliage Scy.13Aly g N étant adapté
en parametre de maille avec GaN, la possibilité de réduire notablement les contraintes mécaniques liées au
désaccord de parametre de maille est un atout pour améliorer la fiabilité des composants. Cependant, pour
bénéficier de tous ces avantages il est nécessaire de maitriser la croissance cristalline de l'alliage ScAIN
sur un film de GaN afin d’obtenir des hétérojonctions présentant la meilleure qualité cristalline possible et
le comportement électrique recherché. La littérature récente a rapporté des résultats encourageants au
sujet de la croissance d’hétérostructures HEMTs ScAIN/GaN par épitaxie sous jets moléculaires assistée
par plasma et de la croissance par épitaxie en phase vapeur aux organo-métalliques. Dans cette thése,
nous nous intéressons a la croissance par épitaxie sous jets moléculaires a 'ammoniac, technique que
le laboratoire maitrise depuis plus de vingt ans pour les composés GaN et AlGaN. Pour la premiere fois a
notre connaissance, des alliages ScAIN ont été épitaxiés sur GaN au moyen de cette technique. Leffet de la
température de croissance a tout d’abord été étudié pour des films de 25nm d’épaisseur dans une gamme
allant de 600°C a 800°C. Un optimum en termes de qualité cristalline est atteint pour 670°C, alors que la
teneur en scandium autour 14% et I'épaisseur varient peu a la différence de ce qui est rapporté au sujet de
I'épitaxie assistée par plasma. Différentes épaisseurs de barriére allant de 5 a 55 nm ont été étudiées et ont
permis d’obtenir une densité maximale de charges dans le 2DEG, autour de 4 x 10'3 /em? pour une barriére
épaisse de 15 nm et 2 x 103 /em? malgré une épaisseur nominale réduite a 5 nm. Les mesures XPS, SIMS
et la tomographie par sonde atomique ont confirmé I'absence d’hétérogénéité de composition dans I'alliage.
Cependant, la diffraction des rayons X et la microscopie électronique en transmission révelent la présence
d’'une épaisseur critique a partir de laguelle des modulations du parametre de maille apparaissent. Aussi,
cette épaisseur critique diminue pour des films contenant des teneurs en scandium autour de 22% et 30%.

Nous sommes parvenus a élaborer des hétérostructures HEMTs ScAIN/GaN sur des couches tampons
développées d’une part sur substrat silicium et d’autre part sur des tremplins GaN/saphir. Nos réalisations
technologiques comprennent I'établissement de contacts chmiques avec des résistances acceptable (Rc ~
1Q.mm), la fabrication de diodes, de transistors délivrant des courants de drain jusqu’a plus de 1A/mm et
des motifs de van der Pauw. Les mesures d’effet Hall réalisées sur ces derniers ont permis d’obtenir une
densité d’électrons allant de 2 & 3 x 10'* /cm? dans le 2DEG, associée a une mobilité de 500 — 600cm?/V.s
dans le cas des HEMTs épitaxiés sur silicium. Les HEMT épitaxiés sur des substrats de GaN-sur-saphir
ont présenté des densités de porteurs réduites par rapport a ceux épitaxiés sur des substrats de silicium,
mais avec une mobilité améliorée (~ 950cm?/V.s).

Mots-clés : Nitrure de scandium aluminium (ScAIN), Epitaxie sous Jets Moléculaires (EJM), Transistor
a haute mobilité électrique, Hétérostructures, Semiconducteurs Nitrures d’éléments 1.
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1 Introduction

The evolution of wireless transmissions in today’s society has been marked by significant advancements
and transformative changes. The first generation of massive wireless telecommunications emerged in the
1980s with analog cellular networks. These networks enabled basic voice calls and had limited capacity.
The second Generation (2G) which began in the early 1990s, introduced digital cellular networks. These
networks offered improved voice quality, increased capacity, and the introduction of basic data services like
SMS (Short Message Service). The advent of 3G in the early 2000s, introduced high-speed data transmis-
sions, enabling internet access, email, multimedia messaging, and basic video calling on mobile devices.
The emergence of 4G networks, starting around 2009, brought about a revolution in wireless communi-
cations. 4G provided significantly faster data transmission speeds, low latency, and enhanced multimedia
capabilities. It facilitated the rise of mobile apps, video streaming, social media, and more advanced mobile
services. Fifth Generation (5G) represents the latest stage in the evolution of wireless transmission. It
began rolling out in 2019 and continues to expand globally. 5G networks offer exponentially higher data
rates, ultra-low latency, increased network capacity, and the ability to connect a massive number of devices
simultaneously. 5G’s advancements are expected to support transformative technologies like autonomous
vehicles, augmented and virtual reality, smart cities. To achieve faster wireless telecommunications and
to accommodate higher capacity, next-generation communication technologies rely on utilizing higher fre-
quencies. Applications in the Ka to W bands are therefore conceivable, both in telecommunications and
radars. This frequency range constitutes the millimeter-wave range (bands marked in red in figure 1 below).
Nonetheless, as the next generation of communication technology emerges, a trade-off arises with reduced
signal coverage, which is inversely proportional to the square of the operating frequency. This reduction
in coverage is primarily because higher-frequency signals have shorter wavelengths and are more prone
to obstacles and interference. They tend to get absorbed or scattered more easily by objects such as
buildings, trees, and even the atmosphere. As a result, the signals cannot propagate as far or penetrate
obstacles as effectively as lower-frequency signals. To ensure uninterrupted wide-area coverage, a higher
emitted power or a substantial increase in the number of base stations is necessary.

Fréquence 1GHz 2GHz 3GHz 4GHz 8GHz 12GHz | 18GHz | 26GHz | 30GHz | 40GHz | 46GHz | 50GHz | 56GHz | 60GHz | 100GHz | 300GHz
Longueur
d’onde 3dm 1,5dm 1dm 7,5cm 3,8cm 2,5cm 1,7cm 1,2cm icm 7,5mm | 6,5mm 6mm 5,4mm S5mm 3mm imm
Hyperfréquences |
Bandes t s I ¢ I X I Ku I K I ka I e |
micro-ondes I \'} | w |
| a I

Figure 1: Electromagnetic spectrum of micro-waves.

Consequently, with an increasing number of base stations, a crucial objective from both financial and
environmental perspectives is to significantly decrease their power consumption. The most impactful ap-
proach to achieve this is by enhancing the efficiency of the power amplifiers (PAE) operating at high fre-
quencies. In 1979, Takashi Mimura, while working at Fujitsu in Japan made a groundbreaking contribution
by inventing the high-electron mobility transistor [1], the basis of the HEMT was the GaAs MOSFET (metal-
oxide-semiconductor fied-effect transistor). Daniel Delagebeaudeuf and Tranc Linh Nuyen, both employed
at Thomson-CSF France at the time, individually submitted a patent application for a comparable field-effect
transistor in 1979 [2]. HEMT contains a heterojunction to boost electron mobility, resulting in faster electron



transportation. In the case of AlIGaAs/GaAs heterojunctions, doping of the AlGaAs barrier is necessary to
generate a highly conductive two-dimensional electron gas in the GaAs channel. The primary constraint
lies in the electron density within the 2DEG, which is below 1 x 10'2/cm?. However, substituting GaAs with
pseudomorphic InGaAs can elevate this density to approximately 2 x 10'2/cm?. Utilizing alternative het-
erojunction materials such as InAlAs/InGaAs can further increase the electron density to reach levels of
up to 3 x 10'2/ecm? e-/cm? [3]. The ability to engineer the bandgap within a wide range (from 0.7 eV with
InN to 6.1 eV with AIN) by combining InN, GaN, AIN and ScN makes Group Il nitrides suitable for various
applications in the field of RF power amplifiers, particularly in base stations for mobile communications. In
1993, Khan et al. introduced one of the first references to a GaN-based High Electron Mobility Transistor
(HEMT) [4]. In contrast to GaAs HEMTs, GaN HEMTs have the advantage of not requiring doping. This is
attributed to the hexagonal wurtzite structure of IlI-Nitride materials, which induces polarization effects. As
a result, an heterostructure is formed that exhibits a high-density two-dimensional electron gas (2DEG) at
the interface between the wider bandgap material (barrier) such as AlGaN, InAIN, InGaAIN and the lower
bandgap one (channel) such as GaN. This unique structure enables enhanced power transistor capabilities
without the need for additional doping. The initial report on the aluminum gallium nitride (AlGaN)/gallium
nitride (GaN) heterojunction dates back to 1991[5], and it marked a significant milestone. This was followed
by the development of the first AIGaN/GaN high-electron mobility transistor (HEMT) in 1993 [6], [7].

PP Si
1 sic

breakdown
field

[a.u.]

“electron

mobility
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_ thermal
saturation /- conductivity
velocity / [a.u.]
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Figure 2: Differences in material properties between GaN, Si and SiC. Data from [8].

GaN-based transistors (high-electron-mobility transistor, HEMT) are increasingly replacing traditional
Si-based devices such as Laterally Diffused Metal Oxide Semiconductor (LDMOS) in base stations and
GaAs based transistors in radars and military applications. The large bandgap of GaN results in a high
breakdown electric field of 3.5 MV/cm [9], [10] and allows for high-voltage operation and cost-effective
fabrication of smaller devices and thanks to their high electron saturation velocity (up to 2.5 x 107cm? /s) and
good thermal conductivity (1.5-2.5 W/(cm.K)), they can achieve high power and high-speed operation while
reducing cooling requirements compared to other technologies (see Figure 2 ). Furthermore, llI-Nitride
HEMT heterostructures have significantly high sheet carrier concentrations (generally around 10'3 /cm?)
and rather high electron mobilities (1000 to 2000 cm?/V.s at 300 K).

Beyond the output power performance of the transistors, a critical parameter for applications is the power
added efficiency (PAE). It is defined as the difference between RF power at the output of the device and
RF power at the input, divided by the DC power used to bias the device. Such ratio gives an idea of the
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Figure 3: Output power vs frequency among different semiconductor technologies. GaN-based High Electron Mobil-
ity Transistors (HEMTs) demonstrate their suitability for operating at both high power and high frequency simultane-
ously[11].

energy efficiency of the transistors, which influences operation cost and also the device lifetime. In tradi-
tional Al,Ga;_N/GaN HEMTs, to increase the ifficiency of such transistor, it is crucial to increase the charge
carrier concentration in the two-dimensional electron gas (2DEG). To enhance the operating frequency, a
commonly employed technique is to decrease the gate length (Lg). By reducing Lg, the transition frequency
(fr) experiences an increase across various material systems. However, diminishing the gate length neces-
sitates decreasing the gate-to-2DEG distance (d,_»pe¢) through the L, /d,_»>prc aspect ratio. In the case of
nitrides (wide bandgap materials), it is crucial to maintain this aspect ratio above 15 to limit short channel
effects, as indicated by a study conducted by Jessen et al. [12]. Achieving high-frequency operation in
gallium nitride (GaN) devices necessitates a thin barrier layer with a high-density two-dimensional electron
gas (2DEG). So far, Shinohara et al. have achieved a GaN HEMT with an impressive cutoff frequency of
approximately 450 GHz [13]. Sc.Al;_.N exhibits a wide and direct bandgap of greater than 5 eV for Sc
molar fraction x up to x = 0.25. Additionally, it can be further tuned to 3.99 eV (indirect) for x = 0.5 [14].
This bandgap characteristic makes Sc.Al;_.N suitable for serving as a barrier material in HEMT structures.
By adding scandium (Sc) in the IlI-Nitride alloys, a remarkable increase in spontaneous polarization and a
substantial fivefold enhancement in piezoelectric polarization are achieved [14], [15]. These improvements
directly contribute to inducing significantly higher sheet carrier concentrations in the material. Furthermore,
it is anticipated that the lattice matched growth of Sc,Al;_.N with a composition of approximately x ~ 0.18 on
GaN will result in high structural quality of the barrier layer. This high-quality structure is expected to signifi-
cantly enhance the control of carriers and their transport properties within the device. The strong motivation
to utilize ScAIN in HEMT structures has led to its growth using various techniques metalorganic chemical
phase deposition (MOCVD)[16], and plasma-assisted molecular beam epitaxy (PA-MBE) [17]-[19]. How-
ever, there has been no investigation yet on the growth of ScAIN using ammonia source molecular beam
epitaxy (NH3 MBE) growth technique. This knowledge gap provides an opportunity for CRHEA-CNRS lab-
oratory to explore a growth technique that has proven its interest for the achievement of high performance
GaN based RF devices [20].

The objective of this thesis is to establish a thorough understanding and a reliable process for the epi-
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taxial growth of ternary Sc,Al;_N films by NH; MBE. We believe that NH; MBE growth permits to achieve
higher resistivity GaN buffer layer which is critical for HEMT applications and thanks to their lower con-
centration of residual donors[21]. This involves investigating various growth parameters and systemati-
cally characterizing their impact on the structural, morphological, compositional, and electrical properties
of Sc,Al,_xN /GaN structures. Through a comprehensive analysis of the results, the aim is to identify the
optimal growth conditions necessary for fabricating GaN-based High Electron Mobility Transistors (HEMTs)
with Sc,Al;_N barrier layers.
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2 Material properties of group llI-Nitride materials

2.1 Group llI-Nitrides main properties
2.1.1 Crystalline properties

Crystal Structures

Semiconductor materials known as nitrides of group Il elements consist of elements from column Il of
the periodic table (Gallium Ga, Aluminium Al, Indium In, Scandium Sc) combined with nitrogen (N) from col-
umn V. The bonding between these atoms is achieved through covalent bonds. Collectively, these materials
are referred to as "llI-N materials” (GaN, AIN, InN, and their alloys). They can adopt three different crystal
structures: two cubic structures, the zinc blende one with F43m space group (in the Hermann—Mauguin
notation), and the rocksalt one with the Fm3m space group, and one hexagonal structure (wurtzite) with
the P6smc space group.. The specific structure formed depends on various parameters, including crystal
growth conditions (such as pressure, temperature, IlI-V ratio) and the choice of substrate with its crystal-
lographic orientation. Among these structures, the wurtzite structure is the most thermodynamically stable
and is commonly utilized in the production of electronic and optoelectronic components based on GaN.
The nitrogen being more electronegative than the element lll, the bond IlI-N is polar. The corresponding
dipole moment is directed according to the bond Ill-V, from the most electronegative element to the least
electronegative one (thus the nitrogen to the element Il see Figure 4).

¢ 110001

@ Element Il
O Nitrogen

Figure 4: Wurtzite phase crytallisation of IlI-N materials [22].

We identify and differentiate between two separate polarities shown in Figure 5: Ga polarity and nitrogen
polarity. Ga polarity is associated with GaN crystals oriented along the [0001] crystallographic axis, while
nitrogen polarity corresponds to GaN crystals oriented along the [0001] axis. All the samples analyzed in
this thesis exhibit Ga polarity. These orientations refer to the exposed crystal surfaces during the growth
of llI-N films. In GaN crystals, the Ga-face orientation, also known as the (0001) plane, is the most com-
monly utilized surface for epitaxial growth due to its stability and accessibility. The Ga-face has the c-axis
of the crystal lattice perpendicular to the surface. GaN films grown on the Ga-face exhibit smoother surface
morphology and fewer defects, attributed to the higher surface energy of the Ga-face [23]. On the other
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hand, the N-face orientation exposes the surface with nitrogen atoms. The N-face orientation is less stable
compared to the Ga-face due to its higher surface energy and the presence of surface polarity. However,
N-face growth can yield GaN films with unique properties such as higher electron mobility and lower surface
recombination velocity. In certain applications, N-face GaN is preferred due to its distinctive characteristics,
including superior polarization properties, high electron mobility, and lower surface recombination veloc-
ity[24]-[26]. Nevertheless, growing N-face GaN poses challenges due to surface polarity, which can lead
to the incorporation of impurities and defects in the material. Achieving N-face growth requires precise
control of growth conditions and surface preparation to minimize these issues. In summary, both Ga-face
and N-face orientations of 1l1l-N materials offer advantages and disadvantages. The choice of orientation
depends on the specific device requirements and growth conditions, considering factors such as surface
morphology, defect density, and unique properties associated with each orientation.

Ga-face N-face

[0001]

Substrate Substrate

Figure 5: Ga-face and N-face in GaN [27].

The epitaxial growth of our layers predominantly occurs along the c-axis or (0001) orientation, which is
the most commonly utilized direction. Nitride materials adopt a wurtzite crystal structure, which lacks inver-
sion symmetry along this axis. This absence of inversion symmetry, coupled with the strong ionic nature
of the nitrogen-metal bond, gives rise to a substantial polarization field known as spontaneous polarization.
Notably, the wurtzite phase exhibits the highest level of spontaneous polarization among different crystal
structures. Several factors can influence the polarity (N or Ga) during Il nitride growth. First is the sub-
strate material choice, for example, using a Ga-polar substrate may favor Ga-polarity growth, while using an
N-polar substrate may promote N-polarity growth. Second, the surface preparation of the substrate before
growth involves surface cleaning to remove contaminants and native oxides. Also, the growth conditions
and by introducing specific layers or dopants, it is possible to manipulate the surface polarity and achieve
the desired orientation [28], [29]. The asymmetrical displacement of the electron cloud towards one of the
nitrogen atoms gives rise to a dipole formation. As a result, negative charges accumulate on one side of the
crystal, while positive charges accumulate on the other side (Figure 6). The extent of electron accumulation
is dependent on the growth polarity of the crystal.
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Figure 6: Crystal structure and orientation of the c-axis as well as of the macroscopic spontaneous polarization and the
corresponding electric field for Ga-face and N-face GaN grown on an heterosubstrate.[30]

Lattice parameters (GaN, AIN, InN)

The lattice parameters provide important information about the crystal structure, including its symmetry,
packing arrangement, and crystallographic orientations. The lattice parameters can vary slightly depending
on factors such as temperature, strain, and alloy composition. The wurtzite structure is the most thermody-
namically stable form of IlI-Nitrides. In this type of structure, there are two compact hexagonal sub-lattices,
one for type Il elements (Al, Ga, In) and the second for nitrogen atoms (N), shifted 5/8 along the c-axis.
The lattice parameters a, ¢ of wirtzite-type crystal structures (Figure 4) for GaN, AIN and InN are shown in
Table 1.

GaN [ AN InN
a(A)|3.189 | 3.112 | 3.538
c(A) | 5.185 | 4.982 | 5.703
<(A) ] 1.626 | 1.600 | 1.612

Table 1: Lattice parameters of wiirtzite-type crystal structures for GaN, AIN, InN.

Vegard’s rule, a linear relationship, is utilized to estimate the lattice parameters of A,B;_.N alloys, where
the content x acts as an independent variable.

a(x) = x.aany + (1 —x).apy

c(x) =x.can+ (1 —x).cpn

In the case of conventional wurtzite alloys such as Ga.Al;_N and In,Al;_N, the lattice parameters a
and c exhibit a linear increase as the number of gallium or indium atoms replacing the aluminum atoms in
AIN increases. This behavior aligns with the linear relationship predicted by Vegard’s rule (deviations from
Vegard’s rule are obtained via bowing parameter). AIN, GaN and InN are wide-bandgap semiconductors
that have similar crystal structures. They all crystallize in the wurtzite crystal structure.
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ScN crystalline properties

Scandium is a group lll B metal. Like Yttrium, it is a transition metal. Scandium nitride (ScN) which
crystallizes in rock salt, can exhibit other crystal structures as well. While the rocksalt structure is the most
commonly observed one, there have been reports of alternative crystal structures for ScN under specific
conditions. ScN can also adopt wurtzite and zinc blende structure and the stability and occurrence of
these alternative crystal structures for ScN may depend on factors such as growth conditions, temperature,
and the presence of impurities. The rocksalt structure remains the most prevalent and well-studied crystal
structure for ScN. In ScN, all the bonding states are occupied by the 8 valence electrons while keeping the
non-bonding and anti-bonding states completely unocuppied and this yields to a covalent bond filling in a
rock salt structure which is very stable (minimum total energy G = E + pV — T'S) see Figure 7a and Figure
7b. Many experimental studies [34]-[36] are in agreement with theoretical investigations and reported the
lattice parameter shown below in Table 2.

ScN [34]-[36] ScN[37] | ScN[38] | ScN[39]
ScN structure | Rocksalt NaCl | Hexagonal | Wurtzite CsCl
a (A) 4.54 3.660 3.49 2.81
c (A) - 4.417 5.58 -
c/a(A) 1 1.207 1.60 1

Table 2: Structural properties of ScN reported in the literature.

In addition, other calculations have been conducted for hexagonal ScN phase which is metastable. The
difference between h-ScN and w-GaN or w-InN is the number of nearest neighbors, then w-GaN and w-InN
have ground state phase closer to the wurtzite structure[37].

0 T T T T

a) b) ®  NaCl
e, non-bonding A CsCl
Sc 3d ’ r *  zincblende
S - wurtzite
L anti-bonding
— = of
Sc 4s 4 )
]
N2p S 9F
OO O 53
S 12}
bonding
15

Volume [A’]

Figure 7: a) Schematic diagram of the pd bonding in rock-salt ScN [40], and b) Total energy versus atomic volume for
ScN [34].

Sc has fewer valence electrons and so the Fermi level in ScN drops below the conduction band edge,
leading to semi-conducting behaviour instead of the metallic properties of other rock-salt transition metal
nitrides (TMNSs). ScN is stable in a rock salt structure and this can be traced to the covalent bonds between
N 2p and Sc 3d electrons as demonstrated by Harrison and Straub [41]. The covalent bond arrangement in
ScN exhibits octahedral symmetry, reminiscent of the NaCl structure. This configuration imparts exceptional
stability, as illustrated in Figure 7b, where it attains the lowest total energy within the NaCl structure. A minor
electron transfer from Sc to the nitrogen atom, which has a higher electronegativity, introduces a subtle ionic
character into ScN.
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2.1.2 Mechanical properties

Substrates for the epitaxial growth of heterostructures

Contrary to Si, InP, GaAs... the absence of large dimeter bulk gallium nitride GaN substrates requires to
use hetero-epitaxial growth [42], [43]. GaN is generally epitaxied on substrates like silicon, sapphire, Silicon
carbide or aluminum nitride. Every type of substrate has advantages and drawbacks.

The advantages of growing GaN on sapphire substrates is an acceptable cost, high thermal stability,
transparency specially for optoelectronics applications, and relatively simple growth process. However, due
to the high lattice parameter and thermal coefficient of expansion (TCE) mismatch with GaN, this implies
a strong residual compressive stress upon cooling down to 300K after the growth at 800-1050°C. This
enables the growth of good crystal quality thick GaN epilayers but at the cost of large substrate curvature
and resulting bow. On the other hand, sapphire is a poor thermal conductor, and this limits the development
of high-power devices. Nevertheless, laser lift-off remains a possibility to separate thick GaN epilayers from
the substrate as demonstrated for light-emitting devices [44] commercialized by hundreds of million pieces
worldwide.

SiC presents a reasonable lattice mismatch with GaN and it is a very good thermal conductor what
makes it a good choice for power devices. But SiC is expensive and absorbs a part of the visible spectrum
which limits the development of optoelectronic devices. As the coefficient of thermal expansion of SiC is
lower than the one of GaN, tensile stress is generated upon cooling after growth with a risk of layer cracking
which limits the layer thickening.

Si substrate is known for its low cost and large size availability. Si presents a rather good thermal
conduction for power applications. His large in-plane lattice parameter mismatch and large TCE mismatch
with GaN results in tensile stress during cooling after growth (risk of cracking and limited layer thickening).

AIN substrate is also a potential material for GaN based devices [45]. AIN offers certain advantages
compared to Silicon Carbide, such as a more favorable differential thermal expansion with GaN (33%) and
a lattice mismatch with GaN that is closer to that of SiC (2.4%). Additionally, AIN exhibits nearly high thermal
conductivity 2WK~!'cm~!) and significantly surpasses both Silicon (Si) and sapphire, making it an appealing
choice for substrates in applications involving high power or high temperatures.

GaN AIN Sapphire SiC Si (111)
In-plane lattice
parameter at a=3.189 a=3.112 a=2.747 a=3.08 a=3.84
300K(A)
Lattice parameter 0 24 16 3.5 -17
mismatch with Compression | Compression | Compression | Tension
GaN (o/o)
Coefficient of
thermal expansion 5.59 4.2 7.5 4.7 2.59
(x107°K 1)
Thermal mismatch 0 33 -25.5 19 116
with GaN (%) Compression Tension Tension
Thermal conductivity 1.5 2 0.5 5 1.5
(W.K~tem™")

Table 3: The main properties associated with the growth of GaN on various substrates
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Types of dislocations

Depending on the choice of the substrate, the TCE and lattice parameter mismatch can deteriorate the
crystal quality of the heteroepitaxy, and crystal defects may appear by the formation of polarity inversion
domains, stacking faults and dislocations. In addition, other punctual defects can appear such as interstitial
or substitutional impurities. Note however that the main defects are the dislocations. The difference in
lattice parameter for GaN epitaxy is of about 16% on sapphire or -17% on silicon, and the TCE mismatch
is of -25.5% and 116% on sapphire and silicon (111) respectively. The nucleation of misfit dislocations is
an efficient way to relax the strain due to lattice parameter mismatch. A thickness at which this occurs
is defined as a critical thickness. On silicon, the critical thickness of IlI-Nitride thin films like AIN is about
one monolayer. The heteroepitaxy of IlI-Nitride compounds on such substrates starts with the formation of
islands of a few tens to a few hundreds of nanometers in diameter. This type of growth is said to be columnar
because of the high coherence length of the grains along the growth axis [0001] and reduced in the growth
plane and very small in the growth plane (L,, assimilated to the average size of the grains crystallographic
grain size). These islands coalesce rapidly, but the relative disorientations of their growth axes of growth
[0001] (called tilt, see Figure 8a) and their misorientations in the plane (called twist, see Figure 8b) are
responsible for the formation of threading dislocations at grain boundaries. It is possible to reduce the
number of threading dislocations by bending and recombination mechanisms, but this necessitates to grow
complicated structures with different materials such as AIN to achieve this goal while avoiding the risk of
layer cracking after the growth[46], [47] . On the other hand, dislocation bending and annihilation in GaN
grown on sapphire is easier to achieve thanks to the possibility to grow thick strain relaxed layers without
the risk of crack generation after the growth.

[1010]

Tilt des grains Twist des grains

Figure 8: Grain misorientation along a) the < 0001 > direction (tilt) and b) in the plane associated with columnar growth
of heteroepitaxial element-IIl nitrides (twist) [48].

A dislocation is a line of defects in the crystal, it is defined by the unit vector % , parallel to the dislocation
line, and by the Burgers vector s , relative to the amplitude of the local deformation of the crystal lattice.
During the growth of GaN, three types of dislocations can propagate from the substrate/nitride interface to
the surface through the film (threading dislocations):

1. Edge dislocation (type a): burger vector s perpendicular to unit vector i ,b = 1 < 1120 > (= 3.1894
for GaN film) so, the burger vector is in the growth plane.
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2. Screw dislocation (type c): burger vector Z) parallel to unit vector i ,b =< 0001 > (=5.185A for GaN
film) so the burger vector is parallel to the growth axis, perpendicular to the growth plane.

3. Mixed dislocations (type a + c): b=} < 1123 > (= 6.0874 for GaN film)

extra row
of atoms Ay 7
\ _ _ screw 5
', edge dislocation . . 5
= dislocation

Figure 9: Schematic of edge and screw dislocations.

Stress and strain

When a film is epitaxially grown on a substrate, the crystal deforms linearly with respect to the stress
provided that the strain is small, this is Hooke’s law.

6=CE

o and ¢ are respectively stress and strain tensors of order 2, while C is the tensor of elastic coefficients.
If the deformation exceeds a certain threshold, two behaviors are observed: Fragile materials: the rupture
takes place before leaving the elastic regime thus it is characterized by the absence of plastic deforma-
tion, and by the very fast propagation of cracks. Ductile materials (Figure 10): once the yield strength is
surpassed, the material enters the plastic regime where deformations become permanent. This transition
occurs as the atomic planes start sliding against each other, generally facilitated by linear defects known
as dislocations. From the elastic limit to the ultimate stress (ultimate strength), there is a phase of strain
hardening, also referred to as plastic deformation hardening. This phenomenon is caused by the motion of
dislocations. Eventually, beyond the ultimate stress, a narrowing region called necking forms in the material,
leading to its fracture.

For hexagonal structures, the Hooke’s law is expressed with the following matrix:

ol C11 C12 C13 0 0 0 el
o2 Cnp Cii Ciz O 0 0 e2
o3 _ Cizs Ciz3 Cs3 0 0 0 e3
o4l o 0 0 cu 0 0 ||es
o5 0 0 0 0 Cu O &5
66 0 0 0 0 0 Cg/\eo
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Figure 10: Schematic showing the stress vs strain in ductile material type [49].

The heteroepitaxy of GaN on a substrate induces biaxial stresses due to:
1. The difference of the in-plane lattice parameter, during the growth.

2. The difference in thermal expansion coefficient (TCE), when the system is cooled down to room
temperature: this is the thermo-elastic stress.

Biaxial strain

Biaxial strain in IlI-N (llI-nitride) materials refers to the application of strain along two perpendicular
directions in the growth plane (perpendicular to growth axis). This type of strain can have a significant
impact on the structural, electronic, and optical properties of IlI-N materials, such as gallium nitride (GaN),
aluminum nitride (AIN), and indium nitride (InN). Biaxial strain is commonly induced in IlI-N materials by
growing them on substrates with a different lattice parameter or thermal expansion coefficient. The lattice
parmeter mismatch between the Il1I-N material and the substrate leads to strain in the film. The strain can
be tensile or compressive, depending on whether the lattice constant of the substrate is larger or smaller
than that of the IlI-N material. The biaxial strain affects the physical properties of 1lI-N materials in several
ways: Band gap: Biaxial strain can modify the bandgap energy of IlI-N materials. Tensile strain generally
leads to a smaller bandgap, while compressive strain increases the bandgap. Carrier Mobility: Biaxial
strain influences the carrier mobility in IlI-N materials. Tensile strain can reduce the effective mass and
then increase the carrier mobility. However, such effect which can be noticeable for small bandgap Il1I-V
materials is generally negligible for [lI-N materials. Piezoelectric Effects: [lI-N materials possess strong
intrinsic piezoelectric properties. Biaxial strain can modify the piezoelectric polarization and strain-induced
electric fields in llI-N films, affecting their electronic and optical properties. For the growth of cubic or
hexagonal phase materials on substrates with similar symmetry and well defined crystal orientation such
as 111 or 0001 the pseudomorphic growth along c-axis (z direction), biaxial stress exists only in x and y
directions, and then no stress appears on z direction. Due to crystal symmetry, the components of the strain
in x and y are equal o1 = 62 and no component along z nor shear components 63 = 64 = 05 = 06 = 0.

O X C11 C12 C13 el
oy|=[Ca Cn Cy3||€2
0 Ci3 Ci3 C33/) \&3
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GaN | AIN InN
Ci [GPa] | 367 396 223
C;» [GPa] | 135 137 115
C;3[GPa] | 103 108 92
C33 [GPa] | 405 373 224
Cu [GPa] | 95 116 48
Ey[C/m?] | -0.49 | -0.60 | -0.57
Ex[C/m*] | 073 | 1.46 | 0.97
Psp[C/m?] | -0.029 | -0.081 | -0.032

Table 4: Elastic constants and piezoelectric coefficients reported in [50], [51].

O = (Cll +C12)8xx+cl3822

O, — 0=2C13& +C33)EZZ
Thus, the biaxial stress can be written as follows:

2

(&
Oxx = gxx(cll +C12 _ZCA)
33)

€y = “;{fo equal to g,,, represents the in-plane biaxial strain.

c—C(n

& = o

, represents the out of plane strain.

And Cgg = %(CU —C1p) for And then we identify the Poisson coefficient:

&z _,C13

Exx C33

v=—
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Thermo elastic strain

The thermal coefficient of expansion (o) is a material-specific property that measures the degree of
expansion or contraction experienced by a solid as the temperature changes. In the case of IlI-V materials,
which are compound semiconductors made up of elements from Group Il (such as aluminum, gallium,
indium) and Group V (such as nitrogen, phosphorus, arsenic), the thermoelastic strain plays a significant
role in determining their mechanical stability. Temperature fluctuations cause a lllI-V material to undergo
expansion or contraction, leading to changes in its lattice parameters. Consequently, the deformation of a
crystal due to temperature variations is influenced by the thermal expansion coefficient ().

Lo
ol

where a is the lattice parameter of the crystal. GaN is generally grown on a foreign substrate at high 7,
(growth temperature) (between 700°C and 1000 °C depending on the growth technique used). Being given
that the thermal expansion coefficients of the film and the substrate are different, thermo-elastic stress and
strain appear during cooling to room temperature Ta. They are proportional to the differential of deformation
undergone by the film and the substrate during the temperature change, i.e. to the quantity of strain ¢, and
defined classically by:

Ty
En = /T (afilm - asubstrate)dT
C

Where o, and ayugrae are the respective coefficients of thermal expansion of the film and substrate.
As previously, Hooke’s low can be used to calculate the residual stress as a function of the strain g,.

Strain relaxation

Due to lattice parameter mismatch, between the epitaxial film and the substrate, elastic energy is accu-
mulated in the grown films until a relaxation occurs at a critical thickness 4.. Relaxation of an epitaxial film
relaxes the stored energy by creating crystalline defects or microcracks depending on the material behavior
with the substrate. The relaxation of lattice mismatched IlI-Nitrides is generally ductile and typically gener-
ates dislocations. The relaxation of the biaxial stress stress o,, due to the difference in lattice parameters
can only take place through the edge-type dislocations (a and a+c) belonging to the slip plane (0001). They
are commonly called interface dislocations or misfit dislocations. For example, growing AlGaN material on
GaN with a substantial aluminum concentration is necessary to achieve a high carrier density in the 2DEG
of AlGaN/GaN heterojunction components. However, as the aluminum proportion increases, the lattice pa-
rameter of AlGaN decreases, resulting in an increase in lattice mismatch. This lattice mismatch reaches its
maximum at an aluminum content of 100%, corresponding to AIN, with a value of 2.4%, which is relatively
high. This situation can generate significant strains in the alloys, limiting the epitaxy of an AlGaN layer on
GaN to relatively small thicknesses. The primary objective is to avoid strain relaxation. In practical terms,
the critical thickness of the AlGaN layer with an aluminum molar fraction of 20 to 30% typically falls between
25 and 35 nm. It’s important to note that tensile strain increases proportionally with the aluminum concen-
tration. In other words, as the aluminum concentration rises, the lattice parameter of the AIGaN material
decreases even further.
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2.1.3 Electronic properties

Bandgap energy

The llI-N (llI-nitride) materials, which include compounds such as gallium nitride (GaN), aluminum nitride
(AIN), and their alloys including ones with indium, exhibit wide bandgap energies. The bandgap energy is a
fundamental property of a semiconductor material that determines its optical and electronic characteristics.
The bandgap energy represents the minimum energy required to excite an electron from the valence band
to reach the conduction band. For exemple, Gallium nitride (GaN) has a direct bandgap energy of around
3.4 electron volts (eV) at room temperature. The bandgap of GaN can be modified by alloying it with other
elements, such as aluminum (Al) or indium (In), resulting in different compounds like AlGaN or InGaN.
Aluminium nitride (AIN) has a wide direct bandgap energy of about 6.0 eV at room temperature (Figure
11). It has one of the largest bandgaps among IlI-N materials, making it suitable for deep-ultraviolet (UV)
applications. Also, indium nitride (InN) has a narrow direct bandgap energy of approximately 0.7 eV at
room temperature. It possesses the smallest bandgap among the IlI-N materials and is typically used in the
near-infrared (IR) range.
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Figure 11: Bandgap energies and lattice constants for nitrides in wurtzite phase.

The bandgap energies provided above are approximate values and can vary depending on factors such
as temperature, strain, and doping. For electronics, the bandgap energy is one main characteristic as wide
bandgap energies allow for higher breakdown electric field and higher operating voltages [52], [53].

Rock Salt ScN is a semiconductor with a fundamental indirect gap of 0.9 eV and a direct gap of 2.4 eV,
which can be incorporated directly into IlI-nitride structures, and which can be grown successfully using a
wide range of techniques[54]-[57]. In the wurtzite phase, the presence of indirect band gap of approximately
3 eV signifies the characteristic behavior of a semiconductor. Additionally, we can discern a slender width
of the valence band, which implies a frail bonding within the wurtzite structure[34].
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Spontaneous and piezoelectric polarization

Spontaneous polarization in wurtzite structures is a phenomenon that arises due to the asymmetric ar-
rangement of atoms and their electronic clouds within the crystal lattice. In the wurtzite structure, the atoms
are arranged in an hexagonal lattice with alternating layers of different elements. For example, in GaN,
gallium (Ga) and nitrogen (N) atoms form the lattice. However, due to the difference in electronegativity be-
tween Ga and N, there is a slight displacement of the positive Ga ions and negative N ions along the c-axis
of the crystal lattice. This displacement leads to the creation of a dipole moment within each unit cell of the
crystal. The dipole moment arises from the separation of positive and negative charges, creating a polar-
ization charge. This spontaneous polarization is a bulk property of the material and does not require any
external electric field. The direction and magnitude of the spontaneous polarization in wurtzite structures
depend on the specific material and its crystallographic orientation. It is typically characterized by a vector
pointing along the c-axis of the crystal. In GaN, for instance, the spontaneous polarization vector points
from the nitrogen atom to the gallium atom as shown in Figure 4 and then from Ga-terminated surface to
N-terminated surface. The presence of spontaneous polarization in wurtzite structures can have significant
effects on the electronic and optical properties of these materials. Understanding and controlling the spon-
taneous polarization is crucial for optimizing wurtzite-based devices, such as optoelectronic devices (e.g.,
LEDs and laser diodes) and electronic devices (e.g., transistors). For alloys, spontaneous polarization is
given as a linear variation with content according to Vegard’s law, or a polynomial equation with a factor
bowing as reported in [58]. For AlGaN for example: Vegard’s law is as following:

SP _ pSP SP_ pSP
P>" = Pgun +x(Paiy — Pean)

While polynomial equations have reported in [58]

PSP = —0.090x — 0.034(1)x) +0.019x(1 — x)

In addition to spontaneous polarization in l1I-N materials, also piezoelectric polarization is an important phe-
nomenon. Piezoelectricity refers to the generation of an electric polarization in a material when subjected
to mechanical strain or stress. When a IlI-N material is subjected to strain or stress, the atoms within the
crystal lattice are displaced, leading to a redistribution of charges and the appearance of an electric polar-
ization. The piezoelectric polarization in llI-N materials arises from the relative displacement of the atoms,
particularly the cations (e.g., Ga, Al, In) and anions (e.g., N), resulting in a separation of positive and neg-
ative charges. The magnitude and direction of the piezoelectric polarization depend on the specific crystal
structure and the direction and magnitude of the applied strain or stress. The piezoelectric polarization
in IlI-N materials has practical applications in various devices. For example, in piezoelectric sensors, the
material can be mechanically deformed, resulting in a change in the electric polarization and generating
an electrical signal. Inversely, the reverse piezoelectric effect generates a strain in presence of an electric
field which can be exploited in actuators, but also can deteriorate electron devices. Combined with spon-
taneous polarization, the piezoelectric polarization in 1lI-N materials significantly affects the performance of
electronic devices such as high-electron-mobility transistors (HEMTSs), by modifying the band structure and
carrier transport properties.

The piezoelectric polarization is directly related to its strain/stress state and can be expressed as follows:
[59]
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Where g, = “;g‘o is the biaxial strain generated due to the lattice parameter mismatch between the
barrier material and channel material. The piezoelectric polarization is positive if the layer is stressed in
compression and negative if it is stressed in extension.

2.2 Gallium Nitride based high electron mobility transistors (HEMTSs)
2.2.1 What is a HEMT

A high electron mobility transistor (HEMT), also called MODFET (Modulation Doped Field Effect Transis-
tor), TEGFET (Two-dimensional Electron Gas Field Effect Transistor) or HFET (Heterojunction Field Effect
Transistor), is a field effect transistor. Is has been introduced for the first time in 1979 [1], [60], [61]. A typical
HEMT device is characterized by two ohmic contacts called source and drain and a Schottky contact called
gate (Figure 12). The operation principle of such transistor is based on the modulation of the density of the
two-dimensional electron gas flowing in a semiconductor called channel between the source and the drain.
This control is done via an electrostatic action of the gate (field effect) as shown in Figure 13. Thus, by
applying a voltage between the gate and the source (Vgs), we can modulate the density of electrons in the
channel and consequently the current Ids established between the drain and the source after application of
a bias Vds.

Schottky contact
S [G] D
Cap
Barrier
Spacer
~ _ Channel

Substrate

Figure 12: Schematic of a typical Ill-N HEMT strusture.

A HEMT structure typically consists of the stack of layers described in Figure 12. For the correct opera-
tion of the transistor, it is necessary that the buffer layer, the intermediate layers and the substrate must be
insulating and also good thermal conductors in order to evacuate the heat from the component. To these
conditions is added that of a good crystalline quality of the buffer layer is necessary to avoid important
carrier trapping and current collapse effects.
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2.2.2 Two dimensional electron gas density formation

A two-dimensional electron gas (2DEG) is formed in the channel at the interface between the barrier layer
and the buffer and it is the specificity of the high electron mobility transistor. We present here the most
general case of heterostructures grown with the Ga-polarity. The AIGaN/GaN heterojunction is commonly
used as an illustrative model to elucidate the genesis of a Two-Dimensional Electron Gas (2DEG) within
the foundational structure of a High Electron Mobility Transistor (HEMT). The emergence of this 2DEG is
intricately connected to the effects of polarization and disparities in energy band alignment occurring at the
AlGaN/GaN interface. This junction is the result of the stacking of two semiconductors characterized by
distinct energy band properties. One of these semiconductors possesses a wider band gap, often referred
to as the "barrier” region, composed of AlGaN alloy or 100% AIN and featuring a substantial band gap
ranging from 3.4 to 6.2 eV. In contrast, the other region, known as the “"channel,” exhibits a smaller band
gap, with GaN being the semiconductor in this specific context, boasting a band gap equal to 3.4 eV.

Interface
polarization —
charges

2D electron gas

Figure 13: 2DEG formation from electrostatic point of view.

From electrostatic point of view, the two-dimensional electron gas in Il element nitrides is generated by
the spontaneous and piezoelectric polarization difference at the barrier/channel interface (Figure 13) which
called accumulation of surface charges o, (C/m?).

bar bar bar
o _ GSP + GPZ

bar pol
N = =
pol e e
channel bar channel
Nchannel _ pol _ GSP + O-PZ

pol e e

__ aybar channel
NPOI — “Ypol _Npol

Where e is the elemental electron charge. The induced electronic density refers to the discrepancy
between the overall polarization of the barrier and the channel, measured per unit of surface area. The
charges induced at the interface by N, attract electrons, leading to the formation of a 2DEG. The Al-
GaN/GaN system is used as an illustrative example to elucidate the sources of the 2D electron gas.

Temporarily disregarding the origin of the electrons, the sheet carrier concentration of the 2DEG situated
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Figure 14: 2DEG band structure of HEMTs

at the AlGaN/GaN interface in the nominally undoped structures can be expressed as follows (let's assume
that the 2DEG occupies only one energy level E; (ground state) of the triangular quantum well, which is
generally 90% true):

o(x) &e(x)

No(w) = T2 25 gy (1) + Er () — 3Ee(x)]

Where €(x) is the dielectric constant, d is the AlGaN barrier width, e¢3) is the surface barrier height, Er
is the Fermi-level position with respect to the GaN conduction-band edge, and dE¢ is the conduction-band
discontinuity between Al,Ga;_,N and GaN.

Smorchkova et al.[62][62] has demonstrated evidence for the origin of the 2DEG in nominally undoped
samples. According to their findings, one possible explanation involves the presence of surface donor-like
states. These states could serve as a source for both the electrons constituting the 2DEG and the positive
charges that compensate for the negative polarization-induced charge at the top of the AlGaN layer. It is
postulated that these donor-like surface states are positioned deep within the AlGaN bandgap and, as a
result, they will be fully occupied at small values of barrier thickness d. Consequently, no 2DEG will be
formed, and the electric field in the top layer will be dictated by the polarization-induced charges. [63][63]
When the width of the AlGaN layer is increased, the Fermi level at the surface gradually moves downward,
nearing the deep donor level (refer to the Figure 15). Once the Fermi level reaches the surface states, these
states begin to transfer electrons to the 2DEG and become empty. It is important to note the position of
the Fermi level in relation to the surface state in each scenario. Consequently, a 2DEG can be formed at
the interface of AlGaN and GaN, leading to a reduction in the electric field within the AlGaN barrier. As the
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thickness of the AlGaN layer is further increased, the density of the 2DEG tends to saturate, approaching
the value of the polarization-induced charge. This assumes that the thickness of the AlGaN barrier does
not reach the critical thickness at which relaxation of the mismatch strain in the ternary alloy occurs.

b)

2D electron gas

Donor states on the surface
partially occupied

AlGaN GaN

Figure 15: The band diagram illustrates the surface donor model, depicting the undoped AlGaN barrier thickness. In
case "a,” the barrier thickness is less than the critical thickness required for the formation of the 2DEG, while in case
"b,” the barrier thickness is greater than the critical thickness[63].

The density of the 2DEG is influenced not only by the thickness of the barrier but also by the composition
of the alloy within the barrier. For instance, in the case of AlGaN, increasing the aluminum content in
the barrier leads to a higher density of the 2DEG[64]. This is because AIN has a wider band gap and
higher polarization coefficients compared to GaN, resulting in an increased density with higher aluminum
content. The lattice parameter mismatch between GaN and the AlGaN barrier material causes tensile
strain in the barrier layer in order to compensate for the mismatch. A tensile strain appears in AlGaN
grown on GaN, causing a negative piezoelectric polarization to be induced along the c-axis for all aluminum
concentrations. Consequently, this polarization accumulates with the spontaneous polarization and induces
a 2DEG in the potential well formed at the interface between AlGaN and GaN. However, high aluminum
concentration in AlGaN can lead to significant strain when it is grown on a GaN substrate. As the aluminum
content increases, the lattice constant of AIGaN becomes smaller than that of GaN, resulting in strain.
This strain can have detrimental effects on the material, including the formation of cracks on the surface
or the nucleation of dislocations when the strain exceeds a critical value. These cracks can compromise
the structural integrity of the device and degrade its performance. One solution to alleviate this strain is
to introduce indium into the alloy, forming InAIN. InAIN has the advantage of being able to achieve lattice
matching with GaN at a certain indium content, typically around 20%. This means that the lattice constant of
InAIN can closely match that of GaN, reducing the strain induced during growth. By using InAIN (or InAlGaN)
instead of AlGaN with high aluminum content, it is possible to mitigate the strain-related issues. Additionally,
InAIN-based structures can attain elevated electron densities within the 2DEG, primarily attributable to their
heightened spontaneous and piezoelectric polarization, surpassing those of typical AIGaN/GaN HEMTs.
[65], [66]. In conclusion, by adjusting the thickness or the composition of the barrier we can modify the
polarizations at the interface and then the induced charges at the interface and this is influencing the
density of the 2DEG. The structural quality of the barrier and especially its strain state is another important
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parameter influencing the 2DEG density. Furthermore, surface donor states are involved as origin of the
electrons transferred from the surface to the 2DEG located at the interface between the barrier and the
channel, so that other parameters like the presence of metal, oxides, or other materials at the surface like
cap layers made of GaN or Silicon Nitride can also influence the number of carriers.

2.2.3 HEMT epitaxial structure

This illustration Figure 12 depicts the HEMT (High Electron Mobility Transistor) heterostructure, showcasing
its distinct epitaxial layers. The subsequent section will delve into comprehensive explanations of each
individual layer.

Substrate

The substrate plays a crucial role in the growth of a High Electron Mobility Transistor (HEMT) het-
erostructure. Some key roles of the substrate in HEMT heterostructure growth like lattice matching is very
important to enable high-quality crystal growth with minimal strain and defects, leading to improved device
performance, enhanced carrier mobility, reduced leakage currents, and better overall functionality. Other
properties like thermal and electrical conductivity of the substrate are also critical for the operating de-
vice performance. The differences between the heteroepitaxial GaN layer and its substrate lead to the
emergence of stresses, which eventually find relief by generating dislocations or at end cracks within the
material. These dislocations predominantly occur as propagation of threading dislocations, meaning they
extend from the substrate-epilayer interface to the surface of the epilayer. The quantity of such dislocations
typically ranges from 108 to 1010 per square centimeter when GaN is epitaxially grown on a sapphire, sili-
con or SiC substrate. These dislocations can degrade the performance of HEMT transistors, as highlighted
in reference [67]. To minimize mechanical stress, it is therefore necessary to use a substrate with a lattice
parameter and a TCE as close as possible to that of GaN. Due to the significant lattice mismatch of 16%
between sapphire and GaN, the incorporation of an extremely thin nucleation layer of AIN or GaN at a low
temperature has been employed. This approach allows for the accommodation of the lattice mismatch by
primarily confining the generation of dislocations to the bottom region of the buffer layers. However, the
low thermal conductivity of sapphire poses a significant disadvantage for microwave power applications.
Nevertheless, sapphire is a semi-insulating substrate and remains a relatively affordable option.

The highly resistive silicon substrate stands out as an appealing choice for GaN RF power electronics.
During the growth process, the difference of lattice parameter (17%) between GaN and silicon, as well as
the distinct thermal expansion coefficient (116%), lead to substrate curvature and the formation of cracks in
the layers upon cooling. To address this challenge, the utilization of an AIN nucleation layer and a series of
stress mitigating layers (also named lattice parameter accommodation layers) becomes necessary. These
approaches help to manage stresses during both the growth and cooling phases by employing techniques
such as stacking AIN/GaN layers or incorporating AlGaN layers [68], [69]. It offers significant advantages
such as the availability of large wafers up to 12 inches in size, low cost, and a well-established technological
framework.

Silicon carbide substrate has rapidly emerged as a highly promising option for microwave power ap-
plications. Notably, it exhibits a minimal lattice parameter mismatch of less than 4% and a relatively low
difference in thermal expansion coefficient compared to GaN (25%). The outstanding thermal conductivity
of silicon carbide proves to be its major advantage for power components, as it enhances heat dissipation
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and mitigates current drops caused by self-heating. Additionally, the inclusion of a thin AIN nucleation layer
significantly enhances GaN crystal quality due to the close lattice parameter match of AIN with SiC, which is
approximately 1%. However, the main drawback of this substrate is its relatively high cost, particularly when
high-resistivity substrates are required for RF applications. Today, the two most commonly used substrates
in the GaN process development are sapphire (Al,03) and silicon carbide (SiC), but Silicon substrate may
provide lower cost solutions with acceptable performances.

Nucleation layer

The nucleation layer serves as an intermediate layer deposited on the substrate to facilitate the transition
to the thicker and relaxed GaN buffer layer in most cases. The quality of this nucleation layer plays a
crucial role in minimizing the density of dislocations within the HEMT structure. In the case of growth on
sapphire substrates, a low-temperature GaN or AIN layer can be employed for nucleation. The nucleation
layer helps to ensure a smooth and defect-free interface between the substrate and the subsequent layers,
promoting the overall quality and performance of the HEMT structure. On silicon and SiC substrates, AIN is
systematically used as a nucleation layer.

GaN buffer

The buffer layer in a High Electron Mobility Transistor (HEMT) is typically composed of GaN or an AlGaN
alloy. This layer plays a crucial role in ensuring both good crystalline quality and electrical insulation. The
crystalline quality of the buffer layer relies on the quality of the nucleation layer. To ensure reliable transistors
and optimal operation, minimizing the density of dislocations, which are responsible for traps, is crucial.
Once the buffer layer reaches a thickness of approximately 200 nm, it can effectively relax a significant
portion of the stresses, thereby reducing the piezoelectric polarization resulting from mechanical stresses
during growth. In terms of electrical insulation, acceptor dopants like iron or carbon are often employed to
compensate for the residual N-type doping and enhance the resistivity of the layer. The layer above the
buffer is the GaN channel, which is intentionally kept with low residual doping to improve electron mobility.
The thickness of the GaN channel may vary depending on specific application requirements.

AIN interlayer

In some cases, we observe the presence of a thin layer of AIN, with a thickness on the order of 1-2 nm,
between the GaN channel and the barrier in HEMT structures. This AIN exclusion or spacer layer serves the
purpose of confining electrons within a two-dimensional electron gas (2D gas), thereby reducing electron
penetration into the barrier region. This confinement effect is achieved because AIN has a wide band gap
(approximately 6.2 eV), which increases the discontinuity of conduction bands between the barrier and the
channel[70]. AIN exclusion layer helps to mitigate the effects of alloy fluctuation at the interface between the
barrier and the channel[71]. This reduction in alloy fluctuation contributes to an increase in electron mobility.
Moreover, the incorporation of the AIN layer increases the aluminum content within the barrier, resulting in
a higher electron density within the 2DEG. Therefore, the introduction of the AIN layer in a HEMT structure
serves multiple purposes: confinement of electrons within the 2DEG, reduction of electron penetration into
the barrier, enhancement of electron mobility through the suppression of alloy fluctuations, and an increase
in the electron density within the 2DEG.
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Barrier

In a High Electron Mobility Transistor (HEMT), the barrier layer plays a crucial role in regulating the
number of electrons within the device structure, forming part of the active layers. Acting as a potential
barrier, the barrier layer effectively confines electrons to a specific region, enabling high electron mobility.
Typically composed of a semiconductor material with a wider bandgap, such as aluminum nitride (AIN), the
barrier layer establishes a potential barrier for electrons within the channel layer. This interface exhibits
a discontinuity in the conduction bands due to the difference in bandgap energies. Additionally, a charge
polarization discontinuity also contributes to this effect. The presence of a two-dimensional electron gas
arises from the transfer of free electrons to the interface between the barrier and the GaN channel. This
potential barrier layer effectively confines electrons to the channel region, preventing scattering or diffusion
into neighboring layers. The primary purpose of the barrier layer in a HEMT is to enhance electron mo-
bility by minimizing scattering and facilitating efficient electron transport. A higher barrier height results in
improved confinement of electrons within the channel layer, leading to enhanced device performance. For
transistor applications, the barrier has to enable an efficient control of the number of electrons flowing into
the channel in the region below the gate contact. The main requirements for this purpose are the absence
of electrical charge fluctuations into the barrier and a reduced leakage current through this layer. This ne-
cessitates a crystal quality as high as possible to minimize the density of electrical traps and a high energy
barrier between the metal gate and the semiconductor layer.

Cap layer (SiN, GaN

A cap layer role is to protect the surface from oxidation, especially of the aluminum contained in the
barrier and thus aims to protect the barrier. It is also to protect from contamination with elements like carbon
which can dramatically affect surface states and are residues from the resists used for the lithography. Many
studies have been carried out on different types of caps in particular GaN and SiN. The role of the GaN
cap is to increase the effective height of the potential barrier thanks to the polarizations at the interface cap
/ barrier, and this leads to a decrease in leakage currents by tunneling effect[72]. However, the thicker this
protective layer is, the higher the effective potential barrier will be, which leads to a decrease in the surface
density of electrons in the potential well. It is therefore necessary to find a tradeoff between protection from
oxidation of the barrier and a high electron density. In the literature, the GaN cap is very often associated
with AlGaN barriers, while works that mention the use of a GaN cap on InAIN, InAIGaN or AIN barriers are
rarer. At present, it is also possible to deposit another type of cap. It is a SiN cap deposited in-situ in the
epitaxy reactors just after the growth of the barrier[73]. Unlike GaN, this amorphous cap does not increase
the barrier height, but produces a passivation of the surface which ultimately increases the electron density
in the 2DEG [74]. The surface potential decreases while using SiN as a cap layer and it may stem from the
neutralization of the positive charge on the barrier surface, as suggested by Derluyn et al. [75]. Additionally,
Derluyn et al. propose that the prevention of stress relaxation in AlGaN through SiNx capping could be
another factor contributing to the elevated sheet carrier density.

2.2.4 Carrier mobility, sheet resistance

The high electron mobility allows for fast electron transport within the device, enabling high-frequency op-
eration. Electron mobility refers to the ability of electrons to move through the device structure made of
GaN material under the influence of an electric field. It characterizes the 2DEG. It is related to the average
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relaxation time of an electron between two scattering events (diffusion) and this relaxation time is calculated
according to Mathiessen’s rule:

1 1 1 1 1
—=—t—F—t.+—
(e} O] (o) O3 n

Here are a few key limitations of electron mobility in GaN HEMTSs: A distinction is made between elastic
scattering mechanisms (scattering by impurities, by interface roughness, by alloy disorder, by charged
dislocations) and inelastic scattering mechanisms (operated by acoustic and optical phonons). Thus, the
lower the mobility of one of the contributions, the greater its effect on total mobility. Furthermore, the
electron density of the 2DEG often generally influences the electron mobility. Scattering by impurities:
when impurities are present, they create localized energy states that scatter electrons as they traverse the
material, impeding their motion and reducing their mobility. The impurity scattering arises from various
interactions, such as Coulombic interactions with ionized impurities. lonized impurities in the barrier can
participate to the filling of 2DEG with electrons. Since these ionized impurities in the barrier are spatially
separated from the 2DEG, this diffusion mechanism plays little part in total mobility. In addition, residual
impurities in the GaN buffer layer, with densities of the order of 1014 to 1016 cm-3, affect total mobility
only at low density (N, ~ 1 —5 x 102em™2). This limiting factor is partially masked by the charge density of
the free electrons, which explains an increase in mobility with charge density. Scattering through interface
roughness: when electrons move close to rough interfaces, they experience scattering due to the abrupt
changes in potential energy. This scattering disrupts the smooth flow of electrons, leading to a reduction
in their mobility. The interface roughness scattering can increase the effective scattering cross-section,
decrease electron mean free paths, and limit the overall electron transport properties in GaN-based HEMTs.
Indeed, the higher the Ns, the deeper the triangular quantum well and the closer 2DEG electrons are pushed
towards the barrier/channel interface. As a result, electrons in the 2DEG are more sensitive to interface
defects, and mobility decreases. High charge densities, makes the contribution of interface roughness more
important. Scattering through alloy disorder: alloy disorder occurs when different elements are mixed or
alloyed within the material, leading to compositional variations and local fluctuations in the crystal structure.
These fluctuations create localized energy states and potential fluctuations, which scatter electrons as they
traverse the material. This disturbs the periodicity of the potential to which the electron gas is subjected,
since some of the electrons in the 2DEG penetrate the barrier. The interaction of alloy disorder will be
limited by the insertion of an AIN spacer layer at the interface between the barrier and the buffer for exemple
in AIGaN/GaN HEMT. The depth of electron penetration into the barrier is reduced from 6A to around 3
A, and the confinement of 2DEG electrons is increased. Another possibility is to deposit, for example, an
AlGaN barrier in the form of an nx(AIN/GaN) superlattice.

Scattering through dislocations: dislocations are one dimensional crystal lattice defects that appear
when there are irregularities or disruptions in the arrangement of atoms. When electrons encounter dislo-
cations, they experience scattering due to the strain fields and broken bonds associated with the dislocation
lines. Threading dislocations are the first factor limiting mobility at low charge densities. Crossing disloca-
tions, which can initially be assimilated to acceptor-type defects, will capture electrons from the conduction
band. They form negatively charged lines, perpendicular to electron transport in the 2DEG plane. A zone
of space charge is formed around the threading dislocations, inducing the diffusion of electrons moving
across these lines. Scattering through phonons: Phonons are vibrational modes with corresponding quanta
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Figure 16: Experimental and simulated evolution of electron mobility at room temperature (300K) as a function of gate-
modulated electron density Ns for an AlGaN/GaN HEMT-type heterostructure produced on a Silicon(111) substrate [71]

of energy associated with lattice vibrations in a crystalline material. These phonons are generated by the
thermal energy available in the crystal lattice. When electrons interact with phonons, they undergo scatter-
ing as a result of momentum and energy exchanges between the electrons and the vibrating lattice. The
scattering occurs due to the coupling between the electronic states and the lattice vibrations. At lower tem-
peratures (below 200K), acoustic phonons predominantly contribute to inelastic electron scattering. As the
temperature increases, optical phonons become increasingly responsible for limiting electron mobility.
Figure 16 illustrates the result of calculations fitting the experimental data obtained for an AIGaN/HEMT
heterostructure grown on Silicon substrate. More details of calculation of the electron mobility are given in
[49]. Finally, the last criterion for evaluating 2DEG is the sheet resistance Ry, expressed in Ohm per square

(©/sq). This value corresponds to the resistance of the electron gas and is a function of the electron density
and electron mobility.

1
B eN;lL

Rsh

The lowest possible sheet resistance is essential for an efficient transistor operation.
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3 Theoretical predictions on ScAIN alloy

3.1 Crystal structure

ScAIN is known to exhibit different crystal structures, including hexagonal and rocksalt structures. The
transition from the hexagonal to the rocksalt structure in ScAIN is composition dependent. ScAIN has a
hexagonal crystal lattice with alternating layers of scandium, aluminum, and nitrogen atoms. The hexagonal
structure is more stable for SCAIN with a lower scandium content. For certain compositions and growth
conditions, ScAIN can adopt a rock salt structure[14], [76]-[79]. The exact composition range where the rock
salt structure becomes favored can vary depending on experimental conditions and growth techniques. As
it was reported by Moram [78], theoretical predictions showed that hexagonal phase should be maintained
with Sc molar fraction up to 57%, before a transition to rock salt phase for higher Sc content.

Tasnadi et al. [80] reported with theoretical calculations on ScAIN wurtzite alloys that the N atoms are
tetrahedrally bonded. While the fivefold (hexahedrally) coordinated hexagonal phase at x=0.5 correspond
to an insignificant piezoelectric response making wurtzite phase more interesting for their high piezoelectric
response. Figure 17 shows that the hexagonal phase of Scy5AlysN appears at a saddle energy with a c/a
ratio close to 1.27 rather than in a minimum energy like wurtzite SCAIN where c¢/a = 1.47. The preference
of Sc atoms to bond hexahedrally to nitrogen results in a strong response to strain. This explains that
hexagonal ScAIN is dynamically unstable and probably could not be proven experimentally.

25.0 Sc,;Al, N wurtzit
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Figure 17: Energy landscape of wurtzite Sci sAlysN as a function of c¢/a and volume with both wurtzite and hexagonal
phase, with the inset showing the energy surface of wurtzite AIN reported by [80].

Ambacher et al. observed theoretically [77] that the structural arrangement of wurtzite Sc,Al;N gradu-
ally diverges from a perfect hexagonal crystal lattice, resembling the deformation typically seen in crystals
subjected to virtual biaxial tensile strain along the basal plane. This departure from the ideal tetrahedral
bonding configuration coincides with a nearly linear increase in average bond lengths and the lattice pa-
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rameter a(x). Additionally, there is a non-linear alteration in bond angles and in the lattice parameter c(x)
[78]. [81]-[83] experimental studies provided evidence indicating the existence of the cubic phase in ScAIN
when the ScN concentration exceeded 46%. Additionally, the wurtzite phase remained stable up to a ScN
concentration of 41%. Interestingly, a coexistence of both cubic and wurtzite phases was observed within
the ScN concentration range of 42% to 45%. Depending on the growth conditions and growth techniques,
experimental findings have indicated that cubic phases can manifest at concentrations lower than the pre-
dicted ones at 42%. [19]

3.1.1 ScAIN lattice parameters

This section provides a detailed account of the lattice parameters of the ScAIN wurtzite crystalline phase
alloy. When grown by epitaxy on a foreign substrate or on another llI-Nitride film, the presence of in-plane
lattice mismatches gives rise to interfacial strain, ultimately leading to the formation of misfit dislocations at
heterointerfaces. These dislocations have detrimental effects on the efficiency, reliability, and lifetimes for
optoelectronic devices such as LEDs and lasers, as well as electronic devices like diodes or transistors.
To address this issue, it is possible to reduce dislocation densities by employing nanopatterned substrates
and interlayers [84], [85]. Similarly, in HEMTs, it is essential to eliminate strains in heterostructures to
enhance reliability. In this thesis, we propose to reach these objectives by incorporating an additional group
of wurtzite-lattice Ill-nitride materials based on Sc. Unlike conventional alloys such as AlGaN, Sc,Al, N
can be grown lattice matched on GaN substrates. Numerous models have been reported for the modeling
of lattice parameters in ScAIN alloy, conducted by different research groups. Most of these studies focus on
scandium content below 0.5 and have achieved a significant number of modelizations by density functional
theory (DFT) for non-strained ScAIN. In 2013, Zhang et al. made the initial effort to determine the lattice
parameters of Sc,Al;_,N for in-plane lattice parameter [25]. The calculations were studied for scandium
molar fraction up to 0.375.

a(x)[A] = 0.126x* +0.426x +3.1112

Urban et al. [76] published a study in 2021 that investigated the in-plane and out-of-plane properties of
ScxAl1-xN. Notably, their research incorporated scandium molar fraction up to 0.50 into their analysis.

a(x)[A] = —0.241x> +0.394x +3.131

c(x)[A] = —1.120x* 4+ 0.366x + 5.020

In the calculations performed by Ambacher et al. [65], [77] the inclusion of scandium molar fraction up
to 0.50 was taken into consideration.

a(x)[A] = 0.241x> +0.389x +3.110
c(x)[A] = —1.114x* +0.365x +4.994
The relationship between the lattice parameters and increasing Sc content exhibits significant anisotropy,

as observed in experimental findings [86]. The in-plane lattice parameter demonstrates a nearly linear
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increase with Sc content in accordance with Vegard’s rule (see Figure 18), where a4,y and as.y denote the
equilibrium lattice parameters of wurtzite AIN and hexagonal ScN, respectively. In contrast, the out-of-plane
lattice parameter experiences minor variations and remains relatively constant across a broad range of Sc
molar fraction (x up to 20%). This behavior differs significantly from other mixed wurtzite nitrides such as
AlGaN and InAIN. By adjusting the Sc,Al;_.N composition, it can be lattice matched to GaN when x in close
to 0.2. This characteristic makes it a promising strain-free barrier material for HEMTs, espacially because it
offers at the same time a higher sheet charge density compared to InAIN [66],[87].
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Figure 18: Simulated lattice parameter, a) a(x) (on the left) and, b) c(x) (on the right) vs alloy composition of Sc,Al| _N.

The Figure 18 shows that ScAIN possesses the same in-plane lattice parameter as GaN when x is
approximately 0.18 (ag.y = 3.1894), as indicated by the theoretical predictions in the equations provided
before. The strain within the ScAIN layer fluctuates depending on the amount of scandium present, as
depicted in the accompanying Figure 19:

Tensile strain Unstrained Compressive strain

x <0.18 =0.18 x>0.18

Epitaxial layer

Relaxed GaN
Substrate Substrate Substrate

Figure 19: SccAly_xN epitaxy on GaN for x < 0.18, x=10.18 and x > 0.18.

Moreover, the ability to grow a strain-free ScAIN on GaN leads to an infinite critical thickness, as depicted
in Figure 20. This critical thickness represents the maximum thickness achievable for the epitaxial crystal
before any relaxation takes place.

3.1.2 ScAIN band gap

As a result of progress in band gap engineering for optoelectronics and microelectronics, a significant
amount of research has been dedicated to IlI-N compounds. Initially, Deng et al. [56] conducted exper-
iments to determine the band gap energy of ScAIN using optical absorption techniques. They deposited
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Figure 20: Critical thickness for strain relaxation of SCAIN/GaN, ScGaN/GaN and ScAIN/AIN as a function of ScN mole
fraction adapted from[78].

ScAIN layers onto sapphire 0001 substrates using reactive magnetron co-sputtering. The study investigated
the band gap evolution in electron volts (eV) with varying scandium molar fraction, up to 20% in ScAIN.[88]

E,(x) =6.12—9.32x

Deng et al. pointed out that for values of x less than 0.20, the band gap of ScAIN exhibits a nearly
linear decrease as x increases. Specifically, when x changes from 0.20 to 0.34, the band gap drops from
4.37 eV to 2.94 eV. This drop in band gap could potentially indicate a structural transition. Additionally, it
may be attributed to the absorption of segregated ScN, which reduces the apparent band gap of ScAIN.
This phenomenon bears resemblance to previous findings in ScGaN, where a similar decrease in band gap
was observed for x values ranging from 0.30 to 0.50 [89]. In a theoretical investigation of the ScAIN alloy
[78], researchers found a decrease in the band gap as the scandium content increased. It is predicted that
the band gaps of ScAIN will remain direct up to approximately 25% Sc fraction [14]. The shift in band gap
arises not only from structural variations but also from strains. Moram et al. reported in their publication
that compressive in-plane strains are expected to influence the magnitude of the band gap for lower Sc
fraction. Furthermore, the presence of nitrogen vacancies and/or impurities may affect the measured band
gap, resulting in a Moss-Burnstein shift.

In another experimental investigation[90], SCAIN samples were grown using plasma-assisted molecular
beam epitaxy, with scandium fraction reaching values as high as 0.34. The researchers conducted op-
tical absorption studies on these samples to determine their band gap. Notably, they observed a linear
relationship between the band gap reduction with scandium incorporation.

E,(x) = 6.1 —3.39%

The optical bandgap of the wurtzite phase Sc,Al_.N, where x represents the scandium fraction, aligns
closely with theoretical predictions [78], [91]. Wang et al. reported also that Sc,Al;_N band gap close to
4.90 ev for x=0.33. However, in sputtered Sc,Al;_.N layers, the observed bandgap is underestimated. This
discrepancy can be attributed to the inferior quality of the material and the presence of a high density of
defects. Notably, the formation of segregated ScN was observed as the Sc molar fraction exceeded 0.2,
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further contributing to the reduced accuracy of the measured bandgap.

In summary, a 2DEG emerges at the interface between the barrier and buffer layers, primarily stem-
ming from the discontinuity in the band gap. Specifically, GaN exhibits a lower band gap (3.4 eV) than the
barrier layer, as evident from the equation provided for the ScAIN band gap. Notably, SCAIN possesses a
wider band gap than GaN, especially when the scandium content is relatively low. Then a high incorpora-
tion of scandium in the alloy is reducing the barrier band gap which is not interesting for HEMTs, but as
shown below, the main properties affecting the formation of a 2DEG at ScAIN/GaN interface are related to
polarization.

3.1.3 ScAIN spontaneous polarization

The effectiveness of High Electron Mobility Transistors (HEMTs) in generating a high two-dimensional elec-
tron gas (2DEGQG) is influenced by polarizations. However, the performance of AIN and similar materials in
energy harvesting applications is constrained by their piezoelectric coefficients. Consequently, there is a
growing interest in exploring other tetrahedrally-bonded nitride materials that could provide additional op-
portunities for adjusting the piezoelectric coefficients. Such materials could potentially expand the range
of lattice and polarization matching possibilities in device heterostructures. ScAIN is an emerging material
in semiconductors because of its high polarization properties. Many studies have been done by mo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>