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Summary

ScAlN is a wide bandgap III-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 (HEMTs). In these heterojunctions, the replacement

of the AlGaN alloy by ScAlN 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 ScAlN 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 Sc0.18Al0.82N 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 ScAlN 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 ScAlN/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, ScAlN 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

4×10
13/cm2 has been obtained for a thickness of 15 nm and it remained close to 2×10

13/cm2 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 ScAlN/GaN HEMTs on buffer layers developed on both Silicon and GaN-on) sapphire sub-

strates. Our technological work consisted in the achievement of ohmic contacts with acceptable resistances

(Rc ∼ 1Ω.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 3×10
13/cm2 associated to a mobility of

500−600cm2/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 (∼ 950cm2/V.s).

Keywords: Scandium aluminum nitride (ScAlN), Molecular Beam Epitaxy (MBE), High electron mobility

transistor (HEMT), Heterostructures, III-Nitride Semiconductors
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Résumé

L’alliage ScAlN est un semiconducteur III-N à 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 à haute mobilité

électronique (HEMTs). Dans ces hétérojonctions, remplacer le matériau barrière AlGaN habituellement

utilisé par ScAlN 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 même avec des barrières ScAlN de

très faible épaisseur (quelques nanomètres), ce qui en retour permet de conserver des résistances d’accès

faibles, des courants de saturation élevés tout en limitant les effets de canal court dans les transistors à grille

submicronique des amplificateurs de puissance hyperfréquence. Aussi, l’alliage Sc0.18Al0.82N étant adapté

en paramètre de maille avec GaN, la possibilité de réduire notablement les contraintes mécaniques liées au

désaccord de paramètre de maille est un atout pour améliorer la fiabilité des composants. Cependant, pour

bénéficier de tous ces avantages il est nécessaire de maı̂triser la croissance cristalline de l’alliage ScAlN

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 ScAlN/GaN par épitaxie sous jets moléculaires assistée

par plasma et de la croissance par épitaxie en phase vapeur aux organo-métalliques. Dans cette thèse,

nous nous intéressons à la croissance par épitaxie sous jets moléculaires à l’ammoniac, technique que

le laboratoire maitrise depuis plus de vingt ans pour les composés GaN et AlGaN. Pour la première fois à

notre connaissance, des alliages ScAlN ont été épitaxiés sur GaN au moyen de cette technique. L’effet 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 à 800°C. Un optimum en termes de qualité cristalline est atteint pour 670°C, alors que la

teneur en scandium autour 14% et l’épaisseur varient peu à la différence de ce qui est rapporté au sujet de

l’épitaxie assistée par plasma. Différentes épaisseurs de barrière allant de 5 à 55 nm ont été étudiées et ont

permis d’obtenir une densité maximale de charges dans le 2DEG, autour de 4×10
13/cm2 pour une barrière

épaisse de 15 nm et 2×10
13/cm2 malgré une épaisseur nominale réduite à 5 nm. Les mesures XPS, SIMS

et la tomographie par sonde atomique ont confirmé l’absence d’hétérogénéité de composition dans l’alliage.

Cependant, la diffraction des rayons X et la microscopie électronique en transmission révèlent la présence

d’une épaisseur critique à partir de laquelle des modulations du paramètre de maille apparaissent. Aussi,

cette épaisseur critique diminue pour des films contenant des teneurs en scandium autour de 22% et 30%.

Nous sommes parvenus à élaborer des hétérostructures HEMTs ScAlN/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 l’établissement de contacts ohmiques avec des résistances acceptable (Rc ∼

1Ω.mm), la fabrication de diodes, de transistors délivrant des courants de drain jusqu’à 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 à 3× 10
13/cm2 dans le 2DEG, associée à une mobilité de 500− 600cm2/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 à ceux épitaxiés sur des substrats de silicium,

mais avec une mobilité améliorée (∼ 950cm2/V.s).

Mots-clés : Nitrure de scandium aluminium (ScAlN), Epitaxie sous Jets Moléculaires (EJM), Transistor

à haute mobilité électrique, Hétérostructures, Semiconducteurs Nitrures d’éléments III.
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transportation. In the case of AlGaAs/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 1×10
12/cm2. However, substituting GaAs with

pseudomorphic InGaAs can elevate this density to approximately 2× 10
12/cm2. Utilizing alternative het-

erojunction materials such as InAlAs/InGaAs can further increase the electron density to reach levels of

up to 3× 10
12/cm2 e-/cm² [3]. The ability to engineer the bandgap within a wide range (from 0.7 eV with

InN to 6.1 eV with AlN) by combining InN, GaN, AlN and ScN makes Group III 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 III-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, InAlN, InGaAlN 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 AlGaN/GaN high-electron mobility transistor (HEMT) in 1993 [6], [7].

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 2.5×10
7cm2/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, III-Nitride

HEMT heterostructures have significantly high sheet carrier concentrations (generally around 10
13/cm2)

and rather high electron mobilities (1000 to 2000 cm2/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

10





taxial growth of ternary ScxAl1−xN films by NH3 MBE. We believe that NH3 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 ScxAl1−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 ScxAl1−xN barrier layers.
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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).

AlN substrate is also a potential material for GaN based devices [45]. AlN 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, AlN exhibits nearly high thermal

conductivity (2WK−1cm−1) and significantly surpasses both Silicon (Si) and sapphire, making it an appealing

choice for substrates in applications involving high power or high temperatures.

GaN AlN 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(Å)

Lattice parameter 0 2.4 16 3.5 -17
mismatch with Compression Compression Compression Tension

GaN (%)

Coefficient of
thermal expansion 5.59 4.2 7.5 4.7 2.59

(∗10
−6K−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−1cm−1)

Table 3: The main properties associated with the growth of GaN on various substrates
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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 III-N (III-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 III-N materials, such as gallium nitride (GaN),

aluminum nitride (AlN), and indium nitride (InN). Biaxial strain is commonly induced in III-N materials by

growing them on substrates with a different lattice parameter or thermal expansion coefficient. The lattice

parmeter mismatch between the III-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 III-N material. The biaxial strain affects the physical properties of III-N materials in several

ways: Band gap: Biaxial strain can modify the bandgap energy of III-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 III-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 III-V

materials is generally negligible for III-N materials. Piezoelectric Effects: III-N materials possess strong

intrinsic piezoelectric properties. Biaxial strain can modify the piezoelectric polarization and strain-induced

electric fields in III-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 σ1 = σ2 and no component along z nor shear components σ3 = σ4 = σ5 = σ6 = 0.
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GaN AlN InN

C11 [GPa] 367 396 223

C12 [GPa] 135 137 115

C13 [GPa] 103 108 92

C33 [GPa] 405 373 224

C44 [GPa] 95 116 48

E31[C/m2] -0.49 -0.60 -0.57

E33[C/m2] 0.73 1.46 0.97

PSP[C/m2] -0.029 -0.081 -0.032

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

σxx = (C11 +C12)εxx +C13εzz

σzz = 0 = 2C13εxx +C33)εzz

Thus, the biaxial stress can be written as follows:

σxx = εxx(C11 +C12 −2
C2

13

C33)
)

εxx =
a−a0

a0
equal to εyy, represents the in-plane biaxial strain.

εzz =
c−c0

c0
, represents the out of plane strain.

And C66 =
1

2
(C11 −C12) for And then we identify the Poisson coefficient:

ν =−

εzz

εxx

= 2
C13

C33
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Thermo elastic strain

The thermal coefficient of expansion (α) 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 III-V materials,

which are compound semiconductors made up of elements from Group III (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 III-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 (α).

α =
1

α

∂a

∂T

where a is the lattice parameter of the crystal. GaN is generally grown on a foreign substrate at high Tg

(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 εth, and

defined classically by:

εth =
∫ TA

TC

(α f ilm −αsubstrate)dT

Where α f ilm and αsubstrate 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 εth.

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 hc. 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 III-Nitrides is generally ductile and typically gener-

ates dislocations. The relaxation of the biaxial stress stress σxx 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 AlN, 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 AlGaN material

decreases even further.
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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:

PSP = PSP
GaN + x(PSP

AlN −PSP
GaN)

While polynomial equations have reported in [58]

PSP =−0.090x−0.034(1)x)+0.019x(1− x)

In addition to spontaneous polarization in III-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 III-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 III-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 III-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 III-N materials significantly affects the performance of

electronic devices such as high-electron-mobility transistors (HEMTs), 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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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 AlN 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 AlN 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 AlN/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 AlN nucleation layer

significantly enhances GaN crystal quality due to the close lattice parameter match of AlN 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 (Al2O3) 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 AlN 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, AlN 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.

AlN interlayer

In some cases, we observe the presence of a thin layer of AlN, with a thickness on the order of 1-2 nm,

between the GaN channel and the barrier in HEMT structures. This AlN 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 AlN has a wide band gap

(approximately 6.2 eV), which increases the discontinuity of conduction bands between the barrier and the

channel[70]. AlN 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 AlN layer increases the aluminum content within the barrier, resulting in

a higher electron density within the 2DEG. Therefore, the introduction of the AlN 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 (AlN), 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 InAlN, InAlGaN or AlN 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:
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Here are a few key limitations of electron mobility in GaN HEMTs: 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. Ionized 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 (Ns ∼ 1−5×10
12cm−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 AlN spacer layer at the interface between the barrier and the buffer for exemple

in AlGaN/GaN HEMT. The depth of electron penetration into the barrier is reduced from 6Å to around 3

Å, and the confinement of 2DEG electrons is increased. Another possibility is to deposit, for example, an

AlGaN barrier in the form of an n×(AlN/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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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 ScAlN

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 ScAlN lattice parameters

This section provides a detailed account of the lattice parameters of the ScAlN wurtzite crystalline phase

alloy. When grown by epitaxy on a foreign substrate or on another III-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 III-nitride materials based on Sc. Unlike conventional alloys such as AlGaN, ScxAl1−xN

can be grown lattice matched on GaN substrates. Numerous models have been reported for the modeling

of lattice parameters in ScAlN 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 ScAlN. In 2013, Zhang et al. made the initial effort to determine the lattice

parameters of ScxAl1−xN for in-plane lattice parameter [25]. The calculations were studied for scandium

molar fraction up to 0.375.

a(x)[Å] = 0.126x2 +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)[Å] =−0.241x2 +0.394x+3.131

c(x)[Å] =−1.120x2 +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)[Å] = 0.241x2 +0.389x+3.110

c(x)[Å] =−1.114x2 +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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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 ScAlN band gap. Notably, ScAlN 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 ScAlN/GaN interface are related to

polarization.

3.1.3 ScAlN spontaneous polarization

The effectiveness of High Electron Mobility Transistors (HEMTs) in generating a high two-dimensional elec-

tron gas (2DEG) is influenced by polarizations. However, the performance of AlN 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. ScAlN is an emerging material

in semiconductors because of its high polarization properties. Many studies have been done by modeling

ScAlN with density functional theory (DFT) in order to simulate the spontaneous and piezoelectric polariza-

tions. At first, M Caro in 2015 started to model ScAlN for alloy compositional range between 0% and 50%

of scandium by ab initio methods, known as the modern or Berry-phase theory of polarization using large

periodic supercells. In this study, the representation of realistic ScAlN alloys was carried out using periodic

supercells containing 128 atoms, 64 cations (Sc or Al) and 64 N atoms, in a construction of 4×4×2 wurtzite

primitive unit cells (each containing 4 atoms). The spontaneous polarization as a function of scandium

molar fraction x reported [65], [79] up to now is in the following:

PSP =−0.089(1− x)−0.874x+0.741x(1− x)

In the case of lattice-matched ScAlN on GaN, only spontaneous polarization is observed, with no strain-

induced piezoelectric polarization occurring. The rise in Sc content leads to an increase in the average

ionicity of bonds [78], as Sc–N bonds in ScN exhibit greater ionic character compared to Ga–N and Al–N

bonds in GaN and AlN. This heightened ionicity, along with increased structural deformation, contributes

significantly to the substantial expansion of spontaneous polarization values.

3.1.4 ScAlN piezoelectric properties

The remarkable improvement in the piezoelectric response of ScAlN, in comparison to bulk AlN, as the Sc

fraction increases, has attracted significant interest for its potential application in piezoelectric and electronic

devices. Since the initial experimental observation of this enhanced piezoelectric behavior by Akiyama et

al. [15] in 2009, numerous experimental and theoretical investigations have consistently verified this finding

[15], [80], [92].

The piezoelectric modulus d33 is a material property that quantifies how much electric charge is gen-

erated when a mechanical force is applied along the same axis as a material’s polarization. It measures

the response of a material to mechanical pressure. Materials with higher absolute values of d33 are more
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Caro [79]

C13(x) =−78.9x2 +104.3x+110.1

C33(x) = 101.4x2
−510.2x+385

Urban et al. [76]

C13 =−48.2x2 +79.54x+100.3

C33(x) =−86.51x2
−407.97x+351.7

Ambacher et al.[77]

C13(x) =−51.95x2 +85.65x+108

C33(x) =−95.49x2
−432.68x+373

Zhang et al.[14]

C13(x) = 62.072x+108.197

C33(x) =−459.210x+364.648

Also piezoelectric coefficients in C/m2 :

Caro et al. [79]

e31(x) =−0.63(1− x)−0.492x−0.615x(1− x)

e33(x) = 1.46(1− x)+8.193x−5.912x(1− x)

Ambacher et al.[77] and Urban et al. [76]

e31(x) =−1.353x−0.593(1− x)+0.576x(1− x)

e33(x) = 9.125x+1.471(1− x)−6.625x(1− x)

ScAlN provides a notable benefit in the form of a heightened piezoelectric reaction, thus amplifying the

enthusiasm surrounding its application in piezoelectric devices[95]–[98]. The initial discovery of this charac-

teristic was made by Tasnàdi et al. [99] and Tholander et al. [100], who conducted calculations specifically

examining the piezoelectric properties of ScAlN along the c-axis. As depicted earlier in Figure 22, separate

research groups conducted calculations that demonstrated an increase in the e33 value with the incorpo-

ration of Sc, attributed to internal lattice strain, while observing a decrease in C33. In the following Figure

23, shows the calculated piezoelectric polarization which is derived using the formula presented in chapter

2 section Spontaneous and piezoelectric polarization, spontaneous polarization, and total polarization of

epitaxial (0001) ScxAl1−xN grown on GaN (theoretical in plane lattice parameter of fully relaxed GaN value

is taken into account aGaN = 3.189Å). Piezoelectric polarization is equal to zero for x=0.18 where no strain

is present in the ScxAl1−xN films on GaN. PPE is negative for x < 0.18 where ScxAl1−xN films are tensile strain
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4 ScAlN: State of art

Scandium Aluminum Nitride is a promising material in the field of advanced electronics and has garnered

considerable attention due to its exceptional properties. In this chapter, we will explore the diverse applica-

tions that have emerged from this material, and we will delve into the various growth methods employed in

the fabrication of this alloy.

4.1 ScAlN applications

4.1.1 Piezoelectric devices (Radio frequency (RF) filters, Surface acoustic wave (SAW), Bulk acous-

tic wave (BAW) resonators, . . . )

Piezoelectric devices are electronic components that leverage the piezoelectric effect to transform mechan-

ical energy into electrical signals, or conversely, electrical energy into mechanical motion. The piezoelectric

effect is a phenomenon exhibited by specific materials. Due to their capability to interchange between

mechanical and electrical energy, piezoelectric devices find utility across a diverse array of fields. Several

prevalent instances of piezoelectric devices encompass sensors, transducers, generators (also referred to

as energy harvesters), and the utilization of piezoelectric materials in memory-related applications. Wurtzite

Sc0.43Al0.57N has shown a piezoelectric modulus d33 that is five times greater than the one of AlN [1]. These

remarkable properties make ScxAl1−xN highly suitable for utilization in resonators for wide-bandwidth, high-

frequency RF filters[2], [3],energy harvesting,[4] and lead-free high-temperature piezoelectric applications.

In addition several groups verified drastic enhancement of the electromechanical coupling [5]–[8]. The

growing attraction towards ScAlN is attributed to its notable piezoelectric characteristics. The piezoelectric

response of ScAlN can manifest in either the wurtzite phase or the rock salt cubic phase, contingent on

the amount of scandium present. However, as the scandium content increases further, the material be-

comes susceptible to challenges like phase separation, the introduction of cubic structures with defects at

the boundary between domains with different phase, and elemental segregation, stemming from its inherent

metastable nature.[9], [10].

One challenge associated with Surface Acoustic Wave (SAW) technology when used in filters is its

susceptibility to environmental conditions. Specifically, SAW filters can exhibit considerable sensitivity to

factors like temperature. Interestingly, certain applications consider this sensitivity advantageous. This is

because the alterations in the signal resulting from changes in environmental conditions are non-random,

allowing for the measurement of these variations. Consequently, over the past three decades, SAW devices

have been developed for use as sensors in applications such as temperature, pressure, chemical species

concentrations, and more. The fundamental operating principle of SAW devices positions them as passive

components, offering the potential for wireless functionality without the need for built-in electronics or a

power source. SAW devices consist of piezoelectric materials, either in the form of substrates or thin films,

onto which Interdigital Transducers (IDTs) are affixed. These IDTs are applied as thin metal layers, typ-

ically with a thickness of approximately one hundred nanometers. When radiofrequency electromagnetic

waves are directed at these IDTs, it results in a potential difference emerging between adjacent fingers.

This voltage is then detected by the piezoelectric material, leading to the generation of a surface wave.

Additionally, if a wave propagates through a piezoelectric material to reach the IDT, it experiences the po-

larization of the material, creating a potential difference between the fingers and consequently transmitting

a signal. A reflective delayed-line SAW (Surface Acoustic Wave) device necessitates that the energy ob-
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tained from both electrical-to-mechanical and mechanical-to-electrical transformations is ample to ensure

signal detectability. The proportion of energy recuperated through this dual conversion process is quantified

using the electromechanical coupling coefficient K2 (in It is necessary to have a strong enough K2 for the

signal amplitude to remain sufficiently large and thus allow detection after the passage of waves. In the

context of wireless measurements, the choice of a material with a strong K2 becomes necessary. ScAlN

has proven highly effective in these applications, [101] and [102] obtained a K2 = 3.9% and K2 = 1.7% on

silicon and sapphire substrate respectively. It also reached K2 value of 4.8% demonstrated in [103] on

SiC substrate. This is primarily attributed to the exceptional shear bulk wave velocity (3920 m/s) when

growing ScAlN on substrates such as 4H-SiC or diamond, enabling efficient confinement of SAW energy

within the ScAlN layer. For SAW resonators fabricated with AlN, the electromechanical coupling coeffi-

cient achieves lower values than ScAlN of K2 = 0.12% [104], 0.23 [105]. SAW resonators, based on single

crystalline ScAlN layers produced through the molecular beam epitaxy (MBE) technique on silicon sub-

strates, have demonstrated significant promise for high-frequency applications when contrasted with SAW

resonators incorporating polycrystalline layers deposited through sputtering. The SAW resonators in this

study [106] exhibited robust responses, featuring a high electromechanical coupling coefficient K2 reaching

an impressive 7.8% at center frequencies ranging from 3.6 to 4.0 GHz. Bulk Acoustic Wave (BAW) Filters

are cost-effective, space-efficient radio frequency filters suitable for diverse applications, with a frequency

range extending up to 6 GHz. SAW Filters function employs IDTs to transform electrical energy into me-

chanical acoustic waves, which propagate across the surface of the piezoelectric material while BAW filters

enable the vertical propagation of these acoustic waves. Also ScAlN has shown interest in BAW compared

to conventional AlN, [107]–[110] shows K2 values 9.1% and even up to 19% as reported by [111]. While for

AlN BAW K2 reached 0.23% [112].

4.1.2 Ferroelectric application (memories, display, pyroelectric detection, high power transistors)

The large spontaneous polarization of ScAlN along the c lattice axis induces a ferroelectric behavior: the

orientation of polarization can be altered from one stable direction to the opposite under an applied elec-

tric field. The ability to reverse spontaneous polarization in ferroelectric materials has paved the way for

the development of versatile devices like FeRAM (Ferroelectric Random Access Memory) and FeFET (Fer-

roelectric Field Effect Transistor), which offer nonvolatile data storage solutions. Nonvolatile data storage

refers to memory or storage that retains its data even without power. It differs from volatile storage, which

loses its content when the power is off. Nonvolatile storage is ideal for long-term storage needs. Initially, fer-

roelectric perovskites like zirconate titanate (PZT) faced numerous challenges, including the requirement for

buffer layers and isolated production lines due to diffusible components. Thinning the samples using certain

techniques also posed scaling problems leading to the loss of ferroelectric properties. However, a signifi-

cant breakthrough came with the introduction of ferroelectric hafnium oxide (H f O2), which addressed these

issues. H f O2 could be fabricated at low temperatures while maintaining reproducible polarization down to

a thickness of 3 nm. Nonetheless, it did have relatively low polarization values (10− 40µC/cm2). Having

high polarization is crucial for achieving a maximal change in spontaneous polarization during ferroelectric

switching when utilizing these materials in transistors gates. It also plays a vital role in splitting between

two ferroelectric states, resulting in a high on/off current ratio in FeFETs and normally off HEMT structures.

Additionally, FeRAMs benefit from higher bit density with increased polarization. Besides its high sponta-

neous polarization, increasing the scandium amount in ScAlN leads to a decrease in the c/a ratio[23]. This

change in composition alters the coordination environment of cations from four-coordinate tetrahedrons to
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Reference Rc (Ω.mm) IDS (A/mm) FT (GHz) FMAX (GHz) Pout (W/mm) PAE (%) Gm (S/mm)

Green et al. 0.1 2.4 88 91 - 0.67
[118]

Kazior et al. 0.1 3 50 140 - 0.5
[115]

Cheng et al. 0.2 1.98 59 69 - 0.52
[114]

Tahhan et al. - - - - 10.8 26 -
[116]

Krause et al. 0.9 1.7 52 - 8.4 42 0.49
[117]

Table 5: Summary table displaying various transistor performance data documented in the literature.

Where e, Ns and νe f f are the elementary charge, sheet carrier density and the saturation drift velocity

of electrons, respectively[120]. As a result, ID,sat can be enhanced by elevating either Ns or νe f f . Nonethe-

less, at high electric fields, νe f f approaches the saturation drift velocity, making it challenging to achieve

significant improvements in this regard. Alternatively, boosting Ns can be achieved through appropriate en-

gineering of the hetero junction. Also, for this purpose, low resistance ohmic contacts with the electron gas

located in the channel is necessary as well as cap layers protecting the reactive alloy surface. For these

reasons, highly n-type doped GaN is often regrown for high performance RF transistors resulting a Rc less

than 0.1ω.mm [118]. Alternatively, the initial HEMT growth sequence can be terminated by incorporating in

situ GaN, AlGaN [116], or SiN cap layers [117].

4.2 ScAlN growth

4.2.1 Growth by sputtering

First ScAlN epitaxy was reported in 2009 by Akiyama et al [1] with textured ScAlN thin films deposited

by reactive RF dual magnetron sputtering onto Si (001) substrates. Further studies have reported the

successful growth of ScAlN with a preferred orientation along the c-axis (0001) using reactive magnetron

co-sputtering. This growth has been achieved on both silicon and sapphire substrates, with scandium con-

tent reaching up to x=0.43 [8], [45]–[49] The performance of acoustic devices is significantly influenced by

the crystal quality of the piezoelectric layers, as demonstrated in [50]. Previous reports have indicated a

robust link between the device’s crystalline structure and its piezoelectric coefficients, consequently impact-

ing the electromechanical coupling coefficient [51]. Reactive magnetron sputtering stands as the prevalent

approach for depositing AlN and ScAlN. While this technique is favored for its cost-effectiveness and rea-

sonable growth rates, the crystal quality of the resulting layers is less optimal when contrasted with those

achieved through epitaxial methods operating in a higher purity environment[52]. Indeed, AlN and ScAlN

films deposited by sputtering generally contains percent or several percent of oxygen atoms. Sputtering

allows to deposit AlN and ScAlN with a crystal lattice c axis-oriented perpendicular to surface of substrates

like Silicon, SiC or Sapphire, which is highly required for most piezoelectric device applications. However,

it is difficult to nucleate the films with a unique in-plane orientation, which results in a columnar growth with

a high number of threading dislocations at grain boundaries (lattice twist). Crystal lattice tilt also exists but

generally vanishes in thicker AlN films enabling the fabrication of RF BAW filters. Compared to AlN, the
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and a substantial reduction in impurity incorporation. These achievements were previously elusive when

working solely with ScxAl1−xN, and they have been realized across a range of Sc molar fraction (x ∼ 0.16–26)

in ScxAlyGa1xyN. Furthermore, ScAlGaN has exhibited noteworthy transistor performance, achieving an

output power of 5.77 W/mm and a power-added efficiency of 47% at 30 GHz [123].

Exploring NH3 MBE as a Potential Solution to Overcome Limitations in MOCVD and PAMBE

Techniques

Growing ScAlN on GaN offers the potential for achieving lattice-matched growth, devoid of strains found

in the barrier. This is further amplified by their notable spontaneous polarization, which can result in ex-

ceedingly elevated sheet carrier concentrations. To date, various methodologies have been explored for

fabricating ScAlN barrier HEMTs, encompassing techniques such as sputtering, PAMBE, and MOCVD.

PAMBE and MOCVD have demonstrated superior benefits compared to sputtering, primarily owing to their

ability to yield higher crystal quality. In MOCVD a high oxygen incorporation in the barrier was noticed [33],

[57]. Furthermore, the diffusion of aluminum atoms within the GaN buffer layer diminishes electron mobility

in the channel due to the sluggish growth rate and this also poses a challenge. To address this aluminum

diffusion issue, a potential solution involves enhancing the growth rate. This adjustment has demonstrated

the potential for achieving improved electron mobility and enhanced electron confinement, as observed in

the study referenced as [34]. In this context, particularly notable is the propensity of aluminum atoms to

readily diffuse into the GaN substrate. This phenomenon becomes particularly pronounced when HEMT

structures undergo elevated thermal conditions, either through MOCVD growth or the high-temperature

annealing process of MBE samples. The capacity to grow ScAlN at comparably lower temperatures in com-

parison to MOCVD renders MBE a fitting choice for generating structures of elevated crystalline integrity,

marked by notable phase purity and maybe minimal presence of oxygen and carbon impurities. To date,

various research teams have successfully employed MBE to synthesize ScAlN, utilizing plasma assisted

N2 as the source of nitrogen. Notably, it has come to light that the interplay between strain and scandium

concentration is intricately linked to the growth temperature during the process of plasma-assisted MBE.

In [35] study, the growth was interrupted for 90 second after GaN buffer deposition in order to evaporate

completely the excess gallium present at the surface and prevent Ga incorporation in ScAlN barrier films.

In spite of the high vacuum environment undesired oxygen incorporation is present in the ScAlN grown by

PAMBE. It is anticipated that the undesirable incorporation of oxygen impurities can be further minimized

by adopting alternative growth approaches for ScAlN, such as utilizing a higher purity scandium source and

elevated growth temperatures. Within this thesis, we introduce the use of NH3 as a nitrogen source for

the MBE-based fabrication of ScAlN. The use of NH3 facilitates the achievement of a GaN buffer layer with

increased resistivity due to low silicon and oxygen n-type doping impurities, a crucial attribute for HEMT

applications [68]. Low carbon deep acceptor concentration is achieved also. This is significant as it is ex-

pected that a similar trend could manifest in ScAlN growth. Combined with high electrical resistivity and

good crystal quality of GaN buffer layers, NH3-MBE previously demonstrated well defined AlN/GaN inter-

faces enabling the fabrication of high-performance RF HEMTs [20], [124]. Additionally, it’s worth noting that

the sticking coefficients of group-III metals are nearly unity. Consequently, when employing nitrogen-rich

conditions for growth, the process of monitoring growth rate and alloy composition becomes simpler within

the specified temperature range. To our knowledge, so the present attempt to grow ScAlN is totally new.

Till now, only the growth of ScGaN has been achieved with NH3-MBE [125], [126].
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4.3 Conclusion

Due to its remarkable characteristics, ScAlN has emerged as a promising material for various advanced

technologies, including RF filters, BAW (Bulk Acoustic Wave) and SAW (Surface Acoustic Wave) devices.

Furthermore, its ferroelectric properties make it suitable for applications in memory devices, pyroelectric

sensors, displays, and high-power transistors. Additionally, the ability to achieve lattice matching between

ScAlN and GaN adds to its potential as a material for reliable power devices like for radio frequency power

amplifiers, which is the focus of our current project. This chapter has highlighted the diverse techniques

employed to grow lattice matched ScAlN on GaN, involving various growth environments. These methods

often require precise control over parameters such as growth temperature and the III/V ratio to attain high

crystalline quality which is a critical factor for HEMT (High Electron Mobility Transistor) applications. In our

project, we employ MBE (Molecular Beam Epitaxy) for growth. However, unlike methods using plasma-

assisted nitrogen sources, our approach involves a different nitrogen source, thermally cracked ammonia.

In the forthcoming chapters, we will explore the impact of this nitrogen source on ScAlN barrier layers and

its influence on transistor performance.
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5 ScAlN epitaxy by NH3 MBE (Effect of the growth temperature)

For the first time, as far as our knowledge extends, we have employed ammonia source molecular beam

epitaxy (NH3 −MBE) to grow ScAlN. Our conjecture is that elevated growth temperatures might prompt the

diffusion of gallium within the ScAlN barrier layer or the AlN interlayer, potentially resulting in the forma-

tion of AlGaN or ScGaAlN. This diffusion is attributed to the consequence of operating at relatively high

temperatures during growth. This diffusion phenomenon detrimentally affects the performance of devices,

particularly in terms of electron mobility within the two-dimensional electron gas (2DEG). Simultaneously,

the incorporation of impurities is generally favored at lower growth temperatures. Notably, oxygen impurities

might volatilize when operating at elevated temperatures. A plausible solution to mitigate oxygen-related

issues involves employing high-purity sources of scandium and aluminum. It’s worth highlighting that the

molecular beam epitaxy chamber maintains a high vacuum with a pressure of the order of 10-10 torr. In

addition, when the annealing temperature exceeds the barrier growth temperature, the increased thermal

budget can promote diffusion at the interface, leading to its deterioration [127], [128]. Therefore, in this

study, a temperature range of 200°C is considered to investigate both low and high barrier growth temper-

atures, the latter being the usual growth temperature of GaN with NH3-MBE. This chapter focuses on the

investigation of different growth temperatures to enhance surface morphology, crystal quality, and device

performance. The epitaxial growth of ScAlN using MBE presents unique challenges compared to other III-

Nitride (III-N) materials. In PAMBE growth, metal-rich growth regime is employed to enhance ad-atom mo-

bility on the surface while temperature is lowered. This approach results in smoother surface morphology,

reduced impurity incorporation, and minimized intrinsic stresses[129]–[132]. However, similar to AlGaN,

Al has a higher tendency to incorporate preferentially over Sc in metal rich grown ScAlN. This means that

when ScAlN is grown with an excess metal flux, Sc atoms tend to segregate toward the surface. Conse-

quently, this can lead to a loss of phase purity and a degradation in crystal quality[19], [133]. To address

this issue, the simplest solution is to maintain an N-rich growth regime. By ensuring a nitrogen-rich environ-

ment during the growth process, the accumulation of Sc on the surface can be prevented. This approach

helps to preserve phase purity and maintain the crystal quality of the ScAlN material. However, compared

to the metal-rich regime, the nitrogen-rich regime induces a lower surface mobility of ad-atoms and gen-

erally necessitates higher temperatures to counterbalance this limitation. The aim of the present study is

to identify an optimum growth temperature window for such regime. The study employs metal polar GaN

templates (high-quality GaN grown by MOCVD on sapphire substrates with threading dislocation density

of a few 10
8/cm2) to achieve confinement of a two-dimensional electron layer within the GaN channel. The

300-500 nm thick GaN channel was grown first at 800°C with a NH3 flow rate of 200 sccm and a Gallium

flux resulting in a growth rate of 0.6µm/h, which are the optimized growth conditions for GaN in the present

reactor which is a C21T Riber system [134], [135]. A thin 1 nm AlN exclusion layer was then grown at the

same temperature and in case ScAlN was grown below 800°C, a growth interruption of several minutes was

used to reach the new temperature. The NH3 flow rate was kept constant for the growth of all the layers

and during the cooling down up to about 450°C.

Table 6 : compiles the samples grown to study the effect of temperature. It provides an overview of

the variations in growth temperature along with their respective thicknesses determined by XRR, scandium

content determined by XPS, AFM surface root mean square values, and the concentration of the two-

dimensional electron gas (2DEG) extracted from capacitance-voltage measurements with a mercury probe.
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Sample Tg(°C) Thickness(nm) Sc (%) RMS roughness (nm) 2DEG density (e−/cm2)

PTC1218 620 23.75 15.9 0.43 3.10×10
13

PTC1217 670 22.96 14.7 0.40 3.10×10
13

PTC1216 720 23.06 16.1 0.32 3.00×10
13

PTC1220 760 22.11 15.7 0.33 2.48×10
13

PTC1221 800 23.42 13.9 0.24 1.56×10
13

PTC1269 620 n.a n.a n.a 2.50×10
13

PTC1271 800 n.a n.a n.a 8.24×10
12

Table 6: Summary of all the specimens grown at varying growth temperatures along with their corresponding analyses:

ScAlN thickness was determined through X-ray reflectivity (XRR), scandium content was assessed using X-ray photo-

electron spectroscopy (XPS), roughness was examined via atomic force microscopy (AFM) on a 0.5× 0.5µm2 surface

area, and 2DEG concentration was measured through capacitance-voltage (C(V)) assessments.

5.1 Unveiling the Scandium concentration: analytical techniques for alloy compo-

sition

5.1.1 Limitations in Scandium content determination by X-ray diffraction (XRD)

Typically, the composition of alloys like AlGaN, InAlN etc. is inferred from the lattice parameters. In these

conventional alloys, Vegard’s rule is a linear variation with molar content and corresponds to the lattice

parameter variation of the alloy while it is not strained, in other word when the layer is fully relaxed. If the

epitaxial layer is not thick enough to relax, then the layer may be strained, and the strains vary depending

on the in-plane lattice parameter of the underneath layer. Then the biaxial Poisson ratio in wurtzite crystal

structures, which is obtained from elastic constants C13 and C33, is used in measuring film composition

through X-ray diffraction considering the strains that may be present in the layer. The Poisson ratio defines

the relationship between strains perpendicular and parallel to the (0001) plane when a film is subjected to

biaxial stress in this plane, which is the growth plane. By measuring the out-of-plane lattice parameter alone,

the in-plane lattice parameter can be determined using the Poisson ratio. From in plane and out of plane

lattice parameters, content of an alloy can be deduced, and a strain or relaxation can be also observed

by these parameters. In the case of ScAlN, the elastic constants (C11, C33, C44, and C66) decrease while

C12 and C13 increase with increasing x (the Sc molar fraction)[77]. This trend differs from that observed

in AlGaN, where C12 and C13 remain constant regardless of the aluminum molar fraction. In the case of

InAlN, however, C12 and C13 decrease as the indium concentration increases [50]. Consequently, as x

increases in ScxAl1−xN, the material becomes softer. These findings are elaborated in the chapter 2 section

Spontaneous and piezoelectric polarization. From C13 and C33 strained ScAlN lattice parameters can be

deduced. These findings for fully relaxed crystal lattice obtained by Ambacher at al. and for strained

ScAlN/GaN are presented in Figure 38.

ScAlN alloy doesn’t follow Vegard’s law meaning that the lattice parameters don’t vary linearly with

scandium molar fraction. Then studies have shown a relaxed or non-strained ScAlN with scandium molar

fraction up to 25% has a constant out-of-plane lattice parameter c regardless of alloy composition, while

in plane lattice parameter a of fully relaxed ScAlN increases linearly with the scandium fraction. Figure

39 displays the lattice parameters of ScAlN as documented for films produced using PAMBE, MOCVD

and sputtering techniques. As it was expected from theoretical studies, the out-of-plane lattice parameters

c for relaxed ScxAl1−xN is almost constant for x below 0.20. Deriving the out-of-plane lattice parameter

exclusively through 2θ scan of the 0002 reflection proves challenging, particularly for scandium fraction
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5.1.2 X-ray photoelectron spectroscopy (XPS) measurements

The growth conditions were specifically selected to achieve an approximate scandium molar fraction of 18%

in the ScAlN alloy, ensuring it remains strain-free or quasi-strain-free on GaN. In this study, we employed

X-ray photoelectron spectroscopy (XPS) to determine the elemental composition of the ScAlN barrier layer.

XPS is highly suitable for thin layer analysis due to its surface sensitivity, limited probing depth, and ability to

identify elemental composition and chemical states. Being surface-sensitive, XPS focuses on the topmost

atomic layers of a material, making it ideal for characterizing thin films where the bulk material is limited.

XPS allows us to identify the atomic elements present in the films up to a depth of 10 nm depending on

the binding energy of each chemical element. By conducting successive etchings using an argon ion gun,

we were able to create a composition profile. In this research, an aluminum source was employed as an

X-ray source, resulting in a survey spectrum where the relevant binding energies extend up to 1346 eV.

Figure 40a presents the comprehensive spectrum of the ScAlN film grown at 720°C. In this spectrum, the

Auger peaks for gallium, aluminum, scandium, and nitrogen are displayed across a range of high bind-

ing energies. Specifically, for binding energies below 500 eV, the most prominent peak is N 1s, followed

by Ga 3s, Ga 3p1, Ga 3p3, and Ga 3d, with binding energies approximately at 160 eV, 107 eV, 104 eV,

and 20 eV, respectively. Additionally, Al 2s and Al 2p peaks are observed, with binding energies of ap-

proximately 120 eV and 74 eV, respectively. Through automated identification using Advantage software,

distinct peaks corresponding to scandium, aluminum, nitride, carbon, and oxygen were discerned, along

with their respective Auger emissions. Figure 40b displays the XPS spectrum obtained for the same film,

showing peaks corresponding to Al 2p, N 1s, Sc 2p3/2, and Sc 2p1/2 at binding energies of 75 eV, 397

eV, 401 eV, and 405 eV, respectively. In XPS measurements, we observed through quantitative analysis

that the presence of nitrogen in the alloy is not in a stoichiometric ratio with aluminum and scandium. This

discrepancy is likely attributed to the presence of oxygen within the alloy layer, which suggests that oxy-

gen occupies the nitrogen’s position within the lattice structure. To determine the scandium molar fraction,

we opted to compare the concentration of element III, considering only the peaks of scandium, aluminum,

and gallium. However, a significant challenge arises when comparing scandium to aluminum due to their

markedly different binding energies. This disparity in binding energies can potentially lead to inaccurate

content assessments because it affects the measurement depth. As previously mentioned, each element

has its own characteristic mean free path; for instance, Al2p has a binding energy of 74 eV, whereas Sc2p

has a binding energy of 401 eV. Consequently, aluminum’s mean free path extends deeper into the material

compared to scandium. Therefore, to achieve a quantitative study of these elements at the same depth, it

is more accurate to compare scandium with nitrogen. This is why XPS is regarded as a semi-quantitative

technique. Even though a comparison between scandium and nitrogen yields more accurate results, the

presence of apparent non-stoichiometry constrains to focus solely on element III when conducting these

comparisons. Then, the relative Sc molar fraction in ScAlN was determined by analyzing the Sc2p and

Al2p peak areas using Advantage software, which considers the sensitivity factors (0.560 and 5.882 for

aluminum and scandium respectively) of each atomic element and corrects for energy-dependent analysis

thickness. This approach allowed us to ascertain the relative Sc molar fraction compared to Al in the ScAlN

film.

Analysis using XRR revealed that the thickness of the ScAlN barrier is approximately 25 nm. Conse-

quently, the etching rate for ScAlN containing 15% scandium is estimated at around 0.15 nm/s, while for

GaN, it’s approximately 0.30 nm/s (GaN etch rate deduced from XPS and XRR while taking 85s to etch

25 nm of GaN). Notably, as the x-rays begin to interact with GaN, the etching rate increases compared to
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6 Influence of the ScAlN thickness and Scandium concentration

6.1 Effect of the ScAlN barrier thickness

The primary objective is to achieve significantly reduced barrier thickness to mitigate short channel effects

and enable shorter gate lengths for enhanced high-frequency performance. Considering this objective, an

investigation was conducted to examine the influence of barrier thickness on both crystalline quality and the

concentration of electrons in the 2DEG. To initiate this study, it was essential to exercise control over the

growth process and estimate the thickness as it progressed. This estimation of thickness enabled the deter-

mination of the corresponding suitable growth duration. Considering prior reports indicating the preference

for lower growth temperatures in terms of crystal quality, the samples with varying thicknesses were grown

at 670°C, the optimal temperature identified for 25 nm thick films grown by NH3 MBE. Accordingly, the

growth duration was adjusted for the desired thicknesses. For instance, to achieve thicknesses of 25 nm,

15 nm, 10 nm, and 5 nm, the corresponding growth durations were approximately 10 minutes, 6 minutes, 4

minutes, and 2 minutes, respectively.

6.2 ScAlN: surface morphology

Upon examining the surface morphology of ScAlN grown by NH3 MBE using AFM, a trend emerges. As

shown by the previous analyses these grains only consist in the modulation of the height, in other words

a local change of the thickness of the ScAlN film. The grain size appears to be intricately linked to the

thickness of the ScAlN barrier. As this barrier thickness increases, the formation of distinct grain structures

becomes increasingly apparent. When observing the AFM images (see Figure 65), an evolution in grain

formation becomes evident. For a barrier thickness of 5 nm, the grains remain elusive, lacking clear defini-

tion and formation. This lack of coherent structure is indicative of an early stage in the roughening process.

Progressing to a thickness of 10 nm, a transformation occurs. The grains begin to take on more discernible

shapes, marking the initiation of the grain formation process. Stepping further to a barrier thickness of 16

nm, the grains become perceptible; however, their overall arrangement lacks the order observed in more

developed structures. Finally, the most remarkable transformation unfolds at a barrier thickness of 25 nm.

Here, the surface exhibits fully formed, well-defined, and systematically organized grains. Notably, these

grains maintain a uniform size and shape, demonstrating a high level of maturity in the roughening process.

In summary, the AFM analysis of ScAlN grown by NH3 MBE underscores the significance of barrier

thickness in the crystalline morphology. The distinct evolution from indistinct structures at lower thicknesses

to organized and uniform grains at higher thicknesses presents similarities with the kinetic roughening

process observed for GaN at larger scales and reaffirms the intricate relationship between growth conditions

and resulting material characteristics [156].
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7.3 Ohmic contact optimization - TLM measurements.

The ohmic contact process is critical for several reasons. The main is that few data are available in the

literature and ScAlN seems highly reactive with oxygen. Furthermore, our HEMT heterostructures have no

protective cap layer, which can exacerbate surface degradation effects. The chosen ohmic contact metal

stack is identical to the one previously developed in the laboratory for AlGaN/GaN HEMTs (Ti/Al/Ni/Au

30/180/40/160 nm respectively). Also, previous studies have shown the benefit of locally reducing the thick-

ness of the barrier layer to deposit metals closer to the 2DEG. Thus, the partial etching of the barrier within

the ohmic contact regions was performed. The purpose of our first trials was to find preparation procedure

and an annealing temperature window suitable for the achievement of contacts allowing to the assessment

of the 2DEG transport and charge control. The measurement of sheet and contact resistance involves

multiple measurements on the rectangular TLM structure, varying the spacing between the patterns. A

comprehensive explanation of this procedure can be found in the annexe, specifically in the section titled

”Device Process and Electrical Characterizations of HEMTs.”

Sample Substrate Thickness (nm) Ta (°C) Rc(Ω.mm) Rsh(Ω/sq)
PTC1221 Sapphire 25 750 0.60-0.90 20

PTC1215-1 Si (111) 25 800 1.75 528

PTC1215-2 Si (111) 25 750 9 300

PTC1215-3 Si (111) 25 750 1.1-1.4 310-330

PTC1215-4 Si (111) 25 750 0.9-1.30 320-360

PTC1251 Si (111) 10 750 4.75-14.20 670-718

PTC1263-1 Sapphire 10 750 0.90-1.18 486-521

PTC1263-2 Sapphire 10 800 0.80-1.11 427-451

PTC1263-3 Sapphire 10 850 3.04-4.05 360-386

PTC1264-1 Sapphire 10 750 0.53-0.90 267-295

PTC1264-2 Sapphire 10 800 0.62-1.63 224-338

PTC1264-3 Sapphire 10 850 2.05-2.84 266-317

PTC1223 Sapphire 10 750 -n.a -n.a

PTC1253 Sapphire 5 750 n.a 5100-6500

Table 10: Samples subjected to technological processing involving ScAlN were used to determine both the contact

resistance Rc and sheet resistance Rsh through the analysis of TLM measurements. Ta is the contact annealing

temperature.

Prior to these measurements, I-V curves were recorded to check the ohmic behavior of the contacts. An

initial experiment was conducted using PTC1221 on a sapphire substrate. The contacts were annealed for

30 s at 750°C under nitrogen. It was observed that the GaN buffer exhibited important current leakage. Nev-

ertheless, an ohmic contact behavior and a quasi-linear dependence of the resistance with contact spacing

was noticed, leading to a contact resistance of 0.6− 0.9Ω.mm. On the other hand, the sheet resistance

was too low to account for the 2DEG resistance. To limit buffer parallel conduction and leakage, samples

grown on a Si (111) substrate are preferred (PTC1215, PTC1251). PTC1215-1 has been first annealed

at 740°C and this has not shown an ohmic behavior of the contacts. For this sample, 2/3 of the barrier

layer have been etched by ICP RIE prior to the deposition of the metal stack. Then a second annealing

step at 800°C resulted in linear I-V curves and an ohmic contact resistance Rc = 1.75Ω.mm has been ex-

tracted. Another trial has been done on another piece of the same PTC1215 sample which is called now

PTC1215-2, but this time the barrier was half etched, and the annealing temperature was 750°C. It resulted
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layer from the surface. This specific procedure was performed on sample PTC1215-4. Comparison with

PTC1215-3, indicates that this treatment had no big impact on the contact resistance. This might be at-

tributed to the rapid oxidation of the surface in contact with the air after the treatment. The sample was not

shielded from exposure to the atmosphere during the few minutes period between the BOE application and

its placement in the e-beam evaporator.

Sheet resistance values were determined through TLM measurements and are reported in Table 10 .

When the sheet resistance is low, it indicates a relatively high 2DEG density. We will discuss the 2DEG

density in more detail in the next section where the sheet resistance was extracted from van der Paw

measurements.

7.4 Van der Paw and Hall effect Measurements (sheet resistance, 2DEG density

and electron mobilities).

It’s imperative to keep in mind that our objective is to pinpoint extremely thin barrier layers characterized

by a substantial 2DEG density and reasonable electron mobility, ultimately leading to the achievement

of the lowest attainable sheet resistance. Table 112 compares the sheet resistance previously extracted

from TLM patterns with the ones determined with van der Pauw devices. In almost all of the cases, the

van der Pauw devices reveal a sheet resistance superior to the one extracted from TLM patterns. The

discrepancy is less than 20% for PTC1215 and negligible for PTC1251. Both samples were grown with

a highly resistive buffer on Si (111), which explains the similarities in the results. Hall effect revealed

2DEG carrier density and mobility in the range of 1.74− 3.05× 10
13/cm2 and 450− 608cm2/V.srespectively.

The sample PTC1263-1 grown on Sapphire shows sheet resistances in the range of 400− 560Ω/sq but

the huge carrier density (1014/cm2) and the low mobility (90cm2/V.s) translate a large contribution from

carriers located in the buffer. The sample PTC1223 exhibits a similar behavior. On the other hand, the

GaN regrowth process of sample PTC1264 did not produce such a parasitic conduction and 2DEG carrier

density and mobility of 2.3×10
13/cm2 and 950cm2/V.s were extracted. This may be due to a partial or total

compensation of regrowth interface contamination thanks to the presence of iron dopant in this specific

template.

Sample RT LM
sh (Ω/sq) RvdP

sh (Ω/sq) Nh ×10
13(/cm2) µ(cm2/V.s)

PTC1215-1 528 518-901 1.55-2.30 450-527

PTC1215-2 300 347-374 2.65-3.00 580-632

PTC1215-4 320-360 342-606 2.00-3.05 514-608

PTC1251 670-718 614-720 1.75-2.00 469-530

PTC1263-1 486-521 400-560 4-17.5 90-190

PTC1264-1 267-295 303-420 2.10-2.70 560-965

PTC1264-2 224-338 282-555 1.65-3.15 356-996

PTC1223 n.a 1160-1320 4.10-6.70 74-130

Table 11: Comparaison between sheet resistances deduced from TLM and Van der Pauw configuration,in addition,

2DEG density, and electron mobility deduced from Hall measurements.

Numerous research groups have documented measurements of mobilities and densities in ScAlN barrier

HEMTs, as indicated in references [19], [116], [133], [146], [158], [162], [166]–[168]. These investigations

encompass samples grown using both PAMBE and MOCVD methods. The reported mobilities have con-

sistently achieved a peak value of approximately 1600cm2/V s, while the associated density has remained
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(PTC1215-PTC1251). In this diagram, we’ve incorporated data points for the samples PTC1215, PTC1251

and PTC1264-1. It’s evident that the sample grown on sapphire (PTC1264) exhibits greater electron mobility

compared to the one grown on silicon reaching a mobility close to 1000cm2/V.s. However, the silicon-grown

sample PTC1215-4 demonstrates a higher 2DEG density up to 3× 10
13/cm2. In summary, when we com-

pare our findings to the state-of-the-art results, it becomes evident that our data aligns closely with the

trend illustrated in the accompanying Figure 88 (especially for PTC1215-1 and PTC1215-4), showing that

the mobilities are decreasing when the 2DEG density is increasing. This trend is observed because when

the 2DEG density rises, the influence of electron-electron interactions becomes more pronounced. Elec-

trons, which carry negative charges, tend to push each other away due to their like charges. This electron

repulsion leads to increased scattering, making it more challenging for electrons to move freely, and this ef-

fect becomes more noticeable as the 2DEG density increases. Consequently, electron mobility decreases.

The observed higher electron mobility in the sample grown on sapphire (PTC1264-2) compared to samples

grown on Si (PTC1215-2 and PTC1215-4, see Figure 88) can primarily be attributed to the higher crystalline

quality of the GaN material in the samples grown on sapphire substrates. However, it’s important to note

that PTC1264 still exhibits lower mobility compared to what is reported in the literature. In this case, the

reduced electron mobility does not seem to be solely caused by poor crystal quality in the GaN, as samples

grown on sapphire demonstrate excellent crystal quality with a low threading dislocation density (10
8/cm2).

Instead, the lower mobility in PTC1264 could be due to scattering effects at the interface. This could be

a result of insufficient AlN thickness (< 1nm), which fails to effectively limit this scattering and diffusion at

the interface. It’s worth noting that prior studies by Tahhan et al. and Casamento et al. introduced a 2nm

thick AlN layer, which proved beneficial in reducing scattering at the interface. Therefore, the insufficient

AlN thickness in PTC1264 might be a key factor contributing to the lower electron mobility in this sample.
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the process. For PTC 1251, PTC1264-1, PTC1264-2 and PTC1223, a drop off in terms of density by ap-

proximately a factor of 2 were observed. This decrease appear unrelated to a reduction in barrier thickness

since the capacitance is not increasing. Considering the observed shift of the pinch-off voltage, a change

of the effective metal/semiconductor barrier height seems not likely. This decline may be attributed to the

fabrication process itself. For instance, the change in the surface states may occur during the development

of the photoresist (AZ726) during the photolithography steps. A decrease of the pinch off voltage Vp of

the C(V) measurements after the process can account for such an effect. On Table 12 we can notice that

PTC1215-2 showed no change in 2DEG density after the process. For PTC1215-4, we noticed a small

reduction in the 2DEG density that could be related to the reduction in the barrier thickness, as we ob-

served that the capacitance at 0 volt increases from 4 to 4.5mF/m2. This decrease might be attributed to

the treatment with the BOE.

7.5 Transistor performances

After conducting electrical tests on the samples and evaluating their contact resistance, buffer isolation,

2DEG sheet resistance and electron density, it is worth to examine transistors. This examination will in-

volve varying the gate length and the spacing between the source and the drain. The transistor width

(development) is 150µm. The following Figure 90 illustrates the DC output characteristics (Ids (Vds, Vgs)

of transistors with 1, 2, or 4 µm gates fabricated at CRHEA laboratory using ScAlN/GaN HEMTs on Si or

sapphire substrates. The gates are centered between the ohmic contacts. We present results obtained on

the following samples: PTC 1251, PTC 1215-4, PTC 1264-1, PTC 1264-2, and PTC 1253.

Figure 90 shows the DC output characteristics Ids (Vds,Vgs) of transistors fabricated on the samples

processed on sapphire substrates. A compliance of 1 mA/mm (Igs=0.15 mA) was applied for the gate

leakage current.

By varying the bias Vds between source and drain, we can observe how the electron current flow in the

GaN channel changes. For gate voltages Vgs ranging from +1V to -3V, increasing the Vds bias results in

an increase of the drain current Ids until it reaches a maximum and then slowly decreases. The maximum

drain current density measured at Vgs = +1V is similar in both process PTC1264-1 (Idsmax = 860mA/mm)

and PTC1264-2 (Idsmax = 885mA/mm). This indicates similar contact and channel sheet resistances since

distances between contacts are identical in both devices (the source to drain distance is 9 µ m and the

nominal gate length 2 µ m). Furthermore, from the linear part we can deduce the resistance RON , repre-

senting the total resistance of the transistor which is in the same range of 4.8Ω.mm and 5.2Ω.mm for the first

and the second process respectively. The possible origins of the slow decrease of the drain current in the

saturation region are self-heating effect or the presence of electric traps activated for larger drain bias. The

output characteristics of the device with same dimensions on sample PTC1253 exhibit clear constant drain

current at saturation but for significantly lower current values (Idsmax < 160mA/mm). This plays in the favor of

thermal effects.

Despite encountering significant challenges such as high contact resistance and elevated sheet resis-

tance, the transistor’s performance did not turn out as unfavorably as initially anticipated. Despite the lack

of electrical isolation in the GaN buffer, the drain leakage current in the devices processed on PTC1264

accounts for a minor fraction of the total current obtained for Vgs in the [-1V, +1V] range. This current directly

attests the high carrier density in the 2DEG. For comparison, compared to the present ScAlN/GaN HEMT,

similar devices developed in the laboratory on AlGaN/GaN heterostructures provided maximum drain cur-
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8 Summary and outlooks

The primary objective of this thesis was to study the epitaxial growth of ScxAl1-xN thin films. The ultimate

goal was to employ these films as an innovative barrier material in GaN-based High Electron Mobility Tran-

sistors (HEMTs) designed for high-frequency and high-power applications. In order to attain high-frequency

performance, we opted to reduce the gate length and maintain a thin barrier thickness to prevent the short-

channel effect. In this study, we present, for the first time to our knowledge, the successful growth of epitaxial

ScAlN/GaN heterostructures using ammonia-source Molecular Beam Epitaxy (MBE) under a nitrogen-rich

environment. Our investigation initiated with 25 nm thick ScAlN layers grown on GaN-on-sapphire tem-

plates. This relatively thick layer was deposited to evaluate surface morphology, crystal quality, scandium

amount, and the density of 2D electron gas (2DEG) in relation to varying the growth temperatures (ranging

from 620°C to 800°C). Our findings indicated that the growth temperature had no discernible impact on the

growth rate nor surface morphology (rms roughness below 0.5 nm) contrary to what happens with other

epitaxy techniques. However, we observed a grain-like morphology on the surface of ScAlN films, with

grains approximately 20 nm in diameter. Atomic probe tomography (APT) did not evidence the presence

of heterogeneity of composition in the alloy and throughout the growth range, we consistently observed a

single wurtzite phase Nevertheless, the growth temperature significantly influenced crystal quality, with the

highest quality crystals obtained at lower growth temperatures (620°C to 670°C). This trend aligned with

the 2DEG density determined through capacitance-voltage measurements using a Mercury probe. The

2DEG concentration reached a peak of 3− 4× 10
13/cm2 for barriers grown below 700°C and then sharply

declined at higher growth temperatures. In conclusion, these two criteria led us to consider an optimal

growth temperature of approximately 670°C. We set a method to extract the scandium molar fraction from

XPS measurements andnoted that in these first studied films it hovered around 15% and exhibited a slight

decrease with increasing growth temperature, although this observation was subject to potential measure-

ment errors and analysis uncertainties. Scandium molar fraction was confirmed also by SIMS and APT

measurements, and from X-ray diffraction reciprocal space mapping, we figured out that ScAlN had the

same i-plane lattice parameter as GaN buffer layer regardless growth temperature. Subsequently, we ex-

plored the impact of varying ScAlN barrier layer thicknesses on 2DEG concentration, aiming to reduce the

barrier thickness for high-frequency performance. We grew ScAlN layers with thicknesses of 25 nm, 15

nm, 10 nm, and 5 nm observing that the 2DEG density increased with increasing barrier thickness up to 15

nm, but then experienced a sharp decline. Transmission electron microscopy (TEM) and geometric phase

analysis (GPA) revealed the emergence of a defective layer starting at 13 to 15 nm ScAlN thickness, fea-

turing atomic disorders. This phenomenon may explain the decrease in 2DEG concentration. GPA analysis

corroborated that no in-plane lattice relaxation occurred even with ScAlN thicknesses of up to 55 nm.

We attempted to grow ScAlN films with higher scandium amounts, reaching up to 30%. However, this

endeavor revealed additional X-ray diffraction peaks, potentially indicating the presence of extra phases,

though this has not been conclusively proven. Furthermore, an observable degradation in 2DEG density

accompanied the increase in scandium amount, likely due to the crystal deterioration. Additionally, the

non-defective layer thickness decreased to a 4 nm for 30% scandium molar fraction.

This research has laid a solid foundation for the epitaxial growth of ScxAl1-xN films, offering valuable

insights into the growth process using ammonia source MBE under a nitrogen-rich environment. The estab-

lished growth parameters have facilitated the deposition of epitaxial ScxAl1−xN films matched to the lattice of

GaN buffer layers. Notably, a high 2DEG density, approaching 2×10
13/cm2 with a 5 nm nominal thickness
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of ScAlN (probably 3 nm in reality due to the presence of oxides at the surface), marks significant progress

in harnessing ScxAl1−xN as an innovative barrier material for GaN-based HEMTs.

A process technology was subsequently developed for samples grown on sapphire and Si (111) sub-

strates, achieving a low contact resistance, sometimes less than 1Ω.mm and a current density exceeding 1

A/mm resulting from TLM patterns and transistors. This is sufficient to assess the material properties, but

future performant devices will necessitate much lower contact resistances. Our colleagues at IEMN (Univ-

Lille) obtained contact resistances below 0.2Ω.mm with 2 A/mm saturation current density with one of our

ScAlN/GaN HEMT grown on sapphire, but the high annealing temperature required (T > 900C) could be an

obstacle for the reliability of this process. As an alternative, the local area regrowth of n-type highly doped

GaN has been reported in the literature [118].This approach already mastered for AlGaN/GaN HEMTs in

our laboratory is an interesting option. Hall measurements on van der Pauw devices have shown a 2DEG

density about 2−3×10
13/cm2 with electron mobility of nearly 500−600cm2/V s for samples grown on Silicon

substrates. These characteristics account for the significant drain current observed in transistors, with a

peak value of 1150 mA/mm and an on-resistance of 5.8 ohm.mm at a contact distance of 9µm. Moreover,

the elevated resistivity of GaN when grown on Silicon enables the biasing of a transistor near the buffer

breakdown voltage, while maintaining the gate leakage current below 0.2 mA/mm. HEMTs grown on GaN-

on-sapphire exhibited similar carrier densities with slightly enhanced mobility (∼ 740cm2/V.s). In addition, a

high mobilities close to 1000cm2/V.s has been reached for a sample grown on sapphire with a 2DEG density

close to 2×10
13/cm2. Based on these observations, we may anticipate that the growth of thicker GaN buffer

layers with a better crystal quality could lead to higher electron mobility in HEMTs grown on Silicon sub-

strate. On the other hand, there is room for improvement of the interface between GaN and ScAlN since the

role of the thickness of the AlN interlayer grown to better confine the electrons in the 2DEG has not been

extensively studied as well as a comprehensive examination of interface diffusion. C-V measurements on

processed diodes present a shape similar to the one obtained with a Mercury probe on as grown barriers,

but with differences allowing to evaluate any changes in thickness or surface donors. Such changes may

be linked to the reactivity of the ScAlN surface in absence of a protective cap layer. The affinity of scandium

for oxygen induces other problems for obtaining high purity sources, possibly for growing high purity ScAlN

alloys and for analyzing the chemical purity of the as grown films as shown by our XPS analyses. As a con-

sequence, extremely high purity analysis environments will be necessary to state on the purity of the grown

ScAlN films. Passivation of the ScAlN barrier layer is needed to protect from oxidation, which can have

detrimental effects on its electrical performance. To face this issue, GaN and SiN passivation layer grown

by MOCVD on ScAlN have been reported [167]. The study has shown that GaN generates 3D islands

resulting in a non-coalesced layer which is insufficient for surface protection (Figure 94). On the contrary,

SiN passivation layer has shown a smooth surface (rms < 0.2nm) with a completely coalesced surface free

of pits or deep valleys as seen with GaN cap layers (rms = 1.5nm).

However, in the context of PAMBE, it was observed that GaN cap layer grown on ScAlN/GaN exhibited a

smooth surface, with a rms roughness of approximately 1.08 nm when scanned over an area of 10×10µm2

as depicted in [162] Figure 95. Additionally, a comparative study with PAMBE [116] was conducted to

assess the impact of different cap layers (GaN, AlGaN, and SiN) on the performance of ScAlN transistors.

The results showed that AlGaN delivered the highest performance, achieving a power-added efficiency

(PAE) of 26% with an output power (Pout) of 10.8 W/mm. In contrast, SiN demonstrated a PAE of 31%

at Pout of 8 W/mm, while GaN exhibited the lowest performance, with a PAE of 27% and Pout of 4.1

W/mm. Furthermore, an analysis of the 2DEG density and mobility characteristics of an unpassivated
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visualization of individual atoms and lattice defects. TEM can be used to investigate crystal defects, grain

boundaries, dislocations, interfaces, thin films, nanoparticles, and biological specimens.

Figure 105: TEM setup [182].

Additionally, TEM can be coupled with various analytical techniques to obtain additional information. For

example, energy-dispersive X-ray spectroscopy (EDS) can be used to analyze the elemental composition

of the sample. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) is

a technique within the field of scanning transmission electron microscopy (STEM) that captures inelastically

scattered electrons or thermal diffuse scattering (TDS) at elevated angles using an annular dark-field (ADF)

detector. In HAADF-STEM, a STEM image is generated by displaying the combined intensities of electrons

in sync with the probe’s position. Notably, the intensity of the HAADF image is directly related to the atomic

number, with heavy atoms appearing brighter while light atoms prove challenging to distinguish.

In addition, Geometrical Phase Analysis (GPA) stands as a straightforward and effective approach for

quantifying strain within nearly periodic images, with a particular emphasis on high-resolution transmission

electron microscopy (HRTEM) images. In just a few simple steps, GPA conducts the averaging and optimal

lattice parameter fitting within a specified region.

In this thesis, the samples were investigated using a STEM SPECTRA 200 from Thermo Fisher society

(in Valbonne, France) by P. Vennéguès.

9.1.5 Atom force microscopy (AFM)

Atomic Force Microscopy (AFM) is a powerful imaging technique that allows for high-resolution imaging and

characterization of surfaces at the atomic and nanoscale levels. This technique was developed by G.Binnig,

CF. Quate and C.Gerber in 1986 [183]. It provides detailed topographic information and can also be used to

measure various surface properties, including roughness, adhesion, and mechanical properties. During the
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tomographic atom probe (LaWaTAP) system, manufactured by CAMECA. This system features a straight

flight path of approximately 10 cm. To facilitate detection, a custom-designed microchannel plate/advanced

delay line detector (MCP/aDLD) is employed, boasting a nominal detection efficiency of ηMCP ∼ 0.6. The

MCP/aDLD also possesses enhanced capabilities in detecting multiple events [184], [185]. The tempera-

ture of the needle tip is regulated using a closed-loop He cryostat and maintained at a fixed temperature of

80 K. To induce atom evaporation, the APT specimen is illuminated with UV laser pulses at a wavelength of

344 nm. These laser pulses have a repetition frequency of 100 kHz and a pulse duration of 350 fs.

9.2.3 Secondary ion mass spectroscopy (SIMS)

In 1910, J. J. Thomson, a physicist from Britain, made an observation of the emission of positive ions

and neutral atoms from a solid surface, which was induced by the bombardment of ions[186]. In the 1940s,

advancements in vacuum pump technology allowed Herzog and Viehböck to conduct the initial experimental

tests on secondary ion mass spectrometry (SIMS) using a prototype setup[187]. Secondary Ion Mass

Spectrometry (SIMS) is an analytical technique used to determine the elemental and isotopic composition

of solid materials. SIMS is a spectroscopy technique that provides information about two to three atomic

layers, roughly equivalent to 1 nm. It involves bombarding a sample with ions and detecting the resulting

ions. In SIMS, a focused primary ion beam, typically composed of ions such as Cs+, O+
2

, Ga+, Ar+ or O− is

directed at the surface of a sample in a vacuum. When these primary ions collide with the sample’s surface,

they cause the ejection of secondary ions. The secondary ions are then extracted, mass separated, and

detected using a mass analyzer to isolate the ion of interest.

Figure 110: Principle of SIMS.
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With Q the semiconductor charge

W: the width of the space charge region

e: elemental electron charge (∼ 1.602×10
−19C)

A: the area of the Schottky contact

V: the voltage applied to the Schottky contact

Nd: donor density (dNd /dV assumed negligible)

εr = ε/ε0, ε0 permittivity of vacuum (∼ 8.854×10
−12F/m)

9.4 Device process and electrical characterizations of HEMTs

9.4.1 Technology process

To evaluate the performance of our transistors, we conducted various technological processes on the sam-

ples. The HEMTs were manufactured utilizing optical lithography. The mask utilized in the process contains

a pattern of components as illustrated in Figure 112. The manufacturing procedure commences with mesa

etching to isolate the components. The etchings are achieved through Corial ICP-RIE 210IL of high-density

plasma etching, utilizing Cl2/BCl3/Ar/N2 with 15/2/2/2 sccm respectively and a temperature around 5°C.

The mesas have a height of approximately 150 nm. To establish Ohmic contacts, a deposition process with

an e-beam evaporator called EVA 450 is employed. The deposited contacts consist of the following layered

structure: Ti/Al/Ni/Au with 30//180/40/160 nm respectively. Half of the barrier layer is etched prior to the

deposition of metal for ohmic contacts.

In the Ti/Al/Ni/Au stack [189], the contact layer is comprised of titanium. Titanium interacts with GaN,

resulting in the formation of the TiN alloy. The formation of this alloy brings several advantages. Specifically,

the diffusion of nitrogen atoms from GaN gives rise to nitrogen vacancies, which act as donors and increase

the concentration of net carriers below the metal/semiconductor interface. Additionally, Ti-based ohmic

contacts during annealing help to reduce the formation of the native oxide (Ga2O3) that naturally occurs on

the GaN surface. Following the titanium layer, there is an overlayer composed of aluminum (Al), aptly named

the ”Overlayer.” This layer of aluminum serves to reduce the reactivity of titanium with GaN or AlGaN, which

is responsible for the formation of porosities at the metal-semiconductor interface [190]. The third layer in

the stack is nickel (Ni), referred to as the ”barrier layer.” Nickel possesses a high melting point (> 1200°C),

which effectively limits the inter-diffusion of other metals. The final layer, known as the cap layer, is made of

gold (Au). Its primary purpose is to prevent oxidation of the underlying metals.

Subsequently, the contacts undergo RTA (Rapid Thermal Annealing) annealing for 30 seconds in an

N2 environment, forming the desired connections. Following this, gate contacts are deposited, using a

combination of 20 nm Ni and 200 nm Au materials. The final step involves the deposition of contact pads,

which aim to reduce contact resistance. These pads consist of a layered structure of 20 nm Ni and 200 nm

Au.

The process entails the presence of: Isolation patterns: These patterns serve the purpose of evaluating

unintended electrical leakage between different components or underneath them due to a lack of resistivity
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